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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishin
format of the Serie
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub­
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

.A.S T H E GROWTH O F INDUSTRIAL heterogeneous catalysis continues to 
accelerate, the role and contributions of surface scientists and mechanism 
specialists become increasingly vital. Scientists in these fields are making 
major efforts to keep pace by developing the fundamental techniques to 
provide the basic knowledge needed to sustain rapid progress in basic and 
applied catalysis. Many recen
catalytic materials and reactio
advances in our understanding of catalytic phenomena. This book highlights 
a large number of these major new developments in catalyst characterization 
science, involving both surface and solid state chemistry. 
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1 
Arsenic Poisoning of Hydrodesulfurization Catalysts 

Ruth N. Merryfield, Lloyd E. Gardner, and George D. Parks 

Phillips Petroleum Company, Bartlesville, OK 74004 

X-ray photoelectro
emission spectroscopy (MES), and activity tests show 
that arsenic poisons hydrodesulfurization (HDS) 
catalysts by affecting the chemical nature of the 
sulfided catalyst. Activity tests show that Co-Mo/ 
Al2O3 and Mo/Al2O3 catalysts are deactivated when 
arsenic is added to the catalyst, either as a con­
taminant from the reactor feed or as As2O5 by 
laboratory impregnation. XPS shows one form of 
arsenic, As+5, on the calcined catalyst and two 
forms, probably As+3 and Aso, on the sulfided 
catalyst. XPS also shows sintering of the moly­
bdenum on the sulfided catalyst. We have used MES 
to study the effect of arsenic on the Co-Mo-S phase 
(believed to be active for HDS). Arsenic does not 
destroy this structure, but alters its electronic 
state. The arsenic appears to be interacting strongly 
with the cobalt, possibly filling the anion vacancies 
with atoms or clusters. 

A r s e n i c poisoning of c a t a l y s t s , p a r t i c u l a r l y reforming and hydro-
t r e a t i n g c a t a l y s t s , i s a long standing problem. I n t e r e s t i n shale 
o i l r e f i n i n g emphasized t h i s problem, as shale o i l s o f t e n c o n t a i n 
20-40 ppm a r s e n i c . In t h i s study we have used s e v e r a l methods to 
c l a r i f y the nature of a r s e n i c poisoning on h y d r o d e s u l f u r i z a t i o n 
(HDS) c a t a l y s t s . HDS a c t i v i t y t e s t s were used to determine the 
extent of poisoning. X-ray photoelectron spectroscopy (XPS), X-ray 
d i f f r a c t i o n (XRD), and Môssbauer emission spectroscopy (MES) have 
been used to study metals on the c a t a l y s t and to i d e n t i f y s p e c i f i c 
compounds where p o s s i b l e . 

C0-M0/AI2O3 c a t a l y s t s have been stud i e d e x t e n s i v e l y , both f o r 
t h e i r s t r u c t u r e and r e a c t i o n mechanisms, and many st u d i e s have been 
reported i n the l i t e r a t u r e (1-14). However, the HDS a c t i v i t y i s 
not completely understood and many c o n f l i c t i n g views have been 
reported. No attempt i s made here to e x p l a i n the HDS mechanism, 

0097-6156/85/0288-0002$06.00/0 
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1. MERRYFIELD ET AL. Arsenic Poisoning of Hydrodesulfurization Catalysts 3 

but only to describe the s t a t e of ar s e n i c on these c a t a l y s t s and 
i t s e f f e c t on a c t i v i t y . 

Experimental 

C a t a l y s t P r e p a r a t i o n . Most samples were prepared using a Ketjen 
alumina (1/16 inch extrudate w i t h 280 m2/g surface area and 0.71 
ml/g pore volume) and the i n c i p i e n t wetness technique f o r impregna­
t i o n . C a t a l y s t s were s t i r r e d on a hot p l a t e u n t i l v i s i b l y dry, 
d r i e d overnight i n a 100°C oven, and c a l c i n e d i n a i r at 500°C f o r 
three hours. Ammonium paramolybdate, cobalt n i t r a t e , and a r s e n i c 
pentoxide s o l u t i o n s were used, w i t h d r y i n g and c a l c i n i n g a f t e r each 
a d d i t i o n . Molybdenum was always added f i r s t , followed by cobalt 
where a p p l i c a b l e , then the a r s e n i c . On c a t a l y s t s w i t h high loadings 
of a r s e n i c , some a r s e n i c was l o s t during c a l c i n a t i o n and s u l f i d i n g . 
C a t a l y s t compositions a
i n Table I . Another sample
w i t h 9.9% Co and 8.5 % As f o r use as a reference m a t e r i a l . 

Table I . C a t a l y s t Composition by Χ-Ray Fluorescence (Wt. %) 

C a t a l y s t Mo Co As 
Μ0/ΑΙ2Ο3 8.9 
Μ0/ΑΙ2Ο3 + As 7.9 3.6 
C0-M0/AI2O3 9.6 2.4 
C0-M0/AI2O3 + As 8.6 2.2 3.9 
C0-M0/AI2O3 + As 
(Used C a t a l y s t ) 8.4 1.9 3.6 

Ar s e n i c was added to an American Cyanamid HDS-2 c a t a l y s t f o r 
comparison w i t h a used c a t a l y s t c o n t a i n i n g 3.6% As. This used 
c a t a l y s t was a l s o an American Cyanamid HDS-2 c a t a l y s t which had 
been i n s e r v i c e i n a r e f i n e r y d i s t i l l a t e HDS u n i t f o r about s i x 
years. Again, X-ray fluorescence determined compositions are i n 
Table I . 

The same Ketjen alumina described e a r l i e r was used f o r the 
Môssbauer experiments. The samples were prepared i d e n t i c a l l y , w i t h 
the f o l l o w i n g exceptions. The extrudate was ground to 20-40 mesh 
before impregnation, and 0.5 gram samples were prepared using 2 
mCi of Co->7. The samples were prepared to give 8.9% Mo and 1.2% 
Co (Co/Mo = 0.21). These samples were not analyzed, but the a r s e n i c 
compositions based on the pre p a r a t i o n are given i n Table IV. 

C a t a l y s t S u l f i d i n g . The c a l c i n e d samples were s u l f i d e d p r i o r to 
XPS examination by purging the sample at room temperature w i t h n i t r o ­
gen, heating to 149°C, then s w i t c h i n g to 10% H2S i n hydrogen and 
r a i s i n g the temperature g r a d u a l l y over a four hour p e r i o d to 316°C. 
A f t e r c o o l i n g i n H2S/H2, the sample was flushed i n n i t r o g e n and 
placed i n a glove box. There i t was loaded onto the XPS sample 
holder and transported to the spectrometer i n an a i r - t i g h t c a r r i e r . 

S u l f i d i n g f o r the Môssbauer experiments was s i m i l a r . A l l condi­
t i o n s were i d e n t i c a l except an 8% H2S/H2 blend was used. Figure 
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4 CATALYST CHARACTERIZATION SCIENCE 

1 shows the r e a c t o r used f o r c a l c i n i n g and s u l f i d i n g the r a d i o a c t i v e 
samples. The sample was t r a n s f e r r e d to the Môssbauer c e l l without 
exposure to a i r and transported to the spectrometer. 

P r e s u l f i d i n g f o r the a c t i v i t y t e s t s was accomplished by f i r s t 
h e ating the c a t a l y s t i n n i t r o g e n at 204°C. 10% H2S/H2 was i n t r o ­
duced at t h i s temperature and allowed to flow over the c a t a l y s t 
f o r f i v e hours. The temperature was then r a i s e d g r a d u a l l y to 371°C 
and h e l d f o r an a d d i t i o n a l f i v e hours. The c a t a l y s t was cooled 
i n n i t r o g e n . 

XPS Measurements. XPS measurements were performed using a P h y s i c a l 
E l e c t r o n i c s Model 548 e l e c t r o n spectrometer w i t h A l ka r a d i a t i o n 
(1486.6 eV). The spectrometer was i n t e r f a c e d to a Hewlett-Packard 
21ΜΧ computer f o r data a c q u i s i t i o n and manipulation. The instrument 
was operated at about 2 χ 10"^ t o r r , w i t h the samples being i n t r o ­
duced i n t o the u l t r a h i g
1 χ 10'6 t o r r . Bindin
84.0 eV. A t h i n f i l m of gold was evaporated onto the sample a f t e r 
a complete set of spectra had been obtained, and another set of 
spectra was then taken. On the supported samples, b i n d i n g energies 
were referenced to the A l 2s peak at 119.6 eV, as determined by 
gold r e f e r e n c i n g . The surface concentrations given i n Table I I I 
are determined r e l a t i v e to the A l 2s peak as 100 using S c o f i e l d ' s 
cross s e c t i o n s (L5) and the method of c a l c u l a t i o n described by Carter 
et a l . (16). 

Pretreatment of the samples was performed i n the prechamber 
of the spectrometer, except f o r the s u l f i d i n g described p r e v i o u s l y . 
C a t a l y s t s were c a l c i n e d i n a i r at 500°C f o r one hour, or reduced 
i n hydrogen at 310°C or 350°C f o r up to four hours. The prechamber 
was then evacuated and the sample introduced i n t o the spectrometer 
without exposure to the atmosphere. 

For the XPS work, reference m a t e r i a l s were examined to e s t a b l i s h 
b i n d i n g energies f o r the vari o u s a r s e n i c o x i d a t i o n s t a t e s . A r s e n i c 
metal, AS2O3, As2S2 5 AS2S3, a l l from Ventron, and AS2O5 from J . 
T. Baker Chemicals were used. The ar s e n i c metal powder was imbedded 
i n indium f o i l f o r examination. An ar s e n i c m i r r o r formed on a r e ­
a c t i o n f l a s k was a l s o examined. 

HDS A c t i v i t y Measurements. HDS a c t i v i t y measurements were made 
i s o t h e r m a l l y i n a 3/4 inch i . d . high pressure t r i c k l e bed r e a c t o r . 
C a t a l y s t s were ground to 20-40 mesh and d i l u t e d w i t h alundum (37.5cc 
alundum to 12.5cc c a t a l y s t ) . A f t e r p r e s u l f i d i n g , l i g h t c y c l e o i l 
(a c r a c k i n g product b o i l i n g between 177°C and 343°C and co n t a i n i n g 
1.7 wt % s u l f u r ) was introduced along w i t h hydrogen (7 moles h^/mole 
feed). Most of the s u l f u r i n the o i l was present as benzothiophenes 
and dibenzothiophenes. The r e a c t i o n was run at 600 p s i g and 4.0 
LHSV. A temperature survey was made from 257°C to 357°C at 14°C 
i n t e r v a l s over a s i x t y hour p e r i o d . 

Môssbauer, The Môssbauer emission spectroscopy measurements were 
made using the Co^7 doped c a t a l y s t as a s t a t i o n a r y source. The 
moving absorber was Fe* 7 enriched K4Fe(CN)6·3H2O. Both the C o 5 7 

and the absorber were obtained from New England Nuclear. The con-
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stant a c c e l e r a t i o n mode Môssbauer spectrometer was c a l i b r a t e d u s i n g 
a source of C o 5 7 i n palladium and an adsorber of enriched 

Fe57 i r o n 
f o i l . The c a t a l y s t samples were loaded i n t o a g l a s s c e l l w i t h a 
one inch diameter b e r y l l i u m window. Spectra were accumulated f o r 
at l e a s t 24 hours and f i t by computer f o r L o r e n t z i a n curves using 
a l e a s t squares f i t . 
R e sults and Discussions 

A c t i v i t y Tests. Figure 2 shows r e s u l t s of a c t i v i t y t e s t s f o r a 
commercial American Cyanamid HDS-2 c a t a l y s t which had been i n use 
f o r about s i x years. The c a t a l y s t was sampled at var i o u s depths 
and r e s u l t s f o r three samples c o n t a i n i n g 0.01% As, 0.6% As, and 
3.6% As show a decrease i n a c t i v i t y w i t h i n c r e a s i n g a r s e n i c content. 
A s i m i l a r c a t a l y s t to which 3.9% ar s e n i c had been added i n the 
lab o r a t o r y was tes t e d an
a c t i v i t y of a f r e s h c a t a l y s
The a c t i v i t y l o s s of the used c a t a l y s t c o n t a i n i n g 3.6% As corresponds 
c l o s e l y w i t h that f o r the prepared sample, i n d i c a t i n g that a r s e n i c 
added by impregnation acts l i k e that deposited under a c t u a l operating 
c o n d i t i o n s . When the used c a t a l y s t s were regenerated i n a i r at 
482°C, the a r s e n i c was not removed. 

The molybdenum on alumina c a t a l y s t was a l s o t e s t e d f o r a c t i v i t y 
w i t h and without a r s e n i c . Although t h i s c a t l y s t has a much lower 
i n t r i n s i c a c t i v i t y f o r HDS, the r e s u l t s i n Figure 4 show that 3.6% 
ar s e n i c almost completely d e a c t i v a t e s the c a t a l y s t . The small 
amount of a c t i v i t y remaining i s that expected f o r AI2O3 alone. Thus 
ar s e n i c a l s o d e a c t i v a t e s c a t a l y s t s without c o b a l t promoters. 

XPS. Several bulk m a t e r i a l s and one supported sample were examined 
by XPS to e s t a b l i s h b i n d i n g energies f o r the a r s e n i c . These va l u e s , 
given i n Table I I , correspond c l o s e l y to those reported i n the 
l i t e r a t u r e (17-19). The b i n d i n g energy found f o r AS2O5 on alumina 
i s comparable to that found on the bulk AS2O5, i n d i c a t i n g that the 
values f o r supported a r s e n i c should be s i m i l a r to those f o r the 
bulk m a t e r i a l s . 

Table I I . XPS Binding Energies f o r Arsenic Reference M a t e r i a l s 

As 3d 
Be(eV) 

As 3d 
Be(eV) 

As metal 41.9 As2S2(As4S4) 42.4 
As mirrored on f l a s k 41.7 
AS2O3 45.2 AS2S3 42.8 
AS2O5 45.6 AS2O5/AI2O3 45.5 

XPS spectra were obtained f o r the c a t a l y s t s i n the c a l c i n e d , 
s u l f i d e d , and sometimes i n the reduced s t a t e , as described before. 
Table I I I gives the binding energies and r e l a t i v e surface concen­
t r a t i o n s f o r the M0/AI2O3 and C0-M0/AI2O3 c a t a l y s t s , w i t h and wi t h 
out a r s e n i c . Data f o r the used c a t a l y s t s , which are not l i s t e d 
i n the t a b l e , are s i m i l a r to those f o r the c a t a l y s t s prepared i n 
the l a b o r a t o r y . 
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REACTOR 

Figure 1. Sample r e a c t o r and Môssbauer c e l l . 

PERCENT HDS 

Ο 1 = J 1 ' ' — 1 

240 260 280 300 320 340 360 
TEMPERATURE(DEGREES C) 

Figure 2. HDS a c t i v i t y of poisoned pl a n t c a t a l y s t s . 
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Res o l u t i o n of the Mo 3p peaks showed molybdenum to be present 
as Mo +6 f o r the c a l c i n e d c a t a l y s t s , and a mixture of Mo +^ and Mo +^ 
f o r s u l f i d e d c a t a l y s t s . The Mo 3p peaks were used since both 
a r s e n i c and s u l f u r peaks i n t e r f e r e w i t h the Mo 3d doublet. Although 
some authors have been able to re s o l v e a peak a t t r i b u t e d to Mo +^ 
on s u l f i d e d c a t a l y s t s (8-9), we were able to res o l v e our peaks using 
only two component peaks. Curve r e s o l v i n g c o n s i s t e n t l y showed that 
about 70% of the molybdenum s i g n a l i n the s u l f i d e d c a t a l y s t s was 
due to Mo+4. 

Table I I I shows that both c o b a l t and ar s e n i c a f f e c t the Mo/Al 
r a t i o as measured by XPS. These elements cause the Mo/Al r a t i o 
on both c a l c i n e d and s u l f i d e d c a t a l y s t s to decrease. Again t h i s 
i s due e i t h e r to covering of molybdenum by promoters or more l i k e l y 
to some change i n molybdenum d i s p e r s i o n induced by the promoters. 
I t i s l i k e l y that these metals d i s p l a c e molybdenum from surface 
s i t e s on the alumina, s
a c t i o n of the molybdenu
w e l l dispersed. 

The Mo/Al r a t i o measured by XPS always decreased upon s u l f i d i n g . 
Bulk a n a l y s i s showed no change i n molybdenum concentration upon 
s u l f i d i n g , i n d i c a t i n g that no molybdenum was l o s t during s u l f i d i n g . 
The drop i n i n t e n s i t y can best be explained by assuming that the 
molybdenum s u l f i d e form i s s i n t e r i n g i n t o large c l u s t e r s . The 
model of Kerkhof and M o u l i j n (20) was used to i n t e r p r e t t h i s data. 
We assumed that a l l of the Mo+^~~on c a l c i n e d and s u l f i d e d c a t a l y s t s 
was present as a w e l l dispersed monolayer. C r y s t a l l i t e s i z e s were 
c a l c u l a t e d based on the change i n Mo/Al r a t i o upon s u l f i d i n g ( t h i s 
method e l i m i n a t e s e r r o r s due to in a c c u r a c i e s i n p h o t o i o n i z a t i o n 
cross s e c t i o n s ) . C r y s t a l l i t e s i z e s ranging from 2nm to 4nm were 
c a l c u l a t e d f o r the s u l f i d e d s t a t e . These s i z e s should be viewed 
w i t h c a u t i o n , due to u n c e r t a i n t y i n e l e c t r o n mean free paths and 
d i s p e r s i o n of the oxide species. Incomplete d i s p e r s i o n of Mo +^ or 
p a r t i a l covering of the M0S2 c r y s t a l l i t e s by promoter atoms would 
lead to erroneous r e s u l t s . These c r y s t a l l i t e s i z e s are l a r g e r than 
those proposed by Topsoe et a l . (21) based on i n f r a r e d and EXAFS data. 
Although the e r r o r s mentioned above may a f f e c t the absolute s i z e 
c a l c u l a t e d , i t does not a l t e r the con c l u s i o n that some degree of 
s i n t e r i n g i s o c c u r r i n g on s u l f i d i n g . 

An i n t e r e s t i n g e f f e c t i s n o t i c e d i f one looks at the r e l a t i v e 
decrease i n the Mo/Al r a t i o upon s u l f i d i n g f o r each c a t a l y s t . When 
cobalt i s present t h i s r a t i o drops by about 20% a f t e r s u l f i d i n g 
(independent of the presence of a r s e n i c ) . Without c o b a l t , the r a t i o 
i s decreased by about 33%. I t therefore appears that c o b a l t helps 
to lower the amount of s i n t e r i n g which occurs upon s u l f i d i n g 
(although i t causes some s i n t e r i n g of the o x i d i c form of the ca t a ­
l y s t ) . S u l f i d i n g has no e f f e c t on XPS Co/Al r a t i o s . 

The As 3d peak on c a l c i n e d c a t a l y s t s normally appeared as a 
s i n g l e peak corresponding to A s + ^ (Figure 5). S u l f i d i n g u s u a l l y 
gave two peaks, the peak at higher b i n d i n g energy probably c o r r e s ­
ponding to As +3 o r a n arsenate) which i s t i e d up wi t h the support 
and d i f f i c u l t to reduce. The peak at lower binding energy c o r r e s ­
ponds c l o s e l y to the value f o r zero v a l e n t a r s e n i c . The As/Al r a t i o 
decreases when the sample i s s u l f i d e d . I t was found on r e c a l c i n a t i o n 
of the used c a t a l y s t that the As/Al r a t i o returned to the value 
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F i g u r e 5. XPS s p e c t r a f o r A s on C0-M0/AI2O3 c a t a l y s t . 
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found on the o r i g i n a l c a l c i n e d sample, implying that s i n t e r i n g was 
resp o n s i b l e f o r the lower a r s e n i c s i g n a l on the s u l f i d e d sample. 

The coimpregnated sample w i t h higher l e v e l s of c o b a l t and 
ars e n i c on alumina was studied because the conce n t r a t i o n of the 
metals was high enough to give XRD patt e r n s . The only phase iden­
t i f i e d i n other c a t a l y s t s by XRD was gamma alumina. XRD showed 
the formation of a l l o y s (CoAs and C 0 2 A S ) when the c o p r e c i p i t a t e d 
sample was reduced i n hydrogen. However, on s u l f i d i n g , XRD gave 
only a CoAs p a t t e r n w i t h broadened and s l i g h t l y d i s p l a c e d peaks, 
i n d i c a t i n g some d i s t o r t i o n of the c r y s t a l l a t t i c e and a smaller 
c r y s t a l l i t e s i z e . The i n t r o d u c t i o n of s u l f u r apparently d i s r u p t e d 
the a l l o y formation. XPS r e s u l t s f o r the c o p r e c i p i t a t e d c a t a l y s t , 
given i n Table I I I , show a bin d i n g energy of 40.9 eV f o r the As 
3d peak on the hydrogen reduced c a t a l y s t . A s l i g h t l y higher value, 
41.2 eV, i s found f o r the s u l f i d e d sample. 

Môssbauer. The r a d i o a c t i v
were examined by MES a f t e r c a l c i n i n g and a l s o a f t e r p r e s u l f i d i n g , 
both w i t h and without a r s e n i c . Table IV gives the quadrupole s p l i t ­
t i n g , ΔΕ, and the isomer s h i f t , δ, measured f o r the two sets of 
doublets found i n each spectrum. On the s u l f i d e d sample, the doublet 
w i t h the smaller quadrupole s p l i t t i n g corresponds to the Co-Mo-S 
phase described by Topsoe et a l . (11,22,23). The other doublet 
i s assigned to the cob a l t i n the alumina. As a r s e n i c i s added, 
a decrease i s seen i n the quadrupole s p l i t t i n g f o r the Co-Mo-S phase 
(Figure 6 ) . A decrease i n the i n t e n s i t y of the Co:Al2Û3 phase i s 
a l s o observed as the a r s e n i c c o n c e n t r a t i o n i s increased. 

Table IV. Môssbauer Parameters f o r S u l f i d e d C0-M0/AI2O3 C a t a l y s t s . 

g. As Added Co-Mo-S Doublet Co:Al203 Doublet 
on 0.5 g C a t a l y s t AE a _δ_̂  ΔΕ* §} 
0.000 1.09 0.19 2.12 0.89 
0.016 1.02 0.21 2.22 0.77 
0.032 0.83 0.18 2.16 0.84 
0.048 0.79 0.18 2.16 0.82 

a. Quadrupole s p l i t t i n g , i n mms"* 
b. Isomer s h i f t , i n mms"* 

Since the s t r u c t u r e of the Co-Mo-S phase i s not known, i t i s 
d i f f i c u l t to propose v e r i f i a b l e explanations f o r the changes i n 
the Môssbauer spectrum due to a r s e n i c . However, s e v e r a l general 
observations might be made. The Co-Mo-S phase i s not destroyed 
by a r s e n i c , i . e . , the a r s e n i c i s not preventing the formation of 
the phase during s u l f i d i n g . The co b a l t i s not changing o x i d a t i o n 
s t a t e s and the geometry of the cob a l t i s e s s e n t i a l l y the same, but 
a change i n e l e c t r i c f i e l d at the cobalt nucleus i s i n d i c a t e d . This 
change can be a t t r i b u t e d to the presence of the a r s e n i c , 
apparently i n t e r a c t i n g s t r o n g l y w i t h the c o b a l t , p o s s i b l y f i l l i n g 
the anion vacancies i n the Co-Mo-S s t r u c t u r e . 
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Figure 6. Môssbauer spectra of s u l f i d e d c a t a l y s t s . 
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Conclusions 

HDS a c t i v i t y t e s t s show c o n c l u s i v e l y that a r s e n i c poisons the Co-Mo/ 
AI2O3 and the M0/AI2O3 c a t a l y s t s . XPS binding energies i n d i c a t e 
a zero v a l e n t form of a r s e n i c present on the s u l f i d e d c a t a l y s t s 
(as w e l l as an As +3 form). When s u l f i d e d samples are r e c a l c i n e d , 
a l l of the a r s e n i c returns to the o x i d i z e d s t a t e . Môssbauer spec­
troscopy i n d i c a t e s that the a r s e n i c i s i n t e r a c t i n g s t r o n g l y w i t h 
the cobalt and that while the Co-Mo-S phase s t i l l e x i s t s , i t s 
e l e c t r o n i c s t r u c t u r e has been a l t e r e d by the a r s e n i c . These data 
i n d i c a t e that the a r s e n i c i s a l t e r i n g the e l e c t r o n i c s t r u c t u r e of 
the a c t i v e s i t e s , perhaps by occupying anion vacancies w i t h a r s e n i c 
atoms or c l u s t e r s . S i m i l a r anion vacancies have been proposed by 
Valyon and H a l l (13) f o r the unpromoted molybdenum on alumina ca t a ­
l y s t . These vacancies could be blocked by a r s e n i c j u s t l i k e those 
i n the promoted c a t a l y s t
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2 
A Pilot Plant Reactor-Surface Analysis System 
for Catalyst Studies 

T. H. Fleisch 

Amoco Research Center, Standard Oil Company (Indiana), Naperville, IL 60566 

A system has bee
combined studie
catalyst surface properties. Key elements of 
the system are a computer-controlled pilot plant 
with a plug flow reactor coupled in series to a 
minireactor which is connected, via a high 
vacuum sample transfer system, to a surface 
analysis instrument equipped with XPS, AES, SAM, 
and SIMS. When interesting kinetic data are 
observed, the reaction is stopped and the test 
sample is transferred from the minireactor to 
the surface analysis chamber. Unique features 
and problem areas of this new approach will be 
discussed. The power of the system will be 
illustrated with a study of surface chemical 
changes of a CuO/ZnO/Al2O3 catalyst during 
activation and methanol synthesis. Metallic Cu 
was identified by XPS as the only Cu surface 
site during methanol synthesis. 

The development of modern surface c h a r a c t e r i z a t i o n techniques 
has provided means to study the r e l a t i o n s h i p between the chemical 
a c t i v i t y and the p h y s i c a l or s t r u c t u r a l p r o p e r t i e s of a c a t a l y s t 
s u r f a c e . Experimental work to understand t h i s r e a c t i v i t y / s t r u c t u r e 
r e l a t i o n s h i p has been of two types: fundamental s t u d i e s on 
model c a t a l y s t systems (1,2) and postmortem analyses of c a t a l y s t s 
which have been removed from r e a c t o r s (3,4). Experimental 
apparatus f o r these s t u d i e s have i n v o l v e d s m a l l volume r e a c t o r s 
mounted w i t h i n (1) or appended to (5) vacuum chambers c o n t a i n i n g 
a n a l y s i s instrumentation. A l t e r n a t e l y , c a t a l y s t samples have 
been removed from remote r e a c t o r s v i a t r a n s f e r a b l e sample mounts 
(6) o r an i n e r t gas glove box (3,4). 

Very l i t t l e research has attempted to r e l a t e r e a c t i o n 
k i n e t i c s to c a t a l y s t surface p r o p e r t i e s as a f u n c t i o n of time 
under a c t u a l r e a c t o r operating c o n d i t i o n s . The go a l of the 
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present design was to couple a p i l o t p l a n t r e a c t o r to a surface 
a n a l y s i s instrument i n a way which would a l l o w the r e a c t i o n 
k i n e t i c s of a l a r g e c a t a l y s t volume to be r e l a t e d to c a t a l y s t 
surface chemical p r o p e r t i e s as determined by X-ray Photoelectron 
Spectroscopy (XPS or ESCA) and both S t a t i c and Scanning Auger 
Microscopy (AES/SAM). 

D e s c r i p t i o n of Apparatus 

General D e s c r i p t i o n . The major subsystems of the p i l o t 
p l a n t / s u r f a c e a n a l y s i s system are a computer-controlled p i l o t 
p l a n t r e a c t o r and a sample i n t r o d u c t i o n t r a n s f e r system modified 
to i n c l u d e a m i n i r e a c t o r which attaches to a Perkin-Elmer PHI 
Model 550 ESCA/SAM instrument (Figure 1). For a given experiment, 
approximately 50 grams of the c a t a l y s t of i n t e r e s t are loaded 
i n t o a plug flow r e a c t o
the same c a t a l y s t (approximatel
sample holder i s i n s e r t e  syste
c h a r a c t e r i z a t i o n . The sample holder w i t h c a t a l y s t d i s c i s then 
t r a n s f e r r e d under high vacuum c o n d i t i o n s from the i n t r o d u c t i o n 
system i n t o the m i n i r e a c t o r . A metal/metal s e a l separates the 
high pressure r e a c t o r s i d e from the high vacuum sample t r a n s f e r 
s i d e . A f t e r the plug flow r e a c t o r , m i n i r e a c t o r , and connecting 
tubing are at operating temperature, reactant gas flow i s 
s t a r t e d . Reaction products are monitored by a gas chromatograph 
(Figure 1). When an i n t e r e s t i n g k i n e t i c behavior i s observed, 
the reactant f l o w i s stopped and the c a t a l y s t d i s c i s t r a n s f e r r e d 
back i n t o the ESCA/SAM system f o r surface c h a r a c t e r i z a t i o n . The 
c y c l e of exposure to r e a c t i o n c o n d i t i o n s f o l l o w e d by surface 
c h a r a c t e r i z a t i o n i s continued u n t i l the experiment i s completed. 

P i l o t P l a n t . The p i l o t p l a n t c o n s i s t s of two gas i n l e t systems, 
a plug flow r e a c t o r , and a gas chromatograph. The plug flow 
r e a c t o r i s f a b r i c a t e d from an 86 cm s t a i n l e s s s t e e l tube 
(3.2 cm O.D. and 2.3 cm I.D.). An Analog Devices MACSYM 2 
computer c o n t r o l s pressure, f l o w r a t e , and p i l o t p l a n t r e a c t o r 
and m i n i r e a c t o r temperatures. This computer c o n t r o l i n conjunc­
t i o n w i t h a number of alarms that t r i g g e r r e a c t i o n shutdown 
permits unattended op e r a t i o n . Gas chromatographic a n a l y s i s of 
r e a c t i o n products i s automated w i t h a gas sampling valve and an 
HP 5880A l e v e l four t e r m i n a l . 

Sample I n t r o d u c t i o n and Transfer System. The sample i n t r o d u c t i o n 
and sample t r a n s f e r system i s a lengthened v e r s i o n of the PHI 
Model 15-720B i n t r o d u c t i o n system which c o n s i s t s of a polymer 
bellows-covered heating and c o o l i n g probe, a t r a n s f e r a b l e sample 
h o l d e r , an e i g h t - p o r t d u a l - a x i s c r o s s , and the m i n i r e a c t o r 
i n t e r f a c e port and t r a n s f e r probe (Figure 2). There i s a l s o a 
t r a n s f e r v e s s e l port w i t h the necessary t r a n s f e r probe f o r 
i n t r o d u c t i o n of a i r s e n s i t i v e samples. They are not part of the 
re a c t o r / s u r f a c e a n a l y s i s system. The dual cross and attached 
hardware are supported by the probe d r i v e mechanism which f l o a t s 
on a blo c k d r i v e n v e r t i c a l l y and t r a n s v e r s e l y by two micrometers. 
These micrometers plus the probe d r i v e mechanism a l l o w X-Y-Z 
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Figure 1. Block diagram showing the subsystems of the combined 
r e a c t o r and surface a n a l y s i s system. 
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Figure 2. Sample i n t r o d u c t i o n and sample t r a n s f e r system. 
(Reproduced w i t h permission from Ref. 7. Copyright 1984, 
Academic Press.) 
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sample p o s i t i o n i n g i n the a n a l y s i s chamber. Pumping f o r the 
i n t r o d u c t i o n system i s provided by a B a l z e r s Model TSUI10 
turbomolecular pump backed by a mechanical pump. This l a t t e r 
pump a l s o provides d i f f e r e n t i a l pumping f o r four s e t s of T e f l o n 
s l i d i n g s e a l s . 

Figure 3 shows an exploded view of the t r a n s f e r a b l e sample 
holder on which a 1.2 cm diameter pressed c a t a l y s t d i s c i s 
mounted. With the sample holder engaged i n the h o t / c o l d probe 
and the d u a l cross evacuated, the holder temperature can be 
v a r i e d from -170°C to +650°C. When t r a n s f e r r i n g the sample 
holder from the h o t / c o l d probe, a s p l i t p i n on the t r a n s f e r 
probe i s pressed i n t o the hole i n the s i d e of the sample holder . 
The h o t / c o l d probe i s then r e t r a c t e d to disengage the holder and 
provide clearance to move the holder i n t o the i n t e r f a c e chamber. 
By t r a n s f e r r i n g the sample from the h o t / c o l d probe i n t o a 
r e a c t o r r a t h e r than r e a c t i n
probe, the sample i n t r o d u c t i o
Day-to-day a n a l y t i c a l wor  performe g
r e a c t i o n experiments are i n progress. 

Reaction I n t e r f a c e and M i n i r e a c t o r . The r e a c t i o n i n t e r f a c e i s a 
f i v e port s t a i n l e s s s t e e l vacuum chamber w i t h the m i n i r e a c t o r 
and sample d r i v e mechanism mounted on the upper and lower 
11.4 cm diameter f l a n g e s , r e s p e c t i v e l y (Figures 4a,4b). At r i g h t 
angles to the v e r t i c a l a x i s are 7 cm diameter p o r t s f o r sample 
access, a viewport, and a pumping port p l u s pressure r e l i e f 
v a l v e . A gate v a l v e separates the r e a c t i o n i n t e r f a c e chamber 
from the dual c r o s s . In the i n t e r f a c e chamber the sample holder 
i s t r a n s f e r r e d from the t r a n s f e r probe i n t o a s t a i n l e s s s t e e l 
cup as shown i n Figure 4a· 

V e r t i c a l motion of the sample holder i n t o the m i n i r e a c t o r 
i s provided by a bellows-sealed p l a t e attached to a screw-driven 
frame. A torque wrench i s used to apply a s e a l i n g f o r c e of 
300 pounds to a S i e r r a c i n - H a r r i s o n type 24105 gold-coated 
m i n i - s e a l which s e a l s the high pressure m i n i r e a c t o r from the 
high vacuum i n t e r f a c e chamber (Figure 4b). Helium pressure 
t e s t i n g u s i n g a UTI 100C quadrupole mass spectrometer showed no 
de t e c t a b l e helium leakage at 100 p s i pressure and a r e a c t o r 
temperature of 600°C. 

The m i n i r e a c t o r i t s e l f i s a s t a i n l e s s s t e e l c y l i n d e r w i t h a 
5.6 cm outside diameter and 2.24 cm i n s i d e diameter which i s 
thermally i s o l a t e d from i t s 11.4 cm mounting fla n g e by a 
t h i n - w a l l e d c o n i c a l s e c t i o n (Figure 4)· A gas i n l e t and o u t l e t 
port i s s i t u a t e d d i r e c t l y above the sample. S i x 150 watt 
c a r t r i d g e heaters i n the m i n i r e a c t o r w a l l provide adequate power 
to heat the r e a c t o r from room temperature to 600°C i n 20 
minutes. The m i n i r e a c t o r temperature i s c o n t r o l l e d by the 
MACSYM 2 computer using e i t h e r of two thermocouples, one 
embedded i n the r e a c t o r w a l l or one i n pressure contact w i t h a 
ledge machined i n t o the sample holder (Figures 3,4). In steady 
s t a t e o p e r a t i o n , temperature readings from the two thermocouples 
agree w i t h i n 2°C. Operating temperature s t a b i l i t y i s w i t h i n 
±1°C and the temperature d i f f e r e n c e between p i l o t p l a n t r e a c t o r 
and m i n i r e a c t o r i s always l e s s than 2 eC. 
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transfer pin 

Figure 3. Exploded view of the sample holder and c a t a l y s t d i 
(Reproduced w i t h permission from Réf. 7. Copyright 198U, 
Academic Press.) 
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Study of Methanol Synthesis C a t a l y s t 

A study of a methanol s y n t h e s i s c a t a l y s t i s used to demonstrate 
the usefulness of the new p i l o t p l a n t / m i n i r e a c t o r / s u r f a c e 
a n a l y s i s system. This work i s described i n more d e t a i l 
elsewhere (7)· I n d u s t r i a l methanol s y n t h e s i s c a t a l y s t s are 
based on CuO/ZnO/Al 20 3 or CuO/ZnO/Cr 20 3 compositions. 
R. G. Herman et a l . (8) s t u d i e d these c a t a l y s t systems i n great 
d e t a i l and suggested a Cu+1 s o l u t i o n i n ZnO as a c t i v e phase 
where Cu+1 n o n - d i s s o c i a t i v e l y chemisorbs and a c t i v a t e s CO and 
ZnO a c t i v a t e s H 2. In the range of 15 to 85% CuO i n the 
c a t a l y s t , up to 16% Cu+1 became d i s s o l v e d i n the ZnO (9) and 
Cu+1 has been wide l y accepted as a c t i v e s i t e (10). Recently, 
however, Raney Cu-Zn c a t a l y s t s have been shown to be very a c t i v e 
methanol s y n t h e s i s c a t a l y s t s (11). The a c t i v e component f o r 
these Raney c a t a l y s t
a c t i v i t y maximum at 9

The c a t a l y s t i n t h i s study was a commercial c a t a l y s t 
(C18HC, United C a t a l y s t , Inc.) w i t h 42% CuO, 47% ZnO and 
10% A 1 2 0 3 . The feed gas c o n s i s t e d of 73% H 2, 25% CO and 2% C0 2. 
The chemical s t a t e of Cu was s t u d i e d by XPS ( A l Κα e x c i t a t i o n , 
hv«1486.6eV) using the Cu 2p and Cu (Ι^Μι^Μι^) Auger l i n e . With 
those two l i n e s Cu+2, Cu+1 and Cu can e a s i l y be d i s t i n g u i s h e d 
employing a s o - c a l l e d chemical s t a t e p l o t (CSP) w i t h the Cu 2 p 3 , 2 

b i n d i n g energy on the a b s c i s s a (decreasing from l e f t to r i g h t ) 
and the Cu (Ι^Μι^Μι^) k i n e t i c energy on the o r d i n a t e as shown i n 
Figure 5 (13,14). The p o s i t i o n of Cu of the untreated c a t a l y s t 
i n the CSP (point 1) c l e a r l y i d e n t i f i e s i t as CuO. A f t e r 
s y n t h e s i s gas conversion at 250°C only m e t a l l i c Cu i s seen on 
the c a t a l y s t surface (point 3 ) . At 100°C, Cu+2 becomes reduced 
to Cu+1 but no methanol formation i s observed. Zinc oxide does 
not become reduced during methanol s y n t h e s i s . The s m a l l changes 
i n the CSP (Figure 5) are due to d r y i n g . Thus, the working 
c a t a l y s t surface i s suggested to c o n s i s t of m e t a l l i c Cu, ZnO, 
and A 1 2 0 3 , 

S p e c i a l a t t e n t i o n was p a i d to the d e t e c t i o n of r e s i d u a l 
Cu+1 q u a n t i t i e s accompanying the m e t a l l i c Cu. The r e l a t i v e 
amounts of Cu+1 and Cu were determined by c u r v e - f i t t i n g the 
Cu (LMM) spectra using the P h y s i c a l E l e c t r o n i c s V e r s i o n 6 
c u r v e - f i t t i n g program. The c a t a l y s t showed r e d u c t i o n of Cu+2 
i n t o a mixture of Cu+1 and Cu a f t e r r e d u c t i o n i n H 2 at 250°C f o r 
one hour (Figure 6) as evidenced by the two r e s o l v e d peaks i n 
the Cu (LMM) spectrum at 568.0 and 570.3 eV which are c h a r a c t e r ­
i s t i c of Cu and Cu+1, r e s p e c t i v e l y , and by the disappearance of 
the Cu+2 2p s a t e l l i t e s t r u c t u r e . I t could be shown that l e s s 
than 2%, i f any, of the t o t a l Cu could be present i n the +1 
o x i d a t i o n s t a t e during methanol formation. However, when the 
c a t a l y s t was b r i e f l y exposed to a i r (1 minute), a few percent of 
Cu+1 r e a d i l y formed (7). Thus, any k i n d of o x i d a t i o n 
environment has to be avoided between methanol s y n t h e s i s and 
c a t a l y s t a n a l y s i s . Otherwise, appreciable amounts of Cu+1 w i l l 
be detected. 
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Figure 6. Changes i n Cu 2p and C u i l ^ M ^ M ^ ) e l e c t r o n s p e c t r a upon 
i n s i t u r e d u c t i o n i n H 2. (Reproduced w i t h permission from Ref. 7. 
Copyright 1984, Academic Press.) 
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D i s c u s s i o n 
Two major questions regarding the a p p l i c a b i l i t y of t h i s system 
remain to be discussed. F i r s t , how r e p r e s e n t a t i v e i s the 
c a t a l y s t sample i n the m i n i r e a c t o r of the c a t a l y s t i n the p i l o t 
p l a n t ? And second, how does the i n t e r r u p t i o n of the r e a c t i o n 
i n f l u e n c e k i n e t i c behavior? 

The f i r s t question can be answered e a s i l y . At low 
conversion and is o t h e r m a l c o n d i t i o n s no s i g n i f i c a n t d i f f e r e n c e s 
i n the c a t a l y s t composition as f u n c t i o n of c a t a l y s t bed p o s i t i o n 
are u s u a l l y observed. Thus, the surface a n a l y s i s data from the 
c a t a l y s t i n the m i n i r e a c t o r should be r e p r e s e n t a t i v e not only of 
the bottom s e c t i o n but of a l l the c a t a l y s t i n the plug f l o w 
r e a c t o r . In the case of the methanol formation s t u d i e s reported 
i n t h i s paper, conversion was low (<5%) and isothermal c o n d i t i o n s 
were maintained. However, when r e a c t i o n s are run at high 
conversion, the analyze
c a t a l y s t at the botto
s i n c e both "see" the same gas composition. I f under such 
c o n d i t i o n s c a t a l y s t changes at the top of the c a t a l y s t bed are 
to be i n v e s t i g a t e d , the sequence of the p i l o t p l a n t / m i n i r e a c t o r 
can be reversed w i t h the feed gas f i r s t f l o w i n g through the 
m i n i r e a c t o r and then through the p i l o t p l a n t r e a c t o r . 

Many experiments were performed to answer the question of 
c a t a l y s t property changes due to repeated r e a c t i o n i n t e r r u p t i o n . 
Every time the r e a c t i o n i s stopped i n the m i n i r e a c t o r to analyze 
the sample, i t i s necessary to stop the r e a c t i o n i n the p i l o t 
p l a n t as w e l l to assure that the c a t a l y s t i n p i l o t p l a n t and 
m i n i r e a c t o r maintain i d e n t i c a l h i s t o r i e s i n r e a c t i o n time. 
Thus, during some surface analyses of the CuO/ZnO/Al 20 3 c a t a l y s t 
from the m i n i r e a c t o r which t y p i c a l l y l a s t e d about one hour, the 
c a t a l y s t i n the p i l o t p l a n t r e a c t o r was kept at r e a c t i o n 
temperature i n u l t r a p u r e , f l o w i n g helium. As soon as the 
c a t a l y s t sample was back i n the m i n i r e a c t o r and r e a c t i o n 
temperature was r e s t o r e d ( a l s o i n f l o w i n g He), feed gas flow was 
resumed and the r e a c t i o n continued. I t was found that the same 
a c t i v i t y and methanol s e l e c t i v i t y was resumed w i t h i n a very 
short p e r i o d of time a l l u d i n g to the absence of any i r r e v e r s i b l e 
c a t a l y s t changes due to the r e a c t i o n i n t e r r u p t i o n . Cooling the 
p i l o t p l a n t r e a c t o r to room temperature i n f l o w i n g He brought 
about the same behavior as maintaining constant r e a c t i o n 
temperature. This l a t t e r procedure i m i t a t e s more c l o s e l y the 
temperature changes of the t e s t sample which cools to lower 
temperatures during t r a n s f e r and surface a n a l y s i s . Cooling and 
reheating i n the feed gas i t s e l f has to be avoided s i n c e t h i s 
procedure y i e l d s i l l d e fined times on-stream at p a r t i c u l a r 
r e a c t i o n temperatures. Therefore, c o o l i n g and reheating i n He o r , 
more ge n e r a l , i n an i n e r t atmosphere i s the procedure of choice. 
I t w i l l guarantee the a c q u i s i t i o n of r e l i a b l e k i n e t i c data 
without i n f l u e n c e s by the r e a c t i o n i n t e r r u p t i o n s . 

The c a t a l y s t surface composition and chemistry remained 
unchanged f o r a l l r e a c t i o n i n t e r r u p t i o n procedures i n v o l v e d . 
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Furthermore, i d e n t i c a l surfaces were found i n postmortem 
a n a l y s i s of c a t a l y s t samples from the p i l o t p l a n t r e a c t o r and 
the m i n i r e a c t o r . These observations provide assurances that the 
"working" c a t a l y s t surface can be examined w i t h the system 
described here despite the necessary t r a n s f e r from high pressure 
feed gas to u l t r a h i g h vacuum. 

Conclusion 

A unique p i l o t p l a n t / m i n i r e a c t o r / s u r f a c e a n a l y s i s system has 
been designed and put i n t o o p e r a t i o n . This system represents the 
c l o s e s t encounter reported i n the l i t e r a t u r e t o date between 
" r e a l w orld" c a t a l y s i s and surface a n a l y t i c a l techniques. I t 
allows i n depth s t u d i e s of r e a c t i o n k i n e t i c s and r e a c t i o n 
mechanisms and t h e i r c o r r e l a t i o n w i t h c a t a l y s t surface 
p r o p e r t i e s . 

The study of a Cu0/Zn0/Al
showed the working c a t a l y s t surface under our experimental 
c o n d i t i o n s to c o n s i s t of m e t a l l i c Cu, ZnO, and A 1 2 0 3 . B r i e f 
exposure of such c a t a l y s t s to a i r r e s u l t s i n i n s t a n t formation 
of a few percent Cu+1. Thus, the use of a combined 
r e a c t i o n / a n a l y s i s system as described here i s a b s o l u t e l y 
e s s e n t i a l i n surface a n a l y t i c a l s t u d i e s of r e a c t i v e c a t a l y s t 
s u r f a c e s . 
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3 
Correlation Between Spectroscopic Measurements and 
Catalytic Behavior of Selective Oxidation Catalysts 

J. F. Brazdil, M. Mehicic, L. C. Glaeser, M. A. S. Hazle, and R. K. Grasselli 

Sohio Research Center, The Standard Oil Company (Ohio), Cleveland, OH 44128 

Direct observation
processes on a molecular level only became possible 
with the advent of new spectroscopic techniques and 
in particular, by utilizing several techniques in 
concert on a given catalytic process. Combining such 
spectroscopic investigations with concomitant kinetic 
investigations provides new insights into the solid 
state and surface mechanisms of selective olefin 
oxidation catalysis by mixed metal oxides. The 
application of multiple techniques including Raman, 
infrared, XRD, neutron diffraction, and XPS has 
provided direct evidence of several key aspects of 
the propylene to acrylonitrile ammoxidation mechanism 
over bismuth molybdate based catalysts. The 
mechanistic insights include: 1) direct 
spectroscopic evidence for solid state 
disproportionation of the metastable Bi2Mo2O9 phase 
under redox conditions, 2) identification of key 
catalytic phases in bismuth-iron molybdate systems, 
and 3) direct identification of catalytic function of 
active oxide ions in bismuth molybdate selective 
olefin oxidation catalysts. 

Much of the pioneering work which l e d to the discovery of e f f i c i e n t 
c a t a l y s t s f o r modern i n d u s t r i a l c a t a l y t i c processes was performed at 
a time when advanced a n a l y t i c a l i nstrumentation was not a v a i l a b l e . 
I n s i g h t s i n t o c a t a l y t i c phenomena were achieved through gas 
adsor p t i o n , molecular r e a c t i o n probes, and macroscopic k i n e t i c 
measurements. Although Sabatier postulated the existence of 
unstable r e a c t i o n intermediates at the t u r n of t h i s century, i t was 
not u n t i l the 1950 fs that such species were a c t u a l l y observed on 
s o l i d surfaces by Eischens and co-workers(I) using i n f r a r e d 
spectroscopy. Today, s c i e n t i s t s have the luxury of using a 
multitude of s o p h i s t i c a t e d surface a n a l y t i c a l techniques to study 
c a t a l y t i c phenomena on a molecular l e v e l . Nevertheless, k i n e t i c 
measurements using chemically s p e c i f i c probe molecules are s t i l l the 
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main stay of mechanistic i n v e s t i g a t i o n s of heterogeneous c a t a l y t i c 
processes. I t i s , however, becoming i n c r e a s i n g l y apparent that a 
combination of k i n e t i c and spec t r o s c o p i c approaches can maximize the 
u s e f u l i n f o r m a t i o n about the surface and bulk p r o p e r t i e s of s o l i d 
c a t a l y s t s . 

In the case of s e l e c t i v e o x i d a t i o n c a t a l y s i s , the use of 
spectroscopy has provided c r i t i c a l i n f o r m a t i o n about surface and 
s o l i d s t a t e mechanisms. As i s w e l l known02), some of the most 
e f f e c t i v e c a t a l y s t s f o r s e l e c t i v e o x i d a t i o n of o l e f i n s are those 
based on bismuth molybdates. The i n d u s t r i a l s i g n i f i c a n c e of these 
c a t a l y s t s stems from t h e i r unique a b i l i t y to o x i d i z e propylene and 
ammonia to a c r y l o n i t r i l e at high s e l e c t i v i t y . S everal key features 
of the surface mechanism of t h i s c a t a l y t i c process have r e c e n t l y 
been described(3-4). However, an understanding of the s o l i d s t a t e 
transformations which occur on the c a t a l y s t surface or w i t h i n the 
c a t a l y s t bulk under r e a c t i o
i n d i r e c t l y by t r a d i t i o n a
i n s i g h t s i n t o c a t a l y s t dynamics r e q u i r e the use of techniques which 
can probe the s o l i d d i r e c t l y , p r e f e r a b l y under r e a c t i o n c o n d i t i o n s . 
We have, t h e r e f o r e , examined s e v e r a l c a t a l y t i c a l l y important surface 
and s o l i d s t a t e processes of bismuth molybdate based c a t a l y s t s using 
m u l t i p l e spectroscopic techniques i n c l u d i n g Raman and i n f r a r e d 
s p e c t r o s c o p i e s , x-ray and neutron d i f f r a c t i o n , and photoelectron 
spectroscopy. 

Experimental 

C a t a l y s t P r e p a r a t i o n 

Bi„MoO^ was prepared by the method of Védrine et a l (5)· Bi^iMoO^)^ 
and Bi.jFeMo 20^ 2 were prepared by c o p r e c i p i t a t i o n of bismuth n i t r a t e , 
f e r r i c n i t r a t e and ammonium molybdate. A f t e r d r y i n g , the c a t a l y s t s 
were heat-treated at 290° and 425°C f o r 3 hours each. F i n a l 
c a l c i n a t i o n at 500°C was 2 hours f o r BiJfoO,. and 3 hours f o r 
B i 2 ( M o 0 4 ) 3 and 610°C f o r 12 hours f o r B i 3 F e M o 2 0 1 2 . C h a r a c t e r i z a t i o n 
by both x-ray d i f f r a c t i o n and Raman spectroscopy insured that the 
c a t a l y s t s were the pure s i n g l e phases d e s i r e d . 

I n - S i t u Raman Experiments 

I n - s i t u Raman experiments were performed on a Spex 1401 double 
monochrometer Raman spectrometer, using a Spectra-Physics Model 165 
argon i o n l a s e r w i t h an e x c i t i n g wavelength of 5145 A. The i n - s i t u 
Raman c e l l c o n s i s t s of a quartz tube s i t u a t e d i n a temperature 
c o n t r o l l e d heating block. The Raman spectra were c o l l e c t e d i n the 
180° b a c k s c a t t e r i n g mode. 

Reduction of the c a t a l y s t s was achieved by passing the reactant 
gas over the c a t a l y s t at elevated temperatures. The time was 
adjusted to reach the same degree of re d u c t i o n i n each case, and the 
degree of reduction was checked independently by 0« t i t r a t i o n . 
R eoxidation of the c a t a l y s t was accomplished by f i r s t f l u s h i n g the 
system w i t h helium, then i n t r o d u c i n g oxygen-16 or oxygen-18. 
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K i n e t i c Experiments 

A pulse r e a c t o r system s i m i l a r to that described by B r a z d i l , et 
a l ( 6 ) was used to obtain the k i n e t i c data. The reacto r was a 
s t a i n l e s s - s t e e l U-tube, composed of a 1/8" χ 6" preheat zone and a 
3/^" χ 6" re a c t o r zone w i t h a maximum c a t a l y s t volume of about 5.0 
cm · The r e a c t o r was immersed i n a temperature c o n t r o l l e d molten 
s a l t bath. 

R e s u l t s and D i s c u s s i o n 

Redox Processes and S o l i d State Transformations i n Bismuth 
Molybdates 

S e l e c t i v e o x i d a t i o n and ammoxidation of propylene over bismuth 
molybdate c a t a l y s t s occu
oxygen (or i s o e l e c t r o n i
intermediate, formed v i a a-H a b s t r a c t i o n from the o l e f i n . The 
r e s u l t i n g anion vacancies are e v e n t u a l l y f i l l e d by l a t t i c e oxygen 
which o r i g i n a t e s from gaseous oxygen d i s s o c i a t i v e l y chemisorbed at 
surface s i t e s which are s p a t i a l l y and s t r u c t u r a l l y d i s t i n c t from the 
s i t e s of o l e f i n o x i d a t i o n . Mechanistic d e t a i l s about the 
r e o x i d a t i o n step are d i f f i c u l t to o b t a i n since i t i s u s u a l l y much 
more r a p i d than the o x i d a t i o n of the o l e f i n . Therefore, t r a n s i e n t 
k i n e t i c techniques are r e q u i r e d . 

Using the pulse microreactor method(6), the general r a t e 
expression f o r r e o x i d a t i o n of bismuth nfolybdate c a t a l y s t s was found 
to be: 

-d[0 ]/dtA - k [0 ] = k [0J° e 5[0 ] ν i app ν reox 2 ν 
where [0 ] i s the concentration of anion vacancies i n the c a t a l y s t 
a f t e r r e d u c t i o n w i t h propylene, [0^] i s the gas phase concentration 
of oxygen, ^ i s the pulse time, and k^ and k ο χ are the apparent 
and a c t u a l r e o x i d a t i o n r a t e constantsf^respectively· Examination 
of the temperature dependence of the r e o x i d a t i o n r a t e constants 
i n d i c a t e s the presence of two r e o x i d a t i o n processes (Table I ) : a low 
a c t i v a t i o n energy surface r e o x i d a t i o n process and a higher 
a c t i v a t i o n energy process i n v o l v i n g r e o x i d a t i o n of anion vacancies 
i n the bulk. 

Table I . A c t i v a t i o n Energies f o r Reoxidation (320° to 460°C) 

Degree of I n i t i a l q R e d u c t i o n A c t i v a t i o n Energy 
C a t a l y s t [[0] χ 10^/m] (kcal/mole) 
B i o M o ~ 0 l o 0.2 1.3 

2 6 1 2 1.4 25.9 
B i o M o o 0 Q 0.1 8.1 

1 1 * 0.3 9.6 
1.5 25.8 

Bi oMo0. 0.2 1.2 
2 6 1.3 7.9 
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As Table I shows, the Bi2Mo20g c a t a l y s t e x h i b i t s unique redox 
behavior. S p e c i f i c a l l y , the s i m i l a r i t y i n the a c t i v a t i o n energies 
f o r the s l i g h t l y reduced Bi2Mo2ÛQ and the more deeply reduced 
^±2^o0^ suggests that s i m i l a r s o l i d s t a t e phases are res p o n s i b l e 
f o r r e o x i d a t i o n i n both i n s t a n c e s . X-ray d i f f r a c t i o n of the 
c a t a l y s t s a f t e r reduction and a f t e r r e o x i d a t i o n show only the 
presence of the pure s i n g l e phase m a t e r i a l s . In order to i d e n t i f y 
the surface phase composition of the Bi2Mo20^ under redox 
c o n d i t i o n s , the c a t a l y s t was examined using i n - s i t u Raman 
spectroscopy. 

I n - s i t u Raman examination of Bi2M©20^ under c y c l i c redox 
co n d i t i o n s gives evidence of surface r e s t r u c t u r i n g as shown i n 
Figure 1. I t i s c l e a r from the spectra that a redox-induced 
d i s p r o p o r t i o n a t i o n occurs. Subjecting the Bi2M©20^ phase to 
red u c t i o n and r e o x i d a t i o n r e s u l t s i n i t s d i s p r o p o r t i o n a t i o n i n t o 
BÎ2Mo30^2 and ^IJioO^. Th
f o l l o w i n g mechanism. 

B i 2 M o 2 0 9
 R e d u c t l o n » Βί 2Μοθ 6_ χ + (x+y)[0] + Mo0 3_ y 

B i 2 M o 2 0 9 + M o 0 3 = ? • B i2 M o3°12-y 

B i 2 M o 0 6 _ x + x/2 0 2
 R e o x i d a t i o % B i 2 M o 0 6 

B i2 M o3°12-y + °ï R e o x i d a t i o n , ^ ^ ^ 

Based on the k i n e t i c r e s u l t s (Table I ) , i t appears that Bi2Mo0 6 i s 
enriched on the surface w h i l e B i2 M°3°12 i s m a i n ^ v P r e s e n ^ i n t n e 

subsurface l a y e r s of the reconstructed m a t e r i a l . 
M a i n t a i n i n g the sample at elevated temperature r e s u l t s i n 

f u r t h e r decomposition u n t i l only Bi2Mo0^ and Bi2Mo 30^2 phases are 
observed. Therefore, although Bi 9Mo«0 q i s meta-stable up to about 
500°C(7), i t i s unstable i n tfie presence of the B i 2 M o 0 6 and 
B*2**°3^12 P n a s e s w n * c h a c t a s n u c l e a t i o n centers and a c c e l e r a t e the 
d i s p r o p o r t i o n a t i o n . S i m i l a r experiments w i t h Bi^MoO. and Bi2Mo 30 12 
r e v e a l that they maintain t h e i r s t r u c t u r a l i n t e g r i t y under redox 
c o n d i t i o n s . 

S i m i l a r d i s p r o p o r t i o n a t i o n i s l i k e l y to occur during c a t a l y t i c 
hydrocarbon o x i d a t i o n s i n c e the Βΐ2Μθ2θ^ c a t a l y s t i s subjected to 
continuous redox c y c l i n g under such c o n d i t i o n s . Therefore, any 
k i n e t i c or c a t a l y t i c i nformation about Bi2Mo20<* i s suspect unless 
the absence of surface r e s t r u c t u r i n g can be confirmed. 

C a t a l y t i c Behavior and Phase Composition of Bismuth-Iron 
Molybdates 

The s t r u c t u r e of the s i n g l e phase bismuth-iron molybdate compound 
of composition B i 3FeMo20 1 2 Is r e l a t e d to the s c h e e l i t e s t r u c t u r e of 
B i ^ M o ^ ^ W . I t i s reported(6,9) that the c a t a l y t i c a c t i v i t y and 
s e l e c t i v i t y of bismuth-iron molybdate f o r propylene o x i d a t i o n and 
ammoxidation i s not greater than that of bismuth molybdate. 
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Ι ­
Ο) 

< 
< j) 

800 600 400 
Ai/(CM"1) 

200 

f « f U ^ i" Λ ! n s p e c t r a o f : <A> B i 2 M o 2 0 q a f t e r 600°C i n a i r , 
, L 2 °2°9 a f t e r e d u c t i o n w i t h propylene and r e o x i d a t i o n 

Τίηϊη a t 4 3 ° ° C ' a n d ( C ) a f t e r f u r t h e r r e o x i d a t i o n i n a i r at 
480 C. a r e f e r s to B i Mo 0 β to UHoO and Ύ to Bi oMo0^. 
Reproduced w i t h permission'from Ref. 3Z ^Copyright 198?, T^e 
Royal Society of Chemistry. 
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However, we have found that r e a c t i o n induced r e s t r u c t u r i n g of 
Bi^FeMo^Oj^ produces a marked enhancement i n c a t a l y t i c behavior 
(Table II;· X-ray d i f f r a c t i o n , i n - s i t u Raman spectroscopy, and 
photoelectron spectroscopy r e v e a l that the r e s t r u c t u r i n g produces a 
multiphase system c o n s i s t i n g of unreacted Bi 3FeMo20,2> i n 

combination w i t h Bi^Ho^0.^9 /3-FeMoO^ and a sma l l amount of Bi^MoO^. 
The key features of the Raman spectra of the a c t i v a t e d c a t a l y s t are 
summarized i n Table I I I . 

Table I I . C a t a l y t i c A c t i v i t y f o r Propylene Ammoxidation Over 
Bismuth-Iron Molybdate 

C a t a l y s t A c r y l o n i t r i l e YieldT%7 A c r y l o n i t r i l e S e l e c t i v i t y (%)" 

B i 3 F e M o 2 0 1 2 50.
A f t e r 
r e s t r u c t u r i n g 73.0 83.3 

a) Reaction temperature: 430*C 
Feed R a t i o s : C ^ / N ^ A ^ / ^ l / l .2/1.9/12.3 

b) Reaction induced r e s t r u c t u r i n g 

Table I I I . Raman Data For B i 3 F e M o 2 0 1 2 From M i c r o r e a c t o r 

Band P o s i t i o n s 
(cm ) Assignments 

vs 
s 
m 

very strong 
strong 
medium 

800 vs 
872 s 
902 m 
932 m 

y-Bi 2Mo0 6 

B i 3 F e M o 2 0 1 2 

a - B i 2 ( M o 0 4 ) 3 

0-FeMoO4 

Comparison of the k i n e t i c and spec t r o s c o p i c r e s u l t s i n d i c a t e s 
that the c a t a l y t i c a l l y a c t i v e phase f o r propylene ammoxidation i s 
the predominant bismuth c o n t a i n i n g phase, namely Bi2Mo 30 12> an<* 
that i t s c a t a l y t i c a c t i v i t y i s s i g n i f i c a n t l y enhanced By the 
presence of 0-FeMoO^. The high temperature 0-FeMoO^ phase i s 
s t a b i l i z e d by the presence of ̂ 2^°3®\2 s * n c e hismuth molybdate can 
serve as a template f o r the n u c l e a t i o n and growth of t h i s f errous 
molybdate phase due to the e x c e l l e n t s t r u c t u r a l match between the 
[010] c r y s t a l planes of the two phases (Figure 2 ) . Thus, based on 
the p r e v i o u s l y i d e n t i f i e d redox r o l e of i r o n ( 6 ) , the /3-FeMoO^ phase 
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i s l i k e l y to serve as the center f o r the d i s s o c i a t i v e chemisorption 
of gaseous oxygen and the t r a n s f e r of oxide i o n s , across a coherent 
phase boundary, to the c a t a l y t i c a l l y a c t i v e bismuth molybdate 
phase. 

I d e n t i f i c a t i o n of F u n c t i o n a l l y D i s c r e t e Oxide Ions i n Bi^MoO^ 

I t i s w e l l recognized that a c t i v e s i t e s f o r s e l e c t i v e propylene 
o x i d a t i o n and ammoxidation must cont a i n two separate f u n c t i o n s , 
namely Qf-H a b s t r a c t i o n and oxygen i n s e r t i o n ( 2 - 4 ) . I n v e s t i g a t i o n s 
of bismuth and molybdenum oxides have suggested that oxygens 
as s o c i a t e d w i t h bismuth are responsible f o r a-H a b t r a c t i o n w h i l e 
oxygens bound to molybdenum i n s e r t i n t o the a l l y l i e i n termediate. 
However, u n t i l now, d i r e c t evidence f o r t h i s assignment of f u n c t i o n 
was l a c k i n g , as was an understanding of the mechanisms of a c t i v e 
s i t e r e c o n s t r u c t i o n an

Recent oxygen-18 t r a c e
have shown that oxide ions r e s p o n s i b l e f o r a-H a b s t r a c t i o n and 
oxygen i n s e r t i o n can be independently probed i n Bi2MoO£ using 
s p e c i f i c reactant molecules. I d e n t i f i c a t i o n of these oxygens 
w i t h i n the s t r u c t u r e of the c a t a l y s t , however, was not p o s s i b l e i n 
the reported k i n e t i c i n v e s t i g a t i o n . D i r e c t i d e n t i f i c a t i o n of the 
c a t a l y t i c a l l y d i s t i n c t oxygens i s p o s s i b l e by examining the i n - s i t u 
Raman spectra of Bi«MoO^ which had been reduced w i t h butene, 
propylene, or methanol, and r e o x i d i z e d w i t h oxygen-18. As Moro-oka 
c o r r e c t l y conjectured(10), o x i d a t i o n of butene to butadiene only 
r e q u i r e s the hydrogen a b s t r a c t i n g f u n c t i o n of the c a t a l y s t while 
propylene o x i d a t i o n to a c r o l e i n a l s o makes use of the 0 - i n s e r t i o n 
f u n c t i o n . I t i s a l s o known that chemisorption of methanol and i t s 
subsequent o x i d a t i o n to formaldehyde occurs on Mo-0 centers i n 
molybdates O O · 

Table IV. Assignments f o r Raman and IR High Frequency Bands 

(cm l ) 

Raman Band^ 
P o s i t i o n s (cm ) 

IR Band 
P o s i t i o n s (cm ) Assignments 

848 
799 
715 

Source: Reference (12) 

842 
798 
735 
600 

Mo-0-Μο 
Mo-0-Μο 
Mo-0-Μο 
Μο-0-Bi 

Assignments f o r the Raman and IR bands (Table IV) have been 
made by Matsuura and coworkers(12). The molybdenum-oxygen p o j ^ " 
hedra, which are assumed to be derived from t e t r a h e d r a l MoO, , 
have four v i b r a t i o n a l modes, i>,(A), ^ ( E ) , v^if^), i ^ ( F 2 ) . A l l of 
these v i b r a t i o n s are Raman a c t i v e , w h i l e only the t r i p l y degenerate 
modes are IR a c t i v e . By comparison w i t h other molybdates, i t has 
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been determined that a l l of the high frequency bands (around 800 
cm ) are a s s o c i a t e d w i t h the s t r e t c h i n g modes of molybdenum-oxygen 
polyhedra ( v^(A) and ^ ( F ^ ) ) . The bending modes (^oW and v,{?^)) 
are observed between 300 and 400_^cm · In a d d i t i o n , Bi^MoO^ 
d i s p l a y s a weak IR band near 600 cm which i s assigned to a Mo-0-
B i mode* 

As shown i n Table V, reduction of Bi^MoO^ w i t h butene followed 
by r e o x i d a t i o n w i t h oxygen-18 produces no immediate s h j f t s i n the 
three high frequency Raman bands at 853, 798 and 720 cm which are 
assigned to Mo-0 s t r e t c h i n g modes i n the s o l i d * I n contrast to 
t h i s , s h i f t s are observed i n the high frequency bands when the 
c a t a l y s t i s reduced w i t h propylene or methanol and r e o x i d i z e d w i t h 
oxygen-18. Therefore, exchange of l a t t i c e oxygen about the 
molybdenum-oxygen polyhedra occurs only a f t e r o x i d a t i o n of 
propylene and methanol to a c r o l e i n and formaldehyde, r e s p e c t i v e l y , 
but not a f t e r buten  o x i d a t i o  butadiene  Thi  c l e a r l
s u b s t a n t i a t e s our e a r l i e
a s s o c i a t e d w i t h bismut
a b s t r a c t i n g f u n c t i o n i n bismuth molybdate whil e oxygens associated 
w i t h molybdenum i n s e r t i n t o the a l l y l i c intermediate during 
s e l e c t i v e propylene o x i d a t i o n to a c r o l e i n . 

Table V. Raman Spectra of P a r t i a l l y Reduced Bi 2MoO ( 

18 
Reoxidized w i t h 0-Oxygen 

Major Band P o s i t i o n s (cm *) a f t e r : 

F i r s t Second T h i r d Fourth F i f t h S i x t h 
Reductant I n i t i a l Cycle Cycle Cycle Cycle Cycle Cycle 

Propylene** 844 835 832 830 830 830 830 
803 792 792 790 790 786 785 
725 715 715 713 712 710 708 

Butene** 844 841 841 841 840 840 840 
803 801 802 802 798 798 797 
725 724 724 725 722 722 723 

Methanol 844 839 839 838 836 832 831 
803 803 801 802 799 787 787 
725 721 720 719 717 709 709 

a) Degree of r e d u c t i o n = 50 μmoles [0] vacancies per m per 
c y c l e ; Raman spectra taken at 430°C. 

b) Reduced and r e o x i d i z e d at 430°C. 

c) Reduced at 400°C, r e o x i d i z e d at 430°C. 
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Closer examination of the ̂ i^ftoQ^ s t r u c t u r e allows a more 
s p e c i f i c i d e n t i f i c a t i o n of these c a t a l y t i c a l l y a c t i v e oxygens. 
Neutron d i f f r a c t i o n ( 1 3 ) shows that oxide ions of t h i s s t r u c t u r e can 
be placed i n t o three general categories based on t h e i r bonding to 
bismuth and molybdenum. One type of oxygen i s bound only to 
bismuth and bridges bismuth ions i n the Bi^O^ l a y e r . A second type 
of oxygen i s s i t u a t e d at the apices or the MoO^ octahedra and 
bridges bismuth and molybdenum i o n s . The t h i r d type of oxygen 
bridges molybdenum ions at the corners of the octahedra. Based on 
t h i s d e t a i l e d understanding of the s t r u c t u r e and r e c o g n i z i n g the 
need f o r cl o s e s p a t i a l proximity of the two c a t a l y t i c f u n c t i o n s , i t 
i s reasonable to assign the 0?-H a b s t r a c t i n g f u n c t i o n to oxygens 
which bridge bismuth and molybdenum. Oxygens which i n s e r t i n t o the 
a l l y l i c intermediate are l i k e l y to be those at the corners of the 
octahedra. I t can f u r t h e r be reasoned, based on the unique a b i l i t y 
of B i o ^ 3 o x v S e n e l e c t r o l y t e
that the two lone p a i r
moieties are resp o n s i b l  dioxyge
of the c a t a l y s t under r e a c t i o n c o n d i t i o n s . The s t r u c t u r e of these 
a c t i v e s i t e s i s s c h e m a t i c a l l y i l l u s t r a t e d i n Figure 3. 

O' = Oxygen responsible for α -H abstraction 
·" = Oxygen associated with Mo; responsible for oxygen insertion into the 

allylic Intermediate 
• = Proposed center for 0 2 reduction and dissociative chemisorption 

Figure 3. Schematic d e p i c t i o n of the a c t i v e s i t e s t r u c t u r e on 
the surface of Bi oMo0.. 
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Concluding Remarks 

As i l l u s t r a t e d here, the t o o l s of surface science have only 
r e c e n t l y provided the c a t a l y s i s researcher the opportunity to 
r i g o r o u s l y t e s t and challenge p o s s i b l e c a t a l y t i c mechanisms on a 
molecular l e v e l . P r e v i o u s l y , mechanistic evidence has been 
i n d i r e c t and conjectured. Surface and s o l i d s t a t e aspects of 
c a t a l y t i c processes could not r e a d i l y be evaluated and challenged. 
Surface science has now provided the opportunity to examine 
i n c r e a s i n g l y complex c a t a l y s t systems and processes. No longer 
must the c a t a l y s t s c i e n t i s t be bound to the study of simple model 
systems which only remotely resemble a c t u a l , r e a l l i f e c a t a l y s t s . 
The promise of surface s c i e n c e , combined w i t h t r a d i t i o n a l c a t a l y t i c 
i n v e s t i g a t i n g , i s that i n depth molecular l e v e l understanding of 
r e a l c a t a l y s t s w i l l produce the knowledge necessary to achieve 
major advances i n c a t a l y t i  scienc d technology
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Application of Surface Analysis Techniques 
in the Study of Catalyst Systems 

D. D. Hawn, R. C. Cieslinski, and H. E. Klassen 

Analytical Laboratories, The Dow Chemical Company, Midland, MI 48667 

The application o
(XPS) and Auger Electro
solution of complex real world catalyst problems is 
often difficult and frustrating. Three recent develop­
ments in this laboratory have greatly aided in the 
solution of such problems. These are 1) a dual anode 
x-ray source using a silicon target, 2) an off-axis, 
low cost reaction facility for carrying out simple 
preparative treatments, and 3) installation of a 
dedicated high-performance Scanning Auger Microprobe 
(SAM) system. 

Advantages of silicon x-radiation include the 
access of aluminum and magnesium core level (1s) 
lines and the corresponding (KLL) Auger transitions 
for chemical state identification and improved 
quantitation, because these lines are at least 10 
times more intense than the corresponding (2p) or 
(2s) lines. The construction of an off-axis reactor 
has produced a simple, versatile and inexpensive 
system easily adapted to any vacuum system. The 
role of AES and SAM in catalyst research will also 
be highlighted by examples. 

The a p p l i c a t i o n of surface a n a l y t i c a l techniques, most notably X-ray 
Photoelectron Spectroscopy (XPS) and Auger E l e c t r o n Spectroscopy 
(AES), or i t s s p a t i a l l y resolved counterpart, Scanning Auger Micro­
a n a l y s i s (SAM), i s of great value i n understanding the performance 
of a c a t a l y s t . However, the r e s u l t s obtained from any of these 
techniques are of t e n d i f f i c u l t to i n t e r p r e t , e s p e c i a l l y when only 
one technique i s used by i t s e l f . 

In t h i s a r t i c l e we describe novel approaches aimed at making 
surface a n a l y t i c a l data e a s i e r to ob t a i n and i n t e r p r e t . These i n ­
clude: 1) a s m a l l , low cost r e a c t i o n f a c i l i t y designed to work 
o f f - a x i s to a commercial XPS system, 2) a s i l i c o n anode x-ray source 
f o r access to higher b i n d i n g energy photoelectron l i n e s , and 3) the 
use of dedicated SAM i n conjunction w i t h XPS i n c a t a l y s t problems. 
Examples showing the u t i l i t y of each w i l l be discussed. 

0097-6156/ 85/ 0288-O037$06.00/ 0 
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Experimental 

XPS spectra were obtained using a Perkin-Elmer P h y s i c a l E l e c t r o n i c s 
(PHI) 555 e l e c t r o n spectrometer equipped w i t h a double pass c y l i n ­
d r i c a l m i r r o r analyzer (CMA) and 04-500 dual anode x-ray source. 
The x-ray source used a combination magnesium-silicon anode, w i t h 
c o l l i m a t i o n by a shotgun-type c o l l i m a t o r (1). AES/SAM spectra and 
photomicrographs were obtained w i t h a Perkin-Elmer PHI 610 Scanning 
Auger Microprobe, which uses a s i n g l e pass CMA w i t h c o a x i a l 
lanthanum hexaboride (LaBe) e l e c t r o n gun. 

Reactions were c a r r i e d out using a f a c i l i t y mounted o f f - a x i s to 
the load l o c k of the PHI 555 e l e c t r o n spectrometer. This device 
u t i l i z e s a r a d i a n t heater to heat a sample and mount i n s i d e a gla s s 
r e a c t o r . This device i s shown i n Figure 1. I t c o n s i s t s of a center 
s e c t i o n constructed from two Pyrex glass-to-metal adapters on 2.75 
in c h Confiât flanges j o i n e
one i n c h i n diameter b
i n c h Confiât flange allow  feedthroug  ga ,
evacuation, and chromel/alumel thermocouple. The rea c t o r i s sepa­
rated from the sample load l o c k by a high vacuum gate v a l v e . A 
0.125 i n c h t h i c k sample holder i s moved from the standard t r a n s p o r t / 
a n a l y s i s rod of the PHI system to the heater zone of the rea c t o r v i a 
a 0.25 i n c h diameter s t a i n l e s s s t e e l rod. A d o v e t a i l mount i s used 
to r e c e i v e the sample holder on the PHI probe. The 0.25 in c h rod i s 
sealed by a p a i r of graphite-impregnated T e f l o n s e a l s , r i d i n g i n a 
housing constructed on a 2.75 i n c h Confiât blank f l a n g e . The space 
between the sea l s i n pumped, as i s the re a c t o r v i a the gas o u t l e t , 
by a mechanical r o t a r y pump equipped _ w i t h l i q u i d n i t r o g e n t r a p . 
The e n t i r e assembly operates from 10 6 t o r r to 1 atmosphere of 
pressure when employing the turbomolecular pump which pumps the PHI 
load l o c k . 

Heating of the mount i s accomplished by a modified halogen 
p r o j e c t i o n bulb, w i t h the sample mount temperature r e g u l a t i n g the 
ap p l i e d lamp power v i a a d i g i t a l temperature c o n t r o l l e r . A s t a i n ­
l e s s s t e e l i n s u l a t e d c l a m - s h e l l enclosure houses the lamp, and has 
p r o v i s i o n s f o r lamp c o o l i n g and an i n t e g r a l r e f l e c t o r . Temperatures 
to 600°C i n 1 atmosphere of hydrogen can be achieved at the sample 
mount. Reactive gases are preheated before passage over the sample 
by t r a v e l l i n g the length of the re a c t o r d i r e c t l y i n f r o n t of the 
halogen lamp before making contact w i t h the sample. A l t e r n a t e l y , 
gas can be preheated i n a tube furnace before entry i n t o the reac­
t o r . However, i n t h i s case care should be ex e r c i s e d to not exceed 
450°C during a r e a c t i o n . 

The glass-to-metal adapters used here f o r the c e l l body are 
intended only to be used to 400°C, while the glass i t s e l f can s a f e l y 
withstand 500°C. Due to the foc u s s i n g power of the lamp onto the 
mount, a sample temperature of 600°C can be achieved at the sample 
while the glass or glass-to-metal adapters remain s i g n i f i c a n t l y below 
t h i s temperature. 

For the copper/aluminum c a t a l y s t analyses l a t e r d escribed, the 
sample mount was t r a n s f e r e d from the XPS system f o l l o w i n g treatment 
and a n a l y s i s to an i n e r t atmosphere dry box without a i r exposure. 
From there i n d i v i d u a l p e l l e t s were t r a n s f e r r e d to the SAM f o r sub­
sequent a n a l y s i s without a i r exposure. The reverse process was 
employed f o r the next r e a c t i o n c y c l e . 
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f 
Figure 1. Schematic Diagram of the o f f - a x i s r a d i a n t heated 
r e a c t o r . A. c e l l body; B. l i n e a r / r o t a r y motion feedthrough; 
C. t r a n s p o r t rod; D. p r o j e c t o r bulb; E. r e f l e c t o r ; F. i n s u ­
l a t e d s t a i n l e s s s t e e l enclosure; G. a i r c o o l i n g p o r t ; H. gas 
i n l e t ; I . gas outlet/pumping p o r t ; J . chromel/alumel thermo­
couple; K. high vacuum gate v a l v e ; L. sample mount. 
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D i s c u s s i o n 

1) O f f - A x i s Reaction C e l l 
The a b i l i t y to t r e a t c a t a l y s t m a t e r i a l s under c o n t r o l l e d c o n d i t i o n s 
followed by t r a n s f e r to the a n a l y s i s environment without a i r expo­
sure, has been an important f a c t o r i n the s o l u t i o n of many c a t a l y s t 
problems. E a r l y designs of such components have i n v o l v e d the d i r e c t 
h e ating of the m a t e r i a l i n a p r e p a r a t i o n f a c i l i t y d i r e c t l y adjacent 
to the spectrometer, w i t h subsequent t r a n s f e r of the m a t e r i a l be­
tween these two chambers. A more s o p h i s t i c a t e d m o d i f i c a t i o n of t h i s 
approach, as described by Ganschow and co-workers ( 2 ) , u t i l i z e s a 
sample module which can be s h u t t l e d among s e v e r a l interconnected 
a n a l y t i c a l chambers and a r e a c t i o n f a c i l i t y . A l t e r n a t e designs have 
i n v o l v e d t r a n s f e r of the sample to a remote f a c i l i t y f o r r e a c t i o n 
(3,4), or s e a l i n g of the sample i n a r e a c t o r housed i n the UHV 
a n a l y s i s chamber (5,6).
been assembled by Ganscho
h e r e i n has the advantage of being inexpensive and e a s i l y replaced or 
r e p a i r e d . With i t s o f f - a x i s design, the spectrometer can s t i l l be 
used w h i l e a r e a c t i o n i s being c a r r i e d out. The design a l s o pre­
sents a b u f f e r between the r e a c t o r and a n a l y s i s chamber, thus 
l i m i t i n g contamination of the a n a l y s i s chamber by the r e a c t o r . 
Adverse w a l l r e a c t i o n s are l i m i t e d , s i n c e the area i n the heated 
zone i s g l a s s , and only the sample and i t s holder are maintained at 
the r e a c t i o n temperature. 

A carbon supported molybdenum c a t a l y s t used f o r the production 
of L i q u i f i e d Petroleium Gas (IPGs) demonstrates the u s e f u l l n e s s and 
hi g h temperature c a p a b i l i t i e s of t h i s f a c i l i t y . F i g u r e 2 compares 
the molybdenum (3d) spectra f o l l o w i n g extended treatments i n helium 
and hydrogen at 500°C. For the s t a r t i n g c a t a l y s t , the Mo(3d 5/2) 
p h o t o l i n e i s centered at 232.4 eV b i n d i n g energy when referenced to 
the g r a p h i t i c support carbon ( I s ) p h o t o l i n e at 284.3 eV. This 
b i n d i n g energy i s c o n s i s t e n t w i t h t h a t reported f o r Mo(VI), or Mo0 3 

(4*7). 
F o l l o w i n g high temperature exposure to helium (Figure 2B), a 

s e r i e s of lower b i n d i n g energy peaks were observed, w i t h Mo(3d 5/2) 
components centered a t 231.1 and 228.9 eV b i n d i n g energy. These are 
a t t r i b u t e d to Mo(V) and Mo(IV), r e s p e c t i v e l y , based on p r e v i o u s l y 
reported l i t e r a t u r e values ( 4 ) and work performed i n t h i s l a b o r a ­
t o r y . In a d d i t i o n , a higher b i n d i n g energy component at 234.2 eV i s 
observed i n t h i s spectrum, and i s a t t r i b u t e d to molybdate (Mo04=). 
We a l s o observed a marked increase i n potassium at the surface f o l ­
lowing t h i s treatment. In t h i s case, the Mo (IV)/Mo (VI) and 
Mo(V)/Wo(VI) r a t i o s are 0.2 and 0.13 r e s p e c t i v e l y a f t e r 6 hours of 
treatment. Extended r e a c t i o n times (to 12 hours) do not s i g n i f i ­
c a n t l y a f f e c t t h i s r a t i o . Reduction i n hydrogen a t 500°C produces 
s u b s t a n t i a l l e v e l s of Mo, as evidenced by the appearance of a peak 
at 227.8 eV b i n d i n g energy. Again Mo(IV) i s observed, but no 
molybdates were observed. This r e d u c t i o n was observed to proceed 
r a p i d l y at f i r s t , so t h a t , a f t e r 6 hours, the Mo(IV)/ Mo(VI) and 
Mo/Mo(VI) r a t i o s were 0.80 and 2.20, r e s p e c t i v e l y . Extended times 
(to 9 hours) d i d not g r e a t l y a f f e c t these r a t i o s . P a t t e r s o n and co­
workers ( 4) observed s i m i l a r behavior f o r a supported molybdenum 
c a t a l y s t , i n which case l i t t l e f u r t h e r r e d u c t i o n of Mo(VI) to Mo was 
observed a f t e r 7 hours i n hydrogen. In t h i s case, the presence of 
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F i g u r e 2. Molybdenum (3d) XPS spectra of a molybdenum on 
carbon c a t a l y s t f o l l o w i n g v a r i o u s treatment schemes; A. cata­
l y s t as prepared; B. f o l l o w i n g 500°C f o r 6 hours i n helium; C. 
f o l l o w i n g 500°C f o r 6 hours i n hydrogen. 
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Mo(IV), and i t s o p t i m i z a t i o n on the c a t a l y s t s u r f a c e , i s an impor­
t a n t c o n s i d e r a t i o n i n the development of t h i s c a t a l y s t , as Mo(IV) i s 
b e l i e v e d to be the a c t i v e component f o r s e v e r a l c a t a l y t i c processes 
(8). 

2) S i l i c o n Anode X-Ray Source 
Although XPS has been a p p l i e d w i t h success i n a wide v a r i e t y of 

c a t a l y s t problems, c e r t a i n s i t u a t i o n s a r i s e where i n t e r f e r e n c e s of 
photoelectron l i n e s from d i f f e r e n t elements make the technique 
d i f f i c u l t to use. An i n t e r e s t i n g example i s the copper/aluminum 
system, i n which case the copper (3s) and (3p) l i n e s i n t e r f e r e w i t h 
the aluminum(2s) and (2p) l i n e s (Figure 3 ) . These l i n e s cannot be 
i s o l a t e d from each other by using a d i f f e r e n t x-ray l i n e , as i s 
commonly done w i t h Auger l i n e s overlapping XPS p h o t o l i n e s . In these 
s p e c i a l cases, the best s o l u t i o n i s to employ a higher energy x-ray 
source to access deeper
A l ( l s ) p h o t o l i n e i n the

Several c o n s i d e r a t i o n s must be made when s e l e c t i n g an anode 
m a t e r i a l . For r o u t i n e a n a l y t i c a l work, one anode of a dual anode 
source should be magnesium because of the narrow x-ray l i n e width 
and extensive l i t e r a t u r e base. Another c o n s i d e r a t i o n i s the energy 
range of the analyzer, as p h o t o e l e c t i o n l i n e s w i t h k i n e t i c energies 
exceeding the k i n e t i c energy range of the analyzer would be inacces­
s i b l e . Therefore, i n the PHI 555 system w i t h an energy range of 
2400 e l e c t r o n v o l t s , gold (Ma=2122.9 eV), zirconium (La=2042.4 eV), 
and s i l i c o n (Ka=1739.4 eV) would be p o s s i b l e choices. C a s t l e and 
co-workers have discussed the use of SiKa (9) and ZrLa (10), w h i l e 
the use of AuMa has been demonstrated by Wagner (11). 

Another c o n s i d e r a t i o n i s the n a t u r a l l i n e width and s a t e l l i t e 
s t r u c t u r e of the x-ray l i n e used. Titanium (TiKof=4510.9 eV) has 
seen l i m i t e d use (12) f o r non-destructive depth p r o f i l i n g , but the 
observed spectra are complicated by the TiKa s a t e l l i t e s t r u c t u r e and 
the l a r g e n a t u r a l l i n e width of 2.0 eV (13). 

SiKa i s a good choice because of i t s energy and narrow l i n e 
width of 1.0 eV (9). Figur e 4 shows some of the element core 
l e v e l s which can be e x c i t e d w i t h magnesium (Kcf=1253.6 eV), aluminum 
(Ka=l486.6 eV) and s i l i c o n (Ka=1739.4 eV) sources. The high cross 
s e c t i o n of 6.01 f o r the A l ( l s ) p h o t o l i n e , as measured r e l a t i v e to 
the f l u o r i n e ( I s ) p h o t o l i n e using SiKa x - r a d i a t i o n , i s substan­
t i a l l y greater than th a t of the Al(2p) p h o t o l i n e , a t 0.170. In 
a d d i t i o n , the r e s u l t i n g Auger t r a n s i t i o n s , such as the Al(KLL) 
s e r i e s , a l l o w the development of Auger parameters f o r t h i s s e r i e s . 

F i g u r e 5 shows such an Auger parameter p l o t f o r a s e r i e s of 
aluminum compounds. Due to crowding, s e v e r a l values given i n Table 
I are omitted from t h i s p l o t . Most of the compounds are grouped to 
the lower l e f t , whereas aluminum metal i s at the upper r i g h t . 
Intermediate between these are sodium z e o l i t e and z i n c aluminate 
( Z n A l 2 0 4 ) . 

Although the range covered by the A l ( l s ) l i n e f o r the compounds 
i s n e a r l y the same as that f o r the Al(2p) l i n e (5.4 eV as compared 
to 4.3 eV), the added dimension of the Auger (KL23L23) l i n e allows 
d i f f e r e n t i a t i o n of compounds not d i s t i n g u i s h a b l e using t h e i r Al(2p) 
l i n e s alone ( f o r example, A1(0H)3 and AICI3) . 

B e r y l l u i m (7 micron), s i l i c o n d i o x i d e (10 micron), and aluminum 
(2 micron) were t r i e d as x-ray windows. B e r y l l u i m was the best 
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F i g u r e 3. XPS spectra of alumina-supported copper c a t a l y s t , 
showing i n t e r f e r e n c e of XPS ph o t o l i n e s : A. copper (3s) and 
aluminum (2s) regions; B. copper (3p) and aluminum (2p) 
regions. 
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F i g u r e 4. P o s i t i o n s and r e l a t i v e i n t e n s i t i e s of XPS and Auger 
t r a n s i t i o n s u s i n g s i l i c o n , aluminum, and magnesium x-ray 
sources. 
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F i g u r e 5. Auger chemical s t a t e p l o t f o r aluminum compounds as 
obtained using s i l i c o n Κα x - r a d i a t i o n . 

Table I . Chemical State Data For Various Aluminum Compounds Ob­
tai n e d Using S i l i c o n Κα X-Radiation (1739.4) 

Compound A l ( l s ) A l ( K L 2 3 L 2 3 ) N E A U K L 2 3 L 2 3 W Al ( 2 p ) * 

A l 1558.3 364.1 1393.3 2951.6 72.2 
V-AI2O3 1562.4 353.2 1386.2 2948.6 75.3 
A 1 2 0 3 1561.3 353.8 1386.7 2948.0 74.7 
A1(0H) 3 

1562.1 353.4 1386.0 2948.1 74.9 
A1(P0 4) 1562.8 354.7 1384.7 2947.5 75.8 
A 1 ( N 0 3 ) 3 

1562.0 353.8 1385.7 2947.7 75.2 
A l C l 3 1562.3 354.1 1385.4 2947.7 75.8 
A l I 3 1561.4 354.5 1385.0 2946.4 76.0 
A l F 3 1563.7 355.3 1384.1 2947.8 77.0 

Na(A ) Z e o l i t e 1561.5 353.6 1385.9 2947.4 74.4 
Z n A l 2 0 4 1561.6 351.6 1387.8 2949.4 74.7 
1:1 Cu/Al 1562.1 353.5 1386.0 2948.1 --

"Using Mg Κα r a d i a t i o n 
B i n ding energy referenced to Au(4f 7/2) l e v e l at 83.8 eV f o r t h i n 
l a y e r of gold evaporated onto sample. 
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choice since the highest count rates were observed, producing Ag(3d 
5/2) count rates 26 percent t h a t of the magnesium anode w i t h a 2μπι 
aluminuim window at the same analyzer pass energy. S i l i c o n d i o x i d e 
and aluminum windows lowered the observed count rates on s i l v e r to 4 
percent of th a t of magnesium. When using aluminum as the window 
m a t e r i a l , ghost l i n e s due to copper were 25 percent of the i n t e n s i t y 
of the Ag(3d 5/2) p h o t o l i n e . Some cr a c k i n g of the S i 0 2 window was 
observed w i t h use, presumably due to heat d i s t o r t i o n . The narrowest 
full-width-at-half-maximum peak height (FWHM) f o r Ag(3d 5/2) was 
1.36 eV, i n which case some assymetry of the l i n e was observed due 
to separation of the SiKu"i , 2 components. This was not a problem i n 
rou t i n e use. The Ag (3d 5/2) FWHM observed using the same analyzer 
pass energy and magnesium Κα x - r a d i a t i o n was 0.96 eV. 

3) A p p l i c a t i o n of XPS Using S i l i c o n Anode X-Ray Source, Scanning 
Auger Microprobe,
C a t a l y s t System 
The use of t h i s anod  c a t a l y s  a n a l y s i

a commercially a v a i l a b l e p e l l e t i z e d c a t a l y s t w i t h a bulk composition 
of 84 weight percent CuO, 14% A 1 2 0 3 , 1% Na 20, and 1% graphite binder. 
This c a t a l y s t has the form of hard g l o s s y p e l l e t s approximately 3 mm 
i n diameter by 3 mm i n length. The c a t a l y s t i s widely used i n the 
reduced form f o r h y d r o l y s i s of primary amines. P e r i o d i c regenera­
t i o n of t h i s c a t a l y s t i n v o l v e s m i l d r e o x i d a t i o n to burn o f f r e s i d u a l 
hydrocarbons, followed by re - r e d u c t i o n . The goal of t h i s work was 
to understand the surface compositional changes which occurred 
during repeated regenerations. R e f e r r i n g again to Figure 3, i t was 
impossible to d i s c e r n the r o l e of aluminum i n t h i s c a t a l y s t due to 
the i n t e r f e r e n c e of copper p h o t o l i n e s w i t h the A l ( 2 s ) and Al(2p) 
p h o t o l i n e s . 

F i g u r e 6 compares the XPS survey scans obtained from the 
as-received m a t e r i a l , and a f t e r r e d u c t i o n i n a hydrogen/helium gas 
mixture at 200°C f o r 12 hours. Both spectra were obtained using 
SiKa x - r a d i a t i o n . The most notable d i f f e r e n c e s between these two 
spectra are the increased i n t e n s i t y of the A l ( l s ) and Na(ls) photo­
l i n e s , and the l o s s of s a t e l l i t e s t r u c t u r e i n the copper (2p) region 
due to red u c t i o n of Cu(II) species to Cu(I) or Cu metal. The lar g e 
carbon ( I s ) i n t e n s i t y was s u r p r i s i n g c o n s i d e r i n g the low l e v e l of 
graphite added as binder. That carbon i s segregated to the p e l l e t 
surface i s c l e a r l y i n d i c a t e d by comparison of the carbon ( I s ) / 
aluminum ( I s ) atomic r a t i o s i n rows A or C-F to rows Β or G i n 
Table I I . In t h i s case,the powdered m a t e r i a l i s intended to be 
rep r e s e n t a t i v e of the bulk c a t a l y s t . These powders were dusted onto 
conductive tape f o r a n a l y s i s , and th e r e f o r e the carbon-to-aluminum 
r a t i o s may be s l i g h t l y i n e r r o r due to the sample p r e p a r a t i o n . 

The e x c e p t i o n a l l y high C ( l s ) / A l ( l s ) r a t i o f o r the p e l l e t i z e d 
s t a r t i n g m a t e r i a l r e s u l t s from the presence of surface hydrocarbons 
deposited during processing or subsequent handling. The carbon ( I s ) 
peak was very broad due to t h i s c o n t r i b u t i o n at 284.6 eV b i n d i n g 
energy, as w e l l as g r a p h i t i c type carbon at 284.3 eV. The carbon 
( I s ) peak f o r the powdered s t a r t i n g m a t e r i a l was narrower due to the 
reduced c o n t r i b u t i o n of t h i s 284.6 eV component to the spectrum. 
F o l l o w i n g r e d u c t i o n and o x i d a t i o n , the carbon was predominantly 
g r a p h i t i c i n nature, i n which case the hydrocarbon contaminants were 
q u i c k l y burned o f f during treatment. Also note the s u b s t a n t i a l 
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A. Cu/AI, initial 
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Figure 6. XPS wide scans of a commercial copper/aluminum 
extruded c a t a l y s t obtained using s i l i c o n Κα x - r a d i a t i o n : A. 
untreated c a t a l y s t ; B. f o l l o w i n g 200°C f o r 12 hours i n 10% 
hydrogen/90% helium gas mixture. 
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Table I I . Elemental Atomic Ratios f o r Copper/Aluminum C a t a l y s t F o l 
lowing Various Treatments as Obtained Using S i l i c o n Κα 
X-Radiation 

C o n d i t i o n 
Cu(2p 3/2) 

A l ( l s ) 
N a ( l s ) 
A l ( l s ) 

0 ( l s ) 
A l ( l s ) 

C ( l s ) 
A l ( l s ) 

A S t a r t i n g 
9.6 28.2 M a t e r i a l P e l l e t 2.0 0.9 9.6 28.2 

Β S t a r t i n g 
4.8 M a t e r i a l Powdered 1.0 0.3 3.7 4.8 

C (R) P e l l e t 0.6 1.8 3.2 10.7 
D (R),(0) P e l l e t 1.6 3.1 6.7 10.3 
Ε ( R ) , ( 0 ) , 

00,(0) P e l l e t 1.5 2.3 5.0 9.5 
F (R),(0),(R) 

(0),(R) P e l l e t 0.4 2.2 2.1 5.1 
G Same as F Powdered 0.5 0.3 2.4 2.3 

Pr e p a r a t i o n Code: 
(R) 12 hours at 200°C i n 10% H2/He 
(0) 12 hours at 200°C i n 10% 0 2/He 
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increase i n sodium at the p e l l e t surface f o l l o w i n g r e d u c t i o n and 
o x i d a t i o n , demonstrating the m o b i l i t y of sodium, e s p e c i a l l y under 
reducing c o n d i t i o n s . The lower atomic r a t i o s f o r the other compo­
nents i n the c a t a l y s t r e s u l t i n p a r t from surface coverage by 
sodium as discussed l a t e r . 

High r e s o l u t i o n scanning Auger microprobe (SAM) a n a l y s i s i n d i ­
cated t h a t the high surface carbon was r e l a t e d to the presence of 
exposed graphite i s l a n d s on the surface of the c a t a l y s t p e l l e t s . 
F i g u r e 7A shows a secondary e l e c t r o n (SEM) photomicrograph of the 
surface of the untreated c a t a l y s t . P o i n t mode Auger spectra obtained 
from the darker areas i n t h i s photomicrograph showed only carbon to 
be present. In comparison, spectra obtained from the grey areas 
evident i n t h i s photomicrograph showed the presence of carbon, 
oxygen, copper, sodium, and aluminum. Figure 7B shows the carbon 
(KLL) Auger map corresponding to the area shown i n 7A. Note the 
correspondence of dark
content areas evident i

F o l l o w i n g i n i t i a l r e d u c t i o n at 200°C, photomicrographs showed 
the development of d i s t i n c t l i g h t - c o l o r e d i s l a n d s on the c a t a l y s t 
s u r f a c e , i n a d d i t i o n to the dark (carbon) i s l a n d s and grey areas 
p r e v i o u s l y observed (Figure 8A). 

P o i n t mode spectra (8 kV, 10 nanoamp primary beam) obtained i n 
these l i g h t areas i n d i c a t e d p r i m a r i l y copper and oxygen to be pres­
ent, s i m i l a r to p o i n t mode spectra obtained from grey areas i n the 
photomicrograph. Auger spectra acquired from the e n t i r e area imaged 
i n F igure 8A i n d i c a t e d t h a t sodium and oxygen were the main surface 
components. The sodium (KLL) Auger map obtained i n the (peak-
background) /background mode corresponding to Figure 8A i s shown i n 
Figure 8B. Note the correspondence of the l i g h t colored areas i n the 
SEM image to high sodium areas observed i n Figure 8B. The oxygen 
(KLL) Auger map (Figure 8) shows s i g n i f i c a n t c o r r e l a t i o n w i t h the 
sodium Auger map, suggesting t h a t these l i g h t colored areas observed 
i n F igure 8A are sodium oxide (Na 20). 

The c o n f l i c t between n i l sodium observed i n the p o i n t mode i n 
l i g h t areas of the SEM photomicrograph, and s u b s t a n t i a l sodium i n 
the sodium maps i n these areas, p o i n t s to the m i g r a t i o n of sodium 
caused by the primary e l e c t r o n beam. Even though the primary beam 
currents used here were low (10 nA), the beam current d e n s i t y i n the 
p o i n t mode was high (approximately 0.5 amps per square centimeter). 
D e r e a l i z a t i o n of the primary beam by r a s t e r i n g , or by d e f l e c t i o n as 
i s done during mapping, produced s u f f i c i e n t l y lower beam current 
d e n s i t y , thus a l l e v i a t i n g sodium m i g r a t i o n . 

The i s l a n d i n g of sodium oxide as observed i n t h i s case i s most 
l i k e l y caused by the i n a b i l i t y of sodium oxide to wet the reduced 
copper surface. These i s l a n d s were observed only during the i n i t i a l 
r e d u c t i o n step; a uniform surface d i s t r i b u t i o n of sodium was ob­
served f o l l o w i n g subsequent o x i d a t i o n , i n which case the oxide 
nature of surface would be more wettable. R e f e r r i n g again to Table 
I I and the XPS r e s u l t s , the high N a ( l s ) / A l ( l s ) atomic r a t i o observed 
f o l l o w i n g r e d u c t i o n and o x i d a t i o n (row D) i s a r e s u l t of more 
uniform coverage of the surface by sodium. 

When running h y d r o l y s i s r e a c t i o n s i n the l i q u i d phase, i t was 
observed that the sodium could be washed from the bed by f l u s h i n g 
w i t h water and monitoring the change i n pH of the bed e f f l u e n t . I f 
t h i s p r e c a u t i o n was not observed, i n i t i a l low y i e l d s of product were 
observed u n t i l sodium was e n t i r e l y removed from the bed. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



50 CATALYST CHARACTERIZATION SCIENCE 

Figure 7. Secondary e l e c t r o n micrograph and carbon (KLL) map 
of untreated c a t a l y s t : A. photomicrograph obtained at 8kV, 
O.lnA primary beam; B. corresponding carbon (KLL) Auger map 
obtained i n (peak-background)/ background mode, at 8kv, lOnA 
primary beam. 
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Figure 8. Secondary e l e c t r o n photomicrograph, sodium (KLL), 
and oxygen (KLL) Auger maps of c a t a l y s t f o l l o w i n g s i n g l e 
r e d u c t i o n : A. SEM photomicrograph obtained w i t h 8kv, 0.1 nA 
primary beam; B. corresponding sodium (KLL) auger map obtained 
i n (peak-background) /background mode; C. corresponding oxygen 
(KLL) Auger map obtained i n (peak-background )/background mode 
w i t h 8kv, ΙΟηΑ primary beam. 
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Photomicrographs obtained f o l l o w i n g the second o x i d a t i o n showed 
the appearance of small cracks throughout the p e l l e t s . In a c t u a l 
use, these cracks would be d e t r i m e n t a l since they are the precursor 
to p e l l e t f r a c t u r e and subsequent compaction, which would r e s u l t i n 
increased pressure drop across the r e a c t o r . 

Examination of aluminum ( I s ) and copper (2p) spectra suggest 
t h a t a strong metal-support i n t e r a c t i o n occurs i n t h i s c a t a l y s t . 
Aluminum (Is) spectra obtained a f t e r v a r i o u s treatments are shown i n 
Figures 9 and 10. The i n i t i a l c a t a l y s t A l ( l s ) spectrum i s composed 
of two peaks, w i t h the higher b i n d i n g energy component at 1562.4 eV 
c o n s i s t e n t w i t h aluminum oxide. The lower b i n d i n g energy component 
i s centered at 1560.4 eV, w h i l e the Al(KLL) t r a n s i t i o n i s l o c a t e d at 
352.2 eV b i n d i n g energy. F o l l o w i n g repeated r e d u c t i o n and oxida­
t i o n , two a d d i t i o n a l components appear i n the aluminum ( I s ) 
spectrum, at b i n d i n g energies of 1558.0 eV and 1555.6 eV. Although 
the 1558.0 eV componen
metal i s not expected unde
I n a d d i t i o n , the plasmo
s i m i l a r to those observed f o r the A l ( 2 s ) l i n e , are not observed i n 
t h i s case. 

This should be compared to the A l ( l s ) spectrum f o r the powdered 
c a t a l y s t , shown i n Figure 10C, which shows a s i n g l e component at 
1562.4 eV. The Al(KLL) Auger t r a n s i t i o n was observed at 353.3 eV 
b i n d i n g energy, suggesting t h a t the bulk aluminum i s present as an 
aluminum oxide ( y - A l 2 0 3 ) . As i n the powdered c a t a l y s t , no changes 
i n e i t h e r the A l ( l s ) or Al(KLL) Auger spectra were observed f o r 
p e l l e t s which were cleaved and subjected to the same treatment 
c y c l e s , so t h a t A 1 2 0 3 was the only aluminum compound observed. 

The copper (2p) spectra f o r t h i s c a t a l y s t obtained w i t h mag­
nesium Κα x - r a d i a t i o n showed s i m i l a r unusual behavior, as 
i l l u s t r a t e d i n F i g u r e 11. Whereas the powdered m a t e r i a l showed only 
Cu(II) oxide to be present f o l l o w i n g o x i d a t i o n and copper metal 
f o l l o w i n g r e d u c t i o n , the surface e x h i b i t e d predominatly copper metal 
f o l l o w i n g r e d u c t i o n , and two copper components at 932.4 eV and 934.8 
eV e i t h e r i n i t i a l l y or f o l l o w i n g o x i d a t i o n . The 934.8 eV component 
i s a t t r i b u t e d to copper ( I I ) carbonate, and i s supported by the 
presence of an a d d i t i o n a l peak i n the carbon ( I s ) spectrum at 289.6 
eV b i n d i n g energy, i n d i c a t i v e of carbonate. The 932.4 eV copper 
peak, along w i t h the copper (LMM) auger t r a n s i t i o n at 335.9 eV 
b i n d i n g energy, suggests a copper ( I ) species. This i s a l s o sup­
ported by the low i n t e n s i t y of the shake-up l i n e s r e l a t i v e to the 
Cu(2p) l i n e s . Note p a r t i c u l a r l y that t h i s behavior was not observed 
i n powder m a t e r i a l or i n cleaved p e l l e t s subjected to the same 
treatments. 

S i m i l a r experiments w i t h copper dispersed on A 1 2 0 3 d i d not show 
any unusual behavior of the A l ( l s ) or Cu(2p) p h o t o l i n e s . In t h i s 
case, the copper could be e a s i l y c y c l e d between CuO under o x i d a t i v e 
c o n d i t i o n s , to Cu metal during reducing c o n d i t i o n s . We observed 
only a s l i g h t s h i f t (<0.4 eV) of the aluminum ( I s ) l i n e upon i n i t i a l 
h e a t i n g , which was a t t r i b u t e d to the l o s s of water i n the alumina 
matrix. 

The lower b i n d i n g energy aluminum ( I s ) p h o t o l i n e s observed may 
be an i n d i c a t i o n of the strong i n t e r a c t i o n of aluminum and copper, 
which i s evident only on the p e l l e t surface. The lower b i n d i n g 
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A. initial 
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Figure 9. Aluminum ( I s ) XPS spectra f o l l o w i n g v arious stages 
of treatment: A. untreated c a t a l y s t ; B. 200°C f o r 12 hours i n 
10% hydrogen/90% helium; C. as Β. , but f o l l o w i n g a d d i t i o n a l 12 
hours at 200°C i n 10% oxygen/ 90% helium. 
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A. reduced, oxidized, reduced, oxidized 
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F i g u r e 10. Aluminum ( I s ) XPS spectra f o l l o w i n g extended 
treatment: A. as 9C, but f o l l o w i n g a d d i t o n a l 12 hours at 200°C 
i n 10% hydrogen/90% helium and 12 hours at 200°C i n 10% 
oxygen/90% helium, B. as 10A, w i t h a d d i t i o n a l 12 hours at 200°C 
i n 10% hydrogen/90% helium; C. powdered c a t a l y s t as tr e a t e d i n 
10B. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



HAWN ET A L . Surface Analysis Techniques 

I I I I 
964 954 944 934 

Binding Energy 

Figure 11. Copper (2p) XPS spectra f o l l o w i n g v a r i o u s stages 
of treatment: A. untreated c a t a l y s t ; B. 200°C f o r 12 hours i n 
10% hydrogen/90% helium; C. powdered, untreated c a t a l y s t . 
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energy component evident i n the copper (2p) spectra f o l l o w i n g oxida­
t i o n supports t h i s c o n c l u s i o n . This i n t e r a c t i o n i s f u r t h e r sup­
ported by the trends observed f o r aluminum i n sodium z e o l i t e s . In 
t h i s case, the aluminum ( I s ) b i n d i n g energies are intermediate 
between aluminum and aluminum oxide. Shyu and co-workers (14) have 
observed a decrease i n the aluminum (2p) b i n d i n g energy f o r z e o l i t e s 
f o l l o w i n g m o d i f i c a t i o n of the s t r u c t u r e by dealumination. The same 
trends (decrease i n b i n d i n g energy) would be expected i n the aluminum 
(Is ) spectra of dealuminated z e o l i t e s . I t i s proposed t h a t the 
observed A l ( l s ) peaks a r i s e from d i f f e r e n t copper-aluminum s t r u c t u r e s 
or from d i f f e r e n t c o o r d i n a t i o n between copper and aluminum, i n which 
case the copper plays a s u b s t a n t i a l r o l e i n donating e l e c t r o n den­
s i t y to the aluminum atoms. 

Conclusion 

The u t i l i t y of a SiKa x-ra
and e s p e c i a l l y i t s u t i l i t y  p r e v i o u s l y
detected metal-support i n t e r a c t i o n s has been demonstrated. Scanning 
Auger microprobe data were a l s o u s e f u l i n understanding the q u a n t i t a ­
t i v e changes observed by XPS. F i n a l l y , the a b i l i t y to t r e a t 
m a t e r i a l s i n a c o n t r o l l e d manner, and perform the subsequent a n a l ­
yses without exposure to the ambient atmosphere, made the experiment 
p o s s i b l e . 
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Valence State of Rhenium in Reduced Bimetallic 
Catalysts With and Without Alkali Metals 
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Platinum-rhenium catalyst
atmosphere of flowin
without exposure to the atmosphere, by ESCA. The 
spectra indicate that the Group VIII metal is present 
in a metallic state in the reduced catalyst and that 
the majority of the rhenium is present in a valence 
state higher than Re(O). 

The i n t r o d u c t i o n of a Pt-Re b i m e t a l l i c reforming c a t a l y s t 
i n the l a t e I960·s had an immediate impact (1,2) and 
r e v o l u t i o n i z e d the reforming technology much l i k e the 
i n t r o d u c t i o n of the Pt-Al2<>3 c a t a l y s t had done about 
t w e n t y - f i v e years e a r l i e r ( 3 ) . I n i t i a l l y i t was viewed t h a t 
the s u p e r i o r performance of the b i m e t a l l i c c a t a l y s t was due to 
a l l o y formation ( 2 ) . Evidence f o r a l l o y formation has been 
obtained from temperature programmed r e d u c t i o n s t u d i e s 
(4,5,6). However, P e r i d i d not o b t a i n evidence f o r a l l o y 
formation w i t h Pt-Re c a t a l y s t s i n h i s i . r . study. I n a d d i t i o n , 
i t appears t h a t ρretreatment and r e d u c t i o n c o n d i t i o n s may p l a y 
an important r o l e i n determining the chemical s t a t e of Re i n 
these c a t a l y s t s ( 7 ) . The r o l e of water vapor i n determining 
the extent of r e d u c t i o n dates t o a t l e a s t 1974 (8,9). Two 
recent papers d e s c r i b e the chemical s t a t e of the metals i n 
Pt-Re c a t a l y s t s and emphasize the u n c e r t a i n t y a s s o c i a t e d w i t h 
d e f i n i n g the valence of Re. Burch (10) concludes t h a t a l l o y 
formation i s u n c e r t a i n w h i l e Charcosset (11) r e p o r t s t h a t 
hydrogen-oxygen t i t r a t i o n s p r o v i d e evidence of the presence of 
sma l l p a r t i c l e s of pure rhenium i n pl a t i n u m b i m e t a l l i c alumina 
supported c a t a l y s t s . Recent x-ray a b s o r p t i o n s p e c t r o s c o p i c 
data (12) i n d i c a t e t h a t Re i s n e i t h e r zero v a l e n t nor 
s i g n i f i c a n t l y a s s o c i a t e d w i t h P t . Davis (13,14) found t h a t the 
aromatics formed from alkane d e h y d r o c y c l i z a t i o n were a l t e r e d 
from t h a t of P t by the presence of e i t h e r Re o r Sn and t h a t 
these metals produced e f f e c t s t h a t resembled those of gaseous 
promoters on P t . This suggests t h a t both Re and Sn i n t e r a c t 
d i r e c t l y w i t h P t . M i e v i l l e (15) r e c e n t l y reported t h a t the 
ease of r e d u c t i o n of Re depended on the c a l c i n a t i o n temperature 
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and t h a t those c a t a l y s t s p r e t r e a t e d a t lower temperatures were 
e a s i e r to reduce. 

Sodium o r potassium s e v e r e l y poisons Pt-Re c a t a l y s t s but 
the manner i n which the a l k a l i metal operates i s not apparent. 
The present study was designed to use ESCA to determine the 
valence s t a t e of Re i n Pt-Re b i m e t a l l i c c a t a l y s t s . The valence 
s t a t e would be determined i n samples t h a t had been reduced and 
t r a n s f e r r e d to the instrument without exposure to an o x i d i z i n g 
atmosphere. C a t a l y s t s w i t h and without potassium would be 
examined. 

Experimental 

C a t a l y s t s . Two alumina support types were used i n t h i s 
study; an alumina from Deguss
surfa c e area and n o n - a c i d i
from a potassium aluminate s o l u t i o n w i t h carbon d i o x i d e 
(AI2O3-III, w i t h 1%K and 210 m2/g BET s u r f a c e area and 
AI2O3-I9 c o n t a i n i n g 1.3%K and a BET s u r f a c e area of 200 
m 2/g). The supports were c a l c i n e d a t 600°C p r i o r to 
sur f a c e area measurements, An i n c i p i e n t wetness technique was 
used to prepare the c a t a l y s t s . For p r e p a r a t i o n s A and Β (Table 
I) an amount of aqueous R e 2 0 7 needed t o produce a f i n a l 
c a t a l y s t c o n t a i n i n g ça. 2 wt.% Re was used. These c a t a l y s t s 
were d r i e d i n a i r a t 110°C o v e r n i g h t and then c a l c i n e d i n a i r 
f o r 3 t o 4 hours a t 500°C. C a t a l y s t s C and D were prepared 
to c o n t a i n 0.8% Rh by making a second impregnation of c a t a l y s t s 

Table I. Composition of C a t a l y s t s Used i n T h i s Study 

M e t a l , wt.% 

C a t a l y s t Support %Re %Rh % P t %K 

A A 1 2 0 3 - I I I 2.8 1.0 

Β Degussa 2.2 — -
C A 1 2 0 3 - I I I 2.5 0.8 1.0 

D Degussa 2.3 0.8 

Ε AI2O3-III 2.7 — 0.8 1.0 

F Degussa 2.1 — - 0.8 

G A l 2 0 3 - 1 9 2.4 0.7 1.3 

H Degussa 2.5 0.7 
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A and Β u s i n g an aqueous s o l u t i o n of ( N H ^ ^ R h C l ^ ^ O . 
These c a t a l y s t s were d r i e d and c a l c i n e d f o l l o w i n g the procedure 
used f o r A and B. C a t a l y s t s Ε and F were a l s o prepared by a 
double impregnation technique u s i n g aqueous c h l o r o p l a t i n i c a c i d 
to procedure a c a t a l y s t w i t h 0.8 wt.% P t . Drying a t 120°C 
overnight and then c a l c i n i n g a t 500°C f o r 3 to 4 hours were 
done a f t e r each impregnation f o r the above s i x c a t a l y s t s . 
C a t a l y s t s G and H were prepared the same as Ε and F, 
r e s p e c t i v e l y , except th a t they were not c a l c i n e d a f t e r the a i r 
d r y i n g . 

ESCA Sample Pretreatment. Samples were p e l l e t e d and cut to 
f i t i n t o a r e c t a n g u l a r depression i n an ESCA sample probe 
s i m i l a r i n design to one used by Hercules (16). The p o r t i o n of 
the probe h o l d i n g the c a t a l y s t sample could be withdrawn i n t o 
an outer c y l i n d e r and
pretreatment gas. Fo
exposed to a hydrogen f l o w a t one atmosphere and heated t o 
400°C. A f t e r t h i s pretreatment the sample was withdrawn i n t o 
the i n s e r t i o n tube, sealed i n the pretreatment gas, i n s e r t e d 
i n t o the ESCA, evacuated, and then the ESCA s p e c t r a were 
recorded. A s i m i l a r procedure was f o l l o w e d f o r the u n c a l c i n e d 
c a t a l y s t s except that the temperature was f i r s t i n c r e ased i n 
hydrogen f l o w t o 300°C and h e l d at t h i s temperature f o r 3 t o 
4 hours; the sample was then heated t o 400°C and h e l d a t t h i s 
temperature f o r 18 hours. 

R e s u l t s and D i s c u s s i o n 

P l a t i n u m - t i n i s a b i m e t a l l i c reforming c a t a l y s t t h a t was 
introduced about the same time as the Pt-Re c a t a l y s t . T h i s 
c a t a l y s t has been examined by ESCA u s i n g the probe t h a t permits 
r e d u c t i o n a t one atmosphere hydrogen pressure and then 
i n s e r t i o n i n t o the ESCA chamber befor e evacuating the hydrogen 
pressure. The intense aluminum 2p ESCA peak masks the s m a l l P t 
4f7/2 peak so t h a t the chemical s t a t e of Pt i n a 
Pt-Sn-alumina c a t a l y s t c ould not be d i r e c t l y determined. 
However, a s i m i l a r b i m e t a l l i c Rh-Sn-alumina c a t a l y s t was 
prepared and reduced i n the ESCA probe; i n t h i s c a t a l y s t i t was 
v e r i f i e d t h a t Rh was reduced t o the m e t a l l i c s t a t e (17). A 
Pt-Sn c a t a l y s t on carbon, r a t h e r than alumina, was a l s o 
prepared and reduced; the P t i n t h i s c a t a l y s t was reduced by 
hydrogen to what appears to be the P t ( 0 ) s t a t e . Thus, by 
d i r e c t measurement, and by i n f e r e n c e , i t has been observed t h a t 
the Group V I I I metal was reduced t o the zero v a l e n t s t a t e . I n 
a l l of these c a t a l y s t s there was no evidence to support the 
view t h a t a major f r a c t i o n of the t i n was reduced t o the zero 
v a l e n t s t a t e . The r e s u l t s of t h i s study (17) were c o n s i s t e n t 
w i t h the model f o r Pt-Sn-alumina shown i n f i g u r e 1, o r w i t h 
other n o n - a l l o y models. F i g u r e 1 i s a schematic t o emphasize a 
model w i t h d i r e c t P t and Sn i n t e r a c t i o n ; c e r t a i n l y the t o t a l 
alumina s u r f a c e cannot be covered w i t h t i n aluminate u n t i l the 
t i n l o a d i n g i s much g r e a t e r than i s present i n these reforming 
c a t a l y s t s . 
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S i m i l a r s t u d i e s were undertaken w i t h Pt-Re c a t a l y s t s . 
These c a t a l y s t s presented d i f f i c u l t experimental problems f o r 
the ESCA examination. Even so, the r e s u l t s do p r o v i d e 
a d d i t i o n a l data i n the search t o d e f i n e the s t r u c t u r e of t h i s 
important commercial reforming c a t a l y s t . 

F i r s t , the P t 4fj/2 peak i s obscured i n t h i s c a t a l y s t by 
an i n t e n s e alumina 2p ESCA peak j u s t as was the case f o r 
Pt-Sn-alumina. Therefore, two Rh Re c a t a l y s t s were prepared, 
one u s i n g Degussa alumina and the o t h e r w i t h the potassium 
c o n t a i n i n g alumina. I n unreduced c a t a l y s t s , the Rh peaks 
correspond to rhodium i n a p o s i t i v e valence s t a t e . A f t e r 
r e d u c t i o n the b i n d i n g energy of Rh corresponds to t h a t of the 
Rh metal b i n d i n g energy ( s o l i d v e r t i c a l l i n e i n f i g u r e 2) and 
i n d i c a t e s t h a t i t i s present as Rh(O). By i n f e r e n c e , i t seems 
reasonable t o a s s i g n th
Pt-Re-alumina c a t a l y s t

I n t e r p r e t a t i o n was complicated by the presence of other 
peaks i n the b i n d i n g energy r e g i o n of the Re *£y/2 an<* 
*f"5/2 peaks. The s t a i n l e s s s t e e l probe contains chromium and 
i n these s t u d i e s a p o r t i o n of the probe i s exposed to the x-ray 
beam. Thus, depending upon the p a r t i c u l a r o r i e n t a t i o n and the 
exposure of the probe, a chromium peak of v a r i a b l e i n t e n s i t y 
i n t e r f e r e d w i t h the a n a l y s i s of the Re ESCA spectrum. To 
e l i m i n a t e the chromium peak problem the probe was wrapped w i t h 
an aluminum metal f o i l . Examination of the alumina supports 
alone, as w e l l as a Ρt-alumina c a t a l y s t show a weak, broad ESCA 
peak i n the Re 4f b i n d i n g energy r e g i o n . T his peak could 
r e s u l t from a number of p o s s i b i l i t i e s i n c l u d i n g , among o t h e r s , 
a ghost carbon peak due to aluminum X-ray contamination. I t i s 
an a p p r e c i a b l e problem, e s p e c i a l l y f o r h i g h l y d i s p e r s e d , low Re 
loaded c a t a l y s t s . 

I n i t i a l l y , the Pt-Re-alumina c a t a l y s t s were examined i n the 
o x i d i z e d s t a t e by p l a c i n g them on copper backed adhesive. The 
Re 4f peaks f o r a number of c a t a l y s t s are shown i n f i g u r e 3. 
D i s t i n c t peaks f o r Re 4£j/2 a n o > 4^5/2 a r e n o t observed i n 
f i g u r e 3, r a t h e r one broad peak i s noted. T i s l e y and Walton 
(18) r e p o r t t h a t f u l l width h a l f maximum (FWHM) are t y p i c a l l y 
1.2 to 1.5 eV f o r Re w h i l e those i n f i g u r e 3 are n e a r l y 5.7 
eV. The peak maximum i s l o c a t e d a t a p o s i t i o n t h a t i s near the 
mid-point of the two peaks repor t e d f o r Re 207. A s o l u t i o n 
of Re 207 was evaporated on the Cu backed tape; t h i s 
m a t e r i a l gave the two peaks expected f o r Re. Thus, i t appears 
t h a t : (1) Re i s p a r t i a l l y reduced by the X-ray beam when 
supported, but not i n the unsupported case, so t h a t the Re(7) 
and peaks due t o lower valence Re s p e c i e s merge t o g i v e one 
very broad peak o r (2) Re oxides on the support charge 
s u f f i c i e n t l y t o cause l i n e broadening w i t h l o s s of r e s o l u t i o n 
of the two peaks. Even so, i t i s apparent that Re i s i n a h i g h 
valence s t a t e i n the f r e s h c a t a l y s t . P o r t i o n s of each of the 
c a t a l y s t s whose s p e c t r a are shown i n f i g u r e 3 were reduced w i t h 
hydrogen i n the ESCA probe. There i s c l e a r evidence i n f i g u r e 
4 f o r the formation of Re i n a lower valence s t a t e but no peak 
corresponding to Re(O) i n the reduced c a t a l y s t s i s evi d e n t . 
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FIGURE 1. Schemati
Pt-Sn-alumina c a t a l y s t . 
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The Rh 3 d 5 / 2 and 3 d 3 / 2 peaks f o r the o x i d i z e d 
( l e f t ) and reduced ( r i g h t ) c a t a l y s t s : Curve 3 -
c a t a l y s t D (Re-Rh on Degussa); Curve 4 - c a t a l y s t C 
(Re-Rh on A 1 2 0 3 - I I I ) . 
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Figure 3 . The 
o x i d i z e d Pt-Re-
(X) c a t a l y s t A 
(.2) c a t a l y s t Β 
(.3) c a t a l y s t C 
0 0 c a t a l y s t D 
(5) c a t a l y s t Ε 
(6) c a t a l y s t F 

Re kt peak f o r 
-alumina c a t a l y s t s 
(Re on A I 2 O 3 - I I I ; 
("Re on Degussa) ; 
ÇRe-Rh on A I 2 O 3 - I I I ) ; 
(.Re-Rh on Degussa) ; 
(Re-Pt on A l 2 0 3 - I I l ) ; 
(Re-Pt on Degussa). 
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Figure k. Re kf peak 
f o r Pt-Re c a t a l y s t s : 
(1) c a t a l y s t F p r i o r 
t o r e d u c t i o n ; 
( 2 ) c a t a l y s t F a f t e r 
r e d u c t i o n ; ( 3 ) c a t a l y s t 
Ε p r i o r t o r e d u c t i o n ; 
(10 c a t a l y s t Ε a f t e r 
r e d u c t i on. 
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The c a t a l y s t s described above had been c a l c i n e d a t 500°C 
p r i o r to the ESCA s t u d i e s . Since M i e v i l l e (15) r e p o r t e d t h a t 
i t was much e a s i e r to reduce c a t a l y s t s t h a t had been c a l c i n e d 
at lower temperatures another s e r i e s of experiments was 
performed. 

I n f i g u r e 5 s p e c t r a are presented f o r a Pt-Re c a t a l y s t that 
has j u s t been d r i e d at 120°C (curve 1) and the same c a t a l y s t 
a f t e r reducing at 400°C f o r 18 hours (curve 2 ) . The 
potassium c o n t a i n i n g alumina a l s o shows the weak, i n t e r f e r r i n g 
peak (curve 3, n o i s y because of a l i m i t e d number of scans). 
The Re peak, present as a doublet i n t h i s c a t a l y s t , resembles 
the one obtained f o r Re 20; on tape. T h i s suggests, i f 
rhenium hydroxides may be e l i m i n a t e d from c o n s i d e r a t i o n , t h a t 
the c a l c i n e d rhenium c a t a l y s t s may have some rhenium i n a 
valence s t a t e lower tha
400°C of the u n c a l c i n e
observable amount of Re(0). 

Samples of Pt-Re on AI2O3-K and on Degussa alumina t h a t 
had been d r i e d a t 120°C i n a i r , but not c a l c i n e d , were 
reduced i n f l o w i n g hydrogen i n the probe. The ESCA s p e c t r a f o r 
these two reduced c a t a l y s t s are shown i n f i g u r e 6 along w i t h a 
spectrum of a P t - A l 2 0 3 c a t a l y s t ; fewer scans were made f o r 
the P t - A l 2 0 3 c a t a l y s t so t h a t t h i s spectrum shows much 
no i s e . The s o l i d v e r t i c a l l i n e i s the b i n d i n g energy f o r 
m e t a l l i c Re. I t i s apparent tha t Re i n both of these c a t a l y s t s 
has been reduced from the s t a t e shown i n f i g u r e 5 f o r the 
u n c a l c i n e d c a t a l y s t but not to the zero valence s t a t e . Thus, 
even f o r the u n c a l c i n e d c a t a l y s t , ESCA s p e c t r a of the reduced 
c a t a l y s t s do not provide evidence f o r Re(0), and hence, f o r 
metal a l l o y formation. 

Pt-Re-alumina c a t a l y s t s were prepared, u s i n g alumina 
c o n t a i n i n g potassium to e l i m i n a t e the support a c i d i t y , i n order 
to c a r r y out alkane d e h y d r o c y c l i z a t i o n s t u d i e s t h a t p a r a l l e l e d 
e a r l i e r work w i t h n o n a c i d i c Pt-alumina c a t a l y s t s . The 
potassium c o n t a i n i n g Pt-Re c a t a l y s t was much l e s s a c t i v e than a 
s i m i l a r Pt c a t a l y s t . I t was speculated t h a t the a l k a l i metal 
formed s a l t s of rhenic a c i d to produce a c a t a l y s t t h a t was more 
d i f f i c u l t t o reduce. However, the present ESCA r e s u l t s 
i n d i c a t e t h a t the p o i s o n i n g e f f e c t of a l k a l i i n Pt-Re c a t a l y s t s 
i s not p r i m a r i l y due to an a l t e r a t i o n i n the rhenium r e d u c t i o n 
c h a r a c t e r i s t i c s . 

The data c o l l e c t e d to date f o r Pt-Re or Rh-Re are s i m i l a r 
to those obtained w i t h Pt-Sn. Thus, these p r e l i m i n a r y Pt-Re 
data are c o n s i s t e n t w i t h a model f o r Pt-Re tha t resembles that 
shown i n f i g u r e 1 f o r Pt-Sn i n which Re would r e p l a c e t i n . 
However, instrument s e n s i t i v i t y to Re(0), proof of complete 
r e d u c t i o n , and other problems do not permit us to e l i m i n a t e the 
presence of any Re(0) i n these c a t a l y s t s , and c e r t a i n l y not f o r 
c a t a l y s t s under commercial reforming c o n d i t i o n s . Even i f we 
could c o n f i r m the absence of Re(0) i n these c a t a l y s t s , the ESCA 
data alone co u l d not be used to d e f i n e the l o c a t i o n of Re 
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Figure 5. The Re kf peak f o r : 
(al c a t a l y s t G (Re-Pt on A120 -19) 
a f t e r d r y i n g at 120*C; (2) c a t a l y s t 
G a f t e r r e d u c t i o n a t 1+00 °C f o r 18 
hours and (3) the alumina support. 

Binding Energy , eV 

Figure 6. Re ESCA s p e c t r a 
f o r reduced c a t a l y s t s : 
( l ) c a t a l y s t H (Re-Pt on 
Degussa); (.2) c a t a l y s t G 
(Re-Pt on Al203-19); 
(3) a Pt-alumina c a t a l y s t . 
C a t a l y s t G and H had not 
"been c a l c i n e d p r i o r t o 
re d u c t i o n . 
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r e l a t i v e t o P t . The f i g u r e 1 model i s an attempt t o r e c o n c i l e 
our c a t a l y t i c s e l e c t i v i t y data obtained f o r alkane 
d e h y d r o c y c l i z a t i o n (13,14) w i t h the valence s t a t e data obtained 
from ESCA. Sn and Re a l t e r the s e l e c t i v i t y f o r aromatics 
formation from t h a t of P t alone, presumably by a mechanism tha t 
i n v o l v e s p h y s i c a l contact of the two components. The f i g u r e 1 
model pr o v i d e s the maximum s u r f a c e coverage of alumina by 
e i t h e r Sn or Re. As shown, the e g g s h e l l cannot p r o v i d e 
complete s u r f a c e coverage f o r 2 wt.% Sn or Re metal l o a d i n g ; 
thus, i t may be more a p p r o p r i a t e t o r e f e r t o the s t r u c t u r e as 
e i t h e r "rhenium- o r t i n - a l u m i n a t e two-dimensional r a f t s " . Even 
f o r a 10 wt.% l o a d i n g of t i n on alumina, x-ray d i f f r a c t i o n 
p rovides no evidence f o r t i n oxide p a r t i c l e s ; t h i s a l s o 
supports a r a f t , o r r a f t - l i k e , s t r u c t u r e f o r the rhenium- o r 
ti n - a l u m i n a t e . The study i s c o n t i n u i n g and the data i n t h i s 
manuscript w i l l be compare
t h a t have been c a l c i n e d
the a l k a l i metal i s not c l e a r from the r e s u l t s of the c u r r e n t 
i n v e s t i g a t i o n . 
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Frequency Response Chemisorption Studies of Carbon 
Monoxide Hydrogenation Catalysts 

J. G. Goodwin, Jr.1, J. E. Lester2, G. Marcelin2, and S. F. Mitchell1 
1Department of Chemical and Petroleum Engineering, University of Pittsburgh, Pittsburgh, 
PA 15261 
2Gulf Research & Development Company, Pittsburgh, PA 15230 

The role of th
on supported rhodium catalysts was studied using 
static and frequency response techniques. In all 
instances, several kinetically distinct H2 chemi-
sorptive sites were observed. On the basis of the 
kinetics, at least one site appears to sorb H2 
molecularly at temperatures below 150°C, 
regardless of the support. At higher tempera­
tures, a dissociative mechanism may become 
dominant. Inducement of the SMSI state in Rh/TiO2 
does not significantly alter its equilibrium H2 
chemisorption. 

One of the pervasive problems i n heterogeneous c a t a l y s i s i s the 
assessment of the number and nature of a c t i v e s i t e s p a r t i c i p a t i n g 
i n a r e a c t i o n pathway. One would l i k e to have a technique of 
general a p p l i c a b i l i t y . P a r t i a l s o l u t i o n s to the problem are 
afforded by s t a t i c chemisorption techniques which measure the 
t o t a l number of s i t e s to which an adsorbate bonds, but g i v e l i t t l e 
i n f o r m a t i o n about s i t e e n e r g e t i c s ; and temperature programmed 
desorption which measures the s i t e d e n s i t y as a f u n c t i o n of 
binding energy, but i s d i f f i c u l t to apply to weakly bonding s i t e s 
(J_). The technique of Frequency Response Chemisorption (FRC), 
f i r s t proposed by N a p h t a l i and P o l i n s k i (2) and f u r t h e r developed 
by Yasuda ( 3 ) , o f f e r s a very u s e f u l a l t e r n a t i v e approach to the 
measurement of c a t a l y t i c s i t e s . Because the technique i s a p p l i e d 
to a c a t a l y s t - a d s o r b a t e system e s s e n t i a l l y at e q u i l i b r i u m , i t 
allows one to e l u c i d a t e the number and k i n e t i c parameters of s i t e s 
having a wide range of adsorption energies and r a t e constants. 

To i l l u s t r a t e the u t i l i t y of the technique, we have addressed 
the question of the anomalous chemisorptive behavior of t i t a n i a -
supported group V I I I metals reduced at high temperatures. The 
suppression of strong H 2 chemisorption on these c a t a l y s t s has been 
as c r i b e d to a strong-metal-support i n t e r a c t i o n (SMSI) ( 4 ) . I t has 
a l s o been found that the r e a c t i o n a c t i v i t y and s e l e c t i v i t y 
patterns of the c a t a l y s t s are d i f f e r e n t i n normal and SMSI s t a t e s 
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( 5 ) . Current evidence i n d i c a t e s that the e f f e c t may be ascribed 
to the formation of a T i O x f i l m on the surface of the group V I I I 
metal p a r t i c l e s (6,7)* Whatever the cause of the SMSI s t a t e , i t 
i s c e r t a i n l y the case that i t has a l t e r e d s i t e e n e r g e t i c s and 
p o s s i b l y t h e i r d e n s i t y on the c a t a l y s t s . The e x t r a c t i o n of s i t e 
d e n s i t i e s and adsorption-desorption k i n e t i c s f o r these systems 
w i t h considerable s i t e heterogeneity, should provide a good 
measure of the a p p l i c a b i l i t y of FRC. 

Background 

The FRC technique c o n s i s t s of measuring the pressure v a r i a t i o n 
induced by a s i n u s o i d a l l y v a r y i n g volume* By measuring the 
dependence of phase d i f f e r e n c e and adsorption amplitude on the 
frequency of v a r i a t i o n , i t i s p o s s i b l e to study adsorption-
desorption phenomena o c c u r r i n
though they are o c c u r r i n

In the l i m i t of small pressure p e r t u r b a t i o n s , any k i n e t i c 
equation modeling the response of a c a t a l y s t surface can be 
reduced to f i r s t order* Following Yasuda's d e r i v a t i o n ( 3 ) , the 
system can be described by a set of f u n c t i o n s which describe the 
dependence of pressure, coverage amplitude, and phase on Τ, P, and 
frequency. A f t e r a mass balance, the equations can be separated 
i n t o r e a l and imaginary terms to y i e l d a r e a l response f u n c t i o n , 
RRF, and an imaginary response f u n c t i o n , IRF: 

α. β. 
RRF(T,P,u>) » Σ- 0οβφ - 1 = 1 I \ (1) 

α. ω 
IRF(T,P,o) - 1 βΐηφ - I 3 (2) 

P j 3 j W 
where ν and ρ are the volume and pressure amplitudes, 
r e s p e c t i v e l y ; φ i s the volume-pressure phase s h i f t ; and ω i s the 
modulation frequency. Equation 2 i s a l s o c a l l e d the adsorption 
rate spectrum because i t e x h i b i t s peaks when β. e ω. The 
asymptotic value of the RRF as ω + o, i s r e l a t e d t o J t h e g r a d i e n t 
of the adsorption isotherm by: 

y α j RT fdN. 

These f u n c t i o n s serve as phenomenological f i n g e r p r i n t s of the 
system, but more impor t a n t l y can be r e l a t e d to t h e o r e t i c a l models 
of the adsorption process. 

For a n o n - d i s s o c i a t i v e Langmuir model, the parameters α and β 
are given by: 

J J dj aj 
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where k a j and k^j are the adsorption and desorption r a t e constants 
f o r s i t e j and Nj i s the number of' s i t e s j . A p l o t of 0j vs Ρ 
should y i e l d a s t r a i g h t l i n e w i t h slope k a j and i n t e r c e p t k d j ; and 
a p l o t of 1/a. vs Ρ g i v e s a slope of χ τ — and i n t e r c e p t of 

y 3 N j R r fcdj 
N.RTk , * j aj 

For a Langmuir model where a diatomic gas d i s s o c i a t i v e l y 
adsorbs, the r e l a t i o n s h i p s between c t j , 3j and the k i n e t i c 
parameters are given by: 

3. »2N, JTXTP and — = — J—^— + — J W (5) 
i 3 S « « iff N j \ R T k a j N j 1fRTk d j 

Thus, a p l o t o
slope 2Ν^ V^aj^dj a n <*
of l f̂ij vs ^ P w i l l y i e l d a l i n e w i t h : 

s l o p e β a n d i n t e r c e p t β ( 6 ) 

Other models may be e a s i l y derived using Yasuda's formalism* 

Experimental 
C a t a l y s t s * Rhodium c a t a l y s t s were prepared from RI1CI3 u s i n g 
standard aqueous impregnation techniques* The S102 was Davison 
Grade 59; the Τ10 2 was Degussa P25. A l l c a t a l y s t s were reduced at 
400 °C under flowing hydrogen f o r 16 h r s , then passivated at 25 °C 
before i n t r o d u c t i o n i n t o the s t a t i c chemisorption or FRC 
apparatus* The c a t a l y s t s were then reduced a t low or high 
temperature to o b t a i n the f i n a l s t a t e c a t a l y s t * A summary of the 
c a t a l y s t s i s presented i n Table I . 

Table I. P r o p e r t i e s of the Rhodium C a t a l y s t s 

Rh/Si0 2 

Rh/TiOo 
Rh/Ti0 2 

Reduction 
State Rh Temp Time 

Norm 1% 250 16 h 
Norm 3% 250 16 h 
SMSI 3% 450 16 h 

Surf* Area D i s p e r s i o n 

250 ml/g 
50 mi/g 
50 m2/g 

60% 
65% 
65% 

S t a t i c Chemisorption* Measurements were made by two procedures* 
In the f i r s t , the c a t a l y s t was evacuated at ca. 250°C f o r at l e a s t 
8 hrs and cooled to the measurement temperature under vacuum. 
Hydrogen was then admitted at p r o g r e s s i v e l y higher pressures and 
the amount of gas adsorbed a f t e r 15-30 min at each pressure 
recorded. The sample was then evacuated f o r 30 min and the dosing 
procedure repeated so as to o b t a i n a measure of the r e v e r s i b l y 
adsorbed gas. In the second ( s a t u r a t i o n ) procedure, a f t e r 
r e d u c t i o n and evacuation, the c a t a l y s t was cooled to the 
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measurement temperature and exposed to the highest pressure of H 2 

f o r 36-48 hr so as to s a t u r a t e the k i n e t i c a l l y i n a c c e s s i b l e 
s i t e s ( 8 ) . The isotherm was then measured by reducing the 
pressure and determining the r e s i d u a l l y adsorbed Ho at two hr 
i n t e r v a l s . Metal d i s p e r s i o n s were obtained from the t o t a l H 2 

chemisorption isotherms at 25°C, assuming Rh/H * 1. 

Frequency Response Chemisorption. A p a r t i a l diagram of the 
experimental system i s shown i n Figure 1. The FRC apparatus was 
constructed of 3/4-in s t a i n l e s s s t e e l tubing w i t h a g l a s s sample 
regi o n . Standard high vacuum techniques were followed i n i t s 
c o n s t r u c t i o n l e a d i n g to an u l t i m a t e vacuum below 1 χ 10 T o r r . 
Volume modulation was provided by a motor-driven cam which i n t u r n 
compressed a bellows i n the sample r e g i o n . The pressure amplitude 
was measured using a Datametries 1 Torr d i f f e r e n t i a l capacitance 
manometer referenced t
displacement was monitore
connected to the bellows d r i v e rod. Angular frequencies from 
10" 2 rad/eec to 10 rad/sec were achieved using a s e r i e s of four 
motor-drive combinations. C o n t r o l of the frequency, data 
a c q u i s i t i o n , and data handling were performed using a Data 
T r a n s l a t i o n A/D board i n an IBM personal microcomputer. The ρ, ν 
data were converted i n t o r e a l and Imaginary response f u n c t i o n s 
using Equations 1 and 2. 

A c a t a l y s t sample, between 1 to 10 grams, was loaded i n t o the 
apparatus, evacuated, reduced i n 1 atm of H 2 at 250 or 450°C 
overnight and then evacuated at the r e d u c t i o n temperature before 
c o o l i n g and a d m i t t i n g H 2 at the chemisorption temperature. 
I n i t i a l e q u i l i b r a t i o n was very slow f o r a l l c a t a l y s t s i n d i c a t i n g 
the presence of s t a t e s which are, k i n e t i c a l l y , r e l a t i v e l y 
i n a c c e s s i b l e ( 8 ) . In some cases, 10-20 hrs were re q u i r e d f o r 
pressure e q u i l i b r a t i o n . 

In order to e l i m i n a t e the p o s s i b i l i t y that the observed FRC 
s i g n a l was due to d i f f u s i o n e f f e c t s or other experimental 
a r t i f a c t s , two types of blank rune were performed w i t h each 
c a t a l y s t . In one set of experiments, He was used as the 
"adsorbing" gas w i t h a reduced c a t a l y s t ; w h i l e i n a second s e t , Ho 
was used w i t h a non-reduced c a t a l y s t . Neither type or 
experimental l e d to any observable FRC s i g n a l . 

R e s u l t s and Discussion 

S t a t i c Chemisorption. Figure 2 presents the isotherms at 25°C f o r 
the Rh/Si0 2 c a t a l y s t and the Rh/Ti0 2 c a t a l y s t i n both the normal 
and SMSI s t a t e s , obtained using both the adsorption and desorption 
methods. I t i s obvious that high pressure s a t u r a t i o n f o r an 
extended period of time r e s u l t s i n s i g n i f i c a n t l y higher uptake of 
H 2 f o r some c a t a l y s t s . Since a l l c a t a l y s t s had been prereduced 
and evacuated to desorb weakly bound H 2 p r i o r to any chemisorption 
measurements, the increased H 2 uptake must be i n t e r p r e t e d as being 
due to slow chemisorption on the metal surface and not to f u r t h e r 
r e d u c t i o n of e i t h e r the metal o r , i n the case of Ti0 2-supported 
c a t a l y s t s , the support. This i s c o n s i s t e n t w i t h the observed 
extended time required f o r e q u i l i b r a t i o n i n the FRC measurement at 
low temperatures and w i t h the observations of Dûmes i c and 
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Figure 1· Schematic diagram of frequency response chemisorption 
apparatus· 
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PRESSURE, torr 

Figure 2· Hydrogen adsorption and deso r p t i o n isotherms f o r 
rhodium c a t a l y s t s * S o l i d l i n e s denote t o t a l adsorption and 
dashed l i n e s denote r e v e r s i b l e adsorption* The meaning of 
symbols i s as f o l l o w s : 

• - Rh/T10 2 (SMSI), d e s o r p t i o n ; ο - Rh/Ti0 2 (SMSI), 
adsorption; O- Rh/Ti0 2 (non-SMSI), ad s o r p t i o n ; Δ - Rh/Si0 2, 
desorption* 
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coworkers ( 8 ) . The remarkable coincidence of the data f o r 
"normal" and SMSI Rh/Ti0 2 taken i n the s a t u r a t i o n mode, i n d i c a t e s 
that the H 2 chemisorption s i t e s are s t i l l present i n the SMSI 
s t a t e , but are k i n e t i c a l l y much l e s s a c c e s s i b l e * These r e s u l t s 
are c o n s i s t e n t w i t h a model of the SMSI c a t a l y s t i n which a TiO? 
f i l m covers the rhodium and i n which H atoms can d i f f u s e through 
or under the f i l m to Rh s i t e s * One should a l s o note the agreement 
between the r e v e r s i b l e adsorption on normal and SMSI Rh/Ti0 2* 

I t i s apparent from even the s t a t i c chemisorption r e s u l t s 
that not a l l chemisorbing s i t e s have the same e n e r g e t i c s , since i n 
a l l c a t a l y s t s a s i z e a b l e p o r t i o n of the sorbed gas could be 
removed by pumping f o r a few minutes* The exact f r a c t i o n of the 
r e v e r s i b l e p o r t i o n depends on support and temperature* For the 
c a t a l y s t s used i n t h i s study, the r e v e r s i b l e p o r t i o n ranged 
between 10-30% of the t o t a l chemisorption. 

Frequency Response Chemisorption
experiments are c h a r a c t e r i z e d by response f u n c t i o n curves having 
one or more components* In a d d i t i o n , f o r a l l c a t a l y s t s t e s t e d , 
slow i n i t i a l H 2 e q u i l i b r a t i o n i n d i c a t e d the presence of at l e a s t 
one other chemisorption s t a t e * Figure 3a gives the RRF and 3b the 
IRF f o r H 2 on non-SMSI Rh at 158°C and 0.40 To r r . Although there 
i s a ppreciable s c a t t e r i n the low frequency data, i t i s apparent 
that more than one component i s necessary to f i t the data. 
The α and β parameters der i v e d from the IRF and RRF are 
e s s e n t i a l l y i d e n t i c a l , as they should be f o r a c o n s i s t e n t data 
s e t , since the response f u n c t i o n s are derived from the same raw 
data. Figure 4 d i s p l a y s the IRF f o r H 2 on SMSI-Rh at s i m i l a r 
pressures at 50 and 158 °C. I t i s apparent from a comparison of 
the FRC s p e c t r a shown i n Figures 3 and 4 that the low frequency 
peak p o s i t i o n s and amplitudes are i n s e n s i t i v e to whether the Rh i s 
or i s not i n the SMSI s t a t e . For the high frequency peak at 50°C 
t h i s i s als o the case. However, at 158°C there i s some decrease 
i n the second peak height and a small s h i f t to lower frequency, 
I n d i c a t i n g that there i s a minor observable d i f f e r e n c e i n the FRC 
behavior of normal- and SMSI-Rh evident i n the r e v e r s i b l e 
chemisorption s t a t e s . 

Figure 5 presents data f o r the n o n - i n t e r a c t i n g R h / S i 0 2 

c a t a l y s t at s i m i l a r pressures and at 48, 158, and 333 °C. Even 
w i t h the s c a t t e r i n the 333°C data, there i s an obvious t r a n s i t i o n 
i n the s p e c t r a as the temperature i s increased. The predominant 
peak around 10 rad/sec diminishes and the one around .5 rad/sec 
increases to dominate the spectrum, a trend s i m i l a r to that 
observed i n the Rh/Ti0 2 s p e c t r a . Presumably, these trends are the 
r e s u l t of d i f f e r e n c e s i n apparent a c t i v a t i o n energies f o r H 2 

adsorption and desorption on the various types of s i t e s . 
A comparison of the q u a l i t a t i v e features of the FRC spectra 

f o r the c a t a l y s t studied show a c l e a r d i s t i n c t i o n between Rh/Si0 2 

and Rh/Ti0 2, i n terms of t h e i r r e v e r s i b l e H o-chemisorption. 
S u p r i s i n g l y , l i t t l e d i f f e r e n c e was observed between normal and 
SMSI-Rh/Ti0 2. "Normal" Rh/Ti0 2 behaved q u i t e d i f f e r e n t l y from 
Rh/Si0 2, i n s p i t e of t h e i r s i m i l a r i t i e s i n t o t a l , i . e . , s t a t i c , 
chemisorption behavior. 

In order to e x t r a c t a d s o r p t i o n and desorption r a t e constants 
from these data, i t i s necessary to adopt a model. The normal 
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Figure 4. Imaginary response f u n c t i o n s f o r Ho on SMSI R h/Ti02 
at 0.34 Torr and 158°C, and at 0.4 Torr and 49°C. 
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presumption f o r H 2 on metals i s that i t d i s s o c i a t e s . Thus, a p l o t 
of peak p o s i t i o n s 3* vs Ρ should pass through the o r i g i n f o r each 
temperature. Figure 6 has p l o t s of peak p o s i t i o n s vs P. I t i s 
obvious that an i n t e r c e p t of zero i s very improbable f o r any of 
the low temperature curves. At 158°C, a zero i n t e r c e p t a l s o i s 
not probable f o r the Rh/Si0 2. Although the l e a s t square l i n e s f o r 
the Rh/Ti02 do not i n t e r c e p t the o r i g i n , there i s a much higher 
p r o b a b i l i t y that the d i s s o c i a t i v e model i s c o n s i s t e n t w i t h the 
data. I f the H 2 does not d i s s o c i a t e on adsorption, then a p l o t of 
3 vs Ρ should be l i n e a r . These p l o t s are given i n Figure 7. Over 
the pressure range i n v e s t i g a t e d the molecular adsorption model 
y i e l d s a reasonable f i t f o r both temperatures, i n d i c a t i n g that at 
50°C the predominant adsorption i s molecular, w h i l e at 158°C the 
case i s un c e r t a i n u n t i l a wider pressure range i s stu d i e d . The 
parameters e x t r a c t e d from these data are c o l l e c t e d i n Table I I . 

The concept of H
may appear at f i r s t t
i so tope exchange and TPD; but i t i s not, given the existence of 
k i n e t i c a l l y d i s t i n c t s i t e s . An adsorption/desorption process can 
occur on a s p e c i f i c s i t e v i a : 

H 2 (gas) x £ — H 2 (ads) — 2H (ads) 

w i t h k i * k 2 being s i g n i f i c a n t l y l a r g e r than k ^ k ^ at Τ < 150°C. 
The existence of molecular adsorption as an doservable step does 
not preclude atomic a d s o r p t i o n , s i n c e FRC measures on l y weak 
chemisorption on d i s t i n c t s i t e s . In f a c t , we are i n agreement 
w i t h previous i n v e s t i g a t o r s t h a t the strong chemisorption, 
accounting f o r over 70% of the s i t e s , i s d i s s o c i a t i v e i n nature. 
However, the exi s t e n c e of a molecular s t a t e of hydrogen on rhodium 
c a t a l y s t s has been reported p r e v i o u s l y ( 9 ) . On the b a s i s of 
m i c r o c a l o r i m e t r l c measurements, the l a s t 20-30% of a monolayer 
coverage was found to have a A H a < j g of 3.6 to 7.5 kcal/mole, 
whereas the i n i t i a l 0-70% sorbed e x h i b i t e d a A H a d g of 46 to 
15 kcal/mole with a d i s t i n c t break i n the ΔΗ versus Θ curve at 70-
80% coverage. This weakly-bound hydrogen was assigned to a 
mo l e c u l a r l y adsorbed s t a t e . The c a l c u l a t e d s i t e d e n s i t y f o r the 
high frequency peak on Rh/Ti0 2, ~ 3 x l 0 /g, i s c o n s i s t e n t w i t h the 
s t a t i c chemisorption (Figure 2) i n that i t corresponds to about 
1/3 of the a v a i l a b l e s i t e s on the SMSI m a t e r i a l and 1/3 of the 
r e v e r s i b l e s i t e s on the non-SMSI m a t e r i a l . The other observed 
s i t e and the k i n e t i c a l l y slow s i t e ( s ) could e a s i l y account f o r the 
remainder of the surface s i t e s . 

I f such a process i s op e r a t i v e and there i s an a c t i v a t i o n 
energy b a r r i e r between the molecular and d i s s o c i a t e d s t a t e s , then 
one can r a t i o n a l i z e the obser v a t i o n s . At low temperatures the H 2 

r e a d i l y exchanges between the gas phase and the molecular s t a t e , 
but the second a c t i v a t i o n energy i s too high f o r a s i g n i f i c a n t 
f l u x of H o to cross that b a r r i e r . At higher temperatures, 
however, the f l u x of H 2 c r o s s i n g the molecular-atomic b a r r i e r 
makes an appre c i a b l e c o n t r i b u t i o n to the exchange f l u x and thus to 
the observed pressure amplitude and p h a s e - s h i f t . As t h i s l a t t e r 
s t a t e has d i f f e r e n t k i n e t i c parameters, one would expect to see an 
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Figure 6. Peak p o s i t i o n s i n IRF f o r Rh/Si0 2 a t 49 and 158°C and 
f o r Rh/Ti02 a t 3 5 a n d 1 5 8 ° c a s a f u n c t i o n of the square root of 
the H 2 pressure. 
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apparent s h i f t from one mechanism to another (the c l a s s i c analogy 
i s unimolecular gas phase decomposition at low pressures)* Of 
course, i n our case, p a r a l l e l r a t h e r than s e q u e n t i a l adsorption to 
molecular and atomic hydrogen could y i e l d s i m i l a r r e s u l t s if_ there 
were a f o r t u i t o u s e q u a l i t y i n k i n e t i c parameters at the 
temperatures and pressures studied* Further experiments over 
wider Τ, Ρ and ω ranges should a l l o w us to s o r t out the 
mechanistic p o s s i b i l i t i e s f o r these adsorption r e a c t i o n s * 

TPD s t u d i e s tend to depopulate the molecular s t a t e s i t e s 
during the i n i t i a l evacuation or c a r r i e r gas sweep* Thus, they 
are only sampling the slow s i t e s which may w e l l be d i s s o c i a t i v e as 
we have not examined t h i s frequency r e g i o n . The presence of an 
intermediate molecular adsorbate would a l l o w us to e a s i l y 
r a t i o n a l i z e the p o s s i b l e change i n observed molecular!ty of the 
FRC r e s u l t s as the temperature was r a i s e d i n that the d i s s o c i a t i v e 
s i t e s would become a c c e s s i b l

A comparison of th
the derived r a t e constants serves to f u r t h e r show the s i m i l a r i t y 
between normal- and SMSI-Rh/Ti0 2 and t h e i r d i s s i m i l a r i t y w i t h 
Rh/Si0 2. The Rh/Si0 2 3 vs ρ p l o t s at 48 and 158°C are super­
imposable w i t h i n our experimental e r r o r , while they are 
s i g n i f i c a n t l y d i f f e r e n t from those f o r Rh/Ti0 2, normal or SMSI. 

Figure 7. Peak p o s i t i o n s i n IRF f o r Rh/Si0 2 at 49 and 158°C and 
f o r Rh/T10 2 at 35 and 158°C as a f u n c t i o n of H 2 pressure. 
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However, the normal and SMSI Rh/Ti0 2 are qu i t e s i m i l a r . At 
Τ < 50°C, the non-SMSI data l i e between the Rh/ S i 0 2 and SMSI 
Rh/Ti0 2, but by 160°C the Rh/Ti0 2 p l o t s are w i t h i n experimental 
e r r o r of one another. 

These r e s u l t s are c o n s i s t e n t w i t h r e c e n t l y reported r e s u l t s 
by H a l l e r , et a l . (10) on the r e a c t i o n s of C0/H 2 and NH3 over Rh 
c a t a l y s t s i n which no s i g n i f i c a n t d i f f e r e n c e s were observed 
between c a t a l y s t s reduced at low and high temperatures (presumably 
"normal" and SMSI) but i n which R h / S i 0 2 was found to behave 
d i f f e r e n t l y . Thus, there appears to be some c o r r e l a t i o n between 
the FRC chemisorption r e s u l t s and the r e a c t i v i t y patterns of 
supported rhodium c a t a l y s t s which we would l i k e to b e l i e v e 
supports the a s s e r t i o n that the s i t e s at which hydrogen sorbs 
r e v e r s i b l y are those at which c a t a l y t i c a l l y important r e a c t i o n s 
occur, and that FRC can monitor the d e n s i t y and r e l a t i v e k i n e t i c s 
of these s i t e s . 

Conclusions 

Studies of the s t a t i c and frequency response chemisorption of 
hydrogen on Rh c a t a l y s t s supported on S i 0 2 and T i 0 2 have shown 
t h a t : 

1. The r e v e r s i b l e H 2 chemisorption behavior of Rh/Si0 2 i s 
d i f f e r e n t from that of Rh/Ti0 2. 

2. In i t s H 2 chemisorption behavior, Rh/Ti0 2 i n the "normal" 
s t a t e i s more l i k e Rh/T10 2 i n the SMSI st a t e than Rh/Si02« 

3. There are at l e a s t three k i n e t i c a l l y d i s t i n c t modes of H 2 

chemisorption on a l l of the c a t a l y s t s . 
4. Hydrogen chemisorbs r e v e r s i b l y on Rh/SiO? and Rh/Ti0 2 as a 

species which can be tr e a t e d as molecular hydrogen i n terms of 
i t s a d sorption k i n e t i c s . 
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7 
Spectroscopy of Metal-Titanium Dioxide Systems 

Y.-M. Sun, D. N. Belton, and J. M. White 

Department of Chemistry, The University of Texas—Austin, Austin, TX 78712 

We have investigate
which are known
actions. These models consist of vapor-deposited 
platinum or rhodium on titanium dioxide films prepared 
in ultrahigh vacuum by oxidation of Ti(0001). Thermal 
desorption spectroscopy, Auger electron spectroscopy 
and static secondary ion mass spectrometry have been 
used to characterize the surfaces of these films before 
and after thermal treatment in vacuum and with or without 
chemisorbed carbon monoxide. The results indicate that 
heating in vacuum to temperatures near 750 Κ leads to 
the migration of a reduced form of titania to the surface 
of the metal films. This migration is accompanied by 
significant suppression of carbon monoxide and hydrogen 
chemisorption just as is found in powdered oxide-supp­
orted transition metal catalysts. Sputtering removes 
the segregated titanium-oxygen species, and the chemi­
sorption of carbon monoxide is nearly completely recov­
ered. In thin films of metal that are one to two mono­
layers thick with no surface titania species, there is 
no significant suppression of hydrogen chemisorption, 
indicating that surface segregation is, by itself, not 
fully responsible for the observed changes in the extent 
and energetics of hydrogen chemisorption on these sur­
faces. Clearly, both site-blocking and electronic 
(bonding) effects play a role in the observed strong 
metal-support interaction effects. 

Recently there has been a great deal of i n t e r e s t i n the systems 
which e x h i b i t strongmetal-support i n t e r a c t i o n s (SMSI) (1-12). This 
a c t i v i t y was stim u l a t e d by the work of Tauster et a l . (1,2) reported 
i n 1978 which showed that Group V I I I t r a n s i t i o n metals supported on 
re d u c i b l e metal oxides were subject to l a r g e - s c a l e suppression of 
chemisorption of hydrogen when the oxides were reduced at high 
temperatures. Since then there have been a number of papers and 
conferences on t h i s s ubject. Proposed explanations i n c l u d e the 
mig r a t i o n or segregation of oxide species over the t r a n s i t i o n metal 
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p a r t i c l e s and e l e c t r o n i c e f f e c t s i n c l u d i n g P t - t i t a n i a bonding and/or 
charge t r a n s f e r from the support to the metal. 

We have undertaken a s e r i e s of experiments i n v o l v i n g t h i n f i l m 
models of such powdered t r a n s i t i o n metal c a t a l y s t s (13,14). In 
t h i s paper we present a b r i e f review of the r e s u l t s we have obtained 
to date i n v o l v i n g platinum and rhodium deposited on t h i n f i l m s of 
t i t a n i a , the l a t t e r prepared by o x i d a t i o n of a t i t a n i u m s i n g l e 
c r y s t a l . These systems are prepared and c h a r a c t e r i z e d under w e l l -
c o n t r o l l e d c o n d i t i o n s . We have used thermal desorption s p e c t r o ­
scopy (TDS), Auger e l e c t r o n spectroscopy (AES) and s t a t i c secondary 
i o n mass spectrometry (SSIMS). Our r e s u l t s i l l u s t r a t e the power of 
SSIMS i n understanding the processes that take p l a c e during thermal 
treatment of these t h i n f i l m s . Thermal desorption spectroscopy i s 
used to c h a r a c t e r i z e the adsorption and desorption of s m a l l mole­
c u l e s , i n p a r t i c u l a r , carbon monoxide. AES confirms the SSIMS 
r e s u l t s and was used to
as they were prepared. 

Experimental 

The experiments were conducted i n an u l t r a h i g h vacuum chamber 
equipped w i t h a c y l i n d r i c a l m i r r o r e l e c t r o n energy a n a l y z e r , a 
quadrupole mass spectrometer w i t h a B e s s e l box energy f i l t e r f o r 
a n a l y s i s of secondary i o n s , and an A r + gun. A Ti(0001) s i n g l e c r y s ­
t a l was mounted on a l i q u i d n i t r o g e n cooled and r e s i s t i v e l y heated 
manipulator assembly. The surfaces were cleaned by argon i o n bom­
bardment and annealing c y c l e s . The t r a n s i t i o n metals were deposited 
u s i n g thermal evaporation sources. During the experiments, p r e s s ­
ures were r o u t i n e l y 3 χ 1 0 " " 1 0 t o r r . 

The t i t a n i a - b a s e d t h i n f i l m c a t a l y s t models were constructed by 
f i r s t o x i d i z i n g the t i t a n i u m surface i n 5 χ 10""7 t o r r of O2 f o r 
approximately 30 minutes at 775 K. This produced an AES lineshape 
c o n s i s t e n t w i t h f u l l y o x i d i z e d T i 0 2 . The metal was then vapor 
deposited onto the oxide support w i t h the l a t t e r h e l d at 130 K. The 
t h i c k n e s s of the metal o v e r l a y e r and i t s c l e a n l i n e s s were v e r i f i e d 
by AES. A f t e r v a r i o u s annealing and adsorption procedures, these 
t h i n f i l m s were f u r t h e r c h a r a c t e r i z e d using SSIMS, AES and TDS. For 
comparison, some work was done w i t h Pt on A I 2 O 3 . In t h i s case a 
Mo f o i l covered w i t h AI2O3 replaced the Ti(0001) s u b s t r a t e . 

R e s u l t s 

Figure 1 shows AES data f o r the o x i d i z e d t i t a n i u m surface before and 
a f t e r d e p o s i t i o n of 30 X of platinum w i t h the s u b s t r a t e h e l d at 
130 K. The platinum thickness was c a l c u l a t e d from the a t t e n u a t i o n 
of the oxygen AES s i g n a l assuming layered growth of the metal. From 
the s p e c t r a i t i s c l e a r that the platinum was s u f f i c i e n t to com­
p l e t e l y attenuate the underlaying features of the t i t a n i u m oxide. 
The s p e c t r a of the oxide surface p r i o r to metal d e p o s i t i o n i s 
c h a r a c t e r i s t i c of f u l l y o x i d i z e d t i t a n i u m . In the r e g i o n j u s t below 
435 eV the lineshape i s s i g n i f i c a n t l y d i f f e r e n t f o r d i f f e r e n t oxides 
of t i t a n i u m (15). 

Figure 2 shows the r e s u l t s of heating a model system c o n s i s t i n g 
of a 30 X platinum f i l m on o x i d i z e d t i t a n i u m . A l i n e a r temperature 
ramp was a p p l i e d u n t i l the f o i l reached 760 K, a f t e r which the temp-
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Figure 1. AES s p e c t r a of o x i d i z e d Ti(0001) (top) and o x i d i z e d 
T i w i t h 30 X Pt (bottom). 
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Figure 2. TPSSIMS f o r 30 X Pt on o x i d i z e d Ti(0001), 
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erature was h e l d constant f o r approximately 5 minutes and then the 
sample was cooled. During these temperature changes the T i + SSIMS 
s i g n a l was f o l l o w e d . Near 615 Κ the T i + s i g n a l begins to r i s e 
s h a r p l y . This s i g n a l continues to r i s e during the p e r i o d when the 
temperature i s h e l d constant at 760 K. Upon c o o l i n g there was no 
tendency f o r the s i g n a l to decrease. 

A s i m i l a r sample was heated as above and then subjected to 
argon i o n s p u t t e r i n g , as i n d i c a t e d i n F i g . 3. An argon i o n current 
of 0.3 μΑ was u t i l i z e d and the T i + s i g n a l was followed as a f u n c t i o n 
of s p u t t e r i n g time. This f i g u r e i n d i c a t e s a sharp decay of the T i + 

s i g n a l followetf by a r e l a t i v e l y wide r e g i o n where very l i t t l e s i g n a l 
i s noted. Deeper i n t o the sample the T i + s i g n a l r i s e s s t e a d i l y , 
maximizes at about 600 seconds and then decays. 

On a t h i r d sample, thermal desorption of carbon monoxide was 
c a r r i e d out before and a f t e r annealing to 760 Κ and a f t e r s p u t t e r i n g 
i n t o the r e g i o n where th
seconds i n F i g . 3 ) . Th
l a s t column gives the i n t e g r a t e d peak desorption area f o r carbon 
monoxide. 

Table I . CO Thermal Desorption Spectra. 

Substrate Anneal Desorption T o t a l 
Temp (K) Peak (T) Peak Area 

T i 0 2 525 400 1.00 
T i 0 2 775 355 0.33 
T i 0 2 ( S ) 525 400 0.95 
A 1 2 0 3 525 400 1.00 
AI2O3 775 400 0.98 

(S)=sputtered (see t e x t ) 

Two CO desorption peaks (400 and 510 K) were observed on the as-
deposited Pt l a y e r . However, f o r a sample annealed to 525 Κ the 
i n t e n s i t y of the h i g h temperature CO peak was =one t h i r d i t s o r i g i ­
n a l v a l u e . Thus, a f t e r annealing to 525 K, the desorption p r o f i l e 
c o n s i s t e d of a l a r g e peak at 400 Κ w i t h a shoulder at 510 K. For 
t h i s reason we r e p o r t the peak temperature f o r the low temperature 
peak only; however, the 510 Κ shoulder i s included i n the reported 
peak area. Comparison of our data to r e s u l t s from other surfaces 
shows reasonable agreement. P o l y c r y s t a l l i n e Pt(415 K, 507 K) (16), 
Pt(110) (430 K, 530 K) (17) and P t ( l l l ) (420 K, 530 K) (18) a l l have 
two desorption peaks i n the 400-550 Κ range. For both t i t a n i a - and 
alumina-supported P t , the areas are normalized to the desorption 
area a f t e r annealing the 30 X o v e r l a y e r to 525 Κ and adsorbing CO 
to s a t u r a t i o n at 130 K. For t i t a n i a annealed to 775 Κ the peak de­
s o r p t i o n temperature i s decreased by about 45 K, and the t o t a l area 
i s decreased by a f a c t o r of 3. A f t e r s p u t t e r i n g to the minimum and 
reannealing to 525 K, the peak temperature returns to 400 Κ and the 
t o t a l peak area increases to approximately i t s value before the 
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annealing experiment was c a r r i e d out. S i m i l a r experiments were 
done w i t h Pt on alumina. As i n d i c a t e d i n Table I , annealing to 
760 Κ does not change e i t h e r the desorption temperature or the area 
under the carbon monoxide desorption peak. 

S i m i l a r SSIMS and TDS r e s u l t s were obtained f o r rhodium on 
t i t a n i a and fclr hydrogen chemisorption on both s u b s t r a t e s . I n a 
blank experiment i n v o l v i n g no metal o v e r l a y e r , temperature program­
ming w h i l e f o l l o w i n g the T i and T i 0 + SIMS s i g n a l s ( F i g . 4) shows 
that the t i t a n i a t h i n f i l m does not begin to change u n t i l the 
temperature reaches about 760 K, w e l l beyond the 615 Κ where T i + 

was f i r s t noted to in c r e a s e on the systems w i t h t h i n metal over-
l a y e r s . 

To explore the p o s s i b i l i t y of e l e c t r o n i c i n t e r a c t i o n between 
the reduced t i t a n i u m oxide and P t , 1 ML of Pt was deposited on both 
f u l l y o x i d i z e d and p a r t i a l l y reduced T 1 0 2 . The reduced sample was 
prepared by A r + s p u t t e r i n
d e p o s i t i o n , i n t r o d u c i n
H 2 TDS was used as the highes 2 desorptio  temperatur  (37 ) 
occurs below the temperature regime of encapsulation. For the 
reduced sample there was a 70% decrease i n H2 chemisorption and a 
33 Κ s h i f t to lower temperatures when the unannealed sample ( f i r s t 
H 2 TDS) was compared to the sample annealed at 370 Κ (second H2 
TDS). No change i n the AES was observed a f t e r e i t h e r the f i r s t or 
second TDS, showing that the Pt o v e r l a y e r does not i s l a n d or encap­
s u l a t e . We take these low Pt coverage experiments to i n d i c a t e an 
e l e c t r o n i c i n t e r a c t i o n ( p r e f e r a b l y bond formation, which does not 
r e q u i r e s i g n i f i c a n t charge t r a n s f e r ) between Pt and reduced T i 
species that i s a c t i v a t e d at about 370 K. 

For the f u l l y o x i d i z e d sample the r e s u l t s were somewhat d i f f e r ­
ent. A f t e r annealing at 370 Κ there was 25% l e s s H2 a d s o r p t i o n , and 
the peak s p l i t i n t o two peaks, one s h i f t e d higher and one lower, each 
by about 30 K. There were a l s o s m a l l changes i n the AES P t / T i 
r a t i o a f t e r the f i r s t TDS. Since T i 0 2 migrates at lower tempera­
tures f o r reduced t i t a n i a , as compared to f u l l y o x i d i z e d , we do not 
favor T i 0 x m i g r a t i o n as the e x p l a n a t i o n . Rather, we suggest that 
the changes observed a f t e r the 370 Κ anneal of the o x i d i z e d sample 
are due to s m a l l changes i n the morphology of the Pt o v e r l a y e r . 
These a l t e r the number and k i n d of exposed Pt s i t e s . 

D i s c u s s i o n 

From the SIMS, AES and TDS data the f o l l o w i n g p i c t u r e emerges. O x i ­
d a t i o n of t i t a n i u m i n s i t u leads to the formation of a f i l m of f u l l y 
o x i d i z e d t i t a n i a t h a t i s t h i c k enough to completely attenuate metal 
and suboxide c o n t r i b u t i o n to the AES s p e c t r a . Heating these over-
l a y e r s , which are judged to be more than 60 A t h i c k , r e s u l t s i n no 
de t e c t a b l e changes by SIMS or by AES (not shown) u n t i l the tempera­
t u r e exceeds 760 K. Since thermal e f f e c t s are observed at s i g n i f i ­
c a n t l y lower temperature when metal o v e r l a y e r s are present, we con­
clude that those observations are not due to degradation of the 
oxide l a y e r v i a d i f f u s i o n of oxygen i n t o the bulk metal. 

The AES s i g n a l s observed a f t e r d e p o s i t i o n of platinum ( F i g . 1) 
i n d i c a t e that platinum goes down reasonably uniformly under our 
c o n d i t i o n s . This r e s u l t i s confirmed by a more d e t a i l e d a n a l y s i s 
of the a t t e n u a t i o n of the oxygen and t i t a n i u m s i g n a l s as a f u n c t i o n 
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Figure 3. T i + SIMS depth p r o f i l e of 30 X Pt on o x i d i z e d Ti(0001) 
annealed to 760 K. 

Figure 4. TPSSIMS of the o x i d i z e d Ti(0001) s u b s t r a t e without a 
metal o v e r l a y e r . 
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of platinum dosing time. From these r e s u l t s (not shown) we conclude 
that platinum d e p o s i t i o n occurs i n a very n e a r l y l a y e r - b y - l a y e r 
f a s h i o n at 130 K. Annealing these f i l m s to 525 Κ does nothing to 
the T i + SIMS s i g n a l , but at around 600 Κ T i + s i g n a l s begin to appear 
i n the SIMS sp e c t r a . These r i s e sharply to a f a i r l y steady value 
which increases s l o w l y w i t h time. This i s a thermally i r r e v e r s i b l e 
change s i n c e , upon c o o l i n g , ( F i g . 2) the T i + s i g n a l does not r e t u r n 
to a low v a l u e . The species formed i s l a r g e l y segregated to the 
s u r f a c e as i n d i c a t e d by t h i s s p u t t e r i n g p r o f i l e of F i g . 3. Sputter­
i n g removes t h i s o v e r l a y e r and leads to m e t a l l i c platinum. A f t e r 
s p u t t e r i n g through the platinum the oxide r e g i o n i s again reached. 
A f t e r 600 seconds the metal l a y e r i s removed, and the T i + s i g n a l 
begins to drop. This f i n a l drop i s the r e s u l t of a decreasing 
c r o s s - s e c t i o n f o r i o n desorption which accompanies the p r e f e r e n t i a l 
removal of oxygen. 

The observed therma
w i t h the p i c t u r e t h a t emerge
525 Κ (Table I ) gives a therma  d e s o r p t i o  pea  f o  carbo  monoxide 
l i k e t h a t observed from bulk platinum f i l m s . Annealing to 775 Κ 
lowers the desorption peak temperature and, more i m p o r t a n t l y , 
attenuates sharply the amount of carbon monoxide that w i l l adsorb. 
S p u t t e r i n g to the minimum of the T i + s i g n a l followed by an anneal to 
525 Κ and a d s o r p t i o n gives a r e s u l t that i s very much l i k e that 
observed p r i o r to the high-temperature anneal. From these and 
other more d e t a i l e d r e s u l t s i n v o l v i n g Auger lineshape s t u d i e s , we 
conclude that the species that migrates to the s u r f a c e of the 
platinum i s probably TiO. 

For s i m i l a r samples on alumina, these e f f e c t s are not observed, 
as i n d i c a t e d i n Table I. No m i g r a t i o n of aluminum or oxygen species 
i s observed i n AES, and the c a p a c i t y of the f i l m to adsorb carbon 
monoxide i s not a l t e r e d by changing the annealing temperature from 
525 to 760 K. 

A l l of these r e s u l t s are c o n s i s t e n t w i t h the n o t i o n that 
surface m i g r a t i o n of t i t a n i u m oxide species i s an important f a c t o r 
t h a t c o n t r i b u t e s to the suppression of carbon monoxide chemisorp­
t i o n . The H2 chemisorption experiments on 1-2 ML of P t , where no 
m i g r a t i o n i s observed, s t r o n g l y i n d i c a t e that e l e c t r o n i c (bonding) 
i n t e r a c t i o n s are a l s o o c c u r r i n g . Thus, f o r the t i t a n i a system, 
both e l e c t r o n i c i n t e r a c t i o n s and surface s i t e b l o c k i n g due to 
t i t a n i u m oxide species must be considered i n i n t e r p r e t i n g SMSI 
e f f e c t s . 
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Isotopic Tracers in Catalysis: Aromatics 
from n-Paraffins over Te-NaX Zeolite 

Joe W. Hightower and Geoffrey L. Price1 

Department of Chemical Engineering, Rice University, Houston, TX 77251 

Both radioactive and stable isotopic tra­
cers are used in catalysis to validate 
reaction networks
confirm reactio
-or inter-molecular mechanisms, establish 
rate limiting steps, document direct par­
ticipation of surface atoms in fluid-solid 
reactions, etc. Several of these uses are 
illustrated in studies of the formation of 
aromatics from n-paraffins over the highly 
selective Te-NaX zeolite. Tests with 14C­
-labeled molecules have shown that olefins 
are exclusive intermediates in the aroma-
tization reactions. Alkylcyclohexanes are 
not intermediates even though they can be 
readily dehydrogenated under reaction con­
ditions (about 450 C, 10% HC in hydrogen, 1 
atm). The catalyst acts primarily as a 
dehydrogenation agent with cyclization pro­
bably occurring thermally from 1,3,5-hexa-
triene. When D2 replaces H2 , there is 
little scrambling with the H atoms in the 
hydrocarbons. A primary kinetic isotope 
effect indicates that C-H cleavage is in­
volved in the rate limiting step of the 
reaction. 

Stable and radioactive tracers have been used exten­
siv e l y i n catalysis to validate reaction networks, test 
for intermediates, confirm reaction orders, distinguish 
between i n t r a - and inter-molecular mechanisms, establish 
rate l i m i t i n g steps, document direct participation of 
surface atoms i n f l u i d - s o l i d reactions, etc. A unique 
feature of tracer studies i s that individual reaction 
steps can be followed i n a complicated set of reactions 
without perturbing the chemical composition of the 

1Current address: Department of Chemical Engineering, Louisiana State University, Baton Rouge, 
LA 70803 
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reacting mixture. Several books (1-3) have highlighted 
many tracer studies, and the techniques have become so 
common that a reaction mechanism can scarcely be consi­
dered as established without use of tracers. 

The purpose of this a r t i c l e i s to focus on a single 
series of reactions and to i l l u s t r a t e some of these uses 
of isotopic tracers. The set of reactions involves the 
dehydrocyclization of η-paraffins into aromatics over 
non-acidic Te NaX z e o l i t e (4-7). 

Experimental 

The catalyst was prepared according to a recipe formu­
lated by researchers at the Mobil Research Labs i n 
Princeton (8-9). 11% (wt) Te metal was ba l l - m i l l e d with 
NaX z e o l i t e (13X),
vated by heating i
Reactions were carried out in either a batch r e c i r c u l a
tion reactor at about half an atm pressure or i n a plug 
flow reactor at one atm. Reaction mixtures were usually 
i n the r a t i o of about 1/10 to 1/4 hydrocarbon/hydrogen. 
Excess hydrogen was required to s t a b i l i z e the Te and 
prevent i t from eluting from the bed. Aliquots of the 
product stream were separated by GLC, and the components 
were individually collected and transferred to a mass 
spectrometer (for deuterium) or a s c i n t i l l a t i o n counter 
(for 1 4 C ) for isotopic measurements. The r a d i o a c t i v i t y 
i s expressed as s p e c i f i c a c t i v i t y (counts/min mmole). 

Results 

Reaction Intermediates: 1 4 C Tracers. Yields of benzene 
well in excess of 95% can be obtained over this catalyst 
i n a flow reactor from a mixture of n-hexane and hydro­
gen. The only s i g n i f i c a n t other products are the n-hex-
enes (in thermodynamic equilibrium with each other), and 
their mole fractions pass through a maximum when plotted 
against n-hexane conversion (see Figure 1). This sug­
gests that the n-hexenes may be intermediates in the 
formation of benzene. 

To test this theory, a mixture of n-hexane and 
labeled 1-hexene was reacted in hydrogen over the 
catalyst at various space v e l o c i t i e s . The s p e c i f i c ac­
t i v i t y of each of the products (the n-hexenes were 
lumped together) are shown in Figure 2. The important 
observation i s made at zero conversion. When extrapola­
ted to i n f i n i t e space velocity, the benzene has 
approximately the same s p e c i f i c a c t i v i t y as the hexene, 
thus c l e a r l y indicating that essentially a l l the benzene 
i s formed i n a reaction sequence that involves 
equilibrium with gaseous n-hexenes. It may then be con­
cluded that o l e f i n s are intermediates i n the aromatiza-
tion process. 

We (4) have also shown that cyclohexane can be 
readily converted into benzene under these reaction 
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Space Time, sec 
Figure 1. Products from n-hexane/H2 reaction at 540°C 

over Te-NaX zeolite i n a flow reactor. 

I I 1 

Reaction Time, mins 
Figure 2. Radioactivity in products from n-hexane/ 

14 
C-l-hexene/H 0 over Te-NaX at 460°C. 
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conditions. Another p o s s i b i l i t y to consider i s that the 
dehydrocyclization process may involve c y c l i z a t i o n at an 
early stage to cyclohexane, followed by dehydrogenation 
to benzene. This was tested by reacting a mixture of 
cyclohexane and -n-hexane or * 4C-1-hexene. As shown 
in Figure 3, there was no measureable r a d i o - a c t i v i t y i n 
the unreacted cyclohexane. This means that c y c l i z a t i o n 
must necessarily occur further along the reaction 
sequence than cyclohexane, i . e . cyclohexane i s not an 
intermediate. 

It i s quite possible that more highly dehydrogented 
products (e.g. hexadiene or hexatriene) may also be i n ­
volved in the reaction sequence. However, none of these 
species was observed in the GLC. This i s not surprising 
since both these species are highly reactive and may not 
have accumulated t
have used labeled
with n-hexane to test this p o s s i b i l i t y . Although this 
experiment was not attempted, we would speculate that 
most of the ra d i o a c t i v i t y would have been quickly incor­
porated into the benzene with a small amount perhaps 
flowing temporarily upstream into the ol e f i n s and the 
paraffin. 

Additional experiments were carried out to examine 
the formation of toluene ijom η-heptane (TO) . When the 
heptane was labeled with ^ 4C in the 1-position, half the 
radi o a c t i v i t y was in the methyl group and the other half 
was in the aromatic ring of the toluene. This c l e a r l y 
indicates that ring formation involves 1,6 or 2,7 c l o ­
sure and excludes the p o s s i b i l i t y of any interconversion 
between f i v e membered and six membered rings. Perhaps 
this i s not surprising since the catalyst's acid s i t e s 
are neutralized by the sodium. 

Bond Cleavage with Deuterium. Even though cyclohexane 
can be ruled out as a direct intermediate in n-hexane 
dehydrocyclization, i t w i l l dehydrogenate to benzene at 
temperatures well below those required for the n-hexane 
reaction. We decided to study the reaction of cyclo­
hexane at the molecular level with D tracers. The f i r s t 
experiment was to react a mixture of cyclohexane and D2 
(50 torr/200 torr) and look for the incorporation of D 
atoms into the hydrocarbons at 500 C. Surprisingly, 
there was very l i t t l e scrambling of the D and H atoms. 
The unreacted cyclohexane contained almost no D, and the 
benzene product (at conversions up to 80%) contained 
approximately a constant level of 1 D/molecule. Clearly, 
a D atom (and only one D atom) from the gaseous Ό 2 some­
how participates i n the dehydrogenation reaction. Even 
though 6 Η atoms are lost from the hydrocarbon, one D 
atom i s added. When mixtures of (^ΗβΛ^Ε^ or C6H5/D2 are 
circulated over the catalyst under the same reaction 
conditions, there i s essentially no H/D exchange or 
intermolecular scrambling. 

Since scrambling of Η and D atoms does not occur 
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either among hydrocarbon molecules or between 
hydrocarbons and gaseous D2, the C-H bonds must be r e l a ­
t i v e l y stable i n presence of this catalyst. It i s then 
possible that cleavage of C-H bonds may be involved i n 
the rate l i m i t i n g step of the reaction. This was tested 
by comparing the reaction rates of cyclohexane-Hi2 and 
cyclohexane-Di2 in either H2 or D2 under i d e n t i c a l con­
ditions. As shown i n Figure 4, the lightweight cyclo-
hexane-Hi2 reacts about 2.5 times more rapidly than does 
the perdeuterated cyclohexane-D]^. Whether the gas phase 
contains H2 or D2 has no effect on the reaction rate. 
The conclusion from the large primary isotope effect i s 
that indeed C-H bond cleavage i s involved in the rate 
l i m i t i n g step of the reaction. Armed with this informa­
tion, one can then be assured that increasing the 
a b i l i t y to break C-  bond  w i l l improv  th  overall 
c a t a l y t i c a c t i v i t y

Solid State NMR. Two s o l i d state Na NMR spectra are 
shown i n Figure 5. The top figure i s for the i n i t i a l NaX 
z e o l i t e and the bottom curve shows the Te-NaX ze o l i t e 
after activation in hydrogen. It i s apparent that the 
presence of the Te a l t e r s the position and shape of the 
Na spectrum. The conditions for these spectra were the 
following: scan range - 500 gauss, time constant - 3 
seconds, receiver gain - 200, f i e l d set - 17,845 gauss, 
scan time - 4 minutes, and microwave frequency - 20,000 
Hertz. 

XPS Spectra. The following table compares the XPS re­
sults for the NaX and the Te-NaX materials. 

XPS Spectra of NaX and Te-NaX 

NaX Alone Te--NaX 
Binding Relative No. Binding Relative No. 

Energy(ev) of Atoms Energy(ev) of Atoms 
Te(3d) 573.6 0.42 (Te°) 

576.6 0.35 (Te 4) 
Na(1s) 1072.55 29.4 1072.40 17.5 
Al(2s) 119.15 17.3 119.20 13.6 
Si(2p) 102.3 23.4 102.3 18.9 
0(1s) 531.4 94 531.5 87 
Na(* ) 574.0 574.2 
0(« ) 552.8 552.8 

A l l these spectra were corrected to C(1s) = 284.6 ev. 
It should also be pointed out that the peak correspon­
ding to Te(+4) disappeared after 30 mins of radiation. 
However, the other peaks remained unchanged and no new 
peaks appeared. 

Discussion 

Careful k i n e t i c measurements have been combined with 
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Figure 3. Radioactivity i n products. n-Hexane- C/ 
Cyclohexane/H over Te-NaX at 450°C. 

Reaction Time, mins 
Figure 4. Reactivity of cyclohexane-H 1 2 and -D 

i n r e c i r c u l a t i o n reactor at 400°C. 
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i s o t o p i c t r a c e r s t o s h e d c o n s i d e r a b l e l i g h t on t h e 
q u a n t i t a t i v e a s p e c t s o f η-paraffin d e h y d r o c y c l i z a t i o n 
o v e r a Te NaX z e o l i t e c a t a l y s t . T h e r e c a n be l i t t l e 
d o u b t t h a t o l e f i n s a r e i n v o l v e d a s i n t e r m e d i a t e s i n t h e 
o v e r a l l r e a c t i o n scheme. T h e i r r i s e a n d d e c l i n e w i t h 
c o n v e r s i o n ( F i g u r e 1) i s t y p i c a l o f t h e b e h a v i o r o f 
i n t e r m e d i a t e s , a n d t h e c o r r e s p o n d e n c e b e t w e e n t h e 
b e n z e n e an d h e x e n e s p e c i f i c a c t i v i t i e s i n F i g u r e 2 c o n ­
f i r m s t h i s c o n c l u s i o n . F u r t h e r m o r e , t h e r e v e r s i b l e 
n a t u r e o f t h e p a r a f f i n - o l e f i n r e a c t i o n i s s e e n i n t h e 
a c c u m u l a t i o n o f r a d i o a c t i v i t y i n t h e u n r e a c t e d n - h e x a n e . 
T h i s r e a c t i o n i s n o t a t c o m p l e t e e q u i l i b r i u m , h o w e v e r , 
s i n c e d e u t e r i u m i s n o t s c r a m b l e d e x t e n s i v e l y i n t o t h e 
p r o d u c t m o l e c u l e s when t h e c a r r i e r g a s i s D2 i n s t e a d o f 
H 2 . 

E v e n t h o u g h c y c l o h e x a n
b e n z e n e u n d e r t h e s e
c l e a r l y p r o v e t h a t i t c a n n o t be a g a s p h a s e i n t e r m e d i a t e 
i n t h e n - h e x a n e r e a c t i o n . I f i t w e r e , t h e r e w o u l d h a v e 
b e e n r a d i o a c t i v i t y i n t h e u n r e a c t e d c y c l o h e x a n e when i t 
was m i x e d w i t h l a b e l e d n - h e x a n e ; none was o b s e r v e d . 
T h i s p r o v e s t h a t t h e c y c l i z a t i o n s t e p must be f u r t h e r 
a l o n g t h e r e a c t i o n s t r e a m a n d must n o t i n v o l v e an o l e f i n 
f o r m i n g c y c l o h e x a n e w h i c h t h e n d e h y d r o g e n a t e s t o t h e 
a r o m a t i c s . 

I t a l s o p o i n t s o u t a n o t h e r a d v a n t a g e o f i s o t o p i c 
t r a c e r s . The f a c t t h a t a s u s p e c t e d i n t e r m e d i a t e r e a c t s 
q u a n t i t a t i v e l y t o f o r m t h e f i n a l p r o d u c t d o e s n o t n e c e s ­
s a r i l y mean t h a t i t i s an i n t e r m e d i a t e . J u s t b e c a u s e a 
compound i s f o r m e d , o r b e c a u s e i t may g i v e t h e d e s i r e d 
f i n a l p r o d u c t , d o e s n o t p r o v e t h a t t h e compound i n 
q u e s t i o n i s a g a s p h a s e i n t e r m e d i a t e i n t h e o v e r a l l 
r e a c t i o n . I t must be shown t h a t t h e compound b e h a v e s 
p r o p e r l y u n d e r d y n a m i c r e a c t i o n c o n d i t i o n s , a n d i s o t o p i c 
t r a c e r s c a n t e s t t h i s b e h a v i o r most e f f e c t i v e l y . 

I n t h e η-paraffin r e a c t i o n s , l e t u s s u g g e s t t h a t 
t h e r e a c t i o n scheme shown i n F i g u r e 6 s a t i s f i e s most o f 
t h e o b s e r v a t i o n s . The s o l i d l i n e s r e p r e s e n t r e a c t i o n s 
t h a t h a v e b e e n o b s e r v e d , w h i l e t h e d a s h e d l i n e s a r e p r o ­
p o s e d r e a c t i o n s i n v o l v i n g p r o d u c t s whose s t e a d y s t a t e 
c o n c e n t r a t i o n s a r e t o o s m a l l t o be m e a s u r e d w i t h o u r 
a n a l y t i c a l e q u i p m e n t . 

A c c o r d i n g t o t h i s scheme, t h e c a t a l y s t s e r v e s 
p r i m a r i l y t o p r o m o t e d e h y d r o g e n a t i o n . C y c l i z a t i o n o f 
t h e h e x a t r i e n e was shown y e a r s ago ( J _ 0 t o o c c u r t h e r ­
m a l l y i n t h e g a s p h a s e a t t e m p e r a t u r e s w e l l b e l o w t h e s e 
d e h y d r o c y c l i z a t i o n c o n d i t i o n s . T h u s , t h e o v e r a l l r e a c ­
t i o n i s p r o j e c t e d t o be t h e c o m b i n a t i o n o f s e v e r a l 
c a t a l y t i c d e h y d r o g e n a t i o n s t e p s a n d a n o n - c a t a l y t i c 
c y c l i z a t i o n s t e p . T h i s p r o j e c t i o n i m p l i e s t h a t t h e 
d e s i g n o f t h e c a t a l y t i c r e a c t o r may be i m p o r t a n t i n 
o r d e r t o o p t i m i z e t h e r a t i o o f v o i d s p a c e f o r c y c l i z a ­
t i o n a n d c a t a l y s t s p a c e f o r d e h y d r o g e n a t i o n . 

The d e h y d r o g e n a t i o n s t u d i e s w i t h l a b e l e d c y c l o h e x ­
ane s u g g e s t t h a t C-H c l e a v a g e i s i n v o l v e d i n t h e r a t e 
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l i m i t i n g reaction step. We (5) have shown that each Te 
atom i s capable of holding two H atoms. Extraction of 
the H atoms from the hydrocarbons may well involve a 
series of steps l i k e the ones shown i n Figure 7. The 
exact nature of the active s i t e i s not known. However, 
s o l i d state Na NMR spectra in Figure 5 indicate that the 
Na environment in the catalyst i s altered considerably 
by the presence of the Te (5). This probably means that 
the Te atoms are somehow located in close proximity to 
the .Na ions and possibly involve a chemical interaction 
between the two. The XPS spectra summarized in the table 
indicate that the Te i n the reduced catalyst i s about 
equally distributed between the zero and +4 oxidation 
states. 

Conclusions 

This Te NaX ze o l i t e i s a highly selective catalyst for 
converting η-paraffins (C5 or larger) into aromatics. 
The presence of the Na probably reduces the inherent 
a c i d i t y to the point where skeletal isomerization and 
cracking of the hydrocarbon do not occur to any appre­
ciable extent. Olefins are intermediates i n the 
reaction. However, cyclohexane i s not a gas phase 
intermediate, even though i t can be quantitatively con­
verted into the correct benzene product under reaction 
conditions. The rate l i m i t i n g step i s cleavage of C-H 
bonds. Most l i k e l y , the reaction i s a combination of 
c a t a l y t i c dehydrogenation reactions and a rapid noncata-
l y t i c c y c l i z a t i o n step. The Te species probably act to 
remove the H atoms from the hydrocarbons by forming a 
surface di-hydride which can subsequently release H2. 
While the exact location of the Te atoms i n the z e o l i t e 
structure remains elusive, they are probably located i n 
positions s u f f i c i e n t l y close to the Na ions to i n f l u ­
ence the nuclear magnetic properties of the sodium. 
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Figure 6. Proposed reaction scheme during dehydro­
cy c l i z a t i o n of η-paraffins over Te-NaX. 
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Figure 7. P o s s i b l e formation of Te d i h y d r i d e during 
dehydrogenation of p a r a f f i n s over Te-NaX z e o l i t e . 
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Titanium Dioxide Single-Crystal and Powder Surfaces 
in the Presence and Absence of Platinum 
An Auger Electron Spectroscopic and Electron-Stimulated 
Desorption Study 

M. A. Vannice1, P. Odier2, M. Bujor3, and J. J. Fripiat3 

1Department of Chemical Engineering, The Pennsylvania State University, University Park, 
PA 16802 

2C.N.R.S.-C.R.P.H.T., Orleans La Source 45045, France 
3C.N.R.S.-C.R.S.O.C.I., Orleans La Source 45045  France 

This study examine
tion, as indicated by O/Ti and C/Ti ratios measured 
by AES, as temperatures were varied from 300 to 1075K 
and surfaces were exposed to H2, O2, and CO. ESD 
studies were also conducted by continuous exposure of 
one region to the Auger electron beam and comparison 
to another region outside the beam. On the single 
crystals without Pt, initial O/Ti ratios between 1.5 
and 2.0 increased rapidly between 650K and 850K to 
values near or above 2.5. The addition of Pt elimi­
nated the high O/Ti ratios at 900K. The high O/Ti 
ratios attained above 900K infer that the slow step 
in the reduction of TiO2 is the removal of oxygen 
from the surface, and either ESD or Pt enhances this 
step. 

R e c e n t l y , m e t a l / T i Û 2 systems have a t t r a c t e d a t t e n t i o n because-of 
observed changes i n a d s o r p t i o n b e h a v i o r , c a t a l y t i c a c t i v i t y , and 
the p o s s i b i l i t y of e l e c t r o n t r a n s f e r between the metal and t i t a n i a 
(1-15). This study was undertaken t o examine the changes i n s u r ­
f a c e c o m p o s i t i o n , as i n d i c a t e d by 0/Ti and C/Ti r a t i o s measured by 
Auger E l e c t r o n Spectroscopy (AES), as temperatures were v a r i e d from 
300 t o 1075K and exposures t o H 2 , O 2 and CO were employed. The 
e f f e c t of temperature was of p r i n c i p a l importance because r e d u c t i o n 
of m e t a l / T i 0 2 c a t a l y s t s , such as Pt / T i 0 2 » at temperatures near 775K 
i s t y p i c a l l y r e q u i r e d t o induce the SMSI s t a t e ; r e d u c t i o n a t l o w e r 
t e m p e r a t u r e s produces c a t a l y s t s w i t h normal adsorption p r o p e r t i e s 
( 2 ) . We wished to compare the behavior of a s i n g l e c r y s t a l of T i 0 2 
t o t h a t of a T 1 O 2 powder f r e q u e n t l y used f o r c a t a l y s t p r e p a r a t i o n , 
so the r u t i l e T1O2 (100) plane was s t u d i e d and compared t o p r e s s e d 
powder wafers c o n t a i n i n g small c r y s t a l l i t e s of T 1 O 2 . The i n f l u e n c e 
of Pt was examined by p l a c i n g H2PtCl5 on the s u r f a c e s of both t h e 
s i n g l e c r y s t a l and t h e powder wafer. E l e c t r o n Stimulated Desorp­
t i o n (ESD) s t u d i e s were conducted by c o n t i n u o u s l y e x p o s i n g one 
r e g i o n of the s u r f a c e t o the Auger e l e c t r o n beam and comparing the 
sur f a c e composition t o that i n another r e g i o n o u t s i d e the beam. 

0097-6156/85/0288-0098$06.00/0 
© 1985 American Chemical Society 
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Experimental 

T h i s s t u d y was conducted i n an u l t r a h i g h vacuum (UHV) s t a i n l e s s 
s t e e l chamber pumped by a 200 1/s i o n pump which contained an Auger 
C y l i n d r i c a l M i r r o r Analyser (CMA) and Low Energy E l e c t r o n D i f f r a c ­
t i o n (LEED). The r e s i d u a l vacuum obtained a f t e r a 12 h b a k i n g was 
g e n e r a l l y near 10~9 T o r r and c o u l d be lowered t o about 5 x 1 0 ~ 1 0 

Torr by c i r c u l a t i n g l i q u i d n i t r o g e n against the chamber w a l l . The 
gas composition was c o n t i n o u s l y monitored by a quadrupole mass spec­
trometer. A sample manipulator allowed the r o t a t i o n and p o s i t i o n ­
i n g of the sample. 

The T i 0 2 s i n g l e c r y s t a l s were c u t from a s i n g l e c r y s t a l rod 
i n the shape of d i s k s , 10 mm wide and 1 mm t h i c k , w h i c h d i s p l a y e d 
the (100) f a c e . The s i n t e r e d powders were p e l l e t s cut from a rod 
of pure Degussa P25 T1O2 powder compacted i n an i s o s t a t i c p r e s s a t 
h i g h p r e s s u r e (M00 MPa
before compacting. Th
b e f o r e compacting t o avoid the l o s s of Pt by formation of v o l a t i l e 
Pt oxides. Two Pt/TiU2 (100) samples were p r e p a r e d u s i n g a s o l u ­
t i o n of H 2 P t C l 5 t o g i v e nominal Pt monolayer coverages of 0.5 and 
1. 

Auger s p e c t r a were recorded i n the d e r i v a t i v e mode from 20 t o 
600 eV to detect a l l the surfa c e elements, i n c l u d i n g c o n t a m i n a n t s , 
a t t h e v a r i o u s Ti02 s u r f a c e s . Continous v a r i a t i o n s of the 0 and T i 
surface c o n c e n t r a t i o n s d u r i n g heat t r e a t m e n t s or gas a d s o r p t i o n 
were f o l l o w e d by scanning a l t e r n a t i v e l y o n l y the energy regions of 
the 0 and T i auger peaks. A peak s e l e c t o r was used t o produce t h i s 
s e l e c t i v e s c a n n i n g every few seconds. The peak-to-peak heights of 
the Auger peaks were used as a c l o s e a p p r o x i m a t i o n t o t h e s u r f a c e 
c o n c e n t r a t i o n . The 387 eV Auger peak of T i was chosen t o f o l l o w T i 
concentrations because i t i s much l e s s s e n s i t i v e t o t h e c h e m i c a l 
environment t h a n the 418 eV peak and t h e r e f o r e i t s v a r i a t i o n i s 
more c l o s e l y r e l a t e d to changes i n the surfa c e c o n c e n t r a t i o n of T i . 
T h i s choice i s co n s i s t e n t w i t h other authors (21,31). 

R e s u l t s 

I n i t i a l s t u d i e s were made on two s i n g l e c r y s t a l s t o de t e r m i n e 
c l e a n i n g procedures and v a r i a t i o n s i n 0 / T i i n t e n s i t y r a t i o s . The 
carbon peak a t 273 eV was removed by heat i n g above 823K i n vacuum 
f o r periods of 5 minutes or lon g e r . Heating i n O2 ( 1 . 3 x 10" 2 Pa) 
f a c i l i t a t e d c a rbon removal and t h e C peak began t o d e c r e a s e at 
lower temperatures. A l s o , c o o l i n g i n O2 r e t a r d e d the growth of t h e 
carbon peak. When p r e s e n t , t h e s m a l l S(151 e V ) , K(251 eV) and 
Ca(293 eV) peaks could be removed by a 20 minute Ar i o n bombardment 
at 300K; however, t h i s enhanced the C peak and, i n agreement w i t h 
previous work (16), i t reduced the 0/Ti r a t i o t o values between 1 . 3 
and 1.4. F i g u r e 1 shows Auger s p e c t r a f o r a (100) surface from 
c r y s t a l A. The i n i t i a l high O/Ti r a t i o s near 2.4 were reduced by 
i o n bombardment t o 1.5 and i n c r e a s e d t o o n l y 2.1 a f t e r another 
heat c y c l e t o 953K. Con s i d e r i n g that the s e n s i t i v i t y t o t h e Ti ( 3 8 7 
eV) peak i s 10$ lo w e r t h a n t h a t t o t h e 0(510 eV) peak (17)> the 
i n t e n s i t y r a t i o of 2.1 c o r r e s p o n d s t o an O/Ti a t o m i c r a t i o near 
1.9, which i s c l o s e t o s t o i c h i o m e t r i c f o r Τ 1 Ο 2 · 
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® O/Ti = 2.8 
T= 680 eC 

0 0/Ti= 2.4 
T= 20 eC 

© 0/Ti = 1.5 
Τ = 20 β C 

0 0 / T i = 2.1 
/ * · T= 200°C 

Ti 

Ti02 (100) 

F i g u r e 1. Auger s p e c t r a on Ti02(100) during c l e a n i n g procedures, 
1a. Before i o n et c h i n g - Room temperature 
1b. Before i o n e t c h i n g - Heating at 680°C 
1c. A f t e r i o n et c h i n g - Room temperature 
1d. A f t e r i o n et c h i n g - Heating at 680°C 
1e. A f t e r i o n e t c h i n g , heating and c o o l i n g at 200°C under 5x10~? 
t o r r 02· 
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On a l l the T i 0 2 ( l 0 0 ) c r y s t a l s f u r t h e r i n v e s t i g a t e d , maximum 
C/Ti r a t i o s between 0.2 and 0.3 were sometimes observed a f t e r stand­
i n g f o r l o n g periods at 300K i n the UHV system and before high tem­
perature treatments, as shown i n F i g u r e l a , f o r example. 

A second c r y s t a l (B) gave higher i n t e n s i t y r a t i o s between 2.8 
and 2.9 a t 923K when heated i n vacuo. Exposure at t h i s temperature 
to H 2(1.3 x 10~ 2 Pa), 0 2(1.3 x 10~3 p a ) or CO (1.3 x 1 0 ~ 2 Pa) had 
e s s e n t i a l l y no e f f e c t on t h e s e O/Ti i n t e n s i t i e s d u r i n g exposure 
time periods of 5-20 min (300-1200 L ) . 

To study the e f f e c t s of ESD and temperature on s u r f a c e composi­
t i o n i n more d e t a i l , a t h i r d c r y s t a l (C) was used which had a Pt 
c o a t i n g on i t s back to improve contact w i t h the h o l d e r . The f i r s t 
s t u d y of the e f f e c t s of ESD and temperature on T i 0 2 i n v o l v e d the 
continous monitoring of the 0(510 eV) and T i ( 3 8 7 eV) peak i n t e n s i ­
t i e s as the temperature was s l o w l y increased t o 1073K. The behav­
i o r i s shown i n F i g u r
i n i t i a l 0 /Ti r a t i o of 2.3
was run on a p o r t i o n of the surface w i t h an i n i t i a l 0 / T i r a t i o of 
1.70, and t h e r e s u l t s a r e a l s o shown i n F i g u r e 2. The f i n a l 0/Ti 
r a t i o at high temperature was very near th a t of the i n i t i a l run. 

To c l a r i f y the r o l e of EDS i n t h e s e h e a t i n g / c o o l i n g c y c l e s , 
two regions on the c r y s t a l surface 1mm apart were examined si m u l t a n ­
eously. One r e g i o n was continuously exposed t o t h e e l e c t r o n beam 
whereas the o t h e r r e g i o n was exposed t o the beam f o r o n l y a short 
p e r i o d of time (1-2 min) during which the 0(510 eV) and T i ( 3 8 7 eV) 
peaks were measured u s i n g the peak s e l e c t o r described p r e v i o u s l y . 
The d i f f e r e n c e s i n b e h a v i o r r e g a r d i n g s u r f a c e c o m p o s i t i o n a r e 
c l e a r l y shown i n F i g u r e 3. The i n t e n s i t i e s of the two peaks versus 
temperature are shown i n F i g u r e 4. The T i peak d e c r e a s e s c o n t i n u ­
o u s l y d u r i n g the c y c l e whereas the 0 s i g n a l increases between 373 
and 823K d u r i n g h e a t i n g and d e c r e a s e s c o n t i n u a l l y d u r i n g t h e 
c o o l i n g c y c l e . The i n d i c a t e d f i n a l values are those measured the 
f o l l o w i n g day a f t e r 16 hr at 300K i n the UHV system. 

The s i n g l e c r y s t a l covered w i t h 1.2 χ 10 15 p t atoms ( = 1 mono­
l a y e r ) was c h a r a c t e r i z e d by AES p r i o r t o any heat t r e a t m e n t or 
r e d u c t i o n procedure, and peaks at 40 and 67 eV i n d i c a t e d the Pt was 
d e t e c t a b l e . A d d i t i o n a l s p e c t r a at 513K showed weak a d d i t i o n a l Pt 
peaks a t 151 and 168 eV and a CI peak a t 181 eV. A s t e p w i s e 
h e a t i n g / c o o l i n g c y c l e was conducted under the e l e c t r o n beam and 
w i t h no beam on. The 0/Ti r a t i o s f o r the two regions are r e p r e s e n ­
t e d i n F i g u r e 5. Q u i t e s i m i l a r 0 / T i r a t i o s were fou n d i n both 
r e g i o n s and e s s e n t i a l l y no h y s t e r e s i s o c c u r r e d d u r i n g c o o l i n g . 
A f t e r t h i s s e r i e s of e x p e r i m e n t s , the sample was heated t o 1073K, 
cooled to 503K, and exposed t o 0 2(3·3 χ 10"" 2 Pa). L i t t l e change i n 
t h e O/Ti r a t i o occurred i n e i t h e r r e g i o n . F o l l o w i n g t h i s , a number 
of r e g i o n s were examined by AES t o d e t e c t P t , but a l l Pt peaks 
found were b a r e l y d i s t i n g u i s h a b l e from the background no i s e l e v e l . 

The stepwise h e a t i n g / c o o l i n g c y c l e was conducted on t h e T i 0 2 

wafer (84J r u t i l e a f t e r b e i n g heat t r e a t e d i n 0 2 ) and a t y p i c a l 
c o r r e l a t i o n of O/Ti r a t i o versus t e m p e r a t u r e i s shown i n F i g u r e 6 
f o r one p a r t i c u l a r r u n . Surface r e d u c t i o n i s f a c i l i t a t e d by ESD, 
and a d d i t i o n a l c y c l e s c o n t i n u a l l y r e d u c e d both maximum O/Ti r a t i o 
o b t a i n e d a t high temperature and the minimum O/Ti r a t i o observed at 
room temperature, and a f i n a l value of 0.7 was measured a t t h e com-
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Figure 2. V a r i a t i o n s of the O/Ti Auger s i g n a l r a t i o on the 
Ti02(100) surface: heating and c o o l i n g under the e l e c t r o n beam. 

Figu r e 3. V a r i a t i o n s of the O/Ti Auger s i n g l a r a t i o on the 
Ti02(100) surface: heating and c o o l i n g under the beam and w i t h 
no beam. 
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Figure 4. V a r i a t i o n s of the 0 and T i Auger s i g n a l s t r e n g t h 
d u r i n g heating and c o o l i n g of the Ti02(100) s u r f a c e . 
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Figure 5. V a r i a t i o n s of the O/Ti Auger s i g n a l r a t i o on the 2% wt 
Pt/Ti02(100) surface: heating and c o o l i n g under the beam and 
w i t h no beam. 
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p i e t i o n o f these experiments. The r e g i o n out of the beam reproduc-
i b l y f o l l o w e d the p a t t e r n i n F i g u r e 6, c y c l i n g between O/Ti r a t i o s 
of 1.8 and 2.1. Exposure a t 493K t o H 2 had l i t t l e e f f e c t on peak 
i n t e n s i t i e s , and exposure t o 0 2 produced o n l y a s m a l l r e v e r s i b l e 
i n c r e a s e . F i n a l l y , C(273 eV) peaks were q u i t e small on a l l areas 
of t h i s wafer, t y p i c a l l y g i v i n g C/Ti r a t i o s below 0.1, but t h e y 
were always s m a l l e r i n the regions not continuously exposed t o the 
e l e c t r o n beam. 

The r e s u l t s from the stepwise h e a t i n g / c o o l i n g c y c l e f o r the 2% 
P t / T i 0 2 wafer prepared from t h i s impregnated t i t a n i a (anatase) pow­
der are a l s o shown i n F i g u r e 6. S i m i l a r t o the P t / T i 0 2 (100) sam­
p l e , some charging was o b s e r v e d i n t h e b e g i n n i n g a t t e m p e r a t u r e s 
below 3 7 3 K . S e v e r a l high temperature treatments removed t h i s pro­
blem. High O/Ti r a t i o s between 2.8 and 3.0 were o b t a i n e d a t 903K 
even a f t e r H 2 exposures up t o 3 χ 10^ L. Exposure t o 0 2 (5 .3 x 
10" 2 Pa) at 493K produce
r a t i o . F i n a l l y , e x t r e m e l
r a t i o s , 7-8 and 1-4 r e s p e c t i v e l y , were observed on v a r i o u s r e g i o n s 
of the wafer i n d i c a t i n g a high l e v e l of contamination. Heating i n 
10"5 pa 0 2 at 773K f o r 35 min reduced these r a t i o s t o near 1.9 and 
0.5, r e s p e c t i v e l y , and a subsequent heat t r e a t m e n t a t 1033K i n 
vacuo gave more t y p i c a l O/Ti r a t i o s near 2.8 and C/Ti r a t i o s below 
0.1. A f t e r t h i s treatment, the maximum C peak i n t e n s i t i e s obtained 
on t h i s T i 0 2 powder c a t a l y s t s were much s m a l l e r t h a n t h o s e on t h e 
s i n g l e c r y s t a l s , and the C/Ti r a t i o s ranged between 0.04 and 0.19. 
T h i s surface carbon c o n c e n t r a t i o n was much lower than t h a t r e p o r t e d 
i n a p r e v i o u s s t u d y of P t / T i 0 2 powder ( 9 ) . A r e p r e s e n t a t i v e Auger 
spectrum a f t e r a l l runs were made i s shown i n F i g u r e 7. 

D i s c u s s i o n 

Numerous s t u d i e s have been devoted t o the c h a r a c t e r i z a t i o n of T i 0 2 

(16,18-40), and many of them i n v o l v e d surface a n a l y t i c a l t e c h n i q u e s 
such as AES, XPS, UPS, LEED, and EELS (18-32). More recent s t u d i e s 
have been devoted t o m e t a l / T i 0 2 systems (7,9,12-15,41 - 4 7 ) . How­
e v e r , t h e s e s u r f a c e c h a r a c t e r i z a t i o n s t u d i e s were t y p i c a l l y conduc­
ted on surfaces at 300K a f t e r v a r i o u s a n n e a l i n g t r e a t m e n t s w h i l e 
our p a r t i c u l a r i n t e r e s t was the a c t u a l s t a t e of the surface at v a r i ­
ous t e m p e r a t u r e s , p a r t i c u l a r l y i n t h e r e g i o n between 473-773K, 
which i s r e q u i r e d t o i n d u c e SMSI behavior. Previous s t u d i e s (16, 
23) had found c l e a r evidence f o r e l e c t r o n beam damage when AES i s 
u t i l i z e d , and i t s e f f e c t on the surface composition of t i t a n i a was 
examined i n terms of ESD over a wide t e m p e r a t u r e r a n g e . F i n a l l y , 
because of the s i g n i f i c a n t changes i n H 2 and CO chemisorption on 
T i 0 2 - s u p p o r t e d metals, the knowledge t h a t bulk T i 0 2 becomes oxygen 
d e f i c i e n t when heated t o h i g h t e m p e r a t u r e i n vacuo or i n H 2 (33» 
34), and the p o s s i b i l i t y t h a t t i t a n i u m o x i d e s p e c i e s may form on 
t h e d i s p e r s e d m e t a l s u r f a c e , the e f f e c t s of H 2, CO and 0 2 exposure 
were c o n s i d e r e d . The c o m p o s i t i o n of t h e T i 0 2 s u r f a c e and t h e 
e f f e c t of ESD was determined on s i n g l e c r y s t a l s and t i t a n i a powders 
before and a f t e r Pt was dispersed on t h e i r s u r f a c e s . 

Some r e s u l t s from t h i s s t u d y of T i 0 2 s u r f a c e s were i n good 
agreement w i t h p r e v i o u s r e p o r t s . For example, th e C(372) peak 
could be removed by heating above 875K (20,21,23); Ar i o n bombard-
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Figur e 6. V a r i a t i o n s of the O/Ti Auger s i g n a l r a t i o of the T i 0 2 

powder and the 2% wt P t / T i 0 2 powder. 
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F i g u r e 7. T y p i c a l Auger spectrum of the surface of the 2% wt 
P t / T i 0 2 powder. 
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ment a t 300K produced low O/Ti r a t i o s below 1.5 and a f t e r 
s e v e r a l heat c y c l e s above 875K, t y p i c a l O/Ti r a t i o s were between 
1.5 and 2.0 a f t e r c o o l i n g t o 300K, which f r e q u e n t l y r e q u i r e d over 
one hour (20,2Π_,£3). 

The T i 0 2 (100) s u r f a c e repeatedly showed a marked incr e a s e i n 
the 0/Ti r a t i o between 575 and 875K, as shown i n F i g u r e s 2 and 3 , 
b e h a v i o r which i s i n e x c e l l e n t agreement w i t h that reported by T a i t 
and Kasowski (2^) a l t h o u g h t h e i r Auger r e s u l t s were o b t a i n e d a t 
300K a f t e r a n n e a l i n g a t e a c h g i v e n t e m p e r a t u r e . R e c e n t l y , 
N i s h i g a k i (31 ) has found the same q u a l i t a t i v e behavior showing t h a t 
the oxygen c o n t r i b u t i o n t o the i n t e r a t o m i c t r a n s i t i o n [ L ( T i ) M ( T i ) 
V(0)] r i s e s w i t h the a n n e a l i n g t e m p e r a t u r e at the expense of the 
t i t a n i u m c o n t r i b u t i o n . T h i s i n c r e a s e i s a t t r i b u t e d to the d i f f u ­
s i o n of b u l k l a t t i c e oxygen towards t h e s u r f a c e and r e s u l t s i n 
r a i s i n g t he l o c a l oxygen c o o r d i n a t i o n t o T i atoms. The present 
study does not give an
oxygen a t the s u r f a c e
would be very h e l p f u l to get such i n f o r m a t i o n . I t s h o u l d be men
t i o n e d t h a t the O/Ti i n c r e a s e becomes appreciable only above 600K 
where bulk d i f f u s i o n enables the r e d u c t i o n of T i 0 2 t o s t a r t s i g n i f i ­
c a n t l y ( 3 3 . » ^ ) · T h i s marked change i n surface composition between 
575 and 875K i s p a r t i c u l a r l y i n t r i g u i n g because t h i s i s the tempera­
t u r e range d u r i n g which SMSI behavior i s induced i n Ti0 2 - s u p p o r t e d 
metal c a t a l y s t systems (2^,6). 

The e f f e c t of the Auger e l e c t r o n beam on the composition of 
the (100) su r f a c e i n the absence of P t i s c l e a r l y demonstrated i n 
F i g u r e 2 and 3: i t g r e a t l y f a c i l i t a t e s removal of surface oxygen, 
gives l i t t l e h y s t e r e s i s i n the h e a t i n g / c o o l i n g l o o p , and i t r e p e a t ­
e d l y g i v e s low O/Ti r a t i o s between 1.5 and 2.0. The e l e c t r o n beam 
damage observed here i s r e l a t e d to e l e c t r o n s t i m u l a t e d d e s o r p t i o n , 
ESD, (20). I n t h e i r paper, Knotek and Feibelman have proposed t h a t 
ESD of p o s i t i v e ions ( 0 + ) occurs as a consequence of an i n t e r a t o m i c 
A uger t r a n s i t i o n , a view s u p p o r t e d by the r e c e n t f i n d i n g s of 
N i s h i g a k i (31). I n t e n s i v e beam damage can occur, as reported p r e v i ­
o u s l y f o r o t h e r T i 0 2 s u r f a c e s ( 16,23) , and s u r f a c e s w i t h 0 / T i 
r a t i o s as low as those expected f o r s t o i c h i o m e t r i c T i 2 0 3 a r e e a s i l y 
o b t a i n e d a t low t e m p e r a t u r e (< 500K) by continuous e l e c t r o n beam 
exposure. 

D u r i n g h e a t i n g , the r e g i o n under the beam behaves g l o b a l l y as 
the r e g i o n o u t s i d e the beam; however, i t i s n o t i c e a b l y d i f f e r e n t 
d u r i n g c o o l i n g , the former f o l l o w s the heating l i n e w h i l e the l a t ­
t e r decreases only s l i g h t l y , g i v i n g s i g n i f i c a n t h y s t e r e s i s - as i n 
F i g u r e 3. However, a f t e r s t a n d i n g out of the beam an O/Ti r a t i o 
below 2.0 was again obtained as shown i n that F i g u r e . 

One of the s u r p r i s i n g r e s u l t s i n t h i s study was the h i g h 0 / T i 
r a t i o r o u t i n e l y a c h i e v e d at and above 875K, and values between 2.5 
and 3.0 f r e q u e n t l y were measured. Higher r a t i o s of 0 / Ti t h a n p r e ­
d i c t e d f o r s t o i c h i o m e t r i c T i 0 2 [2.2, t a k i n g i n t o account the r e l a ­
t i v e s e n s i t i v i t i e s of the 0(510) and T i ( 3 8 7 ) peaks a t 3 keV] a r e 
sometimes f o u n d i n the l i t e r a t u r e (19,22,32), and they should not 
be taken as the clea n oxide values because the AES s i g n a l does not 
d i s c r i m i n a t e between adsorbed oxygen and true metal oxide oxygen. 
We are aware t h a t changes i n l i n e w i d t h can a l t e r peak-to-peak 
r a t i o s ; however, we have assumed that the 0/Ti r a t i o s i n d i c a t e aver-
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age s u r f a c e c o m p o s i t i o n even i f i n d i v i d u a l phases are d i f f i c u l t to 
i d e n t i f y unambiguously (32). On t h i s b a s i s the s u r f a c e appears t o 
be TiÛ2 and may even con t a i n excess oxygen; t h e r e f o r e , an i n t e r e s t ­
i n g paradox e x i s t s under these h i g h - t e m p e r a t u r e c o n d i t i o n s . B u l k 
r e d u c t i o n of T1O2 i s known to occur (33) and, indeed, the i n i t i a l l y 
y e l l o w i s h c r y s t a l s were b l u e when removed from the chamber; how­
e v e r , the surface i s composed of U O 2 which may even be oxygen-rich 
during t h i s r e d u c t i o n p r o c e s s . The d a t a i n F i g u r e 4 show t h a t a 
net i n c r e a s e i n t h e 0 s i g n a l s t r e n g t h occurs above 575K whereas a 
c o n t i n u a l d e c l i n e occurs i n the T i s i g n a l i n t e n s i t y . These r e s u l t s 
i n f e r that the slow step i n the bulk r e d u c t i o n of T1O2 i s the remov­
a l of surface oxygen, which presumably r e q u i r e s t h e r e c o m b i n a t i o n 
of two 0 atoms i n the absence of any ESD process. As s t a t e d i n the 
R e s u l t s s e c t i o n , the presence of H 2 , O2 or CO d i d not s i g n i f i c a n t l y 
a f f e c t t h e r e s u l t s ; t h e r e f o r e  i f these gases enhanced the r a t e of 
oxygen r e m o v a l , t h e r a t
s t i l l remained equal t

I t i s not easy to propose a s u r f a c e s t r u c t u r e t h a t can a l l o w 
oxygen c o n c e n t r a t i o n s g r e a t e r t h a n t h a t of s t o i c h i o m e t r i c Ti02? 
however, 0 vacancies created when bulk r e d u c t i o n occurs can t r a p up 
t o two e l e c t r o n s and t h e s e s i t e s may a l l o w the formation of O2 on 
the surface (23,48). I f T i 3 + c a t i o n s had m i g r a t e d away from t h e 
s u r f a c e , O/Ti r a t i o s greater than 2.2 could be achieved i n the sur­
face r e g i o n . I t i s a l s o known t h a t r e d u c t i o n of T 1 O 2 o c c u r s by 
i n t e r s t i t i a l t i t a n i u m f o r m a t i o n (34,40) (TK>2 • T i i * * * + 4e~ + 0 2) 
r e l e a s i n g oxygen without the need of any vacant s i t e s i n t h e s u r ­
f a c e . Such b e h a v i o r may a l s o p r o v i d e a f a v o r a b l e s i t u a t i o n f o r 
oxygen accumulation at t h e s u r f a c e . A l t h o u g h i t may be p o s s i b l e 
t h a t h y d r o x y l groups form, thereby i n c r e a s i n g the O/Ti r a t i o at the 
s u r f a c e , t h i s formation would not be expected at these high tempera­
tures . 

The s u r f a c e of the T 1 O 2 powder showed d i f f e r e n c e s from the 
r u t i l e (100) s u r f a c e , which may w e l l be a t t r i b u t a b l e t o t h e f a c t 
t h a t i t was i n i t i a l l y 84$ a n a t a s e . T h i s b e h a v i o r may a l s o be a 
consequence of the presence of t h e s m a l l (10-50 nm) c r y s t a l l i t e s 
w h i c h e x i s t i n t h i s p a r t i c u l a r T 1 O 2 powder as r e c e i v e d (2). 
Although the O/Ti r a t i o increased w i t h i n c r e a s i n g temperatures, the 
t r a n s i t i o n between 575 and 875K was not so s h a r p and t h e 0 / T i 
r a t i o s at high temperature never exceeded 2.1. L i t t l e h y s t e r e s i s 
was f o u n d f o r t h i s powder wafer b o t h i n the beam or out of the 
beam, as shown i n Figure 6. Again, though, ESD l e d t o l o w e r O/Ti 
r a t i o s a f t e r c o o l i n g to below 350K. In f a c t , oxygen appeared t o be 
more e a s i l y removed by ESD from t h i s powder s u r f a c e t h a n from the 
(100) s u r f a c e because r e p e a t e d heat c y c l e s i n the beam produced a 
continuous, i r r e v e r s i b l e decrease i n t h e O/Ti r a t i o s a t b o t h h i g h 
and low t e m p e r a t u r e s . A f t e r numerous h e a t i n g / c o o l i n g c y c l e s , the 
f i n a l observed O/Ti r a t i o of 0.7 a t 300K produced by beam damage 
was so low t h a t the presence of m e t a l l i c Ti(Ti°) or perhaps a TiÛ2 
phase (49) i s r e q u i r e d t o e x p l a i n t h i s value. Again, surface recon­
s t r u c t i o n and r e d u c t i o n may be more e a s i l y achieved on small c r y s ­
t a l l i t e s than on l a r g e s i n g l e c r y s t a l s because of d i f f e r e n c e s i n 
s u r f a c e f r e e energy. I n the absence of ESD, the 0/Ti r a t i o repeat­
e d l y c y c l e d between 1.8 at 300K and 2.1 at 975K or higher. 
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The a d d i t i o n of 0.5 monolayer of Pt to the (100) surface had a 
major e f f e c t . I t removed the h y s t e r e s i s o b s e r v e d w i t h o u t t h e P t , 
and r e g i o n s b o t h i n and out of the e l e c t r o n beam showed s i m i l a r , 
r e v e r s i b l e 0/Ti r a t i o s d uring the h e a t i n g / c o o l i n g c y c l e . A l t h o u g h 
a s m a l l d i f f e r e n c e e x i s t e d i n i n i t i a l 0 / T i r a t i o s i n the two 
re g i o n s , values were i d e n t i c a l d u r i n g t h e c o o l i n g p e r i o d . B o t h 0 
and T i peak i n t e n s i t i e s d e c l i n e d c o n t i n u o u s l y d u r i n g the c y c l e . 
S i m i l a r behavior was observed on the second sample which c o n t a i n e d 
t w i c e as much Pt d i s t r i b u t e d over a small f a c t i o n of the s u r f a c e , 
as shown i n F i g u r e 5. On t h i s sample, l o w e r 0/Ti r a t i o s were 
a t t a i n e d a t 1100K, but both regions again e x h i b i t e d almost i d e n t i ­
c a l surface c o m p o s i t i o n s d u r i n g the c o o l i n g c y c l e . P t seems t o 
f a c i l i t a t e oxygen r e m o v a l , r e s u l t i n g i n lower 0/Ti r a t i o s on the 
(100) s u r f a c e , compared t o the P t - f r e e s u r f a c e , and a s i m i l a r i t y i n 
b e h a v i o r between Pt-covered surfaces and ESD. Platinum i s known t o 
r e a d i l y d i s s o c i a t e oxyge
d i r e c t i o n t o a c t as a
0 atoms (50). The e f f e c 2 powde  pro
nounced, as i n d i c a t e d i n F i g u r e 6. I n c r e a s e s i n the 0/Ti r a t i o 
were again observed i n both regions as temperature i n c r e a s e d , w i t h 
v a l u e s over 2 . 8 b e i n g a t t a i n e d . However, during the c o o l i n g c y c l e 
a s i g n i f i c a n t d e c r e a s e i n th e O/Ti r a t i o o c c u r r e d i n t h e r e g i o n 
c o n t i n u o u s l y exposed t o the e l e c t r o n beam producing a value near 
1 . 8 , whereas a much smaller h y s t e r e s i s loop e x i s t e d f o r t h e r e g i o n 
not a f f e c t e d by ESD, and 0/Ti r a t i o s remained near 2.4. 

Conclusions 

I n t h e presence of H 2, p l a t i n u m can a c t i v a t e hydrogen and a l l o w 
hydrogen s p i l l o v e r onto metal oxides (50), and t h i s r o u t e has been 
proposed f o r P t - c a t a l y z e d r e d u c t i o n of T i 0 2 under hydrogen (44,51 ). 
Moreover, t h i s study i n d i c a t e s t h a t Pt may a l s o c a t a l y z e t h e r e d u c ­
t i o n o f T i 0 2 by f a c i l i t a t i n g t h e d e s o r p t i o n o f molecular oxygen 
from the s u r f a c e . Above 600K, bulk oxygen d i f f u s i o n r a t e s become 
s i g n i f i c a n t and oxygen m i g r a t e s r e a d i l y t o the s u r f a c e . The 0/Ti 
r a t i o s much higher than 2 . 2 (the approximate v a l u e f o r s t o i c h i o m e ­
t r i c T i 0 2 ) , o b s e r v e d i n t h i s s t u d y a t h i g h e r t e m p e r a t u r e s , are 
i n t e r p r e t e d t o mean that the slow step i n the r e d u c t i o n of T i 0 2 i s 
the d e s o r p t i o n of m o l e c u l a r oxygen from the s u r f a c e . ESD r e s u l t s 
i n lower 0/Ti r a t i o s because i t can remove oxygen i n t h e form of 
p o s i t i v e i o n s , such as 0 +, whereas Pt acts as a porthole f o r desorb-
i n g molecular oxygen. 
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10 
Clusters: Molecular Surfaces 

A. Kaldor, D. M . Cox, D. J . Trevor, and R. L. Whetten 

Corporate Research Science Laboratories, Exxon Research & Engineering Company, 
Annandale, NJ 08801 

There is considerabl
interest in obtaining an understanding of the chemical 
and physical properties of clusters of atoms, both 
metal l ic and non-meta11ic, in the range of 2 to 200 
atoms, for it is widely believed that in this regime the 
transition from molecular to bulk properties occurs. Much 
work has already been done to explore the scientific 
issues in this regime, mostly with clusters supported on 
"inert" materials, such as carbon films or inorganic 
oxides. (1) Other efforts included producing and isola­
ting few atom clusters in low temperature matrices. (2) 
In the past years, as a result of a significant triumph 
in synthetic efforts, metal cluster compounds as large as 
[ P t 3 8 (CO) 4 4 H x ] 2- have been prepared and s tructura l ly 
characterized. (3) But despite all the elegant work in 
the past, a general technique to prepare and study the 
properties of coordinatively unsaturated, unsupported 
clusters had yet to emerge. The purpose of this paper is 
to br i e f ly review the recent development of a general 
technique to prepare and study many properties of such 
clusters. 

S i n c e t h e d e m o n s t r a t i o n b y S c h u m a c h e r e t a l (4) o f t h e 
u s e o f alkali m e t a l v a p o r i n c l u s i o n i n t o a s u p e r s o n i c 
beam t o p r o d u c e c l u s t e r s , t h e r e h a v e b e e n a number o f 
a t t e m p t s t o g e n e r a l i z e t h e a p p r o a c h . I t h a s r e c e n t l y 
b e e n r e c o g n i z e d t h a t i n s t e a d o f h i g h t e m p e r a t u r e o v e n s , 
w i t h t h e i r c o n c o m m i t a n t s e t o f c o m p l e x e x p e r i m e n t a l 
p r o b l e m s , a n i n t e n s e p u l s e d l a s e r beam f o c u s e d o n a 
t a r g e t c o u l d be e f f e c t i v e l y u s e d t o p r o d u c e m e t a l atoms 
i n t h e t h r o a t o f a s u p e r s o n i c e x p a n s i o n v a l v e . (5) I f 
t h e s e a t o m s a r e i n j e c t e d i n t o a h i g h p r e s s u r e i n e r t g a s , 
s u c h a s h e l i u m , n u c l e a t i o n t o p r o d u c e c l u s t e r s o c c u r s . 
T h i s d e v e l o p m e n t h a s a s i t s m o s t i m p o r t a n t r e s u l t t h a t 
c l u s t e r s o f v i r t u a l l y a n y m a t e r i a l now c a n b e p r o d u c e d 
and s t u d i e d w i t h r e l a t i v e e a s e . 

0097-6156/ 85/0288-Ό111 $06.00/0 
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The p u l s e d c l u s t e r s o u r c e ( F i g u r e 1) i s c h a r a c t e r i z e d 
o n l y i n a l i m i t e d s e n s e a n d s u b s t a n t i a l o p p o r t u n i t i e s 
r e m a i n t o d e v e l o p i t i n t o a f u l l y p r e d i c t a b l e a n d c o n ­
t r o l l a b l e s o u r c e . As an e x a m p l e o f some o f t h e i m p o r t a n t 
u n r e s o l v e d i s s u e s , c o n s i d e r t h e q u e s t i o n o f t h e i n t e r n a l 
e n e r g y c o n t e n t o f t h e e m e r g i n g c l u s t e r s : We s t i l l n e e d 
t o know how i t v a r i e s a s a f u n c t i o n o f c l u s t e r s i z e , a n d 
w h e t h e r i t c a n be c o n t r o l l e d a n d m e a s u r e d . An e q u a l l y 
i m p o r t a n t i s s u e i s w h e t h e r t h e c l u s t e r s i z e d i s t r i b u t i o n 
c a n be c o n t r o l l e d ; i d e a l l y o n e w o u l d l i k e t o p r o d u c e a 
m o n o s i z e d c l u s t e r beam c h o s e n b y s i m p l e c h a n g e s i n o p e r ­
a t i o n o f t h e s o u r c e . E f f o r t i n t h i s d i r e c t i o n i s o n l y 
b e g i n n i n g . A n o t h e r i s s u e c o n c e r n s t h e m e c h a n i s m o f t h e 
c l u s t e r n u c l e a t i o n . What we know a b o u t t h e s o u r c e 
d e r i v e s p r i m a r i l y f r o m o p t i c a l s p e c t r o s c o p y o f d i m e r s a n d 
t r i m e r s , (6) and f r o
i n o u r l a b o r a t o r y .
s m a l l m e t a l c l u s t e r s ( d i m e r s , t r i m e r s ) c a n be p r o d u c e d 
r o t a t i o n a l l y c o l d ( < 1 0 K ) , b u t w i t h s i g n i f i c a n t v i b r a ­
t i o n a l e n e r g y c o n t e n t ( 1 0 0 K t o 6 0 0 K ) , d e p e n d i n g on 
e x p a n s i o n c o n d i t i o n s . L i t t l e i s known r e g a r d i n g t h e 
i n t e r n a l e n e r g y c o n t e n t o f l a r g e r c l u s t e r s . From e x p e r i ­
m e n t s on a l l o y c l u s t e r s ( F i g u r e 2) we h a v e i n f e r r e d t h a t 
m e t a l c l u s t e r s grow b y atom a d d i t i o n , ($) b u t c l u s t e r s o f 
n o n - c o n d u c t o r s s u c h a s c a r b o n f o r m b y more c o m p l e x mech­
a n i s m s . (9) 

T h e p u l s e d m o l e c u l a r beam c l u s t e r s o u r c e h a s p r o d u c e d 
c l u s t e r s o f v i r t u a l l y e v e r y m a t e r i a l — w e h a v e made 
c l u s t e r s o f e v e n t h e m o s t r e f r a c t o r y t r a n s i t i o n m e t a l s , 
o f g r o u p I I I B a n d I V B e l e m e n t s , a n d n u m e r o u s o x i d e s , 
c a r b i d e s , and i n t e r m e t a l l i c a l l o y s o f t h e s e e l e m e n t s . 

The most u n u s u a l c l u s t e r d i s t r i b u t i o n p r o d u c e d was t h a t 
o f c a r b o n ( F i g u r e 3 ) . T h i s w o r k i s d i s c u s s e d i n some 
d e t a i l i n a r e c e n t p a p e r . (9) F o r t h e p u r p o s e o f t h i s 
d i s c u s s i o n i t s u f f i c e s t o e m p h a s i z e t h a t a b i m o d a l d i s ­
t r i b u t i o n was p r o d u c e d , one c o n s i s t i n g o f c l u s t e r s o f C x 

c o m p o s i t i o n , χ = 1 - 3 0 , w i t h a n i n t e r n a l d i s t r i b u t i o n 
s i m i l a r t o t h a t p r o d u c e d b y a v a r i e t y o f o t h e r e a r l i e r 
e x p e r i m e n t s , r a n g i n g f r o m h i g h t e m p e r a t u r e e v a p o r a t i o n 
t e c h n i q u e s t o s e c o n d a r y i o n m a s s s p e c t r o m e t r y e x p e r i ­
m e n t s . The s e c o n d d i s t r i b u t i o n , made up o f l a r g e c l u s t e r s 
( x > 4 0 ) , c o n t a i n e d o n l y e v e n c l u s t e r s ; t o s e e odd-numbered 
c l u s t e r s r e q u i r e d l a r g e p h o t o i o n i z a t i o n l a s e r i n t e n ­
s i t i e s , e n o u g h t o c a u s e c r a c k i n g t o o c c u r . The u n i t o f 
g r o w t h f o r t h i s f o r m o f c a r b o n c l u s t e r i s e v i d e n t l y C2* 
a n d t h e m a t e r i a l may b e t h e u n u s u a l p h a s e o f c a r b o n 
c a l l e d c a r b y n e , w h i c h c o n s i s t s o f l i n e a r c a r b o n c h a i n s o f 
a l t e r n a t i n g s h o r t a n d l o n g bonds w i t h w e a k e r i n t e r c h a i n 
i n t e r a c t i o n s . (_10) Some i n d i c a t i o n o f p a c k i n g e f f e c t s , 
s o m e t i m e s c a l l e d " m a g i c n u m b e r s " , (1JL) may be e v i d e n t i n 
t h e d i s t r i b u t i o n , b u t o n l y t o a m i n o r e x t e n t . 
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200 300 400 500 600 700 800 

Mass (AMU) 

F i g u r e 2 . E v i d e n c e f o r an a t o m a d d i t i o n m e c h a n i s m o f 
c l u s t e r g r o w t h i s p r o v i d e d b y a n a l y s i s o f t h e N i x C r v 

c l u s t e r d i s t r i b u t i o n p r o d u c e d b y v a p o r i z a t i o n o f a 
n i c h r o m e s u r f a c e . T h e s i m u l a t e d d i s t r i b u t i o n b e l o w 
assumes t h a t t h e p r o b a b i l i t y o f N i o r C r o c c u r r i n g i n a 
c l u s t e r i s r e l a t e d o n l y t o i t s c o m p o s i t i o n i n t h e s o u r c e 
m a t e r i a l . Reproduced f r o m Ref. 8 . C o p y r i g h t 1 9 8 5 , American 

C h e m i c a l Society. 
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Cluster Size (Atoms) 

F i g u r e 3. T h e o b s e r v e d a b u n d a n c e o f c a r b o n c l u s t e r s 
p r o d u c e d b y v a p o r i z a t i o n o f a g r a p h i t e r o d . N o t e t h e 
o s c i l l a t i o n s ( o f p e r i o d 4 ) s e e n f o r s m a l l c l u s t e r s , a nd 
t h e a b s e n c e o f o d d c l u s t e r s C x f o r x > 4 0 . Reproduced 
w i t h p e r m i s s i o n f r o m Ref. 9 . C o p y r i g h t 1 9 8 4 , American I n s t i t u t e 
of P h y s i c s . 
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Measurement o f t h e i o n i z a t i o n p o t e n t i a l o f t h e c l u s t e r s 
u s i n g a c o m b i n a t i o n o f l a s e r i n t e n s i t y d e p e n d e n c e a t a 
n u m b e r o f f i x e d - f r e q u e n c y l a s e r t r a n s i t i o n s a n d b y 
t u n a b l e v a c u u m u l t r a v i o l e t l a s e r s i s o n e o f t h e t o o l s 
a v a i l a b l e t o p r o b e t h e e l e c t r o n i c s t r u c t u r e o f t h e s e 
n o v e l m a t e r i a l s . One s i m p l e q u e s t i o n w h i c h c a n now be 
p r o b e d i s how t h e i o n i z a t i o n p o t e n t i a l v a r i e s a s a f u n c ­
t i o n o f c l u s t e r s i z e f and more s p e c i f i c a l l y when and how 
i t a p p r o a c h e s t h e b u l k w o r k f u n c t i o n . C a r b o n e x h i b i t s 
some s h a r p t r a n s i t i o n s i n i o n i z a t i o n p o t e n t i a l ( I P ) a s 
t h e c l u s t e r s i z e c h a n g e s f r o m 12 t o 13 a t o m s , a n d a g a i n 
n e a r 40 a t o m s . A l u m i n u m b e h a v e s n e a r l y l i k e a f r e e 
e l e c t r o n m e t a l b e y o n d s i x A l a t o m s , f o l l o w i n g t h e 
s p h e r i c a l d r o p l e t c o r r e c t i o n f o r t h e work f u n c t i o n o f a 
f l a t s u r f a c e . S m a l l c l u s t e r s o f N i o r A l e x h i b i t some 
o s c i l l a t i o n s i n I P
i n t e r e s t i n g s y s t e m
T h e I P o f i r o n c l u s t e r y  p h o t o
i o n i z a t i o n m e a s u r e m e n t s . T h e s e m e a s u r e m e n t s r e v e a l e d 
s t r u c t u r e i n t h e I P a s a f u n c t i o n o f c l u s t e r s i z e , w i t h 
i n f l e c t i o n s a t 2-4 a t o m s , a n d i n t h e 9-13 a t o m c l u s t e r 
r e g i m e . T h e s e may w e l l be due t o s t r u c t u r a l d i f f e r e n c e s 
i n t h e c l u s t e r s , b u t f u r t h e r e x p e r i m e n t s m u s t be d o n e t o 
e s t a b l i s h t h i s c o n c l u s i o n . T h i s o b s e r v a t i o n has a l r e a d y 
s t i m u l a t e d a s i g n i f i c a n t t h e o r e t i c a l e f f o r t t o e x a m i n e 
t h e e l e c t r o n i c s t r u c t u r e o f i r o n c l u s t e r s . (1£) More 
p o w e r f u l e x p e r i m e n t a l p r o b e s ( e . g . p h o t o e l e c t r o n s p e c t r o ­
s c o p y ) a r e n e e d e d , h o w e v e r , f o r t h e i o n i z a t i o n t h r e s h o l d 
i s n o t a p a r t i c u l a r l y s e n s i t i v e p r o b e o f t h e d e v e l o p m e n t 
o f t h e c l u s t e r d - b a n d ; i t o n l y p r o b e s t h e h i g h e s t 
o c c u p i e d e l e c t r o n i c o r b i t a l o f t h e s y s t e m . ( F i g . 4.) 

O t h e r p r o b e s o f t h e e l e c t r o n i c s t r u c t u r e o f c l u s t e r s 
i n c l u d e t h e d e t e r m i n a t i o n o f t h e m a g n e t i c moment o f t h e 
c l u s t e r s as a f u n c t i o n o f c l u s t e r s i z e . E a r l y m e a s u r e ­
m e n t s on a l u m i n u m and i r o n c l u s t e r s h a v e a l r e a d y r e v e a l e d 
a n i n t e r e s t i n g c o n t r a s t , (1J3) a n e x a m p l e o f w h i c h i s 
s h o w n i n F i g u r e 5. S p e c i f i c a l l y , we f i n d t h a t l a r g e r 
c l u s t e r s o f a l u m i n u m a r e e s s e n t i a l l y u n d e f l e c t e d i n a 
S t e r n - G e r l a c h e x p e r i m e n t , b u t A l 2 r A I 3 , A l g , a n d A I 7 
e x h i b i t s i g n i f i c a n t d e f l e c t i o n . S i m i l a r e x p e r i m e n t s on 
F e x , F e x O , a n d F e x 0 2 i n d i c a t e t h a t F e x O and F e x 0 2 h a v e 
much l a r g e r moments t h a n F e x , and t o a f i r s t a p p r o x i m a t ­
i o n t h e moment o f F e x i s a l i n e a r f u n c t i o n o f x. 

The f i n a l p r o b e o f m o l e c u l a r c l u s t e r s i s t h a t o f s e l e c t e d 
c h e m i c a l r e a c t i o n s . The u s e o f p r o b e r e a c t i o n s t o s t u d y 
s u p p o r t e d c l u s t e r c a t a l y s t s i s w e l l e s t a b l i s h e d , a n d we 
a r e a t t e m p t i n g t h e d e v e l o p m e n t o f s i m i l a r p r o b e s o f u n ­
s u p p o r t e d c l u s t e r s . T h e f i r s t s t e p s i n t h i s d i r e c t i o n 
a r e t h e d e s i g n o f a p u l s e d c h e m i c a l r e a c t o r t o go w i t h 
t h e p u l s e d c l u s t e r s o u r c e and t h e d e v e l o p m e n t o f c r i t e r i a 
f o r r e a c t i o n s . I t i s i m p o r t a n t t o r e c a l l t h a t a t p r e s e n t 
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Ionization potentials of iron clusters 
rapidly approach the work function 

5 10 15 20 25 
iron cluster size (atoms) 

F i g u r e 4 . F e c l u s t e r i o n i z a t i o n t h r e s h o l d s as a f u n c t i o n 
o f c l u s t e r s i z e , as d e t e r m i n e d b y p h o t o i o n i z a t i o n y i e l d 
m e a s u r e m e n t s u s i n g t u n a b l e UV/VUV l a s e r r a d i a t i o n . 
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5 10 15 
CLUSTER SIZE (# AL ATOMS) 

20 25 

F i g u r e 5a. V a r i a t i o n i n t h e m a g n e t i c p r o p e r t i e s o f m e t a l c l u s t e r s 
a r e i n v e s t i g a t e d b y m e a s u r i n g t h e d e p l e t i o n o f a h i g h l y c o l l i m a t e d 
c l u s t e r beam b y an i n h o m o g e n e o u s m a g n e t i c f i e l d . A l c l u s t e r s a t 
z e r o a n d h i g h f i e l d , s h o w i n g t h a t o n l y s m a l l c l u s t e r s a r e 
a p p r e c i a b l y d e f l e c t e d . 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



10. K A L D O R E T A L . Clusters: Molecular Surfaces 119 

800 
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4 6 8 10 
CLUSTER SIZE (# FE ATOMS) 

12 14 16 

F i g u r e 5 b . V a r i a t i o n i n t h e m a g n e t i c p r o p e r t i e s o f m e t a l c l u s t e r s 
a r e i n v e s t i g a t e d b y m e a s u r i n g t h e d e p l e t i o n o f a h i g h l y c o l l i m a t e d 
c l u s t e r beam b y a n i n h o m o g e n e o u s m a g n e t i c f i e l d . F e c l u s t e r s a n d 
t h e i r o x i d e s ( F e x 0 a n d F e ^ ) a t s e v e r a l a p p l i e d f i e l d s . T h e 
u n i f o r m d e p l e t i o n o f F e x c l u s t e r s i n d i c a t e s t h a t t h e i r m a g n e t i c 
moments i n c r e a s e a p p r o x i m a t e l y l i n e a r l y w i t h n u m b e r o f a t o m s , a s 
w o u l d b e a n t i c i p a t e d f o r i n c i p i e n t f e r r o m a g n e t i c i r o n . U n e x p e c t e d , 
h o w e v e r , i s t h e much l a r g e r d e p l e t i o n o f i r o n o x i d e c l u s t e r s . 
( T h e c u r r e n t s i n t h e f i g u r e r e f e r t o t h a t s u p p l i e d t o t h e m a g n e t . ) 
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t h e o n l y p r o b e o f t h e c l u s t e r beam i s t h a t o f p h o t o -
i o n i z a t i o n mass s p e c t r o m e t r y a n d t h a t f r a g m e n t a t i o n may 
p l a y a d e s t r u c t i v e r o l e i n t h e d e t e c t i o n p r o c e s s . 

The c l u s t e r r e a c t o r i s a t t a c h e d t o t h e p u l s e d c l u s t e r 
s o u r c e ' s c o n d e n s a t i o n c h a n n e l , as shown i n F i g u r e 6. (16) 
To i t i s a t t a c h e d a h i g h - p r e s s u r e n o z z l e f r o m w h i c h a 
h e l i u m / h y d r o c a r b o n m i x t u r e i s p u l s e d i n t o t h e r e a c t o r a t 
a t i m e s e l e c t e d w i t h r e s p e c t t o t h e p r o d u c t i o n a n d 
a r r i v a l o f t h e c l u s t e r s . The e f f e c t o f t u r b u l e n t m i x i n g 
w i t h t h e r e a c t a n t p u l s e p e r t u r b s t h e beam, b u t c l u s t e r s 
a n d r e a c t i o n p r o d u c t s w h i c h s u r v i v e t h e t r a v e l f r o m t h e 
s o u r c e t o t h e p h o t o i o n i z a t i o n r e g i m e ( 600 μ s e c ) and t h e 
p h o t o i o n i z a t i o n p r o c e s s a r e e a s i l y d e t e c t e d . 

F i g u r e 7 s h o w s som
a t i o n o f a d d u c t s b e t w e e
Among t h e m o s t s t r i k i n g  P t 2 ( C g H 6 ) 2
a l w a y s t h e d o m i n a n t s p e c i e s , Pt2(CçH6) + b e i n g much 
w e a k e r . B e n z e n e a d d u c t s w i t h t h e P t a t o m , PtiC^Hç)" 1" o r 
P t ( C g H 6 ) 2 + f a s w e l l as o t h e r P t atom c o n t a i n i n g f r a g m e n t s 
a r e v i r t u a l l y u n d e t e c t e d . L a r g e r P t x c l u s t e r s f o r m 
h i g h e r number o f a d d u c t s , w i t h Ptx(C^H^) d i s a p p e a r i n g f o r 
c l u s t e r c o m p l e x e s l a r g e r t h a n P t 4 . F o r c l u s t e r s l a r g e r 
t h a n P t 3 d e h y d r o g e n a t i o n o f t h e h i g h e r o r d e r a d d u c t s i s 
o b s e r v e d , w i t h a l o s s o f up t o e i g h t H a t o m s . T h i s i s 
more d i s c e r n i b l e w i t h CgDg, where t h e mass d i s c r i m i n a t i o n 
i s b e t t e r . S i g n i f i c a n t l y , t h e d e g r e e o f d e h y d r o g e n a t i o n 
d e p e n d s m o r e on t h e n u m b e r o f P t a t o m s i n t h e c l u s t e r 
t h a n o n t h e n u m b e r o f a d d u c t s a t t a c h e d t o i t . I t i s 
a d d i t i o n a l l y r a t h e r i n t e r e s t i n g t h a t h y d r o g e n l o s s o c c u r s 
f r o m t h e c l u s t e r - t h i s may be e i t h e r t h e d i r e c t r e s u l t 
o f t h e c h e m i s o r p t i o n p r o c e s s o r f r a g m e n t a t i o n d u r i n g 
i o n i z a t i o n . E x p e r i m e n t s w i t h n - h e x a n e , c y c l o h e x a n e a n d 
2,3 d i m e t h y l b u t a n e i n d i c a t e t h a t c h e m i c a l r e a c t i o n i s 
m o r e l i k e l y t h a n p h o t o f r a g m e n t a t i o n . The r e s u l t s f o r Cg 
i s o m e r s , f o r e x a m p l e , c l e a r l y d e m o n s t r a t e t h a t t h e 
a l k a n e s f o r m c o m p l e x e s w i t h t h e P t a t o m , and t h a t l a r g e r 
P t c l u s t e r s d e h y d r o g e n a t e t o p r o d u c e s p e c i e s w i t h H/C 
r a t i o s l i g h t l y i n e x c e s s o f c o r r e s p o n d i n g a r o m a t i c 
s p e c i e s . T h i s s u g g e s t s t h a t , f o r m u l t i p l e a d d u c t s , arom-
a t i z a t i o n , some h y d r o g e n c h e m i s o r p t i o n , and p e r h a p s i n 
some c a s e s e v e n C-C b o n d c r a c k i n g a r e l i k e l y t o o c c u r , 
w i t h s i g n i f i c a n t (up t o 20 amu) d e v o l a t i l i z a t i o n . 

T h e s e e a r l y r e s u l t s d e m o n s t r a t i n g t h e r i c h n e s s o f u n ­
s u p p o r t e d c l u s t e r c h e m i s t r y a r e v e r y p r o m i s i n g , and much 
more e x t e n s i v e s t u d i e s a r e c u r r e n t l y i n p r o g r e s s . 

P r e l i m i n a r y i n d i c a t i o n s a r e q u i t e c l e a r t h a t c o o r d i n -
a t i v e l y u n s a t u r a t e d t r a n s i t i o n m e t a l c l u s t e r s a r e r e a c ­
t i v e , a n d , i m p o r t a n t l y , r e a c t i v e i n a c o n t r o l l e d way. 
T h i s c h e m i s t r y i s l i k e l y t o i n c l u d e RC-H i n s e r t i o n , arom-
a t i z a t i o n e t c . , w i t h t h e c h e m i s t r y t e n d i n g t o p r o d u c e 
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A B C

F i g u r e 6. S c a l e - d r a w n s c h e m a t i c o f t h e c l u s t e r r e a c t o r 
i n r e l a t i o n t o t h e p u l s e d c l u s t e r s o u r c e . T h e l e t t e r s 
A-F i n d i c a t e t h e v a r i o u s s t a g e s o f c l u s t e r p r e p a r a t i o n o r 
s y n t h e s i s , c o o l i n g , m i x i n g a n d r e a c t i n g , a n d f i n a l l y 
f l o w i n g i n t o vacuum t o w a r d d e t e c t i o n . 

to 
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F i g u r e 7. T i m e - o f - f l i g h t mass s p e c t r a shewing r e s u l t s o f p l a t i n u n c l u s t e r r e a c t i o n s 
w i t h benzene. The lower t r a c e i s c l e a n metal without r e a c t a n t . The upper t r a c e i s 
w i t h t h e pulsed a d d i t i o n o f .21 % benzene i n h e l i u n . The n o t a t i o n i n d i c a t e s t h e 
nunber o f adducts on each metal c l u s t e r . The metal c l u s t e r are a l l two photon 
i o n i z e d , w h i l e t h e observed products are s i n g l e photon i o n i z e d , hence t h e 
enhancement o f t h e product over metal s i g n a l s . Reproduced from Ref. 17. 
Copyright 1985, American Chemical S o c i e t y . 
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spec ies which s a t i s f y the c o o r d i n a t i o n requirements of 
the system. It should also be c l e a r that more d e t a i l e d 
e l e c t r o n i c s t r u c t u r a l probes are required before we can 
speak with assurance about the chemical behavior of these 
systems. I t i s e v i d e n t , however, that the study of 
c l u s t e r s , p a r t i c u l a r l y of the t r a n s i t i o n metals , as 
models for molecular surfaces has emerged as an exci t ing 
s c i e n t i f i c regime. 
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11 
Iron Fischer-Tropsch Catalysts: Surface Synthesis 
at High Pressure 

D. J. Dwyer 
Corporate Research Science Laboratories, Exxon Research & Engineering Company, 
Annandale, NJ 08801 

An XPS investigatio
before and after exposure to r e a l i s t i c reaction condi
tions is reported. The iron catalyst used in the 
study was a moderate surface area (15M2/g) iron powder 
with and without 0.6 wt.% K2CO3. Upon reduction, 
surface oxide on the fresh catalyst is converted to 
metallic iron and the K2CO3 promoter decomposes into a 
potassium-oxygen surface complex. Under reaction 
conditions, the iron catalyst is converted to iron 
carbide and surface carbon deposition occurs. The 
nature of this carbon deposit is highly dependent on 
reaction conditions and the presence of surface 
a l k a l i . 

I n r e c e n t y e a r s t h e c o u p l i n g o f a t m o s p h e r i c p r e t r e a t m e n t o r r e a c t o r 
s y s t e m s d i r e c t l y t o UHV s u r f a c e a n a l y s i s s y s t e m s h a s b e c o m e common 
p l a c e . T h i s c o m b i n a t i o n o f t e c h n i q u e s h a s e s t a b l i s h e d a c l e a r 
r e l e v a n c y f o r UHV s u r f a c e s c i e n c e i n t h e a r e a o f c a t a l y s i s . I t 
p e r m i t s b o t h d e t a i l e d m e c h a n i s t i c s t u d i e s o v e r w e l l d e f i n e d m o d e l 
s u r f a c e s , a s w e l l a s c h a r a c t e r i z a t i o n o f i n d u s t r i a l c a t a l y s t s i n 
t h e i r t r u e a c t i v a t e d f o r m . One c a t a l y s t s y s t e m w h i c h h a s r e c e i v e d 
t h i s t y p e o f a t t e n t i o n i s t h e i r o n F i s c h e r - T r o p s c h c a t a l y s t . ( 1 - 5 ) 
T h e i r o n c a t a l y s t i s a c o m p l e x m a t e r i a l w h o s e c o m p o s i t i o n i s s o m e ­
w h a t d y n a m i c . The c a t a l y s t i s g e n e r a l l y p r e p a r e d a s a h i g h s u r f a c e 
a r e a o x i d e (Fe 2Û3) w i t h t h e a d d i t o n o f b o t h t e x t u r a l ( S i O o , C u ) a n d 
c h e m i c a l ( K ) p r o m o t e r s . P r i o r t o u s e t h e c a t a l y s t i s s u b j e c t e d t o 
v a r i o u s p r e t r e a t m e n t s w h i c h i n v o l v e e i t h e r r e d u c t i o n i n H 2 o r 
d i r e c t c o n t a c t w i t h CO/H2 m i x t u r e s . The p u r p o s e o f t h e s e p r e t r e a t ­
m e n t s i s t o s y n t h e s i z e a w o r k i n g s u r f a c e w h i c h e x h i b i t s a d e s i r a b l e 
c a t a l y t i c r e s p o n s e . C o n t r o l o f t h e s u r f a c e s y n t h e s i s s t e p i s a k e y 
t e c h n o l o g i c a l c h a l l e n g e i n i n d u s t r i a l c a t a l y s i s . In t h i s p a p e r we 
r e p o r t how a h i g h p r e s s u r e r e a c t o r / U H V e l e c t r o n s p e c t r o m e t e r s y s t e m 
c a n be u s e d t o m o n i t o r c h a n g e s i n s u r f a c e c o m p o s i t i o n t h a t 
a c c o m p a n y t h e s e p r e t r e a t m e n t s . The two c a t a l y s t s s t u d i e d w e r e 
m o d e r a t e s u r f a c e a r e a p o w d e r s ( 1 5 M 2 / g ) w i t h a n d w i t h o u t 0 . 6 w t . % 

0097-6156/85/0288-0124$06.00/0 
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K2CO3. The r e s u l t s i n d i c a t e t h a t t h e w o r k i n g c a t a l y t i c s u r f a c e i s 
a c a r b i d e d f o r m o f i r o n w h i c h i s s y n t h e s i z e d u n d e r C 0 / H 2 . I t i s 
a l s o f o u n d , t h a t t h e t y p e o f c a r b o n d e p o s i t t h a t f o r m s on t h e 
s u r f a c e i s s e n s i t i v e t o t h e p r e s e n c e o f s u r f a c e a l k a l i . 

E x p e r i m e n t a l 

T h e e x p e r i m e n t a l a p p a r a t u s shown s c h e m a t i c a l l y i n F i g u r e 1 h a s b e e n 
d e s c r i b e d e l s e w h e r e . ^ ) I t c o n s i s t s o f a medium p r e s s u r e m i c r o -
r e a c t o r c o u p l e d t o a n u l t r a - h i g h vacuum s y s t e m e q u i p p e d t o p e r f o r m 
x - r a y p h o t o e l e c t r o n s p e c t r o s c o p y . The XPS s y s t e m c o n s i s t e d o f a 
L H S - 1 0 e l e c t r o n e n e r g y a n a l y z e r a n d a d u a l a n o d e x - r a y s o u r c e (Mg 
a n d A l ) . The m i c r o - r e a c t o r was a s m a l l UHV c o m p a t i b l e t u b e 
f u r n a c e . The r e a c t o r ' s i n t e r n a l v o l u m e was a p p r o x i m a t e l y 10 c c a n d 
t h e w a l l s w e r e g o l d p l a t e d f o r i n e r t n e s s . The r e a c t o r was d e s i g n e d 
s u c h t h a t t h e s a m p l e a n
g a s m i x i n g t a k e s p l a c
p r e s s e d i n t o a g o l d mesh b a c k i n g m a t e r i a l w h i c h i n t u r n was m o u n t e d 
o n a g o l d s a m p l e b o a t . The s a m p l e a n d b o a t c o u l d b e moved d i r e c t l y 
f r o m t h e r e a c t o r i n t o t h e UHV s y s t e m v i a a m a g n e t i c a l l y c o u p l e d 
m o t i o n f e e d t h r o u g h . 

The i r o n p o w d e r was p r e p a r e d by r e d u c i n g u l t r a - h i g h p u r i t y 
F e 20o i n a s e p a r a t e t u b e f u r n a c e . The r e d u c t i o n was c a r r i e d o u t t o 
c o m p l e t i o n a t 6 7 5 K , 1 atm H 2 f o r a p p r o x i m a t e l y 24 h o u r s . The 
s u r f a c e o f t h i s p r y o p h o r i c m a t e r i a l was t h a n p a s s i v a t e d by e x p o s u r e 
t o 1% o x y g e n i n a h e l i u m c a r r i e r f o r 2 h o u r s . The p a s s i v a t e d p o w ­
d e r was c h a r a c t e r i z e d by x - r a y d i f f r a c t i o n (XRD) a n d o n l y α - i r o n 
was d e t e c t e d . XPS a n a l y s i s o f t h e s u r f a c e o f t h i s m a t e r i a l 
r e v e a l e d o n l y Fe^Oo p r e s e n t . T h e s e r e s u l t s s u g g e s t t h a t t h e i r o n 
b u l k i s c o v e r e d w i t n a r e l a t i v e l y t h i n o x i d e s k i n . 

2 . 5 g r a m s o f t h i s p a s s i v a t e d m a t e r i a l was c o a t e d w i t h . 0 1 5 
g r a m s o f K 2 C 0 3 t h r o u g h a s t a n d a r d a q u e o u s i m p r e g n a t i o n t e c h n i q u e . 
The a m o u n t o f a l k a l i was c h o s e n t o m a t c h t h e 0 . 6 % by w e i g h t c a l l e d 
f o r i n many i r o n c a t a l y s t p r e p a r a t i o n s . ( 7 ) T h i s l o a d i n g o f K 2 C 0 3 

i s t h o u g h t t o p r o d u c e t h e maximum p r o m o t i o n a l e f f e c t . The i m p r e g ­
n a t e d c a t a l y s t was a i r d r i e d a t 3 3 5 Κ f o r 12 h o u r s t o r e m o v e e x c e s s 
w a t e r . The p h y s i c a l s u r f a c e a r e a s o f t h e t w o s a m p l e s ( w i t h a n d 
w i t h o u t K0CO3) w e r e m e a s u r e d by a s t a n d a r d BET m e t h o d a f t e r a 
s e c o n d h y d r o g e n r e d u c t i o n . The a l k a l i t r e a t e d c a t a l y s t h a d a s u r ­
f a c e a r e a o f 1 6 M 2 / g r a m a n d t h e u n t r e a t e d c a t a l y s t a s u r f a c e a r e a o f 
18 M 2 / g r a m . A s s u m i n g c o m p l e t e d i s p e r s i o n o f t h e a l k a l i a n d a n i r o n 
s u r f a c e s i t e d e n s i t y o f 1 0 1 5 s i t e s / c m 2 , t h e a l k a l i s u r f a c e c o v e r a g e 
on t h e p r o m o t e d c a t a l y s t i s a p p r o x i m a t e l y 1 / 3 o f a m o n o l a y e r . 

T h e g a s e s u s e d w e r e p u r c h a s e d p r e m i x e d i n a l u m i n u m c y l i n d e r s 
t o a v o i d c a r b o n y l f o r m a t i o n . The h i g h p u r i t y g a s m i x t u r e was 
f u r t h e r p u r i f i e d by a z e o l i t e w a t e r t r a p a n d a c o p p e r c a r b o n y l 
t r a p . The g a s p r e s s u r e i n t h e r e a c t o r was m e a s u r e d w i t h a c a p c i -
t a n c e m a n o m e t e r a n d t h e f l o w m o n i t o r e d w i t h a m a s s f l o w c o n t r o l ­
l e r . The t y p i c a l g a s f l o w r a t e s w e r e 15 c c / m i n ( S T P ) a n d t h e 
maximum c o n v e r s i o n was « 1% b a s e d on i n t e g r a t i o n o f h y d r o c a r b o n 
p r o d u c t s . The h y d r o c a r b o n p r o d u c t s w e r e a n a l y z e d by g a s c h r o m a t o g ­
r a p h y ( t e m p e r a t u r e p r o g r a m m e d c h r o m o s o r b 1 0 2 , F I D ) . 
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R e s u l t s 

I n t h i s s e c t i o n t h e r e s u l t s o f two s t u d i e s a r e s u m m a r i z e d . The 
f i r s t s t u d y was c a r r i e d o u t w i t h a n u n p r o m o t e d i r o n p o w d e r . The 
s e c o n d s t u d y u s e d t h e p o t a s s i u m p r o m o t e d i r o n p o w d e r . A d e t a i l e d 
r e p o r t o f t h e f i r s t s t u d y h a s b e e n p r e v i o u s l y p u b l i s h e d . ( 6 ) The 
k e y f e a t u r e s o f t h i s s t u d y a r e s u m m a r i z e d h e r e t o f a c i l i t a t e a 
c o m p a r i s o n b e t w e e n t h e c a t a l y t i c r e s p o n s e o f t h e p r o m o t e d a n d 
u n p r o m o t e d p o w d e r . 

U n p r o m o t e d I r o n P o w d e r . The XPS s p e c t r u m o f t h e f r e s h l y p r e p a r e d 
i r o n p o w d e r i s s h o w n i n F i g u r e 2 a . The i r o n 2 p 3 ^ 2 p h o t o l i n e i s 
c e n t e r e d a t 7 1 0 . 7 eV a n d t h e o x y g e n l i n e i s c e n t e r e d a t 5 2 9 . 7 e V . 
The p o s i t i o n a n d i n t e n s i t i e s o f t h e s e l i n e s a r e c o n s i s t e n t w i t h a 
s u r f a c e l a y e r o f F e 2 0 3 o n t h e i r o n p o w d e r . ( 8 ) In a d d i t i o n t o t h e 
i r o n o x i d e , a s m a l l a m o u n
t h e s u r f a c e o f t h e c a t a l y s t
s a m p l e was m o v e d t o t h e r e a c t o r a n d r e d u c e d i n H 2 a t 6 2 5 Κ f o r 
a p p r o x i m a t e l y 2 h o u r s . T h i s p r e t r e a t m e n t , a s shown i n F i g u r e 2 b , 
was s u f f i c i e n t t o r e d u c e t h e s u r f a c e o x i d e t o m e t a l ( B . E . F e 2 p 3 ^ 2 = 
7 0 6 . 6 e V ) . The o n l y d e t e c t i b l e i m p u r i t i e s on t h e s u r f a c e o f t h e 
c a t a l y s t a f t e r r e d u c t i o n w e r e t r a c e a m o u n t s o f s u l f u r , c a r b o n a n d 
o x y g e n . U s i n g s t a n d a r d XPS c r o s s s e c t i o n s i t was e s t i m a t e d t h a t 
t h e s e i m p u r i t i e s w e r e l e s s t h a n 1 a t o m % o f t h e XPS s a m p l i n g 
v o l u m e . 

A f t e r r e d u c t i o n a n d s u r f a c e c h a r a c t e r i z a t i o n , t h e i r o n s a m p l e 
was moved t o t h e r e a c t o r a n d b r o u g h t t o t h e r e a c t i o n c o n d i t i o n s (7 
a t m , 3 : 1 H 2 : C 0 , 5 4 0 K ) . Once t h e r e a c t o r t e m p e r a t u r e , g a s f l o w a n d 
p r e s s u r e w e r e s t a b i l i z e d ( * 10 m i n . ) t h e c a t a l y t i c a c t i v i t y a n d 
s e l e c t i v i t y w e r e m o n i t o r e d by o n - l i n e g a s c h r o m a t o g r a p h y . A s 
p r e v i o u s l y r e p o r t e d , t h e i r o n p o w d e r e x h i b i t e d a n i n d u c t i o n p e r i o d 
i n w h i c h t h e c a t a l y t i c a c t i v i t y i n c r e a s e d w i t h t i m e . The c a t a l y s t 
r e a c h e d s t e a d y s t a t e a c t i v i t y a f t e r a p p r o x i m a t e l y 4 h o u r s on 
l i n e . T h i s i n d u c t i o n p e r i o d i s b e l i e v e d t o be t h e r e s u l t o f a 
c o m p e t i t i o n f o r s u r f a c e c a r b o n b e t w e e n b u l k c a r b i d e f o r m a t i o n a n d 
h y d r o c a r b o n s y n t h e s i s . ( 6 , 9 ) S t e a d y s t a t e s y n t h e s i s i s r e a c h e d o n l y 
a f t e r t h e s u r f a c e r e g i o n o f t h e c a t a l y s t i s f u l l y c a r b i d e d . 

To v e r i f y t h a t s t e a d y s t a t e c a t a l y t i c a c t i v i t y h a d b e e n 
a c h i e v e d , t h e c a t a l y s t was a l l o w e d t o o p e r a t e u n i n t e r r u p t e d f o r a p ­
p r o x i m a t e l y 8 h o u r s . The c a t a l y s t was t h e n r e m o v e d f r o m t h e r e a c ­
t o r a n d t h e s u r f a c e i n v e s t i g a t e d by X P S . The r e s u l t s a r e shown i n 
F i g u r e 2 c . The t w o m a j o r c h a n g e s i n t h e XPS s p e c t r u m w e r e a s h i f t 
i n t h e i r o n 2 p 3 ^ 2 l i n e t o 7 0 6 . 9 eV a n d a new c a r b o n I s l i n e c e n ­
t e r e d a t 2 8 3 . 3 e V . T h i s c o m b i n a t i o n o f i r o n a n d c a r b o n l i n e s 
i n d i c a t e s t h e f o r m a t i o n o f a n i r o n c a r b i d e p h a s e w i t h i n t h e XPS 
s a m p l i n g v o l u m e . ( J 5 ) In f a c t a f t e r e x t e n d e d o p e r a t i o n , XRD o f t h e 
i r o n s a m p l e i n d i c a t e d t h a t t h e b u l k h a d b e e n c o n v e r t e d t o F e c C 2 

c o m m o n l y r e f e r r e d t o a s t h e Hagg c a r b i d e . ( _ 7 ) I t a p p e a r s t h a t t h e 
b u l k a n d s u r f a c e a r e f u l l y c a r b i d e d u n d e r d i f f e r e n t i a l r e a c t i o n 
c o n d i t i o n s . 

The s t e a d y s t a t e r a t e s o f h y d r o c a r b o n s y n t h e s i s o v e r t h e c a r ­
b i d e d i r o n s u r f a c e a r e g i v e n i n T a b l e I . The r e a c t i o n r a t e s h a v e 
b e e n n o r m a l i z e d t o t h e p h y s i c a l s u r f a c e a r e a o f t h e s t a r t i n g i r o n 
p o w d e r [ 1 8 M 2 / g ] a n d a r e r e p o r t e d i n m o l e c u l e s / c m 2 s e c . A t u r n o v e r 
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T a b l e I . S t e a d y S t a t e R a t e s o f H y d r o c a r b o n S y n t h e s i s O v e r 

I r o n C a r b i d e 

5 4 0 K , 3 :1 H ? : C 0 , 7 a t m 

I r o n C a r b i d e P o t a s s i u m P r o m o t e d 

C a r b o n Number 
R a t e 

( M o l e c u l e s / c n r s e c ) 
R a t e 

( M o l e c u l e s / c n r s e c ) 

4 . 5 X 10; 
2 . 4 X 10 
1 . 6 X 10; 
7 . 4 X 10

1 . 8 X 10 

,12 
12 

,12 
,11 

4 . 1 X 10; 
3 . 2 X 10 
3 . 2 X 10; 
1 . 9 X 10

9 . 6 X 10 

n u m b e r h a s n o t b e e n r e p o r t e d s i n c e t h e i r o n s u r f a c e s i t e d e n s i t y o f 
t h e c a r b i d e d m a t e r i a l i s u n k n o w n . I f a s i t e d e n s i t y o f 1 0 1 5 / c n r i s 
c h o s e n t h e s t e a d y s t a t e m e t h a n a t i o n r a t e i s o n t h e o r d e r o f 1 0 " 3 

m o l e c u l e s / s i t e s e c . T h i s t u r n o v e r f r e q u e n c y i s c o n s i d e r a b l y l o w e r 
t h a n t h a t r e p o r t e d i n e a r l i e r s t u d i e s ( r a n g e . 0 5 t o 2 ) . ( 2 , 4 , 9 ) 
T h i s r e s u l t s u g g e s t t h a t o n l y a s m a l l f r a c t i o n o f t h e i r o n c a r b i d e 
s u r f a c e i s a c t i v e . 

P o t a s s i u m M o d i f i e d I r o n P o w d e r . S u r f a c e a n a l y s i s ( X P S ) o f t h e 
f r e s h l y p r e p a r e d D o t a s s i u r n m o d i f i e d s u r f a c e i s g i v e n i n F i g u r e 
3 a . The i r o n 2 p 3 ' 2 b i n d i n g e n e r g y i s l o c a t e d a t 7 1 0 . 6 eV a n d t h e 
d o m i n a n t o x y g e n I s l i n e i s a t 5 2 9 . 7 e V . T h e s e v a l u e s a r e a g a i n 
c o n s i s t e n t w i t h a s u r f a c e l a y e r o f F e 20o. In a d d i t i o n t o t h e 
s u r f a c e o x i d e , K2CO3 i s a l s o p r e s e n t o n t n e s u r f a c e o f t h e c a t a ­
l y s t . The p r e s e n c e o f t h e c a r b o n a t e i s i n d i c a t e d by a p o t a s s i u m 
2 p 3 / 2 p e a k a t « 2 9 3 eV a n d a c a r b o n a t e c a r b o n l i n e a t « 2 8 9 e V . A 
h i g h b i n d i n g e n e r g y s h o u l d e r i s a l s o p r e s e n t o n t h e o x y g e n I s l i n e 
b u t an e x a c t b i n d i n g e n e r g y i s d i f f i c u l t t o m e a s u r e d u e t o t h e 
o v e r l a p w i t h t h e s t r o n g i r o n o x i d e s i g n a l . T h e s e r e s u l t s a r e i n 
g e n e r a l a g r e e m e n t w i t h t h o s e r e p o r t e d by B o n z e l a n d c o - w o r k e r s ( 5 ) 
f o r K0CO3 t r e a t e d i r o n f o i l s . 

T h e p o t a s s i u m t r e a t e d m a t e r i a l was t h e n moved t o t h e m i c r o -
r e a c t o r a n d r e d u c e d u n d e r c o n d i t i o n s i d e n t i c a l t o t h o s e u s e d f o r 
t h e u n p r o m o t e d i r o n . F i g u r e 3b c o n t a i n s t h e XPS s p e c t r u m o f t h e 
m o d i f i e d s u r f a c e a f t e r h y d r o g e n r e d u c t i o n . Once a g a i n t h e i r o n 
2 p 3 / 2 p e a k i s c e n t e r e d a t 7 0 6 . 6 eV i n d i c a t i n g t h e r e d u c t i o n o f t h e 
i r o n o x i d e t o m e t a l l i c i r o n . The m a i n o x i d e o x y g e n I s s i g n a l a t 
5 2 9 . 7 eV i s a l m o s t t o t a l l y r e m o v e d f r o m t h e s p e c t r u m s u g g e s t i n g 
c o m p l e t e r e d u c t i o n o f t h e o x i d e . In t h e p o t a s s i u m 2p a n d t h e c a r ­
b o n I s r e g i o n o f t h e s p e c t r u m i m p o r t a n t c h a n g e s t a k e p l a c e . The 
k e y f e a t u r e s a r e t h a t t h e p o t a s s i u m 2p s i g n a l i n c r e a s e s r e l a t i v e t o 
t h e c a r b o n a t e c a r b o n s i g n a l ( B E « 2 8 9 ) , a n d t h e a p p e a r a n c e o f a 
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s t r o n g o x y g e n I s l i n e a t 5 3 1 . 9 e V . T h e s e r e s u l t s a r e c o n s i s t e n t 
w i t h t h e p a r t i a l d e c o m p o s i t i o n o f K2CO3 i n t o a s u r f a c e KOH l a y e r a s 
d e s c r i b e d by B o n z e l a n d c o - w o r k e r s . ( 2 j J > ) The c h a n g e i n t h e r a t i o 
o f c a r b o n a t e c a r b o n t o p o t a s s i u m s i g n a l i n t e n s i t y s u g g e s t s t h a t 
some o f t h e c a r b o n a t e c a r b o n i s l o s t d u r i n g t h e r e d u c t i o n . The 
o x y g e n I s f e a t u r e a t 5 3 1 . 9 eV i s i n d i c a t i v e o f t h e f o r m a t i o n 
c h e m i s o r b e d K O H . ( 5 ) 

T h e f r e s h l y r e d u c e d p o t a s s i u m m o d i f i e d s u r f a c e was t e s t e d f o r 
c a t a l y t i c a c t i v i t y u n d e r c o n d i t i o n s i d e n t i c a l t o t h o s e u s e d f o r 
u n p r o m o t e d m a t e r i a l ( 5 4 0 K , 3 : 1 Ho . 'CO, 7 a t m ) . T h e p r o m o t e d i r o n 
p o w d e r e x h i b i t e d a n i n d u c t i o n p e r i o d w h e r e i n t h e c a t a l y s t a c t i v i t y 
i n c r e a s e d w i t h t i m e . H o w e v e r , t h e i n d u c t i o n p e r i o d was c o n s i d e r ­
a b l y s h o r t e r ( « 1 h r ) t h a n t h a t o b s e r v e d o v e r t h e u n p r o m o t e d 
s u r f a c e . T h i s r e s u l t may i n d i c a t e a m o r e r a p i d c a r b i d i n g o f t h e 
i r o n s u r f a c e r e g i o n . The s t e a d y s t a t e h y d r o c a r b o n s y n t h e s i s r a t e s 
a r e g i v e n i n T a b l e I
p r o d u c t i o n , t h e m o s t s i g n i f i c a n
a n d u n p r o m o t e d m a t e r i a l s i s t h e much l o w e r m e t h a n a t i o n r a t e o v e r 
t h e p r o m o t e d s u r f a c e . On a p h y s i c a l s u r f a c e a r e a b a s i s ( r e d u c e d 
p r o m o t e d i r o n 1 5 r r r / g ) t h e m e t h a n a t i o n a c t i v i t y o v e r t h e p r o m o t e d 
c a t a l y s t i s s u p p r e s s e d by a l m o s t an o r d e r o f m a g n i t u d e . The r a t e s 
o f f o r m a t i o n o f o t h e r m o l e c u l e s i n t h e C j t o Cg r a n g e w e r e a l s o 
s u p p r e s s e d b u t t o a d e c r e a s i n g d e g r e e w i t h i n c r e a s i n g c h a i n 
l e n g t h . F o r e x a m p l e , t h e p r o d u c t i o n o f m e t h a n e was a p p r o x i m a t e l y 
13% o f t h e u n p r o m o t e d r a t e . The r a t e o f Cg p r o d u c t i o n was 53% o f 
t h e u n p r o m o t e d r a t e . 

O n c e t h e s t e a d y s t a t e a c t i v i t y h a d b e e n v e r i f i e d by c o n t i n u o u s 
o p e r a t i o n f o r e i g h t h o u r s w i t h o u t l o s s o f a c t i v i t y , t h e s a m p l e was 
r e m o v e d f r o m t h e r e a c t o r f o r s u r f a c e a n a l y s i s . The XPS r e s u l t s a r e 
g i v e n i n F i g u r e 3 c . The m a j o r c h a n g e i n t h e XPS s p e c t r u m i s t h e 
l a r g e i n c r e a s e i n t h e c a r b o n I s s i g n a l i n t e n s i t y . C l o s e i n s p e c t i o n 
o f t h e c a r b o n r e g i o n r e v e a l s t h a t t w o d i s t i n c t c a r b o n s i g n a l s a r e 
p r e s e n t . The m a j o r p e a k i s c e n t e r e d a t 2 8 5 . 7 , t h e o t h e r a t 2 8 3 . 3 
e V . In a d d i t i o n , t h e i r o n 2 p 3 ^ 2 i s c e n t e r e d a t 7 0 6 . 9 e V . Once 
a g a i n , we b e l i e v e t h a t t h e 2 8 3 . 3 eV c a r b o n f e a t u r e a n d t h e 7 0 6 . 9 eV 
i r o n s i g n a l a r e c l e a r i n d i c a t o r s o f i r o n c a r b i d e f o r m a t i o n . The 
k e y q u e s t i o n , h o w e v e r , i s t h e n a t u r e o f t h e i n t e n s e c a r b o n f e a t u r e 
c e n t e r e d a t 2 8 5 . 7 . P r e v i o u s w o r k h a s s u g g e s t e d t h a t p o t a s s i u m 
i n c r e a s e s t h e r a t e o f g r a p h i t e d e p o s i t i o n on i r o n s u r f a c e s u n d e r 
r e a c t i o n c o n d i t i o n s . ( 1 , 3 ) We b e l i e v e t h a t t h e c a r b o n s p e c i e s i s 
n o t g r a p h i t i c b u t i s a n a d s o r b e d h y d r o c a r b o n p h a s e ( g r o w i n g c h a i n s 
o r h i g h m o l e c u l a r w e i g h t p r o d u c t s ) on t h e s u r f a c e . The a r g u m e n t 
f o r t h i s a s s i g n m e n t i s t w o - f o l d . F i r s t , t h e 2 8 5 . 7 eV b i n d i n g 
e n e r g y i s i d e n t i c a l t o t h a t m e a s u r e d f o r o c t a c o s a n e ( C 2 3 H 5 0 ) 
a d s o r b e d on a i r o n f o i l ( 6 ) . S e c o n d , i s t h e m a s s s p e c t r u m o f 
m a t e r i a l d e s o r b e d f r o m t h i s s a m p l e u p o n h e a t i n g t o 4 2 5 Κ i n t h e 
v a c u u m s y s t e m . I t c o n s i s t s o f a c r a c k i n g p a t t e r n s t a r t i n g a t m a s s 
15 a n d c o n t i n u i n g a t m u l t i p l e s o f m a s s 14 a s h i g h a s t h e m a s s 
s p e c t r o m e t e r p e r m i t t e d ( 2 0 0 a m u ) . T h i s c r a c k i n g p a t t e r n i s c l e a r l y 
t h a t o f l i n e a r s a t u r a t e d h y d r o c a r b o n s s i m i l a r t o p o l y m e t h y l e n e ( n -

B a s e d on t h e a t t e n u a t i o n o f t h e i r o n 2p 1 s i g n a l a n d a s s u m i n g 
a mean f r e e p a t h f o r t h e i r o n e l e c t r o n s o f 1 . 5 t o 2 n a n o m e t e r s , i t 
i s e s t i m a t e d t h a t t h e c a r b o n o v e r l a y e r i s a t l e a s t 1 . 8 t o 2 . 5 n a n o -

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



132 CATALYST CHARACTERIZATION SCIENCE 

m e t e r s t h i c k . I t i s i n t e r e s t i n g t o n o t e , t h a t i n s p i t e o f t h i s 
h e a v y b u i l d up o f m a t e r i a l o n t h e c a t a l y s t , t h e c a t a l y t i c a c t i v i t y 
r e m a i n s a t s t e a d y s t a t e . 

C o n c l u s i o n s ^ 

T h i s XPS i n v e s t i g a t i o n o f s m a l l i r o n F i s c h e r - T r o p s c h c a t a l y s t s 
b e f o r e a n d a f t e r t h e p r e t r e a t m e n t a n d e x p o s u r e t o s y n t h e s i s g a s h a s 
y i e l d e d t h e f o l l o w i n g i n f o r m a t i o n . R e l a t i v e l y m i l d r e d u c t i o n c o n ­
d i t i o n s ( 3 5 0 ° C , 2 a t m , Hg) a r e s u f f i c i e n t t o t o t a l l y r e d u c e s u r f a c e 
o x i d e on i r o n t o m e t a l l i c i r o n . Upon e x p o s u r e t o s y n t h e s i s g a s , 
t h e m e t a l l i c i r o n s u r f a c e i s c o n v e r t e d t o i r o n c a r b i d e . D u r i n g 
t h i s t r a n s f o r m a t i o n , t h e c a t a l y t i c r e s p o n s e o f t h e m a t e r i a l i n ­
c r e a s e s a n d f i n a l l y r e a c h e s s t e a d y s t a t e a f t e r t h e s u r f a c e i s f u l l y 
c a r b i d e d . The a d d i t i o n o f a p o t a s s i u m p r o m o t e r a p p e a r s t o a c c e l e r ­
a t e t h e c a r b i d a t i o n o f
a c h i e v e d somewhat e a r l i e r
c a u s e s a b u i l d up on c a r b o n a c e o u s m a t e r i a l on t h e s u r f a c e o f t h e 
c a t a l y s t s w h i c h i s b e s t c h a r a c t e r i z e d a s p o l y m e t h y l e n e . 
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12 
Low-Energy Ion-Scattering Spectroscopy: 
Applications to Catalysts 

James C. Carver, S. Mark Davis, and Duane A. Goetsch 
Exxon Research & Development Laboratories, Baton Rouge, LA 70821 

Over the last
niques such as
study the surfaces of catalysts with varying degrees 
of success. Low Energy Ion Scattering Spectroscopy 
(LEISS), also known as Ion Scattering Spectroscopy 
(ISS), has in general not received as much attention 
as the other techniques, although LEISS offers unique 
surface sensitivity to the topmost atomic layer of a 
catalyst or, under different conditions, to the 
second or third layer. We have used LEISS to study 
supported metal, metal oxide, and metal sulfide cata­
lysts. With single crystal layered sulfides such as 
MoS2, conditions were adjusted so that f i r s t layer 
analysis was possible. The top layer was sulfur and 
the second layer was Mo. Support of MoS2 on alumina 
causes distinctly different spectra from the unsup­
ported material which suggests that the crystal 
orientations d i f f e r . In addition, contaminants such 
as Na or K, which sometimes can unexpectedly dominate 
a surface, are also clearly seen by LEISS, while other 
substances such as carbon, which may be abundant on a 
surface, are difficult to see because their scatter­
ing cross-section i s so small. In such cases combi­
nation of LEISS with XPS or SIMS can provide unique 
and invaluable information about catalysts. 

During the past s e v e r a l years, Surface Science has begun to have 
a major impact on the f i e l d of c a t a l y s i s . ( 1 , 2 ) Numerous t o o l s 
have been developed f o r a p p l i c a t i o n to studying c a t a l y s t s . One 
of these t o o l s , Low Energy Ion S c a t t e r i n g Spectroscopy ( a l s o 
known as ISS or LEISS), provides unique data a r i s i n g from the 
top one or two l a y e r s of a surface. However, t h i s technique has 
been used only s p a r i n g l y f o r these kinds of st u d i e s . ( 3 ) I t s 
l a c k of p o p u l a r i t y may be due to experimental d i f f i c u l t i e s 
a s s o c i a t e d w i t h examining i n s u l a t o r s , or perhaps because of 
ambiguous data i n t e r p r e t a t i o n f o r p r a c t i c a l samples. The b a s i c 
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t h e o r i e s have been discussed at length, but f o r the most part 
these t h e o r i e s have concentrated on metals and semiconduc­
t o r s . ( 4 ^ ) In a d d i t i o n , much of the e a r l y experimental data 
were obtained at rather high i o n f l u x e s and w i t h rather poor 
vacuum.(6) We recognize now that misleading data can a r i s e from 
such a procedure, and i n s t e a d , LEISS should be done i n a UHV 
system using nA i o n currents and w i t h a low energy beam.(7_) 
A l s o , sample charging can complicate the s i t u a t i o n g r e a t l y . As 
w i t h any charged p a r t i c l e technique, surface charging can be a 
l i m i t i n g problem when attempting to do LEISS on i n s u l a t i n g s u r ­
faces such as catalysts.(7_) With proper charge compensation and 
c a r e f u l c o n t r o l of the i o n beam cur r e n t , these l i m i t a t i o n s can 
be overcome and LEISS can be a very powerful t o o l f o r c a t a l y s t 
s t u d i e s . 

LEISS data are presented on a v a r i e t y of c a t a l y s t s to 
demonstrate the unique
nique. LEISS can provid
but a l s o y i e l d new data r e q u i r i n g r e i n t e r p r e t a t i o n of other 
data. LEISS can seldom stand alone, e s p e c i a l l y w i t h i n s u l a ­
t o r s . However, we f i n d LEISS to be extremely u s e f u l i n research 
on c a t a l y s t s . 

Experimental 

Low Energy Ion S c a t t e r i n g experiments were done on a Le y bo Id 
Heraeus spectrometer which uses a hemispherical analyzer w i t h a 
l e n s . The i o n gun was continuously c o n t r o l l a b l e from about 200 
eV to 5000 eV w i t h i o n currents at the sample ranging from about 
lnA/(cm) to s e v e r a l yA/(cm) . As complementary data, Secondary 
Ion Mass Spectrometry and X-ray Photoelectron Spectroscopy were 
performed using the LH instrument. He ions were used as the 
primary source, although ^He +, ^Ne +, and A r + ions were a l s o 
a v a i l a b l e . The l a b o r a t o r y s c a t t e r i n g angle f o r i o n s c a t t e r i n g 
i s 120°. 

Q u a l i t a t i v e Aspect of LEISS 

Low Energy Ion S c a t t e r i n g Spectroscopy i s q u i t e simple i n p r i n ­
c i p l e . The process depends on the domination of a s i n g l e b i n a r y 
e l a s t i c c o l l i s i o n . Figure 1 i l l u s t r a t e s the fundamental p r i n c i ­
ples upon which LEISS i s based. An incoming i o n w i t h a mass of 
M Q at an energy of E Q and at a v e l o c i t y of V Q c o l l i d e s w i t h a 
s o l i d s u r f a c e . The primary i o n i s then s c a t t e r e d from that 
surface at some angle (Θ) w i t h an energy ( E f ) and a v e l o c i t y 
( V 1) which are determined by the target atom i t s t r i k e s . This 
t a r g e t atom, which has a mass of M. and i s i n i t i a l l y at r e s t , 
r e c o i l s i n t o the s o l i d at an angle (φ) and a v e l o c i t y V t, 
c a r r y i n g w i t h i t an energy E f c. Using c l a s s i c a l r e l a t i o n s h i p s , 
the f o l l o w i n g equation can be generated: 

E»/E 0 » [M 0/(M 0+M t)] 2[cos Θ + [ ( M ^ M ^ - s i n 2 Θ ] 1 / 2 ] 2 (1) 

Therefore, i t i s c l e a r that i f there are only s i n g l e c o l l i s i o n s 
and there are no energy l o s s e s except kinematic, then the 
spectra are q u i t e simple and s t r a i g h t f o r w a r d . However, we are 
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d e a l i n g w i t h ions as the primary beam, and thus we have to deal 
w i t h i o n n e u t r a l i z a t i o n of the e x i t i n g beam. The d e t a i l s of 
t h i s phenomenon are discussed elsewhere and w i l l only be b r i e f l y 
reviewed here.(5) Only a few percent of the ions which impinge 
onto the surface remain ions upon s c a t t e r i n g . Much of the 
n e u t r a l i z a t i o n occurs by an Auger type process i n which the 
incoming i o n gains an e l e c t r o n from the t a r g e t . The longer the 
i n t e r a c t i o n time, the greater the chance f o r n e u t r a l i z a t i o n . 
Thus, as the energy of the primary i o n i s lowered, i t i s more 
l i k e l y to be n e u t r a l i z e d . In a d d i t i o n , s c a t t e r i n g from the 
second or t h i r d l a y e r s increases the residence time of the p r i ­
mary i o n and enhances i t s chances of n e u t r a l i z a t i o n . When 
s c a t t e r i n g from these deeper l a y e r s occurs or when non-kinematic 
energy lo s s e s occur, a shoulder on the lower energy s i d e of the 
primary peak can be seen. I f double s c a t t e r i n g occurs, then a 
shoulder on the highe
the primary ion's energ
more from deeper l a y e r s and more s p u t t e r i n g occurs  In Figure 2 
we can observe the increased background between peaks and a 
s l i g h t skewing of the stronger peaks toward lower energy* 
Though not shown here, at higher i o n currents even more 
pronounced skewing occurs and some double s c a t t e r peaks begin to 
a r i s e * (7_) 

F i n a l l y , when d e a l i n g w i t h i n s u l a t o r s , the angles Θ and φ 
are a l t e r e d as shown i n Figure 3* If the surface has a p o s i t i v e 
charge, the incoming p o s i t i v e i o n i s r e p e l l e d causing the i o n to 
curve e i t h e r away from the surface or to be focused through the 
f i r s t l a y e r to deeper l a y e r s * The s c a t t e r e d ions and sputtered 
ions a l s o are r e p e l l e d from the surface causing them to g a i n 
energy* Therefore, since the s c a t t e r i n g angle Θ i s no longer 
w e l l d e f i n e d , the exact peak p o s i t i o n can deviate from i t s 
t h e o r e t i c a l p o s i t i o n * Further, the v e l o c i t y of the e x i t i n g i o n 
w i l l be a l t e r e d from simple theory causing an a d d i t i o n a l 
d e v i a t i o n from the expected peak p o s i t i o n * A l s o , the d e v i a t i o n 
from theory w i l l not n e c e s s a r i l y be l i n e a r f o r a given sample* 

Charge compensation w i t h a low energy e l e c t r o n f l o o d gun 
allows one to o b t a i n meaningful spectra even though the measured 
peak p o s i t i o n s do not always c o i n c i d e w i t h the expected 
p o s i t i o n s * The s p u t t e r peak i s diminished and the s c a t t e r peaks 
emerge from the background when a f l o o d gun i s used on an 
i n s u l a t i n g sample.(7) Although peak i d e n t i f i c a t i o n i s not 
a b s o l u t e , i n g e n e r a l , when coupled w i t h XPS or SIMS, surface 
species can be determined. 

Q u a n t i t a t i v e Aspects of LEISS 

The i n t e n s i t y f o r LEISS using a noble gas as the primary i o n 
source i s q u i t e low s i n c e , as p r e v i o u s l y discussed, most 
incoming ions are n e u t r a l i z e d upon s c a t t e r i n g and thus go 
undetected. Further, the r e l a t i v e i n t e n s i t y of the v a r i o u s 
components i s a strong f u n c t i o n of the i n c i d e n t i o n energy as 
shown i n Figure 2. These changes i n i n t e n s i t y can be a t t r i b u t e d 
to s e v e r a l f a c t o r s as described below: 

X i * το Θ 1 N
0

( I S P ) d o / d e G i T D d e ( 2 ) 
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SURFACE 

BULK 

( M t , E t , V t ) 

Figure 1. Fundamenta
Mo,E 0,V o represent mass
M t,E t,V t represent mass, energy y  targe , 
Mo,E',\r represent mass, energy and v e l o c i t y of s c a t t e r i o n , Θ 
i s the s c a t t e r i n g angle, and φ i s the r e c o i l angle* 
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where 1^ = s c a t t e r e d i o n i n t e n s i t y from the i t h s p e c i e s , I Q = 
i n c i d e n t beam i n t e n s i t y , - atomic f r a c t i o n of i t h species at 
the surface, do/d9 = d i f f e r e n t i a l s c a t t e r i n g c r o s s - s e c t i o n of 
the i t h sp e c i e s , ISP - i o n s u r v i v a l p r o b a b i l i t y , - geometric 
or shadowing f a c t o r , Τ - analyzer transmission f a c t o r , D s 

detector e f f i c i e n c y , d6 β s o l i d angle of acceptance f o r the 
analyzer* 

The i n c i d e n t i o n beam i n t e n s i t y can be measured, and 
there are s e v e r a l t a b u l a t i o n s of c r o s s - s e c t i o n c a l c u l a t i o n s * 
(8) A l s o , the analyzer parameters, T, D, and d9 can be 
determined* The three aspects of t h i s equation, which are not 
w e l l understood nor e a s i l y determined, i n c l u d e the number of 
atoms of a p a r t i c u l a r k i n d , the i o n s u r v i v a l p r o b a b i l i t y , and 
the shadowing or geometric term* The f i r s t q u a n t i t y i s q u i t e 
o f t e n that which you would l i k e to determine* Hie second two 
are o f t e n d i f f i c u l t t
important when t r y i n
t r y i n g to determine the l o c a t i o n of adsorbates.(9) However, 
shadowing f o r p o l y c r y s t a l l i n e samples, though important, i s very 
d i f f i c u l t to deal w i t h q u a n t i t a t i v e l y * 

Ion n e u t r a l i z a t i o n (or i o n s u r v i v a l ) can dominate t h i s 
technique* A number of t h e o r i e s have a r i s e n to account f o r t h i s 
phenomenon, but a l l seem to i n c l u d e both Auger t r a n s i t i o n s and 
resonance tu n n e l i n g processes as the dominant means of i o n 
n e u t r a l i z a t i o n * ( 4 , 5 ) For very slow i o n s , as i n LEISS, Auger 
t r a n s i t i o n s seem to be more important* The i o n s u r v i v a l 
p r o b a b i l i t y at constant s c a t t e r i n g angle can be defined as 
f o l l o w s (assuming only Auger t r a n s i t i o n s ) : 

ISP = A[exp(-b/V f)] (3) 

where b can be considered a c h a r a c t e r i s t i c n e u t r a l i z a t i o n con­
s t a n t , (10) l a r g e l y independent of energy* The term b̂  does 
i n c l u d e a small c o n t r i b u t i o n from the i n c i d e n t energy of the i o n 
beam, but under the range of energies normally encouraged i n 
LEISS ( i . e . , -500-2000 eV), t h i s c o n t r i b u t i o n i s i n s i g n i f i c a n t . 
(3,4,10) 

A p p l i c a t i o n s to C a t a l y s t s 

Surface S e n s i t i v i t y . Using these i d e a s , one can gather 
i n f o r m a t i o n on a c a t a l y s t which can i n d i c a t e e x a c t l y which 
elements are on the surface and which are i n second or deeper 
l a y e r s . To i l l u t s t r a t e t h i s i d e a , consider MoS2* This m a t e r i a l 
has a layered s t r u c t u r e which has Mo sandwiched between s u l f u r 
l a y e r s * LEISS data reported elsewhere show that at low energies 
«600 eV) almost no Mo i s observed * ( 11 ) At higher energies, 
such as o f t e n reported i n the l i t e r a t u r e , we see a pronounced 
s i g n a l from Mo* Sputtering does occur f o r these samples, but 
t h i s increased Mo s i g n a l i s not due to that e f f e c t . The i m p l i ­
c a t i o n i s that LEISS data must be taken at very low voltages to 
r e f l e c t only f i r s t l a y e r c o n t r i b u t i o n s . 

One of the concerns i n doing LEISS on c a t a l y s t s i s that 
the information w i l l be of l i t t l e use because e i t h e r the f i r s t 
l a y e r may be p r i m a r i l y carbon or the surface may be too rough. 
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Therefore, i n order to be sure that our data were meaningful, we 
a l s o examined p o l y c r y s t a l l i n e MoS2 as w e l l as MoS 2 supported on 
alumina* In a d d i t i o n , the supported MoS 2

 i n s o m e cases was 
promoted wi t h other metals such as Q> or N i , which are commonly 
used i n commercial h y d r o t r e a t i n g c a t a l y s t s * Again, as seen i n 
the s i n g l e c r y s t a l case, the spectra f o r p o l y c r y s t a l l i n e MoS 2 i s 
dominated by s u l f u r at 500 v* At higher energies, we see the Mo 
s i g n a l begin to show through* However, the supported MoS 2 shows 
s i g n i f i c a n t Mo even at 500 v, suggesting that the MoS 2 i s not 
o r i e n t e d b a s a l plane up but p o s s i b l y edge up.(11) When Go or N i 
i s added to the Mo on the alumina, we f i n d that the Mo i s 
unchanged* 

More q u a l i t a t i v e l y , we can p l o t the r e c i p r o c a l of the per­
pendicular v e l o c i t y versus the l o g of the i o n s u r v i v a l proba­
b i l i t y . Ions a r i s i n g from d i f f e r e n t depths should have d i f ­
f e r e n t slopes or i n t e r c e p t
r e s u l t i n g l i n e correspond
that i s s e n s i t i v e to the e l e c t r o n i c s t r u c t u r e and the depth 
d i s t r i b u t i o n of the s c a t t e r i n g centers* C l e a r l y , geometric 
c o n s i d e r a t i o n s (or shadowing) play an Important r o l e i n these 
experiments* The radius of the shadow cone of the i n c i d e n t i o n 
can be represented by an equation which i n c l u d e s energy* 
However, d i r e c t i o n a l l y the e f f e c t w i l l be the same as neu­
t r a l i z a t i o n and thus w i l l only exaggerate the r e s u l t s * ( 1 2 ) With 
the s i n g l e c r y s t a l MoS 2 system, we found that s c a t t e r i n g from 
the S atoms changed very slowly with respect to the i o n energy, 
w h i l e the molybdenum i n t e n s i t y changed sharply w i t h energy. 
Such an a n a l y s i s i s c o n s i s t e n t with the idea that the s u l f u r i s 
at the s u r f a c e . Ions s c a t t e r e d from the molybdenum (which i s i n 
the second l a y e r ) are p r e f e r e n t i a l l y n e u t r a l i z e d , p a r t i c u l a r l y 
at low energy. At 500 eV, greater than 90% of the s c a t t e r i n g 
i n t e n s i t y o r i g i n a t e s from f i r s t l a y e r c o l l i s i o n s , while at 2000 
eV about 70% of the i n t e n s i t y a r i s e s from f i r s t l a y e r s c a t t e r ­
i n g . When t h i s same a n a l y s i s i s a p p l i e d to the supported MoS 2 

systems, the molybdenum and the s u l f u r have s i m i l a r i n t e n ­
s i t i e s . The A l s i t e s seem to be almost completely covered. 
These data are c o n s i s t e n t w i t h MoS 2 assuming a d i f f e r e n t surface 
s t r u c t u r e when supported than i t does i n a bulk form. 

Metals D i s p e r s i o n from LEISS. Since He + s c a t t e r i n g i s very 
s e l e c t i v e to the outermost surface l a y e r , one should a n t i c i p a t e 
that LEISS would be a valuable t o o l f o r s t u d i e s of metals 
d i s p e r s i o n f o r supported c a t a l y s t s . For low metal concen­
t r a t i o n s on high area supports, the (metal/support) LEISS 
i n t e n s i t y r a t i o should be d i r e c t l y p r o p o r t i o n a l to metals 
d i s p e r s i o n . Recent stu d i e s i n our l a b o r a t o r y have confirmed 
that e x p e c t a t i o n . 

In Figure 4, the P t / A l r a t i o from LEISS i s shown f o r a 
s e r i e s of P t / A l 2 0 3 c a t a l y s t s with v a r i a b l e Pt content (0.2-2.0 
wt.%) f o l l o w i n g treatments w i t h 0 2 at 500°C and 600°C. For 
c a t a l y s t s t r e a t e d at 500°C, the P t / A l i n t e n s i t y r a t i o v a r i e s 
l i n e a r l y w i t h metal l o a d i n g . However, a f t e r the 600°C treatment, 
the P t / A l i n t e n s i t y r a t i o i s lowered s u b s t a n t i a l l y , e s p e c i a l l y 
at higher Pt l o a d i n g s . This change i n the P t / A l i n t e n s i t y r a t i o 
r e f l e c t s a r e s t r u c t u r i n g of the metal component during h i g h 
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Figure 3. Basic R e l a t i o n s h i p s f o r I n s u l a t i n g Surfaces; Θ and φ 
no longer w e l l defined* Ion i n t e r a c t i o n s w i t h charged surface 
a l t e r s t r a j e c t o r i e s * 

Figure 4. Platinum Agglomeration and D i s p e r s i o n Measured by Ion 
S c a t t e r i n g * 
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temperature oxygen treatments. In p a r t i c u l a r , the growth of 
l a r g e r platinum and/or platinum oxide c r y s t a l l i t e s appears to 
take place. 

These c a t a l y s t s were a l s o examined by 0 2 chemisorption to 
t e s t the v a l i d i t y of our i n t e r p r e t a t i o n of the LEISS data. A 
p l o t of these r e s u l t s i s a l s o shown i n Figure 4. C a t a l y s t s 
t r e a t e d with oxygen at 500°C, and subsequently reduced at 200-
500°C, showed high oxygen uptakes (O/Pt -1.1), which i n d i c a t e 
e s s e n t i a l l y complete Pt d i s p e r s i o n . However, f o r c a t a l y s t s 
t r e a t e d with oxygen at 600°C, the oxygen chemisorption c a p a c i t y 
was s i g n i f i c a n t l y reduced (O/Pt -0.26-1.0). In Figure 4 a l l 
c a t a l y s t s , regardless of treatment, f a l l on the same p l o t . 
W ithin the u n c e r t a i n t y of the LEISS i n t e n s i t y r a t i o s an e x c e l ­
l e n t 1:1 c o r r e l a t i o n e x i s t s , confirming that LEISS i s s e n s i t i v e 
only to the f r a c t i o n of exposed platinum and thus i s a good 
probe of d i s p e r s i o n . 

Morphology Studies. Anothe  syste
WOg/A^O-j. Several m a t e r i a l s which v a r i e d i n percent monolayer 
coverage of tungsten oxide a l l showed a d i s c e r n a b l e A l peak (see 
Figure 5 ) . In a d d i t i o n , there was a s i g n i f i c a n t Na contamina­
t i o n on these samples. Whereas XPS and Laser Raman spectroscopy 
had shown a l i n e a r increase i n W/Al up to monolayer coverage, 
(18) LEISS shows that the W/Al r a t i o i s almost constant up to 
monolayer coverage where the Na apparently begins to dominate 
the surface (Figure 6 ) . Beyond monolayer coverage, Raman has 
shown that b u l k - l i k e WOo forms on the s u r f a c e . We a l s o see a 
s i g n i f i c a n t change i n the LEISS data. The l a c k of consistency 
between XPS and LEISS i s important s i n c e both techniques should 
measure surface concentrations. However, the theory f o r e s t i ­
mating c r y s t a l l i t e s i z e from XPS breaks down f o r very small 
p a r t i c l e s . ( 1 4 , 1 5 ) The small WÔ  c r y s t a l l i t e may a l s o be growing 
i n t o r a f t - l i k e morphologies. For t h i n r a f t s , XPS would s t i l l 
show almost a l i n e a r increase of W/Al i n t e n s i t y r a t i o s , although 
the a c t u a l number of surface tungstens would change much l e s s . 
The f a c t that a change i n s t r u c t u r e to WO3 or Al^WO^^ i s 
r e f l e c t e d i n the LEISS data shows that the technique i s 
s e n s i t i v e to s t r u c t u r a l changes. Therefore, these data suggest 
that no s i g n i f i c a n t change i n the surface s t r u c t u r e seems to 
occur between samples that have l e s s than one monolayer 
equivalent and c a t a l y s t s which have approximately one monolayer 
equ i v a l e n t of tungsten. This f a c t i s shown even more c l e a r l y 
upon p l o t t i n g the ISPs versus the r e c i p r o c a l of the v e l o c i t y . As 
shown i n Figure 7, a sample c a l c i n e d at 500° C (which should be 
w e l l under a monolayer) and a sample c a l c i n e d at 950°C (which 
should be r i g h t at a monolayer) seem to be q u i t e s i m i l a r . In 
c o n t r a s t , the sample c a l c i n e d at 1050°C which should be 
A1 2(W0^)^, shows q u i t e d i f f e r e n t slopes and i n t e r c e p t s (see 
Figure 7;. Though only the n e u t r a l i z a t i o n aspect of the change 
i n s c a t t e r i n g i n t e n s i t y i s t r e a t e d here, i t would be wrong to 
imply that other f a c t o r s , such as shadowing and the t a r g e t 
atom's e l e c t r o n c o n f i g u r a t i o n , do not play a r o l e . C l e a r l y , they 
do, but t h e i r e f f e c t s do not a l t e r our c o n c l u s i o n s . Thus, i t 
appears that LEISS may a l s o be q u i t e valuable as a q u a l i t a t i v e 
probe f o r changes i n surface morphology.(16) 
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Figure 5. LEISS Data f o r Series of W0 3/A1 20 3 C a t a l y s t s (a) 10% 
W0 3/A1 20 3; Calcined at 500°C; (b) 10% W0 3/A1 20 3; Calcined at 
950°C; (c) 25% W0 3/A1 20 3; Calcined at 500°C; (d) Alumina, 
Calcined at 500°C. 
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Figure 7. Ion S u r v i v a l P r o b a b i l i t y f o r 10% W0 3/A1 20 3 (a) 
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Conclusions 

LEISS has proven to be an important t o o l f o r studying 
c a t a l y s t s . The technique can be d e c e i v i n g l y simple, but f o r 
meaningful surface a n a l y s i s great care must be taken. Very low 
energy i o n beams at low currents are required f o r e x c l u s i v e l y 
f i r s t l a y e r data. C a t a l y s t s which i n general are i n s u l a t o r s 
r e q u i r e proper charge compensation. Q u a n t i t a t i o n i s p o s s i b l e on 
a r e l a t i v e s c a l e and peak i d e n t i f i c a t i o n should be confirmed by 
another t o o l such as XPS or SIMS. With these precautions , LEISS 
i s capable of determining the composition of the outermost 
p o r t i o n of a c a t a l y s t . I t can provide complementary data, yet 
more o f t e n i t provides unique inform a t i o n due to i t s extreme 
surface s e n s i t i v i t y . 
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X-ray Photoelectron and X-ray Absorption 
Spectroscopic Characterization of Cobalt Catalysts 
Reduction and Sulfidation Behavior 

D. G. Castner and P. R. Watson1 

Chevron Research Company, Richmond, C A 94802-0627 

We have observed spectroscopically, on a real-time 
basis, the changes in catalyst structure and compo­
sition which occur during reduction and sulfidation 
reactions. This capability was demonstrated by 
examining the
of bulk Co3O4
(~20 nm Co3O4 particles  ~500  aggregates) and 
10% Co/SiO2-923 (≤5 nm Co3O4 particles) with X-ray 
photoelectron spectroscopy (XPS) and X-ray absorp­
tion spectroscopy (XAS). In situ experiments were 
done in a catalyst-treatment system and a controlled 
atmosphere cell. CoO was observed as an intermedi­
ate in the H2 reduction of the Co3O4 particles to 
Co. The smallest Co3O4 particles were the hardest 
to reduce to metallic cobalt. Sulfidation of the 
Co3O4 particles with H2S/H2 proceeded through CoO 
and Co intermediates, forming Co9S8. On the sup­
ported catalysts the direct reaction of CoO to Co9S8 
was observed. In contrast to the reduction results, 
the smaller Co3O4 particles were the easiest to 
sulfide. 

The performance of a supported metal or metal sulfide catalyst 
depends on the details of i t s preparation and pretreatment. For 
petroleum refining applications, these catalysts are activated by 
reduction and/or sulfidation of an oxide precursor. The amount of 
the catalytic component converted to the active phase and the dis­
persion of the active component are important factors in determin­
ing the catalytic performance of these materials. This 
investigation examines the process of reduction and sulfidation on 
unsupported Co 3o 4 and silica-supported Co 30 4 catalysts with 
different Co 30 4 dispersions. The Co 30 4 particle sizes were deter­
mined with electron microscopy, X-ray diffraction (XRD), and 

1Current address: Department of Chemistry, Oregon State University, Corvallis, OR 97331 
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XPS. The changes in catalyst composition during reduction and 
sulfidation were determined by XAS and XPS. 

Experimental 

Catalyst Preparation. The unsupported Co 3o 4 was obtained from 
Johnson Matthey Chemicals (Puratronic grade) and was used as 
received. The supported catalysts with nominal Co loadings of 
10 wt % were prepared by p o r e - f i l l impregnation with an aqueous 
solution of Co(N0 3) 2 on Davison Grade 62 and 923 s i l i c a supports. 
The two supported catalysts w i l l be referred to as Co/Si02-62 and 
Co/Si02-923. The s i l i c a supports were f i r s t calcined at 500°C for 
two hours, then impregnated, equilibrated in a capped bottle for 
five days, dried under vacuum (~300 torr) at 100°C for four 
hours, and f i n a l l y recalcined at 250°C for one hour and 450°C for 
two hours. 

XPS Analysis. The ultrahigh vacuum (UHV) catalyst treatment
surface analysis system employed to characterize and treat the 
cobalt catalysts has been described previously (1_f 2). The cata­
lyst treatment and data analysis procedures have also been 
described (1_). Briefly, the samples were treated in quartz reac­
tors and then transferred under UHV into a modified Hewlett-
Packard 5950A ESCA spectrometer for analysis. Peak areas were 
normalized with theoretical cross-sections (3) to obtain relative 
atomic compositions. 

XAS Analysis. A l l of the XAS experiments were done on line VII-3 
at the Stanford Synchrotron Radiation Laboratory (SSRL) with the 
electron storage ring operating at 3 GeV and ~40 mAmps. The spec­
tra were collected in the transmission mode using a wiggler 
insertion device, a double Si (220) crystal monochromator, and N 2 

f i l l e d ion chambers. Both X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS) mea­
surements at the cobalt Κ edge (7709.5 eV) were made. Before and 
after each reduction or sulfidation experiment detailed high reso­
lution XANES and EXAFS spectra were taken. During the treatments 
low resolution XANES spectra were taken approximately every two 
minutes. Both temperature-programmed (~5°C/min.) and isothermal 
experiments were done in a controlled atmosphere c e l l . The XAS 
c e l l was a modified version of a c e l l used in infrared spectro­
scopy experiments (_4) and wi l l be described in detail elsewhere 
(5_) · Briefly, the c e l l was modified by replacement of the Pt wire 
heater with two 500-watt quartz halogen lamps, replacement of the 
salt windows with mylar windows, addition of water cooling to the 
outer stainless steel jacket, enlargement of the diameter of sam­
ple wafers from 1.27 cm to 1.91 cm, and reduction in size of the 
entire c e l l so i t would f i t into the experimental hutches at 
SSRL. The c e l l was capable of operation at temperatures from -196 
to over 650°C at pressures from 10~8 to 103 torr. A gas manifold 
was used to flow the selected gas (He, H2, or 2% H2S/H2) through 
the c e l l and a turbomolecular pump was used to evacuate the c e l l . 
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This paper presents the results from the XANES spectra taken 
during temperature-programmed reduction and sulfidation experi­
ments. A l l spectra were normalized to a step height of unity 
after removing a linear pre-edge background. The zero point of 
the energy scale was set to the f i r s t inflection point of Co 
f o i l . Each normalized XANES spectra was then decomposed into the 
contributions from various cobalt species by least squares 
f i t t i n g . The reference spectra for Co 30 4, CoO, Co, and Co9Sg used 
for this decomposition are in Figure 1· The reference spectra 
were taken at the same resolution conditions as the spectra taken 
during reduction and sulfidation. An example of the decomposition 
i s shown in Figure 2. 

Electron Microscopy Analysis. Transmission and scanning electron 
microscopy (TEM and SEM) studies were performed on a JEOL 100CX 
TEMSCAN. The unsupporte
sided sticky tape and
were obtained in the SEM mode at 40 and 60 KeV. Ground powder 
from the si0 2~ s uPP° r t e <* samples was embedded in epoxy, then micro-
tomed with a diamond knife to obtain sections ~600 Â thick. These 
thin sections were put on 3-mm TEM grids and coated with a carbon 
layer (<100 Â). Images and diffraction patterns were obtained in 
the TEM mode at 100 KeV. 

Results and Discussion 

Cobalt Oxide Catalysts. A l l three catalysts were characterized in 
their oxide form prior to the reduction and sulfidation experi­
ments. For the two supported catalysts the XAS, XPS, XRD, and TEM 
results a l l showed that Co 30 4 was the major cobalt species 
present. The main difference between the three samples was in the 
size of the Co 30 4 particles. For bulk Coo04f SEM images showed 
the particles were octahedral and ranged in size from 1000 to 
5000 nm. The Co 30 4 particle size on the Si0 2-supported catalysts 
was determined from TEM images, XPS measured Co/Si ratios (6), and 
the XRD peak widths (7_). XPS and XRD results show the Co 30 4 

particle size was between 10 and 30 nm for the Co/Si02-62 cata­
l y s t . TEM observations showed that these 10- to 30-nm particles 
were tightly clustered into aggregates ranging in size from 100 to 
1000 nm. The Co304 particles in each aggregate had essentially 
the same crystallographic orientation. TEM and XPS both showed 
the Co/Si02-923 sample to have a high dispersion, with the CO304 

particles 5 nm and smaller in size. Thus C©30 4 was the major 
cobalt species present in a l l three samples with average particle 
sizes of 3000 nm for bulk Co 3 o 4 , -20 nm in -500 nm aggregates for 
Co/Si02-62, and <5 nm for Co/Si0 2" 9 2 3* 

Reduction of the Co 3 o 4 Catalysts. For a l l three samples the 
reduction of the surface of the Co 3 o 4 particles to metallic cobalt 
was observed by XPS following reaction in one atmosphere of flow­
ing H2. After one hour at 350°C bulk Co 30 4 was completely 
reduced, while for Co 30 4/Si0 2"62 the reduction was only about 80% 
complete. The Co 3o 4/Si0 2-923 sample was about 60% reduced at 
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350°C and both SiOj supported catalysts were completely reduced 
after an hour at 500°C. These results indicate that the smaller 
C o3°4 P a r t i c ^ - e s were harder to reduce to metallic cobalt. 

XAS was used to follow the reduction process in detail. 
Figure 3 and Table I summarize the XANES results from spectra 
taken approximately every two minutes during temperature pro­
grammed reduction (TPR) experiments on the three catalysts. These 
results show that CoO was an intermediate in the reduction of 
C o3°4 t o C o * T h e identification of CoO was from direct XAS mea­
surements during the reduction, not inferred from the changes 
observed in the gas phase composition (viz., decrease of the H 2 

concentration or increase of the H2O concentration) as is gener­
a l l y done in conventional TPR experiments (8). The combination 
XAS/TPR measurements have even a greater advantage in multicompo-
nent systems (e.g., Co-Mo catalysts) since the behavior of each 
element can be isolate

Table I. XAS Results Fro  Experiments  One Atmosphere o
Flowing H2 for C 0 3 O 4 , C 0 3 O 4 / S 1 O 2 - 6 2 and O^C^/SiC^" 9 2 3 

Particle Reduction Delta Reduction 
Sample Size (nm) Temp. (°C) Temp. (°C) 

C o3°4 1000-5000 315 5 
Co 30 4/Si0 2-62 10-30 310 60 
C o30 4/Si0 2-923 _<5 290 250 

We characterize the reduction process by defining the reduc­
tion temperature as the point where the C03O4 concentration has 
dropped to 50% and the delta reduction temperature as the tempera­
ture difference between the points at which 50% C 0 3 O 4 and 50% Co 
were reached. These definitions are arbitrary and their values 
w i l l change with experimental conditions, but they are useful for 
comparing samples examined at the same conditions. Both of these 
temperature parameters must be considered when assessing the 
reduction properties of the samples. 

As the starting C 0 3 O 4 particle size decreased from microns to 
nanometers, the reduction temperatures were similar (315°C to 
290°C), but the delta reduction temperatures increased noticeably 
(5°C to 250°C)· These results indicate for the reduction of Co^o4 

to Co the C 0 3 O 4 to CoO step was nearly independent of the particle 
size, while the CoO to Co step was strongly dependent on the par­
t i c l e size. Thus the smaller C 0 3 O 4 particles were more d i f f i c u l t 
to reduce to Co because of the differences observed in the CoO 
Co step. Previously i t had been observed for the C 0 / A I 2 O 3 (9), 
Ni/Si0 2 (10), and Fe/Si0 2 (11 , 12) systems that highly dispersed 
oxide species (small particles) were more d i f f i c u l t to reduce than 
their corresponding bulk or bulk-like oxides. Nucleation, inter­
action with the support, and reaction with the support were given 
as possible explanations for these differences. Further experi­
ments are needed to determine the reasons for the observed parti­
cle size effect on the Co/Si0 2 system. 
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Sulfidation of the Co 3 o 4 Catalysts. XPS and XAS results show 
that the cobalt in a l l three samples was converted to COgSg after 
reaction at 400°C for one hour in H2S/H2. Again XANES spectra 
taken during sulfidation were used to follow the reaction in 
det a i l . The results from temperature programmed sulfidation (TPS) 
experiments are summarized in Figure 4 and Table II. 

Table II. XAS Results From TPS Experiments in One Atmosphere of 
Flowing 2% H2s/H2 for Co 30 4, Co 30 4/Si0 2-62 and Co 30 4/ 
Si09-923 

Delta 
Particle Sulfidation Sulfidation 

Sample Size (nm) Temp. (°C) Temp. (°C) 
Co 30 4 

Co 30 4/Si0 2-62 
Co 3o 4/Si0 2-923 <5 190 55 

The XAS results show that both CoO and Co were present as 
intermediates during the sulfidation of Co 30 4 to CogSg. On the 
s i l i c a supported catalysts 20 to 30 percent COgSg was formed 
before any cobalt metal was detected. This implies either CogSg 
can be formed directly from a cobalt oxide phase without passing 
through Co, or the rate of the Co > CogSg step was sufficiently 
faster than the rate limiting step of the Co 3 o 4 Co process so 
that any Co formed was immediately sulfided. Results from iso­
thermal experiments on the Co 3 o 4 + Co and Co CogSg reactions 
should help determine the correct explanation. 

The sulfidation temperature decreased noticeably with the 
starting Co 30 4 particle size (370 to 190°C). The delta sulfida­
tion temperatures (50% Co g s 8 - 50% Co 30 4) were similar on the two 
supported catalysts (65 and 55°C), both larger than for bulk Co 30 4 

(25°C). Thus because of their lower sulfidation temperatures, the 
smaller Co 30 4 particles were easier to sulfide. 

The increased d i f f i c u l t y of sulfidation with increased Co 30 4 

particle size could be due to constraints of the diffusing species 
(Co atoms, H 2s, S, etc.) in the larger particles. This is because 
the distance the diffusing species must travel to sulfide a parti­
cle increases with the increasing size of that particle. Sulfida­
tion of the larger particles would then require higher tempera­
tures and/or longer times to overcome any diffusion constraints. 
This d i f f i c u l t y i s not as important in the reduction process since 
hydrogen diffusion is more f a c i l . Direct sulfidation of Co 3 o 4 or 
CoO can explain the fact the delta sulfidation temperatures for 
the Co/Si0 2 catalysts were similar while their delta reduction 
temperatures were noticeably different. Direct sulfidation would 
eliminate the CoO ->» Co step of the reaction, which was the step 
that caused the smaller particles to be more d i f f i c u l t to 
reduce. This implies the property that increased the d i f f i c u l t y 
of reduction with decreasing particle size (nucleation, support 
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Figure 3. XAS/TPR results for Co 30 4, Co 30 4/Si0 2-62 and 
Co 30 4/Si0 2-923 in 1 atmosphere of flowing Η 2· The tempera­
ture ramp was 5°C/minute. 

Co304 10%Co304/Si02«62 10%Co304/Sî02-923 

Temperature ( °C ) 

Figure 4 . XAS/TPS results for Co 3o 4, Co 30 4/Si0 2-62 and 
Co 30 4/Si0 2-923 in 1 atmosphere of flowing 2% H2S/H2. Tl 
temperature ramp was 5°C/minute. 
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effects, etc.) would not be an important part of the sulfidation 
process. Thus direct sulfidation of Co oxide and diffusional 
differences can account for the observation that the smaller Co 30 4 

particles are both harder to reduce and easier to sulfide than the 
larger Co 3o 4 particles. 

Conclusions 

We have shown that XANES spectra for catalysts can be obtained in 
two minutes. This enables us to spectroscopically monitor changes 
in catalyst composition in real time. Our controlled atmosphere 
c e l l allowed us to do these experiments on catalysts under reac­
tion conditions. 

The reaction sequence of unsupported Co 3o 4 and s i l i c a sup­
ported Co 30 4 catalysts for H 2 reduction was Co 30 4 > CoO Co. 
Sulfidation of the Co
C 0 9 S 3 with some direc
supported catalysts. The reduction temperatures were f a i r l y 
constant while the sulfidation temperatures decreased markedly 
with decreasing Co 3o 4 particle size. The delta reduction 
temperatures increased with decreasing Co 30 4 particle size. 
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14 
Studies of the Kinetics and Mechanisms of Ammonia 
Synthesis and Hydrodesulfurization on Metal 
Single-Crystal Surfaces 

A . J . Gellman, M. Asscher, and G. A. Somorjai 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Department of Chemistry, University of California—Berkeley, Berkeley, C A 94720 

We have studied the ammonia synthesis reaction over Fe 
and Re single crystal surfaces and the hydrodesulfuri­
zation of thiophene over the Mo(100) single crystal 
surface. The studies have been performed using UHV 
surface science tools with the capability of exposing 
the surfaces to high pressure, high temperature reaction 
conditions. The ammonia synthesis reaction was shown to 
be extremely sensitive to surface structure on both Fe 
and Re, favoring surfaces with a rough or open 
topography. The HDS reaction on the Mo(100) surface has 
been shown to be similar to that on MoS2 and appears 
to proceed via a reaction path that does not produce a 
strong Mo-S bond as an intermediate species. 

The use of surface science techniques as probes f o r the study of 
c a t a l y t i c processes was f o r many years hampered by the lack of 
d i r e c t connection between the great volume of information obtained 
under UHV co n d i t i o n s and st u d i e s performed under the high 
pressure, high temperature c o n d i t i o n s of i n d u s t r i a l c a t a l y s i s . There 
are very few techniques f o r studying surfaces while exposing them to 
high pressures of gases, while on the other hand there are a lar g e 
number of probes of the surface/vacuum i n t e r f a c e . Our approach to 
b r i d g i n g the gap between these two extremes of conditi o n s has been 
to develop a system a l l o w i n g d i r e c t t r a n s f e r of samples between a 
high pressure c a t a l y t i c environment and the UHV con d i t i o n s under 
which i t i s p o s s i b l e to prepare, study and c h a r a c t e r i z e t h e i r 
s urfaces and adsorbates on these surfaces Using t h i s approach 
we have been able to i n v e s t i g a t e a number of c a t a l y t i c problems on 
both s i n g l e c r y s t a l and p o l y c r y s t a l l i n e samples. 

In t h i s paper we w i l l d i s c u s s the r e s u l t s that we have obtained 
studying two important processes, the synthesis of ammonia over Fe 
and Re c a t a l y s t s and the h y d r o d e s u l f u r i z a t i o n of thiophene on Mo. 
These examples i l l u s t r a t e two problems i n c a t a l y s i s to which our 
methods are p a r t i c u l a r l y s e n s i t i v e . The f i r s t i s the e f f e c t of the 
s t r u c t u r e of the c a t a l y s t on r e a c t i o n r a t e s . The s e n s i t i v i t y of the 
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r e a c t i o n r ate to the nature of the c a t a l y t i c surface i s e x h i b i t e d to 
an extreme extent by the ammonia synthesis r e a c t i o n on both Fe and 
Re. The second i s the e f f e c t on thiophene h y d r o d e s u l f u r i z a t i o n of 
the a d d i t i o n of s u l f u r to the surface of a Mo s i n g l e c r y s t a l . 

Ammonia synthesis i s one of the o l d e s t i n d u s t r i a l c a t a l y t i c 
processes and has been studied by a la r g e number of i n v e s t i g a t o r s . 
Most work has been performed using Fe based c a t a l y s t s and i t has been 
shown that the r a t e l i m i t i n g step i n t h i s r e a c t i o n i s the 
d i s s o c i a t i v e chemisorption of n i t r o g e n (2). Other work has shown 
that nitrogen adsorbs p e r f e r e n t i a l l y on the Fe(111) surface (5) and 
the suggestion has been made that i t i s the seven-coordinate atoms i n 
the second l a y e r below the surface that are indeed most a c t i v e i n the 
sy n t h e s i s (4)· By comparison very l i t t l e work has been done using Re 
as a c a t a l y s t . Here we report the r e s u l t s of some of the work that 
has been completed i n our l a b o r a t o r y studying ammonia synthesis over 
both Fe and Re s i n g l e c r y s t a

The extreme s e n s i t i v i t
by s u l f u r has stimulated much work studying the h y d r o d e s u l f u r i z a t i o n 
r e a c t i o n and h y d r o t r e a t i n g r e a c t i o n s i n general. The c a t a l y s t s f o r 
t h i s r e a c t i o n are based on supported molybdenum s u l f i d e s . We have 
chosen to study t h i s r e a c t i o n by using s i n g l e c r y s t a l molybdenum 
surfaces and to combine UHV surface science with s t u d i e s of the 
h y d r o d e s u l f u r i z a t i o n of thiophene at high pressures. 

Experimental 

The apparatuses used f o r the s t u d i e s of both ammonia synthesis and 
h y d r o d e s u l f u r i z a t i o n were almost i d e n t i c a l , c o n s i s t i n g of a UHV 
chamber Dumped by both i o n and o i l d i f f u s i o n pumps to base pressures 
of 1x10 Torr. Each chamber was equipped wi t h Low Energy E l e c t r o n 
D i f f r a c t i o n o p t i c s used to determine the o r i e n t a t i o n of the surfaces 
and to a s c e r t a i n that the surfaces were indeed well-ordered. The 
LEED o p t i c s doubled as r e t a r d i n g f i e l d analyzers used f o r Auger 
E l e c t r o n Spectroscopy. I n a d d i t i o n , each chamber was equipped wi t h a 
UTI 100C quadrupole mass spectrometer used f o r a n a l y s i s of background 
gases and f o r Thermal Desorption Spectroscopy s t u d i e s . 

Each UHV chamber was equipped w i t h a c e l l that could be sealed 
over the c r y s t a l a l l o w i n g i t to be exposed to high gas pressures, 
s i m u l a t i n g r e a c t i o n c o n d i t i o n s . The c r y s t a l s were spot welded 
between two metal posts a l l o w i n g them to be heated r e s i s t i v e l y both 
f o r the purpose of cle a n i n g i n vacuum and f o r heating while exposed 
to reactant gas mixtures. C r y s t a l temperatures were monitored using 
thermocouples spot welded to t h e i r edges. The high pressure c e l l s 
were connected to gas handling l i n e s made of 0 .25" s t a i n l e s s s t e e l 
t u b i n g , forming a closed loop, batch r e a c t o r through which reactant 
gases were c i r c u l a t e d . Samples of the gas mixture were taken 
p e r i o d i c a l l y f o r a n a l y s i s v i a a gas sampling v a l v e . The ammonia 
sy n t h e s i s mixture was analyzed f o r ammonia content using a photo-
i o n i z a t i o n detector (energy = 10 .2 eV). The products of the HDS of 
thiophene were separated on a gas chromatograph and analyzed with a 
flame i o n i z a t i o n detector. 2 

Fe, Re and Mo samples were t y p i c a l l y of about 1 cm area by 0 .5 
mm t h i c k and were spark cut from s i n g l e c r y s t a l rods. These were 
subsequently p o l i s h e d using standard m e t a l l u r g i c a l techniques and 
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f i n a l l y cleaned i n UHV u s i n g various treatments i n c l u d i n g Ar+ i o n 
s p u t t e r i n g , and both o x i d a t i o n and reduc t i o n at elevated 
temperatures. The d e t a i l s of sample preparation and of the 
procedures used to perform r e a c t i o n s have been described thoroughly 
elsewhere (6-9)· 

Ammonia Synthesis 

K i n e t i c s over Fe C r y s t a l Surfaces. A t y p i c a l ammonia synthesis 
r e a c t i o n was performed at 5 atm. of Ν and 15 atm. of H^ at a 
temperature of 736K over an F e ( l 1 l ) s u r f a c e . A f t e r a period during 
which the ammonia formed was adsorbed on the w a l l s of the high 
pressure loop i t s accumulation rate i n the rea c t o r was constant. 
The 2corresponding r a t e of r e a c t i o n was 9*9x10 molecules 
/cm /sec. This r a t e was measured over a 150 Κ temperature range 
and showed an Arrhenius typ
of 19.4 kcal/mole. Tabl
v a r i a t i o n s i n the reactant pressures and i n the t o t a l pressure. The 
extensive data necessary f o r the d e r i v a t i o n of a true k i n e t i c r a te 
law was not c o l l e c t e d . I t can be seen c l e a r l y that the r e a c t i o n rate 
i s p o s i t i v e order i n both hydrogen and ni t r o g e n . 

Table I . E f f e c t of Reactant Pressure 
on NH Synthesis (T=748K) 

P(N ) P(H 2) P(Ar) Rate 2 

(atm) (atm) (atm) (molec./cm /sec) 

15 x i o ] * 
18 χ10 Ί£ 
4.5x10]ί 
7.0x10 D 

15 5 0 
5 15 0 
5 5 10 
5 5 0 

The surface a f t e r the r e a c t i o n was found, using AES, to be clean 
w i t h the exception of the presence of s t r o n g l y adsorbed n i t r o g e n and 
some small amounts of s u l f u r that segregated from the c r y s t a l bulk 
during the course of the r e a c t i o n . Exposure of t h i s surface to 
r e a c t i o n c o n d i t i o n s r e s u l t e d i n a r e a c t i o n rate s i m i l a r to that 
over the clean surface. A l a y e r of FeN, was prepared by exposing 
the surface to 5x1 θ" 4 Torr of ammonia at 673 Κ f o r 10 h r s . ( 5 ) . 
T h i s surface had an Auger spectrum s i m i l a r to that of the surface 
produced during the r e a c t i o n and e x h i b i t e d a c a t a l y t i c a c t i v i t y 
s i m i l a r to that of the clean surface. This suggests that during the 
r e a c t i o n the amount of ni t r o g e n deposited on the surface i s cl o s e to 
tha t present i n the compound FeN and p o s s i b l y that t h i s i s 
a c t u a l l y present at the surface during the r e a c t i o n ( 6 ) . 

S t r u c t u r e S e n s i t i v i t y over Fe. Table I I presents the rates of 
ammonia synthesis over each of the low M i l l e r index planes of Fe. 
The r e l a t i v e rates are 418 : 25 : 1 f o r the ordered F e ( l 1 l ) , Fe(lOO) 
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and Pe(l10) surfaces r e s p e c t i v e l y . These rates are c o n s i s t e n t with 
the chemisorption s t u d i e s of E r t l (3) which showed that the rate of 
d i s s o c i a t i v e n i t r o g e n chemisorption under UHV c o n d i t i o n s f o l l o w s the 
same p a t t e r n of s t r u c t u r e s e n s i t i v i t y . This agreement between 
r e a c t i o n rates and the chemisorption s t u d i e s a l s o i n d i c a t e s that i t 
i s the d i s s o c i a t i v e chemisorption step that i s rate l i m i t i n g i n the 
o v e r a l l r e a c t i o n pathway. 

Table I I . NH^ Synthesis S t r u c t u r e S e n s i t i v i t y on Fe 

Surface R a t e & (molec./cm /sec) 

F e ( m ) 
Fe(lOO), Ordere
F e ( l 1 0 ) , Ordered ] 

Fe(lOO), Disordered, 
F e ( l 1 0 ) , Disordered 

a. P ( H 2 ) - 15 atm., P ( N J - 5 atm. 2 Τ - 7^8 Κ 
b. Argon i o n bombardment ( 1 . 5 x 10 A/cm , 600 s e c , 500 V) 

The F e ( m ) surface i s composed of f o u r - f o l d coordinated atoms 
and exposed second l a y e r atoms that are seven-fold coordinated while 
the F e d 10) and Fe(lOO) planes have only s i x - f o l d and f o u r - f o l d 
coordinated atoms r e s p e c t i v e l y . Here we have defined the 
c o o r d i n a t i o n number as the number of nearest neighbor atoms. 
Dumesic's proposal that the seven-fold coordinated atom i s an 
important component of the c a t a l y t i c a l l y a c t i v e s i t e i s not 
c o n t r a d i c t e d by our r e s u l t s (4). I t i s a l s o worth noting that the 
r e l a t i v e roughness or openess of the each plane f o l l o w s the same 
progress i o n as t h e i r c a t a l y t i c a c t i v i t i e s . Table I I a l s o shows that 
the a c t i v i t y of each of the two l e s s a c t i v e surfaces was markedly 
enhanced by s p u t t e r i n g w i t h Ar. I t i s p o s s i b l e that s p u t t e r i n g has 
exposed seven-fold coordinate atoms at the surface or that i t i s the 
roughness of the surface that i s r e s p o n s i b l e f o r the s t r u c t u r e 
s e n s t i v i t y of the r e a c t i o n r a t e . 

K i n e t i c s of Ammonia Synthesis on Re C r y s t a l Surfaces. The k i n e t i c s 
of the ammonia synthesis r e a c t i o n on Re were studied on the Re(l120) 
surface which i s composed of atoms having seven-fold c o o r d i n a t i o n . 
The rate of production at ψΟ Κ and 20 atm. Η /N 2 i n a 3:1 
r a t i o i s 1.8x10 molec/cm /sec. Over long periods of time the 
r a t e of production decreased due to product poisoning of the surface 
as the concentration of ammonia i n the r e a c t o r loop increased, an 
e f f e c t that was not observed on Fe ( 7 )· An Arrhenius p l o t of the 
r e a c t i o n rate y i e l d s an a c t i v a t i o n energy of 20.0 kcal/mole, very 
c l o s e to that observed on Fe suggesting that the rate determining 
step i s i d e n t i c a l on the two surfaces. The dependence of the rate 
on the reactant pressures has been stud i e d i n g r e a t e r d e t a i l on Re 
than on Fe and has been f i t t e d to a rate law of the form (8) 
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S t r u c t u r e S e n s i t i v i t y over Re. As i n the case of the Fe c a t a l y s t s 
the rate of ammonia synthesis v a r i e s g r e a t l y over Re s i n g l e c r y s t a l 
surfaces of d i f f e r e n t o r i e n t a t i o n s . _ T h i s phenomenon has been 
st u d i e d over the (0001), (ΐθΤθ), (1120) and (1121) planes i n a 3:1 
Hp/N mixture at a t o t a l pressure of 20 atm. and a temperature 
or 87Ο K. Under these c o n d i t i o n s these surfaces c a t a l y z e the 
r e a c t i o n w i t h r e l a t i v e rates of 1:94:920:2820 r e s p e c t i v e l y , showing 
a range of a c t i v i t i e s even gre a t e r than that observed on Fe. 

Re has a hep c r y s t a l s t r u c t u r e and so the (0001), the l e a s t 
a c t i v e , i s a close packe
open and i s composed of
Re(l120), Red 121) and th  Figur
which shows that the most common feature^ among them i s t h e i r open or 
rough topography. The F e ( l 1 l ) and R e d 120) surfaces both have large 
numbers of exposed seven-fold coordinate atoms, however, the 
R e d 121), the most a c t i v e of a l l s u r f a c e s , has none. This tends to 
c o n t r a d i c t the suggestion made p r e v i o u s l y that i t i s these seven-fold 
coordinate atoms at the surface that are p a r t i c u l a r l y a c t i v e 
c a t a l y t i c s i t e s . What seems to be a more general trend i s that i t i s 
the high c o o r d i n a t i o n of the hollow or vacant s i t e s at the surface 
that determines the c a t a l y t i c a c t i v i t y . I t i s presumably these 
hollows i n t o which adsorbs and d i s s o c i a t e s . 

The H y d r o d e s u l f u r i z a t i o n of Thiophene 

K i n e t i c s over the Mod 00) C r y s t a l Surface. We have studied the 
h y d r o d e s u l f u r i z a t i o n of thiophene over the i n i t i a l l y clean MO(100) 
s i n g l e c r y s t a l surface i n the temperature range 520K - 690K and at 
reactant pressures of 100 T o r r £ P(H ) _< 800 Torr and 0.1 Torr _< 
P(Th) j( 10 Torr. Under these c o n d i t i o n s the r e a c t i o n i s catalyzed 
at a constant rate f o r a period of approximately one hour a f t e r 
which the rate begins to decrease with time. The rates reported 
here are a l l i n i t i a l rates of r e a c t i o n c a l c u l a t e d from data 
c o l l e c t e d i n the period over which they remain constant. 

The product d i s t r i b u t i o n of the HDS of thiophene over the MO(100) 
surface i s shown i n Table I I I compared w i t h that reported by Kolboe 
over a MoS c a t a l y s t (14). I t i s c l e a r that the two are very 
s i m i l a r and that our c a t a l y s t mimics the MoSQ c a t a l y s t very 

temperature region mentioned above shows that butadiene i s the only 
product whose rate of formation shows true Arrhenius type dependence 
and y i e l d s an a c t i v a t i o n energy of 14.4 kcal/mole. At high 
temperatures the rate of butane formation deviates even more 
sharpl y than that of the butènes and does so at lower temperatures 

c l o s e l y i n t h i s respect. made i n the 

(9 ) . 
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Side View T o p V i e w 

Re (1120) 

C 7 

Figure 1. The most a c t i v e Fe and Re surfaces f o r ammonia 
s y n t h e s i s . 
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In (rote) vs. I/T 

τ 1 1 1 Γ 

F i g u r e 2 . Arrhenius p l o t f o r the HDS o f thiophene on the 
MO(100) s u r f a c e . P(H 2) = 780 T o r r , P(Th) = 2 . 5 Torr. 
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Table I I I . Product D i s t r i b u t i o n of Thiophene HDS 
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Product MO(1 0 0 ) a MoS 2
b 

Butane 15.6* 11.5* 
1-Butene 47.5* 41.7* 
cis-2-Butene 14.7* 17.8* 
Τrans-2-Butene 18.7* 22.8* 
Butadiene 4.1* 6.3* 

a. P(H )=780 Torr , P(Th)=2.5 Tor r , Τ=285°0 
b. P(H^)=76

The r e s u l t s of v a r i a t i o n s i n reactant pressures are shown i n 
Table IV. Again there are c l e a r v a r i a t i o n s among each of the 
products p o i n t i n g to orders i n hydrogen pressure dependence of zero, 
one-half, and one f o r butadiene, the butènes and butane r e s p e c t i v e l y . 
The h a l f - o r d e r dependence of the butene r a t e of formation shows that 
the hydrogénation must be a r e a c t i o n w i t h atomic hydrogen on the 
sur f a c e and that the hydrogen concentration on the surface must be i n 
the low coverage regime of the adsorption isotherm. These r e s u l t s 
a l s o point to the temperature dependence being a r e s u l t of a decrease 
i n the hydrogen coverage at high temperatures. The r a t e of butadiene 
formation, being independent of H pressure, w i l l not be a f f e c t e d 
by changes i n hydrogen coverage and thus, w i l l show Arrhenius type 
temperature dependence. The rates of butene and butane formation 
w i l l be a f f e c t e d by decreases i n hydrogen coverage at high 
temperatures. The butane formation r a t e should be more severe l y 
a f f e c t e d than that of the butènes, as i s observed. 

Table IV. HDS Dependence on Reactant Pressures (Τ=340 C) 

Product 
Order of Pressure 
Dependence (H 2) 

Order of Pressure 
Dependence (Th) 

Butane 1.10 0.13 
1 -Butene 0.54 0.33 
cis-2-Butene 0.58 0.16 
trans-2-Butene 0.68 0.18 
Butadiene - 0.18 0.95 
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E f f e c t s of S u l f u r Coverage* The k i n e t i c r e s u l t s reported i n the 
previous s e c t i o n are from r e a c t i o n s performed on surfaces that 
are i n i t i a l l y clean. The surfaces a f t e r r e a c t i o n were examined by 
AES and shown to be covered w i t h carbon and s u l f u r at coverages 
c l o s e to a monolayer. I t i s i n t e r e s t i n g to note that although t h i s 
i s the case even a f t e r r e a c t i o n times on the order of minutes the 
r e a c t i o n rate i s constant f o r a period of approximately one hour. 
E i t h e r the r e a c t i o n i s o c c u r r i n g on top of t h i s carbon/sulfur l a y e r 
or these species are present as s u l f u r c o n t a i n i n g hydrocarbon 
fragments that are intermediates i n the d e s u l f u r i z a t i o n process. 

F i g u r e 3 shows the e f f e c t on the o v e r a l l r e a c t i o n rate of s u l f u r 
adsorbed onto the surface under UHV c o n d i t i o n s . The nature of these 
s u l f u r overlayers has been st u d i e d i n some d e t a i l and described 
elsewhere ( 1 0 . 1 1). At coverages of l e s s than one h a l f of one 
monolayer the s u l f u r has been shown to occupy the f o u r - f o l d hollow 
adsorption s i t e on the surface
r e a c t i o n decreases as th
monolayers and at t h i s point the f u r t h e r a d d i t i o n of s u l f u r has no 
apparent e f f e c t . There are two i n t e r e s t i n g p o i n t s about t h i s r e s u l t . 
F i r s t , i t i s s u r p r i s i n g that the a d d i t i o n of s u l f u r to the surface 
has an e f f e c t on the r e a c t i o n r a t e . I f s u l f u r deposited on the 
surface during the HDS o f thiophene were i d e n t i c a l i n nature to that 
deposited before the r e a c t i o n , then i n i t i a l s u l f i d i n g of the surface 
should have no e f f e c t on the r e a c t i o n rate whatsoever. The observed 
e f f e c t suggests that the r e a c t i o n occurs v i a a mechanism that e i t h e r 
does not deposit s u l f u r onto the surface, as has been suggested by 
other i n v e s t i g a t o r s ( 12 ), or one that deposits s u l f u r i n a form that 
i s weakly bound and e a s i l y reduced to H pS. 

The second point of i n t e r e s t i s that at coverages greater than 
~ 0 . 5 monolayers the f u r t h e r a d d i t i o n of s u l f u r to the surface does 
not a f f e c t the r e a c t i o n r a t e . This r e s u l t lends i t s e l f to p o s s i b l e 
e x p l a n a t i o n i n terms of two of the s u l f u r binding s i t e s on the 
s u r f a c e . At high s u l f u r coverages i t has been suggested that s u l f u r 
occupies both the f o u r - f o l d hollow, occupied at low coverages, and 
some other, p o s s i b l y a bridged s i t e ( 10 ). U l t r a - v i o l e t photo­
e l e c t r o n spectroscopy s t u d i e s a l s o support the dual binding s i t e 
model (j _ 3 ) . I f the s u l f u r bound to the surface i n t h i s high coverage 
s i t e i s e a s i l y removed from the surface by hydrogen, then i t s 
presence would have no e f f e c t on the r e a c t i o n r a t e . Furthermore, i t 
i s p o s s i b l e that i t i s t h i s s i t e i n t o which s u l f u r from the r e a c t i o n 
i s a c t u a l l y deposited. 

Conclusions 

The s t u d i e s of ammonia synthesis over Fe and Re and the hydrode­
s u l f u r i z a t i o n of thiophene over Mo, described above, i l l u s t r a t e the 
importance and success of our approach of studying c a t a l y s i s over 
s i n g l e c r y s t a l samples at high pressures. The use of surfaces having 
a v a r i e t y of o r i e n t a t i o n s allows the study of r e a c t i o n s that are 
surface s t r u c t u r e s e n s i t i v e and provides i n s i g h t i n t o the nature of 
the c a t a l y t i c s i t e . Here we have shown that the ammonia synthesis 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



G E L L M A N ET A L . Ammonia Synthesis and Hydrodesulfurization 
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Figure 3· The rate of thiophene HDS on Mo(lOO) vs. 
P(H 2) = 780 Torr, P(Th) = 2.5 To r r , T- 340 C. 
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r e a c t i o n i s h i g h l y s e n s i t i v e to the surface s t r u c t u r e and i s best 
c a t a l y z e d by surfaces of a rough nature having vacant or hollow s i t e s 
of high c o o r d i n a t i o n . The a b i l i t y to prepare surfaces that are w e l l 
c h a r a c t e r i z e d i n terms of both composition and s t r u c t u r e allows the 
e f f e c t s of surface contaminants or dopants to be studied i n d e t a i l . 
The presence of "0.5 monolayers of s u l f u r on the Mo(lOO) surface 
decreases the rate of thiophene h y d r o d e s u l f u r i z a t i o n to about one 
h a l f that of the clean surface. F u r t h e r a d d i t i o n of s u l f u r does not 
e f f e c t the d e s u l f u r i z a t i o n r a t e . We propose that t h i s may be due to 
the adsorption of the a d d i t i o n a l s u l f u r onto weakly bound s i t e s from 
which i t i s e a s i l y reduced. 
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Oxygen Interactions and Reactions on Palladium(100): 
Coadsorption Studies with C2H4, H2O, and CH3OH 

Ε. M. Stuve1, S. W. Jorgensen, and R. J. Madix 

Department of Chemical Engineering, Stanford University, Stanford, CA 94305 

The reactions of ethylene  water  and methanol with 
coadsorbed oxygen
ature programmed reactio
resolution electron energy loss spectroscopy (EELS). 
Ethylene dehydrogenation was poisoned by oxygen, and 
d i r e c t hydrogen t r a n s f e r reactions between water and 
oxygen and between methanol and oxygen were observed. 
These reactions demonstrate the Brönsted base role of 
adsorbed oxygen perviously found on Ag(110) and show 
further that more active t r a n s i t i o n metals which 
themselves a c t i v a t e C-H bonds c a t a l y t i c a l l y oxidize 
via a two-step mechanism i n which the surface i n t e r ­
mediates are scavenged by adsorbed oxygen. 

R e c e n t s t u d i e s / 1 , 2 / h a v e shown t h a t t h e s u r f a c e r e a c t i v i t y o f 
A g ( l l O ) c a n be g r e a t l y e n h a n c e d by p r e a d s o r b e d o x y g e n . The b e h a v i o r 
o f o x y g e n w i t h o t h e r c o a d s o r b a t e s on A g ( l l O ) c a n be c l a s s i f i e d i n t o 
t h r e e c a t e g o r i e s : ( 1 ) L e w i s a c i d o r t h r o u g h - s u r f a c e i n t e r a c t i o n i n 
w h i c h an o x y g e n a t o m w i t h d r a w s c h a r g e f r o m t h e s u r f a c e a n d c r e a t e s 
o n e o r m o r e e l e c t r o n e g a t i v e s i t e s e l s e w h e r e on t h e s u r f a c e t h a t f a v o r 
t h e a d s o r p t i o n o f c h a r g e d o n a t i n g s p e c i e s , ( 2 ) B r f l n s t e d b a s e i n t e r a c ­
t i o n i n w h i c h an e l e c t r o n e g a t i v e o x y g e n a t o m c a n a b s t r a c t an a c i d i c 
p r o t o n f r o m a n o t h e r c o a d s o r b e d s p e c i e s , a n d ( 3 ) n u c l e o p h i l i c a t t a c k 
i n w h i c h t h e e l e c t r o n s o f t h e o x y g e n a t o m a t t a c k a n e l e c t r o n 
d e f i c i e n t s i t e o n a n o t h e r c o a d s o r b e d s p e c i e s . I t i s t h e r e f o r e o f 
i n t e r e s t t o know w h e t h e r t h e s e f o r m s o f o x y g e n i n t e r a c t i o n s o c c u r on 
o t h e r m e t a l s , i n p a r t i c u l a r , on t h o s e m o r e r e a c t i v e t h a n s i l v e r , s u c h 
a s t h e g r o u p V I I I t r a n s i t i o n m e t a l s . The h i g h e r r e a c t i v i t y o f t h e s e 
m e t a l s p r e s e n t s an a d d e d c o m p l i c a t i o n i n t h e s t u d y o f o x y g e n i n t e r a c ­
t i o n s i n t h a t t h e c o a d s o r b e d s p e c i e s i s u s u a l l y c a p a b l e o f some s o r t 
o f r e a c t i o n w i t h o u t o x y g e n . F o r r e a c t i o n s on A g ( 1 1 0 ) , o x y g e n a c t s a s 
a p r o m o t e r , b u t i n t h e i n s t a n c e s w h e r e r e a c t i o n c a n o c c u r w i t h o u t 
o x y g e n , o x y g e n may a l t e r o r e v e n p o i s o n a r e a c t i o n , o r p e r h a p s p r o ­
m o t e a n e n t i r e l y d i f f e r e n t r e a c t i o n p a t h ( i n w h i c h o x y g e n may 
d i r e c t l y p a r t i c i p a t e ) . The l a t t e r c a s e i s a n a l o g o u s t o o x i d a t i o n 

1Current address: Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 
D-1000 Berlin 33, Federal Republic of Germany 
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r e a c t i o n s on A g ( l l O ) . R e a c t i o n m o d i f i c a t i o n o r p o i s o n i n g may i n v o l v e 
t h e a f o r e m e n t i o n e d o x y g e n i n t e r a c t i o n s , b u t a n a d d i t i o n a l e f f e c t , 
k n o w n a s s c a v e n g i n g , i s p o s s i b l e . A g e n e r a l d e s c r i p t i o n o f o x y g e n 
s c a v e n g i n g i s a s f o l l o w s . S u r f a c e i n t e r m e d i a t e s f o r m e d by i n t e r ­
a c t i o n w i t h t h e m e t a l may r e a c t i n s t e a d w i t h a s c a v e n g e r ( o x y g e n ) a n d 
t h e r e b y p r o h i b i t o r a l t e r s u b s e q u e n t s u r f a c e r e a c t i o n s w h i c h w o u l d 
o c c u r i n t h e a b s e n c e o f t h e s c a v e n g e r . I n t h i s summary n o t e , we d i s ­
c u s s t h e r e a c t i o n s o f C 2 H 4 , H 2 0 , a n d CH3OH w i t h o x y g e n o n P d ( 1 0 0 ) . 
L e w i s a c i d o x y g e n i n t e r a c t i o n s a r e o b s e r v e d w i t h C2H4 t h a t c o n t r i b u t e 
t o t h e p o i s o n i n g o f t h e d e h y d r o g e n a t i o n r e a c t i o n ; B r f l n s t e d b a s e 
i n t e r a c t i o n s b e t w e e n o x y g e n a n d H 2 0 a n d C H 3 O H , i n w h i c h h y d r o g e n i s 
d i r e c t l y t r a n s f e r r e d t o a n o x y g e n a t o m , p r e d o m i n a t e ; s c a v e n g i n g o f 
h y d r o g e n p r o d u c e d f r o m C2H4 d i s s o c i a t i o n by a d s o r b e d o x y g e n a c c o u n t s 
f o r o x i d a t i o n o f C 2 H 4 . 

E x p e r i m e n t a l 

T h e e x p e r i m e n t s w e r e p e r f o r m e d i n a n u l t r a - h i g h v a c u u m c h a m b e r ( b a s e 
p r e s s u r e = 5 X 1 0 ~ n T o r r ) w i t h f a c i l i t i e s f o r h i g h r e s o l u t i o n e l e c ­
t r o n e n e r g y l o s s s p e c t r o s c o p y ( E E L S ) , t e m p e r a t u r e p r o g r a m m e d r e a c t i o n 
s p e c t r o s c o p y ( T P R S ) , A u g e r s p e c t r o s c o p y , a n d l o w e n e r g y e l e c t r o n d i f ­
f r a c t i o n ( L E E D ) , w h i c h h a s b e e n p r e v i o u s l y d e s c r i b e d / 3 / . T h e r e a c -
t a n t s w e r e d o s e d t h r o u g h g l a s s , m u l t i - c a p i l l a r y a r r a y , m o l e c u l a r beam 
d o s e r s w h i c h g a v e a n e f f e c t i v e beam p r e s s u r e o f b e t w e e n 2 0 0 ( f o r O2) 
a n d 2 0 0 0 ( f o r C?HA) t i m e s t h a t o f t h e b a c k g r o u n d p r e s s u r e w h i c h w a s 
h e l d t o a b o u t 2 X 1 0 " 1 0 T o r r d u r i n g t h e d o s e . T h e P d ( 1 0 0 ) s a m p l e w a s 
c l e a n e d b y p r o l o n g e d A r i o n s p u t t e r i n g a n d a n n e a l i n g t r e a t m e n t s / 3 , 4 / 
a n d s u r f a c e c l e a n l i n e s s w a s v e r i f i e d by T P R S , E E L S , a n d LEED / 3 , 5 / . 
T h e EELS m e a s u r e m e n t s w e r e p e r f o r m e d o n l y i n t h e s p e c u l a r d i r e c t i o n 
w i t h a n i n c i d e n t beam e n e r g y o f a b o u t 1 e V . T h e h e a t i j i g r a t e f o r t h e 
t h e r m a l d e s o r p t i o n m e a s u r e m e n t s was a b o u t 15 K s " 1 . A d d i t i o n a l 
e x p e r i m e n t a l d e t a i l s c a n be f o u n d e l s e w h e r e / 3 , 6 , 7 / . 

R e s u l t s 

ETHYLENE ADSORPTION AND REACTION 

T h e a d s o r p t i o n a n d r e a c t i o n o f 0 2 Η 4 o n P d ( 1 0 0 ) i l l u s t r a t e s t h e 
a b i l i t y o f o x y g e n t o m o d i f y a s u r f a c e r e a c t i o n w i t h o u t b e i n g d i r e c t ­
l y i n v o l v e d i n t h e r e a c t i o n i t s e l f . We f o c u s o u r a t t e n t i o n o n t h e 
a d s o r p t i o n o f C 2 H 4 ; t h e r e a c t i o n m e c h a n i s m o f C2H4 on P d ( 1 0 0 ) i s 
p r e s e n t e d i n d e t a i l e l s e w h e r e / 6 , 8 / . F i g u r e 1 s h o w s t h e C2H4 a n d 
H 2 TPRS c u r v e s f o r s a t u r a t i o n c o v e r a g e o f 0 2 Η 4 on c l e a n a n d o x y g e n 
p r e c o v e r e d P d ( 1 0 0 ) . T h e r e a r e m i n o r d i f f e r e n c e s i n t h e f i n e 
s t r u c t u r e o f 0 2 Η 4 d e s o r p t i o n b e t w e e n t h e c l e a n a n d o x y g e n p r e ­
c o v e r e d s u r f a c e s , b u t t h e a m o u n t o f C2H4 a d s o r b e d b y e a c h s u r f a c e , 
a b o u t 0 . 2 5 ML o f 0 2 Η 4 m o l e c u l e s , i s i n d e p e n d e n t o f o x y g e n c o v e r ­
a g e . T h e same c a n n o t b e s a i d f o r h y d r o g e n a d i r e c t m e a s u r e o f 
C - H b o n d a c t i v a t i o n . T h e H 2 y i e l d f o l l o w i n g 0 2 Η 4 a d s o r p t i o n 
d e c r e a s e s f r o m 0 . 2 4 ML o f H2 m o l e c u l e s f o r z e r o o x y g e n c o v e r a g e t o 
e s s e n t i a l l y 0 . 0 ML H 2 d e s o r p t i o n f o r 0 . 2 5 ML o f o x y g e n a t o m s . 
A d d i t i o n a l TPRS e x p e r i m e n t s f o r o x y g e n c o v e r a g e s o f l e s s t h a n 0 . 2 5 ML 
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τ 1 1 1 1 1 1 

H2, 02HuIC2H^ O + Pd(100) 

θ 0(Μϋ 

χ1/5 0.25 

—I 1 1 I I I L _ 
100 300 5 00 700 

TEMPERATURE ( K ) 

F i g u r e 1 . T e m p e r a t u r e p r o g r a m m e d r e a c t i o n s p e c t r a o f C2H4 a n d H 2 

f o l l o w i n g s a t u r a t i o n c o v e r a g e o f C2H4 on t h e c l e a n a n d o x y g e n c o v ­
e r e d P d ( 1 0 0 ) s u r f a c e a t 100 Κ · A t o m i c o x y g e n was g e n e r a t e d on t h e 
s u r f a c e by e x p o s u r e t o 0 2 a t 3 0 0 K . 
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s h o w e d t h a t t h e h y d r o g e n y i e l d ( w h i c h i n c l u d e s h y d r o g e n t h a t d e s o r b s 
i n t h e f o r m o f H2O, s e e b e l o w ) d e c r e a s e s l i n e a r l y w i t h i n c r e a s i n g 
o x y g e n c o v e r a g e . 

T h e H 2 d e s o r p t i o n i n f i g . 1 i s t h e r e s u l t o f C2H4 d e h y d r o g e n a ­
t i o n 

C 2 H 4 ( a ) — 2 H 2 ( g ) + 2 C ( a ) ( 1 ) 

T h i s was t h e o n l y r e a c t i o n d e t e c t e d f o r C2H4 on c l e a n P d ( 1 0 0 ) ; no 
C H 4 , C 2 H 2 , C 2 H 5 , o r C5H5 was d e t e c t e d . The e f f e c t o f i n c r e a s i n g 
o x y g e n c o v e r a g e i s , t h e r e f o r e , t o p r o g r e s s i v e l y p o i s o n t h e d e h y d r o ­
g e n a t i o n r e a c t i o n . The m a g n i t u d e o f t h e d e c r e a s e i n h y d r o g e n y i e l d 
w i t h i n c r e a s i n g o x y g e n c o v e r a g e i n d i c a t e s t h a t t w o a d s o r b e d o x y g e n 
a t o m s b l o c k t h e r e a c t i o n o f o n e C2H4 m o l e c u l e a c c o r d i n g t o t h e 
s t o i c h i o m e t r y o f e q u a t i o n ( 1 ) . T h i s c a n be i n t e r p r e t e d a s a s i t e 
b l o c k i n g e f f e c t o f o x y g e n  O x y g e n i s a d s o r b e d i n t o t h e p ( 2 x 2 ) 
s t r u c t u r e f o r c o v e r a g e s b e t w e e
a t o m may b l o c k f o u r Pd
f o l d h o l l o w / 9 / . A s t w o 0 a t o m s b l o c k t h e r e a c t i o n o f o n e C2H4 
m o l e c u l e , i t f o l l o w s t h a t an e n s e m b l e o f e i g h t i s o l a t e d Pd a t o m s a r e 
r e q u i r e d f o r e a c h C2H4 r e a c t i o n e v e n t . O x y g e n h a s an a d d i t i o n a l , 
m i n o r e f f e c t on C2H4 d e h y d r o g e n a t i o n , t h a t b e i n g a l i m i t e d a b i l i t y t o 
s c a v e n g e some o f t h e r e a c t i o n p r o d u c t s . S m a l l a m o u n t s ( l e s s t h a n 
0 . 0 4 ML e a c h ) o f H 2 0 a n d C 0 2 w e r e d e t e c t e d a t 3 3 0 Κ a n d 5 6 5 K , r e s ­
p e c t i v e l y , f r o m C2H4 a n d a p p r o x i m a t e l y 0 . 2 ML o f c o a d s o r b e d o x y g e n 
/ 1 0 / . T h e s e s i d e r e a c t i o n s h a v e l i t t l e e f f e c t on C2H4 d e h y d r o g e n a ­
t i o n ; t h e o c c u r a n c e o f t h i s r e a c t i o n d e p e n d s on t h e i n i t i a l , a d s o r b e d 
s t a t e o f C2H4 a s d i s c u s s e d b e l o w . 

E l e c t r o n e n e r g y l o s s s p e c t r a f o r C2H4 on c l e a n a n d o x y g e n c o v ­
e r e d P d ( 1 0 0 ) a r e shown i n f i g . 2 . The v i b r a t i o n a l s p e c t r u m f o r C2H4 
on c l e a n P d ( 1 0 0 ) ( f i g . 2 a ) i s a s f o l l o w s / 6 , 8 / : v (CH) = 2 9 8 0 c m " 1 , 
« ( C H 2 ) » 1 4 5 5 c m ' 1 , v ( C C ) = 1135 c m * 1 , CHo d e f o r m a t i o n s = 9 2 0 c m " 1 , 
a n d C2H4 r e s t r i c t e d t r a n s l a t i o n = 3 9 0 c m " * . S i m i l a r l y , t h e a s s i g n ­
m e n t s f o r t h e v i b r a t i o n a l s p e c t r u m o f C2H4 on t h e o x y g e n c o v e r e d 
s u r f a c e ( f i g . 2 b ) a r e / 1 0 / : v i C H ) = 3 0 2 0 c m " 1 , « ( C H 2 ) = 1510 c m " 1 , 
a n d C H 2 d e f o r m a t i o n s = 9 4 0 c m " 1 . The v ( C C ) mode was f o u n d a t 1 3 4 0 
cm f o r C2D4 on o x y g e n c o v e r e d P d ( 1 0 0 ) / 1 0 / . The f r e q u e n c i e s o f t h e 
v i b r a t i o n a l l y c o u p l e d δ CH2) a n d v ( C C ) modes e n a b l e u s t o a s s i g n t h e 
s p e c t r u m on c l e a n P d ( 1 0 0 ) t o d i - o - b o n d e d o r a p p r o x i m a t e l y s p ^ h y b r i d ­
i z e d C2H4 a n d t h e s p e c t r u m on t h e p ( 2 X 2 ) 0 s t r u c t u r e t o π - b o n d e d o r 
a p p r o x i m a t e l y s p 2 h y b r i d i z e d C 2 H 4 . The p r o p e r a s s i g n m e n t o f t h e 
6 (CHp) a n d v ( C C ) modes i s n o t t r i v i a l , a s we h a v e d i s c u s s e d e l s e w h e r e 
/ 6 , 8 , 1 0 , 1 1 / . 

The TPRS a n d EELS r e s u l t s a r e i n t e r p r e t e d a s f o l l o w s . The H 2 

d e s o r p t i o n y i e l d , a m e a s u r e o f t h e e x t e n t o f C2H4 d e h y d r o g e n a t i o n , 
d e c r e a s e s l i n e a r l y w i t h i n c r e a s i n g o x y g e n c o v e r a g e , a n d t h e EELS r e ­
s u l t s show t h a t C2H4 i s d i - o - b o n d e d on t h e c l e a n s u r f a c e a n d π - b o n d e d 
on t h e o x y g e n c o v e r e d s u r f a c e . T h u s , i t i s t h e d i - o - b o n d e d f o r m o f 
C2H4 t h a t u n d e r g o e s d e h y d r o g e n a t i o n . The s a t u r a t i o n c o v e r a g e o f π -
b o n d e d C2H4 i s a p p r o x i m a t e l y 0 . 2 5 ML a n d i s i n d e p e n d e n t o f o x y g e n 
c o v e r a g e , w h e r e a s t h e s a t u r a t i o n o f d i - o - b o n d e d C2H4 d e c r e a s e s 
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F i g u r e 2 . E l e c t r o n e n e r g y l o s s s p e c t r a f o r s a t u r a t i o n c o v e r a g e o f 
C2H4 on c l e a n ( a ) a n d o x y g e n c o v e r e d ( b ) P d ( 1 0 0 ) a t 8 0 K . O x y g e n 
was d o s e d a s i n f i g . 1 t o a c o v e r a g e o f 0 . 1 8 M L . 
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l i n e a r l y f r o m 0 . 1 2 ML t o 0 . 0 ML a s t h e o x y g e n c o v e r a g e i s i n c r e a s e d 
t o 0 . 2 5 M L . ( D i - o - b o n d e d C2H4 i s n o t d e t e c t e d i n f i g . 2b a s i t s 
c o v e r a g e i s e s t i m a t e d t o be o n l y 0 . 0 3 5 M L . ) 

REACTIONS OF H 2 0 AND OH 

T e m p e r a t u r e p r o g r a m m e d r e a c t i o n s p e c t r a d e p i c t i n g t h e r e a c t i o n o f H 2 0 
a n d OH g r o u p s w i t h o x y g e n on P d ( 1 0 0 ) a r e shown i n f i g . 3 . C u r v e ( a ) 
was o b t a i n e d f o r H 2 0 a d s o r p t i o n on t h e c l e a n s u r f a c e a n d c o n t a i n s t w o 
p e a k s , t h e 0^ s t a t e a t 167 Κ o f m u l t i l a y e r H 2 0 , a n d t h e 0^ s t a t e a t 
182 Κ d u e t o H 2 0 b o u n d d i r e c t l y t o t h e s u r f a c e / 7 / . An a d d i t i o n a l 
s t a t e a t 255 K , l a b e l l e d γ , i s o b s e r v e d f o l l o w i n g c o a d s o r p t i o n o f H ? 0 
a n d 0 ( f i g . 3 b ) . T h i s s t a t e r e p r e s e n t s t h e r e a c t i o n o f OH g r o u p s III 

2

E E L S r e s u l t s 17/ show  g r o u p
a c c o r d i n g t o 

H 2 0 + 0 + 2 OH ( 3 ) 

E q u a t i o n ( 2 ) d e s c r i b e s t h e d i s p r o p o r t i o n a t i o n o f OH g r o u p s , a l t h o u g h 
t h e Ύ r e a c t i o n p e a k i n f i g . 3b c o u l d a l s o be d u e t o OH d i s s o c i a t i o n 
v i a 

OH > 0 + H ( 4 a ) 
OH + Η + H 2 0 ( g ) ( 4 b ) 

W h e t h e r t h e OH g r o u p s r e a c t v i a e q u a t i o n ( 2 ) o r ( 4 ) c a n be t e s t e d 
w i t h TPRS m e a s u r e m e n t s f o l l o w i n g t h e f o r m a t i o n o f OH g r o u p s , f o r m e d 
f r o m H 2 0 a n d 0 c o a d s o r p t i o n , w i t h h e a t i n g t o 2 0 0 K , by c o a d s o r p t i o n 
o f D a t o m s a s shown i n c u r v e s ( c ) a n d ( d ) o f f i g . 3 . The γ s t a t e f o r 
H 2 0 i s s e e n a t 2 3 0 Κ i n c u r v e ( c ) , w h i l e t h e D 2 p e a k a t 3 6 0 Κ ( t h e 
n o r m a l t e m p e r a t u r e f o r r e c o m b i n a t i v e d e s o r p t i o n o f D 2 ) v e r i f i e s t h a t 
D a t o m s w e r e i n d e e d c o a d s o r b e d . C u r v e ( d ) s h o w s t h a t _no HD0 d e s o r b e d 
a t t h e t e m p e r a t u r e o f t h e y s t a t e i n ( c ) , b u t t h a t a h i g h e r t e m p e r a ­
t u r e s t a t e , l a b e l l e d 3 , o c c u r r e d a t 3 3 0 K . The 3 H 2 0 s t a t e i s d u e t o 
t h e r e a c t i o n o f a t o m i c o x y g e n a n d h y d r o g e n t o f o r m H 2 0 a s v e r i f i e d i n 
s e p a r a t e t h e r m a l d e s o r p t i o n m e a s u r e m e n t s o f c o a d s o r b e d 0 a n d H a t o m s 
/ 7 , 9 / . The H i n t h e 3 HDO s t a t e came f r o m t h e a d s o r p t i o n o f h y d r o g e n 
f r o m t h e r e s i d u a l g a s i n t h e v a c u u m c h a m b e r a s t h e r e a c t a n t s u r f a c e 
was b e i n g p r e p a r e d ( n o t e t h e h i g h m u l t i p l i e r o f c u r v e ( d ) ) . T h u s , 
t h e a b s e n c e o f HDO i n t h e λ s t a t e r u l e s o u t e q n . ( 4 ) s o t h e OH r e a c ­
t i o n m u s t p r o c e e d t h r o u g h t h e d i r e c t h y d r o g e n t r a n s f e r m e c h a n i s m 
g i v e n i n e q n . ( 2 ) . T h a t t h e 3 H 2 0 s t a t e i s n o t s e e n i n f i g . 3b s h o w s 
t h a t H 2 0 d o e s n o t d i s s o c i a t e t o OH a n d H on o x y g e n c o v e r e d P d ( 1 0 0 ) . 
A t no t i m e , t h e n , d u r i n g t h e t e m p e r a t u r e ramp f o l l o w i n g H ? 0 a n d 0 c o ­
a d s o r p t i o n a r e Η a t o m s a d s o r b e d on t h e s u r f a c e , s o t h e f o r m a t i o n o f 
OH g r o u p s m u s t a l s o be a d i r e c t t r a n s f e r o f h y d r o g e n a s d e p i c t e d i n 
e q n . ( 3 ) . 
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H20/OH/0/D/Pd(100) 

HDO/OH + D 

H 20 / H 20 • 0 

H 20 / H 20 

(b) 

(a) 

100 200 300 
Temperature (K) 

400 

F i g u r e 3 . T e m p e r a t u r e p r o g r a m m e d r e a c t i o n s p e c t r a f o r t h e w a t e r 
a n d o x y g e n c o a d s o r p t i o n s y s t e m on P d ( 1 0 0 ) . ( a ) : H 2 0 d e s o r p t i o n 
f o l l o w i n g an e x p o s u r e o f 2 L H 2 0 a t 100 K . ( b ) : H 2 0 d e s o r p t i o n 
f o l l o w i n g e x p o s u r e o f t h e s u r f a c e w i t h 0 . 1 6 ML a t o m i c o x y g e n t o 2 
L HpO a t 100 K . ( c ) : H 2 0 a n d Do d e s o r p t i o n f r o m a s u r f a c e w i t h 
c o a d s o r b e d OH a n d D s p e c i e s . The OH g r o u p s w e r e g e n e r a t e d b y 
a d s o r b i n g 0 . 1 0 ML a t o m i c o x y g e n a t 300 K , 2 L H 2 0 a t 100 K , a n d 
h e a t i n g t o 2 0 0 K . The s u r f a c e w i t h 0 . 2 0 ML o f OH g r o u p s was 
e x p o s e d t o 2 L Do a t 100 K . ( d ) : HDO d e s o r p t i o n f r o m a s u r f a c e 
p r e p a r e d a s i n ( c ) , e x c e p t t h a t t h e D 2 e x p o s u r e was 4 L . 
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METHANOL REACTIONS 

I n t h i s s e c t i o n we p r e s e n t p r e l i m i n a r y r e s u l t s o f CH3OH r e a c t i o n s 
w i t h p r e a d s o r b e d o x y g e n . O f p r i m a r y i n t e r e s t i s t h e m e c h a n i s m f o r 
t h e r e m o v a l o f t h e h y d r o x y l h y d r o g e n d u r i n g f o r m a t i o n o f t h e m e t h o x y 
(CH3O) i n t e r m e d i a t e . F i g . 4 s h o w s TPRS c u r v e s f o r CH3OH, H 2 0 , a n d 
H 2 C 0 f o l l o w i n g c o a d s o r p t i o n o f CH3OH a n d 0 on P d ( l O O ) . D e s o r p t i o n o f 
CO a n d C 0 2 a l s o o c c u r s , b u t we l i m i t t h e d i s c u s s i o n h e r e t o w a t e r 
f o r m a t i o n by CH3OH a n d 0 . M e t h a n o l d e s o r p t i o n o c c u r s i n t h r e e p e a k s 
a t 155 K , 180 K , a n d 205 K . The 150 Κ p e a k i s a s s i g n e d t o m u l t i l a y ­
e r s o f CH3OH, a n d t h e t w o h i g h e r t e m p e r a t u r e s t a t e s a r e d u e t o CH3OH 
i n d i r e c t c o n t a c t w i t h t h e s u r f a c e . T h e r e a r e t w o p e a k s o b s e r v e d f o r 
m/e = 30 a t 155 Κ a n d 215 K . We a s s i g n t h e 155 Κ p e a k t o t h e c r a c k ­
i n g f r a c t i o n o f CH3OH, b u t t h e 215 p e a k m u s t be d u e t o f o r m a l d e h y d e 
( H 2 C 0 ) d e s o r p t i o n , s i n c
g r e a t e r a m p l i t u d e t h a n t h
o c c u r s i n t h r e e p e a k s a t 155 K , 215 K , a n d 330 K . A s o f t h i s w r i t i n g 
we a r e n o t c e r t a i n o f t h e s o u r c e o f H 2 0 t h a t d e s o r b s a t 155 K , b u t 
b e l i e v e i t t o be e i t h e r f r o m w a t e r i n t h e r e s i d u a l g a s , o r a s m a l l 
i m p u r i t y i n t h e CH3OH s a m p l e . 

We f o c u s more c l o s e l y on t h e 215 Κ a n d 330 Κ H 2 0 d e s o r p t i o n 
s t a t e s w i t h t h e r e s u l t s shown i n f i g . 5 . C u r v e s ( a ) - ( c ) w e r e o b ­
t a i n e d f o l l o w i n g t h e c o a d s o r p t i o n o f CHoOD a n d 0 and show t h a t n o n e 
o f t h e d e u t e r i u m l a b e l f o r m s w a t e r i n t n e 330 Κ s t a t e . We c o n c l u d e 
t h a t t h e H 2 0 d e s o r p t i o n a t 3 3 0 Κ i n c u r v e ( c ) i s d u e t o t h e m e t h y l 
h y d r o g e n s r e a c t i n g w i t h p r e a d s o r b e d o x y g e n . The 330 Κ p e a k i s t h e 3 
H 2 0 s t a t e f o r 0 a n d Η r e c o m b i n a t i o n ( s e c t i o n 3 . 2 ) , s o i t i s c l e a r 
t h a t t h e m e t h y l h y d r o g e n s w e r e t r a n s f e r r e d t o t h e s u r f a c e a t a t e m ­
p e r a t u r e l o w e r t h a n 3 3 0 K . The p r i m a r y r o u t e by w h i c h t h e d e u t e r i u m 
l a b e l i s r e m o v e d i s t h e d e s o r p t i o n o f HD0 o r D 2 0 a t 215 K , a n d we 
a s s i g n t h i s p e a k t o t h e d i r e c t t r a n s f e r o f d e u t e r i u m f r o m CH3OD t o 
e i t h e r o x y g e n o r an h y d r o x y l g r o u p w i t h t h e e n s u i n g f o r m a t i o n o f CH3O 
s p e c i e s 

CH3OD + 0 CH3O + 0D ( 5 a ) 
CH3OD + 0D > CH3O + D 2 0 ( 5 b ) 
CH3OD + OH • CH3O + HDO ( 5 c ) 

F o r m a t i o n o f CH3O, f o l l o w i n g CH3OH a n d 0 c o a d s o r p t i o n a n d a n n e a l i n g 
t h e s a m p l e t o 1/5 K , was v e r i f i e d w i t h EELS m e a s u r e m e n t s ; t h e s p e c t r a 
w e r e i n g o o d a g r e e m e n t w i t h EEL s p e c t r a o f CH3OH on c l e a n P d ( 1 0 0 ) 
/ 1 2 / . The c o n c u r r e n t d e s o r p t i o n o f H 2 C 0 a t 215 Κ i n d i c a t e s t h a t o n e 
o f t h e m e t h y l h y d r o g e n s was l o s t a t o r b e l o w t h i s t e m p e r a t u r e a n d i s 
a p p a r e n t l y t h e s o u r c e o f Η i n c o r p o r a t e d i n t o t h e w a t e r p r o d u c t s a t 
215 Κ i n c u r v e s 5b a n d 5c a c c o r d i n g t o 

C H 3 0 + 0 • H 2 C 0 + OH ( 6 a ) 
CH3O + OH + H 2 C 0 + H 2 0 ( 6 b ) 
CH3O + OD > H 2 C 0 + HDO ( 6 c ) 

N o t e t h a t r e a c t i o n ( 6 a ) i s t h e s o u r c e o f OH f o r r e a c t i o n ( 5 c ) . I n 
c u r v e s ( d ) - ( f ) o f f i g . 5 , we s e e t h a t t h e r e i s no e f f e c t u p o n e i t h e r 
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Products/CH3OH+ O+PtldOO) 

150 2 00 2 5 0 3 0 0 
Temperature (K) 

3 5 0 

F i g u r e 4 . T e m p e r a t u r e p r o g r a m m e d r e a c t i o n s p e c t r a o f CH3OH, H 2 C 0 
a n d HoO f o l l o w i n g a d s o r p t i o n o f m u l t i l a y e r s o f CH3OH on P d ( l O O ) a t 
130 t p r e c o v e r e d w i t h 
a d s o r b e d a t 3 0 0 K . A l l 

0 . 2 5 ML a t o m i c o x y g e n . The o x y g e n was 
t r a c e s a r e on t h e same s c a l e . 
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1 1 1 r 

Water / Methanol + 0+D + Pd (100) 

(d)-(f):CH 30H + 0 

—I —I 1 I L 
150 200 250 300 25 

Temperature (K) 

F i g u r e 5 . T e m p e r a t u r e p r o g r a m m e d r e a c t i o n s p e c t r a o f w a t e r 
d e s o r p t i o n f o l l o w i n g m e t h a n o l a n d o x y g e n c o a d s o r p t i n on P d ( 1 0 0 ) . 
( a ) - ( c ) : D 2 0 , HDO, a n d H 2 0 d e s o r p t i o n f o l l o w i n g a d s o r p t i o n o f 

m u l t i l a y e r s o f CH3OD a t 130 Κ on t h e s u r f a c e p r e c o v e r e d w i t h 0 . 2 5 
ML a t o m i c o x y g e n , ( d ) - ( f ) : S o l i d l i n e s a r e t h e same a s ( a ) - ( c ) 
e x c e p t t h a t CH3OH was u s e d i n p l a c e o f CH3OD. The d a s h e d l i n e s i n 
c u r v e s ( d ) - ( f ) d e m o n s t r a t e t h e e f f e c t o f c o a d s o r b e d D a t o m s . F o r 
t h e s e e x p e r i m e n t s t h e o x y g e n p r e c o v e r e d s u r f a c e was e x p o s e d t o 4 L 
D 2 a t 130 Κ p r i o r t o CH3OH e x p o s u r e . 
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t h e 155 Κ o r 215 Κ H 2 0 d e s o r p t i o n s t a t e s when d e u t e r i u m a t o m s a r e c o -
a d s o r b e d w i t h CH3OH a n d 0. The o n l y d i f f e r e n c e s a r e t h e a p p e a r a n c e o f 
t h e HDO a n d D 2 0 3 s t a t e s a t 3 3 0 Κ d u e t o t h e D a t o m s . T h u s , t h e 
w a t e r t h a t d e s o r b s a t 215 Κ was f o r m e d by a d i r e c t t r a n s f e r o f h y d r o ­
g e n f r o m m e t h a n o l t o t h e p r e a d s o r b e d o x y g e n . A t t h e p r e s e n t t i m e we 
do n o t know t h e i d e n t i t y o f t h e s u r f a c e s p e c i e s r e s p o n s i b l e f o r t h e 
215 Κ H 2 0 p e a k . I t i s d u e t o e i t h e r a s t a b i l i z e d f o r m o f m o l e c u l a r 
H 20, o r t o a n OH g r o u p m o r e r e a c t i v e t h a n t h a t found f r o m H 20 + 0( a\ 
+ 20H ( a j . B o t h TPRS a n d EELS m e a s u r e m e n t s ( n o t s h o w n ) r u l e o u t OH 
g r o u p s i d e n t i c a l t o t h o s e f o r m e d f r o m H20 and 0 i n t h i s c a s e . We a r e 
c u r r e n t l y w o r k i n g t o r e s o l v e t h i s q u e s t i o n . 

D i s c u s s i o n 

The r e s u l t s p r e s e n t e d a b o v
b e h a v i o r o f a d s o r b e d o x y g e n
M a d i x f o r A g ( 1 1 0 ) / l / , a l s o m a n i f e s t s i t s e l f on m o r e a c t i v e t r a n s i
t i o n m e t a l s u r f a c e s . We o b s e r v e , i n a d d i t i o n , t h e a b i l i t y o f o x y g e n 
t o s c a v e n g e r e a c t i o n p r o d u c t s . The L e w i s a c i d i n t e r a c t i o n i n v o l v e s 
c h a r g e w i t h d r a w a l f r o m t h e s u r f a c e by a d s o r b e d o x y g e n w h i c h s t a b i ­
l i z e s c h a r g e d o n a t i n g s p e c i e s a s i n t h e c a s e o f c o a d s o r b e d CoH*. 
E t h y l e n e , h o w e v e r , may a d s o r b i n t o e i t h e r o f t w o f o r m s on Pd(lOO). 
The d i - o - b o n d e d f o r m o f C 2 H 4 c a n be c l a s s i f i e d a s c h a r g e w i t h d r a w i n g 
w i t h c h a r g e g o i n g f r o m t h e s u r f a c e i n t o t h e e m p t y , a n t i - b o n d i n g 
π - o r b i t a l o f C 2 H 4 r e s u l t i n g i n r e h y b r i d i z a t i o n . The π - b o n d e d f o r m o f 
C 2 H 4 c a n be c l a s s i f i e d a s c h a r g e d o n a t i n g w i t h c h a r g e g o i n g f r o m t h e 
f i l l e d , b o n d i n g π - o r b i t a l o f C 2 H 4 t o t h e s u r f a c e . The EELS s p e c t r u m 
o f f i g . 2b s h o w s t h a t t h e c h a r g e d o n a t i n g ττ-bonded C 2 H 4 i s i n d e e d 
s t a b l e w i t h t h e c h a r g e w i t h d r a w i n g a t o m i c o x y g e n , t h o u g h , a c c o r d i n g t o 
t h e C 2 H 4 TPD f r o m t h e c l e a n a n d p ( 2 X 2) 0 s u r f a c e s , t h e b i n d i n g 
e n e r g y d o e s n o t c h a n g e a p p r e c i a b l y . On t h e o t h e r h a n d , i f L e w i s a c i d 
o x y g e n i n t e r a c t i o n s s t a b i l i z e c h a r g e d o n a t i n g s p e c i e s , t h e n t h e y 
s h o u l d d e s t a b i l i z e c h a r g e w i t h d r a w i n g s p e c i e s . T h i s i s m a n i f e s t e d by 
t h e o x y g e n - i n d u c e d p o i s o n i n g o f C 2 H 4 d e h y d r o g e n a t i o n w h i c h p r o c e e d s 
f r o m d i - o - b o n d e d C 2 H 4 . The i n h i b i t i o n o f C 2 H 4 d e h y d r o g e n a t i o n i s d u e 
t o t h e p o i s o n i n g o f s i t e s r e q u i r e d f o r d i - o - b o n d e d C 2 H 4 a d s o r p t i o n , 
a n d t h e r e q u i r e m e n t o f e i g h t Pd a t o m s f o r e a c h d i - o - b o n d e d C 2 H 4 

m o l e c u l e i n d i c a t e s t h a t a l a r g e e n s e m b l e i s n e e d e d f o r C-H b o n d 
a c t i v a t i o n . We p r o p o s e t h a t b o t h s i t e b l o c k a g e a n d t h r o u g h - s u r f a c e , 
L e w i s a c i d i n t e r a c t i o n s b e t w e e n o x y g e n a n d d i - o - b o n d e d C 2 H 4 a r e 
r e s p o n s i b l e f o r t h e o x y g e n - i n d u c e d p o i s o n i n g o f C 2 H 4 d e h y d r o g e n a t i o n 
on P d ( 1 0 0 ) . 

The d i r e c t h y d r o g e n t r a n s f e r r e a c t i o n s , e q n s . ( 3 ) a n d ( 5 a ) , f o r 
H20 a n d CH3OH w i t h 0 a r e e x a m p l e s o f t h e B r f l n s t e d b a s e b e h a v i o r o f 
o x y g e n . In t h e s e r e a c t i o n s , t h e B r f l n s t e d a c i d s p e c i e s , HoO o r CH3OH, 
g i v e s up i t s a c i d i c h y d r o g e n t o t h e B r f l n s t e d b a s e s p e c i e s , o x y g e n . 
The B r f l n s t e d b a s e b e h a v i o r o f o x y g e n i s n o t o b s e r v e d w i t h C 2 H 4 

b e c a u s e C 2 H 4 i s a much w e a k e r a c i d t h a n e i t h e r H20 o r CH3OH / 2 / . 
The s c a v e n g i n g e f f e c t o f a t o m i c o x y g e n , o b s e r v e d w i t h C 2 H 4 a n d 

CH3OH, d o e s n o t d e p e n d i n a d i r e c t way on t h e n a t u r e o f t h e c o a d s o r b -
a t e , b u t o n l y on t h e v a r i o u s s p e c i e s e v o l v e d d u r i n g t h e r e a c t i o n o f 
t h e c o a d s o r b a t e . O x y g e n i s c a p a b l e o f s c a v e n g i n g h y d r o g e n a n d c a r b o n 
p r o d u c e d b y C 2 H 4 d e c o m p o s i t i o n t o f o r m H 2 0 i n t h e 3 s t a t e a t 3 3 0 Κ 
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a n d CO a n d C 0 2 a t h i g h e r t e m p e r a t u r e s / 1 0 / · T h e s e s i d e r e a c t i o n s a r e 
b e l i e v e d t o h a v e no d i r e c t e f f e c t on t h e i n i t i a l d e c o m p o s i t i o n i t ­
s e l f . O x y g e n s c a v e n g i n g may p l a y an i m p o r t a n t r o l e i n t h e s t a b i l i t y 
o f a d s o r b e d CH3O, h o w e v e r . We h a v e o b s e r v e d t h a t o x y g e n a b s t r a c t s 
t h e h y d r o x y l h y d r o g e n o f CH3OH t o f o r m H 2 0 , w h i c h d e s o r b s a t 215 K , 
a n d t h e m e t h y l h y d r o g e n s t o f o r m H 2 0 a t 3 3 0 K . O x y g e n s c a v e n g i n g o f 
t h e h y d r o x y l H c a n a c t t o s t a b i l i z e CH3O s p e c i e s by p r e v e n t i n g t h e 
CH3O r e h y d r o g e n a t i o n r e a c t i o n . T h i s e f f e c t was p r e v i o u s l y s e e n by 
G a t e s a n d K e s m o d e l f o r CH3OH a n d 0 on P d ( l l l ) / 1 3 / . U n l i k e P d ( l l l ) , 
h o w e v e r , CH3O s p e c i e s a r e s t a b l e on c l e a n P d ( l O O ) / 1 2 / , a n d we a r e 
c u r r e n t l y s t u d y i n g w h e t h e r t h e r e i s a n y a d d i t i o n a l s t a b i l i t y o f CH3O 
on P d ( 1 0 0 ) d u e t o t h e p r e s e n c e o f o x y g e n . 

C o n c l u s i o n s 

The L e w i s a c i d a n d B r f l n s t e
on A g ( 1 1 0 ) a l s o o c c u r o
a c t i o n s w e r e i n f e r r e d b e t w e e n C0H4 a n d 0 a s t h e r e s u l t o f t h e p o i s o n ­
i n g o f t h e C 2 H 4 d e h y d r o g e n a t i o n r e a c t i o n by d é s t a b i l i s a t i o n o f d i - σ -
b o n d e d C0H4. B r f l n s t e d b a s e i n t e r a c t i o n s w e r e o b s e r v e d b e t w e e n H 2 0 
a n d 0 a n d b e t w e e n CH3OH a n d 0 a s e v i d e n c e d by t h e d i r e c t t r a n s f e r o f 
h y d r o g e n t o o x y g e n t o f o r m OH s p e c i e s f r o m H 2 0 a n d an a s y e t u n i d e n ­
t i f i e d s p e c i e s f r o m CH3OH. O x y g e n a d s o r b e d on P d ( 1 0 0 ) a l s o s c a v e n g e s 
a t o m i c h y d r o g e n p r o d u c e d by C0H4 o r C H 3 ° d e c o m p o s i t i o n . 
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Surface Reactions on Clean Platinum and Rhodium 
at Low and High Pressures 

L. D. Schmidt, D. Hasenberg, S. Schwartz, and G. A. Papapolymerou 

Department of Chemical Engineering and Materials Science, University of Minnesota, 
Minneapolis, MN 55455 

High pressure reaction chambers coupled to ultrahigh 
vacuum systems have been used to study several reactions 
on polycrystalline and single Pt and Rh crystal surfaces 
cleaned before reaction and analyzed after reaction by 
AES and TPD. Reactions described here are NO, NH3, N2O, 
and NO2 decomposition and bimolecular reactions of 
NO + CO and NH3 + CH4. In all reactions involving NO on 
Pt the surface residues are always nearly stoichiometric 
N/O, and all adsorbate coverages are less than one mono­
layer. On Pt the rate limiting step of NO reacting with 
CO or H2 appears to be a true bimolecular process, 
rather than unimolecular NO decomposition with oxygen 
scavenging. 
Reaction between NH3 and CH4 produces a high selectivity 
to HCN at high temperatures at nearly stoichiometric 
feed ratios, but only N2 is produced in excess NH3 and 
no reactions occur in excess CH4. Analysis by AES and 
TPD shows that the active surface contains approximately 
one monolayer of carbon and that a surface containing 
carbon multilayers is inert. 

A central problem i n relating c a t a l y t i c processes on well-defined 
surfaces i n the laboratory with those encountered under technological 
conditions i s the large pressure difference: a factor of 10 8. I t i s 
therefore highly questionable to extrapolate surface coverages or 
surface reaction rates measured between 10" 8 and 10"6 Torr i n order 
to predict behavior expected i n process environments (one Torr to 
several atmospheres)(1). 

We have been concerned for several years with the measurement of 
rates of simple surface reactions on clean, well-defined surfaces of 
Pt, Rh and other noble metals at pressures up to 10 Torr 
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(2-9)'. We have been pa r t i c u l a r l y interested i n reactions of NO 

NO N 2 + 0 2 (1) 

NO + CO N 2 + C0 2 (2) 

NO + H 2 ~> N 2 + H20 (3) 

-* NH3 + H20 (4) 

NO + NH3 N 2 + H20 (5) 

and of NH3 

NH3 -> N 2 + H 2 (6) 

NH3 + 0 2 NO + H20 (7) 

N 2 + H20 (8) 

NH3 + CH^ —• HCN + H 2 (9) 

NH3 + CH4 + 0 2 ~> HCN + H20 + C0 2 (10) 

These should be simple unimolecular or bimolecular reactions 
yielding a single or at most two reaction paths. Rates may there­
fore be f i t using Langmuir-Hinshelwood (LH) rate expressions. For 
A —> products this should be 

H • 

while for a bimolecular reaction, A + Β —*• products, the simplest rate 
expression should be 

r = j (12) 
<X + KA PA + W 

In these expressions i s the reaction rate coefficient and K ?s 
are adsorption equilibrium constants 

" R = \ ο β χ ρ ( - ν κ τ ) ( 1 3 ) 

and 

K A = K A 0 exp(+EA/RT) (14) 
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where ana E* are reaction activation energy and heat of adsorp­
tion of A respectively. 

The objectives of this research are therefore 1) to see whether 
rate expressions such as Equations 11 and 12 provide adequate des­
criptions of reaction rates and, i f not, what rate expressions are 
appropriate, 2) to determine reaction activation energies, heats of 
adsorption, and ρre-exponential factors, and 3) to compare these 
quantities with those measured under UHV conditions to determine 
whether the same processes and surface species might be involved. 

In this paper we s h a l l summarize some recent research on reaction 
kinetics for simple NO and NH3 reactions. More detailed descriptions 
of these results and their interpretation can be found i n References 
1-8. 

Experimental 

Experiments of this typ
be measured simultaneously with reaction rates. This requires u l t r a
clean conditions because the surface w i l l contaminate i n a time 

t 1 (sec) = r- (15) 
monolayer s_jPj(Torr) 

where Sj i s the sticking coefficient of species j at p a r t i a l pres­
sure P.. A p a r t i a l pressure of 10" 8 Torr of a species with a 
sticking coefficient of unity w i l l contaminate the surface i n 100 
sec. At 1 Torr contaminant pressures must therefore be less than 
10""8 Torr which requires a reactant purity of 10 parts per b i l l i o n ! 
This i s far beyond any conventional p u r i f i c a t i o n techniques, and i t 
requires i n s i t u u l t r a p u r i f i c a t i o n to remove carbon and sulfur con­
taining contaminants. 

Figure 1 shows two reactor configurations we have used to 
measure reaction rates on clean surfaces. In Figure 1(a) i s shown a 
high pressure c e l l inside the UHV system (4) with the sample mounted 
on a bellows so i t can be moved between the reaction c e l l and the 
position used for AES analysis. In Figure 1(b) i s shown a reaction 
c e l l outside the analysis system with the sample translated between 
heating leads i n the reactor and i n the UHV analysis system (8). 

NO and NH^ Decomposition 
Figure 2(a) shows typi c a l rates of NO decomposition on clean poly-
c r y s t a l l i n e Pt (5) while Figure 2(b) shows corresponding AES 
spectra. The s o l i d curves show rates predicted using the LH uni-
molecular rate expression, Equation 11, with 

5.53xl0 1 6 exp(-5250/RT)PNQ 

r (molecules/cm sec) = 7 (16) 
1 + 6.95x10 exp(8250/RT)PNn 

These rates would be meaningless without proof that surfaces are 
clean. Figure 2(b) indicates that surfaces contain ~1 monolayer of 
Ν and 0 after a 20 Langmuir (L) exposure to NO and after a 10 B L 
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Gas Inlet 

Crystal 

Figure 1. Schematic diagrams of systems used to obtain surface 
reaction rates at high pressures on surfaces cleaned before 
reaction and analyzed after reaction by AES and TPD. 
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Figure 2. (a) Plot of r N Q versus surface temperature for NO 
decomposition on polycrystalline Pt. (b) AES spectra of clean Pt, 
following a 20L exposure to NO and following a 10 9 L exposure to 
NO. 
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exposure. This demonstrates that surfaces on which rates are obtained 
are i n fact clean. 

Figure 3(a) shows rates of NH3 decomposition on clean polycry-
s t a l l i n e Rh. As with NO decomposition the rate obeys zeroth order 
kinetics at low temperature and f i r s t order kinetics at higher 
temperature. 

This rate can also be f i t quantitatively by the LH unimolecular 
rate expression (solid curves) with 

7.5xl0 1 8 e x p i ^ D O / T ) ? ^ 
r = Z5 3 — (17) 

1 + 2.5x10 expaOOO/T)?^ 

AES spectra on these surface
density of approximatel
C, S, B, and P) much less than 0.1 monolayer. 

Other Unimolecular Reactions 

Figure 4 summarizes rates for NO, N2O, NO2, and NH3 decomposition on 
Pt and Rh. Curves shown are calculated LH unimolecular rate expres­
sions, Equation 11. Although data points are omitted for c l a r i t y , a l l 
measured rates agree with these curves to at least ±20%. 

Comparisons between reactants and metals reveal several 
interesting trends. N02 decomposition i s very fast and becomes flu x 
limited above 800K with a constant reaction probability of 0.06 on 
both metals. NH3 decomposition i s also i d e n t i c a l on both metals to 
within a factor of 2. 

NO and N20 decomposition show large differences between metals 
with both rates being higher on Pt at low temperatures and higher on 
Rh at high temperatures. NO decomposition i s also found to be more 
strongly inhibited by O2 than N2O decomposition, and this i n h i b i t i o n 
i s stronger on Rh. 

While a l l rates of these unimolecular reactions can be f i t quan­
t i t a t i v e l y by LH expressions, Equation 11, the heats of adsorption 
determined from the temperature dependence of the adsorption eq u i l i b ­
rium constant, Equation 14, do not agree with the measured reaction 
activation energy except for NH^ where EJJH^ « 1 6 + 2 kcal/mole. NO 
has a lower heat of adsorption i n the decomposition reaction, and 
this has been suggested to arise from a reactive precursor 
intermediate. N2O does not appear to chemisorb i n UHV experiments, 
although i t reacts readily with a high apparent heat of adsorption. 

The NO + CO Reaction on Pt 

Figure 3(b) shows the rate of C0 2 formation from a 1:1 mixture of CO 
and NO at pressures between 10" 8 and 0.8 Torr (7). The s o l i d curves 
are the f i t obtained using the LH expression of Equation 12. 

3.5xl0 1 7 exp(5800/RT)P„n 

r R = = ^ (18) 
1 + 4x10 exp(30000/RT)PCQ 
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T(K) T(K) 

Figure 3 . (a) Plots of r ^ versus Τ for NH3 decomposition on 
clean Rh. (b) r N 0 versus Τ 3 f o r the NO+CO reaction on clean Pt. 
Solid curves are f i t to data using LH rate models indicated i n 
the text. 

T(K) T(K) 

Figure 4 . Rates of NO, N 2 0 , N 0 2 , and NH3 decomposition on Rh and 
Pt at a reactant pressure of 1.0 Torr. 
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I t i s seen that a single expression f i t s a l l rate data to within a 
factor of -2 for pressure variations over a factor of 10 8. 

However, a l l rate data for this reaction are not explained sim­
ply by this rate expression. At pressures above 10" 2 Torr the rate 
exhibits multiple steady states, long transients, and rate o s c i l l a ­
tions (7). Clearly other processes are involved than those implied 
by the simple one state, constant parameter LH model. 

HCN Synthesis on Rh 
Figure 5 shows rates of HCN and N 2 synthesis from CH4-NH3 mixtures 
for fixed NH3 with CH4 pressures indicated (8). The rates of HCN 
production are seen to exhibit a maximum near stoichiometric ratios 
and f a l l off for excess CH^. These rates can be f i t accurately by 
the expressions 

1f4.5χΗΓ
^ _ 4 3 

H C N (1 + 0.0367 exp(2500/T)P C R / P ^ ) 4 

4 3 

(19) 

and 

7.5X1018 exp(-2130/T)P N R 

r = 1— (20) 
N2 (1 + 0.367 exp(2500/T)P C H / P ^ ) 

' 4 3 
The mechanism implied by these expressions i s that of a submonolayer 
of surface carbon which blocks η site s for NH^ adsorption. This 
suppresses NH3 decomposition which would occur on the clean surface 
(Figure 3(a)) and allows NH3 fragments to react with carbon to form 
HCN. S e l e c t i v i t i e s of HCN production exceed 90% at 1 Torr, and 
reaction probabilities (fraction of CHa f l u x yielding HCN) approach 
0.01. 

AES and TPD on these surfaces confirm that the reactive surface 
contains less than a monolayer of carbon while the unreactive surface 
has multilayers of carbon. 
Summary 
Rates of a l l of the reactions indicated i n Equations 1-10 have been 
examined extensively between 0.1 and 10 Torr, and many have been 
examined between 10""8 and 10 Torr. A l l rates can be f i t under some 
conditions with good accuracy with LH expressions, although a l l b i ­
molecular reactions also exhibit reaction "pathologies" at particular 
compositions and temperatures. 

A l l of these rates are measured on surfaces shown to be clean by 
AES, and this indicates that these processes occur on surfaces con­
taining only submonolayer coverages of reactant species, exactly the 
situation required for the Langmuir-Hinshelwood model of surface 
reactions. 
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Hydrocarbon Synthesis and Rearrangement 
over Clean and Chemically Modified Surfaces 

C. H. F. Peden and D. W. Goodman 

Surface Science Division, Sandia National Laboratories, Albuquerque, NM 87185 

An important new application of surface analytical 
methods is the study of catalytic reactions using well 
defined materials under conditions approaching those 
typically found in process environments. Recent kinetic 
and surface analytical studies have provided new infor­
mation regarding the mechanism of several important 
catalytic reactions including methanation of CO and 
CO2, alkane hydrogenolysis, and ethylene hydrogenation. 
These newly developed techniques have been used to 
study the relationship between surface structure, com­
position, and reactivity. For the above reactions, 
studies have been carrried out addressing poisoning and 
promotion of nickel, rhodium, and ruthenium catalysts 
by surface impurities such as sulfur, phosphorus, 
silver, and copper. The highlights of recent work are 
reviewed. 

Catalytic processing by metals i s of considerable importance i n the 
chemical and petroleum industries, yet few surface reactions are 
well understood at the molecular l e v e l . The l a s t twenty years have 
produced an array of surface techniques which routinely can be brought 
to bear on this most intriguing and technologically important area. 
The surface science of catalysis i s r e l a t i v e l y new yet promises to 
be an extremely valuable complement to the more tr a d i t i o n a l approaches 
to fundamental ca t a l y t i c research. During the two decades which 
produced the available surface techniques, a large inventory of 
information has been accumulated regarding surface atomic and elec­
tronic structure as well as molecular adsorption and reaction. A 
l o g i c a l extension of these kinds of studies has been into the area 
of kinetics at elevated pressures (~ 1 atm.) combined intimately 
with surface analytical techniques. Although the integration of 
kinetics at these conditions with vacuum surface techniques has been 
limited to a few groups (1-6), the results thus far have been 
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extremely useful i n detailing certain mechanistic information about 
the reactions investigated* These studies have established this 
hybrid approach as an important interface between the t r a d i t i o n a l 
surface physics and c a t a l y t i c communities (7). 

One promising extension of this approach i s surface modification 
by additives and their influence on reaction k i n e t i c s . Catalyst 
a c t i v i t y and s t a b i l i t y under process conditions can be dramatically 
affected by impurities i n the feed streams (8). Impurities (promoters) 
are often added to the feed intentionally i n order to selectively 
enhance a particular reaction channel (9) as well as to increase the 
catalyst's resistance to poisons. The s e l e c t i v i t y and/or poison 
tolerance of a catalyst can often times be improved by alloying with 
other metals (8,10)· Although the effects of impurities or of a l ­
loying are well recognized i n catalyst formulation and u t i l i z a t i o n , 
l i t t l e i s known about the fundamental mechanisms by which these 
surface modifications a l t e

Possible mechanism
reaction include s i t e blocking of ensembles and electronic or ligand 
effects. An ensemble refers to a certain number or conformation of 
surface atoms necessary for a reaction to occur. A ligand or elec­
tronic effect assumes the additive modifies the electronic character 
of the metal i n such a way as to a l t e r one or more steps of the 
reaction. By varying the nature and surface concentration of addi­
tives under carefully controlled conditions, the re l a t i v e importance 
of ensemble versus ligand effects i n surface catalyzed reactions can 
be addressed. This discussion summarizes the highlights of some of 
these studies with particular emphasis on what has been learned i n 
comparative experiments with chemical modifiers or alloying with 
other metals. The results presented primarily focus on recent 
studies on ruthenium single crystals conducted i n our laboratory. 

Experimental 

The studies to be described were carried out u t i l i z i n g the specialized 
apparatus shown i n Figure 1 and discussed i n d e t a i l i n Reference 4. 
This device consists of two d i s t i n c t regions, a surface analysis 
chamber and a microcatalytic reactor. The custom b u i l t reactor, 
contiguous to the surface analysis chamber, employs a retraction 
bellows that supports the metal crystal and allows translation of 
the catalyst i n vacuo from the reactor to the surface analysis region. 
Both regions are of ultrahigh vacuum construction, bakeable, and 
capable of ultimate pressures of less than 10 Torr. Details of 
the procedures for depositing and measuring surface concentrations 
of sulfur and copper are described elsewhere (11,12). 

Discussion 

The above apparatus has been used to study reactions over single 
crystals of n i c k e l , ruthenium, and rhodium (1-7,12-15). 
Methanation 

3 H 2 + CO -> CH4 + H 2 0 (1) 
4 H 2 + C 0 2 -> CH4 +2H20 (2) 
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Hydrogénation 
Ethylene + H 2 -> CH3CH3 

Cyclopropane + H 2 -> CH3CH2CH3 
(3) 
(4) 

Hydrogenolysis 
Ethane + H 2 -> 2CH4 
H 2 

n-Butane —> CH4 + CH3CH3 + CH3CH2CH3 
H 2 

Cyclopropane —> CH4 + CH3CH3 

(5) 

(6) 

(7) 
These are examples of structure insensitive ( f a c i l e ) (Reactions 1-4) 
and structure sensitive (demanding) reactions (Reactions 5-7)· 

Kinetics of Structure Insensitive Reactions Over Clean Single 
Crystal Surfaces 

A c r i t i c a l question i n
the model to r e f l e c t the parameters of the more r e a l i s t i c system  In 
this case, the point of interest i s the a b i l i t y of metal single 
crystals to reproduce the c a t a l y t i c chemistry generally found for 
supported catalysts. Sufficient data have been collected (4,7,12-15) 
for a number of reactions to show that single crystals reproduce i n 
many cases the chemistry of the corresponding supported catalysts. 
For those reactions l i s t e d above which are considered structure 
insensitive (methanation and hydrogénation) the rates and activation 
parameters measured for the single crystal catalysts are i n excellent 
agreement with the corresponding values for supported systems. For 
example, Figure 2 shows an Arrhenius plot of the rate of the methana­
tion reaction (expressed as molecules of methane formed per surface 
metal atom per second) over two single crystal planes of ruthenium 
(12,13) as well as data taken on s i l i c a - and alumina-supported c a t a l ­
ysts (16). Similar results have been obtained on nickel single cry­
s t a l catalysts ( 4 , Ό · 

These results support the use of these idealized catalysts as 
relevant models and further suggest that surface characterization of 
these materials following reaction w i l l , i n many respects, re f l e c t 
the surface condition of the analogous supported-metal p a r t i c l e s . 
For example, surface analysis of active single c r y s t a l catalysts has 
been particularly useful i n detailing the important surface species 
in the methanation reaction. Auger spectroscopy has been used to 
characterize two d i s t i n c t forms of surface carbon on nickel (17) and 
ruthenium (18), a carbidic or active form and a graphitic or inactive 
type. The kinetics associated with the re a c t i v i t y of these carbon 
types with hydrogen have been studied i n d e t a i l (17,18) and the 
relationship of the surface concentration of these carbon types with 
ca t a l y t i c a c t i v i t y has been documented (13,17,18). Figure 3 shows 
the changes i n the methanation reaction rate over a ruthenium catalyst 
as the pressure i s increased from 1-120 Torr at a fixed H2:C0 r a t i o . 
The departure from linear Arrhenius behavior occurs at lower tempera­
tures as the t o t a l pressure i s lowered. The onset of non-linearity 
has been correlated with an increase i n the carbon l e v e l on the 
surface of the catalyst following reaction (4). I t has been proposed 
(4) that both of these effects are due to a reduction i n the surface 
coverage of hydrogen below a c r i t i c a l value necessary for an optimum 
reaction rate. 
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1/T X 103 (K_1) 

Figure 2. A comparison of the rate (turn-over frequency) of 
methane synthesis over single crystal and supported ruthenium 
catalysts. Total reactant pressure for the single c r y s t a l studies 
was 120 Torr. 
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Kinetics of Structure Sensitive Reactions Over Clean Single Crystal 
Surfaces 

Reactions known to be responsive to changes i n catalyst morphology 
are also amenable to study using model single crystals* Ethane hy-
drogenolysis, a well known example of this category of reactions, 
has been studied over nickel (14,19) and ruthenium (12) single cry­
s t a l s . The activation energies for this reaction on Ni(100) and 
N i ( l l l ) obtained under ide n t i c a l conditions d i f f e r markedly from 
each other (19). A comparison of specific rates also shows that 
ethane as well as butane and cyclopropane hydrogenolysis proceed at 
s i g n i f i c a n t l y faster rates over the Ni(100) surface than over the 
N i ( l l l ) surface (14,19,20). These results suggest that the o r i g i n 
of the structure s e n s i t i v i t y i n alkane hydrogenolysis arises mainly 
from an i n t r i n s i c a c t i v i t y difference between facets. P a r t i c l e size 
effects result then fro
not from i n t r i n s i c electroni

Figure 4 shows the rate of ethane hydrogenolysis over a ruthenium 
catalyst as a function of H 2 p a r t i a l pressure (12). In agreement 
with studies on supported catalysts (1), the reaction i s negative 
order with respect to hydrogen for p a r t i a l pressures of H 2 above 40 
Torr. The order of reaction with respect to ethane i s observed to 
be ~ +0.85 (12) i n excellent agreement with supported systems (1). 
The order of the reaction with respect to the two reactants reflects 
the a b i l i t y of hydrogen to compete more favorably for adsorption 
sites on the catalyst* The change to positive order at low H 2 pres­
sures indicates the conditions at which the surface concentration of 
hydrogen f a l l s below the c r i t i c a l optimum value* This surface deple­
tion of hydrogen should manifest i t s e l f i n a departure of the reaction 
rate from linear Arrhenius behavior at higher reaction temperatures 
as observed for the methanation reaction (4). This nonlinearity i n 
Arrhenius behavior i s evident i n Figure 5. 

Kinetics Over Chemically Modified Single Crystal Surfaces 

The above described experiments over atomically clean single c r y s t a l 
catalysts have been extended to studies of the kinetics of various 
c a t a l y t i c reactions over chemically modified catalysts. Examples 
are recent studies into the nature of poisoning by sulfur of the 
c a t a l y t i c a c t i v i t y of nickel, ruthenium, and rhodium toward methana­
tion of CO (11,12) and C0 2 (15), ethane (12) and cyclopropane (20) 
hydrogenolysis, and ethylene hydrogénation (21). 

Figure 6 i s an Arrhenius plot of the methanation reaction over 
a Ru(0001) catalyst precovered with various quantities of sulfur 
(12). Three things are noteworthy i n this graph. F i r s t , small amounts 
of sulfur (<0.05ML) produce a precipitous drop i n the a c t i v i t y of the 
catalyst towards methanation. This i s shown more clearly i n Figure 
7 where the re l a t i v e rate of reaction i s plotted versus sulfur surface 
coverage. A similar behavior has been observed for sulfur poisoned 
Ni(100) (11) and R h ( l l l ) (22) catalysts. The two possible causes for 
this effect, a long-range electronic (ligand) effect or an ensemble 
effect, can be distinguished experimentally. Substituting the simi­
l a r l y sized but less electronegative adatom, phosphorus, i n analogous 
experiments on Ni(100) results i n a marked change i n the magnitude 
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Figure 3. An Arrhenius plot of methane synthesis on a Ru(110) 
catalyst at t o t a l reactant pressures of 1, 10 and 120 Torr. 
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Figure 4. The effect of H 2 pressure on the rate of ethane hydro­
genolysis on a Ru(0001) catalyst. 
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Figure 5. An Arrhenius plot of the rate of ethane hydrogenolysis 
on a Ru(0001) catalyst at tot a l pressures of 21 and 100 Torr. 
P a r t i a l pressure of C2H5 was 1 Torr i n both cases. 
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Figure 6. An Arrhenius plot of the rate of methanation over a 
clean and sulfided Ru(0001) catalyst. Sulfur coverages (Gg's) 
are expressed as fra c t i o n a l monolayers. 
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of poisoning at low coverages (7,23) . That the deactivation of the 
nickel catalyst with impurity coverage i s less severe with phosphorus 
i s consistent with the conclusion that electronic rather than ensemble 
effects are playing a major role i n the poisoning mechanism. Chemi-
sorption studies of H 2 and CO on a C, Ν (24), S, Ρ, and Cl (23,25) 
precovered Ni(100) surface support t h i s conclusion. 

Secondly, the activation energy for the reaction i s unchanged 
by the addition of sulfur i n agreement with studies on supported 
systems (26,27). This suggests that although the rate i s slowed, 
the mechanism of the reaction i s fundamentally unchanged. A similar 
conclusion was reached i n studies of the role of potassium promoters 
on a Ni(100) catalyst (28), although the effect of sulfur and potas­
sium on the individual steps of the reaction are l i k e l y quite d i f ­
ferent (11,12,28). 

F i n a l l y , the onset of departure from linear Arrhenius behavior 
i s seen to occur at lowe
surface (11,12). At lo
an increase i n the surface carbon lev e l during reaction and, as 
discussed previously, has been interpreted as re f l e c t i n g a departure 
of the surface concentration of atomic hydrogen from a saturation or 
c r i t i c a l coverage. Chemisorption studies of H 2 on p a r t i a l l y covered 
Ni(100) (11) are consistent with these ideas. At higher sulfur 
coverages, the departure of the rate from l i n e a r i t y i s not accompanied 
by the appearance of surface carbon. At these reaction conditions 
the carbon formation step has become rate-limiting (11,12). 

The effect of sulfur on the rate of ethane hydrogenolysis i s 
shown i n Figure 8 (12). This reaction i s seen to be much less af­
fected by sulfur than i s the methanation reaction. As discussed 
e a r l i e r , at these pressures the reaction i s negative order i n hydrogen 
pressure indicating preferential adsorption of hydrogen over ethane. 
Low sulfur coverages, by s i g n i f i c a n t l y reducing the surface hydrogen 
coverage (11), should lead to an enhanced reaction probability of 
ethane. The combined effect of the reduction i n hydrogenative a c t i ­
v i t y with an increase i n ethane dissociative adsorption could result 
i n less severe poisoning by sulfur of ethane hydrogenolysis compared 
with CO methanation. 

Mixed metal catalysts frequently exhibit an improvement i n 
s e l e c t i v i t y (10) and s t a b i l i t y (8) over single component metal cata­
l y s t s . A noteworthy example of such a catalyst system and one which 
has been extensively studied i s copper on ruthenium (29-31). Model 
studies of this mixed metal catalyst have been carried out (12) for 
the methanation reaction and are shown i n Figure 9. For comparison 
the data for sulfur poisoning i s also plotted. The i n i t i a l slope 
indicates that copper merely serves as an inactive diluent, blocking 
sites on a one to one basis. A similar result has been found (22) 
i n an analogous study introducing s i l v e r onto a R h ( l l l ) catalyst. 
The contrast i n reaction rate attenuation by copper compared with 
sulfur could be attributed to differences i n relative electro­
negativities, 2.4 and 1.9, respectively (32), where the more electro­
negative sulfur a l t e r s the surface a c t i v i t y more profoundly than by 
a simple s i t e blocking mechanism. However, for a proper comparison 
to be made between the poisoning effects of copper and sulfur addi­
t i v e s , the overlayers i n question should be uniformly dispersed over 
the catalyst. 
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Figure 7. Relative methanation rate as a function of sulfur 
coverage on a Ru(0001) catalyst. Reaction temperature - 550K. 
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Figure 8. Relative rate of ethane hydrogenolysis on a Ru(0001) 
catalyst as a function of sulfur coverage* Reaction temperature 
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For sulfur and phosphorus, LEED studies indicate that uniform 
spreading takes place over the coverage range from 0,1-0.5 monolayers 
(11,23). This does not seem to be the case at high copper coverages 
on Ru(0001) noting that the methanation rate does not f a l l to zero 
at one monolayer of copper. I t i s possible that ruthenium modifies 
the copper layer i n such a way as to activate the copper towards 
methanation. This, however, i s unlikely since the activation energy 
for the reaction remains unchanged by the addition of copper (12). 
UPS and SIMS measurements by Vickerman, et a l . (29) have shown that 
under the preparation conditions used i n this work, the growth of 
three dimensional copper islands occurs at roughly a t h i r d of a mono­
layer, coincident with the change i n slope of our rate versus copper 
coverage data (Figure 9). Vickerman (29) has also shown that two 
dimensional clustering of copper occurs at coverages less than 0.3 
monolayers (12). LEED and UPS measurements of s i l v e r on R h ( l l l ) (33) 
have also indicated two dimensiona
region. This tendency fo
the electronegativity differenc  overlaye
substrate surface (34). These differences i n the overlayer structures 
of sulfur and copper on ruthenium must be taken into consideration 
when making comparisons between the relative poisoning effects of 
these additives. 

Similar structural changes of the copper layer on ruthenium 
are observed for the ethane hydrogenolysis reaction shown i n Figure 
10 (12). The effect of copper at low coverages i s to simply block 
active ruthenium sites on a one to one basis with three dimensional 
cluster growth occurring at roughly a third of a monolayer. 

S i n f e l t (35) has shown that copper i n a Cu/Ru catalyst i s con­
fined to the surface of ruthenium. Results from the model catalysts 
discussed here then should be relevant to those on the corresponding 
supported, bimetallic catalysts. Several such studies have been 
carried out investigating the addition of copper or other Group IB 
metals on the rates of CO hydrogénation (36-38) and ethane hydro­
genolysis (38-41) catalyzed by ruthenium. In general, these studies 
show a marked f a l l o f f i n a c t i v i t y with addition of the Group IB 
metal suggesting a more profound effect of the Group IB metal on 
ruthenium than implied from the model studies here. A c r i t i c a l para­
meter i n the supported studies i s the measurement of the active 
ruthenium surface using hydrogen chemisorption techniques. Haller 
(39,40) has recently suggested that hydrogen spil l o v e r during chemi­
sorption may occur from ruthenium to copper. Recent studies i n our 
laboratory (31) have added further evidence that s p i l l o v e r from Ru 
to Cu can take place and must be considered i n the hydrogen chemi­
sorption measurements. H 2 spillover would lead to a significant 
overestimâtion of the number of active ruthenium metal sites and 
thus to serious error i n calculating ruthenium specific a c t i v i t y . I f 
this i s indeed the case, the results obtained on the supported cata­
l y s t s , corrected for the overestimation of surface ruthenium, could 
become more comparable with the model data reported here. 

F i n a l l y , the activation energies observed on supported catalysts 
i n various laboratories are generally unchanged by the addition of 
Group IB metal (36-41) which i s i n agreement with the present study. 
A c r u c i a l test of the relevance of modeling bimetallic catalysts 
using single crystals w i l l be the a b i l i t y of the models to a l t e r the 
s e l e c t i v i t y of the catalyst towards dehydrogenation reactions as i s 
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generally observed on supported systems (10). These experiments are 
currently underway i n our laboratory* In addition, a recent study of 
cyclohexane dehydrogenation over a model A u - P t ( l l l ) catalyst has de­
monstrated just such a s e l e c t i v i t y (42). 

Concluding Remark 

The examples of the model studies presented show how the meshing 
of modern surface techniques with reaction kinetics can provide 
valuable insights into the mechanisms of surface reactions and serve 
as a useful complement to the more tr a d i t i o n a l techniques. Close 
correlations between these two areas holds great promise for a better 
understanding of the many subtleties of heterogeneous catalysis. 
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A combination of surfac
obtain the critical structural and chemical information for 
adsorbed molecules and intermediates on surfaces. In order to 
highlight the type of information which can be obtained using 
temperature programmed desorption (TPD), high resolution electron 
energy loss spectroscopy (HREELS) and near edge X-ray absorption 
fine structure spectroscopy (NEXAFS), we will review chemisorption 
and decomposition of a number of molecules on clean and sulfur 
modified metal surfaces. To illustrate the key role that 
vibrational spectroscopy HREELS (1) and TPD often play in 
characterizing molecular adsorption and decomposition on metal 
surfaces, we will first review CO adsorption on the clean and 
sulfur modified Ni(100) surface. Hydrogen sulfide adsorption and 
decomposition on the clean and S-covered Pt(111) surface will then 
be discussed. We will then illustrate that the combination of 
NEXAFS with TPD and HREELS allows us to determine the orientation 
of the S-C bonds for thiomethoxy (SCH3) and thioformaldehyde 
(SCH2) formed by methanethiol decomposition on the Pt(111) 
surface. Finally we will discuss ethylene adsorption and 
decomposition on the Pt(111) surface. A number of different 
structures were initially proposed for the room temperature phase 
of ethylene on the Pt(111) surface based primarily on results from 
a single technique. Only after combining the information obtained 
from low energy electron diffraction (LEED), TPD and HREELS did 
ethylidyne (≡CCH3) emerge as the correct structure. NEXAFS spec­
tra acquired recently allow us to directly compare the C-C bond 
lengths for adsorbed molecular ethylene at low temperature with 
the C-C bond length in the adsorbed ethylidyne intermediate. 

Carbon Monoxide Adsorption on the Sulfur Modified Ni(100) Surface 

To emphasize the important role played by vibrational spectroscopy 
i n developing our understanding of molecular processes on 
surfaces, recent results for CO adsorption on clean and the 
sulfided Ni(100) surface (2) w i l l be described. These vibrational 
results for CO adsorption on sulfided Ni(100) indicate that CO-S 
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interactions are l o c a l and that the CO-metal bond i s severely 
weakened at higher sulfur coverages* 

Carbon monoxide chemisorbs i n atop sites on the clean Ni(100) 
surface for coverages up to 0=0.50 where a well-ordered c(2x2) 
l a t t i c e i s observed. A further increase i n CO coverage to the 
saturation value (φ=0·67) results i n a compression structure with 
bridged and terminally bound CO. The CO stretching frequency can 
be used to discriminate between adsorption i n bridge (1960 c m ) 
and atop sites (2050 cm"1). 

A p(2x2)-S covered surface (0.25 monolayer of sulfur) blocks 
the atop sites and causes CO to adsorb i n bridge and hollow sites 
as indicated by the characteristic stretching frequencies observed 
at 1910 and 1740 cm" , respectively. Thermal programmed desorp-
tion has also been used to characterize CO adsorption on the S 
modified Ni(100) surface. TPD measurements for CO adsorbed on a 
clean Ni(100) surface indicat
desorbs near 425K, whil
structure desorbs near  (2x2)-
bridge bonded CO (1910 cm"1) was removed at 290K while the CO 
adsorbed i n hollow sites (1740 cm"1) remained u n t i l 370K. The 
interaction between CO and coadsorbed sulfur must be predominantly 
l o c a l for two reasons: 1) no continuous shifts i n CO stretching 
frequencies are observed with increasing sulfur coverage, and 
2) the 425K desorption peak characteristic of CO desorption from 
clean Pt simply decreases i n intensity with increasing sulfur 
coverage but does not s h i f t i n temperature. On the other hand, 
coadsorbed potassium on P t ( l l l ) (3) and Ru(OOOl) (4) have a long 
range effect and both the CO adsorption energies and stretching 
frequencies s h i f t i n a continuous manner with increasing potassium 
coverage· 

Hydrogen Sulfide Adsorption and Decomposition on the Clean and 
S-Covered P t ( l l l ) Surface 

HREELS and TPD have played a unique role i n characterizing the 
surface chemistry of systems which contain hydrogen since many 
surface techniques are not sensitive to hydrogen. We have used 
these techniques to characterize R̂ S adsorption and decomposition 
on the clean and (2x2)-S covered P t ( l l l ) surface (5). Complete 
dissociation of h^S was observed on the clean P t ( l l l ) surface even 
at 110K to y i e l d a mixed overlayer of H, S, SH and h^S. 
Decomposition i s primarily limited by the a v a i l a b i l i t y of hydrogen 
adsorption sites on the surface. However on the (2x2)-S modified 
P t ( l l l ) surface no complete dissociation occurs at 110K, instead a 
monolayer of adsorbed SH intermediate i s formed (5). 

Figure 1 shows a set of HREELS spectra taken for increasing 
H2S coverages at 110K on the clean P t ( l l l ) surface. Spectrum (a) 
was taken following adsorption of a small amount of R̂ S (~0.2 
monolayers). The only mode present i n the vibrational spectrum i s 
an atomic sulfur-Pt stretch at 375 cm"1 indicating complete d i s ­
sociation of the adsorbed R^S.. In spectrum (b) taken following 
adsorption of 0.5 monolayers of ^S two additional modes appear at 
585 and 685 cm" . These modes are the bending vibrations for two 
types of adsorbed sulfhydryl (SH) intermediate. Increasing the 
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Pt(111) + H 2 S T A = 110K 

Electron Energy Loss Spectra 

Beam Energy = 8 - 10 eV 

— 315 cm-i, v(HS - Pt) + v(H2S - Pt) 
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Figure 1. HREELS spectra for increasing R̂ S exposures on the 
P t ( l l l ) surface at 110K. A value of one i n the exposure 
units corresponds to saturation of the f i r s t layer. 
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H2S coverage to 0*7 of a monolayer increases the population of SH 
species on the surface with a 585 cm"1 bending mode, as shown i n 
spectrum (c). Near saturation coverage, H2S adsorbs molecularly 
as i l l u s t r a t e d by the Ĥ S scissor vibration at 1170 cm"1 i n 
spectrum (d). The s t a b i l i t y of adsorbed SH and molecular HQS i s 
the result of surface passivation caused by coadsorption witfi the 
i n i t i a l dissociation products of ft^S. Thermal desorption 
experiments indicate that only one hydrogen atom can adsorb i n a 
(2x2)-S c e l l at 110K, yet h^S would donate two hydrogens to each 
(2x2) c e l l formed i f i t dissociates completely. At low coverages, 
the H2S dissociates completely to form atomic sulfur and 
coadsorbed hydrogen. The excess hydrogen which cannot be 
accommodated i n the S(2x2) c e l l s p i l l s over onto clean Pt areas. 
At intermediate coverages, adsorbed SH i s formed because t o t a l 
dissociation i s blocked by previously adsorbed S and H. The last 
fraction of H2S whic
because coadsorbed SH
adsorption s i t e s . 

H2S adsorption on the (2x2)-S covered P t ( l l l ) surface at 110K 
contrasts with adsorption on the clean surface. On the (2x2)-S 
surface no complete dissociation i s observed at low temperature; 
instead, H2S p a r t i a l l y dissociates to form an adsorbed SH i n t e r ­
mediate with a characteristic bend vibration at 585 cm"1. Heating 
adsorbed SH on the (2x2)-S covered surface leads to a SH+H recom­
bination reaction not observed on clean Pt. The recombination 
process removes the excess SH so that the stable, high coverage 
(/3 χ /3)R30'-S l a t t i c e can be formed. 

Sequential Dehydrogenation of Methanethiol on the P t ( l l l ) Surface 

NEXAFS, HREELS and TPD were used to characterize the sequential 
decomposition of adsorbed methanethiol (CH^SH) on the P t ( l l l ) 
surface (6). With increasing temperature, we observe nearly 
complete conversion of the adsorbed methanethiol f i r s t to form 
thiomethoxy (SCH3) and then to form thioformaldehyde (SCH 2). The 
equivalent production of an adsorbed formaldehyde (0CH 2 ) species 
from methoxy (OCH^) has not been observed to our knowledge. 
NEXAFS spectra were used to obtain detailed structural information 
for these adsorbed intermediates by determining the orientation of 
the S-C bonds. The SCH3 species was found to be t i l t e d from the 
surface normal by 45'(±10χ) i n marked contrast to OCH^ which i s 
adsorbed normal to the surface. The adsorbed SCH^ absorbs i n a 
t i l t e d configuration 20N up from surface plane implying a tradeoff 
between a f a i r l y strong π bond and S lone pair donation. 

Figure 2 shows HREELS and TPD spectra obtained from CH-SH 
adsorbed at 11OK. The multilayer HREELS spectrum of CH^SH taken 
at 110K i s nearly id e n t i c a l to the gas phase IR spectrum of 
CH3SH. Multilayers of CH3SH desorb at 135K. TPD spectra with 
deuterium labeled methanthiol (CH3SD) indicate that the 210K 
hydrogen peak i s caused only by the loss of the sulfhydryl 
hydrogen. The vibrational spectrum measured after heating to 255K 
correspond closely to the vibrational spectrum of the SCH3 ligand 
i n (CH 3) 3Sn(SCHO and indicate that SCH3 i s formed on the 
surface (/). £>-H bond cleavage i s also indicated by the 
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Pt(111) + CH3SH(sat) T A = 110K 
Electron Energy Loss 

Eo = 3 to 4eV 
Temperature Programmed Desorption 
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Figure 2. HREELS spectra i l l u s t r a t i n g sequential CH3SH 
decomposition on the P t ( l l l ) surface. The HREELS spectra 
were taken following treatment at the temperatures indicated 
on the reference TPD spectra shown i n the right panel. 
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disappearance of the S-H stretching (2750 cm ) and bending 
(820 cm"1) modes. 

The H 2 TPD spectrum i n Figure 2 indicates that adsorbed SCH^ 
loses additional hydrogen with heating to 400K. The H 2 desorption 
peaks at 210 and 305K have nearly equal areas indicating that the 
second adsorbed intermediate has an average thioformaldehyde 
(SCH2) stoichiometry. The HREELS spectrum i n Figure 2 taken 
after heating to 400K generally corresponds to a matrix 
isolated (8) SCH2. However the S-C stretch i n adsorbed SCH2 i s 
dramatically red shifted from 1050 cm"1 for the matrix isolated 
species to 670 cm indicating a highly perturbed adsorbed SCH2 

species* The assignment of the 670 cm mode to the u(C-S) vibra­
tion for the adsorbed species follows from the low CH character of 
this mode (a deuterium s h i f t of .03). Analogous s h i f t s to 
560 cm" have been observed i n u(C-SX for an inorganic cluster 
Os(n 2-CHgS)([0] 2(PPh 3) ) (9) with 2-bonded CH S ligand  Th
400 cm" red s h i f t i
interaction between th
small fraction of the SCH-j layer ( 10%) decomposes near 350K to 
give CH^ which desorbs and atomic sulfur which remains on the 
surface. 

The NEXAFS spectra i n Figure 3 taken at the C K-edge allows 
us to estimate the t i l t angles for the adsorbed SCH^ and SCH« 
species. Spectra were recorded at grazing (20 x) and normal (90* ; 
incidence after heating a multilayer of CH^SH on P t ( l l l ) to either 
230K (SCH~) or 380K (SCH 2). Only one molecular resonance appears 
near 288.OeV for the SCH^ layer and i s assigned to a C(ls) <**ç_g 
transition. A similar C-S bond σ*-resonance was observed tor 
multilayer and monolayer thiophene (C^H.S) on P t ( l l l ) (10). The 
°*C-S transition intensity follows a cos α relation where α i s the 
angle between the Ε vector and the o*-orbital. By normalizing 
the 0*c_s transition intensity to the smooth continuum background 
which i s shown dashed i n Figure 3, we obtain a 2:1 rat i o i n 
the 0*£_g resonance measured at grazing and normal x-ray 
incidence. This gives a C-S t i l t angle from the surface normal of 
45%±10x. 

The NEXAFS spectra for the SCHo layer again show the 
structureless background and the C(ls)+o* c_g transition at 
288.OeV. A new feature, however, i s found at a lower photon 
energy of 284.5 eV and i s assigned to a C( 1S)+TT* c_ s t r a n s i t i o n . 
Similar IT* excitations have been seen near 284 eV with a number of 
unsaturated hydrocarbons chemisorbed on P t ( l l l ) (10,11). The 
presence of this new resonance at 284.5 eV supports the HREELS and 
the TPD evidence that an unsaturated SCH2 species forms above 
300K. 

The n*c_g and <**c_g transition intensities for adsorbed SCH2 

do not vanish at either incidence angle demonstrating that the S-C 
bond i s again t i l t e d from the surface. Since the ir*r_s ^a*C-S^ 
intensity at grazing (normal) incidence i s about three times 
larger than that at normal (grazing) incidence, we estimate the 
C-S bond of adsorbed SCH« to be oriented 20x±10x from the surface 
plane. Since the u(Pt-sdk 2) and u(Pt-SCH3) stretching frequencies 
are i d e n t i c a l , we believe the sulfur atom of adsorbed SCH2 i s 
closer to the surface; the inclined S-C bond of 20χ±10χ then 
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Figure 3. Carbon K-edge NEXAFS of thiomethoxy (SCHU) (a) and 
thioformaldehyde SCH2 (b). Spectra for two incidence angles 
(2(T and 90 x) of the X-ray beam are shown. 
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allows the sulfur lone pair orbitals to point towards the metal at 
the expense of carbon p-orbital overlap with metal d-orbitals. 
The unexpected in c l i n a t i o n of adsorbed SCH2 can then be explained 
as a tradeoff between sulfur lone pair and π-bonding to the metal. 

Ethylene Adsorption and Decomposition on P t ( l l l ) Surface 

The ethylidyne intermediate which forms during ethylene 
decomposition on the P t ( l l l ) surface (1,12) has received a large 
amount of attention i n the past few years, owing i n part to i t s 
relevance i n hydrocarbon catalysis and also i n part to i t s 
s t a b i l i t y on a number of other surfaces, namely Pt(100) (13), 
R h ( l l l ) (14), P d ( l l l ) (15) and Ru(0001) (16). An early LEED 
experiment (17) suggested that ethylene dehydrogenated to an 
acetylene species on P t ( l l l ) since the LEED d i f f r a c t i o n beam 
intensity vs. voltag
ethylene derived phase
Photoemission (UPS) spectra (18) fo  these two layers were also 
found to be i d e n t i c a l . The postulated acetylene intermediate was 
challenged by an HREELS study (19) which proposed that ethylene 
decomposed to form adsorbed ethylidene. In fact, acetylene did 
not give the same HREELS spectrum as ethylene i n the absence of 
coadsorbed hydrogen on the surface. TPD spectra (20) taken 
following ethylene adsorption at 300K indicated that one of the 
four ethylene hydrogens desorbed at 350K without any detectable 
change i n the UPS spectrum. Thus the stoichiometry of the surface 
intermediate formed was C 2H 3 which ruled out both acetylene and 
ethylidene as possible models. A detailed analysis of LEED 
data (21) suggested for the f i r s t time that adsorbed ethylidyne 
was being formed, even though the vibrational spectrum reported at 
that time had too many vibrational modes for symmetric i n t e r ­
mediate l i k e ethylidyne. Subsequent vibrational experiments (12) 
revealed that the "extra" modes could be selectively removed by 
hydrogen treatment. The assignments i n the HREELS spectrum of 
adsorbed ethylidyne are confirmed by comparison with a recent IR 
spectrum of an organometallic analog, CĤ C (Co) 3(C0)g (22). 
Ethylidyne-like intermediate species are also formed during 
decomposition of larger hydrocarbons as indicated by a simple 
comparison (23) of experimental I-V curves from the ethylidyne 
layer with those from propene-and butene-derived propylidyne 
(=C(CH2)CH3) and butylidyne (=C(CH2)2CH3) on the P t ( l l l ) 
surface. The stoichiometry and structure of the adsorbed 
ethylidyne intermediate was established by combining a group of 
techniques, each with different s e n s i t i v i t i e s and perspectives, to 
study ethylene decomposition on the surface. 

Recent NEXAFS (11,24) have confirmed the ethylidyne structure 
proposed by LEED analyses (14,21) and further determined the 
structure of adsorbed molecular ethylene. Figure 4 shows the 
NEXAFS spectra for ethylidyne (a) and ethylene (b) on the P t ( l l l ) 
surface taken for two incidence angles of the X-ray beam. The 
transitions observed i n these NEXAFS spectra have been assigned 
using SCF-Χα calculations (24). For the ethylidyne spectrum taken 
at 20x incidence angle peak A i s caused by a C ( l s ) - K T * c _ p t t r a n s i ­
t i o n ; peak Β i s caused by a C(ls)->o* r_ r t r a n s i t i o n . Peak A i n the 
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C2H4/Pt(111) 
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Figure 4. Carbon K-edge NEXAFS spectra of ethylidyne (a) and 
ethylene (b) adsorbed on the P t ( l l l ) surface. Spectra for 
two incidence angles (20 x and 90 x) of the X-ray beam are 
shown. 
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ethylidyne spectrum taken at 90x incidence angle i s assigned to a 
C(ls)-nr* c_ p t bound state transition. Peak Β i s missing i n the 
ethylidyne spectrum taken at 90x incidence angle confirming that 
ethylidyne i s adsorbed normal to the surface. For the adsorbed 
molecular ethylene spectrum taken at 20x incidence angle peak A i s 
caused by a C(ls)-nr*ç_ç bound state transition. While peak Β i n 
the molecular ethylene spectrum taken at 90x incidence angle i s 
caused by a C(1S)-KJ*Ç_ c t r a n s i t i o n . The polarization dependence 
of both peaks A and Β for adsorbed molecular ethylene clearly 
indicates that molecular ethylene adsorbs p a r a l l e l to the surface. 

Gas phase NEXAFS spectra of C 2H 2, and (11), 
indicate that the o* c_ c resonance energy i s a sensitive function 
of interatomic distance and appears to vary l i n e a r l y with the C-C 
bond distance. A 1 eV increase i n energy corresponds to a 0.02 Â 
decrease i n bond length. Since the <J*c-C resonance of ethylidyne 
l i e s ~1 eV higher tha
ethylene, we direc t l y
bond 0.03 Â longer tha  adsorbed ethylidyne eve  thoug  adsorbed 
ethylene has a formal C-C double bond while ethylidyne has a 
formal C-C single bond. Using the gas phase cali b r a t i o n , the C-C 
bond length for ethylidyne i s estimated to be 1.47 Â while the C-
C bond length for molecular ethylene i s 1.49 Â. The stretched C-C 
bond i n adsorbed molecular ethylene i s the result of extensive 
interaction with the surface. 

SUMMARY 

We have shown the importance of using a combination of 
complementary techniques to probe molecular processes on surfaces 
and the key role that HREELS and TPD spectroscopes have played. 
The important role played by HREELS and TDS i n following surface 
reactions was demonstrated by three examples. Local interaction 
dominate when CO i s coadsorbed with S on the Ni(100) surface. H2S 
decomposition i s reduced by coadsorbed sulfur on the P t ( l l l ) 
surface and the SH surface intermediate i s st a b i l i z e d . CH~SH 
decomposes sequentially on the P t ( l l l ) surface to yi e l d adsorbed 
thiomethoxy and thioformaldehyde. NEXAFS spectra provided 
detailed molecular information by characterizing the C-S bond t i l t 
angle for the adsorbed thiomethoxy (SCH^) and thioformaldehyde 
(SCH2) intermediates. The study of ethylene and ethylidyne phases 
on P t ( l l l ) was an example which emphasized the need for a multi-
technique approach. In fact, recent NEXAFS spectra have shed even 
more ligh t on the overlayers by dir e c t l y measuring the C-C bond 
lengths· 
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Selective Epoxidation of Ethylene Catalyzed by Silver 
Mechanistic Details Revealed by Single-Crystal Studies 

Charles T. Campbell 

Chemistry Division, Los Alamos National Laboratory, Los Alamos, NM 87545 

The selective oxidatio
epoxide 

(C2H4 + 1/2 O2 -> C2H4O) 

over Ag is a simple prototype for the entire class of 
kinetically-controlled, selective oxidation reactions. 
We have studied the steady-state kinetics and selec­
tivity of this reaction on clean, well-characterized 
single-crystal surfaces of silver by using a special 
apparatus which allows rapid (~20 s) transfer between 
a high-pressure catalytic microreactor and an ultra­
-high vacuum surface analysis (AES, XPS, LEED, TDS) 
chamber. The results of some of our recent studies of 
this reaction will be reviewed. These single-crystal 
studies have provided considerable new insight into: 
the reaction pathway through molecularly adsorbed O2 

and C 2H 4, the structural sensitivity of real silver 
catalysts, and the role of chlorine adatoms in pro­
moting catalyst selectivity via an ensemble effect. 

The ca t a l y t i c oxidation of ethylene to ethylene epoxide (also known 
as ethylene oxide) 

0 

i s a severa l - b i l l i o n - d o l l a r per year industry, providing the neces­
sary intermediate i n the synthesis of ethylene gly c o l , which i s used 
i n polyester and antifreeze production. The most common catalyst i s 
s i l v e r supported on α - A1 20 3, of ~1 m2 · g" 1 specific surface area, 
promoted for s e l e c t i v i t y by adding trace amounts of chlorinated 
hydrocarbons to the feed. This reaction i s the simplest example of 
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a kinetically-controlled, selective heterogeneous cat a l y t i c reac­
tion. (Metals other than s i l v e r generally produce C0 2 + H20, the 
thermodynamically preferred product.) As such, this reaction i s of 
fundamental importance from the surface science point-of-view and 
has therefore been the subject of numerous reaction studies (1-21), 
as well as ultra-high vacuum (UHV) adsorption studies [(22-23) and 
references therein]. However, most of the basic questions con­
cerning the reaction mechanism and the nature of the active catalyst 
surface remain unanswered. This i s largely due to the fact that the 
reaction proceeds too slowly to be observable under the vacuum con­
ditions t y p i c a l l y employed i n surface analysis. This paper reports 
some of our recent results i n which we have studied the reaction on 
Ag(llO) and (111) by d i r e c t l y combining high-pressure kinetic meas­
urements with UHV surface analysis i n a single apparatus (24-28). 
These studies have provided new insights into the reaction mech­
anism, i t s structural s e n s i t i v i t y d th  rol f chlorin  i
moting s e l e c t i v i t y . 

Experimental 

Details of the apparatus and techniques are presented i n related 
papers (23,25,28). In short, the Ag(llO) and (111) samples were 
cleaned by sputtering and annealing (800 K) i n ultra-high vacuum 
(UHV). Cleanliness and order were proven by Auger electron spec­
troscopy (AES) and low-energy electron d i f f r a c t i o n (LEED). The 
clean sample was transferred into an evacuated microreactor attached 
d i r e c t l y to the UHV chamber, pressurized with the reaction mixture 
(~200 torr) and heated (440-610 K) u n t i l a steady-steady epoxidation 
rate (2-4 min) was established. [Steady-state rates could be main­
tained over times during which >5000 molecules of ethylene per sur­
face Ag atom were converted into product (25,28).] Then the sample 
was rapidly (17 s) transferred at reaction temperature back into UHV 
for surface analysis (AES, LEED, TDS, XPS). The coverage of 0 was 
quantitatively measured by flash heating the sample immediately 
after transfer and measuring the area under the 600 Κ 0 2 thermal 
desorption peak mass-spectrometrically (25). After transfer, the 
reaction mixture ( s t i l l i n the batch microreactor) was analyzed by 
gas chromatography for the amount (rates) of ethylene oxide and C0 2 

produced. As discussed i n related papers (25,28), above 480 Κ the 
surface contained only atomically adsorbed oxygen and maintained a 
good LEED pattern after reaction. Below 480 Κ other adsorbed reac-
tants and products were observed. The sides and back of the crystal 
were passivated to reaction by a mixed S i , Cu, T i oxide/carbide f i l m 
that b u i l t up during the early stages of high-pressure reaction 
attempts. 

Coverages (Θ) are defined relative to the number of Ag surface 
atoms [Θ = 1 i s 8.5 x 10 1 4 cm"2 for Ag(110) and 1.38 x 10 1 5 cm"2 for 
A g ( l l l ) ] . Sample sizes were: Ag(110) = 10 i n x 6 mm x 2 m and 
Ag(lH) = 10 mm x 7 urn x 2 mm. 

The methods for depositing chlorine adatoms on the (110) sur­
face have been described previously (26), and resulted i n surface 
structures and LEED patterns identical to those achieved by dis­
sociative C l 2 adsorption. A c(4x2)-Cl pattern at θ̂ ,, = 0.75 (26) 
was used to calibrate chlorine coverages, which were taken propor­
tion a l to the ratio of Cl:Ag AES intensities (26). 
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Results and Diseus s ion 

Structural S e n s i t i v i t y . Figure 1 shows the steady-state rates of 
ethylene oxide (EtO) and C0 2 production as a function of temperature, 
i n Arrhenius form, at an ethylene pressure (P-,. ) of 20 torr and Ρ Λ 

r*t Ij2 
= 150 torr on clean Ag(110) (24,25). These specific rates i n Fig. 1 
are expressed i n terms of turn-over-number (TON), i . e . , the number 
of molecules of each produced per Ag surface atom (site) per second, 
assuming 10 1 5 Ag surface atoms on our sample. Shown for comparison 
i s the specific rate of EtO production over a high-surface-area, 
silica-supported Ag catalyst under the same conditions. The activa­
tion energy for EtO production decreases from about 22.4 to 5.3 kcal 
mole" 1 as the temperature increases from 440 to 610 Κ on Ag(110), 
almost id e n t i c a l to the behavior on the supported Ag catalyst. 

The s e l e c t i v i t y fo
[T0N E t ( ) + 1/2 TON^]) fro  Fig  Ag(110)
gradual decrease with temperature (24), i n agreement with most high-
surface-area catalysts (15,17,29). The absolute value of the selec­
t i v i t y (~40%) on Ag(110) f a l l s within the range seen for unpromoted, 
high-surface-area Ag catalysts (28). 

We have found (24,25) that the effects of temperature and reac-
tant pressures upon the rates of EtO and C0 2 production and upon 
s e l e c t i v i t y are v i r t u a l l y i d e n t i c a l on Ag(110) and high-surface-area 
Ag catalysts. However, the absolute specific rates (per surface Ag 
atom) for the (110) surface were found to be some 100-fold higher 
than those reported for a variety of high-surface-area catalysts 
(24). We had postulated that a small percentage of (110) planes or 
(110)-like sites are responsible for most of the c a t a l y t i c a c t i v i t y 
of high-surface-area catalysts (24,25). However, our very recent 
results for the clean, close-packed A g ( l l l ) face (28) show that i t s 
specific a c t i v i t y i s only a factor of about two below the (110) 
face. Since the lowest-energy (111) face i s expected to predominate 
on high-area catalysts, the huge difference i n specific a c t i v i t i e s 
for single-crystal Ag and high-area catalysts seems no longer to be 
due to some inactive Ag surface predominating the high-area cat­
alysts. We note that the kinetics (activation energies and reaction 
orders) on A g ( l l l ) and (110) are very similar (28). 

This reaction has long been known to be c l a s s i c a l l y structur­
a l l y sensitive; i . e . , the rates and s e l e c t i v i t y depend sensitively 
upon the size and shape of Ag particles i n high-surface-area cat­
alysts (10,14,24,30,31). The rate variations apparently cannot be 
related to variations i n the concentration of active surface facets 
with p a r t i c l e size. I t may be that some impurity from the prepara­
tion process or support material poisons the catalyst surface, and 
the concentration of this poison i s dependant upon the same factors 
i n the preparation scheme which allow for p a r t i c l e size adjustment. 
Three further facts might support this explanation: (1) A strange 
minimum i n specific a c t i v i t y with p a r t i c l e size i s observed at the 
surprisingly large size of 500-700 Â (10,14,30); (2) the variations 
i n specific a c t i v i t y with p a r t i c l e size observed by any given author 
(10,14,30) are smaller than the variations among authors for cat­
alysts of nominally the same pa r t i c l e size [see Table I i n (24) ] ; 
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Figure 1. The steady state rates of EtO and CO2 production as 
a function of temperature, i n Arrhenius form, at P E t = 20 t o r r 
and PQ2 = 150 t o r r on clean A g C l l O ) . 
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and, (3) the specific a c t i v i t i e s of unsupported, high-area Ag cat­
alysts are at the upper l i m i t of a c t i v i t i e s seen for high-area cat­
alysts, and only a factor of about 10 below those for Ag(110) or 
(111) [see Table I i n (24)]. 

For small p a r t i c l e s , s e l e c t i v i t y increases with p a r t i c l e size 
(14,30). In our results, A g ( l l l ) has an average s e l e c t i v i t y which 
i s about 6% higher (in absolute units) than Ag(110) (28). Since the 
par t i c l e surface should evolve from open, or (HO)-like, to close-
packed, or ( l l l ) - l i k e , with increasing size, these results may be 
favorably correlated. 

Reaction Kinetics and Mechanism 

Figure 2 shows the effect of ethylene pressure upon the steady-state 
reaction rates for clea  Ag(110)  490 d 150  0  (25)
Also shown i s the steady-stat
(0 q) under reaction condition
coverage of atomic oxygen decreases with increasing P^, but main­
tains a signi f i c a n t value (Θ = 0.1) when the rates saturate i n 
ethylene. 0 

We have measured data similar to Fig. 2 where, instead, the 
effects of 0 2 pressure upon the steady-state rates and θ were ob­
served (25). These data are plotted i n Fig. 3 to directîy ref l e c t 
the effects of oxygen a da torn coverage upon the rates at a fixed 
temperature and ethylene pressure. While the order i n Ρ Λ varies 

υ 2 

strongly with P^ , EtO production remains almost f i r s t order i n 
throughout the entire range of 0 2 pressures. This clearly indicates 
that adsorbed oxygen adatoms play an important role i n the reaction 
mechanism, such that their coverage enters the rate equation i n a 
linear fashion. 

Similar data on A g ( l l l ) indicate that under ide n t i c a l reaction 
conditions, the atomic oxygen coverage on A g ( l l l ) i s a factor of 
about 15 below θ on Ag(110), on the average (28). This can be 
d i r e c t l y ascribed to the much higher dissociative sticking probabil­
i t y for 0 2 displayed by the (110) face (22-23,28). Since the epoxi­
dation rates are only a factor of about two smaller on A g ( l l l ) , this 
result suggests that atomically adsorbed oxygen may not be d i r e c t l y 
involved i n the epoxidation step. We w i l l show below further data 
which support molecularly adsorbed (peroxo-) 0 2 as the true o x i d i ­
zing agent. Since 0 2 a i s a precursor to 0 formation (23), i t s 
coverage w i l l be proportional to θ at constant temperature and 
ethylene pressure (Fig. 3), provided θ i s low and 0 i s removed 
from the surface only via a reaction which i s f i r s t order i n θ (28). 

ο — 
Interestingly, we have shown by postreaction LEED that those 

oxygen adatoms reside on the surface under reaction conditions i n 
p(2xi)-0 islands of l o c a l coverage θ = 0.5 on Ag(110) or p(4x4)-0 
islands of l o c a l coverage θ = 0.4 on A g ( l l l ) . This suggests that 
reaction occurs at the edges of these islands (25-28). 
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Note i n Fig. 3 a d i s t i n c t break i n C0 2 production rate versus 
6 q. We relate this break to the existence of two pathways to C0 2 

production (25). Under most conditions ( i n this case for θ > 0.03), 
C0 2 production i s predominated by a mechanism which proceeds through 
the same rate-determining step as the epoxidation path. Thus exist 
the very strong kinetic s i m i l a r i t i e s for EtO and C0 2 production 
(2,3,6,25). The other path to C0 2 i s less understood (25) and only 
predominates under extreme conditions, but i s more sensitive to θ^. 

The data i n Figs. 2 and 3 suggest a reaction which requires a 
delicate balance between adsorbate coverages, consistent with a 
Langmuir-Hinshelwood mechanism. More extensive data of this type 
(24-27) indicate that molecularly adsorbed ethylene and 0 2 are the 
c r i t i c a l species, consistent with the mechanism proposed below. 

The Role of Chlorine Promoter

Figure 4 shows the effect  coverag  (θ^τ) upo
the rates, s e l e c t i v i t y and θ at a set of fixed pressure and temper­
ature conditions on AgOlO? (26). The effects are qu a l i t a t i v e l y 
i d e n t i c a l to those seen by adding trace quantities of chlorinated 
hydrocarbons to the feed i n real-world Ag catalysts: the s e l e c t i v i t y 
to EtO i s promoted at, however, some loss i n overall a c t i v i t y 
(1-2,8,26,32-36). This confirms that the promoter effect i s due to 
direct CI atom - Ag interactions, and i s unrelated to the support 
material (e.g. A1 20 3). Note that the major effect occurs for chlo­
rine coverages between the ρ(2X1) structure ( θ ^ = 0.5) and the 
c(4x2) structure (θ^ = 0.75). The high coverage tor those changes 
and i t s correlation with d i s t i n c t overlayer structures indicates 
that an ensemble rather than electronic factor plays the dominant 
role i n promotion (26). 

Note i n Fig. 4 that the oxygen adatom coverage i s already com­
pletely suppressed by = 0.25, at which point the reaction rates 
have hardly changed. This further suggests that 0 2 > a rather than 0 
plays the dominant role i n the reaction mechanism. The decay i n 0 q 

with almost perfectly reflects the dramatic decrease i n the 
dissociative sticking probability for 0 2 with chlorine coverage 
(26,27). We further found that, i n this coverage range, the adsorp­
tion of molecular (peroxo-) 0 2 i s hardly affected by (27), con­
sistent with the minor effects of chlorine on the epoxidation rate 
for 0 C 1 < 0.25 (Fig. 4). 

The sophistication with which one can monitor the effects of a 
surface modifier i n a ca t a l y t i c reaction i s demonstrated i n Fig. 5. 
Using a whole series of measurements such as Fig. 4, with a broad 
range of temperatures and reactant pressures near 563 Κ, Ρ Λ = 
150 t o r r , and P„ = 20 t o r r , we were able to determine d i r e c t l y the 
variations with i n the apparent activation energies (E^) and 
reaction orders (m,n) for both EtO and C0 2 production (27). At a 
given chlorine coverage, the reaction rates are written as: 

TON = ν exp[-Ea/RT] P m^ P n
t . (1) 

The results are shown i n Fig. 5. 
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Figure h. The effects of chlorine adatom coverage ( C l ) upon 
the rates, s e l e c t i v i t y , and θ 0 on Ag(llO)' at ̂ 90 Κ and P Q 2 = 
150 torr and P E T == U.1 t o r r . 
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Mechanism 

These results are a l l consistent with a mechanism which involves the 
combination of 0 2,a and E t a i n the formation of an adsorbed inter­
mediate, I a , which can then branch out to evolve EtO (leaving an 
oxygen adatom behind on the surface) or to produce C0 2 + H20. The 
oxygen adatom thus inherent to EtO production must i t s e l f go on to 
make either C0 2 or H20, which sets a theoretical upper-limit on the 
s e l e c t i v i t y of 6/7. This agrees within experimental error with the 
maximum s e l e c t i v i t y observed on both high surface area catalysts 
(2,35,37) and single-crystals (26,27). 

Under most conditions the intermediate formation step, Et^ + 
°2,a la» i s rate-limiting. The branching of the intermediate i s 
much faster. The reaction rates can be written 

mined by Ε and the variations i n and Θ Λ with temperature, a ht Uo 

TON = ν'θ^θHit a 

where E t r u e i s the activation energy for that true elementary step. 
The branching ratio w i l l determine the value of V 1 for either EtO 
or C0 2 production. The reaction orders i n Ρ Λ and P-,. w i l l depend 

U 2 Hit 
upon the extent to which and θ„, are saturated on the surface. 

U 2 ht 
The apparent activation energy [E i n Equation (1)] w i l l be deter-

.true 
ana tne variations i n o^^ ana σ, 

The variations i n the kinetic parameters (E ,m,n) with chlorine 
coverage shown i n Fig. 5 are entirely consistent with our studies by 
thermal desorption spectroscopy, which show the effects of chlorine 
upon the heats of adsorption (ΔΗ ) of molecularly adsorbed 0 2 and 

a 0 
ethylene (27). For example, chlorine decreases ΔΗ 2 , and therefore 
6Q , which leads to the observed increase i n m. Similarly, chlorine 
increase ΔΗ*^ for < 0.4 and decreases ΔΗ^ for > 0.4 (26), 
which gives rise to the minimum i n η at = 0.4 i n Fig. 5. We 
have also shown that the dependence i n Ε upon θ̂ ,, (Fig. 5) i s 
completely consistent with this model and ences of ΔΗ 
for 0 2 and ethylene upon (27). 

One feature of Fig. 5 i s overwhelmingly obvious. Any changes 
i n the kinetic parameters (E ,m,n) for EtO production are mimicked 
almost exactly by those for 6θ 2 production. Thus there i s nothing 
i n Fig. 5 which helps to explain the very large s e l e c t i v i t y increase 
seen under these conditions as increases from 0.3 to 0.6 (27). 
This i s because the s e l e c t i v i t y i s , to a large extent, determined by 
the relative rates of the branching steps after formation of the 
intermediate, I . Remember that these steps are fast. I t i s only 
the slow, intermediate-formation step which i s reflected i n varia­
tions of Ε , m or η. The branching ratio i s , however, affected by 
chlorine. Due to the large coverages for which the major selec­
t i v i t y increases occur (θ^ > 0.4, Fig. 4), we propose that changes 
i n the branching ratio are largely due to an ensemble effect. The 
process I -> EtO + 0 requires only a small ensemble of one or two a a 
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chlorine-free Ag sit e s . On the other hand, the decomposition of I 
into species which y i e l d C0 2 + H20 requires the cleavage of many 
bonds and therefore most l i k e l y a larger ensemble of free Ag si t e s . 
I t i s this difference i n ensemble size requirement which gives ris e 
to the marked increase i n s e l e c t i v i t y as chlorine t i t r a t e s the Ag 
site s . 

Conclusions 

While i n this short space we have barely touched upon the salient 
features of this reaction, we hope i t has been s u f f i c i e n t to wet the 
readers' appetite to pursue the subject i n more d e t a i l . This new 
approach to studying c a t a l y t i c reactions i s opening up major new 
avenues for their understanding. 
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Surface Structure and Reaction Dynamics in Catalysis 
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The interaction o
was investigated usin
mal desorption (TD) techniques to elucidate the inter
action dynamics and the surface structure. Elastic H 2 

scattering leads to marked diffraction only with Ni 
(110), whereas Ni (111) shows almost no corrugation. The 
difference in the elastically scattered H2 and D2 in­
tensity reveals that the energy exchange is dominated 
by phonon and not by electronic excitations. The dif­
ferences in the sticking probabilities so between the 
two faces suggest the absence of an activation bar­
rier for Ni (110), but the existence of such a barrier 
(height ~0.1 eV) for Ni (111). Increasing H (D) cove­
rages ΘH(D) induce various surface structures on Ni 
(110) including two reconstructed phases. A one-dimen­
sionally ordered 'streak' phase is the only stable 
phase above 250 K. With Ni (111) no reconstruction oc­
curs and the H (D) atoms are disordered at 300 K. It 
is shown that the functions s(Θ) are influenced by the 
formation of the reconstructed phases; the implicati­
ons for surface reactivity are discussed. 

In the recent past much experimental and theoretical e f f o r t has been 
undertaken to understand the microscopic steps of heterogeneous sur­
face reactions. The main problem consists of evaluating the t o t a l 
energy of the reacting components (including the surface atoms!) as 
a function of a l l nuclear coordinates at any reaction time. The solu­
tion of t h i s problem i s extremely d i f f i c u l t . Detailed studies with 
model systems, however, can shed some l i g h t upon the various steps of 
the interaction pattern. 
Even the f i r s t step, the calculation of the multidimensional ground 
state energy of a single p a r t i c l e interacting with a surface implies 
a l o t of d i f f i c u l t i e s . I t i s , f o r example, possible that the spacings 
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of varioxos adjacent surface atoms change upon interaction with an ad-
sorbate atom (surface relaxation or reconstruction). It is, e.g., 
well-known that chemisorbed hydrogen tends to reconstruct a number of 
metal surfaces, e.g., Ni, Pd, Mo, or W (1). 
The second step has to include the multi-particle effects, and the 
total energy as a function of a l l geometrical configurations of the 
particles has to be evaluated. 
The treatment of the reaction dynamics represents a further difficult 
barrier in the understanding of the heterogeneous reaction. It re­
quires the knowledge of the cross sections determining the transiti­
ons between different states which in turn are correlated with the 
energy transfer into the various degrees of freedom. 
In this article, we shall concentrate only on very simple surface 
reactions, namely, the adsorption of H~ and D  and the H /D  exchange 
reaction on the differentl
Our experimental technique
thermal desorption spectroscopy (TDS) and work function measurements 
(Δρ) and dynamic techniques like scattering of H 2 and D2 molecular 
beams. Details of the experimental methods are given elsewhere (2,3). 
The goal of this paper is to demonstrate the internal correlation 
between the surface structure and the reaction dynamics which, in ex­
treme cases (Pt(100)l) can give rise even to kinetic surface oscilla­
tions (4). The Ni(110)/H system is another example where not only se­
veral lattice gas phases are formed by hydrogen but also reconstruc­
tion can occur depending on the temperature and the chemical potenti­
al of the adsorbed hydrogen. Phenomena like 'surface explosions1 have 
been reported previously with this surface in the course of surface 
reactions, e.g., the decomposition of formic acid (5). We argue that 
structural changes of the surface during a heterogeneous chemical re­
action may be responsible for effects of this kind. 

Experimental 
The experiments were carried out in two different UHV* chambers equip­
ped with the standard facilities to clean and to characterize a metal 
single crystal surface. One apparatus was used for the 'static' inve­
stigations and contained a Video-LEED system including data processor, 
a mass spectrometer for TDS, and a Kelvin probe for measuring contact 
potential differences. The other apparatus consisted of a molecular 
beam source connected to a UHV scattering chamber with a rotatable 
mass spectrometer as well as LEED and Auger facilities. In the mole­
cular beam (1VB) source, the hydrogen was expanded through a 0.07 mm 
hole at pressures between 200 and 500 torr. The beam diameter and an­
gular divergence were determined by an aperture in the final pumping 
stage of the source. At the surface, beam diameters of 1.5 - 2 mm and 
angular divergence of 0.06° were obtained. Owing to the comparatively 
mild expansion conditions of the nozzle the rotational distribution 
of the molecules remains essentially unaltered. Therefore the nozzle 
temperature determines directly the translational kinetic energy of 
the pure H 2 or D2 beams. Kinetic energies of 26 meV and 64 meV beams 
corresponded to nozzle temperatures of 120 Κ and 300 K, respectively. 
Separation of molecules scattered directly from those being trapped 
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in the chemisorption potential was possible by nodulating the inci­
dent beam at 63 Hz and using a lock-in technique. 
The Ni (110) and (111) samples were prepared and cleaned in the usual 
manner (6). In the M3 experiments, the azirauthal orientation was cho­
sen such that the most corrugated direction was directed to the inci­
dent beam: The [001] direction for Ni(110) and the [112 ] direction 
for Ni(111 ). Since both surfaces chemisorb hydrogen readily the ex­
perimental conditions in the experiments were adjusted to assure 
scattering from surfaces covered with less than 0.01 monolayers of 
H at a l l times. The sample orientations as well as the perfection of 
the surfaces were checked by LEED and by monitoring the relative in­
tensities of the specularly reflected He beams. 

Results 

The interaction of hydroge
metal surface can be conveniently described in terms of a Lennard
-Jones potential energy diagram (Fig. 1 ). It consists of a shallow 
molecular precursor well followed by a deep atomic chemisorption po­
tential. Depending on their relative depths and positions the^wells 
may or may not be separated by an activation energy barrier Ε as 
schematically indicated by the dotted curve in Fig. 1. 
Here we shall be concerned with the interaction of incaning diatomic 
molecules (Η-, DO with either types of potential energy wells: The 
molecular interaction (responsible for elastic and direct-inelastic 
scattering with extremely short residence times of the impinging mo­
lecules in the potential) and the chemisorptive interaction (leading 
to dissociative adsorption and associative desorption, respectively, 
and associated with H (D) atoms trapped in the chemisorption potenti­
al for an appreciable time). 
The elastic scattering. The elastic scattering of a diatomic mole­
cule obeys the rules for conservation of energy and momentum; there 
is no energy exchange between the surface and the incident particle. 
However, the possibility for internal transformation of translational 
into rotational energy states has to be taken into account particular­
ly withron-synimtriciiulecniLes like HD as was, e.g., shown by Oowin 
et al. (7) for a Pt(111) surface. Translation - vibration energy 
transformation requires too much energy to occur under our experimen­
tal conditions. The modulated beam technique conveniently allows a 
separation of the elastically scattered molecules from those which 
have been formed by recombination from chemisorbed atoms. The angular 
distribution of the scattered molecules is a direct probe to distin­
guish elastically scattered from inelastically scattered particles 
(8) . In Fig. 2a,b we display the angular distributions obtained for 
H2 molecules scattered from Ni(110) and Ni(Hl) in the zero-coverage 
limit. The azirauthal orientation of the surfaces is indicated in the 
figure. 
For Ni (110) the angular distribution exhibits pronounced diffraction 
peaks, in addition to an intense specularly reflected beam. The po­
sition of the diffraction maxima agrees with the prediction from the 
known lattice constant and the initial velocity of the particle. 
With Ni (111) there is practically no diffraction visible which clear-
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Figure 1. One-dimensional Lennard-Jones potential energy diagram 
for adsorption of a caatomic molecule (hydrogen). ρ denotes the 
reaction coordinate. 

-10 0 10 20 30 40 50 60 70 v}[eJ 

•10 0 10 20 30 40 50 60 70 f̂[°] 

Figure 2. Angular distribution of the relative scattered intensi­
ty of hydrogen molécules scattered from a) Ni(110); b) Ni(111). 
The angle of incidence of the molecular beam and the azimuthal 
orientation of the surface are indicated in the figure. 
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ly demonstrates the much smoother nature of this densely packed sur­
face. With both surfaces H- scattering leads only to a very small 
background with a flat maximum in the specular direction. Apparently, 
most of the incident molecules suffer true elastic scattering. 
Angular distributions for D2 scattering from the same crystal planes 
are presented in Fig. 3a, b. Again, pronounced diffraction features 
are apparent only with Ni (110). Interestingly, however, there is now 
a much larger fraction of diffuse background intensity observed 
which peaks strongly in the specular direction. This background in­
tensity clearly arises from the so-called direct-inelastic scattering 
which will be described next. 
The direct-inelastic scattering. This type of scattering originates 
from energy exchange processes between the incident molecule and the 
surface during a single collision event. Multiple collisions are, to 
a first approximation, negligibl
where m denotes the mas
the mass of the surface atom. The energy exchange can occur through 
either electron-hole pair excitation (whereby electrons are excited 
from just below to just above the Fermi level, a process also refer­
red to as 'electronic friction 1), or through excitation of metal pho-
nons which couple to resonance states of the incoming particle. Accor­
dingly, the first process should depend on the electronic configurati­
on of the particle and the density of states at the Fermi level of 
the substrate, but not on the mass of the incident particle, whereas 
the second energy dissipation mechanism, the phonon interaction, 
should be a function of the mass ratio m/M, that is, of the mass m 
of the incident particle. A comparison of the intensities of the ela-
stically scattered beams of hydrogen and deuterium from the same sur­
face reveals that the elastically scattered intensity (for particles 
with equal velocity, i.e., equal residence time near the surface) is 
appreciably larger for hydrogen than for the heavier deuterium mole­
cule. It is thus indicated that the acxxmitiodation or dissipation of 
the kinetic energy of the incident particle is dominated by excita­
tion and annihilation of phonons and not by electron-hole pair exci­
tation. This conclusion is in agreement with recent theoretical cal­
culations (9) which showed that the latter process occurs only with 
very small probability. 
The dissociative adsorption. From the MB studies i t appears that a 
great fraction of incident molecules dissociates. The H atoms are 
held so tightly on the surface that, even around 300 K, their rate of 
recombination and thermal desorption is quite small, at least at low 
surface concentrations Θ Η· 
The stickiJig_probabil.ity_s^ We refer to the sticking probability as 
to the relative probability for the chemisorption process to occur 
with respect to the total number of molecules incident on the surface, 
s is determined from the area under a TDS curve as described else-
wnere (10). For Ni (110), we obtain s = 0.96 for equal surface and gas 
phase temperatures Τ = Τ = 300 Κ. Our value agrees well with data re­
ported in the literature 9(11); we also point out that, within our l i ­
mits of accuracy, no difference was found between s(H) and s(D). It 
is also important to note that for Ni (110) s does not depend on Τ 
between 100 Κ and 800 K. In contrast to this°face, s is much lower 
for Ni(111), namely s Q =0.1, which is in agreement with numbers re-
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ported previously (12). Unlike Ni(110)/H, we find with Ni(111)/H a 
pronounced dependence of SQ on the angle of incidence, θ^: 

β
Λ< θι> = s ~ (θ,= 0°) · c o s V (1) 
ο 1 Ο 1 1 

This result indicates that s depends on the kinetic energy of the 
itomentum perpendicular to th§ surface, <Ej>. By changing either the 
angle of incidence θ. or the nozzle temperature we could vary <EX> 
between 26 meV and lJo meV. We observe a significant increase of s Q 

from very small values (< 0.1 ) at the lowest <Ej> up to about 0.4 
at <Ej> = 120 meV. The shape of the relation s (<Ej>) suggests that 
higher <Εχ> values would lead to even higher sticking coefficients so 
that eventually values similar to Ni(110)/H could be expected. We 
have also investigated the dependence of s on the temperature, for 
<Εχ> = 64 meV. As with
temperature. This findin
and Winkler (13). Our result  po
tential energy diagram of Fig. 1. They suggest the existence of an 
activation barrier Ε >0 for the Ni(111)/H system, whereas no such 
barrier is present with H/Ni(l10). Obviously this barrier can be over­
come by hydrogen molecules with sufficiently high translational ener­
gy (as suggested by the<E±> dependence). An increase of the thermal 
energy of the solid, on the other hand, does not make the sticking 
process more efficient. Such an influence of the surface temperature 
would only be expected i f dissociation would occur through a molecug 
larly held precursor state. Not only would the activation barrier Ε 
be overcome by the thermal energy of the surface but also the phonon 
assisted trapping in the molecular state should then increase with T g. 
In contrast, our results demonstrate that direct collision from the 
gas phase is the most efficient channel for dissociation and trapping 
in the chemisorption potential. 
By extending the TDS technique mentioned before to finite coverages, 
G^,the function s(6U) may be evaluated. As will be shown in the next 
section, there are various different surface phases formed with Ni 
(110) as the hydrogen coverage increases from 0 to one monolayer. At 
sufficiently high temperatures (T>250 K) chemisorbed hydrogen causes 
a reconstruction of the 1x1 surface to a phase ordered in only one 
direction , the so-called 'streak1 phase (2,14). Fig. 4 shows 
the variation of the relative sticking coefficient, s/s , as a func­
tion of the relative coverage, Θ/Θ . Apparently, s remains constant 
up to about 40% of the saturation coverage and thereafter decreases 
to zero. The way in which this data was obtained, namely by TDS, how­
ever, brings i t about that any fine structure in s(©) maybe 
largely obscured. The situation changes somewhat i f the hydrogen is 
adsorbed at low temperatures (120 K) and the TD program is run at ve­
ry high, heating rates so that thermally activated phase transforma­
tions cannot gain importance. Adsorption at 120 Κ then leads to a 
s(0) function which is shown in Fig. 4 as a dotted line. Again, there 
is a constant sticking probability up to about 0.5 monolayers, there­
after s drops as expected. However, around 1 monolayer coverage there 
occurs a spontaneous reconstruction to a 1x2 phase which is connected 
with the generation of 0.5 monolayers of additional H adsorption s i ­
tes. In the s{@) curve this leads to a second plateau at €^ = 1 when 
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Figure 3· Angular distribution of the relative scattered intensi­
ty of deuterium molecules scattered from a) Ni(110); b) Ni(111). 
The experimental conditions were the same as in Figure 2. 
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Figure 4. Variation of the relative sticking probability, s/s , 
with Θ(Η); . for H 2 on Ni (110) . Hie dashed line refers to ex-
periments^fi which the hydrogen was adsorbed at 120 Κ and rapidly 
desorbed (see text for details). 
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the additional adsorption sites become occupied. With Ni(111), the 
coverage dependence of s differs markedly from that of Ni (110) as is 
evident from Fig. 5. Not only is s much lower for reasons explained 
before/ but s/s Q decreases quite sxeeply even at fairly low co­
verages. Again,°this behavior has been reported previously (11,12). 
From LEED work (15) i t is known that, below 270 K, an ordered c2x2 
H phase is formed at O. = 0.5 in which the H atoms are arranged in 
a honeycomb-like structure. The Ni(111) surface thereby does not re­
construct. Unlike the Ni(110)/H system, the formation of the c2x2 
phase does not have any effect on the sticking probability coverage 
function. It appears from our data that such an effect is only to be 
expected i f the metal surface undergoes reconstruction and provides 
a different number of adsorption sites as compared to the unrecon­
structed surface. On the other hand, the sinple fact that a surface 
is covered with an ordered or disordered overlayer i s apparently not 
sufficient to alter the
The hydrogen surface phases
elsewhere (2,6,14,16) hydrogsn adsorption at 120 Κ leads to a variety 
of surface phases, depending on the temperature and the local covera­
ge. In the submonolayer regime (0<6L<1) and at tenperatures below 
180 Κ at least four lattice gas structures can be observed on the un­
reconstructed Ni (1x1) surface; the final phase being a 2x1-2H struc­
ture at 1.0 monolayer H coverage. In this phase, a l l H atoms are lo­
cated in threefold sites and form a zig-zag array as was f i r s t pro­
posed from He diffraction work by Rieder and Engel (17). At a c r i t i ­
cal H coverage of 1.1 monolayers, however, a spontaneous reconstruc­
tion occurs to a well-ordered 1x2 phase. The topmost Ni atoms are very 
likely displaced in [001J direction so as to form double rows. This 
reconstruction leads to the creation of 50% new H adsorption sites to 
yield a saturation coverage of 1.5 monolayers! The situation is i l l u ­
strated by means of the structure model of Fig. 6. Interestingly, the 
1x2 reconstruction represents only one possible reaction channel. Al­
ways superimposed is a second reconstruction path (18) which is ther­
mally activated and produces the 'streak1 phase. Below 150... 180 Κ 
the rate of formation of the streak phase is negligibly small. Above 
200 K, however, i t gains more and more importance until, around 250 K, 
exposure of hydrogen leads directly and exclusively to the formation 
of the streak phase. There is s t i l l another interesting phenomenon: 
The low-temperature 1x2 phase i s thermally unstable and 'explodes* 
exactly at Τ = 220 Κ accompanied by a sudden release of hydrogen in 
a very narrow TD state (14). This 'surface explosion' is apparently 
associated with the thermal decomposition of a Η-containing surface 
compound, possibly nickel hydride. 
Since the streak phase is the only stable surface structure in the 
presence of hydrogen at elevated temperatures where most of the he­
terogeneous surface reactions are run i t is worthwhile to communicate 
some more details about its structure. Although no dynamical analy­
sis has been successful so far i t is clear from LEED and He scatte­
ring data (14,17) that the long-range periodicity has been lost in 
the [001] direction whereas the long-range order is retained in the 
perpendicular [ lTo] direction. In Fig. 7 we propose a structure model; 
It is therein assumed that only locally and randomly adjacent Ni 
atoms are displaced in [001] direction thereby giving rise to the ob­
served disorder in that direction. There are other possibilities to 
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Figure 6. Structure model of the reconstructed 1x2 phase formed 
with Ni(110) at coverages > 1 monolayer. Small circles: H atoms; 
dark circles: Additionally provided adsorption sites for H. Sha­
ded atoms belong to the second Ni layer. 

Figure 7. Proposed structure model of the one-dimensionally orde­
red "streak1 phase, the second reœnstructed phase observed with 
the H/Ni(110) system. Again, shaded circles represent Ni atoms of 
the second layer. 
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explain the streak structure. One could argue that something like do­
main walls separate the Ni atom rows from each other in [0011 direc­
tion (19) : In the 1x2 structure a l l these domain walls are strictly 
parallel whereas in the streak phase the distances in [001] direction 
between two row atoms vary statistically between a minimum and a ma­
ximum value. Accordingly, the 'correlation length' in [ΐΤθ] direction 
may vary between, say, two and 10 to 20 atomic distances. We admit 
here that more work has to be done in order to elucidate the nature 
of this interesting surface phase which has been known since the ear­
ly days of LEED (20). 
2. Ni( 111 ). An extensive structure determination based on LEED inve­
stigations was given in previous work (12). As mentioned before a 
c2x2-2H phase is formed by 0.5 monolayers of H below 270 Κ whereby 
the (111) face does not reconstruct. Our structure model for the Η 
lattice gas phase is shown in Fig  8 and was confirmed several times 
in the recent past (21-23)
It is worthwhile to point to an interesting difference between the 
H/Ni(110) and H/Ni(111) systems. For coverages below about 0.1 mono­
layer there is a marked difference in the isosteric heat of ad­
sorption. With Ni (110) Ε d values around 17 kcal/mole have been mea­
sured whilst with Ni(11lf the Η atoms are more tightly bound, namely 
with 25 kcal/mole (24). At medium and higher coverages the two faces 
then behave more similarly with Ε - values around 22.. .23 kcal/mole. 
Again, an important factor here is the Η-induced reconstruction which 
occurs with Ni(110) only and already at very lew coverages. One could 
argue that the energy required to displace the Ni surface atoms is 
withdrawn from the heat of adsorption. 
The Hg/Dp exchange reaction. This reaction was studied with both sur­
faces in the wide temperature range from 100 Κ to 600 K; details are 
communicated in a separate article (25). The H2/D2 exchange is known 
to be of the Langmuir-Hinshelwood type and proceeds via the following 
mechanism: 

H 2 + 2 H a d (a) 

D2 + * 2 D a d (b) 

Had + Dad » (c) 

(* denotes an empty adsorption site) 
Since the recombination step (c) does not principally differ from a 
recombination of two Η or D atoms to the respective homonuclear mole­
cule there is no reason to assume a special activation barrier for a 
Η and a D atom to recombine to the HD molecule. Therefore the rate of 
the HD production is solely determined by the rates of adsorption of 
Η and D, respectively (as long as the reaction is adsorption-control­
led, i.e., at high enough temperatures), or by the rate of desorption 
of HD (provided the reaction is desorption-controlled, i.e., at low 
temperatures). If we deal with the first case only we may write: 

1/2 
r a d(H) = sQ(H) · f (Θ) · P H (2TnrikT) (2) 

2 1/2 
and r a d ( D ) = s o ( D ) * f ( € > ) * PD < 4 T i m k T ) ( 3 ) 
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For equal sticking probability and coverage function s(e) the reacti­
on rate is obviously controlled by the gas pressures of hydrogen and 
deuterium: 

m t e r = jm. « S ( V . 8 i V . P ^ (4) 

Exactly this behavior was confirmed in the experiment. As can be seen 
from Eq. (4) the sticking probabilities represent very sensitive pa­
rameters which govern the rate of HD formation, or, more generally, 
the rates of product formation of a l l surface reactions in which the 
adsorption of the reactants is rate-limiting. It is immediately rea­
lized that irregularities in the s(6) functions, caused by surface 
reconstruction phenomena, or by segregation of foreign atoms in cer­
tain coverage ranges, or by the formation of surface defects may in­
fluence the rate of a catalytic reaction substantially

Discussion 

Concerning the interaction dynamics of H 2 (D2) with Ni surfaces in 
the first place we have elaborated some important differences with 
regard to the surface orientation and also with regard to the mass of 
the incident molecule. The Lennard-Jones potential of Fig. 1 has fre­
quently been used to model the dissociative adsorption process a l ­
though i t provides a description only in one dimension. Experimental 
(26) and theoretical (27) studies on H 2 interaction with metal surfa­
ces suggest that the depth of the molecular potential well (̂ H2 (ad) ) 
ranges from 20 to 50 meV (= 0.5...1.2 kcal/mole). The minimum i s lo­
cated between 2.5 and 3 A in front of the surface (formed by the pla­
ne interconnecting the nuclei of the topmost metal atoms). This d i ­
stance also represents sort of a van-der-Waals bond length of the 
physisorbed H 2 molecule.- As far as the location of the chemisorption 
potential is concerned there exists a collection of hydrogen-metal 
binding energy data (28), mainly based on measurements of the isoste-
ric heat of adsorption. For transition metals, these values range 
from 60 to 65 kcal/mole (= 2.6 to 2.8 eV) for a single H-Me bond. For 
Ni(110) and Ni(111) these numbers are fairly accurately known, namely, 
60 and 64 kcal/mole, respectively, unfortunately, not very many de­
terminations of the bond lengths of chemisorbed H atoms (=the distan­
ce of the chemisorption potential to the surface) have been performed 
so far, but just for Ni(111)/H our T.grcn structure determination (12) 
revealed a Ni-H bond length of 1.84 A which corresponds to a location 
of the minimum of the chemisorption potential 1.15 A in front of the 
(111) surface plane. 
A principal new result of our stud/ is the confirmation of a small 
activation energy barrier for H adsorption on the Ni(111) surface 
which is responsible for the unusually small sticking probability. 
Its height can be estimated to be around 0.1 eV. On the other hand, 
the MB data clearly showed the absence of such a barrier for the Ni 
(110) surface. 
From the one dimensional representation of the potential energy dia­
gram one cannot decide whether the dissociative adsorption takes pla­
ce through intermediate trapping in the molecular state or through 
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high kinetic energy to pass the barrier (29). It has been shown that 
the first of these two mechanisms holds for the system H2/Pt(111) (30), 
and also for N2/Fe(111) (31). In the latter case the molecularly ad­
sorbed species could be identified by vibrational spectroscopy at low 
temperature and thermally activated dissociation (in the absence of 
gaseous N2) occurred upon raising the temperature. However, for H2/Ni 
our data suggest that the direct collision mechanism holds. They also 
reveal that, even for high enough initial kinetic energy, not a l l of 
the impinging molecules stick but rather are scattered at the molecu­
lar potential to yield, in the case of the corrugated Ni(110) surface, 
pronounced diffraction features. The energy exchange with the solid is 
provided by phonons as shown by the difference in elasticity between 
H2 and D2« 
With Ni(111) the scattering will essentially occur before the crossing 
point of the molecular an
this scattering occurs beyon
more insight into the detailed scattering mechanism realistic multi
-dimensional adiabatic hyperface calculations are required. The only 
existing calculation of this kind was performed by N0rskov (32) with 
the system Mg (0001 )/Ĥ . He calculated the total energy as a function 
of the distance χ of the H2 molecule from the surface (oriented paral­
l e l to the surface) and of the internuclear distance y between the two 
H atoms. Indeed this potential exhibits two activation barriers: Bar­
rier A for adsorption into the molecular state, and barrier Β for dis­
sociative adsorption. We neglect barrier A for which we have no hint 
from our experiments, and display the modified N0rskov potential in 
Fig. 9 a. Here, an incident H2 molecule would not automatically trans­
fer its kinetic energy into aTi-H vibration parallel to the surface 
(which would cause dissociation). A much easier channel for this pro­
cess to occur would be thermal activation of the H-H vibration by pho-
non coupling to the solid while the molecule is trapped in the molecu­
lar state. The fact that the sticking probability is T~independent ru­
les out this mechanism for the present case. Rather, a potential ener­
gy diagram of a type shown in Fig. 9 b is adequate to describe the s i ­
tuation. The activation barrier for dissociation is overcome simply by 
translational energy without the requirement for intermediate trapping 
in the molecular state. The potential diagrams shown in Fig. 9 resemb­
le those for atom - molecule reactions of the type: A + BC -* AB + C 
(33). Again, the reaction can proceed via translational or via vibra­
tional excitation, depending on whether the barrier of activation is 
located in the entrance (reactant side) or exit (product) channel. 
An important aspect of the present work is the dependence of the s t i ­
cking probability on the surface coverage of an adsorbate. This will 
be the topic of the second part of the discussion. 
Ihe rate of many surface reactions is governed by the velocity of ad­
sorption of the reactants which in turn depends upon the sticking pro­
bability (see, e.g., Eq. (4)). A very illustrative example here is the 
promotive effect of potassium in the NH~ synthesis reaction over Fe 
catalysts (34). As we have shown not only foreign atoms can lead to 
variations of the sticking probability of several orders of magnitude 
but also structural changes of a surface of a catalyst during the re­
action which may take place whenever certain critical adsorbate covera­
ges are reached. An example is Ni(110)/H where a 1x2 reconstruction 
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Figure 8. Structure mode
at 6̂  = 0.5 monolayers on Ni(l11). 

y 

y 

χ 
Figure 9. TVro-dLmensional representation of the potential energy 
diagram for a H2 molecule interacting with a solid surface. 
a) Activation barrier for dissociation in the 'entrance1 channel 
b) Activation barrier for dissociation in the 'exit 1 channel 
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at © H = 1.0 creates many new adsorption sites to which the H atoms can 
sticK. Even more spectacular is the situation with the CO oxidation 
reaction over a Pt(100) surface. It was found (35, 36) that there are 
periodic variations in the (XL production rate provided that certain 
crucial conditions of température and composition of the reaction mix­
ture are fulfilled. A detailed LEED, TDS and Δφ analysis (37) showed 
that a cooperative effect between surface structure (which can change 
by reconstruction frcm 1x1 to 5x20) and the sticking probabilities for 
oxygen and carbon monoxide is responsible for this interesting insta­
bility of the reaction rate. 
Apart from coverage dependences the influence of temperature variati­
ons must also be considered. Again, the H/Ni(110) system is a good 
example to demonstrate this. In the section where the surface phases 
were described i t was mentioned that the 1x2 reconstructed surface 
phase is thermally unstabl
ture range. Whenever suc
heterogeneous reaction dramatic changes in the rates of product for
mation are to be expected. In such a case the rate of the product is 
no longer diffusion controlled but depends on the rate of decomposi­
tion of the corresponding surface species. An effect of this kind has 
been reported some years ago by Falconer & Madix (5) with the decompo­
sition of formic acid over a Ni(110) surface. In order to explain the 
dramatically high ('explosion-like1) evolution of C02 at a certain 
temperature the authors assumed an autocatalytic reaction mechanism. 
From our investigations of the H2 desorption from Ni (110) we know that 
the break-down of a certain surface phase can, in a very short period 
of time, destroy a large number of (formerly occupied) adsorption s i ­
tes. The respective particles can no longer be held on the surface 
and are simply released or 'exploded1 into the gas phase, whereby mo­
mentarily extremely high surface pressures are built up. A similar 
phenomenon has quite recently been observed with the N0~ desorption 
and decomposition on a Pt(100) surface by Niehus (39), where the fore-
mentioned 1x1 -» 5x20 phase transformation induced a narrow TD peak to 
occur. Other examples are provided by co-adsorption studies of 00 and 
H~ on Ni(110) (38), Ni(100) (40), and Rh(100) (41); It appears that 
tne temperature position and the number of narrow H TD states depends 
on the surface concentration of the co-adsorbed 00. It is feasible 
that the more strongly bound 00 molecule in some way 'clamps1 the un­
stable 1x2 (for Ni (110)) configuration together so that this phase can 
exist at temperatures higher than 220 Κ (the break-down temperature 
of the Ni(110)-1x2 H phase without CO). 
In general, a l l structural changes which occur during a surface reac­
tion (reconstruction, or removal of reconstruction) can have a marked 
effect on both the rate of adsorption and desorption. Possible candi­
dates for these phenomena to occur are a l l metal surfaces which can 
undergo reconstruction upon interaction with a chemically active ad-
sorbate. Interesting systems here are (besides the already known Pt 
(100) orNi(110) faces) Ir(100)/0,00 or W(100)/H and Mo(100)/H. 
Conclusions 

It was shown that, for the interaction of EL with Ni (110) and (111), 
dissociative adsorption occurs via a 'direct1 collision mechanism. A 
small activation barrier exists only for Ni(111)/H. The sticking is do-
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minated by phonon coupling and not by electron-hole p a i r exc i t a t ion . 
The coverage dependence o f the s t i c k i n g probabi l i ty generally r e ­
f l ec t s s t ruc tura l phase transformations o f the surfaces as long as 
s ign i f i can t changes o f the number o f adsorption s i t e s are accompanied 
wi th the reconstruction. C r i t i c a l coverages o r thermal i n s t a b i l i t i e s 
o f surface structures can lead to unusually high reaction rates (so-
c a l l e d 'surface exp los ions ' ) . This was confirmed with the H/Ni(110) 
system. 
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Laser-Induced Thermal Desorption with Fourier 
Transform Mass Spectrometric Detection 
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Fourier transform mass spectrometry (FTMS) is utilized 
to detect molecules thermally desorbed by a pulsed 
laser from a single crystal surface. Desorbed species 
are ionized by electron impact and detected in the 
analyzer cell of the FTMS spectrometer. FTMS has 
many advantageous features, such as high sensitivity, 
ultra-high mass resolution, simultaneous detection 
over a large mass range, and close proximity of the 
detector with respect to the crystal. The 
characteristics of the surface temperature jumps and 
resulting molecular desorption which can be obtained 
with an excimer laser are described. Laser desorption 
of CO, C2H4, C 2N 2, CH3OH, and C6H6 has been observed 
from a Pt(s)[7(111) x (100)] surface. In all cases 
only neutral molecular species are seen to desorb. 
In the case of benzene, the molecular ion C6H6

+ is 
observed even in the absence of electron bombardment 
ionization. It is likely that the benzene is ionized 
by resonant multiphoton ionization after the desorption 
process. 

Thermal desorption spectroscopy and temperature programmed reaction 
experiments have provided significant insight into the chemistry 
of a wide variety of reactions on well characterized surfaces. In 
such experiments, characterized, adsorbate covered, surfaces are 
heated at rates of 10-100 K/sec and molecular species which desorb 
are monitored by mass spectrometry. Typically, several masses are 
monitored in each experiment by computer multiplexing techniques. 
Often, in such experiments, the species desorbed are the result of 
a surface reaction during the temperature ramp. 

The laser desorption experiments which we describe here u t i l i z e 
pulsed laser radiation, which i s p a r t i a l l y absorbed by the metal 
substrate, to generate a temperature jump in the surface region of 
the sample. The neutral species desorbed are ionized and detected 
by Fourier transform mass spectrometry (FTMS). This technique has 
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many varied applications. Adsorbate surface diffusion can be 
monitored i f one laser pulse i s used to generate a concentration 
gradient and subsequent laser pulses are used to interrogate the 
time evolution of the concentration g r a d i e n t ^ ) . Since the pulsed 
laser experiments are inherently time resolved, i t i s possible to 
conceive of monitoring the details of desorption dynamics. Most 
importantly, for surface chemistry studies, laser desorption 
methods provide a way to observe actual species on the surface 
and measure reaction kinetics(2). To carry out such experiments, 
several inherent problems must be addressed successfully. The 
experiments are inherently pulsed (laser pulses of 10-20 nsec are 
commonly u t i l i z e d ) . This means that desorbed molecules w i l l 
s t r i k e the walls of the chamber within a few hundred microseconds 
after the laser pulse. Thus i f a scanning mass spectrometer, 
such as a quadrupole, i s used as a detector as i n references 
(1-3)> only a single mas
i f wall c o l l i s i o n s are
experiments w i l l only resul
The FTMS technique provides an extremely sensitive detection 
method which i s especially well suited to pulsed experiments. 

In this manuscript we w i l l f i r s t describe the characteristics 
of the temperature jumps and the resulting molecular desorption 
which can be produced by a laser pulse. We then describe how we 
have implemented FTMS as a detection method in these experiments 
and present our results on several adsorbate systems. 

Laser-Induced Temperature Jumps and Molecular Desorption 

The laser we use in these experiments i s an excimer laser with a 
pulse width of approximately 20 nsec. In this time regime the 
laser heating can be treated using the d i f f e r e n t i a l equation for 
heat flow with a well defined value for the thermal d i f f u s i v i t y 
(κ) and the thermal conductivity (K) (Jl). 

V 2T(x,y,z,t) - (1/κ) 3T(x,y,z,t)/9t = -A(x,y,z,t)/K (1 ) 

where A(x,y,z,t) represents the heat source. The details of the 
laser time and spatial profiles in conjunction with the thermal 
parameters of the metal w i l l determine the characteristics of the 
surface temperature jump. 

It i s useful for i l l u s t r a t i v e purposes to consider a laser 
beam with a Gaussian spatial p r o f i l e and a square pulse time 
p r o f i l e . I f the laser has a Gaussian spat i a l beam p r o f i l e the 
temperature at the surface of the irradiated s o l i d (z=0) at a 
time t after the laser pulse i s started i s given by (JO: 

ο wo fF(t-t») exp{-r 2/(iJKt'+d 2)} dt' 
AT(r,t) = {ddmU/W/d \ T 7 3 5 ( 2 ) 

J t ^ ' ^ K t ' + c r ) 

where r = the l a t e r a l distance from the center of the laser spot, 
d = the Gaussian beam radius. 
F(t) = the adsorbed power per unit area at the center of the 

Gaussian spot. 
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For the case of a laser pulse having a square time p r o f i l e with 
width τ and constant power F 0 at the center of the Gaussian beam, 
the above integral can be evaluated in closed form. For r » 0 
(the center of the laser beam) the temperature increase i s given by: 

AT(r-O.t) = (F 0d/Kir 1 / 2) tan~ 1{2(Kt) 1 / 2/d} for t*x (3) 

«(F0d/^1/2)[tan"1{2(Kt)1/2/d}-tan""1{2[K(t-T)]1/2}] for t>x 

For the solids of interest to us at present (metals) κ i s t y p i c a l l y 
0.1cm /sec. I f we r e s t r i c t t to be less than 10 microseconds then 
Htct < 10-6cm and we w i l l always have Mict « d 2. In this l i m i t 
the temperature jump for nonzero values of r i s simply: 

AT(r,t) « T(r«0,t) exp(-r 2/d 2) (*0 

Figure 1 shows th
the laser for a nickel sample and 10 MW/cm of adsorbed power. 
The peak surface temperature under the center of the laser beam i s 
990°C above the starting surface temperature. The detailed temporal 
shape of the surface temperature w i l l depend on the detailed time 
p r o f i l e of the laser pulse. However, two important characteristics 
of the temperature jump which i s generated w i l l be retained: 
(1) i t i s localized in time, and (2) there i s very l i t t l e l a t e r a l 
spreading of the temperature gradient (only the material under the 
laser beam changes temperature s i g n i f i c a n t l y ) . The spatial 
l o c a l i z a t i o n of the heating allows us to probe the surface without 
modifying the areas a few millimeters from the laser. This allows 
for experiments in which the time evolution of chemistry on the 
surface i s followed by sequentially probing different areas on the 
surface. 

Desorption Rates. Using the above model for the temperature jump 
associated with pulsed laser heating, the rate of desorption versus 
time and the t o t a l number of molecules desorbed from a f i n i t e 
surface area heated by the laser can be calculated. For the 
particular case of first-order desorption kinetics, the 
desorption rate i s : 

Rate(t) = -de/dt - v6exp{-E/RT(t)} (5) 

This leads to: 1η{θ/θ0} « -v/dtfexp{-E/RT(t»)}. 
Substituting into equation 5 for θ gives the following for the rate. 

Rate(t) « ve0exp{-v/dt'exp{-E/RT(t')}} exp{-E/RT(t)} (6) 

where θ 0 - the i n i t i a l surface coverage and Ε i s the activation 
energy for desorption. Figure 2 shows a plot of the desorption 
rate and the integrated number of molecules versus time for an 
activation energy of 20 kcal/mole and the temperature jump shown 
in Figure 1. For the case of i n i t i a l coverage of 10 1 5 molecule/cm2 

about 1.5X1013 molecules w i l l be desorbed from an area of 1 mm 
radius by a single laser pulse. This corresponds to about half of 
the molecules o r i g i n a l l y i n this area. 
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Figure 1. Calculated temperature increase under the center of 
the laser beam assuming the thermal parameters of bulk nickel 
and 10MW/cm2 of absorbed power. 
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Figure 2. Plot of the desorption rate, molecules/sec, ( s o l i d 
c i r c l e s ) and the integrated number of molecules desorbed (solid 
line ) for an adsorbate with a desorption activation energy of 
20Kcal/mole and a preexponential of 10 1 3 sec- 1. The temperature 
jump shown i n Figure 1 was used for this calculation. 
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Of particular importance in the application of laser desorption 
to the study of chemistry on surfaces i s what i s to be expected 
for a situation i n which the adsorbate has two (or more) competing 
thermally activated channels (eg. desorption versus decomposition). 
For i l l u s t r a t i v e purposes, consider the case of two competing 
channels, both of which obey simple first - o r d e r kinetics with 
constant preexponential factors and activation energies (see figure 
3 a ) . This scheme describes a reaction i n which molecular adsorbate 
A can either react to form surface species Β or d i r e c t l y desorb to 
give gas phase A. I f the activation energy for desorption i s 
greater than that for reaction (Ε. > Ε ), the reaction channel 
w i l l predominate i n a conventional TPR experiment with a slow 
heating rate. In contrast, rapid laser heating can.cause the 
branching r a t i o between reaction and desorption to be determined 
by the preexponential factors v p and v d rather than the activation 
energies. This occurs whe
that the activation energ
unity before a significan  energy
occured. 

Figure 3b shows the calculated branching r a t i o as a function 
of heating rate for the spe c i f i c case of ν * 10 1 0 sec- 1; Ε = 20 
kcal/mole; v. = l O ^ s e c - 1 ; and E, * 35 kcaï/mole. Notice that 
under the typical heating rates or a thermal desorption experiment 
(10K/sec) the reaction proceeds predominantly via the lower energy 
channel, whereas at the more rapid heating rates the higher energy 
channel can dominate. Our model calculations assume that the 
internal degrees of freedom of the adsorbate are equilibrated with 
the instantaneous surface temperature. Recent calculations by 
Tully(5) indicate that internal degrees of freedom of the adsorbate 
w i l l remain r e l a t i v e l y cold during a fast surface temperature 
jump. This w i l l lead to an even more pronounced depression of the 
reaction channel for systems that require thermal activation via 
internal degrees of freedom ( i e . vibrations) of the adsorbate. I t 
should be mentioned that preexponential factors for direct desorption 
can be expected to be large for many systems because of the increase 
i n entropy going from an adsorbate with restricted translations to 
a gas phase molecule. 

I t i s well known that a larger heating rate results in the 
desorption occuring at higher temperatures i n a thermal desorption 
experiment (6). I f i t i s necessary to desorb a large fraction of 
a monolayer to observe a signal, the peak temperatures required 
quickly exceed the threshold for surface damage, as the heating 
rate i s increased. As a consequence, when extremely high heating 
rates are used, very l i t t l e of the adsorbate (A) undergoes either 
channel (reaction or desorption). This i s indicated in figure 3b 
where in addition to the channel branching r a t i o we have plotted 
the fraction of o r i g i n a l adsorbate (A) which undergoes either of 
the two processes. Note that for the particular parameters used 
here only *5% of the adsorbate undergoes either process when a 
heating rate of 5X10 1 0 K/sec i s used. The reason behind this 
phenomena i s that at very high heating rates, the time scale of 
the temperature jump becomes short compared to reaction times. 
These considerations lead us to conclude that the high s e n s i t i v i t y 
of FTMS would be of c r i t i c a l importance for these experiments. 
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FTMS and Laser Desorption Results 

The usual method of detecting the desorbed molecules i n TPR and 
laser desorption i s with a quadrupole mass spectrometer placed a 
few centimeters from the surface of the c r y s t a l . The use of a 
quadrupole mass spectrometer l i m i t s the experiment i n several 
respects. Since the resolution of a typ i c a l quadrupole i s quite 
low, ions of the same nominal mass, such as CO and 02Η,, , cannot 
be distinguished. Also, since the quadrupole i s a single-channel, 
scanning device, only a single mass i s detected at a time. As a 
result, laser desorption experiments must be repeated many times 
to observe a l l the masses of interest. 

Many of these limitations can be alleviated by the use of 
Fourier transform mass spectrometry (FTMS) (7"13)« In FTMS, ions 
are stored i n an analyzer c e l l which i s situated between the pole 
caps of an electromagnet
perpendicular to the magneti
ω - qB/m, where m/q i s th  mass-to-charg ,
magnetic f i e l d strength. When accelerated by a radio frequency 
(RF) pulse, the ions are detected by observing the coherent image 
currents induced i n a pair of receiver plates. This phenomenon i s 
i l l u s t r a t e d in Figure H. I f , for instance, a packet of positive 
ions moves away from the f i r s t electrode and towards the second, 
the e l e c t r i c f i e l d of the ions induces electrons i n the external 
c i r c u i t to flow through the resistor and accumulate on the second 
electrode. During the other half of the cyclotron o r b i t , the 
electrons leave the second electrode and accumulate on the f i r s t 
electrode as the positive ions approach. This flow of electrons 
in the external c i r c u i t i s called an image current. I t i s an 
alternating current that has the same frequency as the cyclotron 
frequency of the ions that induced i t , and the amplitude of the 
current i s proportional to the number of ions. Thus, ions of 
different masses, each having a characteristic cyclotron frequency, 
create a composite signal, allowing simultaneous detection of a l l 
ions i n the analyzer c e l l . Fourier transform analysis of the 
image current signal yields the mass spectrum. 

During the l a s t year we have b u i l t an FTMS instrument 
s p e c i f i c a l l y designed for laser-induced thermal desorption from 
single-crystal surfaces. Figure 5 i s a perspective drawing of the 
instrument. The chamber i s pumped by a 150 1/s ion pump and has a 
base pressure of 2.0 X 10- 1 0 t o r r . Gases are introduced through 
sapphire-sealed leak valves from a diffusion pumped gas manifold. 
A Pt(s)C7(111) x (100)] crystal i s positioned in front of a hole 
i n one of the plates of the analyzer c e l l . Ions formed by electron 
impact are trapped i n the analyzer c e l l and detected by FTMS. An 
excimer laser, having a pulse width of 20 nsec, i s used to desorb 
molecules from the Pt c r y s t a l . 

Figure 6 shows the sequence of events in a laser desorption 
FTMS experiment. F i r s t , a focused laser beam traverses the analyzer 
c e l l and strikes the crystal normal to the surface. Molecules 
desorbed by the thermal spike rapidly move away from the crystal 
and are ionized by an electron beam which passes through the c e l l 
p a r a l l e l to the magnetic f i e l d and 3 cm i n front of the c r y s t a l . 
The ions are trapped by the combined effects of the magnetic f i e l d 
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Figure 3 . (a) Model reaction scheme showing direct desorption 
of adsorbate A competing with a surface reaction of A to form 
the surface species B. The kinetic parameters shown are those 
used to generate the curves, (b) Plot of the calculated branching 
r a t i o for desorption, A(gas)/{A(gas)+B(surface)}, and the to t a l 
reaction probability, {A(gas)+ B(surface)} divided by the i n i t i a l 
amount of adsorbate as a function of heating rate. A temperature 
jump of 1000 Κ and starting temperature of 300K i s used for a l l 
heating rates. 

ELECTRODE 1 ELECTRODE 2 

\ ions 

Figure 4. Ions undergoing coherent c y c l o t r o n motion induce image cur­
rents i n the plates of the FTMS analyzer c e l l . Reproduced with per­
mission from Ref. 18. Copyright 1985, North-Holland Physics Publishing. 
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Figure 6. The sequence of events i n a l a s e r desorption FTMS 
experiment, (a) The la s e r beam enters the c e l l and s t r i k e s the 
c r y s t a l , (b) Some of the desorbed molecules are ionized by an 
el e c t r o n beam, (c) Ions are trapped i n the analyzer c e l l by the 
magnetic and e l e c t r i c f i e l d s , (d) Ions are accelerated by an 
RF pulse and the r e s u l t i n g coherent image current signal i s 
detected. Reproduced with permission from Ref. 18. Copyright 
1935, North-Holland Physics Publishing. 
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and electrostatic voltages applied to the c e l l plates. Desorbed 
molecules which are not ionized exit the analyzer c e l l through 
high transparency stainless steel mesh. The ions are detected, as 
discussed above, by RF acceleration followed by image current 
detection. Before the next laser pulse, a l l the ions are removed 
from the analyzer c e l l by changing the polarity of the voltages on 
the trapping plates. 

Laser desorption FTMS i s fundamentally different from SIMS 
because the desorption and ionization steps are separate. With 
FTMS, neutral atoms and molecules desorbed by the laser are ionized 
by the electron beam after they have moved about 3 cm away from 
the surface. As a result, complications introduced into SIMS 
spectra by gas-phase reactions above the surface are minimized 
because neutral-neutral reactions are t y p i c a l l y two-orders of 
magnitude slower than ion-molecule reactions. We believe, therefore, 
that laser desorption FTMS  representativ f th  specie
actually present on the

Figure 7a demonstrate y
ions over a broad mass range. This i s the actual high resolution 
mass spectrum, not a stick plot. This spectrum was obtained when 
a mixture of CO, N 2, C 2H H and acetone was leaked into the chamber 
and ionized by the electron beam. The t o t a l sample pressure was 
1.8 Χ 10-8 t o r r . The magnetic f i e l d strength was 1.16 Τ and 10 
scans were signal averaged. 

The ultra-high mass resolution capabilities of FTMS are 
i l l u s t r a t e d i n Figure 7b. This spectrum was obtained by leaking a 
mixture of CO, N 2, and C 2H W into the chamber to a pressure of 
1.8 X 10-9 t o r r . The magnetic f i e l d strength and number of scans 
averaged were the same as for Figure 7a. Peaks for a l l three 
components are clearly resolved even though a l l have a nominal 
mass of 28 u. The mass resolution (m/Am) i s approximately 120000, 
which i s over 1000 times greater than i s available with a typic a l 
quadrupole mass spectrometer (The UTI-100C quadrupole mass analyser 
i s typical of those used for most surface science experiments. 
The resolution obtainable with a UTI-100C quadrupole mass analyser 
i s m/Am * 2m (Jjp). These three peaks are also separated to baseline 
resolution i n Figure 7a; however, they appear as one peak due to 
the wide mass range which i s displayed. 

Figure 7b also i l l u s t r a t e s the high detection s e n s i t i v i t y of 
the FTMS instrument. We calculate that the CO peak corresponds 
to approximately 5000 ions i n the analyzer c e l l . In Figure 7a, 
the number of ions with m/z 43 was calculated to be approximately 
20 m i l l i o n . A point to note i s that i n FTMS the s e n s i t i v i t y increases 
with resolution whereas i t decreases with other mass spectroscopies. 

Our f i r s t results for laser-induced thermal desorption of CO 
from a Pt crystal are shown i n Figure 8. In this experiment, the 
crystal was cleaned by heating i t in oxygen at 1100 Κ (1 X 10-6 

torr for 5 minutes) followed by annealing at 1300 Κ in vacuo to 
remove residual oxygen. The crystal was then exposed to 5L of CO 
at room temperature. Successive shots from the laser at the same 
spot are shown i n Figures 8a,b,c. Most of the CO i s desorbed by 
the f i r s t laser pulse, and after fi v e pulses the CO signal returns 
close to i t s background l e v e l . Figure 8d i s a background spectrum 
showing CO and N 2 signals due to residual CO and N 2 i n the chamber. 
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Figure 7. (a) FTMS mass spectrum obtained f o r a mixture of CO, N£, 
C 0 H 4 , and acetone, (b) High r e s o l u t i o n FTMS mass spectrum of 
tne mass 28 region showing C 0 + , N£, and C 2 H 4 . Reproduced with 
permission from Ref. 18. Copyright 1985, North-Holland Physics. 
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a) b) c) d) 
Figure 8. Laser desorption of CO from a Pt(s)[7(111) χ (100)] 
surface f o l l o w i n g 5L exposure of CO at room temperature. In each 
case the mass spectrum i n the region of 28μ i s shown, 
(a) f o l l o w i n g the f i r s t l a s e r pulse, (b) fo l l o w i n g the second 
l a s e r pulse at the same spot, (c) f o l l o w i n g the f i f t h l a s e r pulse 
at the same spot, (d) background spectrum of residual gas i n the 
vacuum chamber ( l a s e r o f f ) . Reproduced with permission from 
Ref. 18. Copyright 1985, North-Holland Physics. 
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The N 2
 + signal i s r e l a t i v e l y constant i n the laser desorption 

spectra as expected. 
At the low laser powers used here, ionization of the molecules 

was found to be due to the electron beam only. No ions were detected 
with the electron beam turned off and the laser beam positioned at 
a new spot on the cr y s t a l . At higher laser powers, we have observed 
direct desorption of Pt ions. 

We have also carried out preliminary experiments in which we 
have detected the laser desorption of ethylene, cyanogen, methanol, 
and benzene from the Pt(s)[7(111) x (100)] surface. These spectra 
are shown in Figure 9. In the experiments involving ethylene, 
cyanogen, and methanol only neutral species are desorbed. In the 
case of benzene we observe the molecular parent ion in the absence 
of the electron beam. We believe that this i s due to resonance 
multiphoton ionization of the benzene by the laser after desorption 
(resonance multiphoton
with 249 nm radiation)
the results of SIMS experiment  produc y
complex metal-adsorbate cluster ions. In the case of ethylene, 
our experiments were performed at 140 K, and under these conditions 
ethylene i s known to be a molecular π-bonded species on the surface. 
In SIMS under these conditions the predominant species i s CH2 (1_5), 
but i n the laser desorption FTMS experiments neutral ethylene i s 
the principal species detected at low laser power. 

Conclusions 

We have described the use of FTMS as a detection method for laser 
desorption of molecular adsorbates from metal surfaces. FTMS 
provides several important characteristics for these experiments. 
The high s e n s i t i v i t y of FTMS can be used to great advantage. 
Since the ions are trapped in the analyzer c e l l , the signals can 
be monitored over several seconds i f necessary. The broad mass 
range capabilities of FTMS allow single shot experiments even for 
more complex chemical systems. In addition to the advantages of 
FTMS which we have demonstrated, the technique should allow us to 
carry out a variety of new kinds of experiments. As a result of 
the proximity of the detector to the surface, FTMS has the potential 
of detecting desorbed molecules i n a single pass through the electron 
beam, before wall c o l l i s i o n s occur. This affords the p o s s i b i l i t y 
of looking at direct desorption of reactive intermediates which 
may exist during the course of a reaction on the surface. Another 
p o s s i b i l i t y i s to use multiphoton ionization for the ionization of 
desorbed molecules(l6,17). A two laser experiment could be employed 
whereby the f i r s t laser would desorb the molecules and a second 
laser would ionize them. Angular and velocity distributions of 
desorbed molecules could be obtained i n this way since the ionization 
produced by the second laser can be s p a t i a l l y and temporally resolved. 
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Figure 9. Laser desorption FTMS mass spectra recorded following 
successive shots of the laser. In each spectrum, (a) shows the 
results following the f i r s t laser pulse, (b) i s the second 
laser pulse at the same spot, (c) i s after the th i r d laser 
pulse, and (d) i s the background spectrum (laser o f f ) . 
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The application of extended X-ray absorption fine 
structure (EXAFS) spectroscop
has been aided
synchrotron radiation as a high-intensity source of X­
-rays. From an analysis of EXAFS data, it is possible to 
determine the number of neighboring atoms of a 
part icular kind at a part icular distance from an 
absorber atom. From EXAFS for each element of interest 
in a complex material , one can obtain information on the 
environments of the different types of atoms present. 
The application to bimetall ic cluster catalysts provides 
a good illustration. Structural information is now 
available for a number of bimetall ic systems, including 
various combinations of a Group VIII metal with a Group 
IB metal, and also combinations of two Group VIII 
metals. Both types of bimetall ic cluster systems have 
attracted much interest in cata lys i s . 

In ecent years the u t i l i t y of extended X-ray absorption f i n e s t r u c ­
ture (EXAFS) as a probe f o r the study of c a t a l y s t s has been c l e a r l y 
demonstrated (1-17). Measurements of EXAFS are p a r t i c u l a r l y valuable 
for very highly dispersed c a t a l y s t s . Supported metal systems, i n 
which small metal c l u s t e r s or c r y s t a l l i t e s are commonly dispersed on 
a r e f r a c t o r y oxide such as alumina or s i l i c a , are good examples of 
such c a t a l y s t s . The r a t i o of surface atoms to t o t a l atoms i n the 
metal c l u s t e r s i s generally high and may even approach unity i n some 
cases. 

The f i n e structure c o n s t i t u t i n g EXAFS con s i s t s of o s c i l l a t i o n s 
in the X-ray absorption c o e f f i c i e n t on the high energy side of an 
absorption edge, beginning at an energy of approximately 30 eV beyond 
the edge and extending over a range of 1000-1500 eV. The a c q u i s i t i o n 
of EXAFS data has been aided greatly by the a v a i l a b i l i t y of high-
i n t e n s i t y synchrotron r a d i a t i o n as an X-ray source. From an a n a l y s i s 
of EXAFS data, one can determine the number of neighboring atoms of a 
pa r t i c u l a r kind at a p a r t i c u l a r distance from a given type of absorb­
er atom. By determining EXAFS f o r each element of i n t e r e s t in a 
complex m a t e r i a l , i t i s possible to obtain information on the en­
vironments of the d i f f e r e n t types of atoms present. 

0097-^156/85/0288-O253$06.00/0 
© 1985 American Chemical Society 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



254 CATALYST CHARACTERIZATION SCIENCE 

We have found EXAFS to be a very e f f e c t i v e method for obtaining 
s t r u c t u r a l information on b i m e t a l l i c c l u s t e r c a t a l y s t s (8,12-15,17). 
These types of c a t a l y s t s , and b i m e t a l l i c c a t a l y s t s in general, have 
been the subject of extensive research i n the EXXON l a b o r a t o r i e s 
since the I960's (18-25). In t h i s paper we present a b r i e f review of 
the r e s u l t s of some of our EXAFS i n v e s t i g a t i o n s on b i m e t a l l i c c l u s t e r 
c a t a l y s t s . 
Analysis of EXAFS Data 
A photoelectron ejected from an atom as a r e s u l t of X-ray absorption 
i s c h a r a c t e r i z e d by a wave vector K, which i s given by the equation: 

Κ = ( 2 m E ) 1 / 2 A (1) 
where m i s the mass of
by 2π, and Ε i s the k i n e t i
function χ(Κ) i s defined by the equation: 

χ(Κ) - (Μ-μ 0)/μ 0 (2) 
where μ and μ ο are atomic absorption c o e f f i c i e n t s c h a r a c t e r i s t i c of 
an atom i n the material of i n t e r e s t and i n the free s t a t e , respec­
t i v e l y . The determination o f χ(Κ) from experimental EXAFS data has 
been discussed in d e t a i l elsewhere (7,9). 

Theories of EXAFS (26,30) based on the s c a t t e r i n g of an ejected 
photoelectron by atoms in the coordination s h e l l s surrounding the 
central absorbing atom give an expression f o r χ(Κ) of the f o l l o w i n g 
form: 

χ(Κ) - SAj(K) s l n K K R ^ o j t K ) ] (3) 
where the summation extends over j coordination s h e l l s . In t h i s 
expression, R. i s the distance from the central absorbing atom t o 
atoms in the j t h coordination s h e l l and 26j(K) i s the phase s h i f t . 
The f a c t o r Α,·(Κ) i s an amplitude function f o r the j t h s h e l l , and i s 
defined by the expression: 

Aj(K) - (Nj/KRj)Fj(K) βχρ(-2Κ 2 φ (4) 
where Nj i s the number of atoms i n the j t h s h e l l , o* i s the root mean 
square d e v i a t i o n of the interatomic distance about κ.·, and Fj(K) i s a 
fa c t o r accounting f o r e l e c t r o n backscattering and i n e l a s t i c s c a t t e r ­
ing (7,9). Key features i n the a n a l y s i s of EXAFS data include Four­
i e r transformation of the data (26,31) and the a p p l i c a t i o n of an 
i t e r a t i v e l e a s t squares f i t t i n g procedure (7,9). 

In the ana l y s i s of EXAFS data on b i m e t a l l i c c l u s t e r s , we con­
sider two EXAFS fu n c t i o n s , one for each component of the c l u s t e r s 
(8,12-15,17). If the treatment i s l i m i t e d to con t r i b u t i o n s of near-
est neighbor backscattering atoms, each of the functions w i l l c o n s i s t 
of two terms. For a b i m e t a l l i c c l u s t e r composed of elements a and b, 
the EXAFS associated with element a i s given by the expression: 

i x i ( K ) } - {xî(K)} a + (xi (Κ)} (5) 
a a a 
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S i m i l a r l y , f o r the EXAFS associated with element b 
{ X l ( K ) J = {x[(K)f + (xi(K)} (6) 

b 1 b 1 b 
In these expressions, the subscript outside the braces i d e n t i f i e s the 
absorber atom, while the su p e r s c r i p t i d e n t i f i e s the backscattering 
atom. The c o n t r i b u t i o n x-j(K) of one type of backscattering atom t o 
the t o t a l EXAFS function i s given by the equation: 

x{W = ( l y K R ^ F ^ K ) exp(-2K 2 a x

2 ) sin[2KR 1 + 2 ^ ( 1 0 ] (7) 
where the subscript 1 s i g n i f i e s nearest neighbor atoms. The quanti­
t i e s i n t h i s equation have been defined i n the di s c u s s i o n of equa­
t i o n s 3 and 4. 
Ruthenium-Copper and Osmium-Coppe
Ruthenium-copper and osmium-copper c l u s t e r s (21) are of p a r t i c u l a r 
i n t e r e s t because the components are immiscible i n the bulk (32). 
Studies of the chemisorption and c a t a l y t i c properties of the c l u s t e r s 
suggested a s t r u c t u r e i n which the copper was present on the surface 
of the ruthenium or osmium (23,24). The c l u s t e r s were dispersed on a 
s i l i c a c a r r i e r (21). They were prepared by wetting the s i l i c a with 
an aqueous s o l u t i o n of ruthenium and copper, or osmium and copper, 
s a l t s . A f t e r a drying step, the metal s a l t s on the s i l i c a were re­
duced to form the b i m e t a l l i c c l u s t e r s . The reduction was accom­
plished by heating the material i n a stream of hydrogen. 

An X-ray absorption spectrum at 100°K showing the extended f i n e 
s t r u c t u r e beyond the Κ absorption edge of ruthenium i s given i n F i g ­
ure 1 f o r a s i l i c a supported ruthenium-copper c a t a l y s t containing 1.0 
wt% ruthenium and 0.63 wt% copper (_8). The copper to ruthenium 
atomic r a t i o i n the c a t a l y s t i s equal to one. The spectrum i n Figure 
1 i s taken d i r e c t l y from our o r i g i n a l paper (B)9 but the energy scale 
of the abscissa i s d i f f e r e n t . It i s now the actual energy of the X-
ray photons, rather than the energy i n excess of the threshold value 
(22.1 KeV) at the edge. The region of the plo t in Figure 1 which 
c o n s t i t u t e s EXAFS begins at an energy of about 30 eV beyond the edge 
and continues over an a d d i t i o n a l energy range of approximately 1000 
eV. 

When the ruthenium EXAFS for the ruthenium-copper c a t a l y s t i s 
compared with the EXAFS f o r a ruthenium reference c a t a l y s t containing 
no copper, i t i s found that they are not very d i f f e r e n t . This i n d i ­
cates that the environment about a ruthenium atom i n the b i m e t a l l i c 
c a t a l y s t i s on the average not very d i f f e r e n t from that i n the r e f e r ­
ence c a t a l y s t . This r e s u l t i s consistent with the view that a ruth­
enium-copper c l u s t e r c o n s i s t s of a central core of ruthenium atoms 
with the copper atoms present at the surface. 

If the degree of coverage of the ruthenium by the copper i s very 
high, the copper atoms should be coordinated e x t e n s i v e l y to ruthenium 
atoms. It i s emphasized that the ruthenium-copper c l u s t e r s are of 
such a s i z e (average diameter of 32Â by e l e c t r o n microscopy (33)) 
that the surface metal atoms c o n s t i t u t e almost h a l f of the t o t a l . 
Hence for a Cu/Ru atomic r a t i o of one, the number of copper atoms 
would correspond roughly to that required to form a monolayer on the 
ruthenium. 
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Ru-Cu/SiO, 

22 22.5 23 23.5 
ENERGY, KeV 

Figure 1. X-ray absorption spectrum of a s i l i c a supported ruth­
enium-copper c a t a l y s t at 100°K i n the v i c i n i t y of the Κ absorption 
edge of ruthenium. Reproduced with permission from Ref. 8. Copy­
right 1980, American I n s t i t u t e of Physics. 
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The copper EXAFS of the ruthenium-copper c l u s t e r s might be ex­
pected to d i f f e r s u b s t a n t i a l l y from the copper EXAFS of a copper on 
s i l i c a c a t a l y s t , since the copper atoms have very d i f f e r e n t environ­
ments. This expectation i s indeed borne out by experiment, as shown 
i n Figure 2 by the plot s of the function Κ·χ(Κ) vs. Κ at 100°K f o r 
the extended f i n e s t r u c t u r e beyond the copper Κ edge f o r the ruth­
enium-copper c a t a l y s t and a copper on s i l i c a reference c a t a l y s t (8). 
The d i f f e r e n c e i s also evident from the Fourier transforms and f i r s t 
c o o rdination s h e l l inverse transforms in the middle and right-hand 
sections of Figure 2. The inverse transforms were taken over the 
range of distances 1.7 to 3.1Â to i s o l a t e the c o n t r i b u t i o n to EXAFS 
a r i s i n g from the f i r s t coordination s h e l l of metal atoms about a cop­
per absorber atom. This s h e l l c o n s i s t s of copper atoms alone in the 
copper c a t a l y s t and of both copper and ruthenium atoms i n the ruth­
enium-copper c a t a l y s t . 

In Figure 3 the EXAF
ed f i n e s t r u c t u r e beyon
reference c a t a l y s t i s compared with that f o r the ruthenium-copper 
c a t a l y s t ( 8 ) . The envelope functions were obtained from the maxima 
and minima in the inverse transforms in Figure 2 and hence represent 
the f i r s t coordination s h e l l s of metal atoms about copper absorber 
atoms. The markedly d i f f e r e n t envelope function observed f o r the 
ruthenium-copper c a t a l y s t i s a consequence of the copper atoms having 
ruthenium atoms in ad d i t i o n to copper atoms as nearest neighbors. 
The copper and ruthenium have very d i f f e r e n t e l e c t r o n s c a t t e r i n g 
p r o p e r t i e s . The existence of b i m e t a l l i c c l u s t e r s containing both 
ruthenium and copper atoms i s c l e a r l y i n d i c a t e d by the data i n Figure 
3. 

This d i s c u s s i o n of EXAFS on ruthenium-copper c l u s t e r s has empha­
sized q u a l i t a t i v e aspects of the data a n a l y s i s . A q u a n t i t a t i v e data 
a n a l y s i s , y i e l d i n g information on the various s t r u c t u r a l parameters 
of i n t e r e s t , has als o been made and published ( 8 ) . Of p a r t i c u l a r 
i n t e r e s t was the f i n d i n g that the average composition of the f i r s t 
coordination s h e l l of ruthenium and copper atoms about a ruthenium 
atom was about 90% ruthenium, while that about a copper atom was 
about 50% ruthenium. D e t a i l s of the methods involved i n the quanti­
t a t i v e a n a l y s i s of EXAFS data on b i m e t a l l i c c l u s t e r s can be obtained 
from our o r i g i n a l papers (8,12-15). 

In the q u a n t i t a t i v e a n a l y s i s of EXAFS associated with an absorp­
t i o n edge of e i t h e r component of a b i m e t a l l i c c l u s t e r c a t a l y s t , we 
consider two separate contr i b u t i o n s to the EXAFS. These a r i s e from 
the two d i f f e r e n t types of backscattering atoms c o n s t i t u t i n g the 
l o c a l environment about an absorber atom. This i s i l l u s t r a t e d in 
Figure 4 f o r osmium-copper c l u s t e r s dispersed on s i l i c a i n a c a t a l y s t 
containing 2 wt% osmium and 0.66 wt% copper (12). The copper to 
osmium atomic r a t i o i n the c a t a l y s t i s equal to one. In a l l three 
f i e l d s of Figure 4, the s o l i d l i n e represents the EXAFS function f o r 
the osmium LJTJ edge due to backscattering from nearest neighbor 
atoms. It i s derived from the experimental EXAFS func t i o n by i n v e r t ­
ing the Fourier transform of the function over a r e s t r i c t e d range of 
di s t a n c e s . The range i s chosen to include only nearest neighbor 
atoms about the osmium atoms i n the c l u s t e r s . The nearest neighbors, 
of course, include both osmium and copper atoms. The c i r c l e s i n the 
middle f i e l d ( f i e l d B) of the f i g u r e represent the c o n t r i b u t i o n t o 
the osmium LJJJ EXAFS due to backscattering from nearest neighbor 
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·8Γ 

•7h 

Figure 3. Comparison of EXAFS envelope functions derived from the 
inverse transforms in Figure 2 for s i l i c a supported copper and 
ruthenium-copper c a t a l y s t s . Reproduced with permission from Ref. 
8. Copyright 1980, American I n s t i t u t e of Physics. 
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Figure 4. Contributions of nearest neighbor copper and osmium 
backscattering atoms ( c i r c l e s i n f i e l d s Β and C, re s p e c t i v e l y ) t o 
the EXAFS ( s o l i d l i n e ) associated with the osmium L T T J absorption 
edge of a s i l i c a supported osmium-copper c a t a l y s t , trie c i r c l e s i n 
f i e l d A represent the combined contributions r e s u l t i n g from the 
data a n a l y s i s . Reproduced with permission from Ref. 12. Copy­
ri g h t 1981, American I n s t i t u t e of Physics. 
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copper atoms. The values are determined by means of an i t e r a t i v e 
l e a s t squares data f i t t i n g procedure. The c i r c l e s i n the lower f i e l d 
( f i e l d C) of the f i g u r e represent the c o n t r i b u t i o n from nearest 
neighbor osmium atoms. In the upper f i e l d ( f i e l d A) the c i r c l e s 
represent the t o t a l EXAFS a r i s i n g from the combined c o n t r i b u t i o n of 
nearest neighbor osmium and copper atoms, as determined by the data 
f i t t i n g a n a l y s i s . Comparison of the points with the s o l i d l i n e i n 
the upper f i e l d provides a measure of the q u a l i t y of f i t obtained i n 
a q u a n t i t a t i v e analysis of t h i s type. P r e c i s e l y the same type of 
analy s i s has also been made of the EXAFS associated with the Κ ab­
sorption edge of the copper i n the osmium-copper c l u s t e r s (12). 

The r e s u l t s of the EXAFS studies on osmium-copper c l u s t e r s lead 
to conclusions s i m i l a r to those derived f o r ruthenium-copper c l u s ­
t e r s . That i s , an osmium-copper c l u s t e r i s viewed as a central core 
of osmium atoms with the copper present at the surface. The r e s u l t s 
of the EXAFS i n v e s t i g a t i o n
conclusions deduced e a r l i e
t i o n and c a t a l y t i c properties of the c l u s t e r s . Although copper i s 
immiscible with both ruthenium and osmium in the bulk, i t e x h i b i t s 
s i g n i f i c a n t i n t e r a c t i o n with e i t h e r metal at an i n t e r f a c e . 
Rhodium-Copper Clu s t e r s 
The ruthenium-copper and osmium-copper systems represent extreme 
cases i n view of the very l i m i t e d m i s c i b i l i t y of e i t h e r ruthenium or 
osmium with copper. It may also be noted that the c r y s t a l s t r u c t u r e 
of ruthenium or osmium i s d i f f e r e n t from that of copper, the former 
metals possessing the hep structure and the l a t t e r the fee s t r u c t u r e . 
A system which i s less extreme in these respects i s the rhodium-
copper system, since the components both possess the face centered 
cubic s t r u c t u r e and also e x h i b i t at l e a s t some m i s c i b i l i t y at condi­
t i o n s of i n t e r e s t in c a t a l y s i s . Recent EXAFS r e s u l t s from our group 
on rhodium-copper c l u s t e r s (14) are s i m i l a r to the e a r l i e r r e s u l t s on 
ruthenium-copper (8) and osunum-copper (12) c l u s t e r s , i n that the 
rhodium atoms are coordinated predominantly to other rhodium atoms 
while the copper atoms are coordinated extensively to both copper and 
rhodium atoms. Also, we conclude that the copper concentrates i n the 
surface of rhodium-copper c l u s t e r s , as in the case of the ruthenium-
copper and osmium-copper c l u s t e r s . 

Since ruthenium and rhodium are neighboring elements in the 
p e r i o d i c t a b l e , a c l o s e r comparison of the properties of ruthenium-
copper and rhodium-copper c l u s t e r s i s of i n t e r e s t (17). When we 
compare EXAFS r e s u l t s on rhodium-copper and ruthenium-copper c a t a ­
l y s t s in which the Cu/Rh and Cu/Ru atomic r a t i o s are both equal to 
one, we f i n d some d i f f e r e n c e s which can be r e l a t e d t o the d i f f e r e n c e s 
i n m i s c i b i l i t y of copper with ruthenium and rhodium. The extent of 
concentration of copper at the surface appears to be lower f o r the 
rhodium-copper c l u s t e r s than f o r the ruthenium-copper c l u s t e r s , as 
evidenced by the f a c t that rhodium e x h i b i t s a greater tendency than 
ruthenium to be coordinated to copper atoms in such c l u s t e r s . The 
rhodium-copper c l u s t e r s presumably contain some of the copper atoms 
in the i n t e r i o r of the c l u s t e r s . 

The copper-copper interatomic distance in rhodium-copper c l u s ­
t e r s i s s u b s t a n t i a l l y longer than i n m e t a l l i c copper (2.62-2.63A vs. 
2.556Â) and c l o s e r to the value (2.64A) obtained f o r the rhodium-
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copper interatomic distance in the c l u s t e r s . This r e s u l t may also be 
taken as an i n d i c a t i o n of a s i g n i f i c a n t tendency of the copper to be 
present i n the i n t e r i o r of the c l u s t e r s as a consequence of i t s par­
t i a l m i s c i b i l i t y with rhodium. 

We plan to make studies on palladium-copper, iridium-copper, and 
platinum-copper c a t a l y s t s to extend our i n v e s t i g a t i o n of the e f f e c t 
of varying m i s c i b i l i t y of the components on the s t r u c t u r a l features 
of the b i m e t a l l i c c l u s t e r s present. With these a d d i t i o n a l systems, 
the whole range from complete i m m i s c i b i l i t y to t o t a l m i s c i b i l i t y of 
copper with the Group VIII metal w i l l be encompassed. 
Platinum-Iridium C l u s t e r s 
B i m e t a l l i c c l u s t e r s of platinum and iri d i u m can be prepared by coim-
pregnating a c a r r i e r such as s i l i c a or alumina with an aqueous s o l u ­
t i o n of c h l o r o p l a t i n i c an  (22,34)
impregnated c a r r i e r i s d r i e
(250°-270°C), subsequent g hydroge
temperatures (300°-500°C) leads to formation of the b i m e t a l l i c c l u s ­
t e r s . 

An X-ray absorption spectrum at 100°K in the region of the L 
absorption edges of i r i d i u m and platinum i s given i n Figure 5 f o r a 
si l i c a - s u p p o r t e d platinum-iridium c a t a l y s t containing 10 wt% each of 
the i n d i v i d u a l metals (13). The X-ray absorption data i n Figure 5 
were obtained over a range of energies of the X-ray photons wide 
enough to include a l l of the L absorption edges of i r i d i u m and p l a t i ­
num. In the following d i s c u s s i o n we w i l l be concerned with the ex­
tended f i n e s t r u c t u r e associated with LJJJ absorption edges. 

The L J J J absorption edges of ir i a i u m and platinum are 348.5 eV 
apart i n energy. Since the extended f i n e s t r u cture associated with 
the L J J J edge of iri d i u m i s observable to energies of 1,200-1,300 eV 
beyona the edge, there i s overlap of the EXAFS associated with the 
L J J J edges of ir i d i u m and platinum f o r a c a t a l y s t containing both of 
these elements. Separating the i r i d i u m EXAFS from the platinum EXAFS 
in the region of overlap i s a key feature in the ana l y s i s of the 
data. A method f o r accomplishing t h i s separation i s described i n our 
1982 paper (13). To t e s t the method, we obtained EXAFS data on 
platinum-iridTûm materials with known s t r u c t u r a l parameters. The ma­
t e r i a l s included a physical mixture of platinum and irid i u m and a 
bulk a l l o y of platinum and i r i d i u m . The method worked very well i n 
both cases, as demonstrated by the fact that r e s u l t s on interatomic 
distances were very c l o s e to the expected values. 

Because of- the s i m i l a r i t y i n the backscattering properties of 
platinum and i r i d i u m , we were not able to d i s t i n g u i s h between neigh­
boring platinum and irid i u m atoms in the an a l y s i s of the EXAFS as­
sociated with e i t h e r component of platinum-iridium a l l o y s or c l u s ­
t e r s . In t h i s respect, the s i t u a t i o n i s very d i f f e r e n t from that f o r 
systems l i k e ruthenium-copper, osmium-copper, or rhodium-copper. 
Therefore, we concentrated on the determination of interatomic d i s ­
tances. To obtain accurate values of interatomic distances, i t i s 
necessary to have precise information on phase s h i f t s . For the 
platinum-iridium system, there i s no problem i n t h i s regard, s i n c e 
the phase s h i f t s of platinum and iridium are not very d i f f e r e n t . 
Hence the uncertainty in the phase s h i f t of a platinum-iridium atom 
p a i r i s very small. 
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Figure 5· X-ray absorption spectrum of a s i l i c a supported p l a t i -
num-iridium c a t a l y s t at 100°K in the region of the L absorption 
edges of platinum and i r i d i u m . Reproduced with permission from 
Ref. 13. Copyright 1982, American I n s t i t u t e of Physics. 
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From r e s u l t s on interatomic distances derived from a n a l y s i s of 
EXAFS data, one can draw some conclusions about the s t r u c t u r e o f 
platinum-iridium c l u s t e r s (13,17)» If the c l u s t e r s were t r u l y homo­
geneous, the interatomic distance c h a r a c t e r i s t i c of the platinum 
EXAFS should be i d e n t i c a l to that c h a r a c t e r i s t i c of the ir i d i u m 
EXAFS, When we analyze EXAFS data on the c l u s t e r s , however, we do 
not f i n d t h i s simple r e s u l t . We f i n d i n general that the distances 
are not equal. The data i n d i c a t e that the c l u s t e r s are not homogene­
ous; i n other words,the environments about the platinum and ir i d i u m 
are d i f f e r e n t . We conclude that the platinum concentrates at the 
surface or boundary of the c l u s t e r s . In the case of very highly 
dispersed platinum-iridium c l u s t e r s on alumina, the c l u s t e r s may well 
have " r a f t - l i k e " two dimensional s t r u c t u r e s , with platinum 
concentrating at the perimeter. 
Iridium-Rhodium C l u s t e r
Recently we reported EXAFS r e s u l t s on b i m e t a l l i c c l u s t e r s of i r i d i u m 
and rhodium, supported on s i l i c a and on alumina (15). The components 
of t h i s system both possess the fee str u c t u r e i n T h e m e t a l l i c s t a t e , 
as do the components of the platinum-iridium system. The nearest 
neighbor interatomic distances i n m e t a l l i c i r i d i u m and rhodium are 
not very d i f f e r e n t (2.714Â vs. 2.690Â). From the r e s u l t s of the 
EXAFS measurements, we concluded that the interatomic distances cor­
responding to the various atomic p a i r s ( i . e . , i r i d i u m - i r i d i u m , r h o d i ­
um-rhodium, and iridium-rhodium) i n the c l u s t e r s supported on e i t h e r 
s i l i c a or alumina were equal within experimental e r r o r . Since the 
interatomic distances of the pure metals d i f f e r by only 0.024A, the 
conclusion i s not s u r p r i s i n g . 

There appears to be concentration of rhodium i n the surface of 
the iridium-rhodium c l u s t e r s , on the basis that the t o t a l number of 
nearest neighbor atoms about rhodium atoms was found to be smaller 
than the number about i r i d i u m atoms i n both c a t a l y s t s i n v e s t i g a t e d . 
This conclusion agrees with that of other workers (35) based on d i f ­
ferent types of measurements. The r e s u l t s on the average composi­
t i o n s of the f i r s t coordination s h e l l s of atoms about i r i d i u m and 
rhodium atoms i n e i t h e r c a t a l y s t i n d i c a t e that rhodium atoms are a l s o 
incorporated extensively in the i n t e r i o r s of the c l u s t e r s . In t h i s 
respect the iridium-rhodium system d i f f e r s markedly from a system 
such as ruthenium-copper (8), in which the copper appears to be pres­
ent e x c l u s i v e l y at the surface. 

The EXAFS r e s u l t s suggested that the iridium-rhodium c l u s t e r s 
dispersed on alumina d i f f e r e d i n si z e and/or shape from those d i s ­
persed on s i l i c a , based on the re s u l t that the t o t a l coordination 
numbers of the i r i d i u m and rhodium atoms i n the c l u s t e r s were very 
d i f f e r e n t (7 and 5 i n the alumina supported c l u s t e r s vs. 11 and 10 i n 
the s i l i c a supported c l u s t e r s ) . These coordination numbers suggested 
that the c l u s t e r s dispersed on alumina were smaller or that they were 
present i n the form of t h i n r a f t s or patches on the support. The 
p o s s i b i l i t y of a " r a f t - l i k e " s tructure i n the case of the alumina 
supported c l u s t e r s suggests an i n t e r a c t i o n between the metal c l u s t e r s 
and the support which i s much more pronounced f o r alumina than f o r 
s i l i c a . If the c l u s t e r s on the alumina were present as r a f t s with a 
thickness of one atomic l a y e r , one could have a s i t u a t i o n i n which 
the rhodium concentration at the perimeter of the r a f t was greater 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



22. SINFELT ET A L . Structure of Bimetallic Catalysts 265 

than in the interior, analogous to the suggestion made for the plati­
num in very highly dispersed platinum-iridium clusters (13). 

Conclusions 

Extended X-ray absorption fine structure (EXAFS) studies have been 
very useful for obtaining structural information on bimetallic clus­
ter catalysts. The application to bimetallic systems is a particu­
larly good one for illustrating the various factors which have an 
influence on EXAFS. Moreover, the applicability of EXAFS to this 
area has been very timely, in view of the enormous interest in bime­
tal l ic systems in both catalytic science and technology. 

The results of the EXAFS studies on supported bimetallic cata­
lysts have provided excellent confirmation of earlier conclusions 
(21-24) regarding the existence of bimetallic clusters in these cata­
lysts. Moreover, majo
deduced from chemisorptio
from considerations of the miscibility or surface energies of the 
components (13-15), received additional support from the EXAFS data. 
From another point of view, it can also be said that the bimetallic 
catalyst systems provided a critical test of the EXAFS method for in­
vestigations of catalyst structure (17). The application of EXAFS in 
conjunction with studies employing cFëmical probes and other types of 
physical probes was an important feature of the work (25). 

Investigations utilizing EXAFS have the very important feature 
of yielding information in an environment of the kind actually en­
countered in catalysis. We have recently demonstrated the feasibili­
ty of making measurements while a catalytic reaction is actually oc­
curring. One can anticipate that measurements of this type will re­
ceive increased emphasis in the future. For studies of the struc­
tures of highly dispersed metal catalysts, EXAFS may well be the most 
generally applicable physical probe currently available. 
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Surface Chemistry and Catalysis on Some 
Platinum-Bimetallic Catalysts 

V. Ponec 

Gorlaeus Laboratories, State University of Leiden, P.O. Box 9502, 2300 RA Leiden, 
The Netherlands 

Data accumulated in the last years on the Pt/Cu alloys, 
in particular on the 1) surface composition, 2) elec­
tronic structure, 3) adsorption properties, 4) cataly­
tic behaviour and 5) various side effects, make a de­
tailed discussion possible of the catalytic selectivi­
ty and mechanism of hydrocarbon reactions. 

Alloys or multimetallic catalysts are not only commercially impor­
tant but they are also an attractive object for s c i e n t i f i c studies. 
In the recent past these studies helped to identify some factors 
which determine the a c t i v i t y and - mainly - the s e l e c t i v i t y of metal 
catalysts (1-5). 

I t i s convenient to c l a s s i f y the observed (or expected!) effects 
of alloying i n two classes (4,6) : 
1) Geometrical effects, related to the number and geometrical ar­
rangement of the surface metal atoms participating i n the formation 
of the essential surface intermediates of the reaction i n question. 
For these, number of atoms (ensemble size) appeared to be particu­
l a r l y c r u c i a l . 
2) Effects related to the changes i n the electronic structure of a-
toms after alloying or formation of bimetallics(electronic or ligand 
(4) effects). 
The state of the knowledge i s at the moment such that s t i l l i n each 
particular case, the investigator should analyse and establish ex­
perimentally how important are, rel a t i v e to each other, the effects 
1) and 2) for the a c t i v i t y and the s e l e c t i v i t y of a given multime­
t a l l i c catalyst. I t i s an h i s t o r i c a l experience that when the expla­
nation of the data i s not immediately obvious, the authors offer as 
an "explanation" "an electronic (ligand) effect" (7). In this way i t 
happened that the effect sub 1) has been most frequently proven to 
operate, while the effect sub 2) i s the most frequently postulated 
one. 

In this paper mainly the results on Pt/Cu w i l l be reviewed and 
discussed. However, also some other Pt alloys w i l l be mentioned 
b r i e f l y . 

0097-6156/85/0288-O267$06.00/0 
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Experimental 

The main purpose of this paper i s to draw conclusions from a rather 
long l i s t of papers and dissertations published from Leiden. There­
fore, for details on the techniques used (catalytic measurements, 
Auger spectroscopy, TPD, IR) as well as for details of catalyst pre­
paration, the reader i s kindly referred to the l i t e r a t u r e quoted. 

Results 

Surface composition. The principle of surface segregation i n ideal 
systems i s easy to understand and to derive thermodynamically the 
equilibrium relations (surface concentration X s as a function of the 
bulk concentration Xb at various temperatures) i s also very easy 
(4,8). Even easier i s a k i n e t i c description which can also comprise 
some of the effects of th
brium between the surface(s

The equilibrium constant i s obviously: 

( 1-X̂  } " F = KA s 
VA where X i s the molar r a t i o of Α, α • -ρ , and F comprises a l l a c t i ­ng 

v i t y coefficients. can be written as exp(- A H
e x change^ R T^* 

The heat effects of segregation are usually calculated from 
the so-called broken bond model. I t i s assumed that each atom forms 
8(bcc) or 12(fee) bonds i n the bulk of the metal and that the t o t a l 
cohesion energy (heat of sublimation) i s equally distributed over 
these bonds. In the surface, the number of bonds not formed (broken) 
i s correspondingly different according to the crystal face exposed. 
This reasoning already can explain why the metal with the lower 
sublimation energy tends to segregate i n the surface ( i t i s energe­
t i c a l l y less expensive not to form the weaker bonds) and why the 
segregation i s more pronounced on the rougher (higher index) planes 
(there i s a higher number of not formed bonds). 

However, the r e a l i t y i s considerably more complicated than the 
ideal model. Non-ideality of the system causes that segregation ex­
tends over more than one layer. Further, when the size of the atoms 
i s not equal one has to consider i t i n the calculations. This a l l 
has been done by A.D.van Langeveld (10), who made the following as­
sumptions on the Pt/Cu system: i ) segregation extends over the two 
outmost layers, i i ) when the binding energy of pairs of atoms i s ε.., 
the non-ideality of an alloy AB i s described by the parameter: 
fi(V = CAB ( Rb ) + ^ A A ( V + e B B V } > w i t h *b s t a n d i n S f o r t h e 

interatomic (bulk) distance, i i i ) the ε..1s can be calculated from 
the corresponding sublimation energies ̂  and/or heat mixing, using 
a correction for the compression or expansion of the interatomic 
distances, when the alloy i s formed from pure metals; this correc-
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tion i s calculated by using the "6-12" pair-potential, iv) the d i f f e ­
rences i n the thermal (internal) entropy upon segregation are neglec­
ted and the configurâtional entropy i s calculated as for ideal 
(random mixing) systems. The procedure i s otherwise the same as 
developed by Williams and Nason (11), only the Ω-parameters are ob­
tained from the corresponding expressions and not by averaging as 
the authors (11) suggest. 

Experimental determination of the surface composition i n non-
ideal systems, i n which the gradients extend over several layers 
inwards the cry s t a l i s as d i f f i c u l t as the exact calculations. 
Therefore, one has to make again rather unpleasant assumptions. 
Van Langeveld (10) i n his thesis f i r s t calculated the concentration 
i n the f i r s t and the second surface layer of the alloys and when he 
saw the second layer differed only marginally from the bulk, he 
determined the surface concentration by AES, assuming that only the 
f i r s t layer i s differen  fro  th  bulk h  th  relevan
equation i s as follows: 

IÇA)_ m j* £ . " t X l * °-<> ^ u l k 
I ( B ) " P a • J ( i - « 1 ) + ( n i ) < i ^ i w l k ) 

where 1(A) and 1(B) are AES signals of A and Β elements i n the all o y , 
divided by the AES signal of the pure metal A or B, respectively; R* 
the correction for back scattering, p- the planar densities, Nj the 
fraction of the t o t a l signal originating from the f i r s t layer and 
xj and x Dulk t n e m°l^ r r a t i o of A i n the outmost layer and i n the 
bulk of the alloy. Result of determination of Xj = f( x D u l k ) *-s c o m " 
pared i n figure 1 with the calculated values (shaded area) and with 
some li t e r a t u r e data. The agreement i s not excellent but considering 
the approximations made, s t i l l satisfactory. 

In conclusion, one remark. It i s evident that the calculations 
describing the ideal case are rather far from r e a l i t y . Further, i t 
should be noticed, that i t i s absolutely incorrect, to take as a 
measure of surface concentration the AES signals (eventually norma­
lized) ; that i s to put Nj = 1. Even for the signals most sensitive 
for the surface, Nj - 0.51 I t i s equally incorrect to say (what i s 
very popular i n the literature) that the AES signals characterize 
the average concentration over the free pathlength λ of the elec­
trons monitored; the contribution of the deeper layer decreases 
exponentially and not l i n e a r l y with the distances from the surface 
(8). 

Electronic structure changes i n the Pt/Cu system. We have no "our own-

data on the electronic structure changes taking place upon alloying 
of Pt with Cu, but - fortunately - this system has been studied i n 
great d e t a i l by other authors (12-14). 

The basic information i s the fact that formation of Pt/Cu a l ­
loys i s rather exothermic (15) so that one would expect more pro­
nounced changes i n the electronic structure of Pt and Cu, than with > 
e.g. Pt/Au, Pt/Ag, (endothermic alloy formation) or Pt/Re, Pd/Ag, 
Pd/Au (moderately exothermic). 

The best method available at the moment, to look at the elec­
tronic structure of transition metals and their alloys, i s probably 
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1.0 

Figure 1. Surface Pt content as a function of the bulk content 
i n Pt/Cu alloys. Shaded: predicted by theory for Τ - 300-1000K 
and non-ideal alloys. ideal alloys. Points f, own data ob­
tained by AES; other symbols - various data from the l i t e r a t u r e . 
(Reproduced with permission from Ref.10. North-Holland Publ.Co.) 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



23. PONEC Platinum-Bimetallic Catalysts 271 

the photon excited electron spectroscopy. With synchroton radiation 
(10-150 eV) or with more c l a s s i c a l sources of UV radiation, the 
valence bands can be studied i n many de t a i l s , while higher energy 
(X-ray) photons are suitable to check the behaviour of the core 
levels. Studied by these methods, Pt/Cu alloys offer the following 
picture: 
i ) there i s d e f i n i t e l y no electron transfer (12-14) from Cu to Pt, 
as assumed i n the old Rigid Band Theory and i n i t s c a t a l y t i c a l 
applications i n the theory by Dowden (16). 
i i ) Even for this rather strong-exothermically formed system of 
alloys, the changes i n the electronic structure of Pt and Cu are 
surprisingly subtle. The 5d valence electrons of Pt can be consi­
dered as uninfluenced at a l l by alloying (12-14) and the valence 
(3d) and core levels (2p) electrons of Cu show a lower B.E. (B.E. -
hv " " E j . ; relative to the Fermi energy). This lowering i s more pro­
nounced for the core levels
due to better screenin
Cu. Indeed, the effect i s most l i k e l y due to the f i n a l state relaxa­
tion/screening (see the remark on p.7297 i n ref.14). 
i i i ) There are strong indications that the valence band states show 
a strong mixing of Pt 5d and Cu 3d states (13,14). Further, some 
data have been interpreted as showing a lower degree of 3d/4s hybri­
dization on Cu i n alloys than i n pure Cu metal (12). 

Summarizing, the changes i n the electronic structure of Pt and 
Cu atoms caused by alloying are rather marginal. At least, those 
which are observable by the electron spectroscopy. 

How are the electronic structure changes reflected by adsorption? 
I t can be expected that the electronic structure changes would be 
reflected by the heats of adsorption of suitable chosen molecules. 
Indeed, Shek et a l (17) report that one maximum i n the thermal 
desorption p r o f i l e of CO s h i f t s to lower temperatures when the Cu 
content of alloys increases. I f the variations i n the entropy 
changes upon adsorption can be neglected (probably - they can) this 
would indicate a lower heat of adsorption of CO on alloys than on 
Pt: from abt. 33 Kcal/mol on pure Pt.to 26 Kcal/mol for an alloy 
with abt. 20% Cu. 

However, before we accept this conclusion as the d e f i n i t i v e 
one, a word of caution i s necessary. Due to the CO-CO interactions 
the heats of adsorption depend on the coverage Θ. Shek et a l (17) 
compared Pt and alloys at a constant dosage and this could mean 
that the coverage of Pt was (at the same dosage) lower on Pt than 
on alloys, and consequently - the heat of adsorption higher. Shek 
et a l report the above mentioned data for the (111) faces of Pt and 
alloys. They studied also the (110) faces, but there the effect of 
alloying i s masked by the reconstruction of the surface upon C0-
adsorption (18). 

Alloys used by Shek et a l (18) were prepared by dissolving ad­
sorbed Cu layers into the bulk, by heating the sample. Complica­
tions with a varying roughness can not be excluded and i t i s known 
that such changes would change the heat of adsorption as well (19). 
In fact, such effect has been probably observed (20). I t would be 
desirable to have data on monocrystals equilibrated or - better -
grown at a much higher temperature. Unfortunately due to the side 
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effects of ordering i t i s not easy to produce the Pt/Cu monocrystals. 
Therefore, Noordermeer et a l (21) studied a related system, which 
i s easier to obtain, the PdCu (111) monocrystal plane. These 
authors come to the conclusion that alloying does not change the 
position of the CO-desorption peaks (see figure 2) and only the 
population of various states (peaks) vary. 

Another way to monitor the expected changes i n the metal 
electronic structure i s to look at the adsorbed molecules, which 
are sensitive i n their properties to the changes i n the electronic 
structure of surface metal atoms. Such a molecule i s CO and the f r e ­
quency of the CO stretch vibrations ( v(CO)) i s a sensitive detector 
of the direct- and back-donation upon adsorption of CO. I t has been 
reported, that ν(CO) decreases for the VIII group metal by alloying 
of Pd with Ag (22), Ni with Cu (23), but also when mixing Ni with Co 
(24). This has been f i r s t explained (25) as an indication for an 
increased backdonation du  t d electro  s h i f t C  -*  Pt
Cu Ni and consequentl
was rather unsatisfying (althoug y sprea g 
popular). Cobalt caused namely the same kind of effect as Cu and yet 
i t could be hardly suspected of donating electrons to Ni. Indeed» i t 
appeared that the reason for a lower V(VIII grp., CO) value with a l ­
loys i s simply the d i l u t i o n of the CO-layer. The following experi­
ments elucidated the problem. 

When CO i s adsorbed on, say Pt, interaction of dipoles of i n ­
dividual molecules i s repulsive, and i t decreases the heat of ad­
sorption and increases the v(Pt,CO) frequency. This effect on f r e ­
quency i s a resonance effect; when a 12C0 layer i s diluted by ^CO 
or C^O, etc., the interaction i s much weaker (26,27). ^CO m o l e " 
cules i n the f u l l layer of 12C0 simulate, thus, actually the empty 
si t e s . I f Pt surface layer i s diluted by Cu atoms, not covered by 
1 2C0, or covered, but by ^CO vibrating at a different frequency, 
then the v(Pt, 1 2CO) value at 0(Pt,CO)+ 1 must be with Pt/Cu alloys 
lower than the corresponding value of v( 1 2CO,Pt) on pure Pt. The 
question i s - does alloying cause an effect additional to this de­
crease by dilution? The answer can be obtained when V(Pt.*2CO) i s 
monitored at 0(CO,Pt)-> 1 as a function of χ, χ - 1 2CO/( l 2CO+ 1 3CO), 
the molar r a t i o of l 2C0 i n the adsorbed layer. One follows the 
v(Pt, 1 2C0) on pure Pt and on one or more alloys and extrapolates V 
to χ ·> o. The remaining effect, i . e . , the difference at χ + 0 of 
v(Pt, 2C0) between pure Pt (or on other metal) and i t s a l l o y s , i s 
the maximum room l e f t for possible electronic structure changes 
being reflected by the v(Pt, 1 2CO) frequency. 

Toolenaar, Stoop et a l performed such measurements, being i n ­
spired by e a r l i e r papers (26,27) and they have seen that with Pt/Cu 
the room for possible electronic structure effects was v i r t u a l l y 
zero (28) (see figure 3). Also with Pt/Re and with very strongly exo­
thermic Pt/Sn alloys, the "residual" effect at χ ο was rather 
small (29). The effect was only pronounced with Pt/Pb alloys, for 
reasons not known at the moment. However, even with Pt/Pb the maxi­
mum possible "electronic" effect was of a size comparable with that 
of the effect of varying CO-coverage. The conclusion i s easy then: 
investigations using adsorbed CO as a detector did not reveal any 
appreciable change i n the electronic structure of underlaying metal 
Pt atoms. 
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Figure 2. Above: thermal desorption of CO adsorbed on PdAg ( l l l ) , 
exposures at 250K; 0.15, 8.3, 0.6, 1.5, 3.0 and 6 nbar.s. 
In agreement with the LEED and IR data, the peak and shoulders 
correspond to the multiple and single bound (on top and i n the 
valleys adsorbed) CO. 
In the middle: thermal desorption of CO adsorbed on PdAg ( l l l ) ; 
exposures at 250K; 0.15, 0.3, 0.6, 1.2, 3.0, 6.0 and 12 nbar.s. 
In agreement with IR data, only the single bound CO i s present 
i n this strongly diluted ( * 10% P d s u r f ) alloys. 
Below: thermal desorption of CO adsorbed on PdCu ( l l l ) ; exposures 
at 250K; 0.15, 0.3, 0.6, 1.2, 3.0 and 6 nbar.s. 
On this Pd r i c h alloy ( P d s u r f * 70%) the same types of adsorption 
are present as on Pd.(ref.21) (Reproduced with permission from 
Ref.21. North-Holland Publ.Co.) 
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With Pt, the strongly prevailing type of CO adsorption i s the 
"on top" adsorption. Only at very high coverages i s some CO moved 
by mutual repulsions into a less favourable position, into the 
valleys. However, with Pd or with N i , CO prefers at low coverages 
to be bound to several Pd or Ni atoms, s i t t i n g i n the valley among 
several Pd or Ni atoms (multiply bound CO). When a second metal i s 
introduced into Ni or Pd (Ag or Pt) the adsorption into the multiply 
bound CO state i s suppressed, demonstrating that the number of 
available atoms (ensemble size) i s c r i t i c a l for the way i n which 
"C" of CO i s bound to the surface (14). I t can be reasonably expec­
ted that the same holds for "C" of hydrocarbons. 

Catalytic effects of alloying of Pt with Cu. Catalytic effects are 
represented by figure 4. We observe that the s e l e c t i v i t y for hydro-
genolysis decreases and that of isomerization increases with i n ­
creasing temperature. Thi
i n the activation energie
tion and dehydrocyclization; the activation energy of isomerization 
should be then abt. 25 Kcal/mol higher than that of hydrogenolysis 
(30). Activation energy i s found to be independent of the alloy com­
position: i . e , the curves of s e l e c t i v i t i e s as functions of tempera­
ture, are only shifted i n p a r a l l e l to higher temperatures with a 
higher Cu-content. 

Another piece of information available concerns the surface 
intermediates. By using the l a b e l l i n g and by monitoring the 
reaction of a molecule which i s an "archtype" for two types of 
complexes the following has been established (31-33): i ) d i l u t i o n 
of Pt by Cu increases the relative contribution to isomerization 
of the 5-C-intermediates (something l i k e an adsorbed methylcyclo-
pentane) i n comparison with that of 3C-intermediates. i i ) The con­
tribution of various types of the 3C-(ay) and 2C-(a3) intermediates 
to the overall reaction i s independent of the Cu-content, but with 
Cu increasing, the proportion increases to which the 3C-(ay) in t e r ­
mediates are hydrogenolysed (as compared with their isomerization). 

On some important side effects. When an alloy i s brought into 
contact with a gas which shows a higher a f f i n i t y for one of the 
alloy components, a gas induced segregation takes place. Such a pro­
cess has been also found for the Pt/Cu alloys. The authors (34) 
established, that by hydrocarbon adsorption, Pt i s preferentially 
covered by a carbon(aceous) layer, but under this layer the Pt 
concentration i s higher than under vacuum (figure 5). However, this 
finding does not change p r i n c i p a l l y the picture of the surface one 
had e a r l i e r . 

While Pt i s preferentially covered, and only at very high C-de-
positions also Cu may become p a r t i a l l y covered, the presence of Cu 
exerts another important effect, namely on the behaviour of the car­
bon (aceous) layer. Auger spectra reveal (35) that Ρt, more than other 
metals (Rh, Ni) which are good for hydrogenolysis, converts the 
surface carbon(aceous) layer i n a highly unreactive (blocking, 
protective) graphite layer. However, d i l u t i o n of Pt by Cu slows down 
this graphitization (figure 6) and, most l i k e l y , other metals might 
have a similar effect as we l l . This i s certainly a point which must 
be considered i n the discussion of the c a t a l y t i c effects. 
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Figure 3. Wavenumbers of the high-frequency " l 2C0" IR abs. band 
maxima of CO on Pt, as a function of x( 1 2C0). A l l samples of Pt/Cu 
on AI2O3, at 0(CO,Pt)+ 1. ο Pt, ΔPt 76% • Pt 42% . Pt 31%, % -
the average (- bulk) concentration. (Reproduced with permission 
from Ref.28. Acad.Prèss Inc.) 
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Figure 4. Sel e c t i v i t y i n isomerization, dehydrocyclization and 
hydrogenolysis (cracking) of Pt/Cu alloys (on S1O2). Bulk compo­
s i t i o n of alloys (% Pt) indicated. (Reproduced with permission 
from Ref.30. Chem.Sοc.London) 
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Figure 5, The molar fraction x s of Pt i n the topmost atomic 
layer of the alloy as a function of the bulk molar fraction of 
Pt-xb. Curved f u l l l i n e : the best f i t through the experimental 
AES data for surfaces i n vacuum. The shaded area indicates the 
range of the steady state molar fraction of Pt, estimated by 
using different growth-models for the carbon(aceous) layers, 
calculated for the topmost layer of Pt/Cu alloys i n contact with 
ethene, at ambient temperature. (Reproduced with permission from 
Ref.34. North-Holland Publ.Co.) 

α 

Figure 6. Characteristic part of the carbon KW AES spectra af­
ter 55 min. exposure of 2.10"^ nbar ethene at ambient temperature* 
Pt and C peak are not separated i n these spectra; nevertheless 
the C-spectrum shows a pronounced graphite structure on pure Pt 
(c) and much more of the carbidic (or molecular) C on 42% (a) 
and 63% (b) Pt alloys. (Reproduced with permission from Ref.34. 
North-Holland Publ.Co.) 
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Discussion 

A decrease i n the size of Pt ensembles achieved by alloying with a 
very inert second component l i k e Ag or Au, leads to a decrease of 
hydrogenolytic s e l e c t i v i t y (36-38). This i s a common feature of 
various VIII group lb alloys (1) ; at least when they are prepared 
i n a well defined form (as, e.g., i n (37)). However, a decrease of 
the Pt-ensemble size by alloying with Cu leads to an increase i n 
the hydrogenolytic s e l e c t i v i t y . This has been rationalized by assu­
ming that Cu i s - somehow - involved i n the formation and conversion 
of the surface intermediates (30). The knowledge accumulated since 
the time this hypothesis has been formulated allows us to be a 
l i t t l e b i t more spe c i f i c i n suggesting the picture of the Pt/Cu 
working surfaces. 

The three changes i
namely: i ) the 3C-complexe
given temperature, i i ) The MCP-ring-opening produces more n-hexane 
than on pure Pt, and i i i ) the formation of 5C-surface complexes i s 
promoted. These three changes are the same as changes caused by 
diminishing the Pt (pure Pt) p a r t i c l e size. What happens then by 
diminishing the p a r t i c l e size? The small Pt particles are less s e l f -
poisoned by the reaction, since i t i s more d i f f i c u l t to cover a 
curved (or stepped, with monocrystals) surface of small p a r t i c l e s , 
as compared with large, f l a t planes (39). With very small p a r t i c l e s , 
the reaction intermediates bound to the edge atoms find i t more d i f ­
f i c u l t to get the neighbouring metal atoms d i r e c t l y involved i n the 
conversions of the intermediates, etc. On the other hand these 
neighbours have a better chance not to be covered by a continuous 
carbon(aceous) layer and they can intervene i n d i r e c t l y i n the con­
versions of the intermediate, for example by mediating a free trans­
port of Η-atoms, from and to the intermediate. This i s to be com­
pared with the situation on the f l a t planes where a continuous 
carbon(aceous) layer can grow easily and where the neighbours of 
an uncovered Pt atom are most l i k e l y prevented from having any 
interference d i r e c t l y or i n d i r e c t l y with the conversion of the 
surface intermediates. 

Consider now reactions of, say, n-hexane at increasing tempera­
tures, i.e., at reversibly increasing coverage of the surface by a 
carbonaceous layer. I t i s certainly conceivable that when the sur­
face i s being progressively covered, the remaining isolated Pt atoms 
tend to isomerize hexane, rather than to s p l i t i t by hydrogenolysis. 
Among other reasons, this i s because the progress of dehydrogenation 
of intermediates and the f i n a l back-hydrogenation of the fragments, 
i s slowed down by the carbonaceous layer (the same situation arises 
when Pt atoms are isolated by inert Ag or Au atoms). Further, the 
isolated VIII group atoms or the smallest ensembles of VIII group 
atoms usually show a promoted isomerization and a slowed down hydrç-
genolytic s p l i t t i n g and t h i s could be an i n t r i n s i c property of the 
smallest ensembles. However, the situation i s probably different 
with Cu. The Cu-H bond strength i s s u f f i c i e n t to make a s p l i t t i n g of 
a C-H bond by a pair Pt-Cu, i n p r i n c i p l e , possible. Cu-^fomg can fur­
ther mediate a rather free transport cf Η-atoms to and from the 
intermediates, possibly promoting by that the C-H bond s p l i t t i n g and 
fragment hydrogénation. 
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More severe conditions, i . e . , a higher T, is needed to exclude Cu from 
this kind of interfering and this situation would lead to a parallel 
shift of the selectivity curves to higher temperatures, exactly as 
observed experimentally (see figure 4). When the Pt/Cu catalysts are 
compared with Pt at the same temperature, an increased hydrogenolytic 
selectivity is observed. A metal like Re or Ir, when alloyed with Pt, 
can play a very similar role like Cu. 

As mentioned above, when a Pt-atom is surrounded by Ag, Au, Sn, 
etc., that is, by atoms considerably less active than Cu, very well 
isolated Pt atoms or small Pt ensembles can be created, which, even 
without any assistence of the neighbouring Ag, Au, Sn, etc., will 
tend to isomerize hexane rather than to split i t . However, when the 
alloys are not well homogenized, as is frequently the case with 
alloys on some supports, sufficient larger ensembles of Pt, but now 
more difficult to be selfpoisoned (like the smallest Pt particles), 
may coexist next to Au
for higher hydrogenolyti
easily misinterpreted as a consequence of an alloy - support (non 
specifiedl) electronic interaction. 
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Determination of the Atomic and Electronic Structure 
of Platinum Catalysts by X-ray Absorption Spectroscopy 
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X-ray absorption spectroscopy was used for in situ 
characterization of active, supported Pt catalysts. 
The extended fine structure (EXAFS) was used to deter­
mine bond distances, coordination number and disorder. 
The near edge (XANES) was used as an indication of 
electronic state. Significant results include, 1) a 
reversible change of shape of clean supported metal 
clusters as a function of temperature, 2) supported 
Pt clusters have more disorder or strain compared to 
the bulk metal, and 3) a clear determination of the 
bonds between the catalytic metal atoms and the oxygen 
atoms of the support. 

X-ray absorption spectroscopy combining x-ray absorption near edge 
fine structure (XANES) and extended x-ray absorption fine structure 
(EXAFS) was used to extensively characterize Pt on Cabosil catalysts. 
XANES i s the result of electron transitions to bound states of the 
absorbing atom and thereby maps the symmetry - selected empty mani­
fold of electron states. I t i s sensitive to the electronic config­
uration of the absorbing atom. When the photoelectron has su f f i c i e n t 
k i n e t i c energy to be ejected from the atom i t can be backseattered 
by neighboring atoms. The quantum interference of the i n i t i a l 
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electron wave state and backseattered wave produces a modulation of 
the absorption cross section, i . e . , EXAFS. EXAFS data can provide 
information on bond distances, coordination numbers, disorder and 
types of ligand for the f i r s t few coordination spheres. Although 
both XANES and EXAFS depend upon a measurement of x-ray absorption 
cross section the electronic and structural information i s due to 
electron transitions and/or scattering where the source of electrons 
i s an atomic species within the sample. This element i s chosen by 
the coincidence i n energy of the x-ray probe and the absorption edge 
of interest. In this element s p e c i f i c i t y l i e s the power of the tech­
nique for catalyst characterization
niques, x-ray spectroscop
support. The support only appears i n the data as i t interacts with 
the atoms examined. A recent review by Lee, et a l . has discussed the 
general use of the EXAFS technique and i t s limitations.(1) We have 
reviewed ca t a l y t i c applications of both EXAFS and XANES.(2-3) 

In the following, structural data are obtained for Pt atoms and 
their near neighbors on active catalysts under controlled conditions. 
XANES i s used to indicate the direction and amount of d-electron flow 
between the Pt catalyst and i t s ligands, EXAFS to measure near neigh­
bor structural parameters. We find EXAFS/XANES to be a sensitive and 
subtle indicator of small changes i n the environment of c a t a l y t i c 
atoms · 

Experimental Methods 
The preparation and characterization by chemisorption (H/Pt =0.9 for 
1 wt.% catalyst and 1.0 for 0.5 wt.% catalyst) of the catalysts have 
been described.(40 The data were obtained i n the catalyst c e l l pre­
viously described (2) either by transmission measurements, measuring 
In I / I , or by the fluorescent EXAFS technique (5) measuring Γ»/I 

O — r Ο where I , I and I _ are the intensity of the incident x-rays, trans-
O r 

mitted x-rays and, Pt L-fluorescent x-rays, respectively. For Pt at 
0.5 - 1.0 wt.% concentration the transmission and fluorescent tech­
niques are about of equal merit. The fluorescent EXAFS technique 
becomes advantageous for elements of lower atomic number or at lower 
concentration (to 10 ppm i n favorable cases). The measurements were 
made at Stanford Synchrotron Radiation Laboratory. In a l l cases a 
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Si(220) double c r y s t a l monochromator was used with entrance s l i t (1 
mm high 20 m from the source point) chosen to give a bandpass of 2 eV 
at the Pt 1>ττι edge, 11,563.7 eV. (6) The operation of the c a t a l y s t 
c e l l allowed i n s i t u reduction, chemisorption or c a t a l y s i s while 
maintaining the temperature i n the desired range from 1300 to 90 K. 
In p r a c t i c e once a d e s i r a b l e c a t a l y s t c o n d i t i o n was achieved x-ray 
measurements of t e n were taken at temperature and a f t e r quenching to 
90 Κ i n an attempt to minimize thermal smearing of the EXAFS data. 
For each measurement 2 to 3 scans were averaged over a t o t a l time of 
^ 40 minutes. Temperatures were measured and kept constant at the 
temperatures i n d i c a t e d to +5°C  An example of raw data f o r 2.5 urn 
t h i c k Pt f o i l at 298 Κ i
are shown, with the zero of energy at 11,563.7 eV, the p o s i t i o n of 
the L I I 3 . edge. Note the sharp XANES feature at the 1»1ιτ edge i n con­
t r a s t with the L j j edge which w i l l become more evident l a t e r when the 
graph i s expanded. 

EXAFS Data A n a l y s i s 
We have described i n d e t a i l our technique of data analysis.(2-4) 
B a s i c a l l y , the EXAFS, X(K) 

X(K) ^ A j O C ) s i n J2KR.J + φ i (K)J (1) 

VK) β fj/KRj2) VK) (exp " 2 k 2 °j2) ( 2 ) 

i s F o u r i e r transformed 

<&n(R) = ( 1 / 2 π ) 1 / 2 ^ m a x K nx(K) exp[2iKR + «frjOoJdK (3) 
Kmin 

to produce a r a d i a l s t r u c t u r e f u n c t i o n centered on the absorbing 
atom. We proceed by taking the inverse transform of the f i r s t neigh­
bor peak and then e x t r a c t the unknown functions F^(Κ), e l e c t r o n back-
s c a t t e r i n g and φ^(Κ), the phase s h i f t from a s u i t a b l e reference 
m a t e r i a l . For c a t a l y s t s with the same bond, i . e . , Pt-Pt, we include 
the phase s h i f t i n the forward transform. This g r e a t l y s i m p l i f i e s 
the peak structure.(7) Then by a least-squares f i t t i n g r outine we 

2 
evaluate R 1 and Δ σ 1 . We found f o r a 1% Pt c a t a l y s t Pt-Pt bonds: 
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Ν χ = 8 + 1.5, Κ± = 2.77 + .01 A, and Δσ^ = .0018 Α 2. (4) For the 
0.5% catalyst Ν χ = 6 + 1.5, = 2.77 + .01 A and Δσ2 = .003 A 2. The 
Δσ^2 i s the increase i n disorder over Pt metal at the temperature of 
measurement, 90 K. 

In figure 2 Fourier transforms of Pt 1··^ EXAFS are shown for 
metallic Pt, 1% Pt on Cabosil, and 0.5% Pt on Cabosil a l l at 90 K. 
The effect of the phase s h i f t on sharpening the transform peak i s 
par t i c u l a r l y evident for metallic Pt. Also note that the peaks are 
now at the correct r a d i a l distance, e.g., the measured versus (known) 
distances for the 1st through 5th coordination spheres are 2.769 
(2.769), 3.948(3.917),
respectively. Compare
catalysts are i d e n t i c a l within experimental error. The diminished 
magnitude of the transform i s the result of the smaller average 
coordination number. In the catalyst transforms there i s evidence of 
a smeared out Pt-0 peak i n the region from ^ 1.0 - 2.5 i . Using a 
sequential Fourier f i l t e r i n g technique with appropriate phase 
s h i f t (8) this region was further analyzed to produce the Pt-0 peaks 
shown i n the INSET to figure 2. For the 1% and 0.5% catalysts the 
bond distance i s 1.96 + .05 X. with Pt-0 coordination numbers of 0.5 
and 1.0, respectively. This means that the average Pt atom w i l l have 
0.5 (1·0) oxygen neighbors. This i s evidence for interaction of the 
Pt atoms with the surface of the support and i s also shown by the 
XANES and the temperature versus disorder study described i n the 
following. 

In a recent paper we used the temperature sequence of EXAFS 
measurements of the reduced catalyst i n to determine the tempera­
ture dependence of the disorder. Ç7) Comparable data was obtained for 
Pt metal over the same temperature range. The analysis proceeded by 
f i t t i n g the 1st coordination s h e l l catalyst data to a 2-shell model 
in which the 1st s h e l l was assumed to be that part of the Pt cluster 
with a f u l l complement of near neighbors and would behave l i k e bulk 

2 
Pt. The remainder was assumed to be surface atoms and Δσ was 
allowed to vary to achieve the best f i t to the data. The r e l a t i v e 
fraction of surface and bulk was assigned from the chemisorption 
measurement, i . e . , 0.9 and 0.1, respectively. The results are given 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



284 CATALYST CHARACTERIZATION SCIENCE 

3.80 

100. 700. 1300 1900 

Figure 1. The L-absorption edges of 2.5 ym thick Pt f o i l at 298 K. 
The zero of energy i s defined by the Pt L I I ] ; edge at 11,563.7 eV. 

R, λ 
Figure 2. Phase adjusted Fourier transforms of Pt metal, 1% Pt/ 
Cabosil catalyst i n H2 and 0.5% Pt/Cabosil catalyst i n H2, a l l at 
90 K. A l l are plotted to the same scale to emphasize the dimin­
ished magnitude because of the smaller average coordination 
numbers i n the catalysts. The INSET shows the Pt-0 peak area 
retransformed with the appropriate Pt-0 phase s h i f t . The a r t i f a c t 
at low R i s due to the EXAFS extraction procedure. 
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i n figure 3 and show that the rel a t i v e thermal motion of the surface 
atoms i s s i g n i f i c a n t l y greater than i n the bulk metal over the range 
from 100 - 800 K. This result i s expected considering the p a r t i a l 
coordination, hence lack of constraint of the surface atoms, A 
similar result has been found from LEED measurements on a Pt sur­
face. (9) S i g n i f i c a n t l y , the surface atom disorder when extrapolated 
to 0 Κ remains sizable. This s t a t i c disorder or s t r a i n appears to be 
a result of the interaction of the Pt atoms with the support, a kind 
of epitaxy to the oxygen (or hydroxyl) surface of the support. 

Analysis of XANES Data 

The electronic dipole transition
from the 2 P ^ 2 ^ 2 I > i / 2 ^ c o r e l e v e l ( s ) t 0 t n e empty 5d and 6s states 
(AJ - 0 + 1 ) ; however, the transition to 6s has a much lower prob­
a b i l i t y and i s not expected to contribute measurably. In previous 
work (10) i t was shown that the intensity of the peak at the LJ-Q 
absorption edge was approximately proportional to the d-electron 
vacancies. A series of compounds of one element i l l u s t r a t e d that the 
increase i n the peak intensity of the compound compared with the pure 
element was proportional to an i o n i c i t y estimate of the number of 5d 
electrons removed from the element by formation of chemical bonds.(11) 
In this same work XANES s e n s i t i v i t y to interaction with the support 
and to 0 2 chemisorption was also demonstrated for Pt or I r supported 
on Α1 20 3· Gallezot, et a l . (12) demonstrated similar effects for Pt 
on zeolites. Mansour, et a l . (13) investigated Pt on SiO^ and Al^O^ 
as a function of reduction temperature. A l l three studies (refs. 
11-13) agreed that the increase i n area of the peak at the Pt L 
edge(s) indicated that reduced, supported Pt was electron deficient 
compared with the bulk metal. (In that which follows this conclusion 
i s shown to be over simplified. At high temperature P t / S i 0 2 has more 
electrons than bulk Pt.) The most simple explanation i s that Pt 5d 
electrons form bonds with available ligands on the support. Short, 
et a l . (14) have used the same technique to explore the strong metal 
support interaction (15) (SMSI) of Pt on T i 0 2 . A small effect was 
noted i n the EXAFS and XANES between the normal and SMSI catalyst 
conditions. An interesting result i n l i g h t of references 11-13 was 
that the L^.^ edge peak was diminished i n intensity and width compared 
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to bulk Pt i n contrast with the p a r t i c u l a r l y wide ^ ι τ ι peak observed 
on S i 0 2 or A^O^. A serious caveat of a l l the above results (refs. 
11-14) i s that the catalyst was conditioned at a particular tempera­
ture and then cooled to room temperature or below for the x-ray 
measurement. As w i l l be shown there i s a significant temperature 
effect on the XANES of a Pt catalyst i n H 2 or He. Horsley (16) has 
shown how the L ^ x-ray absorption edge resonances can be modeled 
by Χα-SW molecular o r b i t a l calculations of a cluster composed of Pt 
or I r and i t s f i r s t neighbors. Both chemical compounds and catalyst 
clusters were modeled and there was good agreement with experiment. 
Both Horsley (16) and Mansour
edges must both be considere
d-state occupancy. 

The XANES region for the Pt L ^ edges i n Pt metal and the 
0.5% catalyst i s shown i n figure 4. I t i s evident that there i s an 
edge resonance ("white line") at the L^^j edge which i s much dimin­
ished at the L ^ edge. The reason for this difference was f i r s t 
pointed out by Mott (17) and i s based upon atomic dipole selection 
rules ( A J - 0 + 1). In a Pt atom the empty 5d state has J • 5/2 
symmetry, hence a transition i s expected at the L J J J edge ( J = 3/2) 
but not at the L ^ edge ( J = 1/2). Brown, et a l . (18) discussed 
this problem i n d e t a i l and concluded that i n Pt metal the empty d-
band i s predominately J » 5/2. Mattheiss and Dietz (19) (MD) i n ­
vestigated the problem with a more accurate r e l a t i v i s t i c model which 
included hybridization of the 5d with the broad 6s and 6p bands. 
Their result d i f f e r s i n d e t a i l but generally substantiates the result 
of Brown, et a l . (18) Mansour, Cook and Sayers (20) have applied 
the MD result to Pt catalysts, developing a procedure to determine 
changes i n d-electron occupancy. 

MD (19) determined the equations for dipole transitions i n ­
cluding the s p l i t t i n g of the f i n a l d-3tates due to spin-orbit cou­
pling. These results were then applied to r e l a t i v i s t i c tight binding 
energy band calculations for Pt and Au where the appropriate electron 
symmetries had been projected out. Selected emission and absorption 
data were shown to be i n agreement with calculations. Pertinent to 
the present work i s the result 
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Figure 3. Comparison of rel a t i v e mean squared thermal motion for 
bulk and surface Pt atoms as a function of temperature. The 
triangles mark the catalyst surface atoms, the c i r c l e s are for 
bulk Pt. 

20 30 

Figure 4. Comparison of Pt metal ( ) ̂ Ι Ι , Ι Ι Ι spectra with 
0.5% Pt/Cabosil i n H 2 ( ) and He ( ) at 773 Κ and 90 K. 
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A< LIII> - C V T T Κ 3 / 2 Κ/2
 + h3/2V15 ( 4 ) 

A ( L n ) = CwT f R^l/2) (h0/n\ {2)13 (5) 

where A(L) i s the area of the L-edge resonance; h ^ 2 3/2 a r e t * i e 

number of 5d-electron holes of indicated symmetry; and the factor (2) 
i s due to the double degeneracy of the L J J J t ransition compared to 

and must be included when both edges are normalized to unit edge 
jump as i s done here. The projected density of states curve for Pt 
i n reference 19 shows tha
curves are v i r t u a l l y i d e n t i c a l with (J = 5/2) « 3X (J = 3/2). This 
i s the reason for the greater strength of the edge resonance. 
As shown by Horsley (16) the transition to the d-band, the edge 
resonance, may be convolved with an arctangent to produce the kind of 
absorption curves observed i n Pt L ^ In the Pt density of 
states curves the Fermi surface at E„ cuts the curves i n a region of 

F 
maximum slope. This would make the L ^ transitions very sensi­
tive to changes i n Ê ,, i . e . , electron flow to or from the catalyst 
clusters. By this discussion we have attempted to show that the Pt 
^11 I I I e c*8 e r e s o n a n c e s may be considered as images of their respec­
tive d-bands (broadened by the appropriate li f e t i m e and resolution 
functions) and w i l l discuss the catalyst data i n terms of a d-band 
model. 

The differences between the Pt XANES of the catalyst i n 
H^ and He and bulk Pt as a function of temperature i s shown i n 
figure 4. (There i s no measurable difference i n Pt metal over this 
temperature range.) There i s a continuous, reversible change for the 
catalyst XANES shown i n A or C (773 K) to that shown i n Β or D (90 K) 
as shown i n Figure 6. 
The data was taken as follows: The catalyst was reduced i n flowing 
H^ at atmospheric pressure to a maximum temperature of 773 Κ and then 
cooled i n H 2, taking data at ^ 100 degree intervals to a low tempera­
ture of 90 K. I t was then heated back up to 773 Κ i n Η 2· At 773 Κ 
a purified He flow at atmospheric pressure was i n i t i a t e d and repeated 
data scans were taken at 773 Κ u n t i l the sample equilibrated as shown 
by the data. The sample was then cooled i n flowing He taking data as 
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before. Under these conditions we believe the catalyst to be below 
sintering temperature (this was proved by cycling the catalyst) and 
to consist of naked Pt clusters i n He or with chemisorbed H when i n 
H^ atmosphere over most of the temperature range with some eq u i l i b ­
rium for Pt-H bonds at the temperatures where H desorbs. 

In comparison to Pt metal there are significant differences i n 
the u n f i l l e d catalyst d-states at both temperatures. At high tempera­
ture the d-band i s s l i g h t l y narrower than bulk Pt, at low temperature 
i t i s much broader. The extra x-ray absorption i n the 5-15 eV i n ­
terval shown i n figure 4 D) was the basis for the e a r l i e r conclusion 
(11-13) that P t / S i 0 2 i  electro  deficient  Although th  1* d 
L J J J edges appear to b
the result of mixing the different L ^ and L-^jj edge resonance i n ­
tensities with the onset (the arctangent curve) of the absorption 
edge. The difference spectra i n figure 5, where the appropriate Pt 
metal edge has been subtracted, show that the changes rel a t i v e to Pt 
for both edges are very similar. Allowing for the factor of 2 multi­
p l i e r i n the edge the re l a t i v e difference amplitudes are of the 
expected magnitude, i . e . , L-j-^ > L ^ . We can conclude that the 
J » 5/2 and J - 3/2 states i n the catalyst are similar to each other 
as they are i n Pt metal but they are s i g n i f i c a n t l y different from Pt 
metal. 

What are the electronic and structural implications of that 
conclusion? We have considered the following p o s s i b i l i t i e s to explain 
the data: 
1. A change i n the Fermi energy due to electrons flowing to and 

from the Pt clusters would correspondingly change that part of 
the d-band available for the edge resonance. The edge narrowing 
with increasing temperature implies electron flow to the Pt 
clusters as Pt-0 bonds to the support are broken. This effect 
cannot explain the extra absorption at 5-15 eV with decreasing 
temperature i f the d-band of the cluster i s similar to bulk Pt. 
There are no sharp peaks i n the density of states located at 
appropriate energies. 

2. Could a change i n shape of the small Pt clusters produce suf­
f i c i e n t l y large changes i n the density of states to cause the 
effect? One of us (Horsley) has made preliminary multiple 
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Figure 5. Difference spectra of the data i n figure 4 where Pt 
metal L u m has been subtracted appropriately from the catalyst 
data. In*E) the difference areas Cat. (He, 773 K) - Cat. (He, 
90 K) are shown. 
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Figure 6. Area of the f i r s t peak i n difference curve of the 
Pt L I I : t edge versus absolute temperature for 1% Pt on Cabosil i n 
H2. The high temperature measurement (773 K) was subtracted from 
each of the other spectra. 
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scattering Χα calculations to investigate this question. For Pt 
clusters corresponding to 13 atom spheres, two-layer, and mono­
layer rafts no changes were observed i n the d-states that would 
cause the effect. 

3. The low temperature EXAFS data showed Pt-0 bonds to the support. 
I f those bonds broke with increasing temperature would that cause 
the effect? (The thermal smearing of the EXAFS at high tempera­
ture makes i t impossible to investigate the bonds directly . ) One 
of us (Horsley) has made preliminary calculations which show that 
the Pt 5d-orbitals interact with the 0 2p-orbitals to create a 
hybrid o r b i t a l with
above the Pt d-band
at low temperature i s due to transitions to the empty a n t i -
bonding orbitale. At high temperatures the Pt-0 bonds to the 
support begin to be broken because of the increased thermal 
motion, hence the orbitals disappear. Presumably, at higher 
temperatures a l l the bonds would break and the clusters would be­
come mobile, thereby providing a model for agglomeration and 
sintering. 
I t has been shown by electron microscopy (21) and EXAFS (22) 

that highly dispersed supported metal catalysts consist of a mix of 
sphere-and-raft-like shapes. We believe that as Pt-0 bonds break 
(or form) the r a f t - l i k e clusters c u r l up (or f l a t t e n out) on the 
support. The bonds to the support are the driving force for r a f t ­
l i k e dispersion. The high temperature difference between and He 
may be due to a similar anti-bonding resonance between the Pt(5d) 
and H(Is) o r b i t a l s , the width of the resonance arising from an i n t e r ­
action with the Pt 5-P band.(23) In a UPS study of highly dispersed 
Pt/ S i 0 2 Ross, et a l . (24) investigated the f i l l e d bonding orbi t a l s 
below the Pt d-band and found a large increase i n the density of 
states. This would confirm, i n part, our explanation. The narrower 
edge resonance i n He at high temperature i s not explained by these 
bonding arguments. The effect i s experimentally significant and may 
be a true density of states effect caused by the small cluster size. 
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Conclusions 

The new results of this study include a clear demonstration of Pt-0 
bonds to the support at low temperature in either He or H^. As the 
temperature is raised above 600 Κ the Pt-0 bonds break and the Pt 
raft-like clusters curl up to be more sphere-like. Concurrently with 
this bond-breaking and change in shape, electrons flow to the Pt 
d-band. At temperatures above 600 Κ there is a d-electron surplus 
in the Pt clusters compared to bulk Pt, i . e . , they are more noble 
than Pt. This may be a significant result since practical applica­
tions of Pt-containing catalysts are in the temperature range where 
these changes occur. 
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The Effect of Support-Metal Precursor Interactions 
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The effect of precursor-suppor
the surface composition of supported bimetallic 
clusters has been studied. In contrast to Pt­
-Ru bimetallic clusters, silica-supported Ru­
-Rh and Ru-Ir bimetallic clusters showed no 
surface enrichment in either metal. Metal 
particle nucleation in the case of the Pt-Ru 
bimetallic clusters is suggested to occur by 
a mechanism in which the relatively mobile Pt 
phase is deposited atop a Ru core during re­
duction. On the other hand, Ru and Rh, which 
exhibit rather similar precursor support inter­
actions, have similar surface mobilities and 
do not, therefore, nucleate preferentially in 
a cherry model configuration. The existence 
of true bimetallic clusters having mixed metal 
surface sites is verified using the formation 
of methane as a catalytic probe. An ensemble 
requirement of four adjacent Ru surface sites 
is suggested. 

I t has g e n e r a l l y been assumed t h a t the most impor tant c o n s i d e r a t i o n 
i n the sur face enrichment o f one meta l i n preference to another i n a 
supported b i m e t a l l i c c l u s t e r i s based on d i f f e r e n c e s i n the e n t h a l ­
p i e s o f s u b l i m a t i o n o f the meta ls which comprise the c l u s t e r . I n 
most cases , the sur face compos i t ion i s en r i ched i n the meta l hav ing 
the lower en tha lpy o f s u b l i m a t i o n (.1). 

The r o l e p l a y e d by the support o f i n f l u e n c i n g the sur face com­
p o s i t i o n o f supported b i m e t a l l i c c l u s t e r s has o n l y r e c e n t l y begun t o 
r e c e i v e some a t t e n t i o n . M i u r a , e t a l (2̂ ) have shown t h a t the na ture 
o f the support can p l a y an important r o l e i n de te rmin ing not o n l y 
the sur face compos i t ion o f the supported b i m e t a l l i c c l u s t e r s but 
a l s o the morphology o f the p a r t i c l e s . For s i l i c a - s u p p o r t e d P t - R u 
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bimetallic clusters, a cherry model structure having an inner core 
consisting primarily of Ru (85% Ru) was observed. The composition of 
this inner core did not depend s i g n i f i c a n t l y on the overall Ru composi­
tion of the bimetallic catalyst. When Pt-Ru bimetallic clusters were 
supported on alumina, the Ru content of the inner core was observed 
to increase monatomically with the overall concentration of Ru i n the 
catalyst. In another study involving porous supports, Haller, et a l 
(3) have observed marked differences i n the a c t i v i t y of ethane hydro­
genolysis over a series of Cu-Ru bimetallic catalysts. These 
differences could be related to changes i n the texture of the support. 

The p o s s i b i l i t y that metal precursor-support interactions could 
have a strong influence on the dynamics of the bimetallic nucleation 
process cannot be ruled out and has already been alluded to i n pre­
vious work performed i n thi s laboratory (1-2). Because H2PtCl6«6H20 
i s much more weakly adsorbed on the surface of s i l i c a than RuCl3*3H20, 
bimetallic clusters wit
nucleation of the mobil
mina, differences i n the re l a t i v e adsorptivities of the metal pre
cursor phases are less pronounced (4). This results i n bimetallic 
clusters which have a more homogeneous internal structure as opposed 
to the cherry model configuration observed on s i l i c a (2). These re­
sults suggest that the dynamics of the metal nucleation process are 
an important variable which may override thermodynamic effects based 
on enthalpies of sublimation. 

In order to pursue these ideas i n more d e t a i l , metal precursors 
which would be expected to interact v i a an ion exchange mechanism 
with the hydroxyl protons of s i l i c a were used to prepare the support­
ed bimetallic clusters. We therefore report on the preparation of 
silica-supported Ru-Rh and Ru-Ir bimetallic clusters using RuCl3«3H20, 
RhCl3»3H20 and IrCl3«3H20 as metal precursors. 

In order to v e r i f y the presence of bimetallic particles having 
mixed metal surface sites ( i . e . , true bimetallic clusters), the 
methanation reaction was used as a surface probe. Because Ru i s an 
excellent methanation catalyst i n comparison to Pt, I r or Rh, the 
incorporation of mixed metal surface sites into the structure of a 
supported Ru catalyst should have the effect of d r a s t i c a l l y reducing 
the methanation a c t i v i t y . This observation has been attributed to 
an ensemble effect and has been previously reported for a series of 
silica-supported Pt-Ru bimetallic clusters (5). 
Experimental Procedures 
Apparatus and Procedure. The apparatus and procedure were id e n t i c a l 
to those outlined i n ref. 2. Surface composition measurements were 
based on an O2-CO t i t r a t i o n technique described by Miura and Gonzalez 
(5-6). The rati o of surface metal/02/CO was 1/1/1 on R u - s i l i c a , 
1/0.5/1.75 on Rh - s i l i c a , 1/0.5/2.0 on P t - s i l i c a and 1/0.5/1.6 on I r -
s i l i c a . These t i t r a t i o n ratios were found to be independent of sur­
face composition. Surface compositions determined by the O2-CO t i t r a ­
tion method have been v e r i f i e d using a variety of experimental tech­
niques (2,5-6). 

Metal dispersions were obtained by the dynamic pulse method us­
ing either H2, CO or O2 chemisorption at 298 Κ (7). 
Catalyst Preparation. The silica-supported samples used i n th i s 
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study were prepared by impregnation. I n i t i a l l y , the appropriate 
weight of RuCl3*3H20, RhCl3*3H20 and IrCl3«3H20 (Strem Chemical) was 
dissolved i n an amount of doubly deionized water su f f i c i e n t to ensure 
the complete wetting of the support. The solutions were mixed with 
Cab-O-Sil (grade M-5, Cabot Corp., Boston, MA), or Alon-C (Cabot 
Corp.) u n t i l a slurry having the consistency of a thin paste was 
formed. The surface area and the average pore size of Cab-O-Sil, as 
reported by the manufacturer, are 200 m*/g and 14.0 nm, respectively. 
The slurry was dried i n a vacuum desiccator at room temperature for 
one or two days and s t i r r e d regularly during the drying process to 
retain uniformity. The dried catalyst was then ground into a fine 
powder before use. Total metal loadings were 0.3 mmoles of metal/g 
of catalyst for both the monometallic and the bimetallic catalysts. 

Determination of Metal Precursor Mobilities During Pretreatment. 
Relative precursor mobilitie
or alumina-supported meta
grade M-5, Cabot Corp.) or pure alumina (Alon C, Cabot Corp.) i n a 
1:2 ratio prior to pretreatment. The catalyst and s i l i c a were 
ground together using a mortar and pestle for at least 0.5 hr. be­
fore they were placed i n the Pyrex microreactor for pretreatment. 
The procedure was similar to that used by Sarkany and Gonzalez (8). 
A large increase i n dispersion following pretreatment was explained 
by considering the migration of the metal precursor from the catalyst 
to the additional s i l i c a support during pretreatment. 

Pretreatment was as follows: The temperature was increased from 
298 to 493 Κ at 10K/min i n flowing He (25 ml/min); the carrier gas was 
switched to H2 and the temperature was increased from 493 to 673K at 
10K/min; reduction for 2 hr. i n flowing H2 was followed by flushing 
i n He and cooling to room temperature. Oxygen impurities i n the He 
carrier gas were reduced to the p.p.b. range through the use of a 
Supelco oxygen gas p u r i f i e r backed by a 13-X molecular sieve main­
tained at 160K. Further p u r i f i c a t i o n was obtained by inserting an 
MnO trap i n the l i n e . 

Methanation Studies. Turnover frequencies for methane formation were 
measured at either 493 or 498 Κ by a procedure which was ide n t i c a l 
to that i n ref. 5. Hydrogen and CO were premixed to a H2/CO rati o 
of 3. 

Results 

Surface Composition Measurements. The surface composition and metal 
dispersion for a series of s i l i c a (Cab-O-Sil) supported Ru-Rh b i ­
metallic clusters are summarized i n Table I. Surface enrichment i n 
Rh, the element with the lower heat of sublimation, was not observed 
over the entire bimetallic composition range. In fact , to within the 
experimental l i m i t of error of the measurements, surface compositions 
and catalyst compositions were nearly equal. A small l o c a l maximum 
in the dispersion was observed for the catalyst having a surface 
composition of 50% Rh. 
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Table I. Catalyst Composition^ and Surface Composition for 
Silica-Supported Rh-Ru Bimetallic Catalysts 

Catalyst 

Catalyst 
Composition 

Rh/Ru 
Dp 
% 
(b) Surface 

Composition 
Rh/Ru 

Rh/Si0 2 

Rh-Ru/Si02 

Rh-Ru/Si02 

Rh-Ru/Si02 

Ru/Si0 2 

100/0 
75/25 
50/50 
27/75 
0/100 

25 
21 
23 
19 
11 

100/0 
69/31 
51/49 
18/82 
0/100 

(a) metal loading « 0.3
(b) measured using CO chemisorptio
The corresponding data for a similar series of silica-supported Ru-
I r catalysts are shown i n Table I I . 

Table I I . Catalyst Composition and Surface Composition for 
Silica-Supported Ru-Ir Bimetallic Catalysts 

Catalyst 

Catalyst 
Composition 

Ir/Ru (%) 
Surface 

Composition 

I r / S i 0 2 100/0 61 100/0 
Ir-Ru/Si0 2 75/25 28 86/14 
Ir-Ru/Si0 2 40/60 14 45/55 
Ir-Ru/Si0 2 25/75 15 27/73 
Ir-Ru/Si0 2 10/90 12 5/95 
Ru-Si0 2 0/100 11 0/100 

(a) measured using both 0 2 and CO chemisorption. 

As was the case for the silica-supported Ru-Rh bimetallic 
catalysts, there was no significant surface enrichment i n either 
metal over the entire range of bimetallic catalyst compositions. 
Metal dispersions were observed to decrease as the concentration of 
Ru was increased. This same trend was observed for the Ru-Rh 
catalysts and was i n marked contrast to observations on s i l i c a -
supported Pt-Ru catalysts (2). In this case a large increase i n 
dispersion was obtained as a result of bimetallic clustering i n the 
cherry model configuration. 

A word should be said regarding the use of 0 2 chemisorption to 
measure Ru-Ir metal dispersions. The stoichiometry of the CO adsorp­
tion on I r (CO/Ir i sj) was taken from the l i t e r a t u r e to be 0.5 (9-10). 
The measured CO/O2 chemisorption r a t i o on I r was determined using 
the dynamic pulse method and found to be 1.56. These results give 
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an 02 / I r ( s ) c h e m i s o r p t i o n r a t i o o f 0 . 3 2 , i n e x c e l l e n t agreement w i t h 
an 0 2 / I r ( s ) r a t i o o f 0.33 r epo r t ed by F a l c o n e r , e t a l (9 ) . The s t o i ­
chiometry o f the 02 / R u ( s ) c h e m i s o r p t i o n r a t i o has been reasonably 
w e l l e s t a b l i s h e d and i s c l o s e t o one (5 ) . On the assumption t h a t 
these s t o i c h i o m e t r i e s are p rese rved i n the I r - R u b i m e t a l l i c c l u s t e r s , 
meta l d i s p e r s i o n s can r e a d i l y be ob ta ined from a knowledge o f the 
sur face compos i t i on . 

The s u r f a c e - c a t a l y s t compos i t ion da ta f o r the s i l i c a - s u p p o r t e d 
Ru-Rh and R u - I r c a t a l y s t are shown i n F i g u r e 1. A s i m i l a r p l o t f o r 
the s e r i e s o f s i l i c a - s u p p o r t e d P t - R u b i m e t a l l i c c a t a l y s t s taken from 
r e f . (2) i s i n c l u d e d f o r comparison purposes . E n t h a l p i e s o f s u b l i ­
mation f o r P t , Ru, Rh and I r are 552, 627, 543, and 648 K J / m o l e . 
D i f f e r ences i n e n t h a l p i e s o f s u b l i m a t i o n (^75 KJ/mole) between P t and 
Ru and between Rh and Ru are v i r t u a l l y i d e n t i c a l , w i t h P t and Rh hav­
i n g the lower e n t h a l p i e s o f s u b l i m a t i o n . Fo r t h i s reason sur face en ­
r ichment i n P t f o r the cas
cannot be a t t r i b u t e d s o l e l
Other p o s s i b i l i t i e s must a l s o be c o n s i d e r e d . 

P recu r so r M o b i l i t y Exper iments . The m o b i l i t y o f the meta l p r e c u r s o r 
d u r i n g c a t a l y s t pre t rea tment i s , o f cou r se , a s t rong f u n c t i o n o f the 
i n t e r a c t i o n between the meta l p r e c u r s o r and the suppor t . Because 
H 2 P t C l 6 i s adsorbed as the P t C l ^ 2 " a n i o n , i t i n t e r a c t s on l y weakly 
w i t h the hydroxy1 groups o f s i l i c a . Ru , Rh, and I r , on the o the r 
hand, are adsorbed as c a t i o n s and r e a d i l y exchange w i t h the a c i d i c 
h y d r o x y l groups on s i l i c a . The r e l a t i v e sur face m o b i l i t i e s o f the 
meta l p r ecu r so r s d u r i n g pre t rea tment can r e a d i l y be s t u d i e d by u s i n g 
the d i l u t i o n technique d e s c r i b e d i n the exper imenta l s e c t i o n . A 
l a rge i nc r ea se i n d i s p e r s i o n f o l l o w i n g pre t rea tment would be i n d i ­
c a t i v e o f weak meta l p r ecu r so r - suppor t i n t e r a c t i o n s . Smal l i nc reases 
i n d i s p e r s i o n , on the o ther hand, suggest s t rong meta l p r e c u r s o r -
support i n t e r a c t i o n s . The r e s u l t s f o r the c a t a l y s t s s t u d i e d are 
shown i n Table I I I . 

Table I I I . E f f e c t o f D i l u t i o n on the D i s p e r s i o n o f 
Supported M e t a l C a t a l y s t s 

C a t a l y s t D i s p e r s i o n % Increase i n % 
D i s p e r s i o n 

6% P t/Si0 2 28 54 
6% P t/Si0 2:Si0 2 (1:2) 43 
6% P t / A l 2 0 3 57 38 
6% Pt/Alo0 3 (1:2) 79 
Ru/Si02(&) 11 27 
Ru/Si0 2:Si0 2 (1:2) 14 

27 

Rh/Si0 2 24 25 
R h/Si0 2:Si0 2 (1:2) 30 
I r/Si0 2 61 27 
I r/Si0 2:Si0 2 (1:2) 78 

(a) measured u s i n g H2 a d s o r p t i o n . 
(b) measured u s i n g CO a d s o r p t i o n . 
(c) measured u s ing CO and O2 ad so rp t i on • 
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Figure 1· Catalyst composition^ surface vs. bulk. Reproduced 
with permission from Ref. 2. Copyright 1984, Academic Press. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



300 CATALYST CHARACTERIZATION SCIENCE 

3+ 3+ 3+ From the results i t i s evident that Ru"^, Rh^ and Ir""" interact 
strongly with the support and do not migrate extensively from their 
primary adsorption sites during pretreatment. PtCl 2~, on the other 
hand, interacts rather weakly with the support and i s observed to 
migrate extensively during the i n i t i a l stages of the pretreatment i n 
flowing He. When alumina (Alon-C) was used as a support, differences 
in the surface mobility of P t C l ^ 2 " a n d Ru^+ during catalyst pretreat­
ment were not nearly as large as those observed on s i l i c a . This sug­
gests a stronger interaction between PtCl^ 2"" and support on alumina 
than on s i l i c a . No redispersion was observed following reduction to 
the metallic state. An additional feature which undoubtedly c o n t r i ­
butes to the extensive desorption-readsorption phenomena observed i n 
the case of P t C l g 2 ~ i s the high s o l u b i l i t y of P t C l ^ - i n H2O. Because 
PtClfc 2" i s weakly adsorbed, the d i s t r i b u t i o n of R^PtCl^ between H 2 0 
and the Si02/R20 interface i s highly favorable to H2O  and the re­
sulting complex i s therefor
present during the i n i t i a
of the support, and (2) the waters of hydration. 

Methanation Studies. Because the most effective way to determine the 
existence of true bimetallic clusters having mixed metal surface 
sites i s to use a demanding ca t a l y t i c reaction as a surface probe, 
the rate of the CO methanation reaction was studied over each series 
of supported bimetallic clusters. Turnover frequencies for methane 
formation are shown i n Fig. 2 . Pt, I r and Rh are a l l poor CO methana­
tion catalysts i n comparison with Ru which i s , of course, an excellent 
methanation catalyst. Pt and I r are completely inactive for methana­
tion i n the 493-498K temperature range, while Rh shows only moderate 
a c t i v i t y . 

A l l of the supported bimetallic catalysts studied show a sharp 
drop i n methanation a c t i v i t y when the Ru/M r a t i o f a l l s below four. 
(M « I r , Pt, Rh). These results are suggestive of a geometric effect 
which requires a minimum ensemble size consisting of at least 4 Ru 
atoms. Reaction rates obtained using mechanical mixtures prepared 
by mixing the appropriate weights of reduced catalysts are also shown 
for the case of the Ir-Ru/Si02 catalysts. The linear drop off i n 
rate i s further evidence of the existence of mixed metal surface 
sites and the absence of mass transfer effects. 

Discussion 

The results of t h i s study suggest that the dynamics of the nucleation 
process are of the utmost importance i n determining the structure and 
the surface composition of supported bimetallic clusters. Because 
the surface mobility of the metal phase during pretreatment i s strong­
l y influenced by the nature of the precursor-support interaction, i t 
i s useful to consider t h i s interaction i n some d e t a i l . 

The p o s s i b i l i t y exists that a surface hydroxyl group on s i l i c a 
can i t s e l f function as a proton donor ( 1 2 ) , 

+ H + (1) (s) (aq) 
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Figure 2. The dependence of the reaction rate for methane for­
mation on surface composition. 
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or in the case of an amphoteric oxide such as alumina, as a hydroxyl 
donor, 

H(aq) + «*(.) ̂  S ( s ) + + H2° (2) 

The oxides are cation exchangers in an environment which 
generates a negative surface charge (equation 1) and anion exchangers 
in an environment which generates a positive surface charge. When 
the surface i s only protonated, i.e., no metal ions are adsorbed, 
exchange can be brought about by contacting i t with the appropriate 
metal ions. 

nS+OHT . + nM n + + nOH~ -»· ntsV^M*1* + nH 0 (3) is) 2 
the pH dependence of thi
i s too high, the metal may precipitate out as the hydroxide. 

Because the hydroxyl groups on s i l i c a are more acidic than those 
on alumina, cations such as Ru 3 +, Rh 3 + and I r 3 + should exchange 
according to the mechanism suggested in equation (3). For this rea­
son, Ru 3 + and Rh 3 + should be strongly adsorbed on s i l i c a , as sug­
gested by their relatively low mobility under the influence of the 
He pretreatment. Pt, on the other hand, must adsorb on s i l i c a as 
the P t C l ^ 2 anion and cannot exchange with surface protons. It i s 
therefore weakly adsorbed on s i l i c a and, because of i t s solubility 
in H20, i s free to migrate freely on the support during the pre­
treatment. After i t i s reduced to the Pt(0) state, i t w i l l no 
longer migrate. 

The net result of this effect i s one in which the mobile Pt 
phase preferentially nucleates atop the relatively immobile Ru phase 
to form supported Pt-Ru/Si0 2 bimetallic clusters having the cherry 
model structure observed by Miura, et a l (_2 ). On the other hand, 
because Ru, Ir and Rh are adsorbed cationically on the surface of 
s i l i c a , desorption-readsorption from primary to secondary sites dur­
ing pretreatment occurs only to a limited extent. For this reason 
the resulting bimetallic clusters, Ru-Ir/Si0 2 and Ru-Rh/Si02, do not 
show significant surface enrichment i n either metal even though the 
enthalpy of sublimation of Rh i s significantly lower than that of 
Ru (11). The enthalpies of sublimation of Ru and Ir, on the other 
hand, are about the same. 

Metal precursor-support interactions i n the case of alumina are 
quite different. The nature of the H 2PtCl 6-Al 20 3 interaction i s 
s t i l l open to question. However, recent "in-situ" ultraviolet 
studies (13-14) suggest the following: 

2H+ + 2S+0HT , + [ P t C l J ^ ~ , t S 0 [ P t C l J , .+ 2H-0 (4) (s) 6 (aq) ^ 2 6 (s) 2 
2-

The [PtCl ] formed appears to be stable on drying at temperatures 
up to 393K. The subsequent chemistry of the [PtCl ]|~^ species as 
determined from ultraviolet spectroscopy i s as follows: 

t P t C V Î ) ^ t P t I V ( O H ) x C l y ] ( s ) ^ P t I V O x C l y l ( s ) ( 5 ) 
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Either the [Pt I V(OH) xCl ], ν or the [ P t I V O x C l ] can readily be re­
duced to Pt(0) by H 2 at y473 K. The chlorine evolved i s readily i n ­
corporated into the alumina support. However, s i l i c a does not sca­
venge chloride ions to the same extent as does alumina. [Pt02]( s) 
prepared by the oxidation of Pt(o) from a chloride-free source can 
readily be converted into the [ P t I V O x C l v ] following treatment with 
HCl( g) (14). 7 

Because both [PtCl^j^g) and Ru are more equally adsorbed on 
alumina, the mobility of the Pt-precursor phase r e l a t i v e to the Ru-
precursor phase i s reduced. The data i n Table I I I show that the i n ­
crease i n dispersion following d i l u t i o n with pure alumina (Alon-C) 
i s moderate with respect to that observed on s i l i c a . However, the 
redispersion of Pt i s s t i l l substantially greater than that of Ru. 
The experimental results of Miura, et a l (2) are i n agreement with 
these redispersion experiments. The cherry model structure observed 
for Pt-Ru/Al2Û3 was mor
Pt-Ru/Si0 2 clusters. 

A comment regarding the dispersion of the Ru-Rh/Si02 and the Ru
I r / S i 0 2 i s i n order. For the case of the supported Pt-Ru catalysts, 
increases i n dispersion as a result of clustering were very large (2). 
This effect was p a r t i c u l a r l y noticeable for bimetallic particles 
which conform to the cherry model. Evidently, the formation of an 
inner core enriched i n one of the two metals, followed by an outer 
layer enriched i n the other metal, i n h i b i t s further crysta l growth. 
For the alumina-supported Pt-Ru bimetallic clusters, the effect, 
although present, i s considerably smaller. 

In the present study, the cherry model does not apply. For th i s 
reason, the increase i n dispersion observed due to clustering i s 
small. 

The methanation studies shown i n Figure 2 confirm the presence 
of bimetallic clusters which have mixed metal surface s i t e s . There 
i s one more point which merits a f i n a l comment. Turnover frequencies 
for methane formation for a l l of the bimetallic catalysts studied 
show a sharp drop i n reaction rate for Ru/M ratios which are less 
than four, where M i s Pt, I r or Rh. These results are suggestive of 
an ensemble requirement of about four adjacent Ru atoms. These re­
sults are i n s t r i k i n g agreement with the proton-induced reduction of 
CO to CH4 on a series of homonuclear and heteronuclear metal car-
bonyls (15). These authors showed that a minimum cluster size of 
four active metal atoms was required to catalyze the formation of 
CH4. For the reaction between [Fe4(CO) 1 3]2- and HSO3CF3, Whitmire 
and Shriver (16) i d e n t i f i e d an intermediate consisting of a carbon 
atom bound to four Fe atoms i n a "butterfly" configuration. The en­
semble requirement of four appears, therefore, to have an analog i n 
the homogeneous reaction between polynuclear transition metal car-
bonyls and hydrogen i n strongly acidic solutions. 
Conclusions 
The following conclusions emerge as a result of t h i s study: 
(1) When RuCl3»3H20, RhCl 3-3H 20 and IrCl3«3H20 are used as metal 
precursors, the resulting silica-supported bimetallic clusters are 
not s i g n i f i c a n t l y enriched i n either metallic component. 
(2) The surface dynamics of metal precursor-support interactions dur-
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ing catalyst pretreatment can override thermodynamic effects i n i n ­
fluencing the morphology of supported bimetallic clusters. 
(3) Methanation studies suggest the presence of mixed metal surface 
sites with a Ru ensemble requirement of about four. 
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Surface Characterization and Methanation Activity 
of Catalysts Derived from Binary and Ternary 
Intermetallics 

M. Houalla1,2, T. A. Dang1, E. L. Eddy2, C. L. Kibby2, L. Petrakis1,2, and D. M. Hercules1 

1Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 
2Gulf Research & Development Company  Pittsburgh  PA 15230 

The surface properties of three types of methanation 
catalysts obtained by oxidation of selected inter­
metallics were examined in relation to their CO conver­
sion activity. The first type (Ni xSi y, NixA1y) which corresponds to active phase-support in the conventionally 
prepared catalyst is little affected by the oxidation 
treatment. The surface Ni is oxidized and relatively 
more abundant in the active solids. The second type 
(active phase-promoter; ex: NixThy) is extensively de­composed on oxidation. The transformation of these 
alloys is accompanied by a surface enrichment in Ni. 
The overall behavior of the third type [mixed active 
phase-promoter; ex: (NixFe5-x)Th] is similar to the second. Preferential segregation of Fe, as compared 
to Ni, occurs on oxidation. A close correlation between 
CO conversion rate and surface Ni content has been ob­
served. 

Industrial type methanation or Fisher-Tropsch Catalysts consist of 
three components: 1) an active phase (Ni, Co, Fe, Ru, Rh), 2) a pro­
moter (Th, La, K), and 3) a high surface area carrier (Si0 2> A 1 2 ° 3 * 
TiO^)· These supported catalysts are conventionally obtained by co-
impregnation or sequential impregnation of the support with a solu­
tion containing the active phase or the promoter s a l t followed by 
drying, calcination, and reduction. Recently a new class of "sup­
ported" catalysts has been developed at the University of Pittsburgh 
(1-4). They are formed by reaction of synthesis gas or 0^ with a 
binary intermetallic compound (ex: Α Β • , — > A/B0 0, A = Ni, Co, 

χ y LU/h^ * 
Fe, and Β = S i , T i , Th, and Ce). The transformed materials exhibit 
high specific a c t i v i t y i n methanation, ammonia synthesis, and ethyl­
ene hydrogénation reactions. The s i m i l a r i t y between the i n d u s t r i a l 
methanation catalysts and catalysts obtained by decomposition of 
various intermetallics i s s t r i k i n g . Most catalysts obtained by de­
composition of a binary alloy involve an associative combination of 

0097-*156/85/0288-Ό305$06.00/0 
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306 CATALYST CHARACTERIZATION SCIENCE 

an active phase (Ni, Co) with the carrier (ex. Ni S i , N i
x

T i
v ) o r t h e 

promoter (ex. Ni Th , Ni La , Ni Ce , Co Th ). The purpose of the 
present work i s £wo¥old:x fïrst,Xtoyoutlîneythe results of our recent 
study of the surface structure of binary intermetallics, representa­
tive of the two types of alloys described above (e.g., N i x S i and 
Ni Th ) and second, to extend this study to ternary alloys. yThe 
ternary system considered here i s derived from a given intermetallic 
highly active i n synthesis gas conversion (e.g., ThNi^) by p a r t i a l 
substitution of Ni by Fe. Ternary systems are of interest because 
1) they provide a means to t a i l o r the s e l e c t i v i t y of the f i n a l cata­
l y s t for a given product. For example, i n the CeNi^_ xCu x system Ni 
promotes methanation, whereas Cu i s known to catalyze the formation 
of oxygen-containing products (e.g., CH 0H)fand 2) i n ternary i n t e r ­
metallics such as ThNi xFe 5_ x, the ra t i o (Ni+Fe)/Th i s maintained con­
stant. With binary systems such as Ni Th the wide range of Ni/Th 
ratios involved leads t
the decomposed intermetallics
of spectroscopic and a c t i v i t y

Surface and bulk characterization were carried out using elec­
tron spectroscopy for chemical analysis (ESCA or XPS) and x-ray d i f ­
fraction (XRD). The results w i l l be discussed i n relation to metha­
nation a c t i v i t y . 

Materials 

Binary and ternary intermetallics were prepared by induction melting 
of the component metals i n a water cooled copper boat under a flow 
of purified argon. The systems considered here are the following: 
N i x S i y ( N i 5 S i 2 , N i 2 S i , N i 3 S i 2 , and N i S i 2 ) , N i xTh y (Ni 5Th, Ni 2Th, 
NiTh, and Ni 3Th y), and T h N i x F e ^ x (χ = 0, 1, 2, 3, 4, and 5). A l l 
were obtained i n single phase form, as evidenced by x-ray d i f f r a c t i o n 
results. Two types of materials w i l l be examined i n this study: un­
treated, noted as (Ni Th ) , (Ni S i ) , or (ThNi Fe c ) , refer to 

χ y'u χ y'u χ 5-x u 
the alloys ground i n a i r and sieved through 45 mesh; and oxidized, 
abbreviated hereafter as (Ni Th ) , (Ni S i ) , or (ThNi Fe c ) , 

v χ y'o* v χ y'o* χ 5-x ο' 
designate the alloys which were treated with oxygen for 20-24 hours 
at r e l a t i v e l y high temperatures [450°C for (Ni Si ) systems and 
350°C for the remaining systems]. x y ο 
Physico-Chemical Characterization 

X-ray d i f f r a c t i o n (XRD) measurements were carried out using a Diano 
XRD-6 powderdiffractometer with CuKa radiation. 

ESCA measurements were performed with an ΑΕΙ ES200 spectrometer 
equipped with an A l anode (1486.6_gV) and operated at 12 kV and 22 
mA with a base pressure of 4 χ 10 torr. The Ni 2p~,2, Ni 3ρ, 
Fe 2ϊ>1/29 F e 2 ρ3/2' T^f7/29 S i 2 p > ° l s ' & n d C l s r e 8 * o n s w e r e 

scanned. More experimental details are given elsewhere (5). 
In the case of a homogeneous binary a l l o y , A B (A:Ni, Β:Si, Th) 

the ESCA intensity r a t i o of two peaks ( I
A/ I

B) i s reïated to the 
atomic ra t i o n(A)/n(B) i n the a l l o y , as shown i n the following 
Equation (6): 
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h. η (A) * σ(Α) - λ(A) - D(A) 
I B " n(B) · σ(Β) · λ(Β) · D(B) 

where σ(Α,Β) represents the photoelectron cross sections of A and Β 
levels taken from Scofield (7); λ(Α,Β) i s the escape depth of A or Β 
photoelectrons; D(A,B) stands for the detector eff i c i e n c i e s for the 
A and Β photoelectrons, which according to the design of the ΑΕΙ i n ­
strument varies l i n e a r l y with kinetic energy (8). 

Methanation A c t i v i t y 

CO conversion data re l a t i v e to (Ni S i ) and (ThNi Fe c ) series 
χ ν ο χ 5—χ ο 

were taken from ref. (3) and (9), respectively. Catalytic measure­
ments were obtained fo i  intermetallics  Prio
to each run, a sample mixtur
was reduced i n H 2 at 275°
carried out at 2/5°C using H2/C0 r a t i o * 9. More experimental de­
t a i l s are given elsewhere (10). 

Surface and Bulk Characterization of Binary Alloys (Ni S i and Ni Th ) 

Untreated Alloys. As previously noted, the untreated alloys were 
ground i n a i r prior to any surface or bulk analysis. Examination of 
the ESCA spectra r e l a t i v e to Ni 2p^ S i 2p, and Th indicates 
that the surface Ni i s essentially In the metallic state TBE = 
852.5 eV) i n a l l (Ni S i ) alloys and i n a mixed state (Ni, NiO) i n 
(Ni Th ) samples, δι 2s l p a r t i a l l y oxidized. The extent of oxida­
tion siens to increase with increasing Ni content. Conversely, Th i s 
present exclusively as Th0 2. 

Ni surface concentrations determined from ESCA are plotted as a 
function of bulk Ni content i n Figures 1 and 2. In the case of homo­
geneous alloys the points should f a l l on the 45° diagonal l i n e . I t 
can be seen that i n both (Ni S i ) and (Ni Th ) series the surfaces 

χ y u χ y i l 
of the alloys are nickel-poor, as compared to'the bulk. Similar ob­
servations have been made i n the case of Ni A l (11,12) and Co Th 
(13) alloys. Surface enrichment i n S i or τδ is* to be expected*be^ 
cause of the higher heats of formation of S i 0 2 and Th0 2 compared to 
NiO (-210, -292, and -58.4 kcal/mol, respectively). Tnis would lead 
to a higher chemical a f f i n i t y of S i and Th toward the ambient gas and 
consequently an increased driving force of S i and Th for segregation. 
Oxidized Alloys. The most s t r i k i n g difference between the (Ni S i ) 
and (Ni Th ) alloys can be readily seen i n Tables I and I I whïchy U 

show the nature of phases present, as id e n t i f i e d by XRD, following 
oxygen treatment at 450°C and 350°C, respectively. Thus, whereas 
(Ni Th ) intermetallics are extensively transformed to Ni, NiO, and 
ThO* u$on oxidation, ( N i

x
s i ) alloys are l i t t l e affected by oxygen 

treatment. Only i n the casl of Ni,-Si 2 was unequivocal evidence found 
for the formation of a separate Ni phase. Similar behavior was ob­
served for Ni A l and Co S i alloys 03)· Similarly, the rela t i v e 
ease of decomposition of*Ni yTh alloys i n 0 0 atmosphere i s equally 
observed i n the alloys whicîi consist of a chemical union of a 
Group VIII metal with rare earth or actinide elements known as 
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Bulk Ni / NI+SI 

Figure 1. V a r i a t i o n of the surface composition of N i x S i a l l o y s 
as a func t i o n of bulk Ni content ( r e l a t i v e standard d e r i v a t i o n of 
i 10%). 
(O): untreated alloys 
(·): oxidized alloys 

Reproduced from Ref. 5. Copyright 1983, American Chemical Society. 

Bulk Ni/Ni+Th 

Figure 2. V a r i a t i o n of the surface composition of N i x T h v a l l o y s 
as a function of bulk Ni content ( r e l a t i v e standard d e r i v a t i o n 
of + 10%). 

(•): untreated alloys 
(•): oxidized alloys 

Reproduced with permission from Ref. 10. Copyright 1984, 
Academic Press. 
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promoters of Fisher-Tropsch reactions (e.g., Ni La , Ni Ce , 
Co Th , Fe Th , etc.) (14). y 7 

x y x y — 

Table I. Nature of Phases Present i n (Ni S i ) Series 
as Identified by X-ray Diffractïony 0 

(Ni S i ) x y ο ( N i S i 2 ) Q ( N i 3 S i 2 ) Q ( N i 2 S i ) o ( N i 5 S i 2 ) o 

Crystalline 
phases 
present 

N i S i 2 N i 3 S i 2 N i 2 S i 
modified 

N i 5 S i 2 + 
NiO 

Table I I . Nature of Phases Present i n (Ni Th )
as Identifie

Series 

(Ni Th ) x y ο ( N i 3 T h ? ) o (NiTh) Q (Ni 2Th) Q (Ni 5Th) o 

Crystalline 
phases 
present 

Ni , NiO + N i , NiO + 
Th0 2 Th0 2 

N i , NiO + 
Th0 2 

N i , NiO + 
Th0 2 

Surface characterization of (Ni S i ) and (Ni Th ) systems 
further i l l u s t r a t e s the difference i n tneîr behavior. y ESCA spectra 
of Ni 2p~* 2 levels indicate that i n the case of s i l i c o n r i c h alloys 
(NiSi^, N i L s i ^ the surface Ni remains i n the metallic state upon 
oxidation \5). Substantial surface oxidation occurs, however, at 
high Ni content ( N i 2 S i , N i 5 S i 2 ) (5). Conversely, ESCA analyses show 
that the surface Ni of (Ni Th ) samples consists exclusively of NiO. 
The evolution of the surface Compositions of (Ni S i ) and (Ni Th ) 
alloys upon oxidation i s equally different. I t ïs clear from X y U 

Figures 1 and 2 which compare the surface composition of (Ni S i ) 
and (Ni Th ) samples determined from ESCA data to those of e'un-x y ο 
treated alloys that oxidation induces surface Ni depletion i n the 
Ni S i system and surface Ni enrichment i n the case of Ni Th alloys. 
InXprïnciple, because of the higher heat of formation of §10? and 
Th0 2 compared to NiO, oxidation of (Ni S i ) and (Ν1χΤη ) alloys 
should lead, i n both cases, to S i and $h Segregation? ¥h¥s has been 
indeed the case for Ni S i alloys. Their observed behavior i s i n 
accordance with previous Studies of the oxidation of metal s u i c i d e s 
(15,16) which show that S i i s preferentially oxidized and migrates to 
the surface to form a passivating S i 0 2 layer, thus i n h i b i t i n g further 
oxidation of the intermetallics. The opposite trend observed for 
the Ni Th system can be, tentatively, ascribed to their extensive 
transformation under oxidation conditions. Indeed, i n accordance 
with the data re l a t i v e to Ni S i system, mild oxidation of Ni 5Th 
(100°C, 1 h) brings about a significant surface enrichment i n Th il­
lustrated by a decrease i n n(Ni)/n(Th) atomic r a t i o from 2 to 0.97 
(Table I I I ) . More drastic conditions (200°C, 20 minutes) caused the 
bulk intermetallic to decompose into Ni and Th0 2 > as observed by 
x-ray d i f f r a c t i o n ; under these conditions the atomic Ni/Th r a t i o 
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began to increase (Ni/Th = 2.9). Higher oxidation temperature 
(350°C, 8 hours) resulted i n further decomposition of the i n t e r -
metallic, as well as a further increase i n the atomic ra t i o 
(n(Ni)/n(Th) = 13.2). 

Table I I I . Variation of the Surface and Bulk Composition of Ni 5Th 
Alloy as a Function of Oxidation Conditions 

Treatment Untreated 
In A i r at 
100°C for 
60 min. 

In A i r at 
200°C for 
20 min. 

In A i r at 
350eC for 
60 min. 

In A i r at 
350°C for 
480 min. 

(Surface) 
n(Ni)/n(Th) 

from 2.0 0.97 2.9 6.0 13.2 
ESCA data 
Phases 

present 
from 

XRD data 
Ni 5Th Ni 5Th Ni,.Th, 

N i , Th0 2 

NiJTh, 
N i , Th0 2 

Ni, Th0 2 

Surface and Bulk Characterization of Ternary Alloys (ThNi Fe. ) 

Untreated Alloys. ΤηΝ1 χΓβ 5_ χ alloys (x = 0, 1, 2, 3, 4, and 5) are 
a l l structurally isomorphous* They a l l have the hexagonal CaCu^ 
structure with P̂ /MMM symmetry. 

As observed i n the case of (Ni Th ) alloys, ESCA spectra r e l a ­
tive to Ni 2p 3y 2, Fe 2p 3* 2, and Th $ f 7 ^ 2

U l e v e l s indicate the presence 
of (Ni, NiO), \?e, F e ^ ) , and Th0 2 as'major surface species. The 
percent of surface NiO Increased with increasing bulk Ni content, 
whereas the fraction of Fe-̂ Ô  i n the t o t a l surface Fe did not vary 
s i g n i f i c a n t l y with bulk Fe concentration (85%). A plot of the sur­
face atomic ratios n(M)/n(Th) (M = Fe, Ni) calculated from ESCA data 
versus bulk Ni/Th content (Figure 3) shows that the surface of 
(ThNi^Fe,.^ )^ alloys i s poor i n Ni and Fe, as compared to the bulk 
(17). X Preferential segregation of Fe, as compared to Ni, can be 
clearly seen i n Figure 4 which shows the variation of the surface 
rat i o n(Ni)/n(Ni)+n(Fe) versus the bulk Ni/Ni+Fe content. The ob­
served surface composition of the untreated alloys i s i n accordance 
with the r e l a t i v e heat of formation of ThO^, F e ? O v and NiO (-292, 
-100, and -58 kcal/at g). J 

Oxidized Alloys. Ternary intermetallics undergo extensive trans­
formation when they are treated i n a i r for 24 hours at 350°C. XRD 
data indicate the presence of NiO, Fe 20~, and Τη02· The presence of 
Ni-Fe alloy could not be confirmed by XRD because of the small d i f ­
ference i n the various structures involved (Fe, N i , NiFe). However, 
evidence for the formation of Ni-Fe alloy has been obtained from the 
observed values of Curie temperatures determined from thermomagnetic 
analysis performed on these intermetallics (9). 
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0 1 2 3 
™ » 5 X : N i /Th T h N i 5 

V a r i a t i o n of the surface composition of ThNi'Fec v a l l o y s 
ι Ά η r\f Κ ι ι Ί U M 4 / T U ~ » 4 - - ' ^ / - χ - · . . - - j . ι ι . Λ · ? Τ Λ „ J 

Figure 3. _ r fi 

as a funct i o n of bulk Ni/Th r a t i o (relativèstandârd d e v i a t i o n ^ 
i 10%). Reproduced from Ref. 17. Copyright 1984, Amer. Chem. Society. 

(0): n(Ni)/n(Th); untreated alloys 
(·): n(Ni)/n(Th); oxidized alloys 
(•): n(Fe)/n(Th); untreated alloys 
(•): n(Fe)/n(Th); oxidized alloys 

0 Q2 0.4 0.6 0.8 1 
Bulk N i / N i +Fe 

Figure 4. V a r i a t i o n of the surface r a t i o n(Ni)/n(Ni)+N(Fe) as a 
functio n of bulk Ni/Ni+Fe content i n ThNi xFe5- x a l l o y s . 

(•): untreated alloys 
(•): oxidized alloys 
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The salient features of surface analysis by ESCA of the oxidized 
ternary alloys are i n general agreement with the results i n the case 
of the binary Ν1χΤη system. NiO, ï^Oy a n d T n 0 2 a r e t l i e P r e d o m i " 
nant species ρresen?. Surface enrichment i n Ni and Fe were observed 
upon oxidation. Preferential segregation of Fe, as compared to Ni, 
i s conspicuously shown i n Figure 4. 

Correlation Between Surface Structure and CO Conversion A c t i v i t y 

Before any attempt to establish a correlation between the surface 
structure of the oxidized alloys and their CO conversion a c t i v i t y 
one must stress that the surface composition of the samples under 
reaction conditions may not necessarily be i d e n t i c a l to that deter­
mined from ESCA data. Moreover, surface nickel content estimates 
from ESCA re l a t i v e intensity measurements are at best semi-quantita­
t i v e . This can be readil
tion ESCA f i n i t e escape
^ i ^ S i o r ITh^ o n t h e b u l ,
areas 01 Ni ana SiO^ (or ThO^) and on the location of Ni with respect 
to S i 0 2 (or Th0 2). F i n a l l y , assuming an ideal situation where the 
variation of ESCA intensity r a t i o Ι^Τ-α* indeed r e f l e c t s the changes 
i n surface Ni content, a linear correlation between rate and surface 
Ni concentration i s not necessarily obtained. This can be easily 
visualized i f one takes into account that most often the active sites 
are only a small fraction of the active phase exposed and that some 
reactions are strongly affected by the size of the active metal par­
t i c l e . 

Binary Alloys. The reported methanation a c t i v i t y (3) of the oxidized 
a l l o y s , expressed as the amount of CO consumed/gs, i s plotted i n 
Figure 5B as a function of their nickel content. The a c t i v i t y of 
( N i S i 2 ) o was not measured i n ref. (3)· However, because of the sta­
b i l i t y of the untreated a l l o y , i t s reported a c t i v i t y can be con­
sidered as representative of that r e l a t i v e to the oxidized form. 
One can readily note the close correlation between the observed v a r i ­
ations of the c a t a l y t i c a c t i v i t y and the evolution of surface nickel 
concentration (Figure 5A). However, the dramatic difference between 
the a c t i v i t y of nickel r i c h alloys [ ( N i ^ O and ( N i 2 S i ) Q ] and 
s i l i c o n r i c h intermetallics [ ( N i ^ S i ^ and ( 8 i S i 2 ) Q ] tar exceeds 
that expected, solely on the basis of the observed variation i n sur­
face ni c k e l content estimated from ESCA data. This can be p a r t i a l l y 
ascribed, as noted above, to the dependence of ESCA intensity r a t i o 
L . / I g . on the r e l a t i v e BET surface areas of Ni and S i 0 2 and on the 
location of Ni with respect to S i 0 2 . There i s also another charac­
t e r i s t i c feature of the surface of ni c k e l r i c h alloys [ ( N i e S i 2 ) , 
(Ni 2Si) ] reportedly active i n methanation when compared with those 
of the inactive Ni S i intermetallics [ ( N i 3 S i 2 > u , ( N i S i J J . Upon 
oxidaj^on only the Xac?ive alloys present ESCA spectra characteristic 
of Ni i n an oxidic environment, thus indicating the p a r t i a l decom­
position of the intermetallic. 

Comparison of the surface analysis and methanation a c t i v i t y of 
(Ni Th ) alloys (Figure 6) shows that there i s some interdependence 
betweeX ?he surface concentration of Ni and a c t i v i t y ; high Ni surface 
concentration generally results i n greater methanation a c t i v i t y . 
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0 0.5 1 

Bulk N i / N i * Si 

Figure 5: Correlation between surface composition and CO con­
version a c t i v i t y of oxidized Ni S i alloys 
(A) : Variation of the surface nickel abundance 

n(Ni)/n(Ni)+n(Si) as a function of bulk n i c k e l 
content i n oxidized Ni S i alloys. 

(B) : Variation of CO conversion a c t i v i t y of oxidized 
Ni S i alloys as a function of nickel content, χ y J 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



314 CATALYST CHARACTERIZATION SCIENCE 

Figure 6: Correlation between surface composition and CO con­
version a c t i v i t y of oxidized Ni Th alloys 
(A) : Variation of surface nickel abundance 

n(Ni)/n(Ni)+n(Th) as a function of bulk nickel 
content. 

(B) : Variation of CO conversion a c t i v i t y (•) and CO 
sorption capacities (•) as a function of bulk 
nickel content. 
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However, Figure 6 indicates that a s i g n i f i c a n t l y better correlation 
exists between the CO conversion rate and the CO sorption data. The 
lack of correlation between Ni surface concentration, as determined 
from ESCA data and CO chemisorption measurements, can tentatively be 
interpreted by considering that, as a result of oxygen treatment, a 
large fraction of Ni i n Th-rich catalysts i s encapsulated within the 
porosity of Th0 2 particles and cannot be detected by ESCA. The tex­
ture of ThO^ i s probably spongy and can be penetrated by hydrogen as 
well as CO. Thus, Ni under this permeable Th0 2 layer i s readily 
attainable and can chemisorb CO. 

Ternary Alloys. The variations of CO conversion rate as a function 
of Ni content i n (ThNi xFe^_ x) Q catalysts are compared i n Figure 7 to 
Ni surface concentration as determined from ESCA data. I t i s evident 

X : N i / T h 

Figure 7: Correlation between surface nickel abundance 
n(Ni)/n(Ni)+n(Fe)+n(Th) and CO conversion a c t i v i t y 
of oxidized ThNixFe,-_x alloys. 
(A) : Variation of surface nickel abundance 

n(Ni)/n(Ni)+n(Fe)+n(Th) as a function of bulk 
Ni/Th content. 

(B) : Variation of CO conversion a c t i v i t y as a 
function of bulk nickel content. 
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that CO conversion rate follows closely the changes in surface Ni 
content. Such a simple correlation is presumably due to the ex­
tremely low activity of the Fe phase and the constancy of the ratio 
Fe+Ni/Th in the various samples which limits the variation of the 
BET surface areas of the treated materials and, consequently, en­
hances the reliability of surface composition measurements from ESCA 
intensities data. 
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27 
Secondary Ion Mass Spectroscopic Studies 
of Adsorption and Reaction at Metal Surfaces 
Correlations with Other Surface-Sensitive Techniques 

C. R. Brundle, R. J. Behm, P. Alnot, J. Grimblot, G. Polzonetti, H. Hopster, and K. Wandelt 

IBM Research Laboratory, San

The use and limitations of SIMS ion intensity distributions to 
provide quantitative and chemical state information for 
adsorption and reaction of small molecules at metal surfaces is 
discussed. We concentrate on well-defined surfaces where there 
is sufficient information on the adsorption system from other 
surface sensitive techniques to test the information content of 
SIMS. 

Several years ago, Secondary Ion Mass Spectroscopy (SIMS) seemed to be 
showing considerable promise for studying adsorption at metal surfaces (1). 
Though static SIMS is now widely used for studying organic fi lms (2-5) and 
angular-resolved static S IMS (6,7) is being used in successful but l imi ted 
studies for the determination of adsorption geometries on well-defined 
surfaces, the general promise of the technique in using cluster ion intensities 
for chemical and bonding analysis in adsorption studies has not been ful ly 
born out. Two factors were most important in the early promise of the 
technique. They were the direct chemical specificity of the mass 
spectrometric analysis and the often extreme surface sensitivity of the 
technique. For the latter, i t is possible in favorable cases to detect much less 
than 1% overlayer concentrations. Fo r the former, i t is sometimes possible to 
make straightforward statements about the chemical identi ty of the adsorbate 
and its manner of bonding to the substrate. The problems that have led to the 
technique being less than generally applicable are strongly correlated wi th the 
above two advantages. Though S IMS can be extremely surface sensitive, i t is 
hard to make i t a quantitative analysis technique because the sensit ivity, or 
secondary ion yields, vary enormously wi th the changing chemical nature of 
the surface species. The reason is that most species ejected from the surface 
during the SIMS process are neutrals, but only that small fraction which is 
positive or negative ions is detected. The fractions which escape as ions 
depend strongly on the charge distributions in the bonds being broken and the 
work functions at the surface. Thus the yield of N i + species from a N i 
surface can increase four orders of magnitude in the presence of adsorbed 
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oxygen atoms (8). The yield o i Ο containing cluster ions can vary at least two 
orders of magnitude depending on the chemical nature of the oxygen at the 
surface (chemisorbed atomic, oxide, physisorbed or H 2 0 , etc.). The question 
of determining the chemical nature of the adsorbate and its bonding 
characteristics to the surface involves somehow r e l a t i n g the 
distr ibution of molecular cluster ions removed from the surface by sputtering 
to the original bonding situation before the ion impact. Often a r ich variety 
of cluster ions are observed. F o r instance, for C O adsorbed on Ni (100) , 
N i + , N i £ , N i C O + , N i 2 C O + and N i 3 C O + can a l l be observed (8). The 
temptation is to draw conclusions concerning the adsorption situations based 
on the "dominant" cluster ion(s). In the N i / C O situation, for instance, 
increased N i 2 C O + / N i C O + ratios under different C O adsorption situations 
have been over-simplist ically taken as an indication that C O was moving from 
an ontop to bridge-bonded situatio  (9,10)  Unfortunately  th  SIMS
is far too complex and the
great for such simple correlations to have any general va l id i ty , though in 
specific cases, they may be correct. The more fundamental approach of 
calculating ejected cluster distributions for different adsorbate sites by 
classical trajectory col l is ion methods (6,7) has more val id i ty but is partly 
flawed by the fact that i t related to the neutrals not the ions and also involves 
some empirical pair-interactions. In addition these studies suggest that the 
ejected molecular ions consisting of combinations of substrate atoms and 
adsorbate atoms/molecules, M x A d s * , are always formed by recombination of 
neutral and ionized particles just above the surface. There is experimental 
evidence, however, that this is not always the case and that some such species 
are formed by direct emission of intact units (11,12). In any case, the 
trajectory calculation approach seems to have been used much more 
successfully in determining adsorbate geometries by comparison to 
angle-resolved experimental S I M S than to experimental cluster ion 
distributions. 

We have adopted the approach that because of the large and poorly 
understood variations in ion yields and cluster ion distributions wi th variat ion 
in chemistry, i t is necessary to empirically characterize these effects by using 
well-defined adsorbate situations which are simultaneously monitored by 
other, better understood, surface sensitive techniques such as L E E D , X P S and 
thermal desorption. We report here some of the progress made to this end. 
Mos t of the work discussed is our own, but in some cases, we re-interpret 
other authors' S IMS results in the light of a better understanding of the 
adsorption situations to which those results refer. The object of this paper is 
to illustrate what correlations can and cannot be safely made between 
observed SIMS behavior and the nature of the adsorbate/substrate interaction. 
In doing this, we use a variety of adsorbate/substrate situations. One major 
class is the dissociative adsorption of oxygen followed by the onset of 
oxidation. W o r k on Ni(100) and W(100) is discussed. A second class is to 
fol low the changes in SIMS on increasing coverage and, therefore, changing 
geometric and bonding conditions for C O adsorption on Ni (100) . A th i rd 
class is adsorption at al loy surfaces. The final class is low temperature 
molecular adsorption, followed by reactions and/or desorptions on raising the 
temperature. 
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Experimental 

Our SIMS data is taken using a VGQ8 quadrupole wi th unit mass resolution 
between 0-300 amu and a differentially pumped argon ion gun used in a 
defocused mode. A current of 1-2 χ 1 0 " 9 A in a ~0.5 c m 2 spot area is used. 
The SIMS system is mounted on a U H V spectrometer which also has X P S , 
U P S , L E E D and thermal desorption capabilities (13). Heat ing is achieved by 
electron bombardment from a filament mounted on the manipulator behind 
the sample. Cool ing is achieved by circulating l iqu id N 2 or H e . Temperatures 
of 2 5 K can be reached. The samples used, N i (100) , C u ( 1 7 % ) N i ( 8 3 % ) (100) 
and (111) and A g ( l l l ) were oriented wi th in 1° and cleaned in situ by standard 
heating and A r + ion sputtering procedures. 

S IMS Cluster Ion Characterizatio  Durin  Oxyge  Adsorpt io d Oxidation
For heavy oxidat ion, that
the metal can be determine  positiv  negativ y 
distributions (1). Though similar attempts have been made to characterize the 
nature of the surface during the early stages of oxygen interactions (14,15), we 
now know from the extensive information available from other techniques 
that such interpretations are incorrect. We use the by now well-characterized 
W ( 1 0 0 ) / O and N i ( 1 0 0 ) / O systems as examples. 

F o r W ( 1 0 0 ) / O , Benninghoven et al. (14) made some conclusions 
concerning the different stages of the reaction based on the behavior of the 
0 + , W + , W O + , O", W O j and WO3 SIMS intensities as a function of exposure. 
They concluded that a t < l L exposure, only dissociative adsorption occurred 
and was characterized by W + and O" emission. Between 1 and 10L, W O J 
emission was observed and considered to be representative of a 
"monomolecular W - O structure" on the surface. Above 1 0 L , W O + emission 
was observed and i t was suggested that 3D oxidation was occurring. 

The above suggested sequence of reaction stages is now known not to 
represent the reaction stages for the majority oxygen species. There is a great 
deal of evidence (16) to show that, over the whole range of exposures at 3 0 0 K 
up to saturation under U H V conditions, the majority species adsorption 
products are overlayer atomic oxygen only. Y u (IT) repeated the S IMS 
measurements, but w i t h the additional important factor, the determination of 
to ta l Ο coverage by A E S . Only the 0 + S IMS signal was found to be linear 
w i t h coverage over the complete adsorption range. We have replotted his data 
for the other ion intensities as a function of coverage in Figure 1. 

The O" and W O j intensities are shown before and after annealing to 
1300K. This process is now known to reconstruct the surface 0 6 ) . The 
fol lowing facts can be deduced from Y u ' s work. F i r s t , since the relationship 
of 0 + S IMS intensity to total Ο coverage is independent of annealing, the 0 + 

secondary ion yield is clearly independent of the drastic geometric and 
electronic structure effects brought about by reconstruction. O n the other 
hand, the O" and WO" 2 plots have obvious linear segments w i t h breaks at 
discrete coverages and are strongly affected by the reconstruction process. 
Clear ly , the bonding and/or geometric environment is important in 
determining the O" and W O j yields. 

Second, W + , W O + and W O j and W 0 2 are observed i n small quantities 
at low coverages, but there is no linear relationship wi th coverage. The 
signals, however, increase very rapidly near saturation. Indeed, they continue 
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Θ (mL; 1 mL defined as sat. AES intensity ) 

Figure 1. (a) S IMS intensities versus θ for W ( 1 0 0 ) / O 2 derived from 
Ref. 17. Curves ending in an arrow signify that the signals are s t i l l r ising 
rapidly even though 0, as determined by A E S , has saturated; 
(b) reconstruction of W ( 1 0 0 ) / O surface occurring above ~ 6 5 0 K . 
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increasing rapidly wi th exposure even when the Ο A E S signal has ceased to 
increase (particularly W O j ). 

There are two possible explanations for this behavior: (1) the signals 
come from the oxygen of minority species, such as incipient oxide nuclei , which 
continue to grow wi th exposure even though total coverage barely changes; 
(2) the high yields occur above a cr i t ica l local Ο coverage. This could include 
case (1) but is not restricted to minori ty species. Fo r example, a patch wi th 
1 M L Ο coverage might have zero W + , W O + and WO3 intensities but a slight 
increase in coverage may change the bonding and geometric relationship such 
that all the Ο atoms in the patch became "act ive" for W + , W O + and WO3 
emissions. In the W(100) case, we cannot really distinguish between 
possibilities (1) and (2). In the Ni(100) case discussed below, we have clear 
evidence that i t is , indeed, oxide species which lead to the high yields of 
certain cluster ions. 

Hopster and Brundle
N i ( 1 0 0 ) / O 2 interactions wi t
( L E E D ) and the onset of oxidation ( X P S of the N i 2p levels). The data are 
replotted in Figure 2. The downward arrows indicate the known coverage at 
which N i O nucleation begins as documented by a large variety of other 
techniques (8). Several points become clear from these correlations. F i r s t , 
the positive ion intensities are clearly proportional to the chemisorbed Ο 
coverage and oxide oxygen does not contribute over the early exposure range. 
Then the signals reach a maximum at the end of the chemisorption stage. 
Second, there is no dependency of these positive ion yields on the ordering of 
the chemisorbed Ο (i.e., no break in the curve associated wi th switching from 
p(2x2) to c ( 2 x 2 ) 0 , as was suggested by Fleisch et al (1$) in a study which 
did not have the benefit of L E E D measurements). T h i r d , the negative ion 
signals are proportional to the amount of oxidation and have very l i t t le or 
zero contribution from chemisorbed O. This general behavior is also found 
for N i ( l l O ) and N i ( l l l ) (19), wi th the additional factor that after saturation 
coverage was reached ( A E S determined), the N i + and N i 2 signals started to 
increase again wi th exposure. This further increase could represent 
el imination of defects in the N i O bilayer (19), or the uptake of small amounts 
of Ο on this bilayer. What i t does not represent is oxide thickening as was 
originally concluded from comparable S IMS work on polycrystall ine N i which 
d id not ut i l ize an independent coverage measurement (20). 

Our conclusion then for the oxygen interactions w i t h metals is that 
because of the specific association of cluster ion intensities w i th particular 
types of oxygen rather than total coverage, the technique is not suitable for 
monitoring coverages or kinetics in an independent manner. Once i t is established 
which type of oxygen a particular cluster ion is representative of, then that ion 
may, in favorable circumstances, be used for quantification. In the case of N i , 
i t seems that the negative ions are very sensitive to the in i t ia t ion of oxide 
nucleation. In the case of W(100) , the WO3, W O + and W 0 2 ions may f i l l a 
similar role. 

Coverage and Secondary Ion Y i e l d Relationship for N i ( 1 0 0 ) / C O . We showed 
above the enormous variat ion in yields that occurred on going from adsorption 
to oxide nucleation. In the case of N i ( 1 0 0 ) / C O , one can perform more subtle 
bonding changes by changing the C O coverage. Below θ~0Α M L , no ordered 
L E E D structure is formed, and vibrat ional spectroscopy ( H R E L S ) indicates 
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Figure 2. (a) S IMS intensities versus Θ for for N i ( 1 0 0 ) / O 2 , Ref. 8; 
(b) schematic of the different interaction stages of N i ( 1 0 0 ) / O 2 . 
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that both bridge-bonded and linear-bonded C O are present (21). Between 0.4 
and 0.5 M L , a c ( 2 x 2 ) C O overlayer is formed which is known (22) to have 
linearly bonded C O . A t saturation coverage (0.68 M L , 7 7 K ) , a hexagonal 
L E E D pattern is formed. Bo th the L E E D and the vibrat ional spectra are 
consistent w i th this being an out-of-registry compression of the basic c ( 2 x 2 ) 
structure, such that a range of C O bonding sites between linear and bridge 
bonding are formed. 

In the table, we show the positive S IMS intensities for the above three 
situations, which were also monitored by X P S for C O coverage and L E E D for 
structural condit ion. In addit ion, we also show the intensities for the 0.5 M L 
situation where the C O molecule has been deliberately dissociated to C and Ο 
atoms by an electron beam. This process was also monitored by X P S , which 
confirmed that the C O had, indeed, dissociated (from C ( l s ) and O ( l s ) 
chemical shifts) and that the total coverage was now ~0.25 M L ( C ( l s ) and 
O ( l s ) intensities). Severa

(1) The observation o
signify the presence or absence of molecular C O on the surface. Note that 
after dissociation of the C O , but wi th atomic C and Ο s t i l l on the surface, the 
intensity of C O containing cluster goes to zero. 

(2) The yields vary considerably wi th coverage; that is , the S I M S 
intensities are not proportional to coverage. In particular, the increase in 
coverage from 0.5 to 0.68 M L (36% increase) causes an approximately 
fourfold increase in intensities. One might at first suspect that this is 
associated directly wi th the change in bonding geometry accompanying the 
coverage change (linearly bonded C O converting to a range of bonding 
situations between linear and bridge-bonded). L o o k i n g at the yields for the 
low-coverage (~0.25 M L ) C O situations, however, this seems unl ikely , since 
there are bridge-bonded CO*s present at low coverage, yet the secondary ion 
yields are weak. The effect then appears to be a local coverage one, rather 
than being directly traceable to geometry changes. Of course, an increase in 
the local coverage and therefore C O / N i ratio must imply some electronic 
structure/bonding changes, and in fact we know that the C O in the 
out-of-registry 0.68 M L hexagonal structure has a lower heat of adsorption 
than does the 0.5 M L registered c (2x2 ) structure. It is possible then that 
there is a correlation between the SIMS intensities and bonding, even though 
there is no direct correlation to geometric structure. 

In early SIMS work on the N i / C O system, i t was suggested that the 
N i 2 C O + / N i C O + ratio was related to the relative amount of bridge and 
linearly bonded C O present (9,10). F r o m our above discussion, we would 
anticipate that this is a very unl ikely suggestion and the table bears this out. 
Aga in , the N i 2 C O + / N i C O + ratio appears to be a function of coverage, but 
shows no correlation wi th the known linear and bridge-bonding behavior of 
C O . 

Brown and Vickermann (23) have recently revisited the N i ( 1 0 0 ) / C O 
data. They relate the ratio N i C O + / ( N i C O + + N i 2 C O + ) to the relative 
amounts of l inearly bonded C O and bridge bonded C O on the empirical basis 
that C O in a linear M - C O site w i l l give 9 /10 th M C O + and l / 1 0 t h M 2 C O + 
and that C O i n a bridge-bonded site w i l l give 5 /10 th M C O + and 5 /10 th 
M 2 C O*r Over their low to high exposure adsorption range (they have no way 
of knowing actual L E E D structures since L E E D was not monitored) the above 
ratio changes from 0.78 to 0.91. In other data by Fleisch et al. (24), i t varies 
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from 0.84 to 0.94, and in our data (Table) at 0.2 M L coverage where both the 
bridge-bonded and linear- bonded species are present (210 the ratio is 0.86, 
and at a θ of 0.5 M L where only linear-bonded C O is present i t is 0.91. 
However , at a Θ of 0 .68L, at which coverage a range of structures between 
linear and bridge is present the ratio does not decrease but stays constant or 
aven increases again slightly to 0.92. Clear ly in our data, which is directly 
correlated against L E E D structure and coverage, the small variations in 
M C O + / ( M C O + + M 2 C O + ) do not correlate w i th structural change. A l s o i t 
seems to us to be a l i t t le unreasonable to t ry and make something of such a 
small relative change when the absolute intensities, which vary by a factor of 
10 over this coverage range, are ignored. 

Our conclusion then, from this work, is that though the chemical 
speciation capabili ty of SIMS is quite clear, quantification is s t i l l not easy, 
even for a system where the bonding changes wi th coverage are much more 
subtle than those encountere
addit ion, except when angle-resolve
no direct relationship between the C O bonding site and the N i 2 C O + / N i C O + 

SIMS intensity ratio, or the N i C O + / N i C O + + N i 2 C O + ratio. 
Brown and Vickerman (23) also present new data on R u ( 0 0 1 ) / C O and 

N i ( l l l ) / C O in which coverage has been calibrated using T D S . In the 
N i ( l l l ) / C O data they find a much stronger variat ion of 
M C O + / ( M C O + + M 2 C O + ) , 0.5 to 0.8, wi th increasing Θ which appears to 
correlate wi th conversion of bridge to linear C O species, as determined from 
literature H R E L S data over the same exposure range. This data looks much 
more convincing than the N i ( 1 0 0 ) / C O data but again i t is diff icult to see how 
effects on the M C O + / ( M C O + + M 2 C O + ) ratio of changes in coverage, heat of 
adsorption, and changes in dipole or work function can be separated from 
geometric effects. 

React ion at C u / N i A l l o y Surfaces. The C u / N i al loy system is one which 
involves strong surface segregation of C u . Thus, C u ( 1 7 % ) / N i ( 8 3 % ) has 
7 0 % C u in the top ~ 4 À at a clean (100) surface and 6 5 % C u at a clean (111) 
surface, as determined by low angle X P S (25). C O adsorbs only at N i sites at 
3 0 0 K , as determined by U P S . This preferential adsorption results in some 
back-segregation of N i to the surface (25). F o r oxygen reaction, there also is 
preferential oxidation of N i and back-segregation to the surface, but the 
system is more complex than for C O because adsorption w i l l take place at C u 
sites also and eventually the C u component w i l l oxidize. We have monitored 
the changes in SIMS cluster ion intensities for these systems while monitoring 
C O and Ο coverage and C u and N i surface concentrations by X P S . The 
strong, but well-characterized, chemical specificity of the systems offers an 
ideal case to test the useful information content of SIMS cluster ion 
intensities. 

We refer the readers to the original paper for the results and just l ist the 
main conclusions here: 

(1) S IMS intensities from the "clean" C u / N i surfaces cannot be used to 
determine C u / N i surface concentrations, or relative change in concentration 
from one surface to another. This is because trace impurit ies (of very low but 
unknown concentration) preferentially bond to N i sites and therefore the N i 
containing S IMS cluster ions are preferentially enhanced, leading to an 
erroneously high determination of N i concentration. 
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(2) Since C O at 3 0 0 K bonds only to N i sites, preferentially enhancing N i 
containing SIMS cluster yields, a comparison of intensities from one 
composit ion surface to another during C O adsorption does provide a measure 
of the relative N i concentrations in the two surfaces, e.g., the SIMS cluster ion 
intensities do correctly indicate that the (111) surface of the bulk 17/83 
C u / N i crystal has more N i at the surface than the (100) surface. A n 
advantage of S IMS measurements of this k ind is that the information refers 
s tr ict ly to the top layer, whereas the X P S information even at grazing angle 
looks several layers deep. 

(3) Fo r oxygen interactions, similar interpretations as for C O can be 
offered in the chemisorption stage, but the onset of oxidation complicates the 
SIMS data at high exposures. A t very high exposures, i t is possible to detect 
the onset of C u oxidation by a sudden rise in the, by then, very low C u + / N i + 

ratio. 

Coadsorption and Decompositio
cases where there are coad&orbed species present, which may react, and cases 
where molecular adsorption converts to dissociative (or associative) products. 

We have already discussed an example of the last case, the dissociation 
of C O on Ni (100) . It was mentioned in the context of demonstrating that C O 
containing SIMS clusters signified the presence of molecular C O on the 
surface. A s can be seen from the table, however, the yields of the C 
containing and Ο containing clusters after dissociation of C O are low 
compared to those of the C O containing cluster, and on the basis of the S IMS 
data above, one might have been led to believe desorption rather than 
dissociation of C O had occurred. 

Though the secondary ion yields for the C O containing clusters is much 
higher than for the C and Ο containing clusters, the yie ld for H 2 0 containing 
clusters fol lowing H 2 0 adsorption is even higher. Thus, a 1:1 mixture of H 2 0 
and C O adsorbed on the Ni(100) surface at 7 7 K ( X P S determined) gives a 
N i ( H 2 0 ) + / N i ( C O ) + ratio of 30 (8). In fact, small traces of H 2 0 are always 
detectable by S I M S for the adsorption at low temperature of H 2 , 0 2 , C O and 
C 0 2 on Ni(100) (8) and for N O , N 2 0 and N 2 on A g ( l l l ) (26) even when the 
quantity there is below the detection l imi ts of X P S . Conversion of H 2 0 to 
O H by reaction wi th O a d s * is easily observed by SIMS. In the case of 
N i ( 1 0 0 ) / O 2 , this removed a point of contention concerning the assignment of 
a second O ( l s ) X P S peak of ~1 1/2 e V higher B E than the main peak. 
Suggestions that i t represented molecular 0 2 , N i O as opposed to O a d s , or one 
geometric arrangement of O a d s as opposed to another, etc., had a l l been made. 
S IMS unambiguously showed (27) that the high B E O ( l s ) was representative 
of O H by correlating O H " S IMS signal intensities wi th i t . The reaction 
between residual H 2 0 and O a d s to give O H a d s was the cause. 

The A g ( l l l ) / N O system turns out to be rather complex for adsorption 
at 2 0 K despite the fact that at 300K vi r tua l ly no adsorption occurs, and one 
might therefore expect that at low temperature only physisorption and 
condensation would occur. In fact, condensed N O exists as ( N O ) 2 dimers 
(28), and a complex set of reactions leading to O , N O , N 2 0 and N 0 2 species 
takes place when the temperature is raised as determined by combined X P S 
and T P D measurements (29). Fo l lowing the S IMS cluster behavior during the 
reactions shows that several of the reaction species can be identified from the 
SIMS molecular clusters. 
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Rabalais and coworkers (30) have reported on the S IMS of N O on 
Ni(100) as a function of temperature. They were not able to go to low enough 
temperature to observe ( N O ) 2 condensation, but they d id observe that the 
decomposition of N O to Ν and Ο fragments wi th temperature increase was 
accompanied by a decrease of N O containing clusters and an increase i n Ν and 
Ο containing clusters. This result is , therefore, rather similar to that 
mentioned in this paper earlier for C O dissociation on Ni(100) (8). 

Conclusions 

B y combining measurements on S I M S cluster ion intensities w i th parallel X P S , 
L E E D and T P D studies for well-defined adsorption systems, we have been able 
to provide some guidance concerning in which areas the S IMS ion intensities 
can give useful quantitative and chemical information. Though there are cases 
where the cluster ion intensitie
easy to know for which syste
productive to use static S I M S as a means for tracking minor i ty species which 
cannot be monitored by conventional means, or to distinguish chemical 
species, such as O H from O , where other techniques fa i l . It also seems very 
promising for adsorption at binary alloy surfaces where preferential reactions 
w i t h one component may be occurring. 

Table. Intensities (Arbitrary Units) 
of SIMS Clusters for the Ni(100)/CO System 

Surface Condition N i + N i C O + N i 2 C O + N i 2 C + N i 2 0 + N i C O + N i C O + 

Surface Condition N i + N i C O + N i 2 C O + N i 2 C + N i 2 0 + 

N i 2 C O + N i C O + + N i 2 C O + 

"Clean" 0.3 - - - - - -

0.2 ML, 300K 9.3 3.1 0.5 - - 6.2 0.86 

c(2x2) overlayer, 
0.5 ML 

40.0 20.0 2.0 - - 10.0 0.91 

Hexagonal overlayer, 
77K, 0.68 M L 

230.0 110.0 10.0 - - 11.0 0.92 

0.25 ML of C 
and 0.25 M L of Ο 
~0.05 CO 

3.0 0.6 - 0.2 0.1 - -
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Electron Microscopy and Diffraction Techniques 
for the Study of Small Particles 

J. M. Cowley 

Department of Physics, Arizona State University, Tempe, AZ 85287 

Recent advances i
ments having a resolution of 2Å or better provide the 
possibility of atomic-scale imaging of small particles 
and, in favorable cases, atom positions can be deter­
mined with an accuracy approaching 0.1Å. The scanning 
transmission electron microscope provides complemen­
tary information through the use of special detector 
configurations and the possibilities for obtaining 
microdiffraction patterns and microanalysis signals 
from very small specimen regions, 10Å or less in 
diameter. Examples are given of the analysis of 
supported catalyst systems using electron beams of 
about 10Å in diameter to obtain diffraction patterns 
from individual metal particles of comparable 
diameter. 

Advances in the design of transmission electron microscopes, combined 
with the use of accelerating voltages higher than the 100keV of the 
older high resolution instruments, have provided the very important 
improvements of the resolution l i m i t which allow the atom positions 
in many inorganic solids to be distinguished. Point-to-point 
resolutions of 28 or better approached by some of the older m i l l i o n 
volt microscopes and achieved by some of the newer instruments should 
allow meaningful images of the atom configurations in small regions 
of thin specimens to be interpreted quantitatively and r e l i a b l y . 
Developments of the special detector configurations for scanning 
transmission electron microscopy (STEM) have made i t possible to 
perform selective imaging making use of known characteristics of the 
specimen, such as composition or c r y s t a l l i n i t y , to answer more 
specific questions. The techniques of microdiffraction have advanced 
to the stage that d i f f r a c t i o n patterns from regions 108 or less 
diameter can be obtained readily. This can provide information on 
the structures of individual small particles or regions within small 
p a r t i c l e s , thus complementing in an important way the information 
from the selected area electron d i f f r a c t i o n and X-ray d i f f r a c t i o n 
methods which refer to averages over very large numbers of 
individual p a r t i c l e s . 
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In addition, use of the scanning principle allows microanalysis 
of very small specimen regions to be performed by detection of either 
the characteristic X-rays emitted or the characteristic energy loss 
peaks in the energy spectrum of transmitted electrons. 

In t h i s review an attempt w i l l be made to assess the current 
c a p a b i l i t i e s of these techniques in their application to the study of 
small metal and oxide particles which are of interest in relation to 
catalysis. Some examples w i l l be given of recent applications and 
some suggestions w i l l be made concerning probable directions for 
future developments. 

Transmission electron microscopy (TEM) 

For many years i t has been possible to detect single heavy atoms as 
small black (or white) spot
possible to detect d e t a i
scale of 1A or better even with electron microscopes having a nominal 
"point-to-point" resolution of 3-̂ 8 Π,2). However with such 
microscopes the interpretation of image d e t a i l on t h i s scale in terms 
of structure i s possible only for very special cases of extended, 
perfect thin crystals of very simple structure and i s not possible 
for small crystals or crystals with defects. The practical use of 
electron microscopes as a means for deriving the atom arrangements in 
small particles or other thin specimens had to wait for the 
development of electron microscopes having a point-to-point 
resolution around or better since the interatomic distances in 
projections of the structures of metals, semiconductors, oxides and 
other materials tend to be 1.5-28 for even the most favorable 
orientations. The required resolution has been attained by use of 
microscopes having higher accelerating voltages than the 100keV which 
has been conventional in the past. 

Interpretation of the images i s s t i l l not straightforward even 
when there seems to be a simple one-to-one correspondence between 
black (or white) dots in the image and atom positions. Especially 
when quantitative data on interatomic distances i s to be derived, 
detailed calculations based on many-beam dynamical theory (3) must be 
applied to derive calculated images for comparison with experiment. 
For t h i s purpose the experimental parameters describing the imaging 
conditions and the specimen thickness and orientation must be known 
with high accuracy. 

A recent example of a successful analysis comes from the studies 
of small gold p a r t i c l e by Marks and Smith (4,5) using the 600keV 
Cambridge microscope, (see also their a r t i c l e in t h i s volume). With 
the incident beam p a r a l l e l to the (110) face of a gold c r y s t a l , in 
[100] direction, the configuration of atom rows extending about 5θ8 
in the beam direction could be seen c l e a r l y , showing the 2x1 surface 
reconstruction, which had previously been postulated from LEED 
results. Displacements of the gold surface atoms from the bulk 
l a t t i c e positions could be determined with an accuracy of about 0 . l8 . 
These displacements, derived by comparison with calculated images 
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were d i s t i n c t l y different from those suggested by the positions of 
the black dots associated with the atom rows in the images. 

An extreme case of the apparent distortion of structures due to 
the complications of the imaging process i s shown in figure 1 , an 
image of the corner of a cubic crystal of MgO smoke viewed along the 
[ 0 0 1 ] direction, p a r a l l e l to the edge of the cube. The image was 
obtained with JEM 2 0 0 C X microscope by Dr. T. Tanji in our laboratory. 
The 2 A square grid corresponding to the 2 0 0 and 0 2 0 l a t t i c e 
p e r i o d i c i t i e s i s v i s i b l e in the bulk of the c r y s t a l . In the small 
crystal projecting from the top of the large crystal and at the 
corner of the large crystal the l a t t i c e planes appear to be bent, 
curving away from the crystal face by 1 or 28. There may, of course, 
be some slight displacements of the atoms present, but these large 
apparent displacements are almost certainly the result of an a r t i f a c t 
produced by dynamical d i f f r a c t i o

Determinations of projected atom positions are much more 
d i f f i c u l t for atoms in the i n t e r i o r of the pa r t i c l e i f the atoms are 
not conveniently aligned in straight rows in the direction of the 
incident electron beam. For the immediate future only the most 
favorable cases w i l l be studied but with the application of a n t i c i ­
pated improvements of resolution to the 1.58 l e v e l or better and the 
means for more accurate and automated measurement of the necessary 
instrumental parameters, the detailed study of configurations of 
atoms in small particles should become generally feasible. 

In the meantime a great deal of more qualitative but highly 
significant information on small particles should flow from the high 
resolution instruments now available. 

Scanning transmission electron microscopy (STEM) 

While STEM instruments have not shown the same resolution or picture 
quality as the fixed beam TEM instruments for b r i g h t - f i e l d imaging, 
they have important advantages derived from the f l e x i b i l i t y with 
which different detector systems may be arranged to obtain a variety 
of image signals. Also the fact that multiple images from different 
detectors can be produced as p a r a l l e l electronic signals in s e r i a l 
form allows great f l e x i b i l i t y i n on-line image processing. Early 
work by Crewe and associates (6,7) established the benefits of STEM 
for dark-field imaging and for images using combinations of signals 
from i n e l a s t i c and e l a s t i c scattering. These, and other means 
involving special detector configurations, have increasingly been 
applied to the special problems of imaging small heavy-atom particles 
supported on, or embedded i n , light-atom material. 

The Ζ contrast method, involving signals from i n e l a s t i c a l l y and 
e l a s t i c a l l y scattered electrons, has been shown to be effective for 
the study of supported catalyst particles ( 8 ) . Later, advantage was 
taken of the fact that heavy atoms scatter more strongly to higher 
angles than l i g h t atoms and i t was shown that heavy atom particles 
could be revealed more readily i f the images were obtained only with 
electrons scattered to high angles, of the order of 1 0 ~ radians ( 9 ) . 
unless the scattering angle i s s u f f i c i e n t l y large, the remaining 
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signal s t i l l shows some contrast due to c r y s t a l l i n i t y of the l i g h t 
atom material, with maxima or minima of intensity from small regions 
giving strong d i f f r a c t i o n effects, 

A further refinement of the method has been made in which only 
those electrons were used which were scattered to higher angle 
regions of the d i f f r a c t i o n pattern where c r y s t a l l i n e reflections were 
weak or absent. Then a difference signal was obtained from electrons 
scattered to very high angles and those scattered to high angles 
(10). The signal levels from such a scheme are low but the 
discrimination between heavy and l i g h t atoms can be very good i f the 
specimen i s not too thick. 

For most studies of catalyst particles the electron microscopy 
i s done on very thin specimens and the use of high angle scattering 
for dark f i e l d imaging i
use of thick specimens thes
then the choice of specific detector configurations can enhance the 
contrast of small p a r t i c l e s . I t has been shown, for example, that 
the v i s i b i l i t y of small particles on thick supports can be improved 
considerably by using a detector displaced from the normal bright 
f i e l d imaging position so that i t l i e s on the edge of the central 
spot (the d i r e c t l y transmitted beam) in the detector plane (11) . 

Figure 2 shows two STEM images of small gold particles on a 
crystal of MgO. For the image on the l e f t , the detector was central 
in the beam spot containing the d i r e c t l y transmitted electrons, as 
for normal bright f i e l d imaging. The other image was obtained with 
the detector displaced so that i t was just at the edge of the central 
beam spot, giving an image produced partly by the d i r e c t l y trans­
mitted electrons and partly by electrons deflected by e l a s t i c and 
in e l a s t i c scattering processes. In t h i s , the small gold particles 
are seen much more cl e a r l y . 

Microanalysis 

When the fine electron beam of a STEM instrument passes through a 
specimen, i t generates secondary radiation through i n e l a s t i c 
scattering processes. When inner s h e l l electrons of the atoms are 
excited, the secondary radiation signals may be characteristic of the 
elements present and so provide a basis for the microanalysis of the 
small specimen regions which are irradiated. 

F i r s t l y , the energy losses of the incident electrons which 
produce the inner s h e l l excitations may be detected as peaks in 
electron energy loss spectroscopy (EELS). The elecrons transmitted 
by the specimen are dispersed i n a magnetic f i e l d spectrometer and 
the peaks, due to K, L and other shell excitations giving energy 
losses in the range of 0-2000eV, may be detected and measured. 

Secondly, the characteristic X-rays, emitted as the electrons 
displaced from the inner shells of the atoms are replaced, can be 
detected by use of an energy-sensitive detector placed close to the 
specimen. An account of the application of both the energy 
dispersive spectroscopy (EDS) of the emitted X-rays and EELS to the 
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Figure 1. High resolution Electron Micrograph of a cubic MgO 
crystal viewed in [100] direction showing square net of 2A 
fringes and apparent bending of atom planes at edges. Courtesy 
of Dr. T. Tanji. 

Figure 2. (a) Bright f i e l d STEM image of small gold crystals on 
a large MgO smoke cr y s t a l . Marker indicates 100A. (b) As for 
(a) but with a displaced detector. 
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study of the composition of small particles of interest in catalysis 
i s given by the a r t i c l e of Lyman in t h i s volume. In each case the 
analysis may be done of very small specimen regions of diameter less 
than 100A. The limitations on size of particle which may be 
analysed, or on the percentage of a particular element present in any 
sample area, are determined i n each case by the signal strength. The 
relevant parameters include the intensity of the incident beam, the 
scattering cross section for inner s h e l l excitations, the detection 
efficiency and the r a t i o of signal to background. In general the 
detection efficiency i s high for EELS but the background levels of 
the signals are also high. For X-ray EDS the detection efficiency i s 
not so good but the signals show lower background levels. Each 
technique has i t s own particular areas of strength and weakness. 

A third signal, dependent on the nature of the elements present, 
i s given by the Auger electrons
when the energy of an inne
the emitted electrons are of r e l a t i v e l y low energy (0-2000eV) and so 
have only limited penetration through sol i d s , Auger electron spectro­
scopy (AES) and the corresponding scanning imaging technique (SAM: 
scanning Auger Microscopy) have been thought of as surface analysis 
techniques to be applied to bulk samples. Currently, however, 
instruments are being b u i l t to combine AES with STEM imaging in the 
transmission or reflection mode. With a projected spatial resolution 
of 508 or less, AES and SAM may well take their place as major tools 
for the investigation of the composition and surface modifications of 
small p a r t i c l e s . Particularly for l i g h t elements, the cross sections 
for the production of Auger electrons may be greater than for X-rays 
and the collection e f f i c i e n c i e s may also be greater. 

REM electron microscopy (REM) 

In recent years the technique for imaging with diffracted beams, 
obtained in the RHEED mode with an incident beam at grazing incidence 
to the f l a t surface, has been shown to be effective as a means for 
studying surface structure and surface reactions 02,J3.). While i t 
i s desirable to use a microscope having an ultra-high vacuum specimen 
environment i f surface reactions are to be studied, some valuable 
determinatons of structure can be made with a conventional i n s t r u ­
ment. In each case single atom steps on the surface give good 
contrast, dislocations intersecting the surface are clearly v i s i b l e 
and a number of other interesting surface features have been seen and 
explored. In the case of the regular arrays of steps seen on v i c i n a l 
surfaces of gold crystals, a resolution of better than 10A has been 
demonstrated (JJO. This technique has been applied most effectively 
for the study of extended surfaces of bulk samples and the implica­
tions for the knowledge of surfaces of small particles are, at best, 
indirect. The equivalent type of imaging using the scanning mode, i s 
more d i r e c t l y relevant. 

Scanning reflect i o n electron microscopy (SREM) 

By use of a scanning transmission electron microscope, with the 
incident beam grazing the crysta l surface, the structural features on 
surfaces have also been revealed with a resolution of 10A or better 
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(15). This technique has been applied effectively to examine details 
of surfaces of particles 1ym or less i n diameter. I t has been used, 
for example, to detect the ordering in linear arrays of small gold 
p a r t i c l e , 2θ8 in diameter, on the surfaces of MgO crystals (16). The 
extraordinary result i s that the gold particle(s) apparently are 
aligned on surface steps which are inclined to each other, and to the 
[100] crystal edge directions, at angles of only 2 or 3 degrees. 

As in the case of STEM, the main benefit arising from the use of 
the scanning mode i s that the incident electron probe can be stopped 
or controlled in i t s motion and a variety of detector types and 
configurations can be used to obtain particular signals, giving 
information beyond that obtained in the normal imaging modes. 

When the scan of the incident beam i s stopped at a chosen part 
of the image, a d i f f r a c t i o
region which may have a
10A or less. Also electron energy loss analysis of the scattered 
electrons may allow deductions concerning the energy states of very 
small surface regions. The most s t r i k i n g results obtained in this 
way come from experiments in which an electron beam of 1θ8 diameter 
i s made to traverse the vacuum just outside the face of a small 
crystal (17-19). In this way the surface excitations can be examined 
with no complication from scattering or excitations of the bulk 
c r y s t a l . The main features of the energy loss spectra have been 
shown to be in essential agreement with the deductions from the known 
di e l e c t r i c constant of MgO, but there are indications of effects due 
to surface states appearing within the band gap of the bulk c r y s t a l 
and to surface channelling phenomena (V7). Experiments have also 
been conducted to investigate the form of the potential f i e l d 
extending from the crystal into the surrounding vacuum by detection 
of the deflection of electrons passing close to the crystal surface 
(20) . 

Microdiffraction in a STEM instrument 

The d i f f r a c t i o n pattern obtained in the detector plane when the beam 
scan in a STEM instrument i s stopped at a chosen point of the image 
comes from the illuminated area of the specimen which may be as small 
as 38 i n diameter. In order to form a probe of th i s diameter i t i s 
necessary to illuminate the specimen with a convergent beam. The 
pattern obtained i s then a convergent beam electron d i f f r a c t i o n 
(CBED) pattern in which the central spot and a l l d i f f r a c t i o n spots 
from a thin crystal are large discs rather than sharp maxima. Such 
patterns can normally be interpreted only by comparison with patterns 
calculated for particular postulated distributions of atoms. This 
has been attempted, as yet, for only a few cases such as on the 
di f f r a c t i o n study of the planar, nitrogen-rich defects in diamonds 
(21) . 

Diffraction patterns having r e l a t i v e l y well-defined sharp spots 
can be obtained from small u n i t - c e l l crystals with an incident beam 
of diameter 10-158. Such patterns have been used in the study of the 
structures of small metal particles (22). For particles 10-20A 
diameter the electron beam can illuminate the whole of the particle 
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so that any structural features such as twin or faults can be 
revealed. For larger p a r t i c l e s , in the 20-508 size range, the 
d i f f r a c t i o n pattern may be seen to change as the beam i s moved across 
the p a r t i c l e . 

For the smaller particles which include only a few tens or 
hundreds of atoms, any twinning or faulting reduces the range of 
ordering to the extent that the pattern can not be interpreted in the 
same way as a pattern from an extended c r y s t a l . The individual 
single-crystal regions may contain only two or three atomic planes. 
Interpretation can be made only by calculation of patterns from 
postulated models for the configurations of atoms (22). 

This technique has been applied, for example, to test the 
theoretical prediction that for small particles of face-centered 
cubic metals the equilibriu
with preference for configuration
tetrahedrally shaped single crystal regions are related by twining on 
(111) planes (23)· For particles of gold in a polyester f i l m , formed 
by co-sputtering (24), i t was shown that in the size range of 30-50A 
approximately half were multiply twinned but in the size range of 
15-20A a much smaller proportion of the particles could be identified 
as such. Most were single crystals or had at most one or two twin 
planes. 

It i s not necessarily to be concluded that, i n general, the 
proportion of small metal particles having the m u l t i p l i c i t y twinned 
form decreases as the size i s decreased. The evidence concerning 
particles formed in other ways shows a great deal of v a r i a b i l i t y . 
For example 20A gold particles epitaxed on MgO (100) faces are almost 
invariably single crystals when formed by indirect evaporation on 
faces not exposed to the direct flux of incident gold atoms (16), 
although gold particles formed on MgO (100) faces by direct deposi­
tion from the source are in random orientation, usually with (111) 
planes p a r a l l e l to the surface, and are frequently twinned or 
multiply twinned. Particles of Pd on single-crystal ot-Al-O- faces 
were sometimes twinned and sometimes not for different regions of the 
same specimen. In agglomerates of pure Pt p a r t i c l e s , individual 
particles in the 100A size range showed a r e l a t i v e l y high incidence 
of twinning and multiple twinning but Pt particles in the size range 
of 15-30A, supported on alumina or s i l i c a substrates gave mostly 
single-crystal patterns. 

The extent to which small particles of Pd and Pt show evidence 
of oxidation after exposure to a i r i s also highly variable. It i s 
d i f f i c u l t to confirm the evidence of X-ray d i f f r a c t i o n and EXAFS (25) 
that most particles in the 15-20A size range consist entirely of 
oxide. We have found that such particles usually give single crystal 
patterns attributable to the metals. There i s , however, considerable 
evidence that, in the case of Pt on alumina, the Pt crystals have a 
well-defined epitaxial relationship with the c r y s t a l l i t e s (20-50A 
diameter) of the nominally "amorphous" alumina substrate. 

Similar observations of ep i t a x i a l relationships have been 
observed for small crystals of Ru and Au on MgO (26). Figure 3(a) 
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for example, shows the pattern of the MgO crystal substrate i n [111] 
orientation, obtained with an incident beam of diameter approximately 
10A. The additional hexagonal array of spots of figure 3(b) comes 
from a crystal of Ru about 158 i n diameter, aligned i n a pa r a l l e l 
orientation. Figure 3(c) shows the spots from an Au c r y s t a l , about 
20A in diameter, seen in an approximate [110] direction with one set 
of (111) planes almost p a r a l l e l to MgO (220) planes, with some 
indication that i t i s accompanied by a small Ru crystal aligned as 
for Figure 3(b). 

The STEM images obtained when the incident beam, used to obtain 
microdiffraction patterns such as in Figure 3f i s scanned over the 
specimen w i l l have a resolution no better than the beam diameter of 
about 10A, as in Figure 4(a). This i s usually s u f f i c i e n t to allow 
the particles in question to be located and id e n t i f i e d i n images 
subsequently obtained wit
aperture, such as Figur
i s currently limited to about 38 but thi s i s s u f f i c i e n t to provide 
considerable information on the part i c l e morphology and to allow some 
correlation with more detailed images now possible with the best TEM 
instruments. 

S t a t i s t i c a l information from single crystal patterns 

The p o s s i b i l i t y of obtaining single crystal d i f f r a c t i o n patterns from 
regions of very small diameter can obviously be an important addition 
to the means for investigating the structures of ca t a l y t i c materials. 
The d i f f i c u l t y arises that data on individual small particles i s 
usually, at best, merely suggestive and at worst, completely meaning­
less. What i s normally required i s s t a t i s t i c a l data on the relative 
frequencies of occurrence of the various structural features. For 
adequate s t a t i s t i c s , i t would be necessary to record and analyse very 
large numbers of d i f f r a c t i o n patterns. 

The powder patterns obtained by X-ray d i f f r a c t i o n and selected 
area electron d i f f r a c t i o n do represent averages over very large 
numbers of particles but the averaging over size, orientation and 
imperfection of crystals removes much of the important information, 
especially that on the correlations of properties,e.g. the orienta-
tional relationship of adjacent crystal regions or the dependence of 
twinning on size. 

In order to take advantage of the capab i l i t i e s of the micro-
d i f f r a c t i o n method i t thus seems necessary to find some alternative 
to the laborious compilation of vast numbers of analyses of 
individual results. One alternative which we have explored i s to use 
our automatic d i g i t a l data collection equipment (25) i n combination 
with a pattern recognition device (26). In our system the small 
electron probe of the STEM instrument i s scanned over a chosen area 
of a specimen and the microdiffraction patterns from each successive 
probe position are viewed by a low l i g h t - l e v e l TV camera and d i s ­
played on a video screen. A set of detectors i s arranged such that 
when a d i f f r a c t i o n pattern which includes a particular array of spots 
appears on the screen, a signal i s generated to stop the scan and 
record the d i f f r a c t i o n pattern i n d i g i t a l form in the computer 
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Figure 3. Microdiffraction patterns obtained with an electron 
beam of diameter about 1o8 from particles of Ru and Au on a MgO 
support, (a) MgO c r y s t a l , (b) Ru c r y s t a l , 15& in diameter, on 
MgO. (c) Au c r y s t a l , 20& in diameter, on MgO. 

Figure 4. STEM images of Au particles on a MgO support, (a) 
Image taken with the small objective aperture used for 
microdiffraction; (b) Image obtained with larger objective 
aperture showing better resolution. 
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memory. It i s then possible to perform d i g i t a l correlation analysis 
of a l l such patterns recorded and derive answers to specific 
questions such as, for example, i f a small metal p a r t i c l e has a 
particular orientation, i s there evidence that neighboring parts of 
the metal par t i c l e or of the supporting material have a tendency to 
occur in a similar or related orientation? 

There are many variants of th i s system which can be envisaged as 
means by which the current p o s s i b i l i t i e s for automation in data 
collection can be applied for specific purposes. There are consider­
able dangers in t h i s approach in that i t may be a l l too easy to build 
in r e s t r i c t i o n s which predetermine the results. These dangers, 
however, are not l i k e l y to be worse than those normally encountered 
in electron microscopy or single crystal d i f f r a c t i o n where the one 
particularly "good-looking" picture i s taken as being " t y p i c a l " of a 
sample. 

It i s f e l t that the use of electron microbeam methods offers the 
basis for a revolutionary new approach to the study of catalyst 
pa r t i c l e s . Some results can be obtained immediately but to realise 
the f u l l potential of the method a considerable amount of further 
exploration of data collection and data analysis methods w i l l be 
needed. 
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Atomic Imaging of Particle Surfaces 
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High resolution electro
demonstrated the
atomic structure of surfaces on small particles and 
thin films. In this paper we briefly review 
experimental observations for gold (110) and (111) 
surfaces, and analyse how these results when combined 
with theoretical and experimental morphological 
studies, influence the interpretation of geometrical 
catalytic effects and the transfer of bulk surface 
experimental data to heterogeneous catalysts. 

During the last twenty years, small metal par t i c l e systems, often 
model catalysts or commercial heterogeneous catalysts, have been 
extensively studied by electron microscopy. The primary objective 
has been to characterise their chemical and structural nature, with 
the intention of eventually understanding the nucleation and growth 
of small clusters as well as heterogeneous catalysis. In the 
process, essentially the whole range of electron microscope imaging 
techniques have been used. Conventional bright f i e l d and dark f i e l d 
techniques are i l l u s t r a t e d by the cla s s i c work of Ino ( 1_), and Ino 
and Ogawa (2). More sophisticated dark f i e l d techniques have also 
been developed which give improved par t i c l e contrast, such as 
selected zone dark f i e l d (3), annular dark f i e l d 0 0 , and weak beam 
dark f i e l d C5). Other approaches, primarily using a scanning trans­
mission instrument, have also been developed which produce analytical 
information (e.g. 6-8). Some recent reviews of these techniques can 
be found elsewhere (9-12) and reference should be made to the a r t i c l e 
by J.M. Cowley in these proceedings. 

A l l of these methods suffer from one serious shortcoming - the 
spatial resolution i s r e l a t i v e l y poor (~1θ8) and information about 
the c a t a l y t i c a l l y interesting region of the p a r t i c l e , namely the 
surface structure, i s then not available. One particular technique, 
high resolution electron microscopy, has for many years been slowly 
3Current address: Department of Materials Science and Ipatieff Laboratory, Northwestern 
University, Evanston, IL 60201 

4Current address: Center for Solid State Science, Arizona State University, Tempe, AZ 85287 
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progressing towards thi s goal. Although useful results were obtained 
using the technique to unravel complicated p a r t i c l e structures 
(13-17), surface information remained unavailable except for a few 
unusually favorable circumstances (e.g. 18). 

As a result of technical improvements (1£) to the Cambridge High 
Resolution Electron Microscope (20), we have recently succeeded in 
di r e c t l y resolving the atomic structure of surfaces on small 
particles and thin films (21-27)* This has included the f i r s t direct 
observation of a surface reconstruction, the so-called missing row 
model (28) of the 2x1 (110) gold surface (see Figure 1 and 21,22), 
effects due to e l a s t i c and p l a s t i c deformations at surfaces (see 
Figures 2 and 3 and 23,26) and details of surface steps and facetting 
(see Figures 4,6 and 21,27). In th i s paper we b r i e f l y describe the 
principle of the technique, review these observations, and consider 
their implications with respect to geometrical effects, linking the 
experimental data with theoretica

Basis of the Technique 

The technique employs a beam of swift (~500kV) electrons grazing the 
surface of interest. Provided that the beam i s accurately aligned 
along a crystal zone axis, and that the electron-optical imaging 
system i s adequate, then images are obtained which appear to show the 
atomic surface structure in p r o f i l e (see Figure 1). 

Interpretation of these images i s both complicated and simple. 
With any electron microscope technique, the f i n a l image i s the result 
of a complicated d i f f r a c t i o n and lens aberration process and i t i s 
necessary to avoid the trap of naive interpretation, that seeing i s 
believing. I t i s generally accepted that detailed calculations are 
required to confirm image interpretations, p a r t i c u l a r l y for high 
resolution imaging, but also for other techniques. Fortunately, i n 
most cases, high resolution images are f a i t h f u l representations of 
the surface structure. The reasons for th i s are discussed i n d e t a i l 
in 25,29,30, and can be summarised thus. With swift electrons and a 
heavy element, the electron waves channel (e.g. 30-32) down the 
atomic columns (for a crysta l zone-axis orientation) with minimal 
cross-talk between adjacent columns. With optimal imaging 
conditions, primarily depending on the objective lens defocus, the 
spherical aberration and the damping effects of the microscope 
i n s t a b i l i t i e s balance each other out (25,29). The f i n a l image i s 
then an accurate l o c a l representation of the object, and i t i s 
correct to believe what i s seen. Monolayer s e n s i t i v i t y and, with 
some care, limited s e n s i t i v i t y to chemical impurities can be achieved 
(25). When these conditions are not met an averaged (over the object) 
image i s obtained rather than a l o c a l one and measurement of, for 
instance, surface relaxations i s well nigh impossible. 

Results 

Gold (110). The gold (110) surface has been observed to undergo a 
2x1 reconstruction, with every other surface column missing, as shown 
in Figure 1. This particular image i s from a p a r t i c l e of approxi­
mately 30o8 in radius, and elements of the reconstruction were also 
observed on smaller particles (~10θ8 i n radius). One interesting 
feature of the reconstruction i s a 20 + 5% expansion at the top of 
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the corrugated structure which becomes apparent in careful, d i g i t a l 
comparisons of experimental and calculated images (22). This 
expansion has recently been confirmed by X-ray grazing incidence 
d i f f r a c t i o n and ion scattering experiments (33,34). 

Gold (111). The main feature of the gold (111) surface i s that the 
surface mesh expands relative to the bulk - there i s a tangential 
surface pressure (23,26,35). This behaviour manifested i t s e l f during 
an electron beam induced etching of contaminant carbon layers (by 
water vapour) as a " h i l l and valley" reconstruction, as shown in 
Figure 2. This i s a roughening mechanism which provides space for an 
expansion to occur which i s eventually accommodated by surface d i s ­
locations, essentially m i s f i t dislocations to accommodate the surface 
pressure (see Figure 3). It i s important to recognise here that the 
nature of the specimen used for electron microscopy d i f f e r s from the 
bulk surfaces studied by
might expect some manifestatio
h i l l and valley roughening. 

It i s interesting to consider t h i s surface as i f i t were an 
epitaxial system, that i s a monolayer of gold epitaxed on a gold 
(111) surface. With any e p i t a x i a l system, provided that the mis f i t 
between the adsorbate and the substrate i s small, the adatoms are 
e l a s t i c a l l y strained to the substrate surface mesh yielding 
pseudomorphic growth (for a review see, for instance, 36). For an 
i n f i n i t e surface the strain i s purely homogeneous, but with a f i n i t e 
adsorbed layer there i s some buckling due to the i m p l i c i t boundary 
condition of no tractions at the edges of the layer (37,38). This 
buckling also appears in some of the e a r l i e r analyses of surfaces 
using simple Morse potentials (e.g. 39) since these have an i n b u i l t 
expansive surface pressure. I f the m i s f i t between the adsorbate and 
the substrate i s s u f f i c i e n t l y large, i t becomes energetically 
favorable to nucleate m i s f i t dislocations to relieve the strains. 
Numerical calculations by Snyman and Snyman (40) for the case of a 
(111) layer on a (111) substrate show that Shockley p a r t i a l 
dislocations and stacking faults are a low energy mechanism for th i s 
strain r e l i e f , correlating with the case of s i l v e r epitaxed on gold 
(111) (40). These calculations are in excellent agreement with our 
results. 

Benzene on Gold (111). One chemically interesting event seen on the 
gold (111) surface was the formation of a benzene monolayer during 
the etching of the i n i t i a l carbon contaminant layer by water vapour 
(25,26). This i s a f l a t π-bonded layer, with a benzene to benzene 
spacing of 7.3 0+0.2)8, and i s shown in Figure 4. I t i s interesting 
to connect th i s observation with the mechanism of the etching 
process, which i s probably similar to that of the water-gas reaction. 
We would hypothesise that the carbon acts as a temporary sink for the 
hydrogen during the etching with the i n i t i a l reaction products being 
hydrocarbons and carbon monoxide. With various cracking reactions 
taking place under the electron beam, benzene can be one of many 
reaction products. Since benzene i s probably r e l a t i v e l y radiation 
resistant, particularly when π-bonded to a metal which can act as an 
energy sink, i t could be a favored metastable product. There could 
also be some cata l y t i c effect from the gold substrate. 
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Figure 1. Area of roug
numerical calculatio
black. 

Figure 2. H i l l and valley roughening of a gold (111) surface in 
a) before roughening (carbon covered) and b) following carbon 
removal. 

Figure 3. Area of clean gold (111) surface showing a surface 
Shockley p a r t i a l dislocation (arrowed) - see 26. Atomic 
columns are black. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



29. MARKS AND SMITH Atomic imaging of Particle Surfaces 345 

Geometric Effects 

There are a number of concepts concerning the structure of small 
particles which have a bearing upon geometrical c a t a l y t i c effects 
(e.g. 4 1 - 4 3 ) . These follow both from the surface imaging results, 
and a detailed experimental (13-15) and theoretical ( 4 4 - 4 7 ) study of 
particle morphologies. 

Fini t e size effects. I t i s well known that, as the size of an atomic 
cluster drops, the relative proportion of edge and surface atoms 
increases. However, calculations of the relative fraction of these 
different surface sites have to date made one important assumption, 
namely that the external morphology of the p a r t i c l e remains constant. 
This assumption i s not in fact v a l i d ; edge atoms for example have a 
higher i n t r i n s i c energy than surface atoms, so i t i s possible that a 
morphological change coul
edge atoms. 

Detailed calculations ( 4 7 ) show that effects from the edge atoms 
are present and that there i s also a stronger effect which can be 
linked to sphere packing. The number of atoms on a particular face, 
or in the cluster, deviates substantially from the continuum value 
(parameter!sed in terms of the surface area and cluster volume 
respectively) when the particles are small. This introduces further 
large edge-like terms in the t o t a l p a r t i c l e energy which w i l l drive 
substantial morphological changes. For instance, for a simple broken 
bond model of an fee pa r t i c l e restricted to having only (111) and 
(100) faces, the fraction of (100) surface drops markedly as the 
cluster size decreases as shown in Figure 5. This effect only occurs 
when the cluster energy i s minimised with respect to i t s morphology. 

I t i s also possible to have discrete microfacetting in small 
pa r t i c l e s . For a large (essentially continuum) c r y s t a l , v i c i n a l 
surfaces are important, their role being well understood through the 
Wulff construction (e.g. 48-50). However, the unit c e l l of a v i c i n a l 
surface i s large, and there may be i n s u f f i c i e n t space on a small 
p a r t i c l e . Only small unit mesh surfaces can be accommodated, and 
thi s can lead to microfacetting, a possible example being shown in 
Figure 6. We note that there i s a l i k e l y c a t a l y t i c particle size 
effect here in the disappearance of v i c i n a l surfaces. 

Boundary Conditions. The i m p l i c i t boundary condition of small 
surface area can affect surface reconstructions and chemisorption. 
Surface steps, for example, are important for reconstructions (e.g. 
51)t and can determine the particular domain that occurs (e.g. 52). 
An example of a structural effect i s on the gold (111) surface where 
there i s an in-plane tangential surface pressure (23,26 , 3 5 ) . On 
extended surfaces, a hill-and-valley roughening occurs to accommodate 
the expansion, as described e a r l i e r . In contrast, small particles 
accommodate the pressure by a surface buckle (26). We would expect 
similar behaviour when there i s chemisorption involving interactions 
between the adsorbed molecules. 

Gas-Particle effects. The gas environment and chemical impurities, 
such as promotors or poisons, can strongly influence the t o t a l 
p a rticle morphology ( 4 9 1 , 5 0 , 5 3 , 5 4 ) . Effects can occur via 
morphological changes which may eliminate or promote certain 
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Figure 4. Area of benzene covered gold (111) .surface, for two 
different objective lens defoci as required for unique image 
interpretation (see 24, ?5). Tn a) the gold atomic columns 
are black, in b) white. Moire fringes, rather than any true 
structural image, result from the benzene monolayer. 
Simulations (right) have benzene overlay on top surface only. 

Surface 

Figure 5. Relative fraction of the different surface atoms as a 
function of Log M, where Ν i s the number of atoms, for a 
(111) and (100) facetted f.c.c. crystal when the surface 
morphology i s equilibriated. F 1 refers to the edges between 
the (100) and (111) faces, Ε to the edges between two (111) 
faces. The (111) curve i s drawn using the axes to the right. 
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( c a t a l y t i c a l l y important) facets. (For a review of effects on large 
surfaces see _12,49 and 50). This i s equivalent to the blocking of an 
enzyme via a conformational change, rather than a direct attack upon 
the active s i t e . 

One example of this type of process arises in gold p a r t i c l e s . 
When grown in UHV, the stable structures are in the form of 
non-crystallographic particles called multiply twinned particles or 
MTPs (l,2,J^,_l^,44-46,55 and see Figure 7)· In-situ experiments by 
Yagi et a l (56), who observed the formation of MTPs both during 
growth and following coalescence, demonstrated that these particles 
are thermodynamically preferred when small (see also 44). However, 
specimen catalysts produced by Avery and Sanders (56) did not show 
significant concentrations of MTPs, which would appear to contradict 
the s t a b i l i t y results of Yagi et a l (56). 

The difference can probably be attributed to the effects of 
trace water vapour, which experimentally i n h i b i t s gold MTP formation 
(26 and Figure 8), and whic
preparation of Avery an
through the change in surface free energy and tangential surface 
pressure with contaminants, since both affect the energy balance 
between MTPs and single crystals (4£). The surface pressure term i s 
probably dominant, with the surface expansion upon the clean gold 

Figure 6. Microfacetted region of a gold c r y s t a l , with the facet 
indexing marked. The atomic columns are black. 

Figure 7. A decahedral HTΡ of gold showing white atomic columns, 
supported on an amorphous carbon fil m - see 25. An 
explanation of t h ^ g ^ a ^ ^ t i j ^ T P s i s given in 

Library 
1155 16th St., N.W. 

Washington, D.C. 20035 
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Figure 8. Image and d i f f r a c t i o
specimen of gold prepare
deposition onto KC1 and then transfer onto amorphous carbon. 
Here water vapour was the dominant residual gas (determined 
by mass spectrometry). The particles are square pyramidal 
single crystals. 

(111) surface (23,26) presumably being suppressed by water 
adsorption, thus favoring single crystal formation. There are good 
theoretical reasons (35) for believing that similar effects can occur 
in other systems. 

Conclusions 

We have discussed here, very b r i e f l y , some recent observations of 
small p a r t i c l e surfaces and how these relate to geometrical c a t a l y t i c 
effects. These demonstrate the general conclusion that high resolu­
tion imaging can provide a di r e c t , structural l i n k between bulk LEED 
analysis and small pa r t i c l e surfaces. Apart from applications to 
conventional surface science, where the s e n s i t i v i t y of the technique 
to surface inhomogenieties has already yielded results, there should 
be many useful applications i n catalysis. A useful approach would be 
to combine the experimental data with surface thermodynamic and 
morphological analyses as we have attempted herein. There seems no 
fundamental reason why results comparable to those described cannot 
be obtained from commercial catalyst systems. 
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The naturally occurring mineral aurichalcite has been 
used as a model for the methanol synthesis catalyst 
precursor that is formed by coprecipitation from 
aqueous copper and zinc nitrate solution by the addi­
tion of alkali carbonate. The chemical and morpholo­
gical transformations that occur in both materials 
upon calcination and subsequent reduction have been 
monitored by transmission electron microscopy, selec­
ted area electron diffraction, and X-ray powder 
diffraction. The treatments did not change the plate­
let morphology of these samples, but produced platelets 
that were porous and polycrystalline, in contrast to 
the original single crystal materials. Calcination 
of the mineral and synthetic samples yielded ZnO 
crystallites in crystallographic registry, oriented 
with major zone axes of [1010] and [3031]. The 
preferred orientations of ZnO were in epitaxial 
registry to the original aurichalcite orientation 
having a [101] zone axis, such that, the aurichalcite 
[040] and [202] axes were aligned with the ZnO [1210] 
and [0002] axes, respectively. In the reduced materi­
als, the Cu(211) planes were parallel to the ZnO(1010) 
planes such that the Cu[111] axis was aligned with 
the ZnO[0002] axis. 

The coprecipitated precursor of the most active binary Cu/ZnO metha­
nol synthesis catalyst (1) has recently been shown to be a single 
phase hydroxy carbonate, ( C u q . 3 Z n 0 -7)5(003)2(0H)6, aurichalcite (2) . 
In the present investigation, the natural aurichalcite mineral of 
composition (Cu Q ̂ Ζη 0 β 6) 5(0Ο 3) 2(ΟΗ) 6, which consisted of large, thin 
platelets having dimensions on the order of micrometers, was used as 
a model compound for following the chemical, structural, and morpho­
logic changes during catalyst preparation. The phase distributions 
and morphology of the synthetic and mineral samples were compared 
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throughout the preparation procedures. Although the precipitated 
precursors and the natural mineral gave r i s e to essentially indenti-
cal catalysts, the larger platelet dimensions of the natural mineral 
provided an ideal morphology for studying the genesis of the f i n a l 
Cu/ZnO catalyst by transmission electron microscopy (TEM). Techni­
ques of x-ray d i f f r a c t i o n (XRD), selected area electron d i f f r a c t i o n 
(SAD), and dark f i e l d and bright f i e l d imaging i n the TEM were used 
to characterize the mineral during and after calcination and after 
reduction. 

Experimental 

Copper ore containing a deposit of aurichalcite was obtained from 
Wards Natural Science Establishment. The mineral aurichalcite crys­
t a l l i t e s were gently scraped from the ore and rinsed i n ethanol prior 
to use. The synthetic precurso
a mixture of 1M Cu and 1
mole r a t i o of 30/70 was prepared, y dropwis
at 90°C u n t i l the pH increased from approximately 3 to 7. Calcina­
tion and reduction of the mineral were performed as i n standard cata­
l y s t preparation procedures, which have been described i n d e t a i l 
e a r l i e r (1). 

A P h i l i p s EM 400T transmission electron microscope which included 
a scanning transmission mode was used i n the electron microscopic 
characterization studies. Samples were prepared by dispersing the 
aurichalcite mineral i n ethanol and placing a drop of the dispersion 
on a carbon-coated titanium or copper gr i d . For reduced specimens 
exposure to a i r was minimized by preparing and transporting samples 
i n a nitrogen f i l l e d glove bag. Energy dispersive X-ray analysis 
(EDS) for the i d e n t i f i c a t i o n of elements and quantitative analysis 
was carried out i n the manner described i n reference (3). Powder 
d i f f r a c t i o n patterns were obtained with a P h i l i p s XRG 3100 X-ray 
generator coupled with an APO 3600 control unit using CuK^ radiation. 
Scans were conducted with a step size of 0.01° i n 2Θ and a counting 
time of 1.2 sec. 

Results 

Representative TEM micrographs and SAD patterns of the mineral and 
synthetic aurichalcite are given i n Figures 1 and 2, respectively. 
The SAD patterns were indexed to a [101] zone axis, as described i n 
reference (2). The unit c e l l parameters of the mineral and synthetic 
aurichalcite are given i n Table I together with the Cu/Zn ratio s . 
The XRD data and Zn/Cu r a t i o are also given for a reference aurichal­
c i t e specimen reported i n the l i t e r a t u r e (4). A l l d-spacings i n the 
mineral and synthetic aurichalcite matched the l i t e r a t u r e values 
within the l a t t i c e volume changes (<2%) reported i n Table 1. Over 
30 XRD peaks were used i n the XRD comparisons. The XRD analysis 
established that the structure of the mineral and synthetic aurichal­
c i t e was essentially i d e n t i c a l . The only distinguishing features 
were the higher Cu content and the 1.6% smaller unit c e l l volume of 
the mineral sample compared to the synthetic sample. 

The aurichalcite mineral was calcined i n a i r at 350°C for 4 hours 
according to the standard catalyst preparation procedure used e a r l i e r 
for the precipitated precursor (1). XRD showed that aurichalcite and 
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Figure 1. Electron micrographs of mineral aurichalcite, 
(Cu 0 e4ZnQ e 6) 5(CO3)2(OH) 6. (a) Bright f i e l d image, (b) Selected 
area d i f f r a c t i o n pattern close to a [10Ï] zone axis. 

Figure 2. Electron micrographs of synthetic aurichalcite, 
(Cu 0.3Zno e7)5(C0 3)2(OH) 6. (a) Bright f i e l d image. (b) Selected 
area"diffraction pattern close to a [10Ï] zone axis. 
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ZnO were present after this calcination, see Figures 3a and 3b. The 
XRD pattern of CuO was not resolved because the CuO reflections over­
lapped with undecomposed aurichalcite. XRD patterns of the synthetic 
sample calcined i n a similar manner clearl y showed the presence of 
both CuO and ZnO and no evidence for the aurichalcite structure (1). 
The mineral sample was therefore recalcined at a higher temperature 
of 400°C, after which no traces of aurichalcite were observed, and 
both the CuO and ZnO reflections were i d e n t i f i e d as seen i n Figure 3c. 
The higher temperature needed for the complete transformation of 
mineral aurichalcite to CuO and ZnO, as compared to the synthetic 
sample, i s most l i k e l y a result of the larger size and thickness of 
the mineral platelets. 

Table I. Unit C e l l Dimensions and Zn/Cu Ratios i n Aurichalcite 

Aurichalcite a (ran) b (nm) c (nm) Unit C e l l 3 Zn/Cu 
Sample ο 0 0 Volume(nm) (atomic) 

Mineral 2. 678 0.641 0.527 0.9047 1.4a 

Synthetic 2. 721 0.641 0.527 0.9191 2.2a 

Reference^ 2. 72 0.641 0.529 0.9223 2.4 

a Analysis of sample by Galbraith Laboratories, Inc. 
b ASTM #17-743. 

An electron micrograph and a SAD pattern of the aurichalcite 
mineral calcined at 400°C are given i n Figure 4. The overall plate­
l e t dimensions were maintained but the platelets became porous and 
appeared polycrystalline. The SAD pattern showed several preferred 
orientations of ZnO c r y s t a l l i t e s . The most intense ZnO d i f f r a c t i o n 
spots were indexed to a [10Ϊ0] zone axis. Also, weaker spots were 
observed that corresponded to 60° rotations of this d i f f r a c t i o n pat­
tern about the [10Ϊ0] zone axis, which indicated that some of the 
c r y s t a l l i t e s were mutually rotated by this angle. The majority of 
the_additional ZnO d i f f r a c t i o n spots corresponded to zone axes of 
[nOnl], where η i s a integer i n the range 1 < η <J>L Two weak pat­
terns corresponding to the zone axes [0001] and [4510] were also 
observed. The major orientation of ZnO previously found i n the c a l ­
cined synthetic aurichalcite sample had a zone axis_of [1010] (3) and 
additional d i f f r a c t i o n spots corresponding to a [3031] zone axis have 
been observed (5). 

A l l d i f f r a c t i o n spots i n the aurichalcite mineral calcined at 
400°C (Figure 4b) could be attributed to ZnO, except for four weak 
spots with a d-spacing of 0.192 nm. These spots matched well the 
Cu0{ll2} reflections with a reported value of d = 0.195 nm (6). 
Crystalline CuO was found to be present at this stage by XRD, as seen 
from Figure 3c. 

Aurichalcite mineral calcined at 350°C was analyzed i n greater 
d e t a i l because i t contained both aurichalcite and ZnO phases, and 
thus represented an intermediate state i n the calcination process. 
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Figure 3. X-Ray d i f f r a c t i o n spectra of the natural aurichalcite 
mineral (a), mineral aurichalcite calcined at 350°C for 4 hours 
(b), and the sample i n (b) recalcined at 400°C for 4 hours (c). 
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An SAD pattern of the mineral sample calcined at 350°C i s given i n 
Figure 5a. The orientation of ZnO was the same as i n the mineral 
sample calcined at 400°C, as follows from the comparison of Figures 
5a and 4b. The d i f f r a c t i o n pattern from the aurichalcite phase i n 
Figure 5a was similar to the patterns obtained from the uncalcined 
specimens i n Figures lb and 2b. An ep i t a x i a l relationship between 
aurichalcite and ZnO i s apparent from the alignment of the d i f f r a c ­
tion spots i n Figure 5a. This result suggests that the decomposition 
of aurichalcite and subsequent formation of ZnO proceed along defined 
crystallographic directions common to both aurichalcite and ZnO. The 
epi t a x i a l relationships are represented_schematically i n Figure 5b 
for ZnO orientations with zone axes [1010] and [3031]. A l l the ZnO 
di f f r a c t i o n spots were aligned to the aurichalcite spots i n the com­
mon directions. 

The calcined aurichalcite mineral was reduced as i n standard 
catalyst preparation (1)
CuO was observed i n th
ed sample are given i n Figures 6a and 6b wit  the corresponding SA
pattern i n Figure 6c. The platelets remained intact after reduction 
and were porous and polycrystalline. The preferred orientations of 
ZnO i n the reduced sample were the same as those observed i n the 
calcined samples. A spot pattern produced from Cu(211) planes was 
id e n t i f i e d , which^was i n e p i t a x i a l registry with the ZnO(lOÏO) planes 
such that the C u [ l l l ] axis was p a r a l l e l to the ZnO[0002] axis. This 
feature was also observed e a r l i e r i n the reduced synthetic aurichal­
c i t e sample (3,5). Also, weak d i f f r a c t i o n spots were observed that 
corresponded to 60° rotations of the Cu(211) plane, indicating that 
some of the c r y s t a l l i t e s were mutually rotated by this angle. This 
rotation was coincident to the 60° rotations of the ZnO(lOÏO) planes 
as previously i d e n t i f i e d . The Cu appeared to be i n ep i t a x i a l regis­
try only with the ZnO(lOÏO) orientation, even though other ZnO pre­
ferred orientations were present. Some metallic Cu was randomly 
oriented as shown by the Cu d i f f r a c t i o n rings i n Figure 6c. 

Dark f i e l d imaging was used to estimate the Cu and ZnO pa r t i c l e 
sizes and distributions i n the reduced specimens. The dark f i e l d 
images from the platelet i n Figure 6a using the Cu(ïll) and Zn0(0002) 
d i f f r a c t i o n spots are shown i n Figures 6d and 6e, respectively. The 
Cu and ZnO c r y s t a l l i t e s were highly dispersed and uniformly d i s t r i b u ­
ted throughout the pla t e l e t s , and both were approximately 5 nm i n 
dimension. The copper p a r t i c l e sizes i n the specimen obtained by the 
calcination and reduction of the synthetic aurichalcite showed that 
the majority of crystal sizes were i n the 3-10 nm range (5). Dark 
f i e l d images of ZnO i n the calcined mineral aurichalcite samples 
showed that the ZnO particles were similar i n size and dis t r i b u t i o n 
to those i n the reduced sample. Thus the orientation and pa r t i c l e 
size of ZnO were unchanged during the reduction process. 

Discussion 

Combined analyses by XRD and TEM showed that the aurichalcite mineral 
was s u f f i c i e n t l y similar to the synthetic aurichalcite to be used as 
a model compound, to study the microstructural changes occurring 
during the catalyst preparation procedures. Calcination of the min­
eral and synthetic samples led to highly preferred orientations of 
ZnO. ZnO electron d i f f r a c t i o n patterns with [10Ï0] and [3031] zone 
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Figure 4. Electron micrographs of mineral aurichalcite calcined 
at 400°C for 4 hours, (a) Bright f i e l d image, (b) Selected area 
d i f f r a c t i o n pattern showing ZnO orientations with zone axes of 
[10Ï0], [3031] and [5051]. See text for other ZnO orientations. 

Figure 5a. Mineral a u r i c h a l c i t e c a l c i n e d at 350°C f o r 4 hours. 
Selected area e l e c t r o n d i f f r a c t i o n pattern showing ZnO o r i e n t a t i o n s 
with zone axes of [lOTo] and [30*31]. See text f o r other ZnO 
or i e n t a t i o n s * An a u r i c h a l c i t e pattern c l o s e to a [101] zone axis 
i s also present. 
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Figure 5b. Mineral a u r i c h a l c i t e c a l c i n e d at 350°C f o r 4 hours. 
Schematic diagram showing e p i t a x i a l r e g i s t r y and s i m i l a r i t i e s of 
d-spacinqs f o r the most intense a u r i c h a l c i t e and ZnO d i f f r a c t i o n 
s p o t s . • = ZnO with [3031] zone axis , = ZnO with [1010] zone 
axis, and Q = a u r i c h a l c i t e near [lOT] zone ax i s . A = a u r i c h a l c i t e . 

Figure 6a and b. Electron micrographs of mineral a u r i c h a l c i t e 
c a l c i n e d at 350 eC f o r 4 hours and reduced i n a 2% H 2/N 2 gas mixture, 
(a) and (b): bright f i e l d images. 
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Figure 6c, d, and e. Electron micrographs of mineral a u r i c h a l c i t e 
c a l c i n e d at 350 eC f o r 4 hours and reduced i n a 2% H2/N2 gas 
mixture, (c) Selected^area d i f f r a c t i o n pattern showing a ZnO 
or i e n t a t i o n with a [ Ι 0 Τ 0 ] zone axis. See text f o r other ZnO 
or i e n t a t i o n s . A Cu pattern with a [211] zone axis and randomly 
oriented Cu i d e n t i f i e d by t h e _ d i f f r a c t i o n rings are shown, 
(d) Dark f i e l d image from Cu(Tll) d i f f r a c t i o n spot, (e) Dark 
f i e l d image from Zn0(0002) d i f f r a c t i o n spot. 
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axes were observed i n the calcined synthetic and mineral aurichalcite. 
Additional ZnO patterns i n the calcined aurichalcite mineral corres­
ponded to zone axis of [nOnl] for 1 < η < 6. In terms of reciprocal 
l a t t i c e s , these patterns arise by rotation of the (10Ϊ0) reciprocal 
l a t t i c e layer about the [ Ϊ 2 Ϊ 0 ] axis. A l l ZnO d i f f r a c t i o n spots 
were i n e p i t a x i a l registry with aurichalcite d i f f r a c t i o n spots, as 
was shown by the intermediate calcination state. Thus, the orienta­
tion of ZnO appears completely defined by the crystallography of 
aurichalcite. 

Overall platelet dimensions of mineral aurichalcite did not 
appear to change during calcination, but became polycrystalline and 
porous. By dark f i e l d imaging i n the TEM, the ZnO particles were 
observed to be uniformly and highly dispersed. The porosity can be 
accounted for by the approximately threefold increase i n density of 
Zn atoms upon decomposition of aurichalcite to ZnO. For this density 
change to occur with a constant overall platelet volume t 
form. 

In summary, large (>lym  singl  c r y s t a  platelet
produced highly dispersed Cu and ZnO particl e s with dimensions on the 
order of 5 nm, as a result of standard catalyst preparation proce­
dures used i n the treatment of the precipitate precursors. The over­
a l l p latelet dimensions were maintained throughout the preparation 
treatments, but the platelets became porous and polycrystalline to 
accommodate the changing chemical structure and density of the Cu and 
Zn components. The morphology of ZnO and Cu i n the reduced catalysts 
appear to be completely determined by the crystallography of aurichal­
c i t e . 
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Microscopy 
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Analytical electro
chemical analyse
smaller than those studied by conventional bulk 
analysis techniques. Quantitative x-ray analyses of 
bismuth molybdates are shown from 10nm diameter 
regions to better than +5% relative accuracy for the 
elements Bi and Mo. Digital x-ray images show 
qualitative 2-dimensional distributions of elements 
with a lateral spatial resolution of 10nm in supported 
Pd catalysts and ZSM-5 zeolites. Fine structure in 
CuL2,3 edges from electron energy loss spectroscopy 
indicate whether the copper is in the form of Cu metal 
or Cu oxide. These techniques should prove to be of 
great utility for the analysis of active phases, 
promoters, and poisons. 

Analytical electron microscopy (AEM) permits elemental and 
structural data to be obtained from volumes of catalyst material 
vastly smaller i n size than the pellet or fluidized particle 
t y p i c a l l y used in industrial processes. Figure 1 shows three 
levels of analysis for catalyst materials. Composite catalyst 
vehicles in the 0.1 to 10mm size range can be chemically analyzed 
i n bulk by techniques such as electron microprobe, XRD, AA, NMR, 
IR, etc. The chemical and physical changes within 3nm of the 
surface of the pellet or fluidized bead can be studied by surface 
analysis techniques such as AES, XPS, ISS, SIMS, RBS, etc. 
However, these techniques may not detect important phenomena taking 
place on the surface of or within the int e r i o r of individual lnm-
to Ιμτη-diameter inorganic particles that are synthesized 
s p e c i f i c a l l y for their ca t a l y t i c a c t i v i t y . AEM i s an extremely 
useful technique for analysis of the individual heterogeneous 
catalyst particle and i t s relationship to various supporting 
materials. Structural and chemical analyses can be obtained from 
specimen regions nearly 1000 times smaller than those studied by 
conventional bulk analysis techniques. This high l a t e r a l spatial 
1Current address: Department of Metallurgy and Materials Engineering, Lehigh University, 
Bethlehem, PA 18015 
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resolution of analysis down to about 2nm i s a consequence of both 
the very thin specimens used and the specialized equipment 
employed. In general, AEM should be used i n conjunction with the 
other techniques mentioned for complete catalyst characterization. 

Several previous studies have demonstrated the power of AEM i n 
various catalyst systems (1-11). Often AEM can provide reasons for 
variations in a c t i v i t y and s e l e c t i v i t y during catalyst aging by 
providing information about the location of the elements involved 
in the active catalyst, promoter, or poison. In some cases, direct 
quantitative correlations of AEM analysis and catalyst performance 
can be made, This paper f i r s t reviews some of the techniques for 
AEM analysis of catalysts and then provides some descriptions of 
applications to bismuth molybdates, Pd on carbon, zeolites, and 
Cu/ZnO catalysts. 

Analytical Electron Microscop

Analysis of individual catalys  particle
requires an analytical tool that focuses electrons to a small probe 
on the specimen. Analytical electron microscopy i s usually 
performed with either a dedicated scanning transmission electron 
microscope (STEM) or a conventional transmission electron 
microscope (TEM) with a STEM attachment. These instruments produce 
1 to 50nm diameter electron probes that can be scanned across a 
thin specimen to form an image or stopped on an image feature to 
perform an analysis. In most cases, an electron beam current of 
about 1 nanoampere is required to produce an analytical signal i n a 
reasonable time. 

Elemental analysis of thin specimens i n the AEM can provide a 
1000-fold improvement in spatial resolution of analysis over 
conventional electron microprobe analysis. The electron microprobe 
analyzes characteristic x-rays produced within a teardrop-shaped 
volume 1-5vm beneath the surface of a polished section of bulk 
material. Thus, the best spatial resolution of analysis that can 
be achieved i s on the order of lym. By removing the 
teardrop-shaped electron diffusion region, the spatial resolution 
can be improved to l-20nm in special cases where the specimen 
thickness, electron accelerating voltage, beam diameter, and 
average specimen atomic number are optimum. Figure 2 shows some of 
the signals available in the AEM, Imaging signals such as 
transmitted electrons ( b r i g h t - f i e l d images), Bragg-diffracted 
electrons (dark-field images), backscattered primary electrons, 
secondary electrons, cathodoluminescence ( l i g h t ) , heat, and 
specimen current are a l l available in an AEM i f proper detectors 
are i n s t a l l e d . Analytical signals (12,13) such as electron energy 
loss electrons, characteristic x-rays, backscattered electrons, 
Auger electrons, optical li g h t emission (cathodoluminescence), and 
electron d i f f r a c t i o n have been used in various instruments to 
analyze inorganic materials. Many of these analytical signals can 
be used to form qualitative images or maps of the location of 
certain elements and phases. Elemental imaging with the AEM i s 
important for the analysis of catalysts because the location of 
active phases, promoters, and poisons may not be evident from the 
normal electron image alone, 

Once an area of interest in the thin specimen i s located, 
quantitative analysis of the volume penetrated by the electron beam 
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< about 1cm > 

BULK SURFACE ANALYTICAL E L E C T R O N 
ANALYSIS ANALYSIS MICROSCOPY 

(a) (b

Figure 1. Three levels of analysis for catalyst materials, a) 
bulk analysis of an entire catalyst p e l l e t , b) surface analysis 
and depth p r o f i l i n g from the surface inward, c) analytical 
electron microscopy of individual catalyst particles too small 
for analysis by other techniques. 

Figure 2. Signals generated in a thin specimen by a focused 
electron beam in an analytical electron microscope. 
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can be obtained by several methods. For thin specimens, x-ray 
emission spectroscopy (XES) and electron energy loss spectroscopy 
(EELS) are the major analytical modes for chemical analysis. These 
techniques analyze a through-section c y l i n d r i c a l volume under the 
electron probe which i s broadened somewhat due to beam spreading i n 
the thin specimen (13). Diffraction methods i n the AEM are 
important complementary techniques for phase analysis but w i l l not 
be discussed i n this paper. 

For XES, q u a n t i t i f i c a t i o n techniques have been developed by 
C l i f f and Lorimer (14) for correcting the background-subtracted 
x-ray intensity ratio of two elements, I^/I^9 by a s e n s i t i v i t y 
factor known as the Cliff-Lorimer k-value, to yield the elemental 
ratio CA/CB. Absorption [ACF] and fluorescence [FCF] correction 
factors are required when the sample i s thick or i f the mass 
absorption coefficients of emitted x-rays are greatly different 
(15). Thus, for a thi
composition r a t i o of tw

£ A = k A R i A [ACF][FCF] 

The factor k^g can be measured from known standards on a particular 
microscope or can be calculated. The factors [ACF] and [FCF] can 
often be neglected in specimens meeting the thin-film c r i t e r i o n 
(15). One great advantage of x-ray analysis in the AEM i s the 
straightforward manner in which profiles of elemental composition 
across catalyst particles can be determined. The accuracy of the 
analysis is on the order of +5% r e l a t i v e . The major limi t a t i o n of 
this technique is electron scattering and Bremsstrahlung generation 
by the primary electron beam at the analysis area causing the 
generation of spurious x-rays from regions outside the analysis 
area (16). 

Electron energy loss spectroscopy (EELS) i s a useful 
complementary analysis mode especially for the l i g h t elements 
lithium to fluorine which cannot be detected by conventional Si 
x-ray detectors sealed with Be windows. EELS also finds 
application (13) in thickness measurement, detection of atomic band 
structure and specific atomic environments, and for elimination of 
the spurious signals generated outside the analysis area that 
plague x-ray analysis. However, a d i f f i c u l t y with the EELS 
technique i s the requirement of very thin specimens (<50nm at 
lOOkV). For EELS quantification (17) more spectrum analysis i s 
required than in XES, but semi-quantitative analysis (^20% 
relative) is often possible with currently available electron 
spectrometers. New developments in hardware such as par a l l e l 
detection at many points in the energy loss spectrum simultaneously 
(18) and higher accelerating voltages (300-400kV), allowing use of 
thicker specimens (13), w i l l improve this technique i n the future. 
The use of EELS in the present paper i s qualitative in nature but 
shows the power of the technique in determining the chemical 
environment of a particular element. 

Specimen Preparation 

In a bulk method of analysis there i s l i t t l e need for concern over 
the number of results necessary to achieve a representative 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



31. L Y M A N Analytical Electron Microscopy 365 

sampling of the catalyst material. Unfortunately, as seen from 
Figure 1, the volume of material analyzed in AEM i s usually so 
small (10 2 5 - 10~ 2 0 m ̂  that careful attention must be paid to 
analyzing enough areas of the sample (usually 20-100). It i s also 
important that these analyses are performed on areas containing the 
active catalyst rather than just the support, binder, or f i l l e r . 

The primary consideration for a l l AEM analysis i s that the 
specimen be thin (generally <1μτη) . Many catalysts can be simply 
ground in a mortar and pestle and dispersed on a carbon coated 
electron microscope grid either dry or in a suitable l i q u i d . I f a 
li q u i d suspension i s used in preparing the specimen, i t i s 
important that a l l elements of interest are insoluble in that 
l i q u i d . Only particles thin enough to meet AEM thi n - f i l m c r i t e r i a 
(15) should be analyzed quantitatively. Scraping surface particles 
from a catalyst pellet for specimen preparation may be more useful 
than grinding the entir  p e l l e t

Thin sections cu
great advantage i n locating region  catalys  importan
chemical or structural changes take place during reaction. 
Comparison of equivalent areas of fresh and deactivated catalyst 
can be a d i f f i c u l t problem i f the catalyst support does not have a 
uniform microstructure as i n carbon supports produced from plant 
materials, Even when specimen selection and preparation are 
adequate, i t may be d i f f i c u l t to know upon which image features to 
place the electron beam to solve the problem at hand. 

Di g i t a l Imaging Using X-ray Signals 
Analysis of catalyst materials using d i g i t a l x-ray images of 
elements in an AEM offers a method of quickly finding significant 
areas for analysis. Indeed, important elements acting as promoters 
or poisons may not be located at obvious image features at a l l . 
Low resolution elemental images (spatial resolution about lpm) 
formed by collecting characteristic x-rays as an electron beam i s 
scanned across solid specimens in an SEM or microprobe have been 
available for many years (1_2 ). High resolution elemental images 
(spatial resolution <10nm) using x-ray signals in the AEM may now 
be obtained with commercial equipment (19). The general scheme for 
d i g i t a l x-ray imaging i s to position the electron beam with a 
computer on an image pixel (small d i v i s i o n of a d i g i t a l image), 
count x-rays for selected elements over a specified dwell time, 
move to the next p i x e l , and repeat this cycle for 64x64, 128x128, 
or 256x256 p i x e l s . D i g i t a l x-ray maps may take 1 hour or more to 
produce in order to find subtle differences in elemental 
d i s t r i b u t i o n . In the present work, a Vacuum Generators VG HB501 
STEM with an 2nm electron beam carrying about InA probe current was 
used. For this setup, at least a 0.1 sec dwell-time i s required to 
produce x-ray peaks of adequate peak-to-background ra t i o for a 
reasonable elemental x-ray image. Thus, for thin sections and 
particles about lOOnm thick, 128x128 x-ray images can be obtained 
within 28 minutes. Since entire d i g i t a l x-ray images can be 
mathematically divided on a pixel-by-pixel basis, ratio images can 
be formed showing changes in elemental ratios even when thickness 
changes exist across a p a r t i c l e . 
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Results and Discussion 

Bismuth Molybdates. Synthesis of the B12MO2OÇ phase was by 
precipitation from a solution of bismuth nitrate and ammonium 
molybdate, The resulting amorphous precipitate was f i l t e r e d , 
vacuum dried, and calcined in air at 500°C. This phase has been 
suggested to be the active phase in the catalyst used for 
a c r y l o n i t r i l e synthesis (20, 21). Particles of Bi^Mo^Og were 
ground and dispersed dry on a carbon-coated Cu grid. Figure 3a 
shows the dispersion of particles. The thin f i l m - c r i t e r i o n (15) 
for this compound was found to be about Ο,δμπι. If particles less 
than this thickness are measured, the absorption and fluorescence 
corrections can be neglected to an error of about 10%. Thus, the 
measured x-ray intensity ratios BiL /MoK , could be corrected to 
yield atomic ratios by application of the Cliff-Lorimer k-value 
measured on bismuth molybdat
(k=0.398). This k-valu
the elements i n Bi/Mo/0  compound
terms of wt% from a secondary analytical technique as i s often the 
case. However, even though a beam current of InA was scanned i n a 
raster across an entire p a r t i c l e , the x-ray signal from O.lum-thick 
particles was so small that 100-200 seconds were required to 
accumulate 1000 counts in the MoK peak. Generally, for a single 
accurate analysis in an AEM, 10,θ8θ counts are required to reduce 
the random error to 1%. However, since one of the objectives of 
the present analysis was to detect impurity phases, many particles 
had to be measured, and a 10% random error had to be accepted along 
with an error of the same order due to the neglect of absorption 
and fluorescence corrections. Figure 3 also shows histograms 
giving the number of analyses yielding a particular Bi/Mo atomic 
r a t i o . Figure 3b shows the distribution of analyses obtained by 
measuring "part i c l e 19" 24 times. Figure 3c shows the di s t r i b u t i o n 
obtained by measuring 24 separate particles within the same f i e l d 
of view. The fact that many particles must be measured i s evident. 
P a r t i c l e 4 i n Figure 3c does not f a l l on the distributio n for 
ΒΪ2Μθ2θ^. Figure 4 shows analyses of lOxlOnm regions of particle 4 
and c l e a r l y reveals the presence of two phases. Despite the 
compromises employed in these analyses, bismuth molybdate phases 
have been identified to within about 4% of the correct 
stoichiometric compounds on the basis of a single measurement in 
each analysis area. 

Pd on Carbon. The catalyst analyzed here i s a commercial 
hydrogénation catalyst with 5% Pd supported on activated carbon 
(A l f a ) . The catalyst was ground in a mortar and pestle and 
dispersed dry onto a carbon coated Cu grid. While x-ray spectra 
from heavy metal particles down to 2nm in diameter can be obtained 
(4) by manually directing the electron beam to the p a r t i c l e , 
d i g i t a l images of Pd particles at high resolution have not been 
obtained previously. 

The objective here was to obtain a high resolution d i g i t a l 
image of Pd using the background-subtracted L peak of Pd and to 
assess the l i m i t on x-ray image resolution and detection 
s e n s i t i v i t y imposed by the spurious x-ray problem mentioned 
e a r l i e r . Figure 5a shows an annular dark-field image of Pd 
particles on carbon ranging i n size from 2-10nm in diameter. The 
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Figure 3. Analysis of bismuth molybdate BÎ 2MO 20Q': a) 
br i g h t - f i e l d STEM image showing dispersion of submicron 
p a r t i c l e s , b) comparison between the analysis of the same 
particle 24 times (particle 19 in Fig. 3a) and c) the analysis 
of 24 separate p a r t i c l e s . 

Figure 4. Phase analysis of particle 4 of Figure 3a. This 
particle did not f a l l on the B i j M o ^ di s t r i b u t i o n in Figure 3b 
because i t was composed of more than one phase. 
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o r i g i n a l 128x128 pixel PdL x-ray image obtained with a dwell time 
of 0.1 second showed only noisy images of the largest Pd p a r t i c l e s . 
The raw data contained only 5 PdL counts in the pixel with the 
maximum number of counts. One or two counts of background from 
spurious Pd x-rays reaching the detector from areas of the specimen 
away from the analysis area could be seen over the entire image. 
However, using several image processing steps (multiplication, 
addition, subtraction, 9-point smoothing) the original noisy Pd 
x-ray image was transformed into Figure 5b. In the processed x-ray 
image, the shapes and sizes of Pd particles as small as 4nm can be 
seen (note arrowed p a r t i c l e ) . To produce this r e s u l t , an unusually 
small v i r t u a l objective aperture of 75um was used in the VG HB-501 
which improved image resolution, reduced further the instrumental 
spurious x-rays (the so-called 1 holecounr! ), and reduced the beam 
current onto the specimen to about 0.2nA. This low beam current 
caused the low nominal x-ray count rate of only 50cps even from 
lOnm Pd p a r t i c l e s . 

Zeolite ZSM-5. Analysis of the aluminum distributio n i n ZSM-5 
crystals has been examined by several workers (22-27). Depending 
upon the preparation method for this material, the Si/Al ratio in 
various regions within individual crystals may vary considerably. 
Except for using large crystals suitable for electron microprobe 
examination (24) or comparing surface and bulk measurements (22), 
AEM appears to be the only method available to assess the 
distribution of Al within the c r y s t a l . D i g i t a l x-ray imaging of 
both s i l i c o n and aluminum is possible i f the Si/Al i s not too high 
and i f the x-ray detector energy resolution is adequate to separate 
these adjacent peaks cleanly. Spectral processing such as 
deconvolution of overlaps, while useful in single point analyses i s 
more d i f f i c u l t to use for d i g i t a l x-ray imaging i n reasonable 
times. The Si-to-Al ratio was 49.5 for the present ZSM-5 specimen, 
and the details of preparation were reported e a r l i e r (28). Again, 
a 128x128 d i g i t a l x-ray image was generated using a 0.1 sec dwell 
time per p i x e l . The region of interest for the x-ray peaks was 
adjusted to a s l i g h t l y lower energy range for the A1K peak and 
s l i g h t l y higher energy for the SiK peak. The spectrum background 
was subtracted before the x-ray counts were stored for each p i x e l . 
Figure 6a shows a STEM b r i g h t - f i e l d image of a lOOnm thick section 
through a ZSM-5 part i c l e . Figure 6b shows a d i g i t a l x-ray image of 
the Al di s t r i b u t i o n within the ZSM-5 cr y s t a l . From this Al x-ray 
image, i t i s clear that the thickness of the Al enriched outer 
layer of the particle i s about 600nm. Previous work could only 
show a line profile to indicate the Al di s t r i b u t i o n in ZSM-5 
crystals (24,28) . 

Cu/ZnO Catalyst. Low-pressure syntheses of methanol from CO and 
are based on copper-zinc oxide catalyst formulations. There have 
been co n f l i c t i n g reports (8, 29-31) as to the nature of the Cu 
species in these systems, e.g. Cu + 1, Cu + 2, or Cu°. The work of 
Leapman et a l . (32) showed that the fine structure of the CuL2,3 
edge in the electron energy loss spectrum can be used to 
distinguish copper metal from CuO. Lyman et a l . (33) assessed the 
usefulness of this effect in the analysis of Cu i n a ZnO catalyst. 
The specimen was prepared by the receipe used at Lehigh University 
(34) to produce 30wt% Cu0/70wt% ZnO material that was subsequently 
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Figure 5. Pd supporte
image revealing particles as small 2nm, b) processed d i g i t a l 
x-ray image showing that Pd particles 4nm and larger can be 
imaged using Pd x-rays alone. 

Figure 6. Di g i t a l x-ray imaging of zeolite ZSM-5 (Si/Al*49.5) 
thin section: a) br i g h t - f i e l d STEM image, b) Al x-ray image 
smoothed by averaging each pixel with i t s 8 nearest neighbors. 
The darker shading within the particle indicates higher Al 
content. The circu l a r f i e l d i s due to the image of the selected 
area d i f f r a c t i o n aperture. 
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reduced in H 2 to produce an active catalyst. The ZnO network 
characteristic of this catalyst was suspended over a hole i n a 
carbon support film and EELS spectra were taken at 3eV energy 
resolution with a 2nm electron beam scanned in a 4x4nm raster over 
the feature of interest. To reduce electron beam damage, the range 
of energy loss scanned by the spectrometer was deliberately limited 
to 840-1090eV including just the Cu and ZnL a edges. Only 5 
spectrometer scans through this energy range were made providing a 
compromise between electron beam damage to the specimen and 
signal-to-noise r a t i o . Figure 7 shows the qualitative EELS 
analysis of two areas in the ZnO containing Cu. The area indicated 
as a metal particle in Figure 7a shows the CuL2,3 near edge 
structure (Figure 7b) as two ledges indicating a f i l l e d 3d band for 
Cu metal (32). The particle analyzed was about 2nm i n diameter. 
The copper oxide particle shown in Figure 7a was about 20nm in 
size. Figure 7c shows that this p a r t i c l e has the C  near edge 
spectrum characteristi
of the L^ and "L^ absorptio
structure i s perturbed to create additional energy levels for 
excited electrons to reside short of escaping the Cu atom 
completely (32^). The CuO p a r t i c l e was probably an a r t i f a c t 
resulting from a i r handling since x-ray d i f f r a c t i o n of this 
specimen immediately following synthesis indicated only Cu metal in 
addition to ZnO. In some areas of Figure 7a pure ZnO was observed. 
Unfortunately, the question of which species of copper i s present 
could not be answered conclusively in this preliminary 
investigation since the electron beam used was intense enough to 
reduce the copper-oxide spectrum to the copper metal spectrum. 
However, the EELS technique has the advantage that i t avoids the 
problem of spurious x-ray generation from areas not under the 
electron beam. These spurious x-rays can be generated by primary 
electron scattering or Bremsstrahlung generation at the analysis 
area and w i l l show up in the Cu x-ray spectrum of the analysis area 
even though they were generated elsewhere. While instrumental 
d i f f i c u l t i e s prevented a definite conclusion as to the active Cu 
species in this system, this experiment points the way for more 
conclusive analyses of this type in the future. 

Conclusion 
Analytical electron microscopy (AEM) can use several signals from 
the specimen to analyze volumes of catalyst material about a 
thousand times smaller than conventional techniques. X-ray 
emission spectroscopy (XES) i s the most quantitative mode of 
chemical analyses i n the AEM and i s now also useful as a high 
resolution elemental mapping technique. Electron energy loss 
spectroscopy (EELS) while not as well developed for quantitative 
analysis gives additional chemical information in the fine 
structure of the elemental absorption edges. EELS avoids the 
problem of spurious x-rays generated from areas of the spectrum 
remote from the analysis area. 
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Figure 7. Electron energy loss spectroscopy (EELS) of a Cu/ZnO 
catalyst: a) b r i g h t - f i e l d STEM image showing a 20nm copper oxide 
pa r t i c l e and a small 2nm Cu metal particle on ZnO, b) and c) 
EELS spectra showing the d i s t i n c t i o n between copper atom 
environments on the basis of the near edge fine structure of the 
CuL edge. 
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32 
Multitechnique Characterization of Supported Metals 

William Targos 

Signal UOP Research Center, Des Plaines, IL 60016-6187 

The scanning transmissio
(STEM) was used to directly observe nm size crys­
tallites of supported platinum, palladium and first 
row transition metals. The objective of these stu­
dies was to determine the uniformity of size and 
mass of these crystallites and when feasible struc­
tural features. STEM analysis and temperature pro­
grammed desorption (TPD) of hydrogen indicate that 
the 2 nm platinum crystallites supported on alumina 
are uniform in size and mass while platinum crys­
tallites 3 to 4 nm in size vary by a factor of 
three-fold in mass. Analysis by STEM of platinum­
-palladium on alumina established the segregation of 
platinum and palladium for the majority of crystal­
lites analyzed even after exposure to elevated 
temperatures. Direct observation of nickel, co­
balt, or iron crystallites on alumina was very dif­
ficult, however, the use of direct elemental analy­
sis of 4-6 nm areas and real time imaging capabili­
ties of up to 20 Mx enabled direct analyses of 
these transition metals to be made. Additional 
analyses by TPD of hydrogen and photoacoustic 
spectroscopy (PAS) were made to support the STEM 
observations. 

The use of highly dispersed metals at low concentration levels has 
found wide use in industry, particularly for electronic and cataly­
tic uses. The desire to optimize the size and mass uniformity of 
these metal particles is of particular interest. Characterization 
of these materials is difficult especially when metal particle sizes 
are on the order of 5 nm or less and concentrations are below 1 
wt-%. Development of highly sophisticated techniques in recent 
years has provided new approaches to understanding the physical and 
chemical properties of these materials. Electron microscopy has 
proven quite valuable in the acquisition of data and subsequent 
generation of information, which is necessary to understand the 
physical-chemical properties of individual nm-sized particles. 
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Several groups (1-11) have been a c t i v e i n e v a l u a t i n g model sup­
ported systems, p a r t i c l e s i z e d i s t r i b u t i o n , s i n t e r i n g mechanisms, 
r e d i s p e r s i o n of metal p a r t i c l e s , m i c r o - s t r u c t u r e of metal c r y s t a l ­
l i t e s , and c o n t r o l l e d atmosphere e l e c t r o n microscopy of metal p a r t i ­
c l e s . The m a j o r i t y of these s t u d i e s have employed conventional 
tra n s m i s s i o n e l e c t r o n microscope (CTEM), high r e s o l u t i o n e l e c t r o n 
microscope (HREM), or scanning t r a n s m i s s i o n - t r a n s m i s s i o n e l e c t r o n 
microscope (STEM-TEM) instruments. Although these instruments have, 
and w i l l continue to provide valuable i n f o r m a t i o n concerning these 
complex systems, the a p p l i c a t i o n of the dedicated STEM, which i s an 
instrument using a f i e l d emission source and designed to operate 
only i n the scanning transmission mode, should provide new perspec­
t i v e s to t h i s a c t i v e area of research. 

The STEM i s i d e a l l y s u i t e d f o r the c h a r a c t e r i z a t i o n of these 
m a t e r i a l s , because one i s normally measuring high atomic number e l e ­
ments i n low atomic numbe
favo r a b l e c o n t r a s t e f f e c t
t a l l i t e s due to d i f f r a c t i o n and e l a s t i c s c a t t e r i n g of e l e c t r o n s as a 
f u n c t i o n of Ζ number. The a b i l i t y to observe and measure areas 2 nm 
i n s i z e i n r e a l time makes a n a l y s i s of many metal p a r t i c l e s r e l a ­
t i v e l y r a p i d and convenient. As w i t h a l l techniques, l i m i t a t i o n s 
are encountered. Information such as metal surface areas, o x i d a t i o n 
s t a t e s of elements, chemical r e a c t i v i t y , e t c . , are o f t e n d e s i r e d . 
Consequently, a d d i t i o n a l input from other c h a r a c t e r i z a t i o n t e c h ­
niques should be sought to complement the STEM data. 

Experimental 

Sample composition. The compositions f o r the m a j o r i t y of the samples 
c h a r a c t e r i z e d are l i s t e d i n Tables I and I I . In a d d i t i o n to these 
samples, c h a r a c t e r i z a t i o n of a 0.65 wt-% Pt-0.1 wt-% Pd on alumina 
and 1 wt-% of e i t h e r Co, N i , or Fe on alumina was made. 

C h a r a c t e r i z a t i o n methods. The 100 kV Vacuum Generator HB-5 STEM was 
used to microanalyze samples. The HB-5 has a KEVEX S i ( L i ) energy 
d i s p e r s i v e X-ray spectrometer (EDS) and micro area e l e c t r o n d i f f r a c ­
t i o n (MAED) c a p a b i l i t i e s i n c onjunction w i t h simultaneous b r i g h t and 
dark f i e l d imaging c a p a b i l i t i e s . A more d e t a i l e d e x p l a n a t i o n of the 
instru m e n t a l operation can be obtained i n a p u b l i c a t i o n by C. 
Lyman(12). 

The TPD u n i t was constructed at the S i g n a l UOP Research 
Laboratory. I t i n c l u d e s a C a r l e 111 H gas chromatograph w i t h Pd/Ag 
hydrogen separator, Leeds & Northrup temperature programmer, Bascom-
Turner 8000 s e r i e s recorder w i t h data processing and storage capa­
b i l i t i e s and a custom designed quartz r e a c t o r . 

The PAS was made by P r i n c e t o n A p p l i e d Research and has a wave­
leng t h range of 200-2700 nm. The s p e c t r a were acquired on a s i g n a l / 
reference mode w i t h carbon black as the reference. The scan r a t e 
was 50 nm/min, s t a r t 200 nm, end 1600 nm, frequency 40 Hz, 1 scan 
and a s l i t width of 2.0 nm. 

A n a l y s i s of samples. For STEM a n a l y s i s a l l samples were prepared 
using the t i s s u e g r i n d i n g method w i t h suspension of the f i n e 
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p a r t i c l e s i n isopropanol. The p a r t i c l e s were deposited on 180 mesh 
carbon coated nylon g r i d s * 

TPD experiments were conducted on platinum and palladium 
samples only* These samples were reduced i n - s i t u i n p r e p u r l f i e d 
hydrogen at 500°C, purged w i t h helium at 500°C p r i o r to c o o l i n g to 
ambient c o n d i t i o n s at which time hydrogen was added* The m a t e r i a l s 
were purged w i t h p u r i f i e d helium at ambient c o n d i t i o n s to remove the 
non-adsorbed hydrogen before the TPD experiment proceeded. A 
programming r a t e of 7°C/min was used and the maximum temperature 
reached was 550°C. Approximately 0.5 g of 60-80 mesh sample was 
used. 

The PAS s t u d i e s were made on the t r a n s i t i o n metals under 
ambient c o n d i t i o n s . 

R e s u l t s and d i s c u s s i o n 

Supported platinum. Th
alumina and s i l i c a are  p l a t i n u m - s i l i c
samples show a high degree of v a r i a b i l i t y i n s i z e and mass. This 
v a r i a b i l i t y i s i n d i c a t i v e of the m o b i l i t y of platinum on s i l i c a at 
e l e v a t e d temperatures, i . e . , 500°C. These samples were of l i t t l e 
i n t e r e s t , because of t h e i r nonuniformity and w i l l not be discussed 
f u r t h e r . Schmidt (2) and Baker (11) have elaborated on the 
p l a t i n u m - s i l i c a m o b i l i t y question and the s t r e n g t h of metal-support 
i n t e r a c t i o n s . Sample C, Pt on alumina, was used as a reference f o r 
the H/Pt measurements, and beyond that i s of l i t t l e relevance i n 
these d i s c u s s i o n s . 

Samples A and Β are of p a r t i c u l a r i n t e r e s t because they are 
composed of s m a l l , uniform platinum c r y s t a l l i t e s . The f a c t that 
these c r y s t a l l i t e s are on alumina l i m i t s the techniques a v a i l a b l e 
f o r t h e i r c h a r a c t e r i z a t i o n . Sample A showed what appeared to be 
very t h i n platinum c r y s t a l l i t e s , which were b a r e l y observable by 
imaging techniques or measurable by EDS. An example of a b r i g h t 
f i e l d image and corresponding EDS a n a l y s i s i s shown i n Figure 1* In 
order to o b t a i n analyses of t h i s type, focus v a r i a t i o n at m a g n i f i c a ­
t i o n s of 1 to 4 Mx was commonly used w i t h EDS a n a l y s i s at 20 Mx to 
confirm that the p a r t i c l e was platinum. 

Table I . Platinum C r y s t a l l i t e S i z e and D i s p e r s i o n Data 

Sample 
Code Wt-% Pt Support C r y s t a l l i t e S i z e (nm) H/Pt 

A 0.07 γ-Α1 2 03 2 0.8-1.0 
Β 0.65 γ-Α1 20 3 3-4 0.23 
C 0.65 γ-Α1 20 3 BD 1.0 
D 0.65 S i 0 2 2-10 0.16 
ε 0.65 S i 0 2 25-50 0 
F 0.07 S i 0 2 2.5-5.0 BD 
G 0.07 S i 0 2 2-10 BD 

BD - Below Detectable l i m i t s 
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Although d e t e c t a b i l i t y was pushed to the l i m i t , the u n i f o r m i t y 
of the count r a t e s from c r y s t a l l i t e to c r y s t a l l i t e suggests that 
t h i s m a t e r i a l was composed of platinum c r y s t a l l i t e s uniform i n both 
s i z e and mass* The high d i s p e r s i o n value obtained f o r t h i s sample 
a l s o suggests that the mass per c r y s t a l l i t e may be i n the 50-200 
atom range assuming FCC packing* The TPD a n a l y s i s had a wider v a r i ­
a t i o n than the normal ±5% r e p r o d u c i b i l i t y observed f o r t h i s method 
due to the low platinum loading* 

Attempts to perform the MAED of these c r y s t a l l i t e s were 
unsuccessful because of the d i f f i c u l t y i n observing the c r y s t a l l i t e s 
w i t h the small o b j e c t i v e apertures necessary to o b t a i n reasonable 
MAED p a t t e r n s , and the r a p i d m o b i l i t y of these s m a l l c r y s t a l l i t e s i n 
the s t a t i o n a r y e l e c t r o n beam used i n the MAED mode* Instrumental 
m o d i f i c a t i o n s are commercially a v a i l a b l e which might a l l o w t h i s 
measurement to be made* 

Sample Β provided
both EDS and MAED* MAE
v a r i a t i o n of o r i e n t a t i o n  respec ,
ever, many of the patterns match (111) and (110) o r i e n t a t i o n s * An 
example of the MAED patterns observed i s shown i n Figure 2. The 
d i f f r a c t i o n p a t t e r n was made w i t h a 25 urn o b j e c t i v e aperture at a 
camera length of 2 m. 

The m a j o r i t y of c r y s t a l l i t e s observed were 3 or 4 nm i n s i z e * 
In F i g u r e 3, a bar graph i l l u s t r a t e s the s i z e range d i s t r i b u t i o n and 
a comparison of mass v a r i a t i o n f o r the 3 and 4 nm c r y s t a l l i t e s i z e s * 
Although only t h i r t y analyses were made, o v e r a l l v i s u a l a n a l y s i s 
confirmed the presence of hundreds of 3 to 4 nm platinum c r y s t a l s 
w i t h n e g l i g i b l e numbers l e s s or greater than these dimensions* I t 
appears that s l i g h t v a r i a t i o n s i n c r y s t a l l i t e diameter and thickness 
have r e s u l t e d i n a f a i r l y uniform number of platinum atoms per c r y s ­
t a l l i t e f o r the ma j o r i t y of the c r y s t a l l i t e s analyzed* In order to 
normalize count r a t e s , the decrease i n the f i e l d emission i n t e n s i t y 
was taken i n t o account* 

Although the H/Pt r e s u l t s are i n reasonable agreement f o r the 
c r y s t a l l i t e s i z e s observed and those p r e d i c t e d from FCC packing, the 
s l i g h t b i a s i n g t o a lower H/Pt may be due to contamination or to the 
presence of a few l a r g e platinum c r y s t a l l i t e s which may have escaped 
observation during the general v i s u a l i n s p e c t i o n . Most of the other 
H/Pt analyses appear i n reasonable agreement w i t h the s i z e s of the 
platinum c r y s t a l l i t e s observed and l i m i t s of d e t e c t i o n of the TPD 
technique. A l l measurable TPD chromatograms f o r the supported p l a t ­
inum as w e l l as palladium m a t e r i a l s showed almost complete desorp-
t i o n of hydrogen before reaching a temperature of 350°C. 

In a d d i t i o n to o b t a i n i n g i n f o r m a t i o n about the s i z e , r e l a t i v e 
mass, and s t r u c t u r e of the platinum c r y s t a l l i t e s , the STEM can pro­
vide a q u a l i t a t i v e e v a l u a t i o n of the metal d i s t r i b u t i o n from support 
p a r t i c l e t o support p a r t i c l e . In g e n e r a l , the d i s t r i b u t i o n of p l a t ­
inum was more uniform on alumina than s i l i c a , however, optimal 
u n i f o r m i t y was not achieved. This observation was based on wide 
v a r i a t i o n s i n P t / S i and P t / A l r a t i o s measured by EDS. 

Supported palladium. The STEM and TPD analyses as w e l l as composi­
t i o n of the m a t e r i a l s used i s shown i n Table I I . Observation of 
palladium c r y s t a l l i t e s by STEM f o r sample Η proved to be very d i f f i ­
c u l t , whereas sample J proved to be r e l a t i v e l y easy. In both cases 
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F i g u r e 1. Example of a 2nm platinum c r y s t a l l i t e at 4 Mx and 
corresponding EDS a n a l y s i s at 20 Mx f o r 150 sec. 

Fig u r e 2. MAED pa t t e r n of a 3 nm platinum c r y s t a l l i t e on γ-
alumina (111) o r i e n t a t i o n . 
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Fi g u r e 3. S i z e and mass d i s t r i b u t i o n of platinum c r y s t a l l i t e s 
supported on γ-alumina. 
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the cry s t a l l ! tee were not w e l l defined and were very mobile i n the 
e l e c t r o n beam during EDS a n a l y s i s making accurate s i z e and mass 
d i s t r i b u t i o n measurements i m p r a c t i c a l * 

Two approaches were taken to provide i n s i g h t to the u n i f o r m i t y 
of these samples: 1) perform extensive v i s u a l i n s p e c t i o n of the ma­
t e r i a l s to ensure that no l a r g e palladium c r y s t a l l i t e s were present, 
which was the case f o r both samples, and 2) perform surface area 
measurements using hydrogen TPD to e s t a b l i s h the r e l a t i o n s h i p be­
tween the observed data by STEM and the estimated surface area from 
t h e o r e t i c a l c o n s i d e r a t i o n s * 

Sample H was evaluated i n t h i s manner, and showed higher H/Pd 
r a t i o s than a n t i c i p a t e d , 0.6 versus 0.3 f o r the c r y s t a l l i t e s ob­
served. This r e s u l t would suggest that the palladium c r y s t a l l i t e s 
are t h i n , thus e x p l a i n i n g the i n s t a b i l i t y i n the e l e c t r o n beam and 
l a c k of d i f f r a c t i o n c o n t r a s t . 

Sample J showed a comparabl
served c r y s t a l l i t e s i z
determined experimentally. The a n t i c i p a t e d U/Pd r a t i o should be 
between 0.2 and 0.4 i f these c r y s t a l l i t e s were uniform i n a l l three 
dimensions. Although the palladium c r y s t a l l i t e s on Sample J were 
e a s i e r to observe and detect by EDS than those on sample H, t h e i r 
d i s o r g a n i z e d appearance and r a p i d d i s s o c i a t i o n i n the presence of 
the e l e c t r o n beam suggest that they are a l s o not very t h i c k , pos­
s i b l y 1-2 nm. This would account f o r the higher H/Pd. I t i s a l s o 
p o s s i b l e that because hydrogen i s considerably more permeable i n 
palladium than other noble metals and the c r y s t a l l i t e s observed 
appear more as d i s o r g a n i z e d c l u s t e r s , a d d i t i o n a l hydrogen adsorption 
could be o c c u r r i n g on these c r y s t a l l i t e s which cannot be accounted 
f o r by a FCC c r y s t a l model. F i n a l l y , because of the d i f f i c u l t y i n 
d e t e c t i n g palladium c r y s t a l l i t e s i n the 2 nm s i z e range, the p o s s i ­
b i l i t y of adsorption c o n t r i b u t i o n s from undetected palladium which 
i s w e l l dispersed e x i s t s as another f e a s i b l e e x p lanation of why the 
H/Pd values are higher than a n t i c i p a t e d . 

One f a c t o r which should be noted f o r palladium, which a l s o 
a p p l i e s to the observation of the t r a n s i t i o n metals i s that not a l l 
c r y s t a l l i t e s have the same e f f i c i e n c y f o r d i f f r a c t i n g e l e c t r o n s , 
i . e . , as the atomic number decreases, the e x t i n c t i o n distance f o r 
the c r y s t a l l i t e increases (13). Thus one would a n t i c i p a t e that as 
the mean atomic number decreases, the c r y s t a l l i t e s w i l l have to be 
p r o g r e s s i v e l y l a r g e r to enable v i s u a l observation on a support such 
as alumina. 

Table I I . Palladium C r y s t a l l i t e S i z e and D i s p e r s i o n Data 

Sample 
Code Wt-%Pd, Support C r y s t a l l i t e S i z e (nm) H/Pd 

H 0.1 γ-Α1203 3-5 0.6 
I 0.1 S i 0 2 4-20 0* 
J 1.0 γ-Α1 20 3 3-5 0.5 

it 
C r y s t a l l i t e s were greater than 25 nm a f t e r TPD a n a l y s i s 
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Supported platinum-palladium* This aspect of the study focused on 
the c h a r a c t e r i z a t i o n of platinum and palladium on alumina. The ana­
l y t i c a l c a p a b i l i t y of STEM i s f u l l y demonstrated i n a problem of 
t h i s type, because of the r a p i d manner i n which c r y s t a l l i t e composi­
t i o n can be analyzed. This study i s e s p e c i a l l y i n t e r e s t i n g because 
of the use of platinum and palladium combinations i n automotive 
c a t a l y s i s . 

The sample prepared contained 0.65 wt-% platinum and 0.1 wt-% 
palladium on γ-alumina. I t was exposed to temperatures of 500°C 
under o x i d i z i n g and reducing atmospheres. The STEM a n a l y s i s of t h i s 
m a t e r i a l showed c r y s t a l l i t e s i z e s i n the range of 3-5 nm. The com­
p o s i t i o n of these c r y s t a l l i t e s was approximately 70% pure platinum, 
15% pure palladium and the remainder a mixture of platinum and p a l ­
ladium of v a r y i n g r a t i o s . Two f a c t o r s were i n v o l v e d i n observing 
platinum: 1) the higher c o n c e n t r a t i o n , and 2) c o n t r a s t phenomena 
ass o c i a t e d w i t h Ζ numbe
palladium c r y s t a l l i t e s observed
per c r y s t a l l i t e , was i n reasonable agreement to what would be ex
pected based on concentration e f f e c t s o nly. The f a c t that platinum 
and palladium only c r y s t a l l i t e s were numerous confirms that segrega­
t i o n was maintained at the elevated temperatures. The H/metal r a ­
t i o s from TPD s t u d i e s f o r platinum and palladium on alumina, sample 
B, Table I , and sample H, Table I I , would p r e d i c t a H/Pt+Pd r a t i o of 
0.33 ± 0.02. The a c t u a l experimental data showed a r a t i o of 0.37 ± 
0.02. This r e s u l t i s i n reasonable agreement and supports the STEM 
data which i n d i c a t e that the m a j o r i t y of platinum and palladium 
c r y s t a l l i t e s are segregated. 

Although the metal d i s t r i b u t i o n was not uniform, there was no 
i n d i c a t i o n of l a r g e c r y s t a l l i t e s that might a l t e r the i n t e r p r e t a t i o n 
of the r e s u l t s discussed above. 

Supported t r a n s i t i o n metals. As mentioned p r e v i o u s l y , d e t e c t i o n of 
t r a n s i t i o n metal oxides <4 nm on alumina by CTEM i s v i r t u a l l y 
i mpossible because of the fundamental d i f f i c u l t y of p r o v i d i n g 
s u f f i c i e n t c o n t r a s t between support and c r y s t a l l i t e (14, 15). 

The STEM was used to image and analyze 4 nm areas of a 
t r a n s i t i o n metal on alumina. The samples contained 1 wt-% of Fe, N i 
or Co on γ-alumina and were e i t h e r i n the c h l o r i d e d s t a t e or 
o x i d i z e d s t a t e when analyzed by STEM and PAS. The PAS was used to 
confirm that the t r a n s i t i o n metals were present as c h l o r i d e s on the 
support and, consequently, a f t e r o x i d a t i o n showed a dramatic 
decrease i n the c h l o r i d e d s p e c i e s . In the case of c o b a l t , the 
t e t r a h e d r a l l y coordinated species was apparent a f t e r o x i d a t i o n 
suggesting that a surface aluminate was formed. The i r o n and n i c k e l 
d i d not show any of the c h a r a c t e r i s t i c bulk oxide t r a n s i t i o n s 
suggesting that a h i g h l y d i s p e r s e d , p o s s i b l y very t h i n metal oxide 
on alumina was present. An example of a PAS s p e c t r a f o r i r o n i n the 
c h l o r i d e d versus o x i d i z e d form i s shown i n Figure 4. Loss of the 
broad peak at 1000 nm s i g n i f i e s a l o s s of the c h l o r i d e d species. 
Lack of a d d i t i o n a l absorption peaks i n the 600 to 1200 nm range 
suggests that bulk i r o n oxides have not formed. 

The STEM was used to evaluate the t r a n s i t i o n metals i n the 
c h l o r i d e and oxide forms. The f o l l o w i n g statements can be made 
about a l l of the m a t e r i a l s i n v e s t i g a t e d : 1) c l u s t e r s 4-6 nm i n s i z e 
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600 1000 1400 
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Figure 4. Example of PAS spectra ; a) γ-alumina, b) F e C l 3 

on γ -alumina, and c) FeClo on γ-alumina a f t e r o x i d a t i o n at 
500°C. 
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c o n t a i n i n g Fe, Ni or Co were observed, 2) no one form, c h l o r i d e ver­
sus oxide was e a s i e r to detect by EDS, and 3) the count rates were 
very low suggesting that the c l u s t e r s were very t h i n . An example of 
iron-alumina EDS a n a l y s i s i n the c h l o r i d e s t a t e i s shown i n Figure 
5. I t i s d i f f i c u l t to estimate the number of atoms being analyzed. 
However, the f a c t that c l u s t e r s of Co, Fe, or N i could be vaguely 
d i s t i n g u i s h e d from the alumina and microanalyzed to v e r i f y t h e i r 
presence i s worth n o t i n g . The samples c o n t a i n i n g p r i m a r i l y metal 
c h l o r i d e s do not show the appropriate s t o i c h i o m e t r y of c h l o r i d e to 
metal. This comes as no s u r p r i s e based on STEM i n v e s t i g a t i o n s at 
the S i g n a l UOP l a b o r a t o r y of pure m e t a l - c h l o r i d e compounds that con­
s i s t e n t l y show c h l o r i d e to metal r a t i o s 30 to 50% lower than theore­
t i c a l values. The c h l o r i d e - m e t a l bond does not appear to be s t a b l e 
i n the e l e c t r o n beam under the c o n d i t i o n s s e l e c t e d f o r a n a l y s i s . In 
the case of many pure compounds, re d u c t i o n of the metal c h l o r i d e to 
the metal i s most l i k e l
ported metal c h l o r i d e s
the metal c h l o r i d e thus d i s p l a c i n g some of the c h l o r i d e l i g a n d s may 
a l s o be a c o n t r i b u t i n g f a c t o r to the lower c h l o r i d e - m e t a l r a t i o s . 

Conclusion 

The dedicated STEM provides a means of o b t a i n i n g m i c r o a n a l y t i c a l 
i n f o r m a t i o n of supported metals not r e a d i l y obtained by other 
instrumentation. The c a p a b i l i t y to observe and analyze some very 
h i g h l y dispersed metal p a r t i c l e s on γ-alumina has been demonstrated 
and f o r the noble metals, v e r i f i e d by temperature programmed hydro­
gen desorption. 

PR= S 2Q0SEC Θ INT 

U = 32 H=16KEU 1:3Q AQ = 10KEU 1Q 

Figure 5. T y p i c a l EDS a n a l y s i s of a 4nm c l u s t e r of Fe on γ-
aluraina i n the c h l o r i d e d form taken at x20 Mx f o r 200 sec. 
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This study has shown that reasonably uniform platinum crystal­
l i t e s can be made on γ-alumina, and that platinum and palladium can 
be segregated and maintained in that form for the most part even 
after exposure to high temperature oxidation-reduction conditions. 
Highly dispersed clusters of palladium, nickel, cobalt, and iron can 
be observed. Cluster size determination could not be accurately 
made because of the lack of contrast between the cluster and the 
support. The marginal detectability by EDS for these clusters 
enabled elemental identification to be made, however, mass uniform­
ity determinations could not be made. 
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Diffraction from Supported Metal Catalysts 
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We review our work on techniques and methods for exam
ining the diffraction patterns from supported Pt,Pd and 
al loy catalysts, as well as the results that have been ob­
tained in the last decade with these procedures in our 
group. 

X - r a y diffraction has been employed for a very long t ime to attempt to 
characterize supported catalysts. For the most part, and until recently, 
only the width of a wide-angle peak has been employed. From the 
Scherrer equation, this width yields a "size 1 1 . However, it has not been 
recognized that such a procedure faces many problems: 

1) The measured "size" is not a size (D) , but a ratio of two 
moments in the distribution, <D2 >/<D>. 

2) The averages are volume averages, whereas the desired 
weighting for ca ta ly t ic studies is by surface area. F u r t h e r ­
more, this difference in weighting has not always been re­
cognized in making comparisons to results from electron mic ro ­
scopy. 

3) Other factors contribute to broadening. Instrumental factors 
are par t icular ly diff icul t to remove from the breadth, and the 
effects of local s train can only be approximated. 

Instead of this methodology, we have chosen to use Fourier analysis 
of the entire peak shape. B y this procedure a l l of the above problems 
are eliminated. In particular, we focus on the cosine coefficients of the 
Fourier series representing a peak. The instrumental effects are readily 
removed, and the remaining coefficient of harmonic number, (η) , A , can 
be wri t ten as a product: 

^ _ . s i ze .d is tor t ion / - \ 
η η n(hkl) . ' 

The first term is related to the (surface weighted) average size, 
whereas the second is a function of the microstrains. The first term is 
the same for a l l peaks, whereas the second depends on the interplanar 
spacing, " d " , of the diffraction planes, and is proportional to 1/d 2 . The 

0097-6156/ 85/0288-0385$06.00/0 
© 1985 American Chemical Society 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



386 CATALYST C H A R A C T E R I Z A T I O N S C I E N C E 

two terms are readily separated by plotting in A n for a given η vs. 1/d2 

for multiple orders of diffraction. The microstrains are obtained from 
the slope for each η and hence vs. distance normal to the diffraction 
planes. If there is no strain variation from point to point in a part icle , 
the plot is horizontal. In other word;s, the coefficients for multiple orders 
superimpose. The in i t i a l slope of Affze vs. η yields the average size, 
whereas the second derivative is the size distribution (1). From the 
measured size in different crystallographic directions, and from the shape 
of the size distribution, information on part ic le shape can be obtained. 

In principle, i t is possible to fully automate the procedure (2) and 
software can be wri t ten to obtain the results to an operator specified 
precision, as the error equations are available. Unfortunately, this on ­
line procedure is sometimes diff icul t wi th catalysts because most sup­
ported metal catalysts contain only the order of one percent or less of 
metal, the peaks are broad due to the small size of the crystal l i tes , and 
the large amount of suppor
features of its own. Visua
prior to processing. 

Tested analyt ical procedures are also available when only a single 
peak can be measured (3 ) . 

Other information that can be obtained from a wide-angle d i f ­
fraction pattern includes the detection of stacking faults and microstrains, 
the la t t ice parameters, and the mean-square amplitude of vibration. 

With a rotating anode X - r a y generator or the new high-power 
sealed X - r a y tubes for standard generators, it is possible to obtain sui t ­
able data fojr such analysis, down to about 40 percent metal exposed 
(<D> - 25 A ) . With the intensity available at a synchrotron source, 
multiple peaks can be observed to ~60 percent metal exposed, and we 
have obtained interprétable patterns to ~80 percent metal exposed 
(<D> -13 A). A t s t i l l smaller sizes, the pattern is so extended that 
analysis is better done by considering the scattering in terms of the 
radial density distribution, as is done for liquids or amorphous solids. (But 
this does not imply that the particles are indeed amorphous!) We have 
generally found that molybdenum radiation (0.7 A) is superior to Cu 
(1.5 A) because the penetration is deeper and hence the sampling is 
better. Also , the peaks are at lower angles and less broad. 

The single-peak procedure is par t icular ly useful wi th Pt and Pd ca t ­
alysts supported on alumina, because the strong A£ 2 0̂  reflections mask 
much of the scattering. Another procedure for examining such catalysts 
is via small-angle scattering. Brumberger and co-workers (4) have shown 
that it is possible to measure the surface area between support and 
catalyst, catalyst and air, and support and air , without pore-f i l l ing and 
with very simple procedures. With a rotating anode, and a position sen­
sitive detector an entire pattern can be obtained and processed in a 
couple of hours. And the smaller the particles the more the scattering 
at small angles! 

The wide range of wavelengths available at a synchrotron or storage 
ring permit the use of two additional methodologies. The atomic form 
factor changes drast ical ly near an absorption edge for any of the electron 
shells. As a result of this, i f the pattern is recorded at an energy very 
close but just below the L edge of Pt (or Pd), and also wel l below this 
edge, only the Pt scattering w i l l change, not that of the s i l i ca or alumina 
support. B y taking the difference, or s t i l l better yet, evaluating the 
derivative wi th respect to energy, the contribution of the support can be 
minimized. In addition, it can be shown that in such a difference, the 
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scattered intensity for Pt decreases much less wi th scattering angle than 
in the normal case, thus emphasizing higher order peaks. We show an 
example of this, in F i g . 1 from ref. 5, Pt on A £ 2 4. In the patterns for 
each wavelength the Pt peaks are largely obscured by those from A j ^ , 
but in the difference the metal peaks are quite clear. Note also the 

procedure successfully down to sizes of 13-14 A . 
The shape of the edge i tself examined by X A N E S ( X - r a y near-edge 

spectroscopy) can be employed to reveal information on d-band vacancy 
concentration vs. treatment. The oscillations at energies above the edge 
( E X A F S ) can provide information on near-neighbor atom spacing and some 
l imi ted information on the chemical environment. As we wi l l show, the 
best way to use such tools is to use several at once, rather than only 
one. 

It is true that these X - r a y procedures are much less sensitive to 
sample preparation than chemisorptio
desirable to use them in
chemisorption data, it is necessary to make an assumption as to the 
number of gas molecules that at tach to each atom in the catalyst . 
Careful X - r a y studies can indicate the validi ty of such a number, and, as 
wel l , reveal whether the catalyst particles cluster. In this case, the X -
ray size w i l l be much smaller than that indicated by chemisorption. This 
can also be done by comparing X - r a y and electron microscopy results.(6) 

Techniques. 

It is often desirable to examine catalysts not in air, but rather after 
various treatments, or during a reaction, and without air exposure. 
Accordingly, we have developed a series of simple cells for wide-angle 
diffraction to accomplish these ends. (7,8) In the first of these, a large 
circular sample area of glass is covered wi th mica, and attached to long 
glass tubes, which can be connected to a gas train. The ce l l is easily 
placed on a diffractometer, and by t i l t ing the ce l l the catalyst can be 
moved to these tubes for insertion in a furnace for treatment. A smaller 
version can be used to examine the pattern during a reaction. [The 
smaller size keeps the catalyst amount small enough for proper gas flow 
conditions.] Both types of ce l l can readily be tested for air leakage by 
examining the color of a powdered and reduced M n O / S i O a vs. oxygen trap 
t ime. 

We have also constructed a ce l l that permits close temperature 
control , even for exothermic reactions. In i t , a sample can be heated to 
as high as 800°K, treated and then cooled to as low as 140°K, a l l in si tu 
on the diffractometer (9 ) . 

Results. 

Pt Catalysts 

In a series of studies of careful ly prepared catalysts of Pt on s i l i ca gel 
(7,10-12) we have shown that the Pt particles are equi-axed, (and de-
f in i te ly not cuboidal as is often assumed) that the size (or percent metal 
exposed) agrees wi th results from hydrogen chemisorption, and that the 
particles are free of microstrain faults or twins, except when the average 
size is similar to the pore size of the support. In this lat ter case, the 
particles are elongated, and there is microstrain, probably due to d i f fer -

flatness" of the background We have used this 
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2 the+o 
Figure l a . Diff ract ion pattern, Pt on A£2 (34. wt. pet.) 40 percent 
metal exposed. Incident beam energy, 11508cv (solid line) and 11558 
cv (dashed line). 

F igure l b . D i f f e rence p a t t e r n . Reproduced with permission from 
Ref. 5. Copyright 1984, Academic P ress . 
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ential contraction of the catalyst and support on cooling from the reduc­
tion treatment. The reactivity of these strained particles for methylcy-
clopropane hydrogenolysis is very high, a fact which we do not yet ful ly 
understand; it is possible that the microstrain is connected with this be­
havior. A t least up to 60 percent metal exposed, even in air the pa r t i ­
cles are not heavily oxidized, and the la t t ice parameter is that of bulk 
Pt. The size distribution is sharper when the catalyst is prepared by 
ion-exchange, rather than impregnation, and the distributions suggest 
coalescence during preparation, not Ostwald ripening. The hydrogenolysis 
act ivi ty is proportional to the mean-square amplitude of vibration. As the 
size is reduced s t i l l further, for catalysts stored in air the Pt mass is 
s lowly converted to (crystall ine) Pt, 0>4 , a process which is complete at 
- 8 0 percent metal exposed. 

There is l i t t l e contact area between the metal and support (10) . 
Reduction by hydrogen completely alters the chemical react ivi ty 

and i ts variation wi th size
reduced. The mean-squar

A study of the area of the Lftj absorption edge resonance shows a 
correlat ion wi th chemical act ivi ty. This implies a correlat ion wi th the 
number of d-band vacancies. This occurred when Pt oxide was reduced 
by hydrogen or when the par t ic le size was decreased (13) . 

Pd Catalysts (8,14) 

The cata lyt ic act iv i ty of Pd /S i0 2 of low percentage metal exposed (for 
methylcyclopropane (MCP) hydrogenolysis at 0 ° C ) i s less for catalyst cooled 
from 723°K in H 2 , than for the same material cooled in He. We have 
shown that this is due to hydride formation (when cooling in H 2 ). The 
ease of hydride formation decreases wi th decreasing part icle size up to 
~ 30 percent metal exposed. Exposure to hydrogen results in nearly 
complete conversion to hydride, but purging wi th He (even at 0°C) re­
converts the hydride to metal , although there is some induction period. 
Passing hydrogen plus MCP over the catalyst results in the conversion into 
hydride of a substantial portion of the catalyst originally present as 
palladium metal. The la t t ice parameter is the same as for bulk Pd, at 
least for particles of 45 A or larger. 

No hydride forms for very small particles. Ye t when catalysts wi th 
such a small metal part icle size are stored in air , they are converted to 
(crystall ine) PdO. Reduction of this oxide wi th hydrogen produces Pd 
metal , not hydride. 

A l l o y Catalysts (9) 

C o - R h catalysts were prepared on s i l i ca gel by impregnation with a 
pentane solution of Rhj Co. (COX 2 . Af ter reduction at 823°K for 20 
hours, there were diffraction peaks due to the C o - R h al loy, but also 
peaks from the metals themselves. 
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The principles o
vibration spectru
fingerprint rich enough in details to reveal the es­
sentials of the structure and bonding of the species 
containing up to about 20 atoms. The analysis usually 
involves a comparison to spectra of free molecules or 
model compounds. Mode assignment is performed through 
the use of isotopes. Selection rules can be used to 
determine the point group of a surface species. Sur­
face decomposition reactions are easily studied using 
the technique of vibration analysis. Recently, reliable 
calculations of the electronic structure of adsorbed 
species have become available. Calculated equilibrium 
geometries and frequencies provide an important con­
nection between theory and experiment. Results of such 
calculations for H2O and NH3 are presented and com­
pared to experimental data. 

Our understanding of the chemistry of molecules adsorbed on metals 
has greatly improved in recent years. Much of our present knowledge 
is owed to the advent of reliable tools to study the vibration spec­
trum of adsorbed species (1,2). Though vibration spectroscopy is not 
an exact method and the methodology does not follow a particular 
routine pattern, i t yields important qualitative information on the 
structure, the adsorption sites and reaction paths of surface spe­
cies, as we shall see. The purpose of this paper is to summarize the 
important principles in the analysis of vibration spectra from sur­
faces and to demonstrate the type of information which is obtained. 
Regarding the experimental technique we shall refer to electron en­
ergy loss spectroscopy (ELS) only in this paper. The reason is that 
this method provides for the largest amount of information on the 
entire vibration spectrum. It is suited for adsorption studies on 
single crystal surfaces as well as on real surfaces, as long as they 
are stable in vacuum. Other techniques, in particular infrared re­
flection absorption spectroscopy have a higher resolution in a l i ­
mited spectral range. They frequently serve as a source of additi­
onal information on the details of the structure. 
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On s i n g l e c r y s t a l surfaces v i b r a t i o n a l modes are i n p r i n c i p l e 
wavelike e x c i t a t i o n s with the wave vector p a r a l l e l to the s u r f a c e . 
For most molecules d i s p e r s i o n e f f e c t s are s m a l l , however, and s h a l l 
be disregarded i n t h i s paper which i s more oriented towards the che­
m i c a l aspects. However, d i s p e r s i o n of adsorbate modes has been mea­
sured r e c e n t l y ( 3 ) . 

The second part of the paper i s devoted to some aspects of the 
current status of the theory of chemisorption. There, i n p a r t i c u l a r , 
the adsorption of water and ammonia w i l l be studied and discussed. 
Through the theory a q u a l i t a t i v e understanding of the bonding of 
these molecules to surfaces i s achieved which i s i n agreement wit h 
the experimental observations. 

P r i n c i p l e s of the V i b r a t i o n a l A n a l y s i s 

The V i b r a t i o n Spectrum a
t i o n a l a n a l y s i s comprise
cases a w e l l e s t a b l i s h e d path of l o g i c a l r o u tine i s followed. In 
other cases the a n a l y s i s works on analogies to a la r g e group of 
known compounds and t h e i r v i b r a t i o n spectrum. We s h a l l discuss the 
l a t t e r aspect f i r s t . Finger p r i n t i n g works with the n o t i o n t h a t , by 
and l a r g e , the v i b r a t i o n a l mode i s associated with a p a r t i c u l a r bond 
w i t h i n a molecule, be i t i n gas phase or adsorbed on the s u r f a c e . 
This i s , of course, a very approximate concept o n l y , as i n p r i n c i p l e 
the v i b r a t i o n a l mode i s a property of the e n t i r e system and not a 
property of an i n d i v i d u a l bond. Yet, the comparison of v i b r a t i o n a l 
spectra of a large number of molecules as w e l l as dynamical c a l c u l a ­
t i o n s shows t h a t , to a l a r g e r or l e s s e r degree, the concept of a 
v i b r a t i o n a l mode c h a r a c t e r i z i n g a bond can be used. T y p i c a l examples 
are the hydrogen s t r e t c h i n g v i b r a t i o n s . Hydrogen has a s i g n i f i c a n t l y 
smaller mass than the atom which i t bonds to (carbon, s i l i c o n , oxy­
gen) · Consequently i t s v i b r a t i o n a l modes are rather l o c a l i z e d to the 
hydrogen bond and t h e i r frequencies are l i t t l e a f f e c t e d by the r e s t 
of the molecule. The frequencies are s e n s i t i v e , however, to the or­
b i t a l s t r u c t u r e of the atom which hydrogen bonds to. Thus one can 
d i s t i n g u i s h between sp, sp and sp h y b r i d i z e d carbon atoms. This 
provides a sound ba s i s f o r d i s c r i m i n a t i n g saturated and unsaturated 
hydrocarbons even on surfaces. V i b r a t i o n a l a n a l y s i s of a l a r g e num­
ber of molecules i n surface compounds has a l s o shown that the c a r ­
bon-carbon s t r e t c h i n g v i b r a t i o n i s c h a r a c t e r i s t i c of the bond and 
s i n g l e , double and t r i p l e bonds can be d i s t i n g u i s h e d . 

When a molecule i s adsorbed on a surface and a v i b r a t i o n a l ana­
l y s i s i s attempted one u s u a l l y t r i e s to r a t i o n a l i z e the v i b r a t i o n 
spectrum i n analogy to the w e l l documented v i b r a t i o n spectra of fr e e 
molecules. This renders a f i r s t guess. Frequently, a l s o , the answer 
i s provided as to whether the molecule decomposes upon adsorption or 
not. The simplest case there i s the adsorption of diatomic molecules 
where the absence or presence of the c h a r a c t e r i s t i c s t r e t c h i n g v i ­
b r a t i o n decides upon the question of d i s s o c i a t i o n . For l a r g e r mole­
cules and a more d e t a i l e d a n a l y s i s of the v i b r a t i o n spectrum, the 
comparison to the spectra of fr e e molecule may not s u f f i c e . Here the 
comparison to organometallic compounds of known s t r u c t u r e and v i b r a ­
t i o n spectrum can be most h e l p f u l . A good example i s provided w i t h 
the a n a l y s i s of the species formed from ethylene adsorbed on P t ( l l l ) 
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(4) and P d ( l l l ) (5_) at room temperature. While i t became c l e a r very 
q u i c k l y that the species on the surface could not be acetylene as 
was assumed i n the older l i t e r a t u r e , the p r e c i s e nature of the spe­
c i e s was debated f o r a while. The f i n a l answer came when the model 
compound C C l ^ i ^ i C C O g , named t r i c o b a l t - e t h y l i d e n e - n o n a c a r b o n y l , was 
prepared and the v i b r a t i o n spectrum was studied ( 6 ) . Figure 1 shows 
that the v i b r a t i o n spectrum of the surface species c o r r e l a t e s very 
w e l l with the spectrum of the model compound. This c o r r e l a t i o n a l s o 
i n c l u d e s the symmetry assignment of the modes f o r which we s h a l l 
describe the methodology s h o r t l y . 

Isotopes. As we have seen, the frequency of modes contains important 
information on the nature of the bonding. While the in f o r m a t i o n i s 
q u a l i t a t i v e i t s t i l l serves f o r an educated f i r s t guess on the 
s t r u c t u r e of the molecule. For the i d e n t i f i c a t i o n of the species i n 
Figure 1, e.g., the assignmen
the C-C s t r e t c h i n g v i b r a t i o n
range of C-C s i n g l e bon g frequencies, ,
low the range of the t y p i c a l C-C double bond frequencies (1500-1800 
cm )· Thus from the assignment i t i s c l e a r that the species has the 
bonding c h a r a c t e r i s t i c s of a saturated hydrocarbon. The question i s , 
of course, how the c o r r e c t assignment i s achieved. Here stud i e s of 
isotopes are i n d i s p e n s a b l e . Upon t o t a l or p a r t i a l d e u t e r a t i o n one 
n o t i c e s the CH v i b r a t i o n s to s h i f t downwards by a f a c t o r of ~ 1.35 
w h i l e the C-C v i b r a t i o n changes very l i t t l e . In a few cases , where a 
strong coupling between the C-C s t r e t c h i n g v i b r a t i o n and the CH 
s t r e t c h i n g v i b r a t i o n s of the same symmetry e x i s t s , l a r g e r s h i f t s of 
the "CC" v i b r a t i o n can occur. Such s h i f t s are, however, not comple­
t e l y a r b i t r a r y . The frequencies of modes w i t h i n the same representa­
t i o n of the point group of the surface species f o l l o w the T e l l e r -
R e d l i c h r u l e when atoms are d i s p l a c e d by isotopes. The T e l l e r - R e d -
l i c h r u l e a l s o serves a u s e f u l purpose to check whether a proposed 
symmetry and the assignment of the mode according to the proposed 
symmetry i s c o r r e c t . An example i s provided with the modes of C2H2 
and C 2D 2 on Fe(110) (7_). There i t was shown by the T e l l e r - R e d l i c h 
a n a l y s i s that the only symmetry of the species c o n s i s t e n t with the 
spectra i s C^, that i s , the s t r u c t u r e i s such that no element of sym­
metry e x i s t s . While t h i s i s somewhat d i s a p p o i n t i n g to the t h e o r i s t 
as i t complicates the t h e o r e t i c a l a n a l y s i s of the bonding, the low 
symmetry f i n d s a n a t u r a l explanation i n the s t r u c t u r e of the lowest 
unoccupied o r b i t a l of acetylene. 

Surface Point Groups and S e l e c t i o n Rules. The most important point 
groups of surface species are C j , C g, C 2, C 2 y, C3 V, C/ . Except f o r 
C 2, examples are known f o r each of the p o i n t groups. The a n a l y s i s of 
the point group of the surface species makes use of the f a c t that 
the spectroscopy i m p l i e s p a r t i c u l a r s e l e c t i o n r u l e s . Here again the 
advantage of ELS over other v i b r a t i o n spectroscopies f o r s t r u c t u r e 
a n a l y s i s becomes obvious. ELS has the unique c a p a b i l i t y to employ 
d i f f e r e n t s c a t t e r i n g mechanisms merely by observing under d i f f e r e n t 
s c a t t e r i n g c o n d i t i o n s . When spectra are observed i n the d i r e c t i o n s 
of specular r e f l e c t i o n ((OO)-beam) d i p o l e s c a t t e r i n g i s employed 
which means that only the t o t a l l y symmetric v i b r a t i o n s are e x c i t e d . 
Impact s c a t t e r i n g i s used when the spectrum i s observed o f f the spe-
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c u l a r d i r e c t i o n . Then, a l l even modes w i t h respect to the s c a t t e r i n g 
plane c o n t r i b u t e to the spectrum provided the s c a t t e r i n g plane i s 
a l i g n e d along a plane of symmetry. In a general o r i e n t a t i o n of the 
s c a t t e r i n g plane, a l l modes are e x c i t e d . These s e l e c t i o n r u l e s a l l o w 
the determination of the point group of the surface species i n most 
cases. 

A famous, yet simple example i s CO. CO tends to adsorb i n h i g h ­
l y symmetric p o s i t i o n s on low index s u r f a c e s , so that the point 
groups are C 2 y, C^y and C^y. The t o t a l l y symmetric v i b r a t i o n s then 
are the CO s t r e t c h i n g and the hindered t r a n s l a t i o n of the molecule 
v e r t i c a l to the surface (metal-carbon stretch)· Consequently, these 
two modes are seen i n d i p o l e s c a t t e r i n g . Another example i s provided 
with ammonia F e ( l l O ) (Figure 2), when the coverage i s low (8). Again, 
only the t o t a l l y symmetric v i b r a t i o n s appear, under the point group 
Cg v. I n t e r e s t i n g l y here, the point group C^v i s i n c o n s i s t e n t w i t h the 
symmetry of the substrat
C 2 χ contains only th
relevant point group of ammoni g, , y
modes would appear. One must, t h e r e f o r e , conclude that the breaking 
of the molecular symetry through the surface i s n e g l i g i b l e . This i s 
best r a t i o n a l i z e d when the NHo-molecule i s adsorbed w i t h the n i t r o ­
gen atom bonded head on a surface atom (instead of b r i d g i n g c o n f i g u ­
r a t i o n s ) since then the symmetry of the adsorbed ammonia i n c l u d i n g 
the nearest neighbor surface atom i s 0^ν· We s h a l l see l a t e r i n the 
t h e o r e t i c a l s e c t i o n that the proposed s t r u c t u r e i s i n accordance 
with t o t a l energy c a l c u l a t i o n s . 

C o n t r o l l e d Reactions. V i b r a t i o n a l a n a l y s i s of surface chemical r e ­
a c t i o n s , decomposition r e a c t i o n s i n p a r t i c u l a r , i s a l s o f e a s i b l e . A 
number of decomposition r e a c t i o n s have been studied already. The 
simplest of these i n v o l v e the d i s s o c i a t i o n of diatomic molecules 
such as CO, 0 2, H 2, and NO. Yet, a l s o the decomposition of more com­
plex organic molecules, which proceed v i a s e v e r a l steps w i t h meta-
s t a b l e intermediate compounds, has been i n v e s t i g a t e d . T y p i c a l l y such 
an experiment i s performed with the molecule adsorbed at low tempe­
r a t u r e s . The temperature i s then r a i s e d up to a p a r t i c u l a r value f o r 
a p a r t i c u l a r time. Spectra are recorded at that temperature or w i t h 
the sample cooled down again. The ethylidene species from Figure 1 
represents such an intermediate. We have seen that the a n a l y s i s of 
that species was f i n a l l y confirmed through comparison to an appro­
p r i a t e organometallic compound. This, however, was the l a s t step un­
dertaken i n order to confirm an already e x i s t i n g p r o p o s i t i o n . To a r ­
r i v e at a reasonable conjecture about the nature of an u n i d e n t i f i e d 
object on the surface, the method of preparation provides e q u a l l y 
valuable h i n t s . For the example discussed here,e.g., i t was important 
to l e a r n that the species could be grown from adsorbed ethylene, but 
al s o from coadsorbed acetylene and hydrogen. The s p e c i e s , t h e r e f o r e , 
had to have more than two hydrogen atoms, yet no more than four. An­
other example where the " h i s t o r y " was important i s the methoxy spe­
c i e s formed from the decomposition of methanol on many metal sur­
faces. There, the s i m i l a r i t y of the spectrum of methoxy to methanol, 
except f o r the removal of the OH s t r e t c h i n g v i b r a t i o n from the spec­
trum upon warming the sample to higher temperature, was the important 
c l u e ( 9 > 
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Figure 2· Dipole a c t i v e modes of NH3 on F e ( l l O ) . 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



34. IBACH A N D M U L L E R Vibrational Analysis of Adsorbed Molecules 397 

E l e c t r o n i c Structure C a l c u l a t i o n s 

From a t h e o r e t i c a l point of view, one i s i n t e r e s t e d i n the energy of 
a molecule as a f u n c t i o n of i t s p o s i t i o n and o r i e n t a t i o n on the sur­
face. Such an energy map contains a l l the infor m a t i o n about the che­
mical bond, m o b i l i t y on the surface, as w e l l as v i b r a t i o n a l proper­
t i e s of the chemisorbed system. To perform a t o t a l energy c a l c u l a ­
t i o n , two approximations are needed. F i r s t the surface must be mo­
deled i n some way, f o r which two methods are c u r r e n t l y i n use: the 
c l u s t e r (10,11) and the f i l m (12) method. In the c a l c u l a t i o n de­
sc r i b e d below the surface i s represented by a 9-atom c l u s t e r . Se­
cond, the i n t e r a c t i n g many-electron problem must be s i m p l i f i e d i n 
order to t r e a t systems of r e a l i s t i c s i z e . The two approaches cur­
r e n t l y i n use i n surface c a l c u l a t i o n s are the Hartree-Fock (HF) (11) 
and the Hohenberg-Kohn-Sham (HKS) (10,12) schemes, which t r e a t the 
k i n e t i c and p o t e n t i a l energ
and c o r r e l a t i o n energy i
of u s e f u l accuracy ( w i t h i n 3 % for the e q u i l i b r i u m geometry and 15 % 
fo r the binding energy (13), whereby HF s y s t e m a t i c a l l y u n d e r e s t i ­
mates and HKS overestimates the binding energies) and can provide 
valuable information about surface processes as we next show. 

The Chemical Bonding. Here we describe an HKS c a l c u l a t i o n f o r H 20 
and NH^ adsorbed on the aluminum (100) surface. Both molecules bind 
to the surface through t h e i r l o n e - p a i r s and show a d e f i n i t e p r e f e r ­
ence f o r adsorption at the on-top s i t e . H 20 adsorbs wi t h the plane 
of the molecule t i l t e d 55° away from the normal to the surface w i t h 
a binding energy of 0.53 eV, while NH^ adsorbs s t r a i g h t up with a 
binding energy of 1.17 eV. The v a r i a t i o n of the energy as the mole­
cule moves along the surface i s not t r i v i a l . H 20 remains rather mo­
b i l e : at the bridge s i t e , where i t binds with i t s plane perpendicu­
l a r to the bridge d i r e c t i o n , the binding energy decreases to 0.25 
eV, and at the hollow s i t e the binding energy i s 0.15 eV and the mo­
l e c u l e shows almost no o r i e n t a t i o n a l energy. On the other hand, NH3, 
which i n the hollow s i t e has a binding energy of 0.1 eV, i s much 
l e s s mobile. 

The bonding i s accompanied by a charge donation to the metal 
which produces a decrease of the work-function and a f f e c t s a l s o the 
v i b r a t i o n a l p r o p e r t i e s of the molecule as we discuss below. The 
charge donation i s 0.1 and 0.15 e l e c t r o n s f o r H 20 and NH3 respec­
t i v e l y . 

The molecules r e t a i n t h e i r e s s e n t i a l character i n a l l cases 
studied. This implies that the spontaneous d i s s o c i a t i o n observed un­
der c e r t a i n circumstances f o r H 20 must be a cooperative phenomenon 
i n v o l v i n g more than one H 20 molecule. 

The chemical i n t e r a c t i o n i s schematically i l l u s t r a t e d i n Figure 
3. The aluminum 3s f u n c t i o n and a molecule lone p a i r (LP) with the 
appropriate symmetry make bonding and antibonding combinations 
which, however, are f u l l y occupied and have no net bonding e f f e c t . 
The bonding i s due to the mixing of aluminum 3p f u n c t i o n s , which are 
unoccupied i n the free metal surface. The occupation β of these 
f u n c t i o n s produces a lowering ΔΕ = β( E 3 P 7 E L p ) o f t n e l ° n e P a i r o r ~ 
b i t a l energy and a charge t r a n s f e r AQ = Β to the metal. Since the 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



398 CATALYST C H A R A C T E R I Z A T I O N S C I E N C E 

f i r s t unoccupied l e v e l of H 20 or NH3 l i e s much hi g h e r , the back-
donation to the molecule i s very suppressed. According to t h i s argu­
ment, charge donation should be a c h a r a c t e r i s t i c of c l o s e s h e l l sys­
tems i n t e r a c t i n g with simple metal surfaces. This i s u n l i k e the case 
of CO, where the p o l a r i z a t i o n functions of the molecule c o n t r i b u t e 
appreciably to the bonding. 

H 20 has two lone p a i r s , the σ-like 3a^ at -9.1 eV and the i t -
l i k e l b ^ a t -7.3 eV wi t h respect to vacuum. At the on-top s i t e , when 
the molecule i s s t r a i g h t up, the r e l e v a n t lone p a i r i s the 3 &^, and 
when the molecule l i e s f l a t on the surface the rel e v a n t lone p a i r i s 
the l b j ^ For an intermediate t i l t both o r b i t a l e c o n t r i b u t e to the 
bonding, but since the l b ^ l i e s higher, there i s a tendency f o r the 
molecule to t i l t u n t i l f o r la r g e enough t i l t the H-Al r e p u l s i o n 
takes over. This f i n i t e t i l t angle i s therefore a property of the 
H 20 molecule and i s expected to be true f o r metals i n gene r a l . 

NH3 has only one lon
than the H 20 lone p a i r

V i b r a t i o n a l P r o p e r t i e s . Figures 4 and 5 show the v a r i a t i o n of the 
energy Ε β and the e l e c t r i c d i p o l e moment μ as a f u n c t i o n of the r e ­
leva n t geometrical v a r i a b l e s f o r H 20 and NH3 r e s p e c t i v e l y . For the 
i n t e r n a l v a r i a b l e s , the curves corresponding to the i s o l a t e d mole­
c u l e s are a l s o shown (dashed l i n e s ) f o r comparison^ T h e ^ s c i l l a t i o n 

given and compared with those of the i s o l a t e d molecules ( i n paren­
t h e s i s ) when appropriate. While the binding energies (and the o s c i l ­
l a t i o n frequencies) are qui t e r e l i a b l e i n c l u s t e r c a l c u l a t i o n s , the 
c a l c u l a t e d dynamical d i p o l e s are s y s t e m a t i c a l l y underestimated. Re­
presenting the surface by a f i n i t e s i z e c l u s t e r leads n e c e s s a r i l y to 
an incomplete formation of the image d i p o l e (- 40 % f o r our A l ^ 
c l u s t e r ) . However the c a l c u l a t e d r e l a t i v e EELS i n t e n s i t i e s should be 
qu i t e c o r r e c t . We note that the values i n Figures 4 and 5 apply to a 
s i n g l e molecule i n t e r a c t i n g w i t h a surface and should be compared 
only with low coverage experiments. 

Hindered T r a n s l a t i o n (Figures 4a and 5a). The motion of the 
molecule normal to the surface c h a r a c t e r i z e s the strength of the 
bonding to the surface. NH3 has a l a r g e r binding energy and there­
fore a l a r g e r o s c i l l a t i o n frequency than H 20. This mode l i e s q u i t e 
low i n energy l o s s because of the la r g e associated e f f e c t i v e mass. 
Experimentally, however, i t may be hard to i d e n t i f y because i t e x h i ­
b i t s very small d i p o l e matrix elements. A c t u a l l y , f o r the simple 
model of a r i g i d d i p o l e moving normally to a perfe c t metal s u r f a c e , 
the dynamical d i p o l e would be e x a c t l y zero. For a r e a l surface there 
i s a small, but f i n i t e dynamic d i p o l e due to the charge t r a n s f e r me­
chanism described above. This e f f e c t can be very dependent on the 
s t r u c t u r e of the metal surface. The amplitude of t h i s mode i s thus a 
measure of the charge t r a n s f e r or to the molecule. For instance c a l ­
c u l a t i o n s i n smaller c l u s t e r s e x h i b i t a much l a r g e r charge t r a n s f e r , 
suggesting that t h i s mode would be enhanced at low coordinated s i t e s 
or steps. 

Hindered Rotation (Figure 4b). This mode c h a r a c t e r i z e s the 
orientâtional energy associated with the bond. For H9O the t i l t en­
ergy i s very small (& .1 eV) u n t i l the protons get c l o s e to the sur­
face and the Coulomb r e p u l s i o n takes over a b r u p t l y , r e s u l t i n g i n a 

frequencies ν and d i p o l e 
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Figure 4 · T o t a l energy curves and d i p o l e moments f o r Ην,Ο. 
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Figure 5. T o t a l energy curves and d i p o l e moments for NH^. 
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very enharmonic energy v a r i a t i o n . The mode has a very l a r g e zero-
point motion, which together with the l a r g e dynamic d i p o l e g i v e s 
r i s e to a strong EELS s i g n a l (14). The dynamical d i p o l e i s a p p r o x i ­
mately given by άμ/άα^ = 2μ Μ s i n a t , where μ Μ - 0.7 a.u. (1 a.u. 
- 2 . 5 Debye) i s the permanent d i p o l e of H 20 and the f a c t o r 2 ( i n our 
c a l c u l a t i o n only 1.4) i s the enhancement due to the image. I t has 
been observed that with the formation H 20 l a y e r s t h i s mode s t i f f e n s 
and becomes even stronger (15). 

For ΝΗβ the o r i e n t a t i o n a l energy i s q u i t e l a r g e . However, since 
i n the ground st a t e the permanent d i p o l e i s perpendicular to the 
s u r f a c e , the dynamical d i p o l e f o r t h i s mode i s zero, so that the mode 
i s EELS-inactive. 

I n t e r n a l Bend (Figures 4c and 5b). The i n t e r n a l modes are used 
to i d e n t i f y the adsorbed species, and a comparison with the i s o l a t e d 
molecule values i n d i c a t e s to what extent the molecule i s a f f e c t e d by 
the surface. 

In the " s c i s s o r s mode
surface and the o s c i l l a t i o n frequency i s almost unaffected. For NH3, 
on the other hand, the so c a l l e d "umbrella mode" i s d r a s t i c a l l y 
s t i f f e n e d by the surface because the protons move against the s u r ­
face and s u f f e r a strong Coulomb r e p u l s i o n . Here again the dynamical 
d i p o l e moment i s dμ/dα^ « 2 μ̂ . sinda^. For NH3, where μ Μ - 0.53 
a.u., the enhancement of the dynamic d i p o l e by the surface i s com­
pensated by the smaller o s c i l l a t i o n amplitude. 

I n t e r n a l S t r e t c h (Figures 4d and 5 c ) . In s p i t e of an enhance­
ment of the matrix elements by the surface , t h i s mode shows a r a t h e r 
small i n t e n s i t y and e s s e n t i a l l y no change i n frequency. The occur­
rence of a l a r g e peak s h i f t e d to lower frequencies must be i n t e r ­
preted i n terms of hydrogen bonded networks (15). 

Comparison Between Theory and Experiment 
9 

In Table I we compare c a l c u l a t e d frequencies and matrix elements M 
( i n parenthesis) f o r H 20 and NHo on Al(100) with experimental values 
for the NH 3-Fe(110) and H 20-Cu(100) systems, the data taken from (8) 
and (14). Only r e l a t i v e values of M are presented because of d i f f i ­
c u l t i e s i n determining the surface coverage. Even though we are com­
paring d i f f e r e n t systemsj the good agreement found f o r the i n t e r n a l 
modes i s an i n d i c a t i o n that these modes are rather independent of 
the substrate and therefore can be used to c h a r a c t e r i z e the adsorbed 
species. The hindered modes, on the other hand are much more sub­
s t r a t e s p e c i f i c . For instance, NH3 binds more s t r o n g l y to Fe than to 
A l , and H 20 more weakly to Cu than to A l . Note that the t i l t e d ground 
s t a t e geometry reduces the i n t e n s i t y of the i n t e r n a l H 20 modes by a 
f a c t o r cos α = 0.25, the i n t e r n a l s t r e t c h apparently below the l i m i t 
of d e t e c t i o n . The hindered r o t a t i o n , on the other hand, i s only ob­
servable i n the t i l t e d geometry. As mentioned above, t h i s mode i s 
forbidden by symmetry f o r NH3, but observable w i t h l a r g e i n t e n s i t y 
f o r H 20. F i n a l l y , the hindered t r a n s l a t i o n e x h i b i t s a s m a l l but f i n i t e 
amplitude both f o r NH3 and H 20, i n d i c a t i n g charge t r a n s f e r , i n t h i s 
case from the molecule to the metal. 
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Table I. Comparison of c a l c u l a t e d f requenc ies and matrix elements 
M 2 ( i n parentheses) f o r H 20 and NH 3 on Al(100) with experimental 
values f o r the NH 3-Fe(1107 and H 20-Cu(100) systems. 

H 20-Cu H20-A1 NH3-Fe NH3~A1 
(exp) (theory) (exp) (theory) 

Hindered 121 cm". 290 cm"1 429 cm"1 370 cm"1 

t r a n s l a t i o n (0, .60) (0.33) (0, • 09) (0, • 05) 
Hindered 230 cm"1 400 cm"1 

r o t a t i o n (26.0) (24.0) 
I n t e r n a l 1590 cm".. 1480 cm"1 1170 cm"1 1260 cm"1 

bend (2, • 7) (2.7) (15.0) (15.0) 
I n t e r n a l 
s t r e t c h 

Next we discuss the e f f e c t of de u t e r a t i o n on low frequency modes i n ­
v o l v i n g the protons. Because of the anharmonic v a r i a t i o n of the en­
ergy as a f u n c t i o n of t i l t angle α ( F i g . 4b), the hindered r o t a t i o n s 
of H 20 and D20 turn out to be q u a l i t a t i v e l y d i f f e r e n t . The f i r s t 
v i b r a t i o n a l e x c i t e d s t a t e of H 20 i s l e s s l o c a l i z e d than that of D 20, 
because of i t s l a r g e r e f f e c t i v e mass. The o s c i l l a t i o n frequency of 
the mode decreases by a f a c t o r 1.19 and the matrix elements by a 
f a c t o r 1.51 upon d e u t e r a t i o n . Therefore, the harmonic approximation, 
which y i e l d s an i s o t o p i c f a c t o r 1.4 f o r both the frequency and the 
i n t e n s i t y , i s q u i t e i n a p p r o p r i a t e f o r t h i s mode. 

In Table I I we compare the c a l c u l a t e d frequency and matrix e l e ­
ment M ( i n parenthesis) f o r the DoO-AKlOO) hindered r o t a t i o n w i t h 
experimental r e s u l t s f o r D 20-Cu(100) (14). The experimental i s o t o p i c 
f a c t o r i s 1.16 f o r the frequency and - 1.6 f o r the matrix elements, 
i n good agreement wi t h our c a l c u l a t i o n . In Ref. 14, using the har­
monic approximation, the anomalous i s o t o p i c f a c t o r f o r the frequency 
was i n t e r p r e t e d as due to mixing w i t h the hindered t r a n s l a t i o n . How­
ever, as we have shown, the harmonic approximation i s i n a p p r o p r i a t e 
i n t h i s case. 

Table I I . Comparison of c a l c u l a t e d frequency and matrix element M 2 

(τη parentheses) f o r the D 20-A1(100) hindered r o t a t i o n with 
experimental r e s u l t s f o r D^O-CudOO). 

D 20-Cu D20-A1 
(exp) (theory) 

Hindered 198 cm"1 337 cm"1 

r o t a t i o n (16.0) (15.9) 
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In concluding, we point out an essential role of vibrational spectra 
in theoretical studies. Total energy calculations yield quantities 
of much interest, like equilibrium geometries and binding energies, 
which are not accessible in a direct experimental way. Only the v i ­
brational quantities can be meaningfully compared with experiment 
and provide a way to assess the adequacy of these calculations. 
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35 
IR Spectroscopic Characterization of Adsorbed Species 
and Processes on Surfaces 

John T. Yates, Jr., Patrick Gelin1, and Thomas Beebe 

Surface Science Center, Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

The use of infrared spectroscop
cal phenomena on surfaces extends back to the early work of Terenin 
in Russia(1) who first employed near-IR spectroscopy as a tool to 
observe surface OH groups on SiO2, working in the region of the 
second harmonic OH stretching mode. This work was extended dramati­
cally in the 1950's by R. P. Eischens and coworkers, who first 
applied transmission IR spectroscopy to the study of species chemi-
sorbed on supported metals of catalytic interest(2). Eischens found 
that the use of group vibrational frequency assignments was a power­
ful method for deducing general structural information about 
adsorbed surface species, building on spectra of compounds of known 
structure. Results of this body of work are summarized in three 
monographs (3-5). The infrared method is widely applied for surface 
studies in industry and academia today, a testament to the wide 
ranging utility of the method even after almost 30 years of use. In 
addition, a wide range of other types of surface vibrational 
spectroscopic methods have now been developed and are widely 
employed. 

IR spectroscopy has several distinct advantages as a probe of 
surface species character, as listed below: 

• Ability to work under high gas densities to study 
catalytic surfaces under working conditions. 

• Ability to use high resolution to accurately charac­
terize small shifts in oscillator frequencies, as 
well as to perform lineshape analysis. 

• High sensitivity of species. vibrational frequency 
to bonding modes at surfaces. 

• Strong correlation of the spectra of surface species 
with vibrational spectroscopy of molecules of known 
structure. 

The first two advantages listed above allow an optical method 
like transmission or reflection IR spectroscopy to be used for 
studies which would be impossible for a widely used competitive 
technique, electron energy loss spectroscopy (EELS). EELS must 
1Current address: CNRS Laboratories, Lyon, France 
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operate under u l t r a h i g h vacuum c o n d i t i o n s and does not possess the 
r e s o l u t i o n inherent i n the o p t i c a l methods(6). Thus the examples 
s e l e c t e d f o r p r e s e n t a t i o n i n t h i s paper could not have been done 
using the EELS technique. 

Two examples of the a p p l i c a t i o n of transmission IR methods w i l l 
be presented. The f i r s t , d e a l i n g w i t h the chemisorption of CO on a 
Pd/Si02 c a t a l y s t s u r f a c e , i l l u s t r a t e s the f i r s t observation of a 
l o c a l s t o i c h i o m e t r i c surface species i n t e r c o n v e r s i o n process which 
occurs among chemisorbed CO species at high CO coverages. Evidence 
f o r the operation of the l o c a l s t o i c h i o m e t r i c process has been 
obtained on 75Â Pd p a r t i c l e s . These p a r t i c l e s seem to show c l o s e 
s i m i l a r i t i e s as w e l l as to d i f f e r i n some respects from a P d ( l l l ) 
s i n g l e c r y s t a l surface i n s o f a r as t h e i r i n t e r a c t i o n w i t h CO i s con­
cerned. 

The second example deals w i t h the use of IR spectroscopy to 
study bonding d e t a i l s w i t h i
Si02 surface. Here s p e c i f i
groups i s observed; i n a d d i t i o n , CO molecules having r o t a t i o n a l 
freedom are produced at higher CO coverages, and the degree of r o t a ­
t i o n a l freedom allowed seems to be determined by the magnitude of 
s h i e l d i n g of the p o l a r centers on the Si02 surface by CO species 
which bond to SiOH, and a l s o p a r t i c i p a t e as a d i e l e c t r i c screening 
medium. 

Experimental Methods 

Commercial IR Spectrometer Developments. For the study of the IR 
spectrum of species present on high area s u r f a c e s , both g r a t i n g and 
F o u r i e r transform instruments are commonly employed. Both types of 
instruments now feature computer data a c q u i s i t i o n techniques which 
permit enhancement of s i g n a l / n o i s e r a t i o s by m u l t i p l e scan averaging 
methods. This f e a t u r e , coupled w i t h smoothing r o u t i n e s and 
background f i t t i n g procedures, has l e d to a s i g n i f i c a n t enhancement 
of the q u a n t i t a t i v e aspects of IR surface spectroscopy. The data 
shown i n t h i s paper have been obtained at a r e s o l u t i o n of 3-4 cm"l 
w i t h a data a c q u i s i t i o n time of from 0.4 - 1 sec/cm""!. Under these 
c o n d i t i o n s , a background noise l e v e l of about 0.001 absorbance u n i t s 
i s r e a d i l y achieved, p e r m i t t i n g the observation of weak absorption 
bands due to surface species. 

IR C e l l Developments. The design of c e l l s f o r IR spectroscopy has 
taken many courses, depending upon the o b j e c t i v e s of the research 
e n v i s i o n e d . For example, i n the case of combining IR spectroscopy 
w i t h surface k i n e t i c s measurements, the design of Vannice(7) i s 
i d e a l ; here, reactant gases flow through the porous pressed d i s k 
sample during IR measurements. S i m i l a r arrangements are employed by 
B e l l using FTIR methods under r e a c t i o n c o n d i t i o n s ( 8 ) . 

Another v a r i a t i o n i n IR c e l l design which we have developed i s 
shown i n Figure 1. In t h i s c e l l , three surface measurement objec­
t i v e s are r e a d i l y achieved: 

• S t a b i l i z a t i o n of surface species and r e a c t i o n intermediates 
at cryogenic temperatures. 

• Simultaneous adsorption s t u d i e s on supported metals and on 
t h e i r support, where both have been treated w i t h reactants i n 
e x a c t l y the same manner. 
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Windows System 

Q M S 

F igure 1. UHV c e l l f o r IR spectroscopy of adsorbed s p e c i e s . 
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• Measurement of surface species under high gas pressures, 
by means of complete c a n c e l l a t i o n of i n t e r f e r i n g gas phase 
s p e c t r a . 

The ultrahigh-vacuum i n f r a r e d c e l l , Figure 1, c o n s i s t s of a 
s t a i n l e s s s t e e l body made from a double-sided confiât f l a n g e , 2-3/4" 
diameter, sealed by two CaF2 windows i n confiât flanges ( a v a i l a b l e 
from Harshaw Chemical Co., C r y s t a l and E l e c t r o n i c Products Dept., 
6801 Solon, Ohio, 44139). This c e l l may be conveniently heated to 
500K by being placed i n s i d e a small oven. Other c e l l s , f e a t u r i n g 
i n t e r n a l e l e c t r i c a l heating, may be operated at higher 
temperatures(9)· The c e n t r a l body of the c e l l i n Figure 1 contains 
a Cu support r i n g which may be cooled by c i r c u l a t i o n of l i q u i d N2 
through tubing brazed to the copper. The temperature of the support 
r i n g i s monitored by means of a 0.003" diameter chrome1-alumel t h e r ­
mocouple. The temperature of the sample below room temperature may 
be c o n t r o l l e d to ± IK b
through the apparatus usin
an e l e c t r o n i c servosystem  experimentally
adsorbant sample, supported on a c i r c u l a r CaF2 p l a t e c l i p p e d i n s i d e 
the Cu r i n g , reaches the temperature of the r i n g at a l l p o i n t s to 
w i t h i n about 1K(10). 

Samples of high area powders and of supported metals may be 
a p p l i e d to the CaF2 support p l a t e by a spraying technique, pre­
v i o u s l y described i n d e t a i l ( l l ) . In Figure 1, we show a " h a l f 
p l a t e " design i n which a supported metal d e p o s i t , produced by H2 
r e d u c t i o n of metal ions held on the support, occupies one h a l f of 
the p l a t e while the pure support occupies the other h a l f . 
T r a n s l a t i o n of the c e l l l e f t and r i g h t permits the achievement of 
each of the three o b j e c t i v e s l i s t e d above, using appropriate data 
s u b t r a c t i o n procedures to remove c o n t r i b u t i o n s from gas phase spe­
c i e s i f present during measurements. 

The c a n c e l l a t i o n of gas phase s p e c t r a l features using the " h a l f 
p l a t e " design i s f a r superior to methods i n v o l v i n g a second gas c e l l 
placed i n the reference beam. This i s because the gas d e n s i t y and 
i t s r o t a t i o n a l s t a t e population w i l l d i f f e r i n the two c e l l s f o r 
d i f f e r e n t sample (and therefore gas) temperatures. For high sen­
s i t i v i t y measurements, these e f f e c t s can be d i f f i c u l t to handle 
using two c e l l s . 

Experimental R e s u l t s 

The Chemisorption of CO on Pd/Si02 - Observation of S t o i c h i o m e t r i c 
Species Interconversion E f f e c t s i n the Chemisorbed CO Layer at High 
Coverages (12,13). I t has long been recognized that bridging-CO 
r e a d i l y forms upon chemisorption on both supported Pd(14-16) and on 
many Pd s i n g l e c r y s t a l surfaces(17-21). At temperatures below 300K, 
or at high CO pressures, a t e r m i n a l form of chemisorbed CO may a l s o 
be populated, e x h i b i t i n g a carbonyl s t r e t c h i n g frequency near 2100 
cm".. This i s shown i n Figure 2, where spectrum â  represents the 
s t a b l e IR species which remain on Pd/Si02 f o l l o w i n g CO s a t u r a t i o n 
and evacuation at 300K. We see that s e v e r a l bridged-CO species 
e x i s t together i n the 1700 cm - 1 - 2000 cm". region i n c l u d i n g a sharp 
high frequency bridged carbonyl band at 1979 cm"A (B^) which i s most 
prominent. Upon c o o l i n g t h i s surface to 80K and adding s m a l l quan-
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τ 1 1 Γ 

1995 Cm"' 

2 2 0 0 2 1 0 0 2 0 0 0 1 9 0 0 1 8 0 0 1700 

W A V E N U M B E R ( c m " 1 ) 

F igure 2. Add i t i ona l CO adsorpt ion on Pd/SiO ? at low temperature. 
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t i t l e s of CO ( s p e c t r a b-Ji) a t e r m i n a l CO species (L) at 2103 cm""1 

develops; as the t e r m i n a l 2103 cm"1 CO species develops, systematic 
changes occur i n the 1979-1995 cm"1 r e g i o n . In a d d i t i o n , a small 
band at 1883 cm"1 i s evident at the highest CO coverages. 

Although the s p e c t r a l developments shown i n Figure 2 have been 
obtained by c o o l i n g the Pd/Si02 surface to 80K, we have shown that 
species L may a l s o be formed at 300K at CO pressures of s e v e r a l 
hundred Torr. This behavior i s c o n s i s t e n t w i t h species L having a 
f a i r l y low heat of adsorption. 

S u b t r a c t i o n of the spectra i n F i g . 2 y i e l d s a set of d i f f e r e n c e 
s p e c t r a shown i n F i g . 3. I t may be seen that as the 2103 cm"1 band 
develops at 80K, there i s a l o s s of i n t e n s i t y at 1979 cm"1 (Bj) and 
a concomitant gain i n i n t e n s i t y at 1995 cm"1 (B2). These changes, 
as judged by the peak absorbances, are a c c u r a t e l y l i n e a r f u n c t i o n s 
of each o t h e r ( F i g . 4 ) , suggesting that a simple s t o i c h i o m e t r i c pro­
cess occurs. I t i s a l s
s i o n i n v o l v e s an i s o s b e s t i
simple s t o i c h i o m e t r i c process i s i n v o l v e d , rather than some s o r t of 
frequency s h i f t as a consequence of i n c r e a s i n g CO coverage. 

Further i n s i g h t i n t o the nature of the s t o i c h i o m e t r i c process 
has been obtained using i s o t o p i c a l l y l a b e l e d ^CO (designated .) as 
the species used to populate L. - CO at 80K on top of a 1 2C0 l a y e r 
produced at 300K. The r e s u l t s of t h i s experiment are shown i n F i g . 
6, and a s u r p r i s i n g feature i s noted. The adsorption of L. - CO 
induces the formation of L - CO. The 1 2C0 - L species produced by 

adsorption can only a r i s e from preadsorbed 1 2C0-Bj spe c i e s . 
D e t a i l e d i n v e s t i g a t i o n of t h i s B^ L conversion suggests that 

about 2Bi -»· 2L occur f o r each L. - CO adsorbed. The s t o i c h i o m e t r i c 
r e l a t i o n s h i p induced by L - CO adsorption causing 2Βχ .• 2L i s shown 
i n Figure 7, where i s o t o p i c a l l y l a b e l e d CO has been employed i n 
separate experiments as B^ or as L. A f t e r a small c o r r e c t i o n i s 
made f o r the experimentally determined d i f f e r e n c e i n e x t i n c t i o n 
c o e f f i c i e n t f o r 1 3C0(ads) compared to 1 2 C 0 ( a d s ) , i t may be seen that 
the stoichiometry 2Β^ + L ->· 3L i s c l o s e l y v e r i f i e d . 

A schematic one-dimensional model of the process i s i l l u s t r a t e d 
i n F i g . 8. Here i t i s envisioned that the process 4Bi+L > 3L+2B2 i s 
o c c u r r i n g . An e l e c t r o n i c model suggests that t h i s s t o i c h i o m e t r i c 
species conversion process may be due to the f a c t that the e l e c t r o n 
acceptor c a p a c i t y of an ensemble of 2Bj + L exceeds the donor capa­
c i t y of the 3 Pd s i t e s ; a conversion to 3L reduces the t o t a l accep­
t o r capacity of the CO ensemble to a point where the donor c a p a c i t y 
of the 3 Pd s i t e s i s not exceeded. These processes are e n t i r e l y 
r e v e r s i b l e upon warming the Pd surface to 300K. 

The average Pd c r y s t a l l i t e s i z e , measured by CO chemisorption 
uptake i s about 75Â. The s t o i c h i o m e t r i c e f f e c t seen here i s 
s u r p r i s i n g f o r c r y s t a l s of t h i s s i z e , and must i n d i c a t e that a l o c a l 
p i c t u r e of CO chemisorption a p p l i e s to these small Pd c r y s t a l s , i n 
agreement w i t h metal ensemble ideas of S a c h t l e r ( 2 2 ) . I t i s very 
i n s t r u c t i v e to compare the r e s u l t s shown above f o r Pd/Si02 surfaces 
w i t h s i m i l a r measurements made on P d ( l l l ) using r e f l e c t i o n IR 
methods(20). As shown i n F i g . 9, a clos e s i m i l a r i t y of CO species 
development occurs i n comparing r e s u l t s w i t h F i g . 2 f o r Pd/Si02« In 
both cases, four carbonyl s t r e t c h i n g bands are seen at s a t u r a t i o n 
coverages, d i f f e r i n g by only a few cm"1 i n frequency i n comparing 
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low temperature. 
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F igure 6. D i rec t evidence f o r b r i d g e d - t o - l i n e a r CO convers ion 
i s o t o p i c CO experiments. 
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Pd/Si02 w i t h P d ( l l l ) . A l s o , the order of development of the 2103 
cm"1 band and the 1883 cm"1 band ( F i g . 2) resembles the behavior on 
P d ( l l i ) . However, P d ( l l l ) shows l i t t l e or no evidence for the 
s t o i c h i o m e t r i c 2Β^ + L 3L process. This could be due to the pre­
sence of longer range order on the s i n g l e c r y s t a l than on the Pd 
p a r t i c l e s , l e a d i n g to processes more a k i n to two dimensional phase 
t r a n s i t i o n s on the P d ( l l l ) c r y s t a l s u r f a c e , r a t h e r than a more l o c a l 
species conversion on the small metal c r y s t a l l i t e s . 

We have s t u d i e d the s t o i c h i o m e t r i c conversion process depicted 
i n F i g . 8 at a temperature of 300K under high CO pressures. The 
conversion process i s observed at 300K, but the Β χ B2 conversion 
i s l e s s sharp than at 80K, and appears to y i e l d a s h i f t i n C-0 f r e ­
quency rather than a d i s c r e t e conversion from one species to 
another. This i s probably due to a thermal averaging e f f e c t 
i n v o l v i n g CO conversion from one species to another at the higher 
temperature. Such e f f e c t
Pt/Al203 using NMR techniques(23)

The P h y s i c a l Adsorption of CO on Si02 - Observation of Bonding and 
Dynamics of Physisorbed Species by IR Spectroscopy(10). We have 
u t i l i z e d the p a r t i c u l a r design c h a r a c t e r i s t i c s of the i n f r a r e d c e l l 
i n F i g . 1 to study the IR spectrum of p h y s i c a l l y adsorbed CO on Si02 
surfaces under r e l a t i v e l y high e q u i l i b r i u m CO pressures ranging from 
10" 5 Torr to 800 Torr. This i s accomplished by using 1/2 of the 
CaF2 support p l a t e to hold the Si02 sample; the second 1/2 p l a t e 
remains uncovered. S u b t r a c t i o n of the spectra measured on the two 
s i d e s permits an exact c a n c e l l a t i o n of the CO gas phase spectrum. 
S p e c t r a l developments i n the carbonyl s t r e t c h i n g region are shown i n 
F i g . 10. I n i t i a l l y a band at 2157 cm"1 (species A) develops w i t h a 
s m a l l shoulder at 2140 cm"1 (species B). As CO coverage increases 
the 2140 cm"1 band overtakes the 2157 cm"1 band and f i n a l l y the 
2157 cm"1 band begins to s h i f t to lower frequency and to d i m i n i s h i n 
i n t e n s i t y . P a r a l l e l s t u d i e s of the behavior of the i s o l a t e d - OH 
bonds on Si02 surfaces i n d i c a t e that species A i s i n f a c t hydrogen-
bonded to Si-OH groups w i t h a bond energy of 2.7 k c a l / m o l e " 1 ; 
complete CO complexation may occur, producing an a s s o c i a t e d - OH 
band about 100 cm"1 below the i s o l a t e d Si-OH frequency as shown i n 
F i g . 11. We b e l i e v e that the most reasonable s t r u c t u r a l p i c t u r e f o r 
the complex i s SiOH....CO; here the 5σ ( s l i g h t l y antibonding) mole­
c u l a r o r b i t a l l o c a t e d p r i m a r i l y on the carbon end of CO donates 
charge to the proton, r e s u l t i n g i n an increase i n CO frequency com­
pared to gas phase CO. 

A deconvolution procedure to separate carbonyl spectra of spe­
c i e s A and species Β has been performed, and i t has been shown that 
species Β i s associated w i t h r o t a t i o n a l wings above and below 2140 
cm" 1. These wings i n d i c a t e that species Β undergoes l i b r a t i o n a l and 
r o t a t i o n a l motions; i t i s undoubtedly very much l i k e C0(A), as shown 
by the comparison made i n F i g . 12. Here the spectrum of a f r e e l y 
r o t a t i n g C0(g) molecule at 80K i s compared to C0(A), a l s o at 80K. 
In the l i q u i d , the Ρ and R r o t a t i o n a l f i n e s t r u c t u r e becomes 
broadened i n t o r o t a t i o n a l wings. In a d d i t i o n , the missing Q branch 
i n C0(g) i s observed i n CO(Jl) at about 2140 cm" 1. Ewing(24) has 
postulated that the width of the Q branch i n CO (A) i s due to the 
population of l o w - l y i n g l i b r a t i o n a l modes f o r CO molecules i n t h e i r 
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F igure 11. Inf luence of CO phys i so rp t i on on sur face Si OH groups. 
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l i q u i d cages. Above r o t a t i o n a l quantum number j » 4, the CO molecu­
l e s r o t a t e at energies above the r o t a t i o n a l b a r r i e r present i n the 
l i q u i d , and these s l i g h t l y hindered r o t o r s c o n t r i b u t e i n t e n s i t y to 
the wings. 

I t i s i n s t r u c t i v e to examine the r e l a t i v e wing i n t e n s i t y to 
the c e n t r a l band i n t e n s i t y f o r CO species Β as a f u n c t i o n of 
i n c r e a s i n g CO coverage i n t h i s p h y s i s o r p t i o n system. A p l o t of both 
the Ρ and R wing i n t e n s i t i e s r e l a t i v e to the i n t e n s i t y of the center 
band i s shown i n F i g . 13 over the f u l l range of physisorbed CO 
coverage. I t i s observed that the r e l a t i v e i n t e n s i t y i n the wings 
r i s e s throughout the f u l l range of coverage, but that t h i s occurs i n 
two stages. In the f i r s t stage at low P/P 0 values, SiOH$+....CO 
complexes are being formed i n a d d i t i o n to small q u a n t i t i e s of spe­
c i e s B. The average e l e c t r o s t a t i c f i e l d due to free OH groups on 
the surface i s decreasing due to hydrogen bond formation at the 
p o l a r centers, and, on th
r o t a t i o n of the CO d i p o l e
coverage i n c r e a s e s . At about P/P 0 =. 0.03, a l l f r e e OH groups have 
been complexed, and a short region of constant r e l a t i v e wing i n t e n ­
s i t y i s reached. Above P/P Q » 0.03, l i q u i d - l i k e CO begins to f i l l 
the surface appreciably and these CO molecules act as a d i e l e c t r i c 
screen between SiOH....CO polar groups and a d d i t i o n a l CO r o t o r s . 

0 . 1 0 
Τ = 8 3 Κ ι I Α(Ρ Bronch) 

' A (Species Β) 

/ A (R Bronch) 

A A (Species Β) 

. 0 . 0 3 

High 
Coverage« 

Range 

0 . 2 0 .4 0 . 6 0 . 8 

A b s o r b a n c e ( S p e c i e s B ) 

F igure 13. Re la t i ve CO ro to r absorbances f o r i nc reas ing coverage. 
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Thus in this second stage, the relative wing intensity begins again 
to increase as species Β grows in coverage. In Fig. 12 a comparison 
of relative wing intensity for species Β to that for C0(O indicates 
that the hindrance to rotation present in the adsorbed layer exceeds 
that in a thick COU) layer. 

Summary 

In this paper i t has been shown that IR spectroscopy remains one of 
the most incisive tools for the study of both strong and weak 
bonding at surfaces. In addition to being able to study surface 
species structure in the chemisorbed layer, it is possible to obtain 
dynamical information about more weakly-bound adsorbates as they 
librate and rotate on the surface. These motions are controlled by 
local electrostatic forces due to polar surface groups on the sur­
face. 

The versatile IR
temperature and pressure as a probe of adsorption and reaction pro­
cesses on surfaces. The extension of IR spectroscopy to the study 
of weakly-bound surface species at low temperatures opens up the 
possibility of stabilization of transient surface species which are 
involved in surface chemistry at high temperatures. 
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36 
Computerized IR Studies of Cobalt-Molybdenum-
Aluminum Oxide Hydrodesulfurization Catalysts 

J. B. Peri 

Research and Development Department  Amoc  Oil Company  Naperville  60566 

Adsorbed CO and NO were used as probes to investigate 
the effects of Co concentration and sulfide on the 
nature and numbers of exposed metal sites on reduced 
catalysts containing 1 to 6 wt% Co and 8 wt% Mo on 
three alumina supports. Exposure of Mo ions decreased 
with increased Co concentration. Exposure of Co ions 
typically reached a maximum at 2-4% Co. Sulfide 
decreased exposure of all metal ion sites and in­
creased exposure of reduced metals. Effects of 
preadsorbed pyridine and 2,6-lutidine, known poisons, 
on the exposure of metal sites, plus other evidence, 
indicate that active sites are pair sites which 
contain reduced Mo and/or Co atoms next to Co and/or 
Mo ions. 

Hydrodesulfurization catalysts containing Mo and a Co "promoter" are 
important in petroleum refining, but their surface properties remain 
mysterious (1-8)· Better understanding should aid in development of 
better catalysts. Most applicable physical-chemical surface 
techniques have been used for characterization of these catalysts 
(4-8). Many structural variations exist, depending on composition, 
preparation, and pretreatment. Commercial catalysts typically 
contain about 8 wt% Mo plus 2-3% Co on an alumina support. They are 
normally presulfided but, in any case, rapidly become sulfided in 
use. Infrared studies of adsorbed probe molecules such as CO and NO 
have long provided information on atoms exposed (coordinatively 
unsaturated) on the surface of high area catalysts, including, 
presumably, the sites which are active catalytically (5-9). With 
computerized spectrometers and such probes, exposed Co and Mo atoms 
can be independently characterized (5-8). Recent studies of Mo on 
alumina and silica supports (8,10) provide important background. 
Infrared studies of simple HDS reactions under reaction conditions 
are possible, but major problems exist in such work. Until the 
variables involved are better understood, reliance must be placed 
mainly on studies of catalysts before and after treatments 

0097-6156/85/0288-0422$06.00/0 
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s i m u l a t i n g a c t u a l pretreatment or r e a c t i o n c o n d i t i o n s . The present 
work was undertaken to improve understanding of these v a r i a b l e s . 

Experimental 

C a t a l y s t s were normally prepared by double impregnation of the 
alumina support, f i r s t w i t h ammonium paramolybdate s o l u t i o n to give 
12 wt% Mo0 3 (8% Mo) a f t e r 500°C c a l c i n a t i o n , then w i t h c o b a l t 
n i t r a t e s o l u t i o n . An " i n c i p i e n t wetness" technique was used to 
prepare c a t a l y s t s c o n t a i n i n g 1 to 6 wt% Co on three alumina 
supports, Cyanamid Aero 1000, Aero 100, and F i l t r o l 90. P r o p e r t i e s 
of the aluminas and other chemicals used have been described (5,8). 
A commercial c a t a l y s t (Nalco 477) c o n t a i n i n g 2.4% Co and 8.7% Mo was 
used i n experiments i n v o l v i n g a d s o r p t i o n of n i t r o g e n bases. The 
p y r i d i n e was Β & A reagent grade; the 2 , 6 - l u t i d i n e  s u p p l i e d by 
A l d r i c h Chemical Co., wa
s i e v e and d i s t i l l e d unde

The Beckman 4260 spectrometer—Wang 2200VP computer system and 
general procedures used i n i n f r a r e d study of pressed d i s k s have a l s o 
been described (5,8). C a t a l y s t s were t y p i c a l l y reduced by h e a t i n g 
i n 50 Torr of hydrogen f o r 1 h r . a f t e r evacuation f o r 15 min. at the 
r e d u c t i o n temperature, u s u a l l y 500°C. The F i l t r o l 90 alumina, which 
contained 3.5% s u l f a t e as an i m p u r i t y , gave hydrogen s u l f i d e during 
r e d u c t i o n to s u l f i d e c a t a l y s t s prepared on t h i s support ( 8 ) . 
Subsequent i n v e s t i g a t i o n of other s u l f i d i n g procedures j u s t i f i e d the 
v a l i d i t y of t h i s simple approach as a f i r s t approximation to normal 
s u l f i d i n g i n i t s e f f e c t s . The Nalco 477 c a t a l y s t was p r e s u l f i d e d i n 
f l o w i n g hydrogen s u l f i d e (.5%) i n hydrogen f o r 1 h r . at 300°C and 
reduced i n hydrogen at 500°C before f i n a l evacuation. 

R e s u l t s 

The Nature of Exposed Co i n CoMo C a t a l y s t s . F i g u r e 1 shows t y p i c a l 
o r i g i n a l s p e c t r a f o r NO adsorbed on 2% Co/alumina. Spectra were 
recorded a f t e r r e d u c t i o n at 600°C, a f t e r admission of 8 Torr of NO, 
and again a f t e r 5 min. evacuation at 50°C. With the pure alumina 
the main NO/Co bands were 10 to 20 wavenumbers higher i n frequency 
than those observed when using alumina w i t h s u l f a t e i m p u r i t y . 
Weakly h e l d NO a l s o gave a band near 1980 cm" and s t r o n g l y - h e l d NO 
e x h i b i t e d a shoulder near 1930 cm"1 not seen on Co/sulfated-alumina. 

Figure 2 shows s p e c t r a , a f t e r background s u b t r a c t i o n i n 
14 15 

absorbance, f o r NO, NO, and a 50-50 mixture of the two adsorbed 
on 2% Co/Aero 1000 alumina prereduced at 600°C. Spectra were 
recorded a f t e r admission of 7 Torr of NO and again a f t e r 5 min. 
evacuation. Spectrum d was obtained by s u b t r a c t i o n of 1/4 the sum of 
s p e c t r a a and b from spectrum c. Such s u b t r a c t i o n , as p r e v i o u s l y 
discussed f o r NO h e l d on Mo ions (5,8), should remove c o n t r i b u t i o n s 

14 15 
from bands a r i s i n g from ( NO)2 and ( NO)2 species l e a v i n g only 

14 15 
those from p o s s i b l e ( NO)( NO) s p e c i e s . The p o s i t i o n of the bands 
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F i g u r e 1. Spectra of NO adsorbed on 2% Co/alumina. Supports 
were as f o l l o w s : A. Aero 1000. B. F i l t r o l 90. Spectra: upper 
(dashed), background; lower ( s o l i d ) a f t e r a d d i t i o n of NO; middle 
(dot-dash), a f t e r 5 min. evacuation. 

0.20 
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of spectrum d, halfway between those of sp e c t r a a and b, i s 
understandable only i f , as f o r NO on Mo i o n s , most of the exposed Co 
holds two NO molecules, e i t h e r as dimer or as a d i n i t r o s y l (5,8). 

Because Co i s e v i d e n t l y not reduced on pure alumina under the 
co n d i t i o n s used, as i n d i c a t e d by bands f o r adsorbed CO (shown 

2+ 
below), the s i t e s which h o l d NO are probably Co i o n s . As w i l l be 
seen, the NO bands observed w i t h Co alone on alumina are q u i t e 
s i m i l a r t o those f o r NO h e l d on Co i n the presence of Mo. In the 
absence of Mo, however, l e s s exposure of Co i s observed. Apparently 
at l e a s t some s i t e s which could otherwise s t a b i l i z e m o r e - f u l l y 
coordinated Co are p r e f e r e n t i a l l y f i l l e d by Mo ions when Mo i s a l s o 
h e l d on the alumina. 
E f f e c t s of A d d i t i o n of Co to Mo/Alumina Shown by NO Bands. Fi g u r e 3 
shows t y p i c a l s p e c t r a f o r NO on CoMo c a t a l y s t s c o n t a i n i n g from 1 to 
6 wt% Co prepared by doubl
alumina. The three mai  bands betwee  and  cm  represent 
NO adsorbed on Co and Mo ions exposed on the surface a f t e r 
r e d u c t i o n . The band near 1880 shows NO on Co i o n s , w h i l e that near 
1710 a r i s e s from NO on Mo i o n s . The c e n t r a l band, near 1800, 
contains c o n t r i b u t i o n s from NO on both Co and Mo i o n s . By 
s u b t r a c t i o n of a f r a c t i o n of the absorbance bands f o r NO on 8% 
Mo/alumina s u f f i c i e n t to remove the 1710 band, the bands a r i s i n g 
from NO on Mo could be e l i m i n a t e d , l e a v i n g bands from NO on Co or on 
other s i t e s d i f f e r e n t from those normally seen on Mo/alumina. 

As shown i n Figure 4, these r e s i d u a l bands are s i m i l a r to bands 
normally seen f o r NO on Co/alumina. On Co/alumina, however, a weak 
band or shoulder would appear at 1920-30 cm"1. This band may show 
NO h e l d on i o n i c Co s t a b i l i z e d on the surface i n incomplete 
octahedral or other s p e c i a l s i t e s . When Mo i s a l s o present these 
s i t e s are apparently no longer a v a i l a b l e to hold Co i o n s , probably 
because they are f i l l e d by Mo i o n s . The s l i g h t l y negative "bands" 
seen near 1700 cm-1 probably r e f l e c t s l i g h t changes i n frequencies 
or shapes of NO bands caused e i t h e r by d i r e c t i n t e r a c t i o n of Co w i t h 
Mo ions or by p a r t i a l occupation by Co of s i t e s that would otherwise 
be f i l l e d by Mo i o n s . 

Figure 5 shows r e l a t i v e i n t e n s i t i e s of both NO/Co and NO/Mo 
bands taken from the s p e c t r a of Figures 3 and 4. The number of Co 
s i t e s exposed apparently increases w i t h Co co n c e n t r a t i o n to a broad 
maximum at about 3% Co and then decreases. The number of exposed 
i o n i c Mo s i t e s appears to decrease s t e a d i l y w i t h i n c r e a s i n g Co. 

Another s e r i e s of c a t a l y s t s was made by coimpregnation, w i t h Co 
and Mo i n the same s o l u t i o n , of Aero 1000 alumina. The spe c t r a (not 
shown) of NO on these c a t a l y s t s were q u i t e s i m i l a r t o those shown 
above except that the bands were only about 65% as int e n s e . 

Figure 6 shows s p e c t r a of NO adsorbed on a s i m i l a r s e r i e s of 
c a t a l y s t s having the same concentrations of metals on F i l t r o l 90 
alumina which, as dis c u s s e d , s u l f i d e s the c a t a l y s t during subsequent 
r e d u c t i o n . The e f f e c t of s u l f i d e , as on Mo/alumina c a t a l y s t s (8,10) 
and as l a t e r seen on CoMo c a t a l y s t s a f t e r more-usual s u l f i d i n g , was 
mainly a marked r e d u c t i o n i n the i n t e n s i t i e s of the NO bands. These 
were roughly a f o u r t h as intense as those on u n s u l f i d e d c a t a l y s t s on 
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Figure 3. Spectra of NO adsorbed on Co + 8% Mo/Aero 1000 alumina 
c a t a l y s t s . Concentrations of Co (wt%) are i n d i c a t e d on s p e c t r a . 
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Figure 4. Spectra of NO adsorbed on Co i n the presence of Mo 
obtained by s u b t r a c t i o n of NO/Mo bands from the s p e c t r a of 
Figure 3. 
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Figure 5. Apparent r e l a t i v e exposure of Co and Mo ions on 
reduced Aero 1000 alumina-supported CoMo c a t a l y s t s as a f u n c t i o n 
of Co c o n c e n t r a t i o n . 
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Figure 6. Spectra of NO on Co + 8% M o / F i l t r o l 90 alumina. 
Concentrations of Co (wt%) are i n d i c a t e d on s p e c t r a . 
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pure alumina. They were a l s o s l i g h t l y lower i n frequency and 
somewhat broader than those seen i n the absence of s u l f i d e 
(Figure 3 ) , e v i d e n t l y r e f l e c t i n g greater heterogeneity of exposed 
metal s i t e s . 

F i g u r e 7 shows bands, obtained l i k e those of Figure 4 by 
f r a c t i o n a l s u b t r a c t i o n of the NO bands obtained i n the absence of 
Co. These r e s i d u a l bands d i d not resemble the bands of NO/Co seen 
i n the absence of Mo as w e l l as d i d those obtained f o r the Aero 1000 
s e r i e s . Greater v a r i e t y i n s i t e types, r e f l e c t i n g s u l f i d e neighbors 
or increased metal-metal i n t e r a c t i o n , e v i d e n t l y e x i s t s on s u l f i d e d 
c a t a l y s t s . 

P l o t s of the r e l a t i v e i n t e n s i t i e s of the NO/Co and NO/Mo bands 
f o r c a t a l y s t s made w i t h F i l t r o l 90 are shown i n Figure 8. The 
fea t u r e s are s i m i l a r to those of Figure 5. As be f o r e , exposure of 
Co apparently increased to a maximum, at 2% i n t h i s case, and 
decreased at higher Co
decreased s t e a d i l y . 

E f f e c t s of A d d i t i o n of Co to Mo/Alumina Shown by CO Bands. 
Figure 9 shows CO adsorbed on CoMo c a t a l y s t s made on two alumina 
supports. Most of the CO was weakly-held, being l a r g e l y removed by 
evacuation f o r 5 min. at 50°C. Depending on the extent of s u l f i d i n g 
d uring r e d u c t i o n , v a r i o u s bands were obtained. In the absence of 
s u l f i d e , as p r e v i o u s l y seen on Mo/alumina c a t a l y s t s ( 8 ) , only Mo 
(4+?) or Co (2+) ions appear to be exposed a f t e r r e d u c t i o n , g i v i n g 
CO bands near 2190 cm" . When s u l f i d i n g occurs before or during 
r e d u c t i o n Mo and Co are exposed i n lower o x i d a t i o n s t a t e s , or even 
as f u l l y reduced metal atoms. T y p i c a l l y on s u l f i d e d samples a 
strong band, apparently a r i s i n g from CO on metal s i t e s that are 
s l i g h t l y e l e c t r o p o s i t i v e , i s seen around 2100 cm" . In Figure 9 
t h i s band l i e s near 2120 cm" . On c a t a l y s t s more-heavily 
p r e s u l f i d e d by more-usual procedures the band was seen nearer 2100 
cm With more Co or w i t h only very s l i g h t s u l f i d i n g , as seen when 
Aero 100 alumina was used as the support, CO bands were a l s o seen 
near 2050 cm , showing the presence of f u l l y - r e d u c e d m e t a l l i c 
s i t e s , probably Co. Such s i t e s were not seen i n the absence of 
s u l f i d e . The major e f f e c t of s u l f i d i n g seemed to be the marked 
incre a s e i n e l e c t r o p o s i t i v e (Mo or Co ) atoms exposed on the 
surf a c e . 

The E f f e c t s of Preadsorbed Nitrogen Bases on the Exposure of Co and 
Mo S i t e s . Marked d i f f e r e n c e s e x i s t i n the poisoning e f f e c t s of 
d i f f e r e n t n i t r o g e n compounds on h y d r o d e s u l f u r i z a t i o n a c t i v i t y . Such 
d i f f e r e n c e s between a l k y l p y r i d i n e s appear to r e s u l t from d i f f e r e n c e s 
i n stereochemistry (11). P y r i d i n e i s a more e f f e c t i v e poison than 
2 , 6 - l u t i d i n e . To l e a r n whether such poisons s e l e c t i v e l y b l o c k 
c e r t a i n exposed metal s i t e s , i n f r a r e d study was made of NO and CO 
adsorbed a f t e r a dsorption and pro g r e s s i v e desorption of these 
n i t r o g e n compounds on a p r e s u l f i d e d commercial CoMo c a t a l y s t 
(Nalco 477) reduced a t 500°C. Contrary to e x p e c t a t i o n , because NO 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



36. PERI IR Studies of Hydrodesulfurization Catalysts 429 

0.20i 

0.16] 

o> 0.12 ο c (0 
-9 0.08 
Ο (0 -Ω 

< 0.04 

0.00 

0.04I 

1% 2%' 3% 

/V; 

4 % 6 % 

2000 1800 1600 2000
Wavenumber (cm"1) 

Figure 7. Spectra of NO adsorbed on Co on s u l f i d e d CoMo/alumina 
obtained by s u b t r a c t i o n of NO/Mo bands from the s p e c t r a of 
Figure 6. 
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Figure 8. Apparent r e l a t i v e exposure of Co and. Mo ions on 
reduced F i l t r o l 90-supported CoMo c a t a l y s t s as a f u n c t i o n of Co 
con c e n t r a t i o n . 
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poisons c e r t a i n r e a c t i o n s on Mo/alumina c a t a l y s t s (6,12,13), no 
major d i f f e r e n c e s were seen i n the b l o c k i n g of s i t e s f o r adsor p t i o n 
of NO. Both bases were h e l d s t r o n g l y by the i o n i c metal s i t e s and 
were desorbed to approximately the same extent by heating i n vacuum 
at p r o g r e s s i v e l y increased temperatures. 

Adsorption of CO showed greater d i f f e r e n c e s i n the a b i l i t i e s 
of the n i t r o g e n bases t o b l o c k m e t a l l i c s i t e s . I n these experiments 
excess n i t r o g e n base was added, a f t e r p r e s u l f i d i n g , r e d u c t i o n , and 
evacuation and then p r o g r e s s i v e l y desorbed by he a t i n g i n vacuum at 
p r o g r e s s i v e l y higher temperatures w i t h i n t e r v e n i n g a d d i t i o n s of CO. 

As i n d i c a t e d i n F i g u r e 10, p y r i d i n e was much more e f f e c t i v e 
than 2 , 6 - l u t i d i n e i n b l o c k i n g the " a c i d i c " metal s i t e s which 
normally adsorb CO to give a band near 2100 cm"1. P y r i d i n e was, i n 
f a c t , apparently h e l d more s t r o n g l y than 2 , 6 - l u t i d i n e on the e n t i r e 
range of s l i g h t l y e l e c t r o p o s i t i v e s i t e s on which CO would otherwise 
give bands i n the r e g i o

D i s c u s s i o n 

Although not p i n p o i n t i n g a c t i v e s i t e s f o r h y d r o d e s u l f u r i z a t i o n , 
r e s u l t s of t h i s study r e s t r i c t the range f o r s p e c u l a t i o n on t h e i r 
nature and numbers. Review of the many hypotheses which have been 
proposed can be found elsewhere (1-4). 

Promotional e f f e c t s of s u l f i d e can e v i d e n t l y be e x p l a i n e d , 
because exposure of reduced metals i s increased on reduced s u l f i d e d 
c a t a l y s t s . The r o l e of c o b a l t i s l e s s c l e a r . I t i s normally not 
f u l l y reduced. I t apparently does not promote greater exposure of 
Mo i n any form detected, e i t h e r i n the presence or absence of 
s u l f i d e . On the c o n t r a r y , i t e v i d e n t l y only decreases the 
co n c e n t r a t i o n of exposed Mo atoms, although, at concentrations 
t y p i c a l l y used, most. Mo atoms are unaffected by Co. E i t h e r some 
property of Co alone or some l o c a l cooperative e f f e c t of adjacent Co 
and Mo must e x p l a i n promotion. Simple mechanical mixtures w i l l not 
g i v e the synergism observed, however (1-4). 

Cooperative e f f e c t s i n v o l v i n g p a i r e d Co and. Mo s i t e s thus seem 
to o f f e r the most l i k e l y e x p l a n a t i o n f o r promotion by Co. P a i r e d 
i o n i c Co and Mo s i t e s might reasonably reach a maximum con c e n t r a t i o n 
where maximum exposure of Co ions i s observed, although the numbers 
of such p a i r e d s i t e s might be considerably lower than that of 
exposed Co i o n s . When c a t a l y s t s are s u l f i d e d and reduced a d d i t i o n a l 
types of exposed metal s i t e s become p o s s i b l e members of p a i r s i t e s , 
however. I o n i c Co and Mo s i t e s on s u l f i d e d c a t a l y s t s appear s i m i l a r 
to those on u n s u l f i d e d c a t a l y s t s , but l e s s numerous. Despite t h i s , 
the c a t a l y t i c a c t i v i t y i s increased by s u l f i d i n g . Greater 
e f f i c i e n c y f o r s u l f i d e d i o n i c s i t e s has p r e v i o u s l y been p o s t u l a t e d 
to e x p l a i n higher a c t i v i t y of s u l f i d e d Mo/alumina (<4), but evidence 

<5+ 
was not then a v a i l a b l e t o show the s u b s t a n t i a l exposure of Mo on 
s u l f i d e d and reduced c a t a l y s t s ( 8 ) . 

At l e a s t one member of an a c t i v e p a i r should probably e x i s t to 
a greater extent on s u l f i d e d than on u n s u l f i d e d c a t a l y s t s . Exposed 
reduced metal s i t e s , e i t h e r s l i g h t l y e l e c t r o p o s i t i v e or uncharged, 
shown by i n f r a r e d to e x i s t a p p r e c i a b l y only on reduced s u l f i d e d 
c a t a l y s t s , thus appear to be l i k e l y members of a c t i v e p a i r s i t e s . 
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Figure 9. Spectra of CO adsorbed on Co+ 8% M o / A l ^ c a t a l y s t s 
supported on (A.) Aero 1000 alumina and (B.) F i l t r o l 90 alumina. 
Co concentrations as i n d i c a t e d on s p e c t r a . 

.20, TCO-
400-
300-

200 

100—η 

40-Hf 

300) "#\ 
200 
100 
40 

J_ 
2300 2200 2100 2000 2300 2200 2100 2000 

Wavenumber ( c m 1 ) 

Figure 10. Spectra of CO adsorbed on CoMo/Al^O^ a f t e r p a r t i a l 
d esorption of preadsorbed n i t r o g e n base. A. CO spe c t r a (8 Torr) 
a f t e r d e s o r p t i o n of preadsorbed p y r i d i n e at the temperatures 
i n d i c a t e d on the s p e c t r a . B. CO spe c t r a as above a f t e r 
p r o g r e s s i v e de s o r p t i o n of 2 , 6 - l u t i d i n e . 
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On Mo/alumina c a t a l y s t s the reduced metal p a i r member would 
n e c e s s a r i l y be Mo, probably s l i g h t l y e l e c t r o p o s i t i v e l y charged. 
When Co i s a l s o present the reduced metal could be e i t h e r Mo or Co. 
The s p e c t r a show, however, that the ( e l e c t r o p o s i t i v e ) Mo s i t e s 
g i v i n g a CO band near 2120 cm" decrease i n number as Co i s added 
(Figure 9 ) . The reduced metal component of a p o s s i b l e a c t i v e p a i r 
s i t e i s thus probably more f u l l y reduced than these s i t e s . 

An exposed Mo i o n seems l i k e l y as the other member of an a c t i v e 
p a i r s i t e . Such ions have been p o s t u l a t e d as a c t i v e s i t e s on 

2+ 
Mo/alumina (4)· Exposed Co ions could a l s o serve as members of 
a c t i v e p a i r s , however. This p o s s i b i l i t y gains some support from the 
observation t h a t optimum Co concentrations on CoMo c a t a l y s t s 2+ δ+ maximize exposure of Co (and p o s s i b l y of Co ) but not of 
f u l l y - r e d u c e d Co. The common fe a t u r e i n a l l these p a i r s i t e s could 
be exposed, reduced, s l i g h t l
a d j o i n i n g metal c a t i o n s

F i g u r e 11 shows s c h e m a t i c a l l y how such s i t e s may be formed on 
Mo/alumina or CoMo/alumina c a t a l y s t s . The p a i r s i t e contains a 
reduced metal next to an a c i d i c metal c a t i o n , e i t h e r Co or Mo. 
Presumably t h i s dual s i t e can remove S, l e a v i n g an o l e f i n or 
aromatic molecule attached to the c a t i o n . This i s then hydrogenated 
by hydrogen from the reduced metal component of the s i t e . 

The nature of such s i t e s seems c o n s i s t e n t w i t h the behavior 
shown i n the p y r i d i n e and l u t i d i n e poisoning experiments. The 
a c i d i c nature of the reduced metal s i t e s which h o l d the n i t r o g e n 
bases seems e s t a b l i s h e d . D i f f e r e n c e i n the extent to which the 
exposed metal c a t i o n i s a c c e s s i b l e to the n i t r o g e n atom of the 
organic n i t r o g e n base could e x p l a i n the s e l e c t i v e poisoning seen 
w i t h d i f f e r e n t s u b s t i t u t e d p y r i d i n e s . Presumably the c a t i o n s i n an 
a c t i v e p a i r are somewhat l e s s a c c e s s i b l e than most exposed Co and 
Mo c a t i o n s , which, because they normally ho l d two NO molecules, are 
probably exposed i n incomplete t e t r a h e d r a l s i t e s . 

The a c t i v i t y shown by unsupported Mo s u l f i d e or Co molybdate 
c a t a l y s t s (4) i s not i n c o n s i s t e n t w i t h the nature of the a c t i v e 
s i t e s p o s t u l a t e d . The e s s e n t i a l p a i r members and i n t e r a c t i o n s could 
a l l e x i s t on unsupported c a t a l y s t s . E i t h e r Co or Mo alone can cause 
d e s u l f u r i z a t i o n . The support serves mainly to increase the amount 
of exposed Co and Mo i n some d e s i r a b l e c o n f i g u r a t i o n . 

Conclusions 

Although much progress has been made toward understanding the nature 
and probable c a t a l y t i c behavior of a c t i v e s i t e s on CoMo/alumina 
c a t a l y s t s , much ob v i o u s l y remains t o be accomplished. D e t a i l e d 
e x p l a n a t i o n of the a c i d i c character of the reduced metal s i t e s 
e v i d e n t l y most important i n HDS, and presumably i n r e l a t e d 
r e a c t i o n s , must await the increased understanding which should come 
from s t u d i e s of s i m p l i f i e d model c a t a l y s t s u s i n g advanced surface 
science techniques. Further progress of an immediately u s e f u l 
nature seems p o s s i b l e from a d d i t i o n a l i n f r a r e d study of the 
v a r i a t i o n s produced i n the exposed metal s i t e s as a r e s u l t of 
v a r i a t i o n s i n p r e p a r a t i o n , pretreatment, and r e a c t i o n c o n d i t i o n s . 
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CoMo/Al 20 3 c a t a l y s t s . 
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More effective u t i l i z a t i o n of the metals in HDS catalysts certainly 
seems possible, because only a very small fraction of the metal 
content appears to be usefully exposed on the surface. 
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Recent work in our laboratory has shown that Fourier 
Transform Infrared Reflection Absorption Spectroscopy 
(FT-IRRAS) can be used routinely to measure 
vibrational spectra of a monolayer on a low area 
metal surface. To achieve sensitivity and 
resolution, a pseudo-double beam, polarization 
modulation technique was integrated into the FT-IR 
experiment. We have shown applicability of FT-IRRAS 
to spectral measurements of surface adsorbates in the 
presence of a surrounding infrared absorbing gas or 
liquid as well as measurements in the UHV. We now 
show progress toward in situ measurement of thermal 
and hydration induced conformational changes of 
adsorbate structure. The design of the cell and some 
preliminary measurements will be discussed. 

Vibrational spectroscopic studies of heterogeneously catalyzed 
reactions refer to experiments with low area metals in ultra high 
vacuum (UHV) as well as experiments with high area, supported metal 
oxides over wide ranges of pressure, temperature and composition 
[1]. There is clearly a need for this experimental diversity. UHV 
studies lead to a better understanding of the fundamental structure 
and chemistry of the surface-adsorbate system. Supported metals 
and metal oxides are utilized in a variety of reactions. Their 
study leads to a better understanding of the chemistry, kinetics 
and mechanisms in the reaction. Unfortunately, the most widely used 
technique for determining adsorbate molecular structure in UHV, 
EELS [2], is incompatible with non-UHV environments, and the photon 
techniques, IR and Raman, are not usually of sufficient sensitivity 
to measure routinely a monolayer on a low area metal. 

Our goal is to bridge the gap between studies of well-charac­
terized surfaces in UHV and studies of high pressure, complex, 
heterogeneously catalyzed reactions. To achieve this goal, we 

1Current address: San Jose Research Laboratory, IBM Corporation, San Jose, CA 95193 
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have been i n v e s t i g a t i n g s e v e r a l FT-IR techniques to study 
adsorbate-gas or a d s o r b a t e - l i q u i d i n t e r f a c e s . F o u r i e r Transform 
I n f r a r e d R e f l e c t i o n Absorption Spectroscopy (FT-IRRAS) combines an 
FT-IR w i t h the grazing angle, r e f l e c t i o n - a b s o r p t i o n experiment [3] 
and can be used to measure the v i b r a t i o n a l spectrum of a monolayer 
on a metal surface [4,6,9,10,13-16,19]. Using a double modulation, 
pseudo-double beam approach to enhance the dynamic range of 
FT-IRRAS, we have shown monolayer and sub-monolayer s e n s i t i v i t y f o r 
absorbâtes on low area metals [ 4 ] . These s t u d i e s were performed 
w i t h most of the FT-IR beam path open to a i r to show our s p e c t r a l 
d i s c r i m i n a t i o n of the surface adsorbates from the i s o t r o p i c gas. 
Figure 1 shows the spectrum of s i x monolayers of cadmium arachidate 
on Ag, deposited by a Langmuir-Blodgett technique [ 5 ] , taken w i t h 
t h i s equipment. The i n s e t , a s i n g l e beam spectrum, shows the l e v e l 
of water vapor and carbon d i o x i d e that i s e f f e c t i v e l y e l i m i n a t e d . 
Using t h i s technique w i t
have shown that spectr
can be measured w i t h sub-monolaye y [ 6 ]  expecte
d i p o l e - d i p o l e s h i f t i n frequency w i t h coverage [7] i s a l s o 
observed. With techniques adapted from FT-IR evolved gas 
a n a l y s i s , we have a l s o shown the a p p l i c a b i l i t y of the FT-IR to 
f o l l o w r e a c t i o n s c a t a l y z e d by supported metal oxides i n r e a l time 
[8 ] . 

These s t u d i e s l a y the groundwork f o r i n s i t u i n v e s t i g a t i o n s of 
adsorbates on low area metal surfaces undergoing a p h y s i c a l or 
chemical change. By combining FT-IRRAS techniques w i t h a 
temperature c o n t r o l l e d c e l l which can accommodate gas flow over the 
s u r f a c e , we are able to produce s p e c t r a l changes of Langmuir-Blod­
gett f i l m s induced by heat [12] or h y d r a t i o n . The use of t h i s 
r e a c t i o n c e l l i s a complement to the experiments which t r a n s l a t e 
[11] a w e l l defined surface between r e a c t i o n zone and UHV a n a l y s i s . 
At t h i s w r i t i n g we have completed some p r e l i m i n a r y measurements, 
which we report below, using the f i x e d p o l a r i z e r technique to 
assess system performance. 

Experimental S e c t i o n 

FT-IRRAS has been described elsewhere. For d e t a i l s of the appro­
p r i a t e experiment, the reader should r e f e r to r e f . 9 f o r the 
conventional f i x e d p o l a r i z e r , grazing incidence experiment, to r e f . 
4 or 10 f o r the p o l a r i z a t i o n modulation a d d i t i o n and to r e f . 4 f o r 
the p o l a r i z a t i o n / d o u b l e modulation technique. In order to study 
low area metal surfaces under r e a c t i o n c o n d i t i o n s , a c e l l was 
designed [18] f o r continuous, i n s i t u , g r a z ing angle IR a n a l y s i s , 
f i g 2. The sample can be heated or cooled; the chamber can be used 
at reduced or elevated pressure w i t h or without a gas f l o w i n g . The 
c e l l can be moved perpendicular to the o p t i c a l path enabling the 
l i g h t to be r e f l e c t e d from the sample or tr a n s m i t t e d only through 
the gas. I t can be used w i t h e i t h e r f i x e d p o l a r i z e r or 
p o l a r i z a t i o n modulation techniques. Two thermocouples are used to 
measure c e l l temperature r e p r o d u c i b l y . One i s placed d i r e c t l y 
behind the sample; the other i s placed i n contact w i t h the outer 
c e l l w a l l 1.5 cm beyond the edge of the sample. 
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For the work reported here, an IBM Instruments IR/85 w i t h an 
MCT detector and a gold on s i l v e r bromide wire g r i d p o l a r i z e r i s 
used. T y p i c a l l y the r e s o l u t i o n i s set 4 cm-1 w i t h a 1000 scans (6 
minutes) or more co-added to reduce the noise s i g n a l - t o - n o i s e . The 
p o l a r i z e r i s placed between the int e r f e r o m e t e r and the c e l l . When 
the l i g h t at grazing incidence to the sample i s p o l a r i z e d p a r a l l e l 
(p) to the plane of r e f l e c t i o n , defined by the incoming and 
outgoing l i g h t r a y s , the e l e c t r i c v e c t o r perpendicular to the metal 
i s enhanced near the surface [ 3 ] . A v i b r a t i o n of a molecule 
adsorbed on the metal can be observed w i t h p - p o l a r i z e d l i g h t i f a 
component of i t s d i p o l e moment i s normal to the metal. When the 
l i g h t i s p o l a r i z e d perpendicular (s) to the plane of r e f l e c t i o n -
p a r a l l e l to the s u r f a c e , the e l e c t r i c v e c t o r changes by 180 degrees 
upon r e f l e c t i o n and i s e s s e n t i a l l y zero near to the surface [ 3 ] . 
V i b r a t i o n s of monolayers adsorbed on low area metals are not 
ge n e r a l l y observed w i t  s - p o l a r i z e  l i g h t
the p - p o l a r i z e d and s - p o l a r i z e
same extent by an i s o t r o p i

Cadmium arachidate [Cd(00C-C. 0H 0.-CH 0)J samples are prepared 

by a Langmuir-Blodgett (L-B) dipping technique [5] (courtesy of Dr. 
John Rabolt, IBM Research, San Jose, CA.). The metal f i l m s , 0.2 
microns t h i c k , are evaporated on to cl e a n g l a s s s l i d e s p r i o r to L-B 
monolayer d e p o s i t i o n . 

Results and D i s c u s s i o n ; 

The study of model monolayers o f f e r s the opportunity to t e s t 
instrument s e n s i t i v i t y . In the case of cadmium arachidate on 
s i l v e r , i t i s p o s s i b l e to observe a change i n the spectrum 
corresponding to a phase change [12] around 115 degrees C. This 
s p e c t r a l change i s q u i t e dramatic e x h i b i t i n g a s i z e a b l e increase i n 
both the methylene C-H and the asymmetric carboxylate s t r e t c h i n g 
i n t e n s i t i e s . Figures 3a-j show a s e r i e s of s p e c t r a , 3000 to 1000 
cm-1, of 2 monolayers of cadmium arachidate on s i l v e r i n which the 
sample was f i r s t heated to 155 deg C and then cooled to 30 deg C. 
These monolayers are o r i e n t e d l i k e a b i l a y e r w i t h the p o l a r 
carboxylate head of the f i r s t monolayer proximate to the metal. 
The second monolayer i s reversed w i t h i t s methyl group t a i l 
proximate to the t a i l of the f i r s t monolayer, and i t s head pointed 
away from the metal. F i g . 4a-j shows the same data i n expanded 
from f o r the C-H s t r e t c h i n g r e g i o n , 3000 to 2800 cm-1. The 
observed behavior i s not unexpected [13-15] and i s reviewed below. 
At the lowest temperatures, 30 to 75 deg C, we observe changes i n 
the methyl C-H asymmetric s t r e t c h e s , 2960 to 2935 cm-1, p o s s i b l y 
i n d i c a t i n g o r i e n t a t i o n a l changes i n the t a i l groups. At higher 
temperatures we observe increases i n the methylene band 
i n t e n s i t i e s , e.g. 2920 and 2850 cm-1, which show i n c r e a s i n g 
d i s o r d e r i n the hydrocarbon chain. Only at temperatures above 115 
deg C, do we observe s u b s t a n t i a l i n t e n s i t y increases i n the 
asymmetric carboxylate s t r e t c h at 1550 cm-1. Cadmium arachidate 
monolayers which are cooled a f t e r heating to 125 deg C or more show 
a p a r t i a l r e o r d e r i n g of the head, c a r b o x y l a t e , and backbone, 
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30(T 2500 2000 15Ό0 1000 500 
Wavenumbers c m 

F igure 3. 2 L-B monolayers of cadmium arach idate on Ag. Ρ 
p o l a r i z a t i o n . Reso lut ion = 4 cm-1. 4000 spect ra co-added. 
Ratioed to Ag re ference m i r r o r . 3000 - 1000 cm-1. 
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F igure 4. Same data as f i g . 3; 3000-2800 cm-1 region expanded. 
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methylenes, as evidenced by a decrease i n the i n t e n s i t y of the 
bands at 1550, 2925 and 2850 cm-1. 

The i n t e n s i t y changes are b e l i e v e d [3,13-15,19] to a r i s e from 
the geometry of the monolayer w i t h respect to the metal. 
V i b r a t i o n s which l i e p a r a l l e l to the plane of the metal are not 
observed because they are perpendicular to the e l e c t r i c v e c t o r near 
the metal surface. When the cadmium arachidate monolayers are made 
by the L-B technique, the long a x i s , backbone, i s near normal to 
the metal surface [ 4 ] . In t h i s c o n f i g u r a t i o n the carboxylate 
symmetric s t r e t c h i s observed because i t has a component 
perpendicular to the metal, and the asymmetric carboxylate s t r e t c h 
i s reduced by more than a f a c t o r of ten because i t i s ne a r l y 
p a r a l l e l to the plane of the metal. The planes formed by the H-C-H 
atoms of the methylene groups a l s o l i e n e a r l y p a r a l l e l to the plane 
of the metal. Hence, the i n t e n s i t i e s of the asymmetric and 
symmetric s t r e t c h e s an
measurements made of th
when most t i g h t l y packed,  p a r a l l e  plan
of the metal and one out of the plane. Of the three methyl C-H 
bonds only the C-H s t r e t c h i n g v i b r a t i o n out of the plane of the 
metal w i l l c o n t r i b u t e s i g n i f i c a n t l y to the ordered monolayer 
spectrum. Any change i n o r i e n t a t i o n of a bond of the ca r b o x y l a t e , 
methylenes or methyl groups from i n the plane to out of the plane 
of the metal w i l l cause a l a r g e increase i n the measured IR 
absorption or the appropriate v i b r a t i o n . 

The change observed f o r the L-B f i l m s are summarized i n f i g u r e 
5 i n which the i n t e g r a t e d band areas f o r the asymmetric and 
symmetric carboxylate are p l o t t e d against 1/T f o r 2 and 6 
monolayers on Ag. These p l o t s show that the i n t e n s i t y of the 
carboxylate s t r e t c h , 1430 cm-1 i s n e a r l y constant over the range of 
the experiment, whereas the i n t e n s i t y of the asymmetric carboxylate 
shows a s i z e a b l e increase i n the temperature range 105 to 125 deg 
C. A f t e r the f i l m s are cooled below 105 deg C, the asymmetric 
carboxylate band i n t e n s i t i e s decrease to about 1/2 t h e i r maximum 
value. This c y c l e of i n t e n s i t y changes i s a l s o observed f o r f i l m s 
which are heated and cooled more than once. The r a t i o of the areas 
of the symmetric carboxylate s t r e t c h i n g bands f o r the 6 monolayer 
f i l m w i t h respect to the 2 monolayer f i l m i s 2.6 +/- 0.4, i . e . 
w i t h i n experimental e r r o r of the expected value of 3. The 
corresponding r a t i o s f o r the asymmetric bands are temperature 
dependent showing a value of 1 at 30 deg C before h e a t i n g , 4 at 
temperatures above 125 deg C and above and 2.7 - very c l o s e to the 
value measured f o r the symmetric case - a f t e r c o o l i n g below 105 deg 
C. The r e l a t i v e r a t i o s , symmetric to asymmetric, vary by more than 
a f a c t o r of ten from the ordered monolayers (ca. 5) to the 
disordered bulk (ca. 0.5 [20]). The r e s u l t s f o r the 2 and 6 
monolayers show 3 +/- 1 and 10 +/- 5 at 30 deg C, 0.8 and 0.6 at 
temperatures above 115 deg C, and 1.3 and 1.3 a f t e r c o o l i n g below 
105 deg C, r e s p e c t i v e l y . Although our data are p r e l i m i n a r y and not 
f u l l y understood (the observed trends may a r i s e from small 
d i f f e r e n c e s i n sample p r e p a r a t i o n ) , they do h i g h l i g h t the need f o r 
measurements i n s i t u because the r e s u l t s obtained on the melts show 
more d i s o r d e r than the melted samples a f t e r c o o l i n g . I t i s 
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F igure 5. Integrated band areas v s . 1/T f o r 2 and 6 monolayers 
of cadmium arach idate on Ag. Comparison of asymmetric (1630 -
1490 cm-1) and symmetric (1490 - 1380 cm-1) bands. 
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i n t r i g u i n g to hypothesize [12] that a s i n g l e monolayer w i l l e x h i b i t 
l e s s d i s o r d e r ( l a r g e r r a t i o ) than the 2 monolayer sample. Tests of 
t h i s hypothesis are i n progress. 

Polymethylmethacrylate [ (-CH9-C- )n , PMMA] was deposited on 

COOCH3 

chromium from s o l u t i o n to form a 180 A f i l m (samples courtesy of 
Dr. J . R a b o l t ) . Figure 6a-f shows a heating and c o o l i n g c y c l e f o r 
t h i s f i l m . The s p e c t r a l changes are not as dramatic as that 
observed f o r the L-B f i l m because s o l u t i o n deposited PMMA f i l m s are 
g e n e r a l l y disordered w i t h respect to the metal [ 6 ] . The very s m a l l 
s p e c t r a l changes observed
cm-1, are i n the C-0 s i n g l
conformational changes i n the e s t e r s i d e chains [16]· 

The a b i l i t y to measure changes i n an L-B f i l m due to the 
presence of water vapor i s shown i n f i g . 7a-g and 8a-g. In t h i s 
experiment the s p e c t r a of 2 monolayers of cadmium arachidate on N i 
( t a i l to t a i l ) are recorded i n the presence of 11 t o r r of water 
vapor i n n i t r o g e n at 30 deg C and compared w i t h the s p e c t r a 
obtained w i t h dry n i t r o g e n . The d i f f e r e n c e between cadmium 
arachidate on n i c k e l and on s i l v e r i s expected to be small because 
both f i l m s are prepared w i t h the same water bath L-B technique 
p r i o r to t r a n s f e r to the metal [16]. In both the hydrated and 
anhydrous experiments, the gas i s swept continuously through the 
c e l l to maintain constant pressure. Figures 7a-g show a sequence 
of dry and wet L-B f i l m s p e c t r a i n the C-H s t r e t c h i n g r e g i o n 3000 
to 2800 cm-1. The s p e c t r a , a, c, e, and g of the anhydrous b i l a y e r 
show the t y p i c a l bands of f r e s h , unheated arachidate monolayers. 
The i n s i t u s p e c t r a , b, d, and f , of the hydrated b i l a y e r show 
n o t i c e a b l e changes to the methyl asymmetric s t r e t c h i n g bands. 
Figure 8a-g shows the same sequence of spectra f o r the symmetric 
c a r b o x y l a t e , 1430 cm-1, and the symmetric methyl bend, 1380 cm-1. 
While there i s l i t t l e , i f any d i f f e r e n c e between the carboxylate 
s t r e t c h i n g band p o s i t i o n or i n t e n s i t y f o r the hydrated or anhydrous 
f i l m , there i s a r e p r o d u c i b l e , 10 cm-1, s h i f t i n peak maximum f o r 
the methyl bend. These observations are c o n s i s t e n t w i t h the 
packing of the monolayers [13-15] where the carboxylate and the 
methylene groups are packed more t i g h t l y than the methyls. The 
water i s presumed to s i t i n the region between the monolayers 
f o r c i n g conformational and, hence s p e c t r a l , changes i n the methyl 
p o s i t i o n s . I t i s i n t e r e s t i n g a l s o to compare f i g 7b (d or f ) w i t h 
f i g 4b which shows a dry two monolayer sample on Ag heated to 75 
deg C Both show a c o l l a p s e of the 2935 and the 2920 bands to a 
s i n g l e band and show s h i f t s to higher frequency f o r the symmetric 
methylene C-H s t r e t c h . From these s i m i l a r i t i e s , one might 
hypothesize that a hydrated arachidate f i l m w i l l melt at a 
d i f f e r e n t temperature than an anhydrous f i l m . This has been 
observed f o r m i c e l l u l a r l i p i d s [17]. A t e s t of t h i s hypothesis i s 
i n progress. 
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F igure 6. PMMA on Cr - s o l u t i o n d e p o s i t i o n . Ρ p o l a r i z a t i o n ; 180 
A l a y e r [ 1 6 ] ; Reso lut ion = 4 cm-1; 3000 - 1000 cm-1. Ratioed to 
Cr re ference m i r r o r . 4000 scans co-added. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



446 C A T A L Y S T C H A R A C T E R I Z A T I O N S C I E N C E 

3000 2950 2900 2850 2800 
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F igure 7. 2 L-B monolayers of cadmium arach idate on N i . Ρ 
p o l a r i z a t i o n . 4000 spectra co-added. Ratioed to Ni re ference 
m i r r o r . Reso lut ion c a . 10 cm-1; 3000 - 2800 cm-1. 
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Figure 8. 2 L-B monolayers of cadmium arach idate on N i . Ρ 
p o l a r i z a t i o n . 4000 spect ra co-added. Ratioed to Ni re ference 
m i r r o r . Reso lut ion c a . 10 cm-1; 1500 - 1300 cm-1. 

Conclusion 

To achieve surface s e l e c t i v i t y i n our s t u d i e s of low area metal 
c a t a l y z e d r e a c t i o n s , we have developed FT-IRRAS techniques f o r the 
i n s i t u study of surface adsorbates. With these methods, we are 
making progress toward examination of complex r e a c t i o n s . 
P r e l i m i n a r y r e s u l t s using f i x e d p o l a r i z e r FT-IRRAS to study the 
melting and hy d r a t i o n of cadmium arachidate on low area metals show 
that both i r r e v e r s i b l e and r e v e r s i b l e conformational changes can be 
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measured. Studies aimed at measuring the effect of hydration on 
the order to disorder transitions in cadmium arachidate are 
presently underway. 

Literature Cited 

1. C. B. Duke, J. Elec. Spec. 29, 1 (1983). 
2. H. Ibach, ed., "Electron Spectroscopy for Surface Analysis" 

(Springer-Verlag, Berlin, 1977); H. Ibach, Surface Science 
66, 56, 1977. 

3. R. G. Greenler, J. Chem. Phys. 44, 310 (1966). 
4. W. G. Golden, and D. D. Saperstein, J. Elect. Spect. 30, 43 

(1983). 
5. G. L. Gaines, "Insoluble Monolayers at Liquid-Gas Interfaces", 

(Interscience, Ne
6. W. G. Golden, D

Overend, J. Phys. Chem. 88, 754 (1984). 
7. R. Ρ Eischens, S. A. Francis and W. A. Pliskin, J. Phys. Chem. 

60, 194 (1956); G. Blyholder, J. Phys Chem. 68, 2772 (1964). 
8. D. D. Saperstein, Abstract, ACS 187th National Meeting, 

St. Louis; D. D. Saperstein, Appl. Spect. 37, 279 (1983). 
9. W. G. Golden, D. S. Dunn, and J. Overend, J. Phys. Chem. 82, 

843, (1978); F. Hoffman and A. M. Bradshaw, Surf. Sci. 72, 
513 (1977); J. D. Fedyk and M. J. Dignam in "Vibrational 
Spectroscopies for Adsorbed Species," A. Bell and M. Hair, 
eds., (American Chemical Society, Washington, D.C., 1980) 
and references therein; P. Hollins and J. Pritchard, 
"Vibrational Spectroscopy for Adsorbed Species", A. Bell and 
M. Hair, eds. (American Chemical Society, Washington, D.C., 
1980); A. Crossley and D. A. King, Surf. Sci. 68, 528 (1977); 
M. D. Baker and M. A. Chesters in "Vibrations at Surfaces", 
R. Caudano et al, eds., (Plenum Press, New York, 1982). 

10. A. E. Dowry and C. Marcott, Appl. Spect. 36, 414 (1982). 
11. See for example: A. L. Cabrera, N. D. Spencer, E. Kozak, P. W. 

Davies and G. A. Somorajai, Rev. Sci. Instrum. 53, 1888 
(1982); W. Erley, P. H. McBreen, and H. Ibach, J. Catalysis 
84, 229 (1983). 

12. J. Rabolt, private communication. 
13. J. F. Rabolt, F. C. Burns, Ν. E. Schlotter and J. D. Swalen, 

J. Chem Phys. 78, 946 (1983). 
14. D. L. Allara and J. D. Swalen, J. Phys. Chem. 86, 2700 (1982); 

P. A. Chollet, Thin Solid Films 52, 343 (1978). 
15. W. G. Golden, C. D. Snyder and B. Smith, J. Phys. Chem 86, 

4675 (1982). 
16. J. F. Rabolt, M. Jurich, and J. D. Swalen, Appl. Spect., in 

press. 
17. T. J. O'Leary and I. W. Levin, J. Phys. Chem. 88, 1790 (1984). 
18. Manufactured to our design and specifications by Barnes Analy­

tical, Division of Spectra-Tech, Stamford, CT. 
19. N. Sheppard and J. Erkelens, Appl. Spect. 38, 471 (1984). 
20. Values obtained by Rabolt et al, ref. 13; shown in their fig 1. 

RECEIVED December 6, 1984 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



38 
IR Photoacoustic Spectroscopy of Silica and 
Aluminum Oxide 

J. B. Benziger, S. J. McGovern, and B. S. H. Royce 

School of Engineering and Applied Sciences, Princeton University, Princeton, ΝJ 08544 

The application of infrared photoacoustic spectros
copy to characterize silica and alumina samples is re­
ported. High quality infrared photoacoustic spectra 
illuminate structural changes between different forms 
of silica and alumina, as well as permit adsorbate 
structure to be probed. Adsorption studies on aerosil 
suggest adsorbed species shield the electric fields 
due to particle-particle interactions and induce 
changes in the vibrational spectra of the adsorbates 
as well as in the bulk phonon band. It is shown that 
different forms of aluminum oxides and hydroxides 
could be distinguished by the infrared spectra. 
Lastly, more complete infrared spectra of water and 
CO2 adsorption were obtained and were able to distin­
guish different types of surface carbonates. 

High surface area silica and alumina have been extensively studied 
utilizing a variety of spectroscopic techniques. Infrared 
spectroscopy has been particularly important as a surface probe and 
several excellent reviews have been published ( l i l ) . Most infrared 
studies have been performed by transmission techniques using thin 
pressed discs in the region where silica and alumina are infrared 
transparent, typically in the regions above 1400 cm".1 and between 
500 and 1000 cm"1 for silica and above 1200 cm"1 for alumina. 
Attention has primarily focused on high frequency vibrations such as 
OH and CH stretching and bending modes. Features resulting from 
bonding to the surface and the surface structure itself have been 
inferred from changes observed in other parts of the spectrum. 

Several of the problems associated with transmission techniques 
may be overcome utilizing photoacoustic detection. In particular, 
changes in the spectral region where silica and alumina are strong 
absorbers may be observed by photoacoustic spectroscopy. 
Additionally, infrared photoacoustic spectroscopy can examine the 
broadband absorption due to hydrogen bonding and mobile charge 
carriers, which are indistinguishable from scattering effects pre­
sent in transmission spectra. Infrared photoacoustic spectroscopy 
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of the s t r u c t u r e o f s i l i c a s and a luminas, and adsorp t ion o f s imple 
molecules on these m a t e r i a l s w i l l be examined i n t h i s paper. 

Background 

The spec t roscop ic a p p l i c a t i o n o f the photoacoust ic e f f e c t from 
s o l i d s was rev i ved by Rosencwaig and Gersho ( 4 ) , who recognized t h a t 
the absorp t ion o f modulated l i g h t would cause a p e r i o d i c heat ing o f 
a s o l i d sample, r e s u l t i n g i n a p e r i o d i c heat ing and c o o l i n g o f the 
gas near the s o l i d s u r f a c e . Th is temperature v a r i a t i o n r e s u l t s i n a 
pressure v a r i a t i o n whose ampl i tude depends on the o p t i c a l absorp t ion 
c o e f f i c i e n t , <xa, and the thermal d i f f u s i o n leng th o f the sample, μ 5 . 
The photoacoust ic s i g n a l generated i s p r o p o r t i o n a l t o the absorp t ion 
c o e f f i c i e n t p rov ided the product of the absorp t ion c o e f f i c i e n t and 
the thermal d i f f u s i o n leng th i s less than one: 

1 > a a u s (pho toacous t i c

Useful i n f o r m a t i o n from t ransmiss ion spectroscopy i s obta ined when 
the product o f the absorp t ion c o e f f i c i e n t and the sample t h i c k n e s s , 
i , i s less than one: 

1 > a a f ( t ransmiss ion ) 

Porous m a t e r i a l s , such as s i l i c a and a lumina, have thermal d i f f u s i o n 
lengths o f approx imate ly 10~ 5 m, which i s much less than the t y p i c a l 
th i ckness o f pressed d i s c s . The small thermal d i f f u s i o n leng th 
g ives photoacoust ic spectroscopy a l a r g e r dynamic range than 
t ransmiss ion methods when a p p l i e d t o powdered samples. An a d d i ­
t i o n a l advantage i s the ease o f sample p r e p a r a t i o n , s ince pho­
t o a c o u s t i c spectroscopy uses powdered samples w i t h no spec ia l 
p r e p a r a t i o n r e q u i r e d . 

Transmission spectroscopy i s f u r t h e r compl icated by s c a t t e r i n g 
and r e f l e c t i o n o f the i n f r a r e d r a d i a t i o n . Even w i t h d i scs 0.1 mm 
t h i c k the o p t i c a l throughput i s t y p i c a l l y less than 5% making i t 
d i f f i c u l t t o o b t a i n good s i g n a l t o no ise . Furthermore, l i g h t s c a t ­
t e r i n g can cause s p e c t r a l d i s t o r t i o n . With photoacoust ic 
spectroscopy l i g h t s c a t t e r i n g by micron s i z e p a r t i c l e s i s o f secon­
dary importance. I t r e d i s t r i b u t e s the photon energy r e s u l t i n g i n a 
s l i g h t enhancement o f the photoacoust ic s i g n a l (5,6), but has a 
n e g l i g i b l e e f f e c t on the spec t ra as a photoacoust ic s i g n a l cannot be 
generated w i thou t t r u e a b s o r p t i o n . 

Transmission spectroscopy o f f e r s two s i g n i f i c a n t advantages 
over photoacoust ic spectroscopy o f powders. F i r s t , t ransmiss ion 
spectroscopy i s not s u s c e p t i b l e t o e x t e r n a l acous t i c d i s tu rbances . 
Commercial spectrometers must be mod i f ied f o r v i b r a t i o n a l i s o l a t i o n 
i n order t o o b t a i n good photoacoust ic s p e c t r a . Secondly, 
t ransmiss ion spectroscopy can use s o l i d s t a t e d e t e c t o r s w i t h very 
f a s t response t imes , whereas photoacoust ic spectroscopy i s much 
s lower , w i t h spec t ra t a k i n g a few minutes t o c o l l e c t as compared t o 
a few seconds f o r t ransmiss ion spec t ra when both are taken w i t h an 
FTIR. 

The main advantages and disadvantages o f t ransmiss ion and pho­
t o a c o u s t i c spec t roscop ies are summarized i n Table I . The advantages 
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of the photoacoust ic method suggest i t cou ld be a use fu l r o u t i n e 
a n a l y t i c a l technique f o r c a t a l y s t samples. 

TABLE I . A Comparison of Transmission and Photoacoust ic 
Spectroscopies 

Transmission Photoacoust ic 

Detected 
Signal 

I T = I 0 e x p [ - ( a a + a s ) i ] - l R PA - I 0 < . a f («s) 
1 « f ( a s ) « 4 

Sample 
Prepara t ion 

Pressed Disc o f Mul l Loose Powder 

E f f e c t o f 
S c a t t e r i n g 

Can Cause Spec t ra l 
D i s t o r t i o

N e g l i g i b l e 

Spectrum 
A c q u i s i t i o n 
Time 

Seconds Minutes 

Spec t ra l 
Region Probed 

L im i ted t o 4000-1200 cm" 1 

from Absorption by L a t t i c e 
Modes o f S o l i d 

4000-400 cm" 1 

Only Spec t ra l 
L i m i t a t i o n s are 
Imposed by 
Spectrometer 

Specia l 
Problems 

R e f l e c t i o n Losses Resul t 
i n Low Op t i ca l Throughput 
L i m i t i n g Signal t o Noise 

H igh ly Suscept­
i b l e t o A i rborne 
Noise and B u i l d ­
ing V i b r a t i o n s 

Experimental 

Experiments were c a r r i e d out i n a Bomem DA3.002 FTIR using a spe­
c i a l l y b u i l t photoacoust ic c e l l descr ibed elsewhere ( 7 ) . The c e l l 
was equipped t o a l l ow jm s i t u sample hea t ing i n vacuum or under a 
c o n t r o l l e d atmosphere a t temperatures up t o 400 C. The spec t ra 
shown were ob ta ined a t room temperature i n f l o w i n g hydrogen. A 
m i r r o r v e l o c i t y o f 0.05 cm/s was used w i t h 200 scans coadded f o r 
each spectrum. The spec t ra were t ransformed a t 8 cm" 1 r e s o l u t i o n 
us ing ra i sed cos ine a p o d i z a t i o n . The i n t e r f e r o g r a m was phase 
co r rec ted and numer i ca l l y f i l t e r e d by the c o n v o l u t i o n method w i t h 
256 c o e f f i c i e n t s . The spec t ra were normal ized aga ins t a g r a p h i t e 
re fe rence spectrum obta ined i n the same c e l l . The t o t a l data 
a c q u i s i t i o n t ime f o r each spectrum was approx imate ly 15 min. 

The i n t e r f e r o m e t e r assembly has been mod i f ied t o p rov ide 
acous t i c i s o l a t i o n from both b u i l d i n g v i b r a t i o n s and a i r b o r n e noise 
( 7 ) . These improvements have g r e a t l y enhanced the s igna l t o no ise . 
The spec t ra presented here show a s i g n a l t o noise r a t i o i n excess of 
500 f o r s i l i c a samples and i n excess o f 100 f o r the alumina samples; 
the d i f f e r e n c e s are due t o d i f f e r e n t sample p o r o s i t i e s . No 
smoothing o f the spec t ra has been performed, and a l l spec t ra 
repor ted are d i r e c t rep roduc t ions o f the p l o t t e r ou tpu t from the 
spect rometer . 
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Resul ts 

S i l i c a - Photoacoust ic spec t ra o f a v a r i e t y of s i l i c a samples are 
shown i n F igure 1 . F igure 1a i s o f an a e r o s i l sample (ALFA 
Chemicals #89376) t h a t had been d r i e d a t 350 C f o r 4 hr and cooled 
t o room temperature i n f l o w i n g hydrogen. This sample i s comprised 
o f 60 A p a r t i c l e s o f s i l i c a w i t h a nominal sur face area of 400 m 2 / g . 
The la rge absorp t ion f e a t u r e between 1000 and 1200 cm""1 i s due t o 
the t ransverse and l o n g i t u d i n a l l a t t i c e v i b r a t i o n s ( 8 ) . These 
f e a t u r e s are broadened due t o the amorphous s t r u c t u r e of the aero­
s i l , and the smal l p a r t i c l e s i z e ( 9 ) . Other l a t t i c e v i b r a t i o n s 
occur a t 812 cm""1 and 468 c m " 1 . Overtones o f the fundamental l a t ­
t i c e v i b r a t i o n s occur a t 1625, 1860 and 2004 c m " 1 . The remaining 
f e a t u r e s i n the spectrum are due t o sur face groups. Surface 
hydroxy l groups g i ve r i s e t o an OH s t r e t c h i n g band a t 3744 c m " 1 . 
The long t a i l on the OH s t r e t c h i n g band t h a t extends from 3700 t o 
3400 cm" 1 i s due t o a smal
s u r f a c e . Hydrogen bondin

The spectrum o f the same a e r o s i l sample be fore d r y i n g i s shown 
i n F igure 1b. The on ly n o t i c a b l e d i f f e r e n c e from the d r i e d sample 
i s a broader band due t o adsorbed wate r . The changes due t o the 
adsorbed water are more c l e a r l y seen i n the d i f f e r e n c e spectrum shown 
i n F igure 2a. I n F igure 2, p o s i t i v e f e a t u r e s i n d i c a t e absorp t ions by 
the sample w i t h adsorbed water t h a t are not present i n the d r i e d 
sample and negat ive f e a t u r e s i n d i c a t e absorp t ion by the d r i e d sample 
t h a t are absent i n the wet sample. I n the OH s t r e t c h i n g reg ion a 
broad peak due t o hydrogen bonded water i s centered a t 3400 c m " 1 . 
The adsorbed water i n f l uences the hydroxy l groups causing a s l i g h t 
b lue s h i f t , which r e s u l t s i n the p o s i t i v e peak a t 3756 cm" 1 and a 
negat ive peak a t 3740 c m " 1 . The OH bending mode o f the adsorbed 
water i s seen a t 1626 c m " 1 . There are th ree h indered r o t a t i o n s o f 
adsorbed water t h a t g i ve r i s e t o the th ree bands a t 600, 538 and 468 
c m " 1 . The absorp t ion band a t 764 cm" 1 appears t o be due t o the OH 
bending mode o f adsorbed hydroxy l groups ( 1 0 ) . L a s t l y , t he re are 
changes i n the s i l i c a phonon spec t ra due t o water adsorp t ion t h a t 
g i ve r i s e t o both p o s i t i v e and negat ive f e a t u r e s i n the d i f f e r e n c e 
spectrum around 1000 c m " 1 . The negat ive f e a t u r e a t 1008 cm" 1 

appears t o be due t o an Si-OH s t r e t c h i n g mode. This f e a t u r e i s red 
s h i f t e d t o 926 cm" 1 when water i s adsorbed. The band between 1050 
and 1200 cm" 1 over laps w i t h the s i l i c a phonon band and may be due t o 
a change i n the bu lk phonon spectrum due t o su r face e f f e c t s ( H ) . 

F igure 1c shows the spectrum o f a e r o s i l t h a t has been s l u r r i e d 
i n water and then d r i e d a t 100°C. This t reatment i n i t i a t e s gel f o r ­
mat ion , so t h a t the sample i s no longer a cha in o f s i l i c a p a r t i c l e s 
he ld toge ther by e l e c t r o s t a t i c f o r c e s , but a porous network he ld 
toge ther by s i l oxane l i n k a g e s . The most obvious f e a t u r e s i n t h i s 
spectrum are an increase i n the water adso rp t i on fea tu res a t 3400 
cm" 1 and 1632 c m " 1 . I n a d d i t i o n , a band a t 976 cm" 1 i s e v i d e n t , 
t h a t was much less obvious i n the spec t ra o f the o ther two s i l i c a 
samples. This f e a t u r e i s due t o s i l oxane br idges formed du r ing gel 
f o rma t ion ( 1 0 , 1 2 ) . 

The spectrum i n F igure 1d i s f o r a c r y s t a l l i n e form of s i l i c a , 
s i l i c a l i t e (Union Carbide S-115, see r e f . 13 ) . The s t r u c t u r e i s 
comprised of twelve s i l i c a t e t r a h e d r a l i n k e d i n t o f i v e p e n t a s i l 
groups and one hexas i l group. This b u i l d i n g b lock i s repeated 
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, (d) 

Wavenumber ( c m H ) 

F i g . 1. I n f r a r e d spec t ra o f s i l i c a s , a) A e r o s i l d r i e d a t 350 e C, 
b) A e r o s i l as r e c e i v e d , c ) A e r o s i l s l u r r i e d i n water and 
d r i e d a t 100 e C, d) S i l i c a l i t e as r e c e i v e d . 
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Wavenumber 

F i g . 2. a) D i f f e r e n c e spec t ra between 1b - 1a (as rece ived a e r o s i l 
- d r i e d a e r o s i l ) , b) D i f f e r e n c e spec t ra f o r methoxylated 
s i l i c a (methoxylated s i l i c a - d r i e d s i l i c a ) . 
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fo rming a z ig -zag channel s t r u c t u r e . Th is m a t e r i a l i s d i s t i n c t from 
the o ther s i l i c a samples as the c r y s t a l l i n e s t r u c t u r e does not have 
sur faces t h a t are te rminated w i t h hydroxy l groups. Th is i s ev iden t 
i n the i n f r a r e d spectrum which shows a broad band due t o adsorbed 
water , but no s i g n i f i c a n t f e a t u r e at 3750 c m - 1 due t o sur face 
hydroxy l groups. The remainder o f the spectrum a l so shows some 
s i g n i f i c a n t d i f f e r e n c e s . Being a c r y s t a l l i n e m a t e r i a l , the l o n g i t u ­
d i n a l and t ransverse o p t i c a l modes are seen as w e l l de f ined peaks at 
1228 and 1072 cm""1 r e s p e c t i v e l y . The broad f e a t u r e between the two 
peaks appears t o be due t o the smal l p a r t i c l e s i z e which g ives r i s e 
t o a d i s t r i b u t i o n o f modes. The o the r two bu lk phonon modes a t 800 
and 460 cm" 1 are s l i g h t l y red s h i f t e d r e l a t i v e t o the amorphous 
s i l i c a . There i s a l so an absorp t ion f e a t u r e a t 560 c m " 1 , not 
observed w i t h the o ther samples, t h a t i s due t o the r i n g s t r u c t u r e 
formed by s i l i c a t e t r a h e d r a . This i s a c h a r a c t e r i s t i c band observed 
i n z e o l i t e s where s i m i l a r s t r u c t u r e s e x i s t ( 1 4 ) . 

An a e r o s i l sample wa
e f f e c t o f su r face composi t ion on the i n f r a r e d spectrum. The d i f ­
ference spectrum between the methoxylated s i l i c a and the d r i e d 
s i l i c a i s shown i n F igure 2b. Comparing t h i s w i t h the d i f f e r e n c e 
spectrum f o r hydroxy la ted s i l i c a (2a) severa l changes are apparent . 
F i r s t , the band due t o the hydroxy l s t r e t c h e s a t 3744 cm" 1 i s d i m i ­
nished and rep laced by bands a t 2958 and 2856 cm" 1 due t o the asym­
met r i c and symmetric CH s t r e t c h i n g modes o f the adsorbed methoxy. 
The CH bending modes are a l s o ev iden t a t 1464 and 1404 c m " 1 , as i s 
the loss o f the OH bending mode a t 760 c m " 1 . A band a t 1112 cm" 1 

superimposed on the changes o f the phonon band i s due t o the CO 
s t r e t c h o f the adsorbed methoxy, and a band a t 852 cm" 1 appears t o 
be the r e s u l t o f the Si -0CH 3 s t r e t c h . The remaining f e a t u r e s are 
due t o the adsorbed water , a broad OH s t r e t c h at 3400 c m " 1 , the OH 
bending mode a t 1626 c m " 1 , and the th ree water l i b r a t i o n s a t 597, 
546, and 478 c m " 1 . As the replacement o f the hydroxy l groups was 
not q u a n t i t a t i v e , the loss f e a t u r e s a t 1008 cm" ' and the p o s i t i v e 
d e v i a t i o n s at 926 cm" 1 due t o the Si-OH s t r e t c h e s are s t i l l e v i ­
den t . There i s an a d d i t i o n a l loss a t 980 c m " 1 , which i s due t o the 
Si-OH groups t h a t have been rep laced by sur face methoxys. The nature 
o f the two d i f f e r e n t f requenc ies f o r Si-OH s t r e t c h i n g w i l l be 
addressed f u r t h e r below. L a s t l y , the changes i n the phonon band due 
t o adsorbed water remain almost the same between methoxylated and 
hydroxy la ted s i l i c a . 

Alumina - Alumina forms a v a r i e t y o f ox ides and hydroxides 
whose s t r u c t u r e s have been c h a r a c t e r i z e d by X- ray d i f f r a c t i o n ( 1 6 ) . 
From the c a t a l y t i c v iewpo in t γ-a lumina i s the most impor tan t . This 
i s a metastable phase t h a t i s produced from successive dehydra t ion 
o f aluminum t r i h y d r o x i d e ( g i b b s i t e ) t o aluminum ox ide hydrox ide 
(boehmite) t o γ -a lumina , or from dehydra t ion o f boehmite formed 
hyd ro the rma l l y . γ-a lumina i s conver ted i n t o α-alumina (corundum) a t 
temperatures around 1000°C. 

The i n f r a r e d spec t ra f o r va r ious aluminum oxides and hydroxides 
are shown i n F igure 3. F igure 3a i s α-a lumina (Harshaw A13980), 
ground t o a f i n e powder w i t h a sur face area o f 4 m^/g. The absorp­
t i o n between 550 and 900 cm" 1 i s due t o two over lapp ing l a t t i c e 
modes, and the low frequency band at 400 cm" 1 i s due t o another set 
o f l a t t i c e v i b r a t i o n s . These r e s u l t s are s i m i l a r t o those obta ined 
by r e f l e c t i o n measurements, except t h a t the powder does not show as 
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F i g . 3. I n f r a r e d s p e c t r a of aluminum oxides and hydrox ides . 
a) α - A 1 2 0 3 ; 4m 2 /g, b) γ - A 1 2 0 3 ; 234 » V g , c) ΑΊΟΟΗ 
(Boehmite); 325 m 2 /g, d) A1(0H) 3 ( g i b b s i t e ) . 
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much band s p l i t t i n g as was observed by r e f l e c t i o n from s i n g l e 
c r y s t a l s (17). There i s a l so a very weak and broad band a t 3400 
cm""1 due t o water adsorbed on the alumina s u r f a c e . As the su r face 
area i s low t h i s band i s not expected t o be very s t r o n g . 

F igure 3d i s the i n f r a r e d spectrum o f g i b b s i t e ( A l d r i c h 
23 ,918 -6 ) , which i s the precursor of most aluminum ox ides . The 
spectrum shows a broad band due t o OH s t r e t c h e s at 3400 c m " 1 , a 
f e a t u r e centered around 1510 cm" 1 due t o carbonate , and a shoulder 
a t 1632 cm" 1 due t o OH bending o f wa te r . The A1-0H or A l - 0 
s t r e t c h i n g modes g i v e r i s e t o a broad band t h a t begins t o absorb 
s t r o n g l y a t 1250 cm" 1 and extends t o below 400 c m " 1 . There are 
smal le r absorp t ion bands a t 668, 634, and 556 cm" 1 superimposed on 
the broad A l - 0 band which appear t o be due t o bending modes o f c a r ­
bonates. Since g i b b s i t e i s produced by p r e c i p i t a t i o n from a bas ic 
s o l u t i o n bu f fe red w i t h sodium carbonate (18) the h igh water and c a r ­
bonate con ten ts observe

Dehydrat ion o f g i b b s i t
boehmite (aluminum ox ide mono-hydrate) . An i n f r a r e d spectrum of 
boehmite (Kaiser s u b s t r a t e grade alumina) i s shown i n F igure 3c. 
When the g i b b s i t e i s dehydrated a s t r u c t u r a l c o l l a p s e occurs w i t h a 
la rge increase i n sur face a rea . The boehmite sample has a nominal 
sur face area o f 325 m 2 / g . The i n f r a r e d spectrum o f the boehmite 
shows d i s t i n c t s t r u c t u r e i n the OH s t r e t c h i n g r e g i o n , w i t h two peaks 
loca ted a t 3090 and 3320 c m " 1 . There are th ree f e a t u r e s a t 1648, 
1516 and 1392 cm" 1 t h a t are due t o adsorbed water and carbonate , 
which are removed upon hea t ing the boehmite t o 350°C in hydrogen. 
The l a t t i c e v i b r a t i o n s begin t o absorb s t r o n g l y below 1200 c m " 1 . An 
a d d i t i o n a l f e a t u r e a t 1072 c m " 1 , c h a r a c t e r i s t i c o f boehmite, i s the 
r e s u l t o f the A1-0H s t r e t c h . Both the OH s t r e t c h e s and the A1-0H 
s t r e t c h have been p r e v i o u s l y i d e n t i f i e d by t ransmiss ion s t u d i e s o f 
boehmite s i n g l e c r y s t a l s (1?). 

Fur ther dehydra t ion o f boehmite a t 600 eC produces γ -a lumina , 
whose spectrum i s shown i n F igure 3b. There i s a loss i n su r face 
area i n going from boehmite t o γ -a lumina . The sample shown here has 
a sur face area o f 234 m 2 /g ( t h i s sample was ob ta ined from Harshaw 
#A23945; the c a l c i n e d Kaiser s u b s t r a t e gave an i d e n t i c a l i n f r a r e d 
spect rum) . The γ-a lumina sample shows two major d i f f e r e n c e s from a -
a lumina. F i r s t , the re i s a more in tense broad absorp t ion band a t 
3400 c m ' 1 due t o adsorbed water on the γ -a lumina . Second, the γ-
alumina does not show s p l i t t i n g o f the phonon bands between 400 and 
500 cm" 1 as was observed f o r α -a lumina . The γ-a lumina i s a more 
amorphous s t r u c t u r e and has much smal le r c r y s t a l l i t e s so the phonon 
band i s broader . The γ-a lumina a lso shows th ree f e a t u r e s a t 1648, 
1516 and 1392 cm" 1 due t o adsorbed water and carbonate . 

The f e a t u r e s due t o adsorbed water and carbonates observed on 
the boehmite and γ-a lumina deserve f u r t h e r a t t e n t i o n as they d i f f e r 
from r e s u l t s pub l ished by prev ious i n v e s t i g a t o r s . F igure 4 shows a 
s e r i e s o f d i f f e r e n c e spec t ra f o r adsorp t ion on γ -a lumina . Spectra 
were taken a f t e r d r y i n g the γ-a lumina a t 350°C, c o o l i n g t o room tem­
pera tu re and c a r r y i n g out room temperature a d s o r p t i o n . The spec t ra 
are the d i f f e r e n c e of the sample before and a f t e r a d s o r p t i o n . 
Spectrum 4e i s the spectrum f o r the as rece ived alumina d i f f e r e n c e d 
w i t h the d r i e d a lumina. The p o s i t i v e band a t 3400 cm" 1 i s due t o 
adsorbed water , and the smal l negat ive f e a t u r e a t 3740 cm" 1 i s due 
t o i s o l a t e d hydroxy ls on the d r i e d s u r f a c e . Besides the th ree 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



458 C A T A L Y S T C H A R A C T E R I Z A T I O N S C I E N C E 

Π 

I 

b 8(0H,HC0^) 

4 0 0~ë̂  ' 2 s f c ' l i e d . ' Î00c C M - 1 

Wavenumber 

F i g . 4. D i f f e r e n c e spec t ra o f adsorbed species on γ-a lumina ( a i r 
exposure) , a) C 0 2 ; b) H 2 0; c ) H 20 f o l l o w e d by C 0 2 ; 
d) Methanol reac ted w i t h the alumina a t 350°C.; 
e) As rece ived γ-a lumina ( a i r exposure) . 
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f e a t u r e s p r e v i o u s l y noted a t 1644, 1516 and 1392 c m " 1 , t he re are 
f e a t u r e s at 1074 cm" 1 due t o an A1-0H2 s t r e t c h o f c o o r d i n a t i v e l y 
bound water , and smal l f e a t u r e s a t 748 and 628 c m " 1 . Spectrum 4a i s 
f o r CO2 a d s o r p t i o n . The gas phase 0 0 2 shows bands at 2346 and 668 
c m " 1 ; bands a t 1654, 1436 and 1228 cm" 1 are due t o adsorbed b i c a r ­
bonate species ( 2 0 ) . There i s a weak band a t 3610 cm" 1 due to the 
OH s t r e t c h i n the b icarbonate t h a t i s accompanied by smal l negat ive 
f e a t u r e s a t 3740 cm" 1 corresponding t o the hydroxy l t h a t reacted t o 
form the b i ca rbona te . A weak band a t 1050 cm" 1 i s due t o the C-0 
s t r e t c h i n the b i ca rbona te . The b icarbonate bands disappear when 
the sample i s exposed t o wate r . A f t e r exposure o f the γ-a lumina 
sample t o water severa l f e a t u r e s are apparent i n the i n f r a r e d 
spectrum (F igure 4b) t h a t were a lso apparent i n the spectrum of the 
as rece ived sample. An OH bending mode f o r adsorbed water appears 
a t 1644 c m " 1 , as w e l l as an A1-0H2 s t r e t c h i n g mode a t 1058 cm" 1 and 
another f e a t u r e a t 628 cm"  t h a t i s p robab ly due t o a f r u s t r a t e d 
r o t a t i o n o f the adsorbe
water i s exposed t o CO2 a d d i t i o n a l f e a t u r e s appear a t 1536 and 1384 
c m " 1 , as shown in F igure 4c. A small f e a t u r e a lso s t a r t s t o grow a t 
748 c m " 1 . These r e s u l t s suggest t h a t a monodentate carbonate l i gand 
i s formed when CO2 adsorbs on the alumina sur face w i t h water 
adsorbed. The f e a t u r e s a t 1536 and 1384 cm" 1 are due t o the asym­
met r i c and symmetric s t r e t c h e s r e s p e c t i v e l y . The C-0 s t r e t c h i n g 
mode t h a t occurs around 1050 cm" 1 co inc ides w i t h the A1-0H2 s t r e t c h . 
The f e a t u r e a t 748 cm" 1 corresponds t o the o u t - o f - p l a n e de format ion 
o f the carbonate ( 2 ) . A f e a t u r e due t o the p lanar de format ion 
appears as a h igh frequency shoulder on the water l i b r a t i o n a t 628 
c m " 1 . A shoulder a l so forms on the water band a t 3620 c m " 1 , which 
i s a l so v i s i b l e i n the as rece ived a lumina. Th is i s the p o s i t i o n 
f o r the OH s t r e t c h i n a b i ca rbona te . However the re i s no evidence 
f o r the OH bending mode a t 1230 c m " 1 , suggest ing t h a t the carbonate 
i n t e r a c t s w i t h adsorbed water , but does not reac t t o form a b i c a r ­
bonate spec ies . 

The carbonate can a l so be compared w i t h adsorbed formate spe­
c i e s prepared by r e a c t i n g methanol w i t h the alumina sur face a t 350°C 
( 2 2 ) . The spectrum f o r adsorbed fo rmate , F igure 4d, shows the asym­
met r i c ca rboxy la te s t r e t c h e s a t 1565 and 1440 cm" 1 r e s p e c t i v e l y , 
the CH s t r e t c h a t 2832 c m " 1 , and the CH bending mode a t 1505 c m " 1 . 
The A1-0C s t r e t c h i n g mode i s seen a t 1060 c m " 1 , and the o u t - o f - p l a n e 
deformat ion a t 750 c m " 1 . The s i g n a l t o noise r a t i o i n the low f r e ­
quency end o f the spectrum i s i n s u f f i c i e n t t o see the p lanar d e f o r ­
mat ion , which should occur around 630 c m " 1 . I t should be noted t h a t 
the carbonate and formate species are very s i m i l a r , the main 
d i s t i n c t i o n being the v i b r a t i o n s assoc ia ted w i t h the CH bond. 

Discuss ion 

The i n f r a r e d photoacoust ic spec t ra presented here complement and 
extend prev ious r e s u l t s from t ransmiss ion i n f r a r e d s t u d i e s . As an 
ex tens ion o f p rev ious s t u d i e s o f s i l i c a the photoacoust ic r e s u l t s 
presented here have i d e n t i f i e d f e a t u r e s i n the i n f r a r e d spec t ra t h a t 
c o i n c i d e w i t h bu lk phonon modes between 1000 and 1200 cm" 1 and below 
500 c m " 1 . The photoacoust ic spec t ra o f water adsorbed on a e r o s i l 
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w i t h hydroxy la ted and methoxylated sur faces shown i n F igure 2 i n d i ­
ca te water adso rp t i on can p e r t u r b the phonon spectrum of the s o l i d , 
and t h a t the re are d i f f e r e n c e s i n the sur face hydroxy l groups. 
Adsorbed water causes a red s h i f t i n the Si-OH s t r e t c h from 1008 t o 
926 c m " 1 . The spectrum f o r methoxylated s i l i c a i n d i c a t e s t h a t r e p l a ­
cement o f hydroxy l by methoxy1 groups causes a decrease in i n t e n s i t y 
a t 980 c m " 1 . These r e s u l t s suggest the re may be two d i f f e r e n t su r ­
face hydroxy l groups. 

An a l t e r n a t i v e exp lana t i on i s t h a t the sur face groups are per ­
turbed by p a r t i c l e - p a r t i c l e i n t e r a c t i o n s . The p a r t i c l e s are he ld 
toge ther by e l e c t r o s t a t i c f o rces which g i v e r i s e t o s i g n i f i c a n t 
e l e c t r i c f i e l d s a t the p o i n t s o f con tac t ( 9 , 2 3 ) . The e l e c t r i c f i e l d s 
can p e r t u r b the sur face bonds and hence the v i b r a t i o n a l f requenc ies . 
Water adso rp t ion probably occurs by condensat ion near the p o i n t s o f 
c o n t a c t , whereas methoxy la t ion w i l l occur more u n i f o r m l y over the 
s u r f a c e . Removal o f wate
Si-OH s t r e t c h a t 1008 c m "
per tu rbed hydroxy ls w i t h an Si-OH s t r e t c h a t 976 c m " . The adsorbed 
water i n t e r a c t s w i t h the hydroxy l groups on the s i l i c a sur face 
r e s u l t i n g i n a red s h i f t i n the Si-OH band to 926 c m " 1 . Besides 
a f f e c t i n g the sur face p r o p e r t i e s o f the s i l i c a the adsorbed water 
caused changes i n the bu lk phonon modes. These changes are probably 
due t o a s h i e l d i n g e f f e c t o f the e l e c t r o s t a t i c f o rces between par ­
t i c l e s . For smal l p a r t i c l e s t h i s s h i e l d i n g i s expected t o produce 
s i g n i f i c a n t e f f e c t s . 

A noteworthy f e a t u r e o f the photoacoust ic spec t ra shown i n 
F igure 2 i s the presence o f water l i b r a t i o n s . These are f r u s t r a t e d 
r o t a t i o n s and have been observed f o r i ce (24) by i n f r a r e d 
spect roscopy, as w e l l as f o r water adsorbed on Pt and Ag sur faces by 
e l e c t r o n energy loss spectroscopy ( 2 5 - 2 7 ) . The th ree l i b r a t i o n modes 
have been assoc ia ted w i t h the bands a t 600, 538 and 468 c m " 1 ' a s 

t h i s se t o f peaks occurs f o r water adsorbed on both the hydroxy la ted 
and methoxylated s i l i c a . 

The r e s u l t s f o r the methoxy la t ion o f s i l i c a are a use fu l e x t e n ­
s ion o f the s t u d i e s c a r r i e d out by Morrow (15,28) i n which the CH 
s t r e t c h i n g and bending modes had been observed. The spec t ra 
recorded here are a t h igher r e s o l u t i o n and the band s p l i t t i n g o f the 
asymmetric s t r e t c h ( i n d i c a t i n g t h a t i t has C s symmetry) i s more p r o ­
nounced. The spectrum a l so shows the C-0 s t r e t c h a t 1112 cm" 1 and 
the S i - 0 s t r e t c h a t 852 cm" 1 t h a t had not p r e v i o u s l y been observed. 
The C-0 s t r e t c h i n t e n s i t y i s d imin ished r e l a t i v e t o the C-H f e a t u r e s 
because i t i s superimposed on the phonon band where there i s a 
change i n the dominant mode o f s i g n a l genera t ion ( 6 ) . The M-0 band 
f o r the methoxy bond t o the sur face i s a t a h igher f requency than 
has been observed on t r a n s i t i o n metals such as Ni and Cu ( 2 9 , 3 0 ) . 
Th is i s expected as the S i - 0 bond i s a much s t ronger bond than t h a t 
found on t r a n s i t i o n meta ls . 

The r e s u l t s obta ined f o r the va r ious aluminum oxides and 
hydroxides i n d i c a t e t h a t i n f r a r e d photoacoust ic spectroscopy may be 
use fu l i n c h a r a c t e r i z i n g s t r u c t u r a l t r ans fo rma t ions i n these spe­
c i e s . Very c l e a r d i f f e r e n c e s between α-alumina and γ-a lumina were 
noted i n the reg ion o f the l a t t i c e v i b r a t i o n s . The monohydrate, 
boehmite, showed a very d i s t i n c t A1-0H s t r e t c h i n g f e a t u r e a t 1070 
cm" 1 as w e l l as c h a r a c t e r i s t i c s t r u c t u r e i n the OH s t r e t c h i n g 
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r e g i o n . The g i b b s i t e sample examined showed very l i t t l e s t r u c t u r e 
i n the reg ion above 3000 c m " 1 , i n c o n t r a s t t o r e s u l t s obta ined by 
Fredr ickson (19), though i t was e a s i l y d i s t i n g u i s h e d from the o ther 
samples examined. This d i f f e r e n c e i s probably the r e s u l t of sample 
p r e p a r a t i o n and i m p u r i t i e s . Fredr ickson prepared la rge pure 
c r y s t a l s o f g i b b s i t e . The commercial sample used i n the present 
study was probably prepared by the Bayer process (18) and conta ined 
excess water and carbonate . 

A number o f i n v e s t i g a t o r s have examined C0 2 adsorp t ion on a l u ­
mina (20,31-37). Resul ts presented here agree w i t h the f i n d i n g s o f 
Baumgarten and Zachos who c l e a r l y showed b icarbonate fo rmat ion on an 
alumina sample d r i e d at 400 C ( 2 0 ) . Exposure t o water causes the 
b icarbonate t o decompose w i t h the C0 2 being rep laced q u a n t i t a t i v e l y 
w i t h water . However, carbonate fo rmat ion was observed on the su r ­
face w i t h adsorbed water . The band p o s i t i o n s suggest t h a t the C0 2 

adsorbs as a monodentat
duces c o o r d i n a t i v e l y unsatura te
t u r a t e d an ions . Depending on the dehydra t ion temperature the re are 
v a r y i n g concen t ra t i ons o f c o o r d i n a t i v e l y unsatura ted ions and 
hydroxy l groups ( 3 8 ) . The unsaturated c a t i o n s behave as Lewis 
ac ids and adsorb e l e c t r o n donors, such as C0 2 and H 2 0. A f t e r C0 2 

adsorp t ion a t an Al c a t i o n the carbon can undergo n u c l e o p h i l i c 
a t t a c k by e i t h e r an oxygen anion or a hydroxy l an ion . At h igh 
degrees o f dehydra t ion the a t t a c k by the oxygen anion i s the on ly 
p o s s i b l e r e a c t i o n . This produces br idged carbonate spec ies , w i t h 
bands at 1800 and 1200 c m " 1 . Th is has been observed by Per i (37) 
and by Parkyns ( 3 1 ) . When there are hydroxy l groups on the sur face 
the p r e f e r r e d r e a c t i o n path appears t o be the fo rmat ion of a b i c a r ­
bonate. The d i f f e r e n c e spec t ra do not show any water , but the 
spec t ra f o r the alumina d r i e d at 350°C shows t h a t approx imate ly 45 
percent o f the i n t e n s i t y i n the OH band a t 3400 cm" 1 remains. 

Conclusion 

I n f r a r e d photoacoust ic spectroscopy has s i g n i f i c a n t p o t e n t i a l t o be 
use fu l as an a n a l y t i c technique f o r c h a r a c t e r i z i n g c a t a l y s t samples. 
I t o f f e r s ease o f sample p r e p a r a t i o n and has a h igh dynamic range 
due t o the smal l thermal d i f f u s i o n lengths o f h igh sur face area 
m a t e r i a l s . Commerical ins t ruments need t o be a c o u s t i c a l l y mod i f ied 
t o o b t a i n h igh q u a l i t y i n f r a r e d photoacoust ic s p e c t r a . These modi­
f i c a t i o n s are not d i f f i c u l t and new spectrometers w i l l become 
a v a i l a b l e t h a t w i l l be good f o r photoacoust ic spect roscopy. 

The r e s u l t s presented here f o r s i l i c a s and aluminas i l l u s t r a t e 
t h a t the re i s a wea l th o f s t r u c t u r a l i n f o r m a t i o n i n the i n f r a r e d 
spec t ra t h a t has not p r e v i o u s l y been recogn ized. I n p a r t i c u l a r , i t 
was found t h a t adsorbed water a f f e c t s the l a t t i c e v i b r a t i o n s o f 
s i l i c a , and t h a t p a r t i c l e - p a r t i c l e i n t e r a c t i o n s a f f e c t the v i b r a t i o n s 
o f sur face spec ies . In the case of a lumina, i t was found that a l u m i ­
num ox ides and hydroxides cou ld be d i s t i n g u i s h e d by t h e i r i n f r a r e d 
s p e c t r a . The absence of s p e c t r a l windows f o r photoacoust ic 
spectroscopy a l lowed more complete band i d e n t i f i c a t i o n o f adsorbed 
sur face spec ies , making d i s t i n c t i o n s between d i f f e r e n t s t r u c t u r e s 
e a s i e r . The a b i l i t y t o per form s t r u c t u r a l analyses by i n f r a r e d 
spectroscopy c l e a r l y i n d i c a t e s the u t i l i t y o f photoacoust ic 
spect roscopy. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



462 CATALYST CHARACTERIZATION SCIENCE 

Ac k η οw1edgmeηts 

The authors thank the National Science Foundation (CPE-8217364) for 
support of this work. One of us (SJM) thanks Mobil Research and 
Development Corp. for their financial support. 

Literature Cited 

1. Hair, M. L. In "Vibrational Spectroscopies for Adsorbed 
Species"; Bell, A. T.; Hair, M. L., Eds.; American Chemical 
Society: Washington, D.C., 1980; pp. 1-11. 

2. L i t t l e , L. H. "Infrared Spectra of Adsorbed Species"; 
Academic: New York, 1966. 

3. Knözinger, H. In "The Hydrogen Bond"; Schuster, P.; Zundel, 
G.; Sandorfy, C.; Eds.; North Holland: New York, 1976; pp. 
1263-1364. 

4. Rosencwaig, Α.; Gersho
5. Yasa, Ζ. Α.; Jackson, W. B.; Amer, N. M. Appl. Optics 1982, 

21, 21. 
6. McGovern, S. J.; Royce, B. S. H.; Benziger, J. B. J. Appl. 

Phys. 1985, 57, 1710. 
7. McGovern, S. J.; Royce, B. S. H.; Benziger, J. B., Applications 

of Surface Science 1984, 18, 401. 
8. Scott, J. F.; Porto, S. P. S. Phys. Rev. 1967, 161, 903. 
9. Clippe, P.; Evrand, R.; Lucas, A. A. Phys. Rev. Β 1976, 14, 

1715. 
10. Boccuzzi, F.; Coluccia, S.; Ghiotti, G.; Morterra, C.; 

Zecchina, A. J. Phys. Chem. 1978, 82, 1298. 
11. Zhizhin, G. N.; Vinogradov, Ε. Α.; Maskalova, Μ. Α.; Yakovlev, 

V. A. Appl. Spectrosc. Rev. 1982, 18, 171. 
12. Kinney, J. B.; Staley, R. H. J. Phys. Chem. 1983, 87, 3735. 
13. Flanigen, Ε. M.; Bennett, J. M.; Grose, R. W.; Cohen, J. P.; 

Patton, R. L.; Kirchner, R. M.; Smith, J. V. Nature 1978, 271, 
512. 

14. Flanigen, Ε. M. In "Zeolite Chemistry and Catalysis"; Rabo, J. 
Α.; Ed.; American Chemical Society: Washington, D.C. 1976; pp. 
80-117. 

15. Morrow, B. A. J. Chem. Soc. Faraday I. 1974, 70, 1527. 
16. Wefers, K.; Bell, G. M. "Oxides and Hydroxides of Aluminum"; 

Technical Paper No. 19; Alcoa Research Laboratories: East St. 
Louis, 1972. 

17. Baker, A. S. Phys. Rev. 1963, 132, 1474. 
18. MacZura, G.; Goodboy, K. P.; Koenig, J. J. In "Encyclopedia of 

Chemical Technology"; Wiley: New York, 1978; Vol. 2, pp. 
218-244. 

19. Fredrickson, L. D. Jr. Analytical Chemistry 1954, 26, 1883. 
20. Baumgarten, E.; Zachos, A. Spectrochim. Acta 1981, 37A, 93. 
21. Borello, E.; Dalla Gatta, G.; Fubini, B.; Morterra, C.; 

Venturello, G. J. Catalysis 1974, 35, 1. 
22. Greenler, R. G. J. Chem. Phys. 1962, 37, 2094. 
23. Ulrich, G. D. Chem. Eng. News 1984, 62(32), 22. 
24. Bertie, J. E.; Whalley, E. J. Chem. Phys. 1964, 40, 1637. 
25. Sexton, B. A. Surface Science 1980, 94, 435. 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



38. BENZIGER ET AL. IR Photoacoustic Spectroscopy 463 

26. Ibach, H.; Lehwald, S. Surface Science 1980, 91, 187. 
27. Stuve, E. M.; Madix, R. J.; Sexton, B. A. Surface Science 

1981, 111, 11. 
28. Morrow, Β. Α.; Thomson, L. W.; Wetmore, R. W. J. Catalysis 

1973, 28, 332. 
29. Demuth, J. E.; Ibach, H. Chem. Phys. Lett. 1979, 60, 395. 
30. Sexton, B. A. Surface Science 1980, 88, 299. 
31. Parkyns, N. D. J. Chem. Soc. (A) 1969, 1910. 
32. Gregg, S. J.; Ramsay, J. D. F. J. Phys. Chem. 1969, 73, 1243. 
33. Morterra, C.; Coluccia, S.; Ghiotti, G.; Zecchina, A. Z. Phys. 

Chem. 1977, 104, 275. 
34. Peri, J. B. J. Phys. Chem. 1966, 70, 3168. 
35. L i t t l e , L. H.; Amberg, C. H. Canad. J. Chem. 1962, 40, 1997. 
36. Amenomiya, Y.; Morikawa, Y.; Pleizier, G. J. Catalysis 1977, 

46, 431. 
37. Peri, J. B. J. Phys
38. Peri, J. B. J. Phys

RECEIVED April 24, 1985 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



39 
Carbon Monoxide Oxidation on Platinum: Coverage 
Dependence of the Product Internal Energy 

D. A. Mantell1, K. Kunimori2, S. B. Ryali3, and Gary L. Haller 

Department of Chemical Engineering

Time resolved FTIR emission spectroscopy is used to 
detect vibrationally excited gas phase CO2 from catalyzed 
CO oxidation on a Pt fo i l . A continuous O2 free jet and a 
pulsed CO jet (= 200 μsec FWHM) supply the reactants to 
the surface. The infrared emission of the CO2 product is 
analyzed with 30 μsec time resolution using the time 
multiplexing capabilities of a commercial Fourier trans­
form spectrometer. At low CO pressures the total signal 
parallels the time dependent flux to the surface with only 
minimal changes in the infrared spectra. At high CO 
pressures the reaction can be shut off as the oxygen on 
the surface is depleted. These IR spectra show large 
changes in internal energy of the product CO2. 

The oxidat ion of CO on group VIII metals i s one of the most 
studied metal catalyzed reactions and many aspects of i t are wel l 
under stood 0^2) . Reaction occurs by a Langmuir-Hinshelwood mechan­
ism between chemisorbed molecular CO and atomic oxygen. However, 
the kinetics are complex because high coverage of CO inhibits oxygen 
dissociation but CO chemisorbs on top of an oxygen covered surface. 
At low surface concentration of both species, the reaction is l im­
ited by oxygen chemisorption and the rate is d i rec t l y proportional 
to oxygen par t ia l pressure. With high coverage of adsorbed oxygen 
atoms and low CO coverage, the reaction is d i rec t ly proportional to 
CO par t ia l pressure. At r e l a t i v e l y high coverage of both species, 
the case for most pract ical applications of cata lyt ic oxidation of 
CO, the rate i s about f i r s t order i n oxygen pressure and inverse 
f i r s t order in CO. 
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In the case of CO oxidat ion on Pt , there have been performed 
several experiments which e lucidate the dynamics of the reac t ion . 
Because the reaction between adsorbed CO and oxygen atoms is a c t i ­
vated and CO2 has only a van der Waals interaction with the surface, 
a part of the energy acquired to form the activated complex may be 
d i s t r i b u t e d among degrees of freedom of the product molecule . In 
the l i m i t i n g case where no energy i s exchanged with the surface 
during the desorption event and a complete ana lys i s of i t s p a r t i ­
t ion ing between t r a n s l a t i o n , r o t a t i o n , v i b r a t i o n and e l e c t r o n i c 
energies in the product is avai lable , i t is in principle possible to 
construct a potential energy surface which would describe the molec­
u l a r s tructure of the ac t ivated complex and the dynamics of the 
desorption event. While th is idea l is not yet p r a c t i c a l , we have 
made significant steps toward gaining this information for CO oxida­
tion on Pt. Several investigations have found that COJ2 molecules 
leave the surface wit
peaked in the directio
transi at ional energy.(3-5). Time-of-f 1 ight analysis of CO oxidation 
on a p o l y c r y s t a l 1 ine Pt f o i l a l so demonstrates that the p:>T,I?W 1 
leaves the surface with kinetic energy in excess of that expected :'f 
the molecule were in e q u i l i b r i u m with the surface(6,). Infrared 
emission experiments show that the CO2 product of CO oxidation is , 
moreover, v i b r a t i o n a l ly(7,8) and r o t a t i o n a l ly(7.) hotter than the 
surface. In very recent experiments i t has further been observed 
that the angular distributions (transi at ional energy) (9) and v i b r a ­
t i o n a l energy of the product CO2 (15) are strong functions of sur­
face coverage. We w i l l confirm here that th i s is the case for 
rotational and vibrational d i s tr ibut ions . Because the a c t i v a t i o n 
energy for the surface react ion between adsorbed CO and adsorbed 
oxygen atoms depends on the coverage(4), th i s is not unexpected. 
Qual i ta t ive ly one might anticipate that the product C0|2 would have 
less excess energy at high oxygen coverage because there is less of 
a barrier to reaction and therefore the activated complex would have 
less energy to dissipate. However, the matter is somewhat compli­
cated by the fact that as the coverage increases , the heat of 
adsorption of both CO and ©2 decrease(4 ,10) , but suf f i ce i t to say 
that at low coverage the activated complex is about 1 0 0 kJ above COj 
in the gas phase and that th i s value increases as coverage 
increases. 

In experiments using a steady-state mixed CO-O^ molecular beam 
reacting on a Pt f o i l , we observed excess energy in a l l vibrations 
and rotation and large changes in the amount of excess energy in the 
symmetric stretch of desorbed (X>2 as a function of surface tempera­
ture ( . 1 1 . 1 2 ) . There was a strong suggestion that the l a t t e r was 
p r i m a r i l y due to changes in surface coverage which accompany a 
change in surface temperature rather than a direct coupling between 
the internal energy states and the surface temperature. In order to 
test this hypothesis, we initated pulsed molecular beam experiments 
with time resolved-infrared emission spectroscopy of the desorbed 
product. A steady-state beam of Οχ was incident on a Pt f o i l and a 
second pulsed beam was simultaneously directed onto the f o i l . The 
CC p u l s e s were 2 0 0 με halfwidth at ha l f maximum height with a 2 0 0 0 
με pause between pulses(12). The 2 0 0 0 μβ pause is long enough such 
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that the surface coverage of oxygen could recover to i t s steady-
state value at the given react ion temperature and the p a r t i c u l a r 
f l u x used in the oxygen beam. The number of CO molecules in the 
pulse could be eas i ly varyed by changing the stagnation pressure in 
the pulsed nozzle source. At low pressures the surface coverage of 
oxygen did not vary much from its steady state value while at high 
pressures we could ef fect ive ly perform a t i t ra t ion of the surface 
oxygen as the pulse passed over the surface. The leading edge of 
the pulse reacted at the r e l a t i v e l y high oxygen coverage but, since 
react ion removed oxygen faster than i t could be replenished by 
adsorption ( in part due to CO i n h i b i t i o n ) , toward the end of the 
pulse react ion occurred at very low oxygen coverage. The pulsed 
experiment allowed us to vary the coverage isothermal ly over a much 
larger range than would have been pract ical by varying the flux of a 
steady-state source. 

Time-reso lved in frare
COg pulse e f fect ive ly provides a coverage-resolved picture of the 
vibrational and rotational energy distribution in the product CO^. 
The time-resolved spectroscopy is accomplied using a Fourier trans­
form spectrometer ar>.f! <·· imiter algorithm which allows eff icient 
data co l l ec t ion by varying the time of in i t ia t ing the beginning of 
the repetit ive event (pulse of CO) and the beginning of the mirror 
movement in the interferometer(13). To obtain a interferogram one 
requires the measurement of intensity as a function of mirror d i s ­
placement. P r a c t i c a l l y , data is col lected only at discrete inter­
vals of mirror displacement. Thus, to obtain a spectrum at a given 
time in a repetit ive event, one could co l l ec t one data point at the 
same time into the repetit ive event at each of the discrete mirror 
positions. This would produce the interferogram which would Fourior 
transform into a frequency spectrum. This is very inefficient but 
the same thing can be accomplished by repeating the event throughout 
the movement of the interferometer mirror and taking data as rapidly 
as p r a c t i c a l . The computer a lgori thm keeps t r a c t of a l l of the 
various r e l a t i o n s between mirror p o s i t i o n and time r e l a t i v e to 
i n i t i a t i o n of the r e p e t i t i v e event. After data points have been 
col lected at a l l combinations of time intervals into the repetit ive 
event and mirror p o s i t i o n with appropriate s igna l averaging to 
attain the required signal-to-noise rat io , the data is sorted point 
by point to construct interferograms, and thus spectra, at discrete 
times through the repetit ive event. In our experiments, a tota l of 
65 emission spectra of the asymmetric stretch of COg were col lected 
at 30 μβ intervals across a CO pulse. The spectral resolution used 
was 8 cm".1. 

Time-resolved Fourier transform infrared spectroscopy has been 
used surprisingly l i t t l e considering the number of commercial spec­
trometers that are currently in laboratories and the app l i cab i l i t y 
of th i s technique to the d i f f i c u l t time regime from a few μβ to a 
few hundred μβ. One problem with time-resolved Fourier transform 
spectroscopy and p o s s i b l y one reason that i t has not been more 
widely used is the str ingent r e p r o d u c i b i l i t y requirement of the 
r e p e t i t i v e event in order to avoid a r t i f a c t s in the spectra(14). 
When changes occur i n the erais&Wr source over the course of a 
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measurement in normal Four i er transform spectroscopic co l l ec t ion , 
they are averaged into every point and the Fourier transformed data 
gives the time-averaged spectrum. Because of the nature of the data 
co l l ec t ion and reconstruction a lgrothim, a t ime-reso lved Four ier 
interferogram w i l l contain data points col lected at very different 
r e a l times. When Four ier transformed. adjacent data points which 
exhibit intensity fluctuation due to evolution ( irreproducibil i ty) in 
the repetit ive event w i l l produce artifacts in the frequency spec­
trum. Since they are not molecular related frequencies, they w i l l 
not always appear as emission bands but each w i l l have some phase 
re lat ive to the molecular emission frequency signals and these can 
look l ike absorption bands, emission bands, or something in between. 
By starting the data co l l ec t ion for sets of time-resolved spectra at 
s l i g h t l y d i f f eren t points in the interferogram. we are able to 
control this phase. Adding transformed sets of time-resolved spec­
tra with opposite phase
while the s i g n a l - t o - n o i s
improves, as one would expect, proport iona l to the square root of 
the total measurement time. Extremely stringent reproducibi l i ty in 
the r e p e t i t i v e event is s t i l l required but a smal l and monotonie 
decay in the s igna l can be corrected ( a r t i f a c t s removed) by the 
approach out l ined here. It should be noted that a r t i f a c t s can be 
differentiated from molecular frequencies by their regular spacing 
as wel l as their phase. The spacing, position and phase of art i fact 
frequencies a l l vary in a systematic fashion when the pulse frequen­
cy is changed while, of course, the molecular emission frequencies 
are constant. 

At low enough CO pressures behind the pulsed nozzle the reac­
t ion rate scales l i n e a r l y with CO pressure, i .e . . we are in the 
regime of r e l a t i v e l y high oxygen coverage where the react ion is 
f i r s t order in CO. Under these conditions the time-resolved spectra 
do indeed show that the COj emission intensity matches the CO flux 
i n t e n s i t y in the pulse with on ly minimal changes i n the spectrum 
shape as a function of time into the pulse. It is only at higher CO 
pressures where the react ion rate is not l i n e a r with CO pressure 
that there are large surface coverage induced changes in the emis­
sion spectra. In Figure 1 we show an example of a sequence of such 
spectra obtained on a 900K surface with about 2 x 1 0 . · molecules/cm.-s 
steady-state O2 f l u x and a CO f lux about one order of magnitude 
larger at the peak intensity of the pulse. The integrated emission 
rises rapidly to a maximum rate, then decays as the surface becomes 
depleted of adsorbed oxygen, begins to increase as oxygen adsorption 
catches up to oxygen consumption by reac t ion . and f i n a l l y decays 
again as the surface becomes depleted in CO at the end of the pulse. 
The double lobed band with a minimum between the lobes at 2143 cm""1 

i s due to CO which adsorbed and desorbed v i b r a t i o n a l l y exci ted 
without react ion . From i t s in t ens i ty the r e l a t i v e trans ient CO 
coverage can be estimated. It reaches a maximum just where the CO2 
signal is maximum and then decays monotonies 1 ly . The beginning of 
the recovery in oxygen coverage indicated by the increase in CO2 
s igna l af ter the 10th spectrum i n the sequence of Figure 1 occurs 
when the CO coverage is about h a l f of the maximum attained during 
the pulse. Analysis of the band width and centroid allows an e s t i -
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Figure 1. The infrared emission spectra of COfc in the asymmetric 
stretch region and of CO as a function of 30 μβ intervals through 
a 200 μβ pulse. The surface temperature was 900E and the resolu­
t i o n was 8 cm" 1 . 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



39. MANTELL ET AL. Carbon Monoxide Oxidation on Platinum 469 

mation of the r o t a t i o n a l and v i b r a t i o n a l temperatures. These are 
roughly 1600K, i.e., well above the surface temperature of 900K, for 
the spectra representing i n i t i a l CO2 desorption at high oxygen 
coverage. The vibrational temperature is , by necessity of the low 
resolution, some kind of average of the temperatures for asymmetric, 
symmetric stretches, and bending. Our high resolution, steady-state 
experiments indicate that these temperatures are a l l wel l above the 
surface temperature but they are not the same(7,ll). With each 
successive time increment (30 μβ) as the oxygen coverage on the 
surface is reduced the vibrational temperature changes very l i t t l e 
but the rotational temperature drops rapidly to a value below the 
surface temperature. This drop in rotational temperature cannot be 
attributed to gas phase co l l i s i ons since i t drops even when the CO 
pressure is f a l l i n g . 

The vibrational temperatur
we reach spectrum 10 i
oxygen depletion has nearly stopped the reaction. Our crude e s t i
mate of the vibrational temperature based on the centroid position 
and the assumption that a l l v i b r a t i o n a l temperature are the same 
suggests that the vibrational temperature, l ike the rotational tem­
perature, f a l l s below the surface temperature. This cannot be the 
case because the emission in tens i ty would be too low to detect in 
our system i f the asymmetric temperature were in fact that low. Our 
interpretation is that symmetric stretch and bending have cooled to 
the point where they make very l i t t l e contribution to the emission, 
i.e., reaction of CO on the Pt surface with very low oxygen coverage 
produces a CO} molecule with excess energy rather se lec t ive ly chan­
neled into asymmetric stretch. A poss ib le i n t e r p r e t a t i o n is that 
the reaction coordinate of the activated complex is along the axis 
of the product COg, i.e., a nearly l inear activated complex exists 
at the top of the b a r r i e r . In such a l i n e a r ac t iva ted complex, 
formation of the new C-0 bond with concerted breaking of the Pt -0 
bond would mirror asymmetric stretch (not symmetric) and would not 
excite the bending mode. However, a more complete analysis of the 
reaction dynamics w i l l require additional time-resolved experiments. 
In part icular , improvement in the spectral resolution of the time-
resolved spectra and detailed analysis of possible c o l l i s i o n effect 
on rotational temperature are needed. These experiments are now in 
progress. 
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The intercalates o
of graphite are demonstrate
for a variety of reactions, and results obtained using 
several analytical techniques, including magic angle 
spinning NMR, are presented. For the clay family, 
Bronsted acidity is the principal source of activity 
with the relative concentration of protonated and non­
-protonated reactants being dependent upon the nature 
of the exchangeable cation. Using FeCl3 - graphite 
intercalates - formed using a photochemical procedure 
and subsequently reduced using K/naphthalide - an 
efficient catalyst for the production of acetylene 
from syngas has been produced. 

The phenomenon of intercalation - whereby guest molecules are insert­
ed between the sheets of a layered host matrix - is of interest for 
various reasons ( l ) . From a s t r u c t u r a l viewpoint (2) the c r y s t a l l o -
graphic arrangement o f the guest molecules w i t h respect t o the host 
l a t t i c e i s known t o be consi d e r a b l y dependent upon i n t e r a l i a s t o i c h -
iometry, temperature and p r e p a r a t i o n procedures ( 3 » . 0 . The macroscop-
i c s t o i c h i o m e t r y of host and guest - as opposed t o the microscopic 
domain-like composition now known t o e x i s t i n , f o r example, c e r t a i n 
g r a p h i t e i n t e r c a l a t e s ( 5 , 6 ) - i s , almost i n f i n i t e l y v a r i a b l e . For 
gra p h i t e i n t e r c a l a t e s such v a r i a t i o n i s g e n e r a l l y accommodated by 
"s t a g i n g " ( 7 . ) » w h i l s t f o r sheet s i l i c a t e s i n t e r s t r a t i f i c a t i o n and the 
i n s e r t i o n o f one, two, three up t o 10 or more sheets o f guest between 
each p a i r o f host, l a y e r s ( 8 , 9 ) » gives considerable scope f o r c o n t r o l l ­
i n g l o c a l r e a c t a n t ( i . e . guest) concentrations. 

This paper describes two broad types o f i n t e r c a l a t i o n compounds 
which are based on graphite on the one hand and sheet a l u m i n o s i l i c a t e 
( c l a y ) hosts on the other. Taken together these provide a r i c h 
v a r i e t y o f examples of heterogeneously c a t a l y s e d r e a c t i o n s . A p p r o p r i ­
a t e l y c a t i o n exchanged c l a y s , f o r example, act as e f f i c i e n t c a t a l y s t s 
f o r a number of commercially important proton c a t a l y s e d r e a c t i o n s 
(10-13) (see Table I ) . Graphite i n t e r c a l a t e s , w h i l s t a l s o capable o f 
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e f f e c t i n g v a r i o u s organic r e a c t i o n s have, i n p a r t i c u l a r , been report e d 
t o be e f f i c i e n t m a t e r i a l s f o r syngas conversion and ammonia synthesis 
(see Table I) ( l U . l ? ) . 

Table I . l y p i c a l r e a c t i o n s c a t a l y s e d by c l a y and graphite i n t e r c a l a t e s 

(a) By c l a y s i n c l u d e (lO) : 
( i ) a d d i t i o n t o alkenes o f : -

water 
a l c o h o l s 
t h i o l s 
c a r b o x y l i c acids 

( i i ) e l i m i n a t i o n r e a c t i o n s o f the type:-
water from a l c o h o l
ammonia from amine
hydrogen sulphide from t h i o l s t o y i e l d d i - a l k y l sulphides 

(b) By graphite i n t e r c a l a t e s i n c l u d e (15) : 

f l u o r i n a t i o n of aromatic hydrocarbons 
a l k y l a t i o n o f n i t r i l e s and ketones 
condensation of carbonyl d e r i v a t i v e s 
Fischer-Tropsch s y n t h e s i s 
ammonia synthesis 

For these systems, however, the s m a l l p a r t i c l e s i z e s i n v o l v e d 
( t y p i c a l l y l e s s than 5 microns) q u i t e f r e q u e n t l y r e q u i r e a v a r i e t y of 
techniques t o a l l o w adequate c h a r a c t e r i z a t i o n . For example, inform­
a t i v e s t r u c t u r a l data (which might otherwise be obtained from U - c i r c l e 
d i f f r a c t o m e t r y ) r e q u i r e s a combined a n a l y t i c a l approach u s i n g h i g h 
r e s o l u t i o n e l e c t r o n microscopy, e l e c t r o n d i f f r a c t i o n , powder X-ray 
d i f f r a c t i o n and some spectroscopic technique t o i d e n t i f y the species 
present. (SbCls, f o r example, upon i n t e r c a l a t i o n i n t o g r aphite 
d i s s o c i a t e s , y i e l d i n g a v a r i e t y of s p e c i e s , which we designate S b C l x , 
between the sheets (l6,17) and organic amines are f r e q u e n t l y pro-
tonated i n s i d e the l a y e r s o f a c l a y p a r t i c l e ( l8,19)). Nevertheless 
a d e t a i l e d p i c t u r e of the i n t e r c a l a t e d m a t e r i a l may be b u i l t up and 
indeed some of the techniques which w i l l be subsequently mentioned 
(as w e l l as others - e.g. Mossbauer spectroscopy) do a l l o w some 
c h a r a c t e r i z a t i o n o f the c a t a l y s t s under normal op e r a t i n g r e a c t i o n 
c o n d i t i o n s . We b e g i n by o u t l i n i n g some r e l e v a n t s t r u c t u r a l f e atures 
o f the guest ma t r i c e s . 

The p r i n c i p a l b u i l d i n g b l o c k o f a sheet s i l i c a t e i s shown i n 
F i g u r e 1 and c o n s i s t s of two s i l i c a t e t r a h e d r a on e i t h e r s i d e o f 
aluminium ( p y r o p h y l l i t e ) or magnesium ( t a l c ) octahedra. Such s t r u c ­
tures are e l e c t r o - n e u t r a l . N a t u r a l l y o c c u r r i n g a l u m i n o s i l i c a t e s , 
however, demonstrate a considerable v a r i a t i o n i n composition - w i t h 
isomorphous replacement o c c u r r i n g both i n the octahedral and t e t r a ­
h edra! manifolds. Table I I gives t y p i c a l examples of the r e p l a c e ­
ments which may occur. In b e i d e l l i t e , f o r example, charge imbalance 
may r e s u l t from s u b s t i t u t i o n w i t h i n the t e t r a h e d r a l sheet - where A l 3 

has r e p l a c e d Si1."." - and t h i s i s a s i t u a t i o n a k i n t o t h a t found i n 
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e x c h a n g e a b l e c a t i o n s 

oAKMg.Li) ο Si(AI) Ο 0 φ OH 

Figure 1. Schematic i l l u s t r a t i o n o f the s t r u c t u r e o f sheet 
a l u m i n o s i l i c a t e s ( A f t e r B r i n d l e y , G.W.; MacEwan, D.M.C. In 
"Ceramics - a symposium"; Green, A.T.; Stewart, G.H. Eds.; Br. 
Ceramic S o c i e t y ; 1953, 15). 
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z e o l i t i 
ment 

i t i c s o l i d s . In m o n t m o r i l l o n i t e , on the other hand, the r e p l a c e -
i s p r i n c i p a l l y i n the octa h e d r a l sheet (Mg + f o r A l + ) . 

Table I I . I d e a l i s e d compositions o f r e p r e s e n t a t i v e sheet 
a l u m i n o s i l i c a t e s . 

Reference S t r u c t u r e s 

P y r o p h y l l i t e and 
t a l c c a r r y no PYROPHYLLITE 
r e s i d u a l charge 

ΚΓ KV1 <w«\ 
PYROPHYLLITE 

TALC 

Str u c t u r e s w i t h a c a t i o
W i t h i n octahedral + f e . 1 l V M \ V I Λ , n u x 
l a y e r f o r d i o c t a h e d r a l M x l S l 8 l i^k-x^x) °20 ( 0 H )1 

MONTMORILLONITE 
Wi t h i n t e t r a h e d r a l 
l a y e r f o r d i o c t a h e d r a l 

W i t h i n o c t a h e d r a l 
l a y e r f o r t r i o c t a h e d r a l 

M x + Κ ^ Κ Γ °20< 0 H ) U 
BEIDELLITE 

HECTORITE 

W h i l s t a r i c h v a r i e t y o f such m a t e r i a l s occurs n a t u r a l l y , i t i s 
f r e q u e n t l y advantageous t o synth e s i s e p a r t i c u l a r s i l i c a t e s so as t o 
exclude c e r t a i n i m p u r i t y ions e.g. paramagnetic centres from samples 
prepared f o r study by MASNMR. But more important, perhaps, the charge 
imbalance r e s u l t i n g from t h i s isomorphous s u b s t i t u t i o n i s compensated 
f o r by the presence o f hydrated exchangeable c a t i o n s w i t h i n the i n t e r -
l a m e l l a r r e g i o n . For s m a l l , h i g h l y charged ions pronounced p o l a r i z ­
a t i o n o f the i n t e r l a y e r water may take p l a c e (see scheme) w i t h the 
accompanying generation o f protons. For a c a t i o n c a r r y i n g a charge 
o f n+ we may consider: 

[M(H 2 O) 6 Y +
 [ M ( H 2 O H O H ) ] ( A - 1 ) + + H + 

These protons may then c a t a l y s e c e r t a i n Bronsted r e a c t i o n s . One 
p a r t i c u l a r l y e f f e c t i v e i n t e r l a m e l l a r c a t i o n i s known t o be A l + ( 2 ) . 

Experimental 

(a) Clay as host. N a t u r a l l y o c c u r r i n g m o n t m o r i l l o n i t e samples o f 
various o r i g i n s have been used, w i t h i n each case M g 2 + replacement 
f o r the octahedral aluminium being the p r i n c i p a l s u b s t i t u t i o n . Other 
r e l a t e d m a t e r i a l s used were s y n t h e t i c a l l y prepared h e c t o r i t e , 
Laponite XLG, provided by Laporte Chemicals (l8) and b e i d e l l i t e pre­
pared i n these l a b o r a t o r i e s (19). (Magic angle s p i n n i n g NMR along 
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w i t h other t e s t s confirmed t h a t the sample was " b e i d e l l i t i c i n charac­
t e r , v i d e i n f r a . ) Cation exchange c a p a c i t y measurements, as w e l l as 
c a t i o n exchange were completed i n the usual way. The experimental 
in s t r u m e n t a t i o n used has been described elsewhere ( l 8 , 1 9 ) . 

(b) Graphite as host. N a t u r a l graphite c r y s t a l s o f two s i z e s 
{Sk0:2 mm; AF:l-2 micron) were obtained from Kropfmuhl, B a v a r i a (5.). 
I n t e r c a l a t e s o f FeCl3 were prepared by two methods - (a) from the 
vapour phase using the e s t a b l i s h e d "two-bulb" procedure and (b) by 
u.v. i r r a d i a t i o n o f CCI. d i s p e r s i o n s . In both cases X-ray powder 
d i f f r a c t i o n i n d i c a t e d t h a t guest species were i n s e r t e d between every 
graphite sheet i . e . t h a t the m a t e r i a l was nominally 1 s t stage. These 
FeCl3 i n t e r c a l a t e s were then reduced by e i t h e r h i g h temperature hydro­
gen treatment or by r e d u c t i o n w i t h a K/naphthalene mixture i n THF 
at 0 C. The m a t e r i a l s were then exposed t o a i r p r i o r t o c a t a l y t i c 
t e s t i n g . F u l l e r d e t a i l
and c r y s t a l l o g r a p h i c dat

R e s u l t s 
(a) C l a y s . That the degree o f l o c a l a c i d i t y w i t h i n the i n t e r l a y e r 
r e g i o n i s very much dependent upon the i d e n t i t y o f the exchangeable 
c a t i o n may be seen from IR s t u d i e s of i n t e r c a l a t e d organic bases. 
Thin s e l f - s u p p o r t i n g c l a y f i l m s (appropriate f o r IR measurement) 
r e a d i l y take up organic amines such as cyclohexylamine w i t h d i s ­
placement o f the major f r a c t i o n o f the i n t e r c a l a t e d water. For the 
Na +-exchanged sample the m a j o r i t y o f the amine i s present i n the 
unprotonated form - there being i n s u f f i c i e n t Bronsted a c i d i t y gener­
ated by the i n t e r l a y e r c a t i o n . When A l 3 + i s the exchangeable c a t i o n , 
however, a major f r a c t i o n of the i n t e r c a l a t e d amine becomes protonated 
(see Figure 2 ) . 

The balance between those molecules which are protonated and 
those which are not has emerged as an important f u n c t i o n i n determin­
i n g the course o f any r e a c t i o n o c c u r r i n g w i t h i n the i n t e r l a m e l l a r 
r e g i o n . One c a r e f u l l y s t u d i e d r e a c t i o n i s t h a t o f the e l i m i n a t i o n 
o f ammonia from amines (21), a r e a c t i o n proceeding by two simple steps 

R - NH 2 + H + •+ RNH 3
+ 

RNH 3
+ + R 1NH 2 RHNR1 + NH^ + H + 

For R = benzylamine (Β) and R 1 = cyclohexylamine (C) the amounts of 
BB and CC and o f the BC cross product formed as the r e l a t i v e concen­
t r a t i o n o f the reactants v a r i e s i s shown i n Figure 3. C l e a r l y w h i l s t 
f o r an approximately 50:50 reactan t mixture the amount of CC formed 
has dropped t o p r a c t i c a l l y zero t h a t o f the cross product (BC) i s 
s t i l l h i g h . The i n t e r p r e t a t i o n suggests t h a t the l e s s b a s i c amine i s 
more r e a d i l y i n t e r c a l a t e d and e s s e n t i a l l y remains unprotonated w h i l s t 
the more b a s i c amine, although present i n much s m a l l e r c o n c e n t r a t i o n , 
removes n e a r l y a l l o f the a v a i l a b l e protons. Hence the major r e a c t i o n 
i s between protonated Β and non-protonated C, y i e l d i n g BC (23,23). 

C l e a r l y under such circumstances there i s considerable scope f o r 
f i n e - t u n i n g o f s e l e c t i v i t y i f the r e l a t i v e amounts/ concentrations o f 
the v a r i o u s species are taken i n t o account. A n a l y s i s o f another 
important c l a y - c a t a l y s e d r e a c t i o n ( t h a t o f the e s t e r i f i c a t i o n o f 
a c e t i c a c i d (2k)) a l s o demonstrates how v a r i a t i o n o f the exchangeable 
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1 8 0

W a v e n u m b e r ( c m " " 1 ) 

Figure 2. I n f r a r e d s p e c t r a of a Na + and A l 3 + exchanged c l a y s 
f o l l o w i n g the uptake of cyclohexylamine. Absorptions at 1585 #and 
1525 cm are c h a r a c t e r i s t i c of the n e u t r a l and protonated amine 
sp e c i e s , r e s p e c t i v e l y . 

0 0 .5 1.0 

Mol F r a c t i o n B e n z y l a m i n e 

Figure 3. R e l a t i v e molar y i e l d s of the secondary amines formed 
from r e a c t i o n mixtures of cyclohexylamine (c) and benzylamine (B). 
See t e x t . 
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c a t i o n may l e a d t o changes i n a c t i v i t y (as might he expected) but i s 
a l s o accompanied by pronounced changes i n s e l e c t i v i t y . In t h i s par­
t i c u l a r r e a c t i o n , however, i t i s u n l i k e l y t h a t the r e l a t i v e l y a c i d 
s e n s i t i v e sheet s i l i c a t e s w i l l remain unaffected by the presence of 
the a c e t i c a c i d . 

We a l l u d e d e a r l i e r t o the v a r i e t y of s t r u c t u r a l m o d i f i c a t i o n s 
which may be observed i n sheet s i l i c a t e s . C l e a r l y i t i s a matter o f 
considerable importance t o be able t o determine i f , f o r example, the 
aluminium content w i t h i n a c l a y a r i s e s p u r e l y from octahedral s u b s t i ­
t u t i o n (as i n montmorillonite) or whether there i s some t e t r a h e d r a l 
component (as i n b e i d e l l i t e ) . 2 7 A 1 MASNMR r e a d i l y provides the necess­
ary answers. Figure h i l l u s t r a t e s the 2 7 A 1 spectrum f o r a s y n t h e t i c 
b e i d e l l i t e m a t e r i a l w i t h Na as charge b a l a n c i n g c a t i o n . Aluminium i n 
two d i s t i n c t chemical environments i s observed, w i t h chemical s h i f t s 
corresponding t o o c t a h e d r a l l y and t e t r a h e d r a l l y co-ordinated aluminium. 
The a s s o c i a t e d 2 9 S i spectru
The assignment given i
i s a s s o c i a t e d w i t h s i l i c o  ( w i t h i ) 
v i a oxygen t o 2 s i l i c o n s and 1 aluminium w h i l s t the peak at - 9 3 p p m 
i s a s s o c i a t e d w i t h s i l i c a l i n k e d e x c l u s i v e l y t o other s i l i c o n s ( 2 5 - 2 7 ) . 
Using an a n a l y s i s based on Loewenstein ?s r u l e and wide l y used i n zeo­
l i t e s t r u c t u r a l analyses ( 2 8 ) we have shown elsewhere ( 2 0 ) t h a t f o r 
t h i s p a r t i c u l a r s y n t h e t i c b e i d e l l i t e the ( S i / A l ) . t r a t i o i s 11 . 5 : 
1 . 0 . The octa h e d r a l c a t i o n l a t t i c e i s b e l i e v e d το be e n t i r e l y occu­
p i e d by aluminium. 

Table I I I . 29 . 
S i chemical s h i f t s f o r some sheet s i l i c a t e s 

6 g . (from TMS) r e f . 

P y r o p h y l l i t e - 9 5 . 1 ( 2 0 ) 
Talc - 9 8 . 1 ( 2 8 ) 

M o n t m o r r i l l o n i t e -93 Λ ( 2 0 ) 

B e i d e l l i t e - 9 3 ( 0 A 1 ) ( 2 0 ) 
- 8 8 ( 1 A 1 ) 

K a o l i n i t e - 9 1 . 5 ( 2 8 ) 

S y n t h e t i c - 9 5 . 1 ( 0 A 1 ) 
t r i o c t a h e d r a l - 9 0 . 1 ( 1 A 1 ) ( 2 6 ) 
c l a y - 8 5 . 5 ( 2 A 1 ) 

The use o f the s y n t h e t i c c l a y Laponite - which contains very 
l i t t l e s t r u c t u r a l aluminium - i s h e l p f u l i n monitoring the nature of 
the i n t e r l a m e l l a r c a t i o n A l 3 + - an exchangeable c a t i o n which gener­
ates h i g h c a t a l y t i c a c t i v i t y . Figure 5 i l l u s t r a t e s the 2 7 A 1 NMR 
spectrum obtained from A l 3 + exchanged Laponite. Both octahedral and 
t e t r a h e d r a l s i g n a l s are observed ( 1 8 ) . With i n c r e a s i n g ageing o f 
these m a t e r i a l s there are c l e a r l y changes i n the r e l a t i v e amounts o f 
detectable t e t r a h e d r a l l y and o c t a h e d r a l l y bound aluminium which i s 
b e l i e v e d t o a r i s e from the formation o f a polymeric hydroxy c a t i o n 
s p e c i e s . 
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Figure k. 29Si and 2 7 A 1 MASNMR s p e c t r a f o r the N a + and A l 
exchanged forms o f the s y n t h e t i c b e i d e l l i t e sample. 
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Figure 5 · 17kl MASNMR s p e c t r a f o r an A l exchanged sample o f 
Laponite - the aluminium s i g n a l r e s u l t s e n t i r e l y from m a t e r i a l 
r e s u l t i n g from the c a t i o n exchange process. 
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(b) Graphite i n t e r c a l a t i o n compounds. One o f our i n t e r e s t s i n grap­
h i t e i n t e r c a l a t e s as heterogeneous c a t a l y s t s arose because i t was 
f e l t t h a t r e a c t i o n s proceeding between the graphite sheets may l e a d 
t o p a r t i c u l a r l y i n t e r e s t i n g s e l e c t i v i t i e s during synthesis (29~3l) 
e.g. circumvention o f S c h u l t z - F l o r y s t a t i s t i c s i n Fischer-Tropsch 
chemistry (32). Indeed i t has f r e q u e n t l y been assumed t h a t f o r such 
i n t e r c a l a t i o n compounds under c a t a l y t i c c o n d i t i o n s guest molecules 
(and presumably the a c t i v e species) remain present between the graph­
i t e sheets. I t has r e c e n t l y been shown however t h a t FeCl3 i n t e r c a l a ­
tes o f graphite are both a i r - a n d temperature-sensitive and t h a t , f o r 
example, i n the presence of water r a p i d de-intercalâtion takes place 
(33). I t i s u n l i k e l y , as a consequence, t h a t under r e a c t i o n c o n d i t ­
ions where water i s a by-product and at o p e r a t i n g temperatures o f , 
f o r example, 300 C t h a t the t r u l y i n t e r c a l a t e d s t a t e w i l l s u r v i v e . 
As a consequence i t i s u n l i k e l y t o be the i n t e r c a l a t e d s t a t e per se 
which i s the a c t i v e phase

A s t r a t e g y which evolve
use of i n t e r c a l a t i o n compounds as precursors f o r carbon (graphite) 
supported m a t e r i a l s - where p a r t i c l e s i z e might be c o n t r o l l e d by the 
c o n t r o l o f the 'domain s i z e ' f o r the i n s e r t e d molecules and the method 
used f o r d e - i n t e r c a l a t i o n . In a d d i t i o n , the e l e c t r o n i c p r o p e r t i e s o f 
the support may be modified by the degree o f r e s i d u a l l y i n t e r c a l a t e d 
m a t e r i a l w i t h i n the graphite sheets. Such a s t r a t e g y c l e a r l y suggests 
t h a t i d e n t i c a l s t a r t i n g i n t e r c a l a t i o n compounds may l e a d t o very 
d i f f e r e n t types of c a t a l y s t s , depending i n p a r t i c u l a r upon the de-
i n t e r c a l a t i o n and r e d u c t i o n c o n d i t i o n s (32). 

F i r s t - s t a g e i n t e r c a l a t i o n compounds of FeCl3 were prepared and 
c h a r a c t e r i z e d by a v a r i e t y o f techniques (5^33). Two d i s t i n c t pre­
p a r a t i o n procedures were used : (see scheme/ : from vapour, u s i n g the 
e s t a b l i s h e d "two-bulb" method and from s o l u t i o n u s i n g U.V. l i g h t 
(see Experimental). 

U.V. 
i n t e r c a l a t i o n 
at 0°C i n CC! 

1 s t stage 
m a t e r i a l 
i n c l u d i n g 
s o l v e n t 

F e C l 3 

and 
graphite 

Reduced 
graphite 
i n t e r c a l a t e 

. r-
a t 300°C 

1st stage 
m a t e r i a ! 
i n c l u d i n g 
decomposition 
product 
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Subsequently the intercalates - without prior exposure to air - were 
reduced either by hydrogen gas or using potassium naphthalide in THF. 
(3b) Clearly the choice of intercalation and reduction temperature 
will control the nature of the final product. These materials were 
then exposed to air. Some of the results obtained are given in^ 
Table IV. Clearly catalyst Β in its high conversion and selectivity 
to acetylene demonstrates unique properties. 

From these results there is evidence that i t is possible to use 
well-defined graphite intercalates as precursors for deliberate de-
intercalation, yielding a multiphasic supported material which is 
catalytically active. 
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41 
Dynamics of Benzene in X-Type Zeolites 

Dennis L. Hasha, Virginia W. Miner, Juan M. Garcés, and Stephen C. Rocke 

Analytical Laboratories, The Dow Chemical Company, Midland, MI 48640 

Deuterium NMR i
of benzene-d6 in Na and Cs forms of zeolite X. The 
systems studied were prepared with loadings in the 
range 0.7 molecules/supercage to 5.6 and 5.0 mole-
cules/supercage for (Na)X and (Cs,Na)X, respectively. 
It is observed that at a given temperature, benzene 
possesses more motional freedom in (Na)X than (Cs,Na)X 
at all loadings. Two benzene species which differ 
only in their rotational motion are observed. The 
low temperature benzene species undergoes rotation 
about the C6-axis; whereas, the motion of the high 
temperature form is more complex (i.e. molecular tum­
bling). Sample inhomogeneities result in the 
simultaneous observation of both species over a narrow 
temperature range. The position of this temperature 
range is dependent on loading and the cation. A 
third benzene species, which goes undetected by the 
NMR experiment due to an extremely short spin-spin 
relaxation time, is found to be present. It is 
estimated that the effect of the Cs+ ions on benzene 
mobility can be reproduced by adding ~2.7 molecules/ 
supercage to (Na)X. This is discussed in terms of 
both steric effects and specific ion-benzene 
interactions. 

Deuterium NMR has r e c e n t l y been used t o study molecular motion of 
organic adsorbates on alumina (1) and i n framework a l u m i n o s i l i c a t e s 
( 2 ) . The advantage of 2H NMR i s that the quadrupole i n t e r a c t i o n 
dominates the spectrum. This i n t r a m o l e c u l a r i n t e r a c t i o n depends on 
the average o r d e r i n g and dynamics of the i n d i v i d u a l molecules. In 
the present work we describe 2H NMR measurements of deuterated 
benzene i n (Na)X and (Cs,Na)X z e o l i t e . 

Laser Raman ( 3 ) and UV d i f f u s e r e f l e c t a n c e ( 4 ) measurements 
have shown t h a t the cation/aromatic r i n g i n t e r a c t i o n becomes s t r o n ­
ger as the s i z e of the c a t i o n i n c r e a s e s . The Laser Raman r e s u l t s 
were i n t e r p r e t e d as being due to e l e c t r o s t a t i c f i e l d s w i t h i n the 

0097-6156/85/0288-0485$06.00/0 
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supercages of the z e o l i t e ( 3 ) . Since e l e c t r o s t a t i c f o r c e s decrease 
w i t h i n c r e a s i n g c a t i o n s i z e J5), i t has been argued th a t d i f f e r e n c e s 
i n m o b i l i t y of toluene detected by 1 3C NMR are due to s t e r i c f a c t o r s 
( 6 ) . However, i n the z e o l i t e , i n t e r a c t i o n between the aromatic r i n g 
and the cations at the S2 s i t e s depends not only on the s i z e of the 
ca t i o n s but a l s o on t h e i r l o c a t i o n w i t h respect to the six-member 
r i n g s i t e and on t h e i r i n t e r a c t i o n w i t h i t . These f a c t o r s coul<j[ 
make the e l e c t r o s t a t i c i n t e r a c t i o n w i t h benzene stronger f o r Cs 
than f o r Na . Our long-term goal i s t o understand the i n d i v i d u a l 
c o n t r i b u t i o n s of the s p e c i f i c i o n and s t e r i c i n t e r a c t i o n s to the 
motions of adsorbates i n these systems. The p r e l i m i n a r y r e s u l t s 
presented here i n d i c a t e that both e f f e c t s are important. 

Experimental 

The z e o l i t e s used f o
l a b o r a t o r y . The (Na)X
b i d e , has the dehydrated composition Nags(A102 )85(Si02)107  Exchange 
of the (Na)X z e o l i t e w i t h four successive batches of 0.2m CsOH 
s o l u t i o n at 298°K produced a (Cs,Na)X z e o l i t e w i t h dehydrated compo­
s i t i o n N a4 4Cs37(A102 ) 8 i(Si02)m. C r y s t a l l i n i t y of the z e o l i t e s 
was confirmed by X-ray d i f f r a c t i o n and BET adsorption isotherm 
measurements. The z e o l i t e s were d r i e d a t 373°K f o r 1 hour then 
c a l c i n e d at 728°K f o r 4 hours before being loaded w i t h deuterated 
benzene. The benzene-de ( i s o t o p i c p u r i t y 99.8%) was obtained from 
S t o h l e r Isotope Chemicals. 

Loading was accomplished by exposing the a c t i v a t e d z e o l i t e s to 
benzene-de vapors. The extent of vapor adsorption was determined by 
the increase i n weight of the z e o l i t e . The samples were found to be 
extremely hydroscopic and thus kept i n a vacuum d e s i c c a t o r u n t i l 
t h e i r use. A f t e r two or three temperature runs the samples began to 
adsorb water vapor. Therefore, only the data obtained f o r the f i r s t 
two v a r i a b l e temperature c y c l e s are presented here. The samples 
s t u d i e d are l i s t e d i n Table I . 

Wideline 2H NMR spectra were c o l l e c t e d using a Bruker CXP 200 
NMR spectrometer, operating at ω 0/2π ( 2H) = 30.7 MHz. To o b t a i n 
spectra v o i d of spectrometer a r t i f a c t s , the s o l i d s p i n echo pulse 
sequence, π/2)χ-τ-π/2) -τ-echo, was used. Unless otherwise noted, 
the delay between p u l s u s , τ, was set at 30με. 

Re s u l t s & D i s c u s s i o n 

The 2H NMR spectrum of p o l y c r y s t a l l i n e benzene-de below 110°K i s 
represented by a quadrupolar powder p a t t e r n w i t h s p l i t t i n g 
Δ ν β = 144kHz ( 7 ) . At these temperatures the benzene molecules are 
r i g i d l y bound i n the s o l i d . As the temperature i s r a i s e d benzene 
begins to r o t a t e about the Ce-axis. This motion can be detected 
by 2H NMR provided the c o r r e l a t i o n time a s s o c i a t e d w i t h the motion 
i s s h o r t e r than the inverse of the r i g i d quadrupole s p l i t t i n g ; i . e . 
XQ = l / A v ^ i r i g i d ) .7 ps. When t h i s c o n d i t i o n i s s a t i s f i e d the 
motion i s s a i d t o be f a s t on the NMR timescale. Motions which are 
considered f a s t produce averaging of the s t a t i c quadrupole powder 
p a t t e r n . The r e s u l t i n g averaged spectrum y i e l d s i n f o r m a t i o n about 
the nature of the molecular motions present. 

In F i g u r e 1, deuterium spectra of benzene-d 6 i n (Cs,Na)X at 
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Table I . Benzene-d 6 Loadings i n Z e o l i t e X 

Qng/g) molecules per supercage 
C 6D 6/(Na)X 
saturated 5.
243 4.9 
219 4.4 
124 2.5 
86.3 1.8 
53.8 1.1 
33.3 0.7 

C 6D 6/(Cs,Na)X φ 

saturated 5.0 
119 3.1 
92.4 2.4 
52.8 1.4 
31.7 0.7 

Maximi^m loading (Na)X = +5.6 molecules/supercage ( 7 ) . Replacement 
of Na ions w i t h 4.6 Cs /supercage reduces supercage volume ̂ 10%. 
Therefore, maximum loading (Cs,Na)X = (0.9)(5.6) = 5.0. 
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room temperature f o r f i v e d i f f e r e n t loadings are shown. At 0.7 and 
1.4 benzene-d 6 molecules/supercage the l i n e w i d t h a t h a l f height i s = 
5KHz i n d i c a t i n g r a p i d molecular tumbling. As the l o a d i n g i n c r e a s e s , 
the spectra cannot be i n t e r p r e t e d as a r i s i n g from a s i n g l e type of 
benzene. Instead, the spectra are due to two sp e c i e s ; one producing 
a quadrupolar p a t t e r n w i t h s p l i t t i n g of \>n = 71kHz and the other a 
broadened s i n g l e t . The observation of two d i s t i n c t p a t t e r ns i n d i ­
cates t h a t exchange between the two benzene species i s slow on the 
NMR timescale. The magnitude of the s p l i t t i n g of the quadrupolar 
subspectrum i s the value expected f o r an o r i e n t e d benzene molecule 
experiencing f a s t r e o r i e n t a t i o n about i t s Ce-axis. The l i n e w i d t h of 
the broadened s i n g l e t increases from 7.9kHz at 2.4 molecules/super­
cage to V35kHz at 3.1 molecules/supercage. This broadening 
i n d i c a t e s that as the number of benzene molecules i n the supercage 
increases t h e i r motional freedom i s reduced. The concentration of 
the o r i e n t e d benzene specie
to the c a v i t y . When th
molecules are o r i e n t e d  undergoing r a p i
narrow resonance, denoted w i t h the a s t e r i s k i n the f i g u r e , i s due to 
benzene molecules adsorbed on the surface of the z e o l i t e . In the 
case of (Na)X, the deuterium spectra c o n s i s t of a s i n g l e narrow 
resonance (Δ\>ι ,2=520Hz) at loadings below ^2.5 molecules/supercage 
(see Figure 2 ) : I t would appear t h a t a t these loadings the benzene 
molecules undergo n e a r l y i s o t r o p i c motion i n (Na)X. Increasing the 
number of molecules i n the c a v i t y r e s u l t s i n a broadening of the 
narrow resonance (4.4 kHz and 5.6 kHz at 4.4 and 4.9 molecules/ 
supercage r e s p e c t i v e l y ) . At maximum loa d i n g both benzene species 
are observed, w i t h the o r i e n t e d benzene being the minor component. 
From comparison of the spectra i t i s c l e a r t \ w benzene possesses 
more motional freedom i n (Na)X than (Cs,Na)X at a i l l oadings. 

Lowering the temperature has a s i m i l a r e f f e c t on the deuterium 
spectra as does increased loadings. In F i g u r e 3, spectra f o r 
benzene-de/(Na)X a t 0.7 molecules/supercage over the temperature 
range 298 to 133°K are shown. I t i s observed t h a t both benzene 
species are detected simultaneously between 228 and 188°K. Below 
t h i s temperature the o r i e n t e d benzene species becomes the predomi­
nant form. A s i m i l a r s i t u a t i o n occurs f o r p o l y c r y s t a l l i n e 
benzene-de i n which two quadrupole p a t t e r n s , one s t a t i c and the 
other m o t i o n a l l y narrowed due to C 6 r o t a t i o n , are observed to c o e x i s t 
at temperatures between 110 and 130°K ( 7 ) . This behavior has been 
a t t r i b u t e d to sample imperfections (8) which give r i s e to a narrow 
d i s t r i b u t i o n i n c o r r e l a t i o n times f o r r e o r i e n t a t i o n about the hexad 
a x i s . For benzene i n (Na)X and (Cs,Na)X such imperfections may 
r e s u l t from the ion/benzene i n t e r a c t i o n , and a nonuniform d i s t r i b u ­
t i o n of benzene molecules and ions w i t h i n the z e o l i t e . These 
f a c t o r s may a l s o be r e s p o n s i b l e f o r producing the i n d i v i d u a l 
s p ecies. However, from the NMR spectra i t i s not p o s s i b l e to 
make t h i s connection. Thus, the use of the term " s p e c i e s " to 
describe the quadrupole p a t t e r n and broadened s i n g l e t s t r i c t l y 
represents molecules which possess d i f f e r e n t degrees of motional 
freedom. 

From Figure 3 i t i s apparent t h a t when both benzene species are 
present the s i g n a l to noise r a t i o (S/N) of the spectrum i s g r e a t l y 
reduced. The s p e c t r a i n F i g u r e 3 are not normalized but d i s p l a y e d 
w i t h the same v e r t i c a l height. Thus the "observed" r e d u c t i o n i n S/N 
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F i g u r e 2. 2H NMR spectra of C 6D 6/(Na)X at room temperature. 
SW = 500 kHz. . denotes benzene-d 6 adsorbed on surface. 
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i s a c t u a l l y a l o s s i n s i g n a l i n t e n s i y . As the temperature i s 
lowered to temperatures below 188°K the s i g n a l i n t e n s i t y i n c r e a s e s . 
This i s due to the method of data c o l l e c t i o n . The s o l i d s p i n echo 
sequence used to o b t a i n the spectra i s a two pulse sequence, 
π/2)χ-Τ-π/2) -x-echo. A f t e r the f i r s t π/2-pulse the magnetization 
déphasés due to magnetic inhomogeneities of the system. The 
second 7t/2-pulse ( r o t a t e d 90° w i t h respect to the f i r s t pulse) 
causes a r e f o c u s s i n g of the magnetization at 2τ. The height of the 
echo depends on the s p i n - s p i n r e l a x a t i o n time, T 2, and the rate of 
chemical exchange between the two benzene species. 

The e f f e c t of T 2 on the s p e c t r a l i n t e n s i t y can be studied by 
v a r y i n g the length of the time between pul s e s . In Figure 4 spectra 
f o r C 6De/(Cs,Na)X at 2.4 molecules/supercage and 283°K are shown 
as a f u n c t i o n of x. As the delay increases the i n t e g r a t e d i n t e n s i t y 
of the spectrum decreases. This l o s s of i n t e n s i t y does not occur at 
the same rate (Ξ 1/T2) f o
benzene undergoing Cg
tumbling). Since the s p i n - s p i y pro
p o r t i o n a l to the c o r r e l a t i o n time a s s o c i a t e d w i t h the motion, 
r o t a t i o n about the Ce-axis f o r the o r i e n t e d species i s f a s t e r than 
the molecular tumbling of the species producing the broadened 
s i n g l e t ; t c ( C 6 r o t a t i o n ) < l c ( m o l e c u l a r tumbling). This i s not a 
s u r p r i s i n g c r e s u l t . R o t a t i o n 0 about the Ce-axis i s v i r t u a l l y un­
hindered; whereas, molecular tumbling i n the supercages must take 
p l a c e by d i s p l a c i n g neighboring molecules. 

For a given species the s p i n - s p i n r e l a x a t i o n time decreases 
w i t h decreasing temperature, w i t h the r i g i d l a t t i c e value as the 
lower l i m i t . Since the o r i e n t e d benzene s p e c i e s , which i s the low 
temperature fornb has the longer T 2 we would not expect the i n t e ­
grated i n t e n s i t y of the spectrum to decrease monotonically as the 
temperature i s lowered. In f a c t , the s i g n a l i n t e n s i t y decreases, 
reaches a minimum and then increases when the temperature i s reduced. 
This i s shown more c l e a r l y i n Figure 5. For benzene molecules which 
possess a n a t u r a l T 2 short compared to the delay between the p u l s e s , 
complete dephasing occurs during X. A p p l i c a t i o n of the second 
pulse does not produce an echo and these molecules go unobserved. 
Chemical exchange, which i s a c t u a l l y a T 2 process, a l s o r e s u l t s i n 
reduced s i g n a l i n t e n s i t y . Phase coherence i s l o s t when a benzene 
molecule goes from "species I " to "species I I " during the time of 
the experiment (2l). The maximum red u c t i o n i n s i g n a l i n t e n s i t y 
due to the exchange process occurs when the rate of the chemical 
exchange =l/2x. I t i s observed th a t the minimum i n t e g r a t e d i n t e n ­
s i t y i s observed when both species are detected simultaneously. 
For C 6De/(Na)X at 2.5 molecules/supercage t h i s takes place at 
approximately 260°K. At t h i s temperature, l e s s than 50% of the 
benzene molecules are detected by the NMR experiment. These 
unobserved molecules c o n s t i t u t e a t h i r d species. As the temperature 
i s changed the number of undetected molecules decreases. At 220°K 
the i n t e g r a t e d i n t e n s i t y i s n e a r l y 30% l a r g e r than the room tem­
perature value. This i s a r e s u l t of the temperature dependence of 
the Boltzmann d i s t r i b u t i o n , which produces an increase i n a v a i l a b l e 
magnetization as the temperature i s lowered. 

The temperature range i n which the two observed benzene species 
c o e x i s t , i s s h i f t e d to lower temperatures f o r C 6D 6/(Na)X samples w i t h 
fewer benzene molecules per supercage (see Figure 3 and 5). This i s 
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F i g u r e 4. Dependence of the i n t e g r a t e d i n t e n s i t y on the l e n g t h 
between p u l s e s , τ, i n the s o l i d s p i n echo sequence. 
C 6D 6/(Cs,Na)X at 2.4 molecules/supercage and 283°K. SW = 500 
kHz. 
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F i g u r e 5. Dependence of the i n t e g r a t e d i n t e n s i t y on tempera­
t u r e . C 6D 6/(Na)X at 2.5 molecules/supercage. SW = 500 kHz. 
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a l s o true f o r C 6D 6/(Cs ,Na)X. The temperature at which the system 
undergoes f r e e z i n g out the molecular tumbling motion, i s a l s o depen­
dent on the c a t i o n . For a given l o a d i n g t h i s t r a n s i t i o n s h i f t s to 
lower temperatures f o r C 6D 6/(Na)X than f o r C 6D 6/(Cs,Na)X. The i n t e ­
grated i n t e n s i t y of the two subspectra y i e l d s a p o p u l a t i o n r a t i o 
which i s an e q u i l i b r i u m constant d e f i n i n g the motional s t a t e of the 
detected benzene molecules. The experimental c o n d i t i o n s which pro­
duce the motional s t a t e described by equal populations of the two 
observed benzene species i s shown i n Figure 6 f o r (Na)X and (Cs,Na)X. 
The f i g u r e i s a c t u a l l y a phase diagram of the motional s t a t e of 
benzene i n the z e o l i t e . The curves, which are l i n e a r , represent 
the coexistence l i n e s s eparating the two observed benzene s p e c i e s . 
Moving to the low temperature side of the coexistence l i n e gives 
r i s e to benzene molecules which undergo r o t a t i o n about t h e i r Ce-axis. 
Moving i n the other d i r e c t i o n , produces benzene molecules capable of 
tumbling. The (Cs,Na)
temperatures w i t h respec
e r r o r , these two coexistenc  p a r a l l e l  Althoug  spec
trum i s extremely s e n s i t i v e to changes i n temperature, e f f e c t s due 
to T 2 mentioned e a r l i e r can d r a m a t i c a l l y a l t e r the appearance of 
the spectrum. Since we are comparing the same motional s t a t e , d i f ­
ferences observed i n T 2 f o r the two species are not expected to 
change s u b s t a n t i a l l y . Therefore, the estimated e r r o r of ±5°K i s 
not unreasonable. 

The p o p u l a t i o n r a t i o can be expressed as a Boltzmann d i s t r i b u ­
t i o n 

(Na)X: In n'/n = -ΔΕ^/RT ; (Cs,Na)X: In n 7 n = -ΔΕ^/RT 1 (1) 

where ΔΕ i s the d i f f e r e n c e i n energy between the two detected ben­
zene species. I t f o l l o w s t h a t f o r the same po p u l a t i o n r a t i o 

V = M C s / T ' ( 2 ) 

Equations (1) and (2) h o l d f o r a l l p o i n t s along the coexistence 
l i n e s i n Figure 6. At the lowest l o a d i n g , 0.7 molecules/supercage, 
AEçs/AEjja = 1.2. Since the two l i n e s are approximately p a r a l l e l 
t h i s r a t i o i s n e a r l y constant f o r a l l loadings. In the temperature 
range 250 to 290°K, we can compare coexistence p o i n t s f o r the two 
z e o l i t e s at the same temperature, such t h a t Δ Ε ^ = Δ Ε ^ . Comparison 

of the curves shows that^ t o reproduce the e f f e c t of C s + ions [there 
are 4.6 Cs and 3.5 Na ions per supercage f o r (Cs,Na)X] on the 
dynamics of benzene, an a d d i t i o n a l ^2.7 molecules of benzene per 
supercage must be placed i n the c a v i t i e s of (Na)X. The volume of 
2.7 a d d i t i o n a l benzene molecules i s s u b s t a n t i a l l y greater than the 
^10% r e d u c t i o n i n supercage volume r e s u l t i n g from s u b s t i t u t i n g 
4.6 Cs ions f o r Na . This suggests t h a t s t e r i c e f f e c t s alone 
cannot e x p l a i n the data, and t h a t a s p e c i f i c ion/benzene i n t e r ­
a c t i o n a l s o c o n t r i b u t e s to the dynamics of benzene i n z e o l i t e X. 
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F i g u r e 6. "Phase diagram of motional s t a t e of benzene". The 
experimental c o n d i t i o n s which produce the motional s t a t e 
described by the i n s e t spectrum. 
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Magnetic and Mössbauer Characterization 
of Iron-Zeolite and Iron and/or Ruthenium 
on Doped-Carbon Catalysts 

L. N. Mulay1 and Thomas Pannaparayil2 

1Materials Science and Engineering Department  The Pennsylvania State University
University Park, PA 16802 

2Department of Physics, The Pennsylvani

The basic characteristics of S.P. (superparamagnetic) 
clusters of well-known ferromagnetic metals and of 
ferrimagnetic insulators such as γ-Fe2O3 and Fe3O4 
are succinctly outlined along with important features 
of 57Fe Mössbauer spectroscopy. Selected examples of 
the magnetic and Mössbauer characterization of the 
Fe or Fe•Co/ZSM-5 system in the fresh, reduced, 
carbided and used catalysts are given, which indica­
ted that Fe5C2 is the active phase, which is then 
converted into Fe3C during the Fischer-Tropsch 
syngas reaction. Evidence for an interaction between 
Fe-oxide(s) and the Brönsted acid sites in 
H-Mordenites is also presented. Furthermore, 
characterization of boron-doped carbons by magnetic 
susceptibility is described, which yields band 
parameters such as the change in the Fermi level 
(EF) with boron doping. The behavior of S.P. Fe° 
on such carbons is also presented. Although a 
seven-fold change in EF was found, no striking 
correlation between this change and the turnover 
frequencies (NCl and NCO) could be established. 
Finally, the applicability of the magnetization 
measurements as a function of the [Field (H)/ 
Temperature (T)] for obtaining particle size 
distribution of the γ-Fe2O3/ZSM-5 system is 
illustrated. In this broad review of selected 
applications of magnetization and Mössbauer 
characterization, a comparison is given of the 
effects of Fe(NO3)3 and Fe3(CO)12 impregnation on 
the formation of S.P. species along with their 
practical significance in promoting the production 
of octane-range hydrocarbons. 
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This c o n t r i b u t i o n i s concerned w i t h the magnetic and Môssbauer 
c h a r a c t e r i z a t i o n of (a) F e / z e o l i t e (mordenite) systems, and that of 
(b) Fe and/or Ru on boron-doped carbon s u b s t r a t e s . Some c o r r e l a t i o n s 
between the c h a r a c t e r i z a t i o n and CO hydrogénation parameters w i l l be 
pointed out. Because of l i m i t a t i o n s of space, we s h a l l present 
s a l i e n t f e atures of these i n v e s t i g a t i o n s . At the o u t s e t , i t would be 
b e f i t t i n g to present a s u c c i n c t background on the b a s i c p r i n c i p l e s of 
magnetic and Môssbauer c h a r a c t e r i z a t i o n . 

Background Information on the P r i n c i p l e s of Magnetism and 
Môssbauer Spectroscopy 

We s h a l l invoke only those rudimentary p r i n c i p l e s , which have a 
d i r e c t bearing on our research f o r the b e n e f i t of non-magneticists. 
Ferromagnetic metals, such as Fe, Co, N i , and i n s u l a t o r s such as 
Y-Fe203 and Fe304, show
from t h e i r domain s t r u c t u r e
unpaired e l e c t r o n s (spins) associated w i t h each atom (or s t r u c t u r a l 
u n i t ) have a net spontaneous magnetic "moment ( y s ) n or magnetization 
( o s ) ; these are shown by the l a r g e arrows ( F i g . 1). S a t u r a t i o n i s 
shown by o s , the remanence by o r , and the reverse f i e l d necessary to 
b r i n g o r to 0 i s shown by H c, the c o e r c i v e f o r c e . Between the 
domains, a "Bloch w a l l " i s formed, w i t h spins c u r l e d up i n a h e l i c a l 
f a s h i o n . When an e x t e r n a l f i e l d (H) i s a p p l i e d , the magnetic 
moments a l i g n " p a r a l l e l " to the a p p l i e d f i e l d , even at modest values 
(^3000 Oersteds) at room temperature, which happens to be below the 
C u r i e temperature ( T c ) . This T c i s a c r i t i c a l temperature above 
which the magnetization (o s) disappears and f o l l o w s a paramagnetic 
behavior. Each domain c o n s i s t s of myriads of s p i n s . One can 
imagine small c l u s t e r s w i t h i n each domain having d i f f e r e n t volumes 
( V i , V2, ... V i ) . These subdomain p a r t i c l e s , which c o n s i s t of 
s e v e r a l thousand s p i n s , are known as S.P. (superparamagnetic) 
c l u s t e r s and have l a r g e magnetic moments of s e v e r a l thousand B.M. 
(Bohr Magnetons; one BM - eh/4irmc, where the symbols have t h e i r 
u s u al meaning [1 , 2 ] ) . When such S.P. c l u s t e r s are w e l l - d i s p e r s e d on 
(or " w i t h i n " ) a substrate (e.g., Si02, carbon, z e o l i t e s , e t c . ) , 
there i s no magnetic i n t e r a c t i o n between t h e i r moments. Hence, the 
S.P. c l u s t e r s behave i n the same manner as "magnetically d i l u t e " 
paramagnetic i o n s , such as F e ^ + (6S5/2 i o n , w i t h 5 d s p i n s , which 
show an e f f e c t i v e B.M. number ( y e f f ) of /5(5+2) = 5.96). Such ions 
can o r i e n t p a r a l l e l and a n t i p a r a l l e l to H, according to the 
Boltzmann s t a t i s t i c s , independently of each other and experience 
thermal f l u c t u a t i o n s . For paramagnetic i o n s , the s u s c e p t i b i l i t y 
(χ = σ/Η) and the y e f f are good parameters f o r i n t e r p r e t a t i o n of 
magnetic r e s u l t s . However, f o r the S.P. c l u s t e r s w i t h a g i a n t B.M. 
number of VLO^, the per gram magnetization (σ) i s a good parameter. 
The σ increases w i t h i n c r e a s i n g H, and w i t h decreasing temperature 
(T). Therefore, i t i s customary to measure σ at constant Η and 
v a r y i n g T, and v i c e - v e r s a . When the r e l a t i v e magnetization σ/os 
(where as i s the s a t u r a t i o n magnetization) i s p l o t t e d as a f u n c t i o n 
of H/T, one obtains an e x c e l l e n t s u p e r p o s i t i o n of data p o i n t s , and 
there i s no c o e r c i v e f o r c e (H c=0); tha t i s , there i s no h y s t e r e s i s , 
as i n the bulk ferromagnetic m a t e r i a l ( F i g . 2 ) . Hence, S.P. 
behavior may be regarded as a phenomenon intermediate between 
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Figure 1. Schematic diagram of a h y s t e r e s i s curve f o r a t y p i c a l 
ferromagnet showing magnetization (σ) as a f u n c t i o n of the 
a p p l i e d magnetic f i e l d (H). S a t u r a t i o n magnetization i s 
i n d i c a t e d by O s. Inset shows the multidomain s t r u c t u r e and 
subdomain superparamagnetic c l u s t e r s . 
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Figure 2. P l o t of r e l a t i v e magnetization, σ/σ 3, as a f u n c t i o n 
of H/T. (a) A paramagnetic system i s c h a r a c t e r i z e d by an 
e f f e c t i v e magnetic moment, w i t h a Bohr Magneton number M.0 per 
i o n , and by the absence of h y s t e r e s i s . Paramagnetic s a t u r a t i o n 
occurs at very h i g h "H/T" ^ 10^ Oe K"1. (b) Langevin curve f o r 
S.P. c l u s t e r s , (c) Part of a ferromagnetic h y s t e r e s i s curve. 
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paramagnetism and ferromagnetism. For pure ferromagnetic m a t e r i a l s , 
without mechanical s t r a i n , the H c can be as s m a l l as 0.5 Oersteds. 
Hence, one can apply the c l a s s i c a l Langevin f u n c t i o n , f i r s t d erived 
f o r the n o n - i n t e r a c t i n g paramagnetic s p i n s , to the n o n - i n t e r a c t i n g 
( i d e a l ) S.P. c l u s t e r s . Thus, 

a/a - Coth (μ H/kT) - (kT/μ (H) s c c 
Here, y c stands f o r the (giant) magnetic moment of the c l u s t e r 
which replaces the "μ" f o r s i n g l e , i s o l a t e d paramagnetic s p i n s ; k 
i s the Boltzmann constant. 

In the above equation, a l l q u a n t i t i e s except Pc c&n be 
measured. The μ α can be derived f o r ( i d e a l ) S.P. c l u s t e r s by a 
c u r v e - f i t t i n g procedure (Cf r e f . 3). The g i s t of o b t a i n i n g the 
average volume ν of a S.P. c l u s t e r l i e s i n the b a s i c physics 
d e f i n i t i o n of o s , which
μ 0/ν. From the l o w - f i e l
[4,5] of the Langevin f u n c t i o n s t a t e d below, one can c a l c u l a t e the 

V " L P f o r l a r g e c l u s t e r s (which m a g n e t i c a l l y s a t u r a t e e a s i l y a t low 
values of H/T) and v^p f o r s m a l l c l u s t e r s (which saturate w i t h 
d i f f i c u l t y at high values of H/T). From the V ~ L F and V"HF> the 
average volume ν of c l u s t e r s can be estimated by ta k i n g the 
a r i t h m e t i c mean. 

s 

4 F - e - ( 1 - O / < V " 1 / ( H / T > 
s 

Here I s i s the spontaneous magnetization f o r the bulk m a t e r i a l . For 
Fe, I s i s 1707 Gauss (or Oersted) at room temperature. 

I t should be s t r e s s e d that below a c r i t i c a l (Blocking) 
temperature (Τβ) S.P. c l u s t e r s w i l l have a slow r e l a x a t i o n time (τ) 
at which t h e i r net moment w i l l a l i g n so-to-speak " p a r a l l e l " to H, 
and thus appear to behave as i f they had an apparent " b u l k - l i k e " 
ferromagnetic behavior. This aspect w i l l r e s u l t i n a h y s t e r e s i s or 
an "apparent" ferromagnetic behavior. Conversely, above the Τβ, the 
h y s t e r e s i s w i l l disappear and the c l u s t e r s w i l l show a unique curve 
w i t h no h y s t e r e s i s ( F i g . 2 ) . 

In Môssbauer spectroscopy ( r e c o i l - f r e e emission and resonance 
absorption of γ-rays) nuclear t r a n s i t i o n s are observed between the 
ground and l o w - l y i n g e x c i t e d nuclear s t a t e s of n a t u r a l isotopes 
such as 57pe and H^Sn e t c . The source n u c l e i (57co i n the case of 
5?Fe), embedded i n a diamagnetic matrix w i t h cubic symmetry and h i g h 
Debye temperature, emit u n s p l i t s i n g l e - l i n e . Quite f r e q u e n t l y the 
nuclear s t a t e of the absorber i s perturbed simultaneously by nuclear 
hyp e r f i n e i n t e r a c t i o n s — e l e c t r i c monopole, magnetic d i p o l e , and 
e l e c t r i c quadrupole i n t e r a c t i o n . Resonance absorption i s achieved 
by superimposing a Doppler v e l o c i t y on the source which gives r i s e 
to γ-rays w i t h a v a r i a b l e range of frequencies. 

Most v a l u a b l e chemical information can be ext r a c t e d from 
Môssbauer parameters such as the isomer s h i f t (δ), the quadrupole 
s p l i t t i n g (AEQ), the magnetic s p l i t t i n g ( ΔΕΜ), and the asymmetry 
parameter (η). 
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The isomer s h i f t (6) stems from the e l e c t r i c monopole (Coulomb) 
i n t e r a c t i o n between the nuclear charge and the S-electrons a t the 
nucleus which s h i f t s the nuclear energy l e v e l s . This i n t e r a c t i o n 
s h i f t s the c e n t r o i d of the absorption spectrum from the z e r o - v e l o c i t y 
p o s i t i o n ( F i g . 2A). The S-electron d e n s i t y a t the nucleus i s 
a f f e c t e d very s e n s i t i v e l y by the changes i n the e l e c t r o n i c s t r u c t u r e 
of the valence s h e l l by chemical i n f l u e n c e s such as changes of 
o x i d a t i o n s t a t e , s p i n s t a t e , and i n bonding, e t c . In the case 
of 57p e the isomer s h i f t i s very s e n s i t i v e t o the v a r i a t i o n s of the 
3d-density near the nucleus which change the screening e f f e c t of the 
3d- on the 3S-electrons. Isomer s h i f t together w i t h s p e c i f i c 
magnetization, t h e r e f o r e , provide v a l u a b l e parameters to i n v e s t i g a t e 
the p o s s i b i l i t y of any metal-support i n t e r a c t i o n i n Fe-supported 
c a t a l y s t s . 

I n t e r a c t i o n of the nuclear quadrupole moment w i t h the e l e c t r i c 
f i e l d gradient (EFG) produce
charges causes the s p l i t t i n
l e v e l s of a nuclear s t a t e w i t h s p i n quantum number I > 1/2 i n t o 
substates |l,±mI>. For 5 7 F e t h i s i n t e r a c t i o n r e s u l t s i n a t y p i c a l 
t w o - l i n e Môssbauer spectrum ( F i g . 2A). The quadrupole s p l i t t i n g 
AEQ i s dependent on the diagonal elements Vxx, Vyy, Vzz of the 
EFG-tensor. I n p r i n c i p l e , charges on d i s t a n t ions which surround 
the Môssbauer atom i n non-cubic symmetry and the a n i s o t r o p i c 
e l e c t r o n p o p u l a t i o n i n the molecular o r b i t a l s between the Môssbauer 
atom and coordinated l i g a n d s c o n t r i b u t e to EFG. In a superparamag­
n e t i c system a high f r a c t i o n of the Môssbauer atoms could be surface 
atoms, and s i n c e a surface represents a d i s c o n t i n u i t y w i t h respect to 
the bulk, marked changes i n the symmetry and strong EFG could be 
expected. In ge n e r a l , a higher value f o r ΔΕρ may r e f l e c t a high 
s t a t e of d i s p e r s i o n achieved i n a superparamagnetic system. 

The hy p e r f i n e i n t e r a c t i o n between the nuclear magnetic moment 
of the Môssbauer atom and the i n t e r n a l magnetic f i e l d (Hj[ nt) 
produced at the nuclear s i t e by the atom's e l e c t r o n s s p l i t s the 
nuclear s t a t e w i t h s p i n quantum number I i n t o 2 1 + 1 non-degenerate 
substates | l , ml> and γ-ray t r a n s i t i o n s subject t o s e l e c t i o n r u l e s 
ΔΙ = 1 and Ami = 0±1 can be observed i n Môssbauer spectrum ( F i g . 2A). 
In m a g n e t i c a l l y ordered m a t e r i a l s a l l f a c t o r s c o n t r i b u t i n g to H i n t 
such as o r b i t a l term, d i p o l a r term, Fermi contact term e t c . are 
p r o p o r t i o n a l to M s, the spontaneous magnetization or s u b l a t t i c e 
magnetization. I t should be noted that Hint w i l l be d i f f e r e n t at 
s t r u c t u r a l l y d i f f e r e n t Môssbauer atoms i n polynuclear compounds. In 
a superparamagnetic system h e l d above the B l o c k i n g temperature, the 
r e l a x a t i o n time of the c l u s t e r s becomes sho r t e r compared to the 
nuclear Larmor precession time and the time averaged magnetic 
h y p e r f i n e f i e l d seen by the Môssbauer spectrum ( i n the case of 57pe) 
c o l l a p s e s i n t o a s i n g l e l i n e . Because nuclear t r a n s i t i o n s are 
observed, the B l o c k i n g temperature Τβ 1 observed i n Môssbauer 
spectroscopy i s q u i t e d i f f e r e n t from the Τβ found from magnetization 
measurements [ 6 ] . The combined e l e c t r i c and magnetic hyperfine 
i n t e r a c t i o n s r e s u l t i n t o an asymmetric m a g n e t i c a l l y s p l i t Môssbauer 
spectrum, as depicted i n F i g . 2A ( H i n t φ 0, Vzz > 0 ) . 

We s h a l l now b r i e f l y d e s c r i b e the well-known temperature-
independent Langevin diamagnetism of c l o s e d - s h e l l i o n s , such as K+ 
and CI". i n KC1 and s i m i l a r i n o r g a n i c s , such as S i 0 2 , AI2O3, and the 
z e o l i t e s , as w e l l as the covalent organic compounds. Since a l l such 
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( l o c a l i z e d ) s pins i n c l o s e d s h e l l s are p a i r e d up (Ψ-f), there i s no 
net magnetic moment ( i . e . , μ s 0 ) , and the χ of such systems i s 
independent of temperature. On the other hand, there i s the 
temperature-dependent behavior, namely the Landau diamagnetism, which 
i s not well-known to most chemists. In m a t e r i a l s , such as g r a p h i t e , 
g r a p h i t i c carbons, or even i n some disordered (amorphous) forms of 
carbon, there e x i s t d e l o c a l i z e d (or i t i n e r a n t ) e l e c t r o n s , which 
behave l i k e a " f r e e e l e c t r o n gas," whose χ n a t u r a l l y depends on the 
temperature. Appropriate equations are given by Mulay et a l . f o r the 
two systems [2a]· For the Landau diamagnetism, the e f f e c t i v e mass 
(m.) of the e l e c t r o n i s an important f a c t o r , whereas i n the normal 
Langevin diamagnetism one takes i n t o account the " r e s t mass" (m) of 
the e l e c t r o n . 

Experimental 

The magnetic s u s c e p t i b i l i t i e
systems described here were measured by the i n - s i t u Faraday method 
described by Mulay [ 1 ] . The Môssbauer Spectra were obtained w i t h an 
A u s t i n A s s o c i a t e s spectrometer w i t h a 57co/Rh m a t r i x source (50 mCi) 
and Nuclear data e l e c t r o n i c s . I n - s i t u measurements were made, us i n g 
a c e l l s i m i l a r to that described by Delgass et a l . [ 7 ] . 

R e s u l t s and D i s c u s s i o n 

The Fe and Fe-Co/Zeolite Systems 

The s t r u c t u r e of ZSM-5 i s shown i n F i g . 3. The χ vs Τ p l o t s f o r the 
f r e s h sample obtained by Fe(N03)3 impregnation CVL1 wt.% Fe) showed 
the Curie behavior (χ = C/T) from which a B.M. number of ^5.98, 
corresponding to that of an F e ^ + i o n , was observed. On r e d u c t i o n , a 
S.P.-type curve ( F i g . 2) was obtained w i t h a ν - 5.0 nm. As 
expected, the ν increased w i t h i n c r e a s i n g l o a d i n g of Fe. Previous 
experience showed that loadings beyond ^20% gave a ferromagnetic 
behavior and a decrease i n c a t a l y t i c a c t i v i t y f o r the F-T 
(Fischer-Tropsch) syngas r e a c t i o n [ 3 ] . T y p i c a l thermomagnetic curves 
f o r M.1% Fe l o a d i n g i n ZSM-5 ( F i g . 4) showed that the O s f o r the 
reduced S.P. c a t a l y s t was lower (B.M. - 1.9) than f o r the bulk 
ferromagnetic Fe (2.2), and on c a r b i d i n g , the σ decreased 
s y s t e m a t i c a l l y . The T c showed the carbided sample to be Fe5C2 
(Hagg c a r b i d e ) . The Fe-Co/ZSM-5 showed higher moments. 

T y p i c a l Môssbauer sp e c t r a f o r the f r e s h , reduced, carbided and 
used Fe/ZSM-5 system are shown i n a composite F i g . 5. S i m i l a r 
s p e c t r a were obtained f o r the Fe-Co/ZSM-5 system. The product 
d i s t r i b u t i o n f o r the F-T r e a c t i o n , u s i n g the Fe and Fe-Co systems, 
are shown i n Table I . The g a s o l i n e range hydrocarbon y i e l d 
increased from 75 to 94%, when the Fe-Co c l u s t e r s were used i n place 
of Fe only. In a t y p i c a l CEMS (Conversion E l e c t r o n Môssbauer 
Spectroscopy) of the Fe-Co system, no spectrum f o r 57y e w a s observed 
even a f t e r one week; from t h i s , i t was concluded t h a t i n the Fe-Co 
c l u s t e r s Co° was predominantly i n the "mantle" and Fe° species were 
i n t h e i r "core," i n the parlance of metallurgy/geophysics. This 
model i s sometimes r e f e r r e d to as the cherry model. 

The ZSM-5 impregnated w i t h Fe3(C0)l2 was a l s o studied by the 
same techniques. A b r i e f summary of Fe-carbonyl vs Fe(N03)3 
impregnation i s given i n Table I I , which i s s e l f - e x p l a n a t o r y . 
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Ellipticot lO-ring 
straight choimtl 

(5 7 A ι 5 1 A) 

Figure 3. P o s s i b l e model of the pore s t r u c t u r e of ZSM-5 and 
S i l i c a l i t e ("Si<>2") · 

0 150 3 0 0 4 5 0 6 0 0 7 5 0 

TCMPCRATURC , .C 

Figure 4. Magnetization (Bohr magnetons/iron atom) as a 
f u n c t i o n of temperature f o r ZSM-5 (11.1% Fe) (H = 6300 Oe; (7) 
reduced; (Δ) carbided; (0) used). 
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η — 1 1 " — " 1 — n F e 3 ° 4 

- 4 0 4 
V (mrr./s) 

Figure 5. Môssbauer spe c t r a (a) of " f r e s h " ZSM-5 impregnated 
w i t h Fe 3+ using Fe(N03>3 s o l u t i o n , (b) of reduced "Fe c l u s t e r s " 
and unreduced Fe304, e t c . , (c) of carbided c a t a l y s t , and (d) of 
used c a t a l y s t . In (c) and (d) the Hagg carbide (Fe5C2) shows a 
complex spectrum a r i s i n g from three d i f f e r e n t s i t e s occupied by 
Fe, whereas i n Cementite (Fe3C) a l l s i t e s are the same. 
Comparison of these s p e c t r a shows t h a t the peaks f o r Fe5C2 i n 
(c) decrease and those f o r Fe3C i n (d) i n c r e a s e , suggesting a 
trans f o r m a t i o n from Fe5C2 Fe3C during the F-T syngas r e a c t i o n . 
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One of the recent advances i n magnetic s t u d i e s is__that i t 
enables not only the e s t i m a t i o n of the average volume ν of c l u s t e r s 
from the LF and HF approximations of the Langevin f u n c t i o n , but a l s o 
enables to compute p a r t i c l e s i z e d i s t r i b u t i o n based on an assumed 
f u n c t i o n . By j u d i c i o u s l y combining the parameters of the Langevin 
and of the " l o g normal" f u n c t i o n , we obtained a p a r t i c l e ( c l u s t e r ) 
s i z e d i s t r i b u t i o n of Y-Fe2Û3 i n ZSM-5. The e s s e n t i a l f e a t u r e s of 
such computation are shown i n F i g . 6. 

Subsequently, we studied the mordenite ( F i g . 7) w i t h v a r y i n g 
r a t i o s of S1O2/AI2O3 i n the range 12 to 60. These were impregnated 
w i t h M.5 wt.% Fe using Fe3(CO)i2 e Decarbonylation y i e l d e d 
superparamagnetic d i s p e r s i o n s of Y-Fe203 (which were i d e n t i f i e d by 
Môssbauer Spectroscopy) i n the range from 2.0 to 5.0 nm; the 
smallest c l u s t e r s (1.8 nm) were obtained f o r a " r a t i o " = 17. 
Hydrogen chemisorption a l s o revealed a s i m i l a r trend i n Fe 
d i s p e r s i o n s . No samples
c o n t a i n i n g the l a r g e s t p a r t i c l e s
c o n d i t i o n s . The a c i d i t y of the mordenite and the aromatics f r a c t i o n 
i n l i q u i d hydrocarbons from syngas conversion a l s o showed a maxima 
at a " r a t i o " = 17. From the p l o t s of Os and the p l o t s of the isomer 
s h i f t (6) f o r the Fe^+ species ( i n the f r e s h sample), against the 
common a x i s of the "Si02/Al203 , ! r a t i o s , a minimum was observed f o r 
O s and a maximum i n f l e c t i o n f o r δ was observed at the same r a t i o of 
17 ( F i g . 8 ) . The Os r e s u l t was explained on the b a s i s of an 
i n t e r a c t i o n between the Bronsted a c i d s i t e s and F e ^ + s p e c i e s . The 
same type of i n t e r a c t i o n i s b e l i e v e d to i n d i r e c t l y expand the s-wave 
f u n c t i o n and to decrease the s - e l e c t r o n d e n s i t y at the 57p e nucleus, 
thus g i v i n g an i n c r e a s e i n δ at the same "Si02/Al203 r a t i o " of 17. 

Fe on Boron-Doped Carbons 

This work i s based on the d o c t o r a l t h e s i s of Prasad Rao [ 8 ] ; i t 
stemmed from the e a r l y work of Santiago, Mulay et a l . (Cf. r e f . 2a). 
Amorphous (disordered) carbons (Cabot Co. fs Monarch 700, CSX-203, 
etc.) were used a f t e r a p p r o p r i a t e d e s u l f u r i z a t i o n . Some of these 
carbons were g r a p h i t i z e d at high temperatures (2773 K ) . The above 
GMC samples were doped w i t h boron i n the range from 170 to 260 ppm. 
A few s a l i e n t aspects of the research on these carbons and Fe/carbon 
c a t a l y s t s w i l l be presented i n t h i s s e c t i o n . 

The GMC and boronated samples showed a Landau diamagnetism which 
changed over to almost the Langevin diamagnetism w i t h p r o g r e s s i v e 
boron doping ( 8 ) . The r e s u l t s were i n t e r p r e t e d i n terms of the 
equation 

χ = X q [ 1 - exp (-T Q)T] 

where χ 0 i s the l i m i t i n g value of χ at a cryogenic temperature 
(^80 Κ). Τ i s the measurement temperature and T Q i s the 
"degeneracy temperature," equal to k E Q , where k i s the Boltzmann 
constant. According to a two-dimensional e l e c t r o n gas model f o r 
g r a p h i t i c carbons (see r e f . 2a), E 0 i s the energy " s h i f t " from the 
Fermi l e v e l (Ep), to the top of the valence band. Small values of 
T 0 0^344 K) and consequently of E Q s i g n i f y a more p e r f e c t g r a p h i t e 
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Table I . Product Compositions from the C a t a l y s t s ZSM-5 (11.1% Fe) 
and ZSM-5 (5.6% Fe, 4.5% Co), i n a Berty Reactor, Showing the 

Influen c e of Cobalt A d d i t i o n to the C a t a l y s t . 
Process C o n d i t i o n : H2/CO = 2, Ρ = 21 Bar 

C a t a l y s t ZSM-5 ZSM-5 
(11.1% Fe) (5.6% Fe, 4.5% Co) 

Temperature 300 280 
CO Conversion, % 68.2 37.8 
H2 Conversion, % 38.7 41.3 
Space V e l o c i t y 1500 1400 

Product Composition (%) 
C02 52.0 9.8 
H2O 19.4 51.8 
CH n + Oxygenates 

Hydrocarbon and Oxygenate Composition (%) 
C1-C4 Hydrocarbons 83.1 74.3 
C5+ and Oxygenates 16.9 25.7 

Composition of C5+ and Oxygenates (%) 
Aromatics 72 10 
O l e f i n s 3 46 
Saturates 24 37 
Oxygenates 1 7 
% Gasoline Range (BP<204°C) 75 94 
Research Octane No. 96 81 
Source: V.U.S. Rao and R.J. Gormley, Hydrocarbon Processing 59(11), 
139 (1980). 

Table I I . Summary of Results Obtained from Magnetic 
and Môssbauer Studies on ZSM-5 (Fe) 

Method of 
Impregnation 

Carbonyl 
Fe3(C0)l2 

Aqueous F e r r i c 
N i t r a t e 

C a t a l y t i c 
a c t i v i t y 

Very steady 
a c t i v i t y , low % 
of aromatics 

A c t i v i t y f l u c t u a t e s w i t h 
time, h i g h % of aromatics 
i n i t i a l l y 

I d e n t i f i e d phases: 

As impregnated Superparamagnetic 
Y-Fe203; d-63 Â 

Superparamagnetic a-Fe203; 
d-100 Â 

Reduced Nearly 80% of Fe 
i n m e t a l l i c form 

Nearly 80% of Fe i n 
m e t a l l i c form 

Carbided χ and ε c a r b i d e s ; 
and Fe304 

χ carbi d e 

Used χ carbi d e and 
Fe^0 4 

ε and χ c a r b i d e s ; t r a c e s 
of θ carbide and Fe^O. 
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Figure 6. (a) σ vs H/T p l o t s f o r the " f r e s h " ZSM-5 impregnated 
w i t h Fe3(CO)i2 and (b) the c l u s t e r ( p a r t i c l e ) s i z e d i s t r i b u t i o n 
f o r y-Fe203 obtained from ( a ) , assuming a " l o g normal" 
d i s t r i b u t i o n f u n c t i o n . 
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F i g u r e 7. S t r u c t u r e of a t y p i c a l sodium-mordenite 
[Na3Al8Si40O96].24H2
orthorhombic u n i t c e l
and c = 0.75 (nm). The "hydroge  form,  obtained by exchanging 
N a + ions w i t h H+ (courtesy of Norton Co.), was used. 

Figure 8. S a t u r a t i o n magnetization ( o s ) and the Môssbauer 
isomer s h i f t (6) vs Si02/Al203 r a t i o . The arrows show the 
r a t i o = 17, at which the a c i d i t y i s hi g h e s t . 
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w i t h r e l a t i v e l y more " m e t a l l i c " c h a r a c t e r . The v a r i a t i o n i n the 
diamagnetic s u s c e p t i b i l i t y (-χ) w i t h boron co n c e n t r a t i o n i s shown i n 
F i g . 9. The Ep values computed by using the equations mentioned 
above were p l o t t e d against the boron c o n c e n t r a t i o n s , and a trend 
s i m i l a r to that of F i g . 9 was observed f o r Ep. Thus, a r e l a t i v e 
s h i f t i n E F from -0.02 to -0.14 eV i n d i c a t e d t h a t boron f i r s t 
entered the i n t e r s t i t i a l and some t r i g o n a l s u b s t i t u t i o n a l ( s p 2 ) s i t e s 
i n GMC and f i n a l l y seem to have occupied p r a c t i c a l l y a l l the 
s u b s t i t u t i o n a l s i t e s ; t h i s behavior stemmed from the e l e c t r o n 
acceptor p r o p e r t i e s of boron. Other i n t r i c a c i e s of the e f f e c t s of 
boron doping are discussed i n r e f . 8. In a d d i t i o n , ESR (or EPR) 
spectroscopy (which i s well-known to most chemists) was a l s o 
employed to c h a r a c t e r i z e the amorphous, GMC, and boron-doped (BGMC) 
carbons· 

I t should s u f f i c e to p o i n t out that the s h i f t s i n the .g f v a l u e , 
the number of s p i n c e n t e r s
Lorentzian-Spectra confirme
from the magnetic χ-type c h a r a c t e r i z a t i o n . 

The undoped and boron-doped carbons were then used as supports 
f o r Fe, using the Fe(N03)3 s o l u t i o n impregnation technique to 
o b t a i n a l o a d i n g of ^5 wt.% Fe. Môssbauer sp e c t r a f o r the f r e s h 
sample showed the presence of a-Fe203 S.P. c l u s t e r s (see the S.P. 
curve i n F i g . 2 ) . This oxide i s a n t i f e r r o m a g n e t i c w i t h equal 
numbers of spins p a r a l l e l and a n t i p a r a l l e l i n i t s two s u b l a t t i c e s A 
and B, r e s p e c t i v e l y , and as such cannot be magnetized permanently, 
whereas the f e r r i m a g n e t i c m a t e r i a l s , such as y-Fe203 and Fe304 w i t h 
unequal numbers of spins at the " t e t " and " o c t " s i t e s can be 
magnetized. The extent of r e d u c t i o n to the m e t a l l i c S.P. Fe° 
c l u s t e r s depends not only on the r e d u c t i o n c o n d i t i o n s (temperature, 
H2 flow r a t e , and t o t a l t i m e ) , but a l s o on the i n t r i n s i c nature of 
the oxide (α, γ, Fe203, Fe304) e t c . , as w e l l as on the nature of the 
s u b s t r a t e . The Môssbauer sp e c t r a f o r the Fe/carbon systems i n 
general showed a s i x - l i n e s p e c t r a w i t h a c e n t r a l doublet a r i s i n g from 
the Fe° (reduced) c l u s t e r s and a S.P. component ( F i g . 2A). 

A good S.P. behavior f o r Fe° c l u s t e r s was observed f o r the 
Fe/CSX-carbon c a t a l y s t over the e n t i r e range of 88-297 Κ (and Η up to 
8000 Oersteds). For other systems a S.P. behavior was observed from 
196 to 443 Κ over the same range of H. For the Fe/CSX-carbon the 
average p a r t i c l e diameter (d) obtained from the LF and HF 
approximations of the Langevin f u n c t i o n was found to be 3.9 nm, 
whereas the other Fe/carbons showed a l a r g e r d - 5.5 nm. No 
s i g n i f i c a n t change i n d" was observed when the boron doping was 
v a r i e d . 

The k i n e t i c s of CO hydrogénation of v a r i o u s Fe/carbon c a t a l y s t s 
was s t u d i e d u s i n g an a p p r o p r i a t e micro-reactor described by Jung 
et a l . [ 9 ] . The k i n e t i c s t u d i e s showed that i n the case of the 
boron-doped carbons, the observed changes i n Hq± and Nco were not 
l a r g e , but d i d show a c o n s i s t e n t l y i n c r e a s i n g trend w i t h i n c r e a s i n g 
boron content. These r e s u l t s coupled w i t h the Ep r e s u l t s are shown 
i n F i g . 10. Arrhenius p l o t s were drawn from the r e a c t i o n r a t e s 
measured at d i f f e r e n t temperatures f o r the CO hydrogénation 
r e a c t i o n . A c t i v a t i o n energies (E) ranging from 91 to 103 f o r Eq^ 
and from 101 to 114.6 f o r Eco ( i n m o l e ~ l ) , r e s p e c t i v e l y , were 
c a l c u l a t e d . Although i t was tempting to a s c r i b e a metal support 
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Figure 9 . V a r i a t i o n of the diamagnetic s u s c e p t i b i l i t y as a 
f u n c t i o n of boron doping. 
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Figure 10. The v a r i a t i o n i n the Fermi l e v e l Ep [ l e f t hand s c a l e ] 
and the TOF f o r Nco and N c i [ r i g h t hand s c a l e ( x l O ^ s - i F e s " " 1 ) ] , 
both as a f u n c t i o n of boron doping. 
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i n t e r a c t i o n i n the e a r l y phases of the work, which showed that the 
TOF values almost doubled w i t h i n c r e a s i n g boron content, a c a r e f u l 
a n a l y s i s of the o v e r a l l r e s u l t s d i d not suggest a carbon-Fe 
i n t e r a c t i o n . 

Fe and Fe2Ru on Carbons Using Fe^(CO)i? and Fe2Ru(C0)l2 

High surface area carbon (CSX-203 d e s u l f u r i z e d ) was impregnated w i t h 
Fe3(C0)i2 and subsequently reduced at 723 Κ f o r 16 h i n f l o w i n g H2 
(30 cc/min). The magnetic and Môssbauer c h a r a c t e r i z a t i o n was 
c a r r i e d out on the decarbonylated ( f r e s h ) and reduced products. 
T y p i c a l r e s u l t s f o r a sample w i t h a l o a d i n g of 6.4 wt.% Fe are shown 
i n F i g s . 11 and 12. σ vs H/T p l o t f o r the f r e s h sample i s shown i n 
F i g s . 11 and 12, r e s p e c t i v e l y . A very good s u p e r p o s i t i o n of data 
p o i n t s i n F i g . 11 revealed th a t the metal species i n the f r e s h 
sample was superparamagnetic
the average p a r t i c l e s i z
59.5 emu/g#Fe i n d i c a t e  specie
sample was y-Fe203. The room temperature Môssbauer spectrum f o r the 
f r e s h sample ( F i g . 13A) c o n s i s t e d of a w e l l - r e s o l v e d asymmetric 
quadrupole doublet (δ = 0.3631 mm/s, AEQ = 0.7966 mm/s). The 
δ-value i s c h a r a c t e r i s t i c of h i g h s p i n Fe3+. The r e l a t i v e l y l a r g e 
v a l u e f o r AEQ f o r an Fe^+ i o n ("S5/2 s t a t e ) i s again due to the very 
small p a r t i c l e s i z e of the m e t a l l i c s p e c i e s . The i n t e n s i t y 
asymmetry of the doublet could be a t t r i b u t e d to the asymmetry i n 
bonding at the surface Fe^+ i o n s . 

As can be seen from F i g . 12, there i s a s u b s t a n t i a l ferromagnetic 
c o n t r i b u t i o n to the magnetization of the reduced sample. The room 
temperature Môssbauer spectrum of the reduced sample ( F i g . 13B,C) 
revealed a broad c e n t r a l l i n e and four very weak outer l i n e s . The 
outer l i n e s appeared at the corresponding l i n e p o s i t i o n s i n the 
m a g n e t i c a l l y s p l i t s i x - l i n e spectrum of b u l k i r o n ( F e e ) . The broad 
c e n t r a l l i n e appeared to be s u p e r p o s i t i o n of four l i n e s , a 
quadrupole doublet and two innermost l i n e s of a magnetic s i x - l i n e 
spectrum. Q u a l i t a t i v e l y , t h i s spectrum i n d i c a t e d the presence of 
m e t a l l i c i r o n i n the superparamagnetic (corresponding to the 
quadrupole doublet) and ferromagnetic (corresponding to the sextet) 
forms. However, the Môssbauer spectrum of the reduced sample 
recorded a t 4.2 Κ ( F i g . 13D) was a w e l l - d e f i n e d sextet corresponding 
to a slow r e l a x a t i o n of S.P. p a r t i c l e s . 

The room temperature Môssbauer spectrum of the f r e s h sample 
Fe2Ru(CO)l2/CSX-203 (Fe « 0.7 wt.%) e x h i b i t e d a s i n g l e quadrupole 
doublet (δ - 0.3240 mm/s, AEQ = 0.7334 mm/s). From the δ-value the 
Fe-species present was i d e n t i f i e d to be (superparamagnetic) Y-Fe203« 
The above Fe2Ru/C system when reduced i n hydrogen showed on l y a 
s i n g l e l i n e i n the room temperature Môssbauer spectrum w i t h δ - 0.1372 
(mm/s) which was a s c r i b e d to S.P. F e e . A very low v a l u e of ^3 
emu/g.Fe was observed f o r the s a t u r a t i o n magnetization (σ) even a t 
80 K. This low v a l u e f o r σ and the non-zero v a l u e f o r δ ( w i t h 
respect to b u l k m e t a l l i c i r o n ) suggest the p o s s i b i l i t i e s t h a t (a) 
e l e c t r o n s from the P a u l i paramagnetic Ru and/or (b) e l e c t r o n s from 
the carbon s u b s t r a t e entered the d-band of Fe. 
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Conclusions 

We have shown that the Fe or Fe-Co/Zeolite systems w i t h σ vs H / T type 
r e s u l t s provide a unique probe f o r o b t a i n i n g p a r t i c l e s i z e s (ïï) of 
the metal c l u s t e r s , and can be extended f o r computing a p a r t i c l e - s i z e 
d i s t r i b u t i o n . In a d d i t i o n , e l e c t r o n i c i n t e r a c t i o n s between the 
Bronsted a c i d s i t e s and the Fe species can be e l u c i d a t e d . 
Môssbauer spectroscopy has been shown to be a u s e f u l a u x i l i a r y 
technique f o r i d e n t i f y i n g v a r i o u s oxides and carbides of Fe and to 
d i s c e r n which carbide and which type of b i m e t a l l i c c l u s t e r s are 
re s p o n s i b l e f o r the enhancement of the g a s o l i n e range hydrocarbons i n 
the F-T r e a c t i o n . The carbonyls of Fe e t c . gave a f i n e r d i s p e r s i o n 
of p a r t i c l e s and very steady c a t a l y t i c a c t i v i t y and low f r a c t i o n s of 
aromatics. With the n i t r a t e impregnation, the a c t i v i t y was found to 
f l u c t u a t e w i t h an i n i t i a l h i g h f r a c t i o n of aromatics. The magnetic 
s u s c e p t i b i l i t y techniqu d t  o b t a i  band s t r u c t u r
parameters such as the
in g changes i n Ep, f o r
bled w i t h B-doping. P r e l i m i n a r y r e s u l t s on the Fe/carbon and Fe2Ru/ 
carbon showed the nature of e l e c t r o n i c i n t e r a c t i o n between Fe and Ru. 
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43 
Characterization of Supported Iron Oxide Particles 
Using Mössbauer Spectroscopy and Magnetic 
Susceptibility 
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The size and structure of iron oxide particles supported 
on Grafoil and used as water-gas shift catalysts were 
studied using magnetic susceptibility and Mössbauer 
spectroscopy. The use of a Mössbauer spectra 
modeling program which accounts for magnetic relaxation 
effects (both superparamagnetic and collective excita­
tion) aided in the identification of the iron phase 
under reaction conditions (magnetite) and permitted a 
quantitative determination of particle size. The 
particle size determined using Mössbauer spectroscopy 
was in good agreement with that obtained using the well 
established magnetic susceptibility technique. It was 
also shown that the Grafoil supported particles sintered 
slowly under water-gas shift reaction conditions. 

During recent decades, while significant advances have been made 
in understanding the behavior of supported metal c a t a l y s t s , 
r e l a t i v e l y l i t t l e a t t e n t i o n has been given t o supported 
metal-oxide c a t a l y s t s . Yet, supported oxide c a t a l y s t s are 
p o t e n t i a l l y of great i n d u s t r i a l s i g n i f i c a n c e , and work needs to be 
done i n t h i s area. The f i r s t requirement f o r the study of 
supported oxide c a t a l y s t s i s the development of techniques f o r 
measuring supported metal-oxide p a r t i c l e s i z e s and d i s t r i b u t i o n s . 
In t h i s paper the a p p l i c a t i o n s of Môssbauer spectroscopy and 
magnetic s u s c e p t i b i l i t y t o the measurement of supported i r o n - o x i d e 
p a r t i c l e s i z e s are discussed. I t i s demonstrated that both 
methods give important p a r t i c l e s i z e i n f o r m a t i o n . 

Theory 

Môssbauer Spectroscopy. Small, s i n g l e domain, f e r r o - or f e r r i -
magnetic p a r t i c l e s can show both c o l l e c t i v e magnetic e x c i t a t i o n 
(precession of the magnetic moment) and superparamagnetic ( r e l a x a -

0097-6156/85/0288-O518$06.00/0 
© 1985 American Chemical Society 
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t i o n of the magnetic moment) behavior. These m o d i f i c a t i o n s i n the 
magnetic behavior of small p a r t i c l e s produce s i g n i f i c a n t changes 
i n the r e s u l t a n t Môssbauer s p e c t r a . Thus, information about 
p a r t i c l e s i z e (and shape) i s contained i n the Môssbauer s p e c t r a 
of small p a r t i c l e s . This f a c t has been recognized f o r some time 
and many workers have attempted t o analyze Môssbauer s p e c t r a t o 
o b t a i n information about p a r t i c l e s i z e . 

The e a r l y e f f o r t s were based e x c l u s i v e l y on the a n a l y s i s of 
superparamagnetic e f f e c t s . I n a s e r i e s of papers Brown (1,2) and 
Aharoni (3»1.) developed the theory f o r the r e l a x a t i o n of magnetic 
moments i n s i n g l e domain magnetic systems c o n t a i n i n g s e v e r a l equi­
valent low energy d i r e c t i o n s . They showed that i n such systems 
there i s a f i n i t e p r o b a b i l i t y that the magnetization vector w i l l 
spontaneously change d i r e c t i o n s . The energy b a r r i e r f o r t h i s 
process i s dependent on the o r i g i n of the magnetic aniso t r o p y 
(e.g., magneto c r y s t a l l i n
a nisotropy, surface a n i s o t r o p y )
b a r r i e r s are a f u n c t i o n of p a r t i c l e s i z e . (The o r i g i n s and magni
tudes of various a n i s o t r o p i e s are discussed at l e n g t h i n reference 
5.) The average l i f e t i m e TR of a given s t a t e can be w r i t t e n : 

TR = (l/2f)exp(<v/kT) (1) 

where f " 1 i s of the order of 10~9 - i o " 1 1 sec, κ i s the ani s o t r o p y 
energy constant (ergs/cm3) and ν i s the volume (cm3) of the 
magnetic p a r t i c l e . Brown showed that the preexponential f a c t o r i s 
a l s o a f u n c t i o n of the anisot r o p y energy constants and temperature. 
I n the l i m i t of l a r g e a n i s o t r o p y b a r r i e r s (<V»kT) the preexponen­
t i a l f a c t o r can be w r i t t e n : 

M 1 / 2 Μ π 
l / 2 f = i L v (Kv/kT)-l/2 (2) 

where M s i s the s a t u r a t i o n magnetization and Ύ 0 i s the gyromag-
n e t i c r a t i o . Thus, i f the value of TR can be obtained, then eq. 
(1) can be solved f o r κν. I t w i l l be seen below tha t TR can, i n 
f a c t , be deduced from the shape of Môssbauer s p e c t r a . 

The theory of the e f f e c t of magnetic r e l a x a t i o n on the shape 
of Môssbauer s p e c t r a has been discussed at le n g t h by Wickmann 
( 6 ) . Wickmann wrote the Môssbauer absorption i n t e n s i t i e s 1(E) 
as a f u n c t i o n of energy (E) f o r a p a i r of eq u i v a l e n t , allowed t r a n ­
s i t i o n s to be: 

1(E) = ^ ^ P + Q R ] (3) 

where T ^ T R , Γ « Τ Ν~ 1 ( i n v e r s e of the n a t u r a l l i f e t i m e of the nuclear 
e x c i t e d s t a t e ) , k i s a r e l a t i v e i n t e n s i t y f a c t o r y (e.g. 
Klebsch-Gorden c o e f f i c i e n t ) and 

Ρ = τ[Γ2-(Δ-Ε)2+δ2]+Γ (3a) 
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Q - τ(Δ-Ε) (3b) 

R . (Δ-Ε)(1+2τΓ) (3c) 

where Δ i s the isomer s h i f t and 6 i s 1/2 the quadrupole s p l i t t i n g 
as c o n v e n t i o n a l l y defined. I t can be shown that f o r τ/τ^»! the 
i n t e n s i t y equation reduces to the equation f o r a p a i r of 
L o r e n t z i a n l i n e s w i t h h a l f widths equal to Γ and maximum values at 
Ε . Δ +_ δ. For T / T N « 1 the equation reduced to a L o r e n t z i a n l i n e 
w i t h a maximum value at Ε « Δ. However, f o r intermediate values 
of τ/ΐΝ the l i n e shapes are l e s s w e l l defined. There i s no sharp 
t r a n s i t i o n from Zeeman s p l i t l i n e s t o a m a g n e t i c a l l y c o l l a p s e d 
l i n e . Wickmann shows that f o r τ/τ^-Ι the l i n e s broaden c o n s i ­
derably (see reference 6 ) . In a t y p i c a l Môssbauer spectrum of 
a m a g n e t i c a l l y s p l i t oxide the innermost p a i r of l i n e s e s s e n t i a l l y 
merge when T/TN.-1, c r e a t i n
spectrum. Furthermore
s i g n i f i c a n t l y to the center peak of the spectrum f o r τ/TN~1. 

Morup et a l . (7) pointed out t h a t the superparamagnetic 
model of magnetic behavior f a i l s t o e x p l a i n s e v e r a l phenomena 
observed i n the Môssbauer s p e c t r a of small magnetic p a r t i c l e s ( 8 ) . 
That i s , i t f a i l s to e x p l a i n the r e d u c t i o n i n the hyperfine f i e l d 
and asymmetric l i n e broadening which were reported by many workers 
(9,10). In order to e x p l a i n the observed phenomena these workers 
p o s t u l a t e d that the magnetization d i r e c t i o n of small p a r t i c l e s f l u c ­
tuates around an energy minimum, which corresponds t o a s o - c a l l e d 
'easy d i r e c t i o n ' of magnetization. They described t h i s e f f e c t as a 
" c o l l e c t i v e magnetic e x c i t a t i o n " . The average magnetization 
according to t h i s model i s : 

where 

M ( V , T ) . M ( V « « , T ) <COS9>T ( Ό 

π / 2/βχρ{-Ε(θ ) / ^ } ο ο 3 θ s i n e de 
<COS9>T - ^ — — ; (5) 

ο π / 2/βχρ{-Ε(θ ) / ^ } 3 ΐ η θ d9 

Furthermore, when <v»kT the f o l l o w i n g approximation can be made: 

<COS9>T S 1 " kT/2i<v (6) 

This approximation i s s t r i c t l y v a l i d o n l y f o r systems of u n i a x i a l 
symmetry, i . e , having two e q u i v a l e n t magnetic 'easy' d i r e c t i o n s . 
For systems w i t h more equivalent d i r e c t i o n s (magnetite f o r example 
has e i g h t ) κ i s a tensor. However, the s c a l a r value of κ 0 i s a 
good approximation. Furthermore, Morup and Topsoe (8) 
showed that the experimental r e s u l t s are l i n e a r i n κ as suggested 
by eq. ( 6 ) , and that the values of <cose> computed on the b a s i s of 
eq. (6) were n e a r l y i d e n t i c a l t o those computed using the f u l l 
e xpression, eq. ( 5 ) , over a broad temperature range. 
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Morup et a l . independently measured p a r t i c l e s i z e d i s t r i b u ­
t i o n s f o r some of t h e i r samples using TEM (11). They used t h i s 
d i s t r i b u t i o n , and the shape and average p a r t i c l e s i z e s computed by 
X-ray l i n e broadening, t o computer-generate model Môssbauer 
spe c t r a . They accounted f o r both c o l l e c t i v e e x c i t a t i o n and super­
paramagnetic r e l a x a t i o n w i t h the concomitant change i n l i n e shape 
(using the equations of Wickman (6)) i n t h e i r computer program). 
The r e s u l t i n g s p e c t r a resembled q u i t e c l o s e l y the experimental 
s p e c t r a i n a l l aspects. The values of the anisotropy energy 
constant they determined using t h i s method were between 1.3.10^ 
and 0.75·1θ6 ergs/ c m 3 f o r both unsupported ( c o p r e c i p i t a t e d ) and 
s i l i c a supported magnetite, values considerably l a r g e r than those 
reported elsewhere. Yet, these values are more c o n s i s t e n t w i t h 
the known values of shape and magneto-crystalline a n i s o t r o p y 
constants than the values reported elsewhere (12-17). Further­
more, they r e p o r t tha
increases w i t h decreasin
p r e v i o u s l y by Topsée e
e f f e c t s of surface anisotropy. Further evidence t h a t surface 
anisotropy has a s i g n i f i c a n t e f f e c t on the value of κ f o r very 
small p a r t i c l e s i s a v a i l a b l e from other s t u d i e s as w e l l (19,20). 

Magnetic S u s c e p t i b i l i t y . The magnetic moments of s m a l l , s i n g l e 
domain, superparamagnetically r e l a x i n g p a r t i c l e s tend to a l i g n 
p a r a l l e l to an a p p l i e d magnetic f i e l d (H). The energy of such a 
p a r t i c l e i n an a p p l i e d f i e l d i s : 

Ε - -MgpvHcose (7) 

where M Sp i s the spontaneous magnetic moment per u n i t volume of 
the p a r t i c l e s , ν i s the p a r t i c l e volume, and θ i s the angle 
between the a p p l i e d f i e l d and the p a r t i c l e magnetic moment. 
Measurements of p a r t i c l e volume can be e x t r a c t e d from measurements 
of the t o t a l magnetization as a f u n c t i o n of the a p p l i e d f i e l d i n 
both the high and low f i e l d regimes. The various techniques are 
reviewed by Selwood (20). In p a r t i c u l a r , i n the low f i e l d regime 
one can w r i t e the measured magnetic moment M f o r a group of 
uniform p a r t i c l e s of t o t a l volume V as (21,22): 

M - M s p.V(Mgp.vH/3kT) (8) 

where MSpV i s the s a t u r a t i o n magnetization f o r the e n t i r e a r r a y of 
p a r t i c l e s . I n the event that there i s a d i s t r i b u t i o n of p a r t i c l e 
s i z e s , the measured magnetic moment can be w r i t t e n : 

2 2 Μ ΗΣΝ ν 
M - 3 P Ρ Ρ Ρ (9) " 3kT 

where Ν ρ i s the number of p a r t i c l e s of volume V p . I t i s assumed 
that M s p i s not a f u n c t i o n of p a r t i c l e s i z e . Thus, the measured 
magnetization i s a f u n c t i o n of the shape of the p a r t i c l e s i z e 
d i s t r i b u t i o n . When d i v i d e d by the s a t u r a t i o n moment, M s, of the 
p a r t i c l e d i s t r i b u t i o n , which i s a f u n c t i o n of the t o t a l volume 
onl y , eq. (9) becomes: 
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M/M, 
Μ ΗΣΝ ν 
S P P P 1 

31<ΤΣΝ ν 
Ρ Ρ Ρ 

(10) 

or, 

3kT (M/Mo) ( 1 1 ) 

From t h i s equation i t i s c l e a r t h a t a p l o t of M/Ms versus M s pH/3kT 
w i l l y i e l d a l i n e w i t h slope v 2/v. The only unknown i n t h i s 
equation i s the value of M S D. Assuming tha t t h i s does not change 
as a f u n c t i o n of p a r t i c l e s i z e (no dead l a y e r s ) t h i s can be 
determined f o r magnetit

where M 0 i s the spontaneous magetization at absolute zero. There 
i s one d i f f i c u l t y i n the a c t u a l a p p l i c a t i o n of t h i s theory: the 
unknown e f f e c t of the superparamagnetic r e l a x a t i o n r a t e on the 
measured magnetization. This i s discussed at l e n g t h by Bean and 
L i v i n g s t o n (24). I t i s t h e i r contention t h a t , any p a r t i c l e f o r 
which TR i s of the order of 100 seconds or l e s s w i l l behave l i k e a 
l a r g e paramagnet i n magnetic s u s c e p t i b i l i t y experiments. This i s 
equivalent t o the c r i t e r i o n t h a t KV<25kT. Thus, according t o Bean 
and L i v i n g s t o n , a l l measurements must be made above that tempera­
t u r e ( T c m ) f o r which <v<25kT f o r the l a r g e s t p a r t i c l e s i n the 
d i s t r i b u t i o n . There i s no a n a l y t i c a l means of determining i f a l l 
the p a r t i c l e s i n a given d i s t r i b u t i o n are r e l a x i n g r a p i d l y enough 
to f u l f i l l t h i s c r i t e r i o n . Thus, the value of T c m i s determined 
experimentally. That i s , p l o t s of M/Ms are p l o t t e d as a f u n c t i o n 
of H/T using data c o l l e c t e d at many temperatures. For a l l data 
taken at T>T c m these p l o t s c o l l a p s e i n t o a s i n g l e curve. 

Experimental 

C a t a l y s t Production. Supported magnetite p a r t i c l e s were produced 
on G r a f o i l (Union C a r b i d e ) , a high surface area form of gr a p h i t e . 
The nature of G r a f o i l and the reasons i t i s convenient to use i n 
Môssbauer spectroscopy experiments are described elsewhere (25). 
G r a f o i l i s a l s o w e l l s u i t e d f o r magnetic s u s c e p t i b i l i t y 
experiments. 

Two d i f f e r e n t methods were used to produce i r o n oxide ^ 3 0 3 ) 
p a r t i c l e s on G r a f o i l . One method was a simple impregnation-
c a l c i n a t i o n based on the method of Bartholomew and Boudart (20). 
The exact method used i s described elsewhere (27). The second 
method used was a two step process. F i r s t , m e t a l l i c i r o n 
p a r t i c l e s were produced on the G r a f o i l s urface v i a the thermal 
decomposition of i r o n pentacarbonyl. This process i s a l s o 
described i n d e t a i l elsewhere (25). Next, the p a r t i c l e s were 
exposed to a i r at room atmosphere and thus p a r t i a l l y o x i d i z e d to 
Fe203« F o l l o w i n g the production of i r o n oxide p a r t i c l e s (by 

M s p - M 0 ( l - 0.826·10" Τ) (12) 
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e i t h e r technique) the samples were t r e a t e d at 653 Κ i n f l o w i n g 
15ÎC0/85ÎC02 (mole f r a c t i o n ) at 650 K. This reduced the p a r t i c l e s 
(28) to Fe^O^. In some cases, the samples were f u r t h e r t r e a t e d 
under "standard" water-gas s h i f t r e a c t i o n conditions:50ί H2O, 45Î 
CO and 5$ CO2 at 613 Κ and atmospheric pressure. Flowrates were 
maintained such that the CO conversion was kept to l e s s than 7 
percent. 

Môssbauer Spectroscopy. A l l d e t a i l s of the Môssbauer spec­
troscopy s t u d i e s are described elsewhere (25,27). This i n c l u d e s 
d e s c r i p t i o n s of the spectrometer, i n s i t u c e l l s , and the computer 
program used to analyze the Môssbauer s p e c t r a . 

Magnetic S u s c e p t i b i l i t y . Magnetization as a f u n c t i o n of a p p l i e d 
f i e l d was determined at various temperatures according to the 
Faraday method. A Cah
4800 magnet were used
the technique used can be found i n reference 4. 

R e s u l t s / D i s c u s s i o n 

Môssbauer Spectroscopy. I n Figure 1 are shown four 
Môssbauer s p e c t r a recorded under various c o n d i t i o n s and a f t e r a 
progression of treatments of sample 1 (see Table I ) . The f i r s t 
spectrum (spectrum A) i s a room temperature spectrum ( i n f l o w i n g 
helium) taken a f t e r the sample had been under water-gas s h i f t 
c o n d i t i o n s f o r three hours. The second spectrum (spectrum B) was 
recorded f o r 22 hours w h i l e the sample was under water-gas s h i f t 
r e a c t i o n c o n d i t i o n s . Immediately f o l l o w i n g the c o l l e c t i o n of 
spectrum Β the sample was cooled r a p i d l y (5 minutes) t o room 
temperature i n f l o w i n g helium. At t h i s point the sample had been 
under r e a c t i o n c o n d i t i o n s f o r a t o t a l of twenty-five hours. The 
t h i r d spectrum (spectrum C) was then recorded. Next, the sample 
was t r e a t e d f o r an a d d i t i o n a l 40 hours under water-gas s h i f t reac­
t i o n c o n d i t i o n s , and then cooled to room temperature i n f l o w i n g 
helium. The f o u r t h spectrum (spectrum D) was then recorded. 

A l l three of the room temperature s p e c t r a (A, C and D), are 
c h a r a c t e r i s t i c of small magnetite p a r t i c l e s . They a l l are 
composed b a s i c a l l y of two juxtaposed s e x t u p l e t s . Moreover, the 
se x t u p l e t s have about the same r e l a t i v e area r a t i o and the same 
magnetic hyperfine s p l i t t i n g found i n bulk magnetite. ( I n Table 
I I there i s a complete l i s t i n g of parameters f o r bulk magnetite 
and the parameters of s p e c t r a A-D f o r easy comparison). However, 
a l l have a c e n t r a l peak not present i n magnetite. This peak 
a r i s e s from magnetic r e l a x a t i o n e f f e c t s . The i d e n t i t y of the i r o n 
species which gives r i s e to spectrum Β i s not as r e a d i l y apparent. 
However, i t i s c l e a r l y shown below th a t t h i s i s indeed the spec­
trum of small magnetite p a r t i c l e s at 613 Κ. 

In Figure 2, the Môssbauer spectrum of sample 2 (Table I) 
and a matching computer-simulated model spectrum are shown. This 
spectrum was recorded over a period o f 30 hours w h i l e sample 2 was 
under a f l o w i n g CO/CO2 (15:85) gas mixture at 613 K. Fo l l o w i n g 
the completion of the experiment, the average magnetite p a r t i c l e 
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Figure 1 . I n S i t u Môssbauer Spec t ra . A) Spectrum c o l l e c t e d 
w h i l e the sample (sample 1) was at room temperature i n f l o w i n g 
hel ium gas. The sample had been p r e v i o u s l y t r e a t e d f o r 3 hours i n 
water-gas s h i f t syn thes is gas a t 613 Κ; B) Spectrum c o l l e c t e d 
w h i l e the sample was a t 613 Κ i n f l o w i n g water-gas s h i f t syn thes is 
gas; C) Spectrum c o l l e c t e d w h i l e the sample was a t room tempera­
t u r e i n f l o w i n g hel ium gas. The sample had been p r e v i o u s l y 
t r e a t e d f o r 25 hours i n water-gas s h i f t syn thes is gas a t 613 K; D) 
Spectrum c o l l e c t e d a t room temperature i n f l o w i n g hel ium gas. The 
sample had been p r e v i o u s l y t r e a t e d f o r 65 hours i n f l o w i n g water -
gas s h i f t syn thes is gas at 613 K. 
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Figure 2. Môssbauer Spectrum and Corresponding Computer Simula­
t i o n f o r Sample 2 Under Water-Gas S h i f t Reaction Conditions at 613 
K. A) In s i t u Môssbauer spectrum of sample 2 at 613 Κ; B) 
Computer-simulated spectrum; C) D i s t r i b u t i o n of p a r t i c l e r a d i i ; D) 
R e l a t i v e volume f r a c t i o n s as a f u n c t i o n of rad i u s (A). For the 
computer s i m u l a t i o n , the f o l l o w i n g parameters were used: o=1.25, 
mean r a d i u s = 65A, κ=8 χ 10^ ergs/cm3. The 
Klebsch-Gordon c o e f f i c i e n t s used were 3=3=1-· 
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s i z e of sample 2 was determined using magnetic s u s c e p t i b i l i t y , as 
described below. 

Fo l l o w i n g the example of Morup et a l . (7,8), the equations 
of Wickman were used to determine the e f f e c t of magnetic r e l a x a ­
t i o n on l i n e shapes and c e n t r a l peak area f o r small p a r t i c l e s of 
magnetite. A l o g normal p a r t i c l e s i z e d i s t r i b u t i o n was employed, 
as described elsewhere (29~33) = 

where χ i s the p a r t i c l e diameter, χ i s the s t a t i s t i c a l median 
of the diameter and σ i s the (non-dimensional geometric) standard 
d e v i a t i o n . Indeed, i t was determined from the modeling s t u d i e s 
t h a t w h i l e a l o g normal p a r t i c l e d i s t r i b u t i o n ( p a r t i c l e growth v i a 
coalescence) could describ
expected from Ostwald Ripenin
I t was a l s o assumed that the p a r t i c l e s were hemispherical (volume 
. 2/3irr3) r a t h e r than s p h e r i c a l . This assumption was made on the 
basi s of the peak area r a t i o s i n each of the magnetite s e x t u p l e t s . 
These area r a t i o s were found to be very c l o s e to 3=3:1 (see Table 
I I ) . The Klebsch-Gordon c o e f f i c i e n t s f o r randomly o r i e n t e d 
magnetic moments are 3:2:1; however, these c o e f f i c i e n t s are 3=4:1 
when a l l of the p a r t i c l e magnetic moments are a l i g n e d perpendicu­
l a r to Ύ-ray d i r e c t i o n . Thus, the peak area r a t i o s measured are 
co n s i s t e n t w i t h the notion t h a t the magnetite p a r t i c l e s are 
'wetting 1 the G r a f o i l s urface and thus have magnetic moments 
a l i g n e d w i t h the G r a f o i l basal planes. This could be due to shape 
anisotropy or i n t e r a c t i o n anisotropy. The assumption of p a r t i c l e 
shape has no bearing on the average p a r t i c l e volume determined 
using the modeling technique. I t only has an e f f e c t on the 
reported p a r t i c l e r a d i i . F i n a l l y , temperature a l s o plays a r o l e 
i n modeling the Môssbauer s p e c t r a of t h i s paper. This i s 
because as discussed i n s e v e r a l papers (34-36), the magnetic 
moment of bulk magnetite changes as a f u n c t i o n of temperature. 
Thus, the s t a r t i n g parameters f o r the computer-simulâtion of 
spectrum IB were chosen to agree w i t h the value of hyperfine 
f i e l d s at 613 Κ as measured by R i s t e and Tenzer, using neutron 
s c a t t e r i n g measurements (36). In a d d i t i o n , the magnetic 
r e l a x a t i o n r a t e depends on temperature, as discussed i n the Theory 
s e c t i o n of t h i s paper. 

The r e s u l t s of these modeling s t u d i e s are shown i n Figures 2 
and 3· The value of κ (anisotropy constant) was chosen so t h a t the 
average p a r t i c l e r a d i u s determined from the r e d u c t i o n i n the average 
hyperfine f i e l d s p l i t t i n g due to c o l l e c t i v e magnetic e x c i t a t i o n s 
^measured s p l i t t i n g ^ m l ^ j ^ a n d v a i u e s determined from the computer 
si m u l a t i o n s w e r e 8 i n c l o s e agreement. The value of κ determined on 
t h i s b a s i s was 8 χ 1 0 5 ergs/cm3. Also note, Figure 3A and 3B 
produced using the same p a r t i c l e s i z e d i s t r i b u t i o n and κ values, 
but at 300 Κ and 613 Κ respectively,reproduce the c h a r a c t e r i s t i c 
f e a tures of s p e c t r a 1A and IB very w e l l . Thus, t h i s method of i n 
s i t u p a r t i c l e s i z e measurement has been shown to be both s e l f -
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Table I. Samples Used f o r Môssbauer Spectroscopy 
and Magnetic S u s c e p t i b i l i t y Studies 

Sample No. 
(wt % Fe) T o t a l Weight F a b r i c a t i o n Method F i g u r e ( s ) 

1 (0.5) 5.5 gma F e ( C 0 ) 5 / o x i d i z e d 1,3 

2 (0.94) 4.4 gma Impregnation/calcination 2 
52.148 mg b 

3 (0.6) 10.106 mg b Imprégnâtion/calcination 4 

aUsed f o r Môssbaue
bUsed f o r magnetic s u s c e p t i b i l i t y 

Table I I . Môssbauer S p e c t r a l Parameters Obtained from 
Computer F i t t i n g Spectra of Figure 1 

Hyperfine F i e l d s R e l a t i v e Area of 
( k 0 e ) a Paramagnetic Klebsch-Gordon 

1A 480 456 21 3:2.7:1 

IB 397 356 — --
1C 481 456 21 3:3:1 

ID 485 458 17 3:3.3:1 

Bulk Magnetite 492 461 0 b 

a A - s i t e s and B - s i t e s correspond to i r o n c a t i o n s i n t e t r a h e d r a l and 
octahedral s i t e s , r e s p e c t i v e l y . 

^Function of o r i e n t a t i o n , see t e x t . 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



528 CATALYST CHARACTERIZATION SCIENCE 

c o n s i s t e n t and co n s i s t e n t w i t h the theory of c o l l e c t i v e e x c i t a ­
t i o n . 

Magnetic S u s c e p t i b i l i t y . A second o b j e c t i v e of t h i s study was to 
demonstrate that the values obtained from Môssbauer spectr o ­
scopy f o r the average p a r t i c l e s i z e are c o n s i s t e n t w i t h those 
obtained using magnetic s u s c e p t i b i l i t y . Thus, the average 
p a r t i c l e s i z e of sample 2 (Table I ) was measured f i r s t by computer 
s i m u l a t i o n of the Môssbauer spectrum (see Figure 2) and then 
measured using the Langevin low f i e l d method. The mean p a r t i c l e 
r a d i u s obtained using the Môssbauer spectroscopy modeling was 
about 75A. The value f o r v 2 / v obtained from 
magnetization measurements at 663 Κ of the same sample was 1.37 
l O " 1 ^ cm3. This value represents <r^>/<r3>. Using the formula 
f o r the moments of a log-normal d i s t r i b u t i o n : 

<xn> «

we f i n d that <r6>/<r3> = 1.96 f3, where o=1.25. D i v i d i n g the 
measured value of v 2/v by 1.96 and t a k i n g the cube r o o t , we 
f i n d that the measured value of the mean rad i u s i s 89^. The 
agreement between the r e s u l t s of magnetic s u s c e p t i b i l i t y and 
Môssbauer spectroscopy i s very good (Table I I I ) . 

A study of the r a t e of supported p a r t i c l e growth was a l s o 
conducted using l o w - f i e l d magnetic s u s c e p t i b i l i t y . The average 
r a d i u s of p a r t i c l e s i n sample 3 (see Table I) was measured a f t e r 
various lengths of time i n C0/C0 2 (15:85) at 663 K. The f i r s t 
measurement was made a f t e r the sample had been heated f o r a t o t a l 
of 8 1/2 hours at 663 K. The second measurement was made a f t e r 
the sample had been t r e a t e d f o r a t o t a l of 52 hours at 663 K. The 
average p a r t i c l e r a d i u s increased by only 15 percent during the 
a d d i t i o n a l 44 hours of high temperature treatment (see Table I V ) . 
The t h i r d measurement was made a f t e r the sample had been t r e a t e d 
f o r a t o t a l of 146 hours at 663 K. The a d d i t i o n a l 94 hours of 
high temperature treatment r e s u l t e d i n an average increase i n the 
p a r t i c l e r a d i u s of l e s s than 15 percent. From these experiments 
we f i n d that magnetite supported on G r a f o i l s i n t e r s s l o w l y but 
s t e a d i l y at 663 K. 

Follo w i n g the completion of the s i n t e r i n g study, a study was 
conducted to demonstrate that 663 K, the temperature at which a l l 
magnetic s u s c e p t i b i l i t y measurements were taken, was indeed 
greater than T c m. As discussed i n the theory s e c t i o n , measure­
ments were made at s e v e r a l temperatures u n t i l i t was determined 
tha t p l o t s of M/Ms versus H/T c o l l a p s e d onto a s i n g l e curve. I t 
i s c l e a r from Figure 4 that T c m must be l e s s than 450 K. That i s , 
f o r any temperature above 450 Κ the average p a r t i c l e s i z e was 
measured to be n e a r l y 200 Â i n diameter. For smaller 
p a r t i c l e s , T c m w i l l of course be an even lower temperature. This 
proves that a l l measurements made at 663 Κ were indeed accurate. 

Summary 

In t h i s paper the use of Môssbauer spectroscopy and magnetic 
s u s c e p t i b i l i t y to measure the s i z e of supported oxide c a t a l y s t 
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Table I I I . P a r t i c l e S i z e Determined Using Both Môssbauer 
Spectroscopy and Magnetic S u s c e p t i b i l i t y Methods 

Avg. P a r t i c l e 
Radius 

Sample F i g u r e 3 Technique (Hemispheres) 

1 1A Reduced S p l i t t i n g 5 

S i m u l a t i o n of Môssbauer Spectra 
85A,105AC 
95A,115A d 

1 IB Sim u l a t i o n of Môssbauer Spectra 95A,115A d 

1 1C 

1 ID Reduced S p l i t t i n g
S i m u l a t i o n of Môssbauer Spectra 

100A,12of
120A,l40A d 

2 2A Simulation of Môssbauer Spectra 
Magnetic S u s c e p t i b i l i t y 

65A,75Ad 

90Â 

aSee f i g u r e captions f o r d e s c r i p t i o n of sample treatment. 

^Average s i z e determined from the re d u c t i o n i n the hyperfine f i e l d 
a ccording to the formula: 
measured s p l i t t i n g . kT w h e p e κ m 8 x 1 q 5 / c m 3 

bulk s p l i t t i n g 2KV 

CA s i t e s , Β s i t e s 
d<r>, <r3>l/3 

TABLE IV. P a r t i c l e s i z e versus Time i n C0/C0 2 at 663 Κ as 
Measured Using Magnetic S u s c e p t i b i l i t y 

Average P a r t i c l e Radius 

90Â 

100A 

11 OA 

T o t a l Time at 663 Κ (hrs) 

8 1/2 

52 

146 
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0 50 100 150 200 250 300 350 

0 50 100 150 200 250 300 350 

R A D I U S ( A ) 

Figure 3. Computer Simulations of the Môssbauer Spectra of 
Figure 1. A) Si m u l a t i o n of Figure ΙΑ; B) Si m u l a t i o n of Figure IB; 
C) D i s t r i b u t i o n of p a r t i c l e r a d i i ; D) R e l a t i v e volume f r a c t i o n s as 
a f u n c t i o n of r a d i u s . For these s i m u l a t i o n s , the f o l l o w i n g 
parameters were used: o«1.25, mean r a d i u s « 95A, κ«8 χ 
1θ5 ergs / c m 3 . The Klebsch-Gordon c o e f f i c i e n t s used were 3:3:1. 
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0 0.5 1.0 1.5 2.0 2.5 

H/T 

Figure 4. P l o t s of M/Ms versus H/T f o r Sample 3 at various 
temperatures. 

- Measurements made wh i l e sample was at 660 Κ i n a CO/CO2 
atmosphere. 

- Measurements made wh i l e sample was at 570 Κ i n vacuum. 
- Measurements made wh i l e sample was at 447 k i n vacuum. 
- Measurements made wh i l e sample was at 600 Κ i n vacuum. 
- Measurements made wh i l e sample was at 295 Κ i n vacuum. 
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p a r t i c l e s i s discussed i n theory and demonstrated i n p r a c t i c e . 
Môssbauer spectroscopy i s shown t o be a p a r t i c u l a r l y powerful 
technique because w i t h the c o r r e c t modeling equations, i t can be 
used to measure the s i z e and phase of c a t a l y s t p a r t i c l e s under 
r e a c t i o n c o n d i t i o n s . I t was a l s o shown that the p a r t i c l e s i z e 
determined using Môssbauer spectroscopy i s i n very good agree­
ment w i t h that obtained using the w e l l e s t a b l i s h e d magnetic suscep­
t i b i l i t y technique. 

Môssbauer spectroscopy and magnetic s u s c e p t i b i l i t y were 
used to demonstrate t h a t magnetite p a r t i c l e s supported on a 
G r a f o i l substrate s i n t e r very s l o w l y under water-gas s h i f t reac­
t i o n c o n d i t i o n s . 
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44 
In Situ Spectroscopic Studies of Oxygen Electrocatalysts 
Involving Transition Metal Macrocycles 

Ernest Yeager, Daniel A. Scherson, and Cristian A. Fierro 
Case Center for Electrochemical Sciences and The Chemistry Department, Case Western Reserve 
University, Cleveland, OH 4410

Some of the transition metal macrocycles adsorbed on 
electrode surfaces are of special interest because of 
their high catalytic activity for dioxygen reduction. 
The interaction of the adsorbed macrocycles with the 
substrate and their orientation are of importance in 
understanding the factors controlling their catalytic 
activity. In situ spectroscopic techniques which have 
been used to examine these electrocatalytic layers 
include visible reflectance spectroscopy; surface 
enhanced and resonant Raman; and Mossbauer effect 
spectroscopy. This paper is focused principally on 
the cobalt and iron phthalocyanines on silver and 
carbon electrode substrates. 

Of special interest as O2 reduction electrocatalysts are the trans­
ition metal macrocycles in the form of layers adsorptively attached, 
chemically bonded or simply physically deposited on an electrode 
substrate 0^-5)· Some of these complexes catalyze the 4-electron 
reduction of 0 2 to H20 or 0H~ while others catalyze principally the 
2-electron reduction to the peroxide and/or the peroxide elimination 
reactions. Various in situ spectroscopic techniques have been used 
to examine the state of these transition metal macrocycle layers on 
carbon, graphite and metal substrates under various electrochemical 
conditions. These techniques have included (a) visible reflectance 
spectroscopy; (b) laser Raman spectroscopy, utilizing surface en­
hanced Raman scattering and resonant Raman; and (c) Môssbauer spec­
troscopy. This paper will focus on principally the cobalt and iron 
phthalocyanines and porphyrins. 

Before considering these catalysts, some background on the 0 2 

reduction reaction will be reviewed (6). 
The reduction of Oo is considered to proceed by two parallel 

pathways, namely, (A) a z-electron process which generates peroxide 
and (B) a 4-electron pathway in which the presence of H02~ in the 
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© 1985 American Chemical Society 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



536 CATALYST CHARACTERIZATION SCIENCE 

b u l k o f the s o l u t i o n phase cannot be d e t e c t e d . In the f i r s t case 
the r e a c t i o n may be f o l l o w e d by the f u r t h e r r e d u c t i o n of H02"~, or 
the peroxide can undergo decomposition by a d i s m u t a t i o n process to 
g i v e OH" and 0 2. The p e r o x i d e pathway (A) has been found t o be the 
predominant mechanism on g r a p h i t e , g o l d , most t r a n s i t i o n metal ox­
i d e s (e.g., NiO o r s p i n e l s ) and c e r t a i n t r a n s i t i o n m e t a l macro-
c y c l e s such as c o b a l t t e t r a s u l f o n a t e d phthalocyanine, Co-TsPc. The 
r e d u c t i o n of 0 2 on p l a t i n u m , s i l v e r , p a l l a d i u m and a few o t h e r 
m a t e r i a l s , i n c l u d i n g some t r a n s i t i o n metal macrocycles appears to 
f o l l o w a d i r e c t 4 - e l e c t r o n pathway. The d i a g n o s t i c c r i t e r i o n as to 
w h i c h pathways a r e i n v o l v e d w i t h a g i v e n c a t a l y t i c s u r f a c e has 
i n v o l v e d almost i n v a r i a b l y the r o t a t i n g r i n g - d i s k e l e c t r o d e t e c h ­
nique. 

The r e a c t i o n mechanisms a s s o c i a t e d w i t h pathways (A) and (B) 
may share i n common such adsorbed inte r m e d i a t e s as peroxide, super­
o x i d e and t h e i r c o r r e s p o n d i n
between pathways (A) an
e r an i n t e r m e d i a t e suc  p e r o x i d e ( H 0  s i g n i f i c a n
q u a n t i t i e s or not; f o r example, 

(A) "Peroxide" pathway 

0 2 ( g ) ·> 0 2 ( a d s ) --2-~> 0 2 H " ( a d s ) — 2 - ~ » 20H" (1) 
ί 

0 2H ( s o l u t i o n ) 

(B) D i r e c t 4 - e l e c t r o n pathway 

0 2 ( g ) » 0 2 ( a d s ) 0 2 H " ( a d s ) 20H" (2) 

An understanding of the 0 2 r e d u c t i o n mechanisms i s c r i t i c a l l y depen­
dent on the i d e n t i f i c a t i o n o f such adsorbed i n t e r m e d i a t e s and the 
understanding of t h e i r i n t e r a c t i o n w i t h v a r i o u s types of a d s o r p t i o n 
s i t e s . Achieving such i n f o r m a t i o n has been se v e r e l y hampered by the 
s p a r c i t y of i n s i t u s pectroscopic techniques w i t h s u f f i c i e n t s e n s i ­
t i v i t y t o d e t e c t such adsorbed i n t e r m e d i a t e s on most e l e c t r o d e 
surfaces. An attempt has been made to g a i n some i n s i g h t as to how 
0 2 i n t e r a c t s w i t h s u c h s u r f a c e s as p l a t i n u m f r o m ex s i t u 
s p e c t r o s c o p i c s t u d i e s u s i n g u l t r a h i g h vacuum t e c h n i q u e s (7) but 
e x t r a p o l a t i o n from the vacuum to the e l e c t r o c h e m i c a l e n v i r o n m e n t 
s u f f e r s from c o n s i d e r a b l e u n c e r t a i n t y . C o n s e q u e n t l y the models 
proposed f o r 0 2 r e d u c t i o n on m e t a l s and m e t a l o x i d e s must be r e ­
garded as r a t h e r s p e c u l a t i v e . 

D u r i n g the l a s t two decades a v a r i e t y o f t r a n s i t i o n m e t a l 
macrocycles have been shown to e x h i b i t a c t i v i t y f o r 0 2 r e d u c t i o n i n 
a l k a l i n e and a c i d media when adsorbed, c h e m i c a l l y anchored or p h y s i ­
c a l l y dispersed on e l e c t r o d e surface (1_-5)· This c l a s s of compounds 
p r o v i d e s a unique o p p o r t u n i t y t o examine i n d e t a i l some of the 
f a c t o r s i n v o l v e d i n the a c t i v a t i o n and f u r t h e r r e d u c t i o n of 0 2· 
These would i n c l u d e the e f f e c t s a s s o c i a t e d w i t h a x i a l , p e r i p h e r a l 
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and r i n g s u b s t i t u t i o n s , the n a t u r e o f the m e t a l c e n t e r , and the 
degree of conjugation of the macrocycle r i n g . Furthermore, i t has 
been p o s s i b l e under c e r t a i n circumstances to synthesize s t a b l e 0 2-
macrocycle adducts (8) or to t r a p such species i n i n e r t gas matrices 
(9). This has f a c i l i t a t e d the a c q u i s i t i o n of s t r u c t u r a l and spectro­
scopic i n f o r m a t i o n which may be d i r e c t l y r e l e v a n t to e l e c t r o c a t a l y -
s i s as the a d d u c t s may be r e g a r d e d as model i n t e r m e d i a t e s i n the 
r e d u c t i o n of 0 2. 

Of a number of t r a n s i t i o n metal macrocycles i n v e s t i g a t e d , the 
d i m e t a l Co-Co-4 f a c e - t o - f a c e p o r p h y r i n (10) and the d i c o b a l t b i -
p y r i d a l complex (11) have been found to c a t a l y z e the 4 - e l e c t r o n 
r e d u c t i o n of On to H 20. These complexes can form dioxygen bridges 
which can f a c i l i t a t e the cleavage of the 0-0 bond. The t e t r a s u l f o n -
ated i r o n phthalocyanine (Fe-TsPc) adsorbed on g r a p h i t e surfaces has 
a l s o been found to c a t a l y z e the 4-e r e d u c t i o n (4^5)· T h i s compound 
i s water s o l u b l e and propose
aqueous s o l u t i o n s . Th
bridged species may a l s o be found i n the adsorbed l a y e r . 

Considerable progress has been made r e c e n t l y i n the development 
°^ IR s . t u s p e c t r o s c o p i c t e c h n i q u e s a p p l i c a b l e to the s t u d y o f 
t r a n s i t i o n metal macrocycles adsorbed a t submonolayer coverages onto 
e l e c t r o d e surfaces. These have been aimed at g a i n i n g i n s i g h t i n t o 
the nature of the i n t e r a c t i o n s of these compounds w i t h the surface 
and w i t h 0 2· Most o f the a t t e n t i o n i n the a u t h o r s ' l a b o r a t o r y has 
been focused on Fe- and Co-TsPc, although some p r e l i m i n a r y r e s u l t s 
have already been obtained f o r some i r o n and c o b a l t porphyrins. The 
main conclusions obtained from these i n v e s t i g a t i o n s w i l l be o u t l i n e d 
i n the f o l l o w i n g s e c t i o n s . 

U V - V i s i b l e R eflectance Spectroscopy 

The molecular e x t i n c t i o n c o e f f i c i e n t f o r the prominent Q a b s o r p t i o n 
bands i n the U V - v i s i b l e s p e c t r a of most macrocycles can reach values 
of 10^-10^. Hence, these compounds are e x c e l l e n t candidates f o r the 
study of the o p t i c a l p r o p e r t i e s of molecules a t submonolayer cover­
ages. F i g . 1 g i v e s the U V - v i s i b l e r e f l e c t a n c e s p e c t r a o f Fe-TsPc 
adsorbed onto a h i g h l y o r i e n t e d p y r o l y t i c g r a p h i t e (H0PG) and a Pt 
e l e c t r o d e i n a l k a l i n e m e d i a e The c i r c l e s and t r i a n g l e s correspond 
to measurements taken i n the absence and presence of 0 2, r e s p e c t i v e ­
l y , w i t h o u t the m a c r o c y c l e s i n s o l u t i o n . (Other c o n d i t i o n s a r e 
s p e c i f i e d i n the f i g u r e caption.) Even though these compounds are 
h i g h l y s o l u b l e i n water, the amount of m a t e r i a l which desorbs from 
the s u r f a c e during the experiments i s n e g l i g i b l e . The s p e c t r a f o r 
these compounds d i s s o l v e d i n the same e l e c t r o l y t e were found to be 
q u i t e s i m i l a r to t h o s e shown i n F i g . 1. T h i s s u g g e s t s t h a t the 
bonding t o the s u b s t r a t e i n v o l v e s o r b i t a l e w i t h l i t t l e r i n g - c h a r ­
a c t e r and that the macrocycle i s most l i k e l y adsorbed i n an edge-on 
f a s h i o n on the surface. The changes i n the s p e c t r a l f e a t u r e s i n t r o ­
duced by the p r e s e n c e o f 0 2 were s i m i l a r to those found i n t h e 
s o l u t i o n phase. T h i s p r o v i d e s e v i d e n c e t h a t the p h y s i c o c h e m i c a l 
c h a r a c t e r i s t i c s o f the adsorbed l a y e r , such as a g g r e g a t i o n and 
r e a c t i v i t y towards 0 2, may not d i f f e r much from those of the species 
i n the s o l u t i o n . 
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Surface Enhanced Raman Spectroscopy (SERS) 

Since i t s discovery, SERS has rec e i v e d a t t e n t i o n both from t h e o r e t i ­
c a l and experimental viewpoints (13). The l a r g e enhancement has been 
obse r v e d o n l y f o r c e r t a i n m e t a l s such as Ag, Cu and Au. The 
enhancement mechanism i s n ot q u a n t i t a t i v e l y u n d e r s t o o d . Even so, 
very u s e f u l i n f o r m a t i o n concerning adsorbed s p e c i e s o f some e l e c ­
t r o d e s u r f a c e s can be o b t a i n e d i n - s i t u w i t h t h i s e f f e c t . W i t h 
proper choice of l a s e r r a d i a t i o n wavelength, advantage can be taken 
of the resonance Raman e f f e c t to f u r t h e r enhance the s i g n a l s f o r the 
adsorbed t r a n s i t i o n m e t a l . As an i l l u s t r a t i o n , F i g . 2 shows the 
Raman spectra of adsorbed H 2- and Fe-TsPc on s i l v e r i n a c i d media i n 
the absence o f 0 2 a t d i f f e r e n t p o t e n t i a l s (14). H 2-TsPc e x h i b i t s 
v e r y s t r o n g f l u o r e s c e n c e when i n the s o l u t i o n phase. T h i s i s 
quenched, however, when the m o l e c u l e s a r e adsorbed on t h i s sub­
s t r a t e , t h r o u g h a r a d i a t i o n l e s
number of a v a i l a b l e s t a t e
i n the r e l a t i v e i n t e n s i t y as w e l l as i n the p o s i t i o n o f few o f the 
bands were o b s e r v e d as a f u n c t i o n o f the a p p l i e d p o t e n t i a l . A. 
b e t t e r d e s c r i p t i o n o f t h e s e phenomena i s g i v e n i n F i g s . 3 and 4. 
The f i r s t of th e s e f i g u r e s shows the f r e q u e n c y s h i f t o f the Raman 
band a t 612 cnT. (as s o c i a t e d w i t h a deformation mode of the inner 
r i n g ) f o r adsorbed Fe-TsPc on s i l v e r (14). A c o m p a r i s o n o f t h i s 
curve w i t h the corresponding c y c l i c voltammogram given i n the same 
f i g u r e s u g g e s t s t h a t the s h i f t s c o r r e l a t e w i t h the peaks i n the 
voltammetry. An i l l u s t r a t i o n of the second e f f e c t mentioned above 
i s g i v e n i n F i g . 4 w h i c h shows the v a r i a t i o n s i n i n t e n s i t y o f the 
bands a t 1346 and 699 cm".. f o r Fe-TsPc as a f u n c t i o n of the a p p l i e d 
p o t e n t i a l a t d i f f e r e n t pH values. A f u l l q u a n t i t a t i v e understanding 
of these phenomena w i l l most c e r t a i n l y r e q u i r e r e f i n e d t h e o r e t i c a l 
t r e a t m e n t s w h i c h would i n c l u d e t h e e f f e c t s o f a d s o r p t i o n on t h e 
s e l e c t i o n r u l e s as w e l l as account f o r p o s s i b l e d i s t o r t i o n s induced 
by the e l e c t r i c f i e l d on the metal surface. 

R e c e n t l y , the i n s i t u Raman s c a t t e r i n g f rom Fe-TsPc adsorbed 
onto the low index c r y s t a l l o g r a p h i c faces of Ag was examined and the 
r e s u l t s o b t a i n e d a r e shown i n F i g . 5 (15). On the b a s i s o f the 
s i m i l a r i t i e s of these s p e c t r a w i t h those obtained f o r the macrocycle 
i n s o l u t i o n phase, as w e l l as the p o l a r i z a t i o n behavior c h a r a c t e r ­
i s t i c s , i t has been concluded that the most l i k e l y c o n f i g u r a t i o n i s 
that w i t h the macrocycle edge-on w i t h respect to the surface. This 
i s i n agreement w i t h conclusions reached from the U V - v i s i b l e r e f l e c ­
tance spectra. The p r e f e r r e d c o n f i g u r a t i o n , however, may depend on 
the p a r t i c u l a r macrocycle, as w e l l as on the nature of the adsorp­
t i o n s i t e . 

Môssbauer E f f e c t Spectroscopy (MES) 

Môssbauer e f f e c t s p e c t r o s c o p y , MES, i s based on the a b i l i t y o f 
c e r t a i n n u c l e i to undergo r e c o l l l e s s e m i s s i o n and ab s o r p t i o n of γ-
r a y s (16). The energy and m u l t i p l i c i t y o f the ground and e x c i t e d 
s t a t e s of a given nucleus are mod i f i e d by the chemical environment. 
I t i s thus most o f t e n necessary to compensate f o r the d i f f e r e n c e s i n 
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Figure 2. Surface-enhanced Raman s p e c t r a of Fe-TsPc (A) and H 2-
TsPc (B) adsorbed on a s i l v e r e l e c t r o d e at vari o u s p o t e n t i a l s vs. 
SCE i n 0.05 M H2SO4. L a s e r e x c i t a t i o n l i n e : 632.8 nm; o u t p u t 
power: 20 mW; r e s o l u t i o n : 5 cm"1; scanning time: 10 min/spec­
trum. Ρ and S r e f e r to de p o l a r i z e d and p o l a r i z e d l i g h t , respec­
t i v e l y . Reproduced w i t h permission from Ref. 14. Copyright 
1983, E l s e v i e r . 
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Figure 3· Frequency s h i f t of the Raman band at 612 cm" 1 f o r Fe-
TsPc adsorbed on a s i l v e r e l e c t r o d e as a f u n c t i o n of the a p p l i e d 
p o t e n t i a l v s . SCE i n 0.05 M H 2S0^. L a s e r e x c i t a t i o n l i n e : 514.5 
nm; p o t e n t i a l sweep r a t e : 10 mV s ; e l e c t r o d e a r e a : 0.27 cm4 

See c a p t i o n F i g . 2. 

1546cm 

Figure 4. I n t e n s i t y as a f u n c t i o n of p o t e n t i a l vs. SCE f o r two 
of the Raman bands (1346 cm" 1 and 699 cm" 1) of Fe-TsPc adsorbed 
on a s i l v e r e l e c t r o d e at d i f f e r e n t pH values. These measurements 
were o b t a i n e d a t a p o t e n t i a l scan r a t e of 10 mV s". See 
c a p t i o n F i g . 2. 
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F i g u r e 5. I n s i t u Raman s p e c t r a f o r Fe-TsPc adsorbed on 
Ag(100), A g ( l l l ) and A g ( l l O ) a t 0.2 V v s . SCE i n 0.1 M HC10 4 Ar 
s a t u r a t e d aqueous s o l u t i o n s (15). 
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t r a n s i t i o n energy between e m i t t e r and a b s o r b e r i n o r d e r t o b r i n g 
about resonance. This i s u s u a l l y accomplished by v a r y i n g the v e l o c ­
i t y of e i t h e r the e m i t t e r or the absorber, a choice d i c t a t e d mainly 
by the s p e c i f i c system under study. The resonance c o n d i t i o n can be 
m o n i t o r e d by the use o f d e t e c t o r s s e n s i t i v e t o Y - r a y s , X - rays o r 
e l e c t r o n s which r e s u l t from the d e - e x c i t a t i o n o f the nucleus. 

The r e c o i l l e s s f r a c t i o n , t h a t i s , the r e l a t i v e number of events 
i n which no exchange of momentum occurs between the nucleus and i t s 
environment, i s determined p r i m a r i l y by the quantum mechanical and 
p h y s i c a l s t r u c t u r e o f the s u r r o u n d i n g media. I t i s thus not pos­
s i b l e t o o b s e r v e a Môssbauer e f f e c t o f an a c t i v e n u c l e u s i n a 
l i q u i d , s uch as an i o n o r a m o l e c u l e i n s o l u t i o n . T h i s r e p r e ­
s e n t s a s e r i o u s l i m i t a t i o n t o the s t u d y o f c e r t a i n phenomena; i t 
a l l o w s , however, the i n v e s t i g a t i o n of f i l m s or adsorbed molecules on 
s o l i d surfaces without i n t e r f e r e n c e from other species i n s o l u t i o n . 
T h i s f a c t o r i n c o n j u n c t i o
t h i n l a y e r s of l i q u i d s
spectroscopy p a r t i c u l a r l y a t t r a c t i v e f o r i n s i t u s t u d i e s of a v a r i
e t y of e l e c t r o c h e m i c a l systems. These advantages, however, have not 
apparently been f u l l y r e a l i z e d , as evidenced by the r e l a t i v e l y s m a l l 
number of r e p o r t s i n the l i t e r a t u r e (17). 

The f i r s t i n s i t u MES I n v e s t i g a t i o n o f m o l e c u l e s adsorbed on 
e l e c t r o d e surfaces was aimed p r i m a r i l y a t assessing the f e a s i b i l i t y 
o f such measurements i n systems o f i n t e r e s t t o e l e c t r o c a t a l y s i s 
( 1 8). I r o n p h t h a l o c y a n i n e , FePc, was chosen as a model system be­
cause of the a v a i l a b i l i t y of previous ex s i t u Môssbauer s t u d i e s and 
i t s importance as a c a t a l y s t f o r 0 2 r e d u c t i o n . The r e s u l t s obtained 
have provided c o n s i d e r a b l e i n s i g h t i n t o some of the f a c t o r s which 
c o n t r o l the a c t i v i t y o f FePc and perhaps o t h e r t r a n s i t i o n m e t a l 
macrocycles f o r 0 2 reduction. These can be summarized as f o l l o w s : 

(1) The Môssbauer s p e c t r a o f FePc p r e a d s o r b e d on V u l c a n XC-72 
c a r b o n a t l o a d i n g s r a n g i n g from 3.5 up t o 10% w/w e x h i b i t o n l y one 
doublet w i t h a quadrupole s p l i t t i n g much s m a l l e r than that f o r b u l k 
FePc. This doublet has been denoted as 2 and that corresponding to 
the b u l k FePc as 1̂  i n the r e f e r e n c e d c o m m u n i c a t i o n s (18) (see F i g . 
6 ) . The d i s p e r s i o n method c o n s i s t e d i n d i s s o l v i n g the FePc i n 
p y r i d i n e to a c o n c e n t r a t i o n of 10""^ M f o l l o w e d by the a d d i t i o n of 
the h i g h s u r f a c e a r e a c a r b o n i n s m a l l q u a n t i t i e s under u l t r a s o n i c 
a g i t a t i o n i n an amount s u f f i c i e n t to o b t a i n the d e s i r e d c a t a l y s t to 
carbon f r a c t i o n i n the f i n a l product. Most of the solvent was then 
evaporated under vacuum w i t h a water a s p i r a t o r and l a t e r heated i n 
f l o w i n g helium a t 300 C, a temperature b e l i e v e d to be s u f f i c i e n t f o r 
the removal of p y r i d i n e e i t h e r occluded i n the sample or otherwise 
bound to FePc. At h i g h e r l o a d i n g s (> 15% w/w) and u s i n g the same 
preadsorption procedure, doublets ± and 2_ are observed i n d i c a t i n g a 
s a t u r a t i o n o f s u r f a c e s i t e s l e a d i n g to the f o r m a t i o n o f FePc 
c r y s t a l s . 

(2) S i g n i f i c a n t l y d i f f e r e n t r a t i o s f o r the r e s o n a n t a b s o r p t i o n 
area, A, of the two doublets have been obtained f o r FePc preadsorbed 
a t h i g h loadings (> 15%) upon changing the a v a i l a b l e surface area 
of the carbon. S p e c i f i c a l l y , a higher value of A 2/A^ was found 
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Figure 6. Ex s i t u Môssbauer spectra of 30% w/w FePc dispersed 
on h i g h s u r f a c e a r e a c a r b o n s . Specimens p r e p a r e d by m i x i n g the 
carbon w i t h an FePc s o l u t i o n i n p y r i d i n e and subsequently remov­
i n g the s o l v e n t by e v a p o r a t i o n under vacuum. The samples were 
th e n heat t r e a t e d a t 420° C i n a f l o w i n g He:H 2 (4:1) atmos­
phere. (A) RB c a r b o n (1200 m 2 g - 1 ) and ( B) V u l c a n XC-72 
(250 m V ^ U i ) . 
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f o r the same lo a d i n g of FePc on RB carbon (1200 m zg" i) than 
f o r XC-72 (250 m2g""1)(17^) (see F i g . 6). 

These o b s e r v a t i o n s were r e g a r d e d as p r o v i d i n g e v i d e n c e t h a t 
doublet 1_ corresponds to FePc preadsorbed at monolayer coverages on 
the carbon surface. 

In an e f f o r t t o g a i n f u r t h e r i n s i g h t i n t o the s t r u c t u r a l and 
e l e c t r o n i c m o d i f i c a t i o n s i n t r o d u c e d by the presumed a d s o r p t i o n o f 
FePc onto h i g h surface area carbon, c y c l i c voltammetry measurements 
were conducted w i t h the m a t e r i a l on XC-72 carbon e x h i b i t i n g o n l y the 
i n n e r d o u b l e t i n the Môssbauer spectrum. These e x p e r i m e n t s were 
performed w i t h the c a t a l y s t - c a r b o n sample i n the form of a Tefl o n 
bonded porous c o a t i n g s p r e a d i n t o a v e r y s h a l l o w (~0.1 mm deep) 
c y l i n d r i c a l c a v i t y of an o r d i n a r y p y r o l y t i c g r a p h i t e r o t a t i n g d i s k 
e l e c t r o d e . The c y c l i c voltammetry obtained i s shown i n F i g . 7. The 
Môssbauer spectrum of the m a t e r i a l i n d r y form i s g i v e n i n F i g . 8. 
The voltammogram obtaine
adsorbed from aqueous s o l u t i o
same c a r b o n (see F i g . 9). 

The redox processes a s s o c i a t e d w i t h the voltammetry f o r what 
was b e l i e v e d to be FePc adsorbed have been r e c e n t l y examined w i t h 
i n s i t u MES i n 1 M NaOH (19) Two s t r i k i n g l y d i f f e r e n t s p e c t r a 
were o b t a i n e d as a f u n c t i o n o f the a p p l i e d p o t e n t i a l , as shown i n 
F i g . 10. The Môssbauer p a r a m e t e r s a s s o c i a t e d w i t h t h e s e s p e c t r a l 
features were found to be very s i m i l a r to those f o r a f e r r i c (curve 
A) and a ferrous (curve B) hydroxide species (20). Furthermore, the 
l i t e r a t u r e (21) i n d i c a t e s that an i r o n metal e l e c t r o d e develops, upon 
r e p e a t e d c y c l i n g i n 1 M NaOH s o l u t i o n , a c y c l i c voltammogram w i t h 
peak p o s i t i o n a l m o s t i d e n t i c a l t o t h a t shown i n F i g . 7. I t thus 
appears that the manner i n which the samples were prepared leads to 
a p a r t i a l o r t o t a l d e g r a d a t i o n o f the m a c r o c y c l e i n v o l v i n g the 
d e m e t a l l a t i o n and f u r t h e r f o r m a t i o n o f an i r o n hydroxide species. 
This i s a r a t h e r s u r p r i s i n g f i n d i n g as bul k FePc can be sublimed at 
temperatures as h i g h as those employed during the removal of p y r i ­
dine from the sample without undergoing decomposition. I t should be 
mentioned that i n a recent repor t (22) i t has been claimed that a μ-
oxo form of FePc can be formed under c e r t a i n c i r c u m s t a n c e s w h i c h 
becomes t h e r m a l l y unstable at ~340 C r e s u l t i n g i n the d e s t r u c t i o n of 
the macrocycle. I t i s thus p o s s i b l e t h a t the unexpected phenomenon 
found i n the present study may be r e l a t e d to the formation of t h i s 
l>-oxo compound d u r i n g the p r e p a r a t i o n o f the samples p r i o r t o or 
during the heat treatment. A l t e r n a t i v e l y , the ma c r o c y c l i c degrada­
t i o n may be ass o c i a t e d w i t h the presence of a d v e n t i t i o u s t r a c e 0 2 i n 
the heating system. A f u l l i n v e s t i g a t i o n of such p o s s i b i l i t i e s i s 
c u r r e n t l y under way i n t h i s l a b o r a t o r y . 

This study i l l u s t r a t e s the use of JLn s i t u MES as a p p l i e d to the 
i n v e s t i g a t i o n o f s p e c i e s i n v o l v e d i n redox p r o c e s s e s i n porous 
e l e c t r o d e s . I t i s e x p e c t e d t h a t a s y s t e m a t i c u t i l i z a t i o n o f t h i s 
t e c h n i q u e may e n a b l e the a c q u i s i t i o n o f m i c r o s c o p i c l e v e l i n f o r ­
mation of d i f f i c u l t a c c e s s i b i l i t y w i t h other spectroscopic methods, 
although l i m i t e d to only Môssbauer a c t i v e nucleus. 
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Figure 7. C y c l i c voltammogram of 7% w/w FePc dispersed on Vulcan 
XC-72 carbon. The specimen was p r e p a r e d by m i x i n g the c a r b o n 
w i t h an FePc s o l u t i o n i n p y r i d i n e and subsequently removing the 
s o l v e n t by b o i l i n g i t o f f . The sample was the n heat t r e a t e d a t 
300°C i n f l o w i n g He to remove coordinated p y r i d i n e . The c y c l i c 
voltammogram was obtained w i t h the m a t e r i a l i n the form of a t h i n 
porous c o a t i n g i n 1 M NaOH a t 25°C. Sweep r a t e : 5 mV s" 1 (19). 
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Figure 8. Môssbauer spectrum of 7% w/w FePc dispersed on a hi g h 
s u r f a c e a r e a c a r b o n (XC-72). The specimen was pr e p a r e d i n the 
same f a s h i o n as d e s c r i b e d i n the c a p t i o n F i g . 6. The sp e c t r u m 
corresponds to the dry m a t e r i a l (19). 
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Figure 9. C y c l i c voltammogram of Fe-TsPc adsorbed on Vulcan XC-
72 a t monolayer coverages. This measurement was obtained w i t h 
the m a t e r i a l i n the form of a t h i n porous c o a t i n g . Scan r a t e : 
50 mV s · Other c o n d i t i o n s are the same as those i n c a p t i o n of 
F i g . 6. 
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F i g u r e 10. I n s i t u Mossbauer s p e c t r a f o r a V u l c a n XC-72 c a r b o n 
e l e c t r o d e c o n t a i n i n g FePc o b t a i n e d a t 0·0 V v s . Hg/HgO,OH~, 
( F i g u r e A) and a t -1.05 V vs. Hg/HgO,OH~, ( F i g u r e B)(19). 
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IR Spectroscopy as an In Situ Probe for Molecular 
Structure in Electrocatalytic and Related Reactions 

Alan Bewick and Maher Kalaji 
Department of Chemistry, University of Southampton, Southampton, England 

Techniques are describe
spectra of species, either adsorbed or free in the 
electrode/electrolyte solution interphase. Applications 
slanted towards topics relevant to electrocatalytic pro­
cesses are discussed to illustrate the capabilities of 
the methods in probing molecular structure, orientation 
and interactions. 

Data obtained using spectroscopic methods have had a profound influence 
on the development of many areas of chemistry. In most cases the 
value of these methods stems from their high sensitivity and molecular 
specificity which can lead directly to a quantitative assessment and a 
structural characterisation of the species present in a chemical system 
and possibly also to information on their interactions and reactions. 
High vacuum surface science provides a particularly spectacular example 
of the value of spectroscopic methods and the rapid progress that can 
be engendered by their intelligent deployment; thus the use of 
electron diffraction techniques to determine the long range atomic or 
molecular order on solid surfaces and adlayers in conjunction with UPS, 
XPS, EELS and IR reflection spectroscopy to characterise molecular 
structure and orientation have produced rapid advances in the under­
standing of surface chemistry and surface physics at the fundamental 
level. There has also been a direct technological benefit in the use 
of this information to improve catalytic processes and to develop new 
catalysts. It is a relatively simple step to remove the gas in a 
solid surface/gas phase system without seriously violating the struc­
tural integrity of the interface which can then be characterised using 
the high vacuum techniques. It would be expected, however, that only 
in very few cases will i t be possible to remove the electrolyte from 
the electrode/electrolyte solution interface without producing major 
changes; thus the high vacuum methods have only limited applicability 
as ex-situ probes for the structure of the interface in electro­
chemical systems. Fortunately, the ease with which the electrode 
potential can be used to control and change, (i) the electrochemical 
potential of species in the electrical double layer, (11) the free 
energy of adsorption/desorption processes and (i l l ) the rate constants 
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for electron transfer processes, allows the small number of species in 
the electrode/electrolyte solution interphase to be distinguished from 
the overwhelming number in the bulk electrolyte in a manner which has 
enabled in - s i tu spectroscopic methods of investigation to be developed. 
These methods now include ESR spectroscopy (1), uv/vis ible ref lec­
tion (2), transmission (3) and Raman scattering spectroscopies (4) and 
IR reflection spectroscopy (5,6,7,8,9). This paper w i l l be restricted 
to a discussion of the la t ter . 

Experimental techniques 

There are two major problems to be overcome in developing i n - s i t u , 
external reflectance methods with submonolayer sensit ivi ty towards 
adsorbates on smooth electrode surfaces. The f i r s t is to design a 
c e l l allowing sufficient radiation to emerge from i t after passing 
twice through the electrolyt
aqueous solution. The
absorbance change, usually in the range 10"  to 10" , caused by the 
adsorbate in the presence of the overwhelming quantity of absorbing 
species in the total optical path. Use of a thin layer c e l l over­
comes the f i r s t problem and adequate sensit iv i ty is achieved by the 
marriage of electrochemical and spectroscopic techniques. The basic 
method has developed in two dist inct directions: the f i r s t employs a 
grating spectrometer and is called electrochemically modulated i n f r a ­
red spectroscopy (EMIRS) (5); the second is subtractively normalized 
interfac ia l Fourier transform infrared spectroscopy (SNIFTIRS) (6). 
Both methods obtain the necessary sensit iv i ty by modulating the elec­
trode potential between two values which define two dist inct states of 
the electrode surface; thus the chemistry to be observed i s direct ly 
modulated and may be detected with great sensit ivi ty by an appropriate 
form of synchronous detection. In the case of EMIRS, the modulation 
frequency is made suff ic iently high compared to the wavelength 
scanning rate to enable a phase sensitive detection system to be used 
whereas, for SNIFTIRS, the electrode potential i s held for a sufficient 
period at each potential to accumulate data from several interfero-
metric scans and, after an adequate number, the two sets of data are 
ratioed. 

C e l l design 

Figure 1 i l lustrates a typical c e l l design containing the three elec­
trodes required for control of the electrode potential and in which the 
thin layer of electrolyte, typical ly 1 urn to 50 urn, i s produced by 
pushing the working electrode surface up to the surface of the IR 
window into the c e l l . The window can be a disc with paral le l working 
surfaces or i t can be prismatic to allow normal incidence of the radia­
t ion at the surfaces; the lat ter design minimises reflection losses 
at the air/window interfaces but i t requires a longer pathlength in 
the window. The thin layer c e l l thus formed necessarily has a large 
value of uncompensated resistance due to the electrolyte layer. 
Typical ly , this leads to a time constant of the order of 10"2s for the 
charging of the double layer in response to a potential step. This 
factor together with the potential drop across the uncompensated 
resistance due to faradaic currents needs to be taken into account 
when designing experiments. 
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Reflection/absorption at a metal surface 

For a vibrating molecule to absorb radiation from an incident IR beam 
at the frequency of a particular normal mode i t must be situated at a 
position of f in i te intensity and with an orientation such that there 
is a f in i te component of the dipole derivative du^/dQ^ in the direc­
tion of the e lectr ic vector of the radiation f i e l d , where du i is the 
change of dipole for the change of normal mode coordinate dQ^. At a 
metal surface there i s always a zero intensity for radiation having 
the e lectr ic vector paral le l to the surface. As a result s-polarised 
radiation cannot interact with a molecule on a metal surface; p-
polarised radiation has a f in i t e intensity and can interact but the 
intensity of the resultant absorption band w i l l depend upon the orien­
tation of the molecule with respect to the surface, i .e . there i s an 
apparent selection rule, the surface selection rule (10), which 
operates in addition to th l selectio  rule  fo  IR absorption
In EMIRS and SNIFTIRS measurement
tion i s prevented from reaching
i t i e s of the vibrational bands observed in the spectra from the 
remaining p-polarised radiation are used to deduce the orientation of 
adsorbed molecules. It should be pointed out, however, that v ibra­
t ional coupling to adsorbate/adsorbent charge transfer (11) and also 
an electrochemically activated Stark effect (7,12,13) can lead to 
apparent violations of the surface selection rule which can invalidate 
simple deductions of orientation. 

The surface active/surface inactive difference between p-polarised/ 
s-polarised radiation has enabled an alternative modulation technique, 
polarisation modulation, to be developed (15,16). In electrochemical 
applications, i t allows surface speci f ic i ty to be achieved whilst 
working at fixed potential and without electrochemical modulation of 
the interface. It can be implemented either on EMIRS or on SNIFTIRS 
spectrometers and can be very valuable in dealing with electrochemically 
irreversible systems; however, the achievable sensit ivi ty fa l l s well 
short of that obtained with electrochemical modulation. It should 
also be noted that i t s "surface specif icity" is not truly surface but 
extends out into the electrolyte with decreasing speci f ic i ty to about 
half a wavelength. 

Information accessible 

The EMIRS and SNIFTIRS methods provide the IR vibrational spectra 
(really the difference spectra - see later) of a l l species whose 
population changes either on the electrode surface or in the e l ec tr ica l 
double layer or i n the diffusion layer in response to changing the 
electrode potential . Spectra w i l l also be obtained for adsorbed 
species whose population does not change but which undergo a change in 
orientation or for which the electrode potential alters the intensity, 
the position or shape of IR absorption bands. Shifts in band maxima 
with potential at constant coverage ( < ^ m a x / 9 E ) 0 a r e very common for 
adsorbed species and they provide valuable information on the nature 
of adsorbate/absorbent bonding and hence also additional data on 
adsorbate orientation. 

In principle , therefore, these valuable techniques can provide a l l 
of the information needed to specify the molecular structure of the 
electrode/electrolyte solution interphase, the dynamics of adsorption/ 
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desorption processes and the nature of reaction intermediates. In 
many cases, i t w i l l not be easy unambiguously to deduce quantitative 
molecular populations; this aspect has been neglected to date but 
w i l l certainly command increasing attention in future. 

It w i l l be clear that EMIRS and SNIFTIRS spectra are difference 
spectra and can be somewhat complex (5). Typically they w i l l contain 
positive absorption bands from species present in excess at potential 
Ei compared to potential E 2 and negative absorption bands from species 
whose polulation changes oppositely with potential . In addition, 
bands which shift with potential w i l l appear as a single bipolar band 
either with one lobe of each sign, figure 2, (or even more complex 
structures with three lobes). 

Electrocatalytic reactions 

Electrocatalysis necessaril
and the characterisation
t i a l for an adequate understanding of the reaction pathways. Many of 
these reactions are important technologically; both the anodic and 
the cathodic reactions in fuel ce l ls are good examples in this category. 
Hydrogen evolution and hydrogen oxidation are both of interest in this 
context. The exact characterisation of the adsorbed hydrogen atom 
involved in these reactions i s not l ike ly to stimulate technological 
progress but EMIRS studies have yielded information of considerable 
interest (16,17). 

Hydrogen adsorption 

On platinum group metals, hydrogen adsorption/desorption is reversible 
and thus readily lends i t s e l f to investigation by EMIRS. The two 
kinds of adsorbed hydrogen on polycrystall ine platinum, strongly 
adsorbed hydrogen (H g) formed at less negative potentials and weakly 
adsorbed hydrogen (H )̂ produced nearer the reversible potential for 
hydrogen evolution, are clearly distinguishable spectroscopically 
either using uv-visible (18) or infrared radiation (16). In the 
infrared, the formation of H s substantially increases the re f l ec t iv i ty 
of the electrode and this i s observed as a featureless negative 
absorption over a wide range of wavelength. When the electrode i s 
covered with both H g and H^, absorption bands are observed superimposed 
on this baseline shift but, over the range 4000 cm"1 to 1250 cm"1, 
these are a l l at the vibrational frequencies of hydrogen bonded water; 
no bands corresponding to Pt-H vibrations are observed. The bands 
a l l had the same sign: increased absorption when the metal was 
covered by H w . Their assignment to vibrational modes of water assoc­
iated with the adsorbed were confirmed from isotopic shifts using 
H 2 O / D 2 O mixtures; examples are i l lus trated in figure 3. The 
d i f f i cu l t task of seeing this surface water through the large amount 
in the ambient electrolyte was fac i l i ta ted by using the H 2 O / D 2 O mix­
tures to maximise energy throughput over the spectral region. Nine 
bands were clearly identif ied and measured from the range: V i , V 2 , V 3 , 
(V2 + V 3 ) , 2V3,(2V2 + V 3 ) for H 2 O , HDO and D 2 O . The relative inten­
s i t ies of these bands indicated a particular orientation for the water 
structure interacting with the adsorbed H atoms. Application of the 
surface selection rule leads to the model shown in figure 4(a) in 
which oriented water dimer units are hydrogen bonded to on one side 
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Figure 1. The IR spectroelectrochemical c e l l . 
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Figure 2. Origin of a bipolar difference band. 
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Figure 4 . The structure and orientation of: (a) weakly bound 
hydrogen and i t s associated water on a Pt or Rh electrode; (b) 
water on the electrode surface at potentials in the double layer 
region. 
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and, on the other, to water molecules further out from the surface. 
Figure 4(b) shows the average water orientation assumed for a bare Pt 
surface at potentials in the double layer region; one lone pair 
orbita l is assumed to be roughly normal to the surface. This orien­
tation i s in agreement with other electrochemical data and was used 
as the reference state for the EMIRS difference spectra. 

Electrocatalytic oxidations 

Interest in fuel ce l l s has stimulated many investigations into the 
detailed mechanisms of the electrocatalytic oxidation of small organic 
molecules such as methanol, formaldehyde, formic acid, etc. The 
major problem using platinum group metals i s the rapid build up of a 
strongly adsorbed species which ef f ic ient ly poisons the electrodes. 
Thus a substantial effort has been made by electrochemists to identify 
this species; use of non-spectroscopi  technique  t  evaluat  th
number of surface sites
number of electrons require
census view that i t was :COH. One of the f i r s t successful applica­
tions of EMIRS was an attempt to corroborate this conclusion (19); 
however, the spectroscopic data clearly identif ied CO as the poison 
and no evidence for COH could be obtained. Further detailed spectros­
copic measurements using a variety of organic fuels ( C H 3 O H , HCHO, HCOOH 
and C H 2 O H . C H 2 O H ) and electrode materials (Pt, Rh, Pd, Au) substantiated 
this finding as a general result in such systems (20,21,22). Examples 
of EMIRS spectra obtained from ful ly poisoned electrodes are shown in 
figures 5, 6 and 7. In every case, absorption bands are seen from 
one or more adsorbed CO species, the types and their exact vibration 
frequencies depending upon the nature of the metal. Thus, for 
example, Pt supports both l inearly adsorbed CO, the band near 2070 cm"1, 
and also CO s i t t ing in a higher coordination site with a vibration 
frequency near 1850 cm"1. On Pd bridge-bonded and more highly co­
ordinated CO can be identi f ied. These assignments have been made on 
the basis of the c lass i f icat ion which has developed from gas phase 
adsorption of CO followed by the use of high vacuum spectroscopic 
techniques (23). There is a very close agreement between these data 
and the EMIRS spectra. Direct adsorption of CO on the electrodes 
from gas dissolved in the electrolyte gave almost identical spectra, 
at high coverage, to those obtained after organic oxidation. The 
same adsorbed CO species were obtained on Pt by reduction of C0 2 (24). 
This was observed to take place only in the range of potentials where 
adsorbed hydrogen i s formed, indicating that the reduction takes place 
indirect ly v ia the adsorbed atomic hydrogen. In this case, i t was 
noticed that the more highly coordinated adsorbed CO, seen near 
1850 cm""1, was formed very readily, whereas i t i s formed direct ly from 
dissolved CO gas only after potential cycling of the electrode. There 
is evidence that this species is usually formed by reduction of C0 2 ; 
i t should be noted that, at non-poisoned electrodes, some CO2 i s pro­
duced from the organic substrates at quite low potentials and many of 
these also form adsorbed hydrogen during their dissociative electro-
sorption. 

Adzic et a l (25) have shown that part ia l coverage of the elec­
trode by adsorbed Pb can substantially reduce the effects of poisoning, 
presumably by blocking the surface sites required by the adsorbed CO. 
This i s nicely confirmed by spectroscopic measurements. Figure 8 
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Figure 5. EMIRS difference spectra from (a) Pt in 1M H2S0i» + 0.5M 
CH3OH and (b) Pt in 0.25M H2S0k + 0.25M HCOOH. 

Figure 6. EMIRS difference spectrum from Pd in 1M H2SOi» + 0.1M 
HCHO. Modulation between +0.25V and +0.65V. 
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Figure 7. EMIRS difference spectra from (a) Pt in 0.5M HClOi. + 
0.1M HCHO and (b) Rh in 0.5M HClOi» + 0.1M HCHO. 
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Figure 8. EMIRS difference spectra from Pt in 0.5M HClOi» + 0.1M 
HCHO in the absence (a) and the presence (b) of deposited lead. 
Modulation between OV and 0.25V. 
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gives EMIRS spectra obtained during the oxidation of HCHO on Pt in 
the absence and the presence of Pb. In this case, the Pb completely 
blocks the more highly coordinated CO and reduces the amount of the 
l inearly adsorbed species. Other electrochemical measurements (26) 
have shown that each adsorbed Pb blocks three surface Pt s i tes . 
Another interesting correlation between catalyt ic act iv i ty and the 
extent of formation of adsorbed CO has been observed in measurements 
on Pt single crystal electrodes (27). The oxidation of HCOOH on 
P t ( l l l ) occurs readily at low potentials and shows l i t t l e sign of 
poisoning during electrochemical measurements (28); on Pt (100) the 
reaction is much faster on the non-poisoned surface but i t rapidly 
becomes highly poisoned. The EMIRS spectra, figure 9, for these 
surfaces show very clearly the large difference in the formation of 
adsorbed CO. Both kinds of adsorbed CO are seen on the (100) surface 
with intensities rather higher than for polycrystall ine surfaces. On 
P t ( l l l ) , the 1850 cm"1 ban
a very small amplitude (not
the broad absorbance at  migh
from the C=0 stretch of an adsorbed reaction intermediate such as 
•CHO. 

Bonding and interactions in adsorbed CO layers 

The close s imilarity between ( C 0 ) a d s species formed, either direct ly 
or indirect ly , on metal electrodes and the comparable species observed 
on the same metals following adsorption of CO from the gas phase has 
already been noted. There i s , however, some effect due to the 
presence of the electrolyte. For example, an isolated CO molecule in 
the gas phase, an isolated CO molecule adsorbed onto a Pt surface from 
the gas phase, and an isolated ( C 0 ) a d s on a Pt electrode at the point 
of zero charge give rise to bands attributed to C-0 stretching funda­
mentals at 2143, 2064, and 2030 c m - 1 , respectively. Thus the metal/ 
CO bonding produces a considerable weakening of the C-0 bond, but there 
i s appreciable further weakening in the presence of the aqueous electro­
lyte . This is evidence for significant interaction with solution 
species. 

Quantitative comparisons between gas phase and electrochemical 
data need to take account of the electrode potential . The well known 
linear correlations between the electronegativity of a metal and i t s 
work function, and between the work function and the potential zero 
charge, imply that the electronegativity of the atoms in an electrode 
surface w i l l depend upon the value of the electrode potential . Thus 
the electrode potential can be used to 'fine tune' the electronic pro­
perties of the electrode surface and thereby give a control over 
adsorbate/absorbent bonding and an ab i l i ty to probe i t s character which 
i s not available to gas phase studies. The strong variation with 
electrode potential of the observed vibrational frequency for ( C 0 ) a d s 

i s very apparent. The observed EMIRS bands owe their bipolar shape 
to this dependence. For a l l the cases studied, and i t should be noted 
that these include adsorption on a gold electrode, the bands show 
that the C-0 vibrational wavenumber increases as the electrode poten­
t i a l moves in a positive direction. In the case of l inearly adsorbed 
CO on Pt, the variation is l inear over a wide range of potential and 
dV/dE i s + 30 cm"1 V" 1 (14). The origin of this effect i s almost 
certainly a reduction in the extent of back-bonding from the metal d-
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orbitale to the π. ant 1 bonding orbi ta l of CO as the metal i s made more 
positive and i t s effective electronegativity is increased. This w i l l 
strengthen the C-0 bond and weaken the Pt-C bond. 

This explanation for the shift with potential i s similar to that 
proposed by Blyholder (29) for the shift with coverage which had been 
observed for gas phase measurements. It i s interesting to ask, 
therefore, whether the shift with potential at constant coverage 
(3ν/3Ε) θ and the shift with coverage at constant potential (3ν/3θ) Ε 

have a common explanation or whether they occur via different mechan­
isms. The latter coefficient i s a result of those interactions in 
the adsorbed layer which affect the C-0 vibrational frequency; the 
question, then, i s whether these interactions are through-space, 
dipole-dipole interactions, or whether they occur v ia the metal sur­
face and therefore include effects such as that proposed by Blyholder. 
Attempts to answer this question have centred on measurements at the 
gas/metal interface usin  C12O/C13O mixtures d ther  ha  bee
siderable controversy ove
measurements which are abl
trode potential and of coverage on the spectra from C12O/C13O mixtures 
have provided very useful new information (32). Figure 10 shows 
EMIRS spectra for ( C 0 ) a d s on Pt at saturation coverage as a function 
of the isotopic rat io . Only a single bipolar band is observed for 
a l l isotopic compositions and there are substantial changes in ampli­
tude even though the tota l surface coverage i s constant; these effects 
demonstrate the strong interactions in the layer. The appearance of 
only one band at intermediate isotopic compositions i s an extreme 
example of intensity stealing by the higher energy vibrational modes. 
Measurements at lower coverage do, however, give spectra showing two 
bands at certain isotopic rat ios . A major difference is observed 
between the effects of changing electrode potential at constant cover­
age and changing coverage at constant electrode potential: for a 
given isotopic rat io , the electrode potential changes only the position 
of the observed spectral bands without altering either their number or 
relative intensit ies , whereas varying the coverage can produce changes 
in a l l three of these characterist ics . This strongly suggests that 
the origins of (9V/9E)Q and (3ν/3θ) Ε are not the same. The d-π. 
backbonding mechanism suggested for the former coefficient requires 
that i t operates by changing the effective principal force constant 
f^. On the other hand, the coverage dependence must be produced by 
mechanisms which alter either the interaction force constant, f i A , 
alone (as in through-space dipole-dipole coupling) or a combination 
of f^ and f ^ (as in through-metal vibrational coupling). 

Thus the measurements outlined above suggest that the interaction 
effect, being essentially different in origin from the electrode poten­
t i a l effect, i s dominated by dipole-dipole coupling. Further support 
for this conclusion comes from the results of model calculations for 
the vibrational modes of an array of coupled osci l lators (32) using a 
model similar to that used by Moskovitz and Hulse (31). These c a l ­
culations were carried out so as to reproduce the observed shifts 
with coverage and potential using several different combinations of 
fjLi 8 1 1 ( 1 . n e coverage dependence of f^. The best f i t to the experi­
mental data was obtained for the model which derived the total cover­
age shift v ia the term, i . e . a model which would correspond to 
dipole-dipole coupling but not to through-metal vibrational coupling. 
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Figure 9. EMIRS difference spectra for CO adsorption on single 
crystal Pt electrodes. 
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Molecular Adsorption 

The adsorption of Intact molecules is encountered in many areas of 
electrochemistry. A complete description of the adsorbed state in 
terms of the orientation of the molecule, the way in which i t bonds to 
the surface, the perturbation of the molecular structure caused by 
this additional bonding and the interaction between adjacent molecules 
i s the ultimate goal of spectroscopic techniques. As more systems 
are studied by the EMIRS and SNIFTIRS methods, ways are being found to 
assess more of this information. 

A straightforward case of molecular adsorption is that of benzo-
n i t r i l e on a gold electrode from an aqueous acid electrolyte. The 
EMIRS spectra (9,33) show a strong C=N stretch band from the adsorbed 
molecule and weaker bands from the ring stretching modes with ai 
symmetry. This indicates that the molecular axis in the adsorbed 
state is normal to the surface
C=N stretch to higher wavenumbe
nitrogen atom, presumably
acid strength of the electrode would be expected to vary with the 
electrode potential , increasing with increasing positive potential . 
In the case of p-fluorobenzonitrile this effect appears to induce a 
change in orientation of the adsorbed molecule. At lower potentials 
i t is oriented f lat on the surface, bonding by the π-electron system, 
but at higher potentials i t s i t s up and bonds v ia the nitrogen (34). 

A SNIFTIRS study of the adsorption of p-difluorobenzene on plat ­
inum (35) showed a change of packing with concentration. The deple­
tion of the solution produced by molecules adsorbing onto the electrode 
in adsorption/desorption cycles was clearly seen. Ten bands in the 
range 3100 cm"1 to 450 cm were observed as a reduction in absorbance 
on adsorption; the positive going bands in figure 11. However, only 
two of these, the only two allowed by the surface selection rule for a 
molecule oriented f lat on the surface (the b 3 u modes) were seen as 
increased absorbances at frequencies shifted somewhat to lower wave-
number and clearly arising from the adsorbed state; the negative going 
bands. At higher concentrations of the solution, the need to pack 
more molecules onto the surface is sat isf ied by the t i l t i n g of the 
molecules at an angle to the surface. This i s seen as the appearance 
of weak absorbances from the b l u and b 2 u modes of the adsorbed mole­
cules . 

A part icularly interesting example of molecular adsorption is seen 
for acryloni tr i le on gold under the same conditions as were used for 
the benzonitrile example discussed previously. The EMIRS spectra (13) 
for modulation over a range of potential where the adsorbate was at 
constant coverage contained two unipolar bands. Normally, only 
bipolar bands would be expected from an adsorbate at constant coverage 
aris ing from the effects of the shift (dV/dE)^. Moreover, these bands 
correspond to the C=N and C=C stretches but with each shifted 100 cm""1 

to lower wavenumbers as would be expected for a molecule adsorbed f lat 
and bonding v ia the π-electron system. However, the surface selec­
t ion rule requires that these bands should be inactive from a molecule 
so oriented. In order to account for the appearance of these bands a 
vibronic coupling to the e l ec tr i ca l f i e l d in the double layer was 
postulated (7) and this has been interpreted subsequently as a mani­
festation of the Stark effect (12,13). The frequency of the C=N 
stretch band from the adsorbed molecule was seen to move markedly to 
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Figure 11. SNIFTIRS spectra from a Pt electrode in 1M HClOi» 
0.5 mM p-difluorobenzene. Modulation from +0.2V to +0.4V. 
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higher frequencies as the potential was made more posit ive. This 
indicates that bonding to the gold is predominantly by electron dona­
tion into the π antibonding orbi ta l and not from the f i l l e d π orbi ta l 
to the metal. 

The Electrochemically Activated Stark Effect 

The polar isabi l i ty of a molecule w i l l vary during vibrations which 
change the internuclear separations. Thus the vibrations of a mole­
cule s i t t ing in an e lec tr ica l f i e l d w i l l be coupled to the f i e l d v ia 
the po lar i sabi l i ty . This should be particularly noticeable for a 
molecule adsorbed on an electrode surface where the f i e l d strength i s 
typical ly in the range 10 5-10 8 V cm"1. The dipole, perpendicular to 
the surface, induced in the molecule by the stat ic e lectr ic f i e l d w i l l 
fluctuate in step with the normal mode vibrations of the molecule. 
Thus the IR active mode
the polar isabi l i ty matri
selection rule and the norma
active modes could become accessible. This effect has been formal­
ized and i t s significance assessed in a discussion (12) which compares 
i t s magnitude for a number of different molecules. In the case of 
acryloni tr i le adsorption discussed in the previous section, the inten­
sity of the C=N stretch band appears to vary with the square of the 
e lec tr ic f i e ld strength as expected for the Stark effect mechanism. 
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Surface Spectroscopy of Platinum-Cadmium Sulfide-
Perfluorosulfonate Polymer Systems 

N. Kakuta, J. M. White, A. Campion, A. J. Bard, M. A. Fox, S. E. Webber, and M. Finlayson 
Department of Chemistry, The University of Texas—Austin, Austin, TX 78712 

Films on Pt/CdS/Nafio
investigations of photoassisted H2 production from H2O. 
These films were characterized using scanning electron 
microscopy, x-ray photoelectron spectroscopy and x-ray 
diffraction. Induction periods, observed in the photo-
assisted H2 production, correlate with the extent of 
reduction of partially oxidized Pt to Pt° as measured 
by the Pt(4f) binding energy changes. Two crystal forms 
of CdS (cubic and hexagonal) were detected by x-ray diff­
raction. The scanning electron micrographs show that 
samples dominated by the cubic form have a very rough 
surface compared to the hexagonal form. The S(2p) binding 
energies indicate that the surface of the hexagonal form 
is rich in sulfate ion, whereas the surface of the cubic 
form is dominated by sulfide ion. 

Over the past several years, interest in photoassisted reactions 
involving semiconductors has expanded (1). Among the interesting 
relatively small bandgap materials is CdS (bandgap=2.4 eV). In 
operating systems, CdS has been stabilized with respect to photo-
decomposition by the addition of sacrificial reagents (2). Recent­
ly, the cleavage of water in a colloidal CdS/Pt/RuÔ  system has been 
reported (3) and has led to increased interest in this system (4). 

While these colloidal systems are very interesting, another 
approach with considerable promise involves localizing the photo­
active species and other catalytic components in a polymer membrane. 
This has recently been accomplished for CdS in polyurethane (5) and 
Nafion (6). This kind of system lends itself to characterization 
using surface analytical techniques while at the same time preserv­
ing many of the small particle features of colloids. In this paper 
we examine how the CdS crystal structure and the state of the Pt in 
a CdS/Pt/Nafion system influences the rate of hydrogen generation 
in a system containing a sacrificial electron donor, Ŝ -. A 
detailed account of the photoassisted H2 production rates is given 
elsewhere (6b). 
NOTE: Naf ion is Du Pont's brand name for perfluorosulfonate polymers. 
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Experimental 

Platinum was added to Nafion before i n c o r p o r a t i n g CdS i n order to 
avoid the r e d u c t i o n of CdS during the p l a t i n i z a t i o n process. Nafion 
(DuPont 117, 0.018 cm t h i c k ) f i l m s were soaked i n P t ( N H 3 ) 2 I 2 

(0.1 mM) s o l u t i o n f o r 4 hr. The amount of the Pt complex i n c o r ­
porated was determined by measuring the o p t i c a l a bsorption change 
i n the l i q u i d phase. The f i l m s were subsequently reduced w i t h 
NaBH^ (0.1 M) s o l u t i o n f o r one day to produce Pt metal dispersed 
throughout the polymer f i l m . The amount of Pt was found to be 
about 0.02 mg cm -2. 

CdS was incorporated i n t o these p l a t i n i z e d f i l m s u s i n g two 
methods. In the f i r s t , the f i l m was soaked i n a 0ά(Ν0β)2 (0.5 M) 
s o l u t i o n f o r 1 h r , washed w i t h water, soaked i n b o i l i n g HNO3 
(0.03 M, pH=2.1) s o l u t i o n , t r e a t e d w i t h bubbling H^S f o r 10 min and 
f i n a l l y washed w i t h b o i l i n
orange. 

In the second method, the p r e p a r a t i o n d i f f e r e d only i n the H 2S 
treatment which was c a r r i e d out at room temperature i n d i s t i l l e d 
water. In both cases the amount of CdS incorporated was determined 
by polarographic r e d u c t i o n of Cd^+ to be 1.3 mg cm~2. 

The photodriven production of hydrogen was c a r r i e d out using 
1 cm χ 1 cm f i l m s i n a 10 ml Pyrex t e s t tube c o n t a i n i n g 3 ml of 
0.1 M Na 2S s o l u t i o n (pH=13). P r i o r to i r r a d i a t i o n , these s o l u t i o n s 
were degassed by bubbling N 2 through them. I r r a d i a t i o n was"done 
w i t h a 1 kW Xenon lamp. The l i g h t was f i l t e r e d through water to 
remove most of the IR r a d i a t i o n . The amount of hydrogen formed was 
measured w i t h a gas chromatograph. 

The f i l m s were c h a r a c t e r i z e d using x-ray powder d i f f r a c t i o n 
(XRD), x-ray photoelectron spectroscopy (XPS) and scanning e l e c t r o n 
microscopy (SEM). The photoelectron spectroscopy u t i l i z e d a Vacuum 
Generators ESCA Lab I I system w i t h Mg(Kot) r a d i a t i o n . Binding ener­
gies (BE) were measured w i t h respect to the surface C ( l s ) peak 
(284.5 eV) which was always present i n these f i l m s . Scanning e l e c ­
t r o n microscopy was done w i t h a JEOL JSM-35C system. 

Resu l t s and D i s c u s s i o n 

Pt/CdS/Nafion. Figure 1 shows the time dependence of the e v o l u t i o n 
of hydrogen f o r the i r r a d i a t e d f i l m s . The f i r s t p r e p a r a t i o n method 
gives the hexagonal form ( 7 ) . In both cases x-ray l i n e w i d t h analy­
s i s i n d i c a t e s p a r t i c l e s i z e s of 20 nm. The H 2 generation r a t e i s 
at l e a s t three times f a s t e r f o r the cubic form than f o r the hexagon­
a l form. Generally speaking, the XRD and SEM a n a l y s i s i n d i c a t e s 
small p a r t i c l e s of CdS and Pt i n i n t i m a t e contact. 

Figure 1 a l s o shows an i n d u c t i o n p e r i o d during which the r a t e 
of H 2 production a c c e l e r a t e s . Although t h i s e f f e c t i s more pro­
nounced f o r the hexagonal CdS sample, i t i s present i n both. Further 
r e s u l t s , summarized i n F i g . 2, emphasize t h i s i n d u c t i o n p e r i o d . The 
curves l a b e l l e d (1) and (2) i n v o l v e d repeated use of the same f i l m . 
Between runs (1) and (2) the f i l m was washed i n b o i l i n g water. 
C l e a r l y the r a t e of H 2 e v o l u t i o n was s i g n i f i c a n t l y f a s t e r i n the 
second run. Repeated experiments gave data superimposable on curve 
(2). 
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T i m e 

Figure 1. Comparison of H 2 generation from p l a t i n i z e d hexagonal 
CdS (curve A) and cubic CdS (curve B) i n Nafion 117. The i n s e r t 
shows x-ray powder d i f f r a c t i o n s p e c t r a of CdS i n these f i l m s . 
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0 2 0 4 0 6 0 8 0 100 (min) 

T ime 

Figure 2. Time dependence of hydrogen production i n a 1 cm 2 

Nafion f i l m c o n t a i n i n g CdS (1.3 mg c n r 2 ) and Pt (0.02 mg cm" 2). 
Curves (1) and (2) are repeated runs w i t h the same f i l m . The 
dashed curve i s f o r a d i f f e r e n t f i l m pretreatment. See t e x t f o r 
d e t a i l s . 
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In another experiment, a new f i l m was p r e t r e a t e d by bubbling 
H2 at 1 atm and 300 Κ through the s o l u t i o n f o r 0.5 hr p r i o r to the 
N 2 treatment described above. The a c t i v i t y of t h i s f i l m i s shown 
i n F i g . 2, dashed curve. I t i s c l o s e r to (2) than ( 1 ) , and the 
i n d u c t i o n time i s r e l a t i v e l y s h o r t . This i n d i c a t e s t h a t , during the 
i n i t i a l stages of i r r a d i a t i o n w i t h a f r e s h f i l m , the a c t i v i t y i s 
enhanced by some process i n v o l v i n g hydrogen. 

S i m i l a r r e s u l t s have r e c e n t l y been reported by Aspnes and 
H e l l e r (8). They proposed an a u t o c a t a l y t i c model f o r photoactive 
systems i n v o l v i n g metal/compound semiconductor i n t e r f a c e s . To 
e x p l a i n i n d u c t i o n times i n CdS systems ( 9 ) , they suggest that hydro­
gen incorporated i n the s o l i d lowers the b a r r i e r to charge t r a n s f e r 
across the i n t e r f a c e and thereby a c c e l e r a t e s H 2 production r a t e s . 

While our r e s u l t s f o l l o w the same trend and may i n v o l v e s i m i l a r 
e f f e c t s , surface a n a l y s i s u s i n g XPS i n d i c a t e s that the o x i d a t i o n 
s t a t e of Pt i s a l s o s i g n i f i c a n t
eV on f r e s h f i l m s . A f t e
the BE dropped to 71.3 eV. For a Pt f o i l , the measured BE was 71.2 
eV. We conclude that whole Pt was p a r t i a l l y o x i d i z e d i n the f r e s h 
f i l m s and that during the e a r l y stages of hydrogen production, i t 
was reduced to Pt°. This change i n o x i d a t i o n s t a t e i s , we b e l i e v e , 
r e l a t e d to the change i n H 2 production a c t i v i t y . 

To i n v e s t i g a t e t h i s f u r t h e r , we probed the s t a t e of Pt before 
CdS i n c o r p o r a t i o n i n t o the f i l m . A f t e r Pt i n c o r p o r a t i o n and reduc­
t i o n w i t h NaBH4, the P t ( 4 f ) BE was 71.1 eV, i n d i c a t i n g that P t 2 + 

complexes were completely reduced to Pt°. Pt i n f i l m s without CdS 
can be o x i d i z e d by b o i l i n g i n n i t r i c a c i d as i n d i c a t e d by the f i l m s 
becoming c l e a r . Thus, the o x i d i z e d Pt species present i n f r e s h 
CdS/Pt/Nafion f i l m s i s formed at some p o i n t during the CdS i n c o r p o r ­
a t i o n process. Thus, w h i l e not excluding the process proposed by 
Aspnes and H e l l e r ( 8 ) , we consider the r e d u c t i o n of p a r t i a l l y o x i ­
d i z e d Pt as r e s p o n s i b l e , i n p a r t , f o r the observed i n d u c t i o n p e r i o d 
(10). 

CdS/Nafion. Scanning e l e c t r o n microscopy (SEM) of the CdS f i l m s 
prepared by both methods revealed a s t r i k i n g d i f f e r e n c e i n the 
surface roughness of cubic and hexagonal CdS i n Nafion ( F i g . 3 ) . 
Examination of a c r o s s - s e c t i o n e d f i l m by SEM d i d not show any mor­
p h o l o g i c a l d i f f e r e n c e s i n the two c r y s t a l forms i n the i n t e r i o r of 
the Nafion. X-ray fluorescence demonstrated that Cd was d i s t r i b u t e d 
throughout the N a f i o n , w i t h a s l i g h t l y higher c o n c e n t r a t i o n near the 
outer surface ( F i g . 3). 

The XPS of the Cd(3d) r e g i o n shows ( F i g . 4) that the cubic CdS 
f i l m has a Cd(3d 5/2) BE of 405.6 eV, w h i l e the hexagonal CdS f i l m 
has a peak at 406.4 eV. A f t e r A r + bombardment f o r a short time of 
the hexagonal CdS f i l m , the peak p o s i t i o n does not s h i f t but the 
i n t e g r a t e d i n t e n s i t y i n c r e a s e s . 

Figure 5 shows XPS f o r the S(2p) r e g i o n . The cubic CdS f i l m 
has peaks at 161.7 and 168.9 eV. Hexagonal CdS has only one peak at 
169.6 eV which a f t e r A r + bombardment decreases i n i n t e n s i t y and 
broadens. Based on a systematic comparison w i t h b i n d i n g energies 
reported on a v a r i e t y of cadmium and s u l f u r compounds (11), we 
a s s i g n the Cd(3d 5/2) 405.6 eV peak to Cd 2+ i o n of CdS and the S(2p) 
161.7 eV peak to S 2~ i o n of CdS. 
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Figure 3. SEM photographs of hexagonal CdS/Nafion and cubic 
CdS/Nafion. 
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Figure 4. Cd(3d) XPS sp e c t r a of hexagonal CdS/Nafion (A) and 
cubic CdS/Nafion (B) f i l m s . 
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Figure 5. S(2p) XPS s p e c t r a of hexagonal CdS/Nafion (A) and 
cubic CdS/Nafion (B) f i l m s . 
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To e l u c i d a t e the higher BE peaks [S(2p) 168.9, 169.6 eV], we 
examined the Nafion f i l m i t s e l f because i t has -SO3" c a t i o n exchange 
s i t e s . Only C ( l s ) and F ( I s ) peaks were observed. No S(2pJ peak was 
observed even a f t e r A r + bombardment. This r e s u l t suggests that the 
surface c o n c e n t r a t i o n of c a t i o n exchange s i t e s i n v o l v i n g -SO3 i s low. 
S u l f u r l o c a t e d w e l l below the surface would, of course, hot be de­
t e c t e d by XPS. We a s s i g n the higher BE S(2p) peak to a surface s u l ­
f a t e species (11). 

The surface atomic r a t i o s (Cd/F, S/F and C(nafion)/F) c a l c u l a t e d 
from the XPS peak areas are l i s t e d i n Table I . The r e s u l t s i n d i c a t e 
that the cubic-CdS f i l m has a higher surface c o n c e n t r a t i o n of CdS 
than the hexagonal f i l m . In both, the C ( l s ) / F ( l s ) r a t i o i s s i m i l a r 
to Nafion i t s e l f . 

The higher BE f o r the Cd(3d) peak f o r the f i l m c o n t a i n i n g hex­
agonal CdS can be understood i n terms of surface charging of the 
sample under x-ray i r r a d i a t i o n
sample i s not as r i c h i
Nafion to p l a y a greater r o l e i n the former, and t h i s would lead to 
a great surface charge. S h i f t s to higher BE and extensive broaden­
i n g would then be expected, as observed. This c o n c l u s i o n based on 
XPS i s c o n s i s t e n t w i t h the SEM data. We conclude that the surface 
d e n s i t y of CdS i s higher f o r the cubic CdS and that the hexagonal 
CdS f i l m surface contains a l a r g e amount of s u l f a t e i o n . One can 
speculate that the presence of s u l f a t e may c o n t r i b u t e to the lower 
a c t i v i t y of the hexagonal form f o r the photoassisted production of 
hydrogen. 

Table I . XPS Peak R a t i o s 

(a) a-CdS β-CdS 

C d ( 3 d 5 / 2 ) / F ( l s ) 0.04 8.4 

S ( 2 p ) / F ( l s ) 0 . 0 2 ( b ) 1.6 

C ( l s ) / F ( l s ) 0.1 0.1 

(a) 
Nafion F ( I s ) peak was used as 

^ T h i s peak was assigned to SO2" 

standard. 
' s p e c i e s . 
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47 
New Catalysts and New Electrolytes for Acid Fuel Cells 
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In the phosphoric acid fuel cell as currently practiced, a premium 
(hydrogen rich) hydrocarbon (e.g. methane) fuel is steam reformed to 
produce a hydrogen feedstock to the cell stack for direct (electro­
chemical) conversion to electrical energy. At the fuel electrode, 
hydrogen ionization is accomplished by use of a catalytic material 
(e.g. Pt, Pd, or Ru) to form solvated protons, 

H2 + S -> 2 [HS+] + 2e-
At the cathode, air is reduced catalytically by reaction with 
solvated protons to generate the product water 

½ O2 + 2 [HS+] + 2e- -> H2O + S 
In practical cells, the acid concentration is very high (>95%) and 
the solvated protonic species are not actually known, i.e. H3O+ and 
H4PO4+ but probably very l i t t l e H9O4+. In order to maximize waste 
heat utilization, the cell stack operating temperature has been 
increased to the maximum value tolerated by the materials in current 
use, which is presently about 200°C. Catalysis is the key to the 
commercial viability of fuel cells, particularly the air cathode 
catalysis, as much more polarization occurs at the cathode than at 
the anode. Because of the severe operating conditions of the cell 
stack, the choice of catalytic materials is extremely limited. At 
present, the emphasis in cathode materials research is to find 
catalysts that provide improved kinetics over the integrated 
lifetime of the cell stack (ca. 40,000 hrs.). The baseline cathode 
material is Pt supported on a graphitized carbon black, usually at a 
weight loading of 10%, and a crystallite size of ca. 3 ± 0.5 nm 
(i.e. about 30 percent exposed as measured by hydrogen chemisorption). 
At the end-of-life, we project that some Pt will be lost from the 
cathodes, and the crystallite size will have increased considerably, 
to 10-15 nm or more. The actual end-of-life conditions for the 
baseline catalyst are not known, since phosphoric acid fuel cell 
stacks have not yet been operated for the expected lifetime. 
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Recent t e s t i n g i n phosphoric a c i d f u e l c e l l s has shown improved 
performance usin g promoted Pt on carbon c a t a l y s t s i n the a i r cathode. 
The promoters are oxides of the base t r a n s i t i o n metals, e.g., T i ( 1 ) , 
V C2), Cr (_3), Zr (1_), or Ta ( 1). The r o l e of these promoters i n 
the a i r cathode i s u n c l e a r , and some have suggested that the a c t i v e 
c a t a l y s t s are a l l o y s of the Pt wi t h the t r a n s i t i o n metal (1,4) which 
form during heat-treatment of the oxide impregnated precursor. In 
the f i r s t s e c t i o n of t h i s paper, we review the work from the Lawrence 
Berkeley Laboratory on the study of the mechanism of promotion of a i r 
cathode performance by these t r a n s i t i o n metal a d d i t i v e s . 

Phosphoric a c i d does not have a l l the p r o p e r t i e s of an i d e a l f u e l 
c e l l e l e c t r o l y t e . Because i t i s che m i c a l l y s t a b l e , r e l a t i v e l y non­
v o l a t i l e at temperatures above 200°C, and r e j e c t s carbon d i o x i d e , i t 
i s u s e f u l i n e l e c t r i c u t i l i t y f u e l c e l l power p l a n t s that use f u e l 
c e l l waste heat to r a i s e steam f o r reforming n a t u r a l gas and l i q u i d 
f u e l s . Although phosphori
the above p r o p e r t i e s , i
e l e c t r o d e k i n e t i c s when compared wi t h other e l e c t r o l y t e s (.5) i n c l u d
ing such m a t e r i a l s as s u l f u r i c and p e r c h l o r i c a c i d s , whose chemical 
i n s t a b i l i t y at Τ > 120°C render them u n s u i t a b l e f o r u t i l i t y f u e l 
c e l l use. In the second part of t h i s paper, we w i l l review progress 
towards the development of new a c i d e l e c t r o l y t e s f o r f u e l c e l l s . 

New C a t a l y s t s 

A l l of the p r e p a r a t i o n procedures f o r the oxide promoted c a t a l y s t s 
(l_-4_) shared one common f e a t u r e , heat-treatment of the oxide impreg­
nated Pt on carbon c a t a l y s t s i n an i n e r t atmosphere at elevated 
temperature, u s u a l l y around 900°C. I f an " a l l o y " phase of Pt wi t h 
the metal of the metal oxide i s formed by t h i s heat-treatment, t h e r ­
mal r e d u c t i o n would have to occur w i t h carbon as reducing agent, e.g. 

Pt + T i 0 2 + C -. P t 3 T i + C0 2 

This r e d u c t i o n i s thermodynamically favorable due to the very 
exothermic free-energy of formation of ΡίβΤί ( 6 ) . However, such 
r e d u c t i o n r e a c t i o n s would r e q u i r e , i n p r i n c i p l e , the p h y s i c a l contact 
of three phases, which seems u n l i k e l y ; i t i s more l i k e l y that i t 
proceeds through a complex pathway i n v o l v i n g a s e r i e s of two-phase 
r e a c t i o n s . To understand these e s s e n t i a l r e d u c t i o n r e a c t i o n s , we 
conducted a s e r i e s of model st u d i e s of oxide o v e r l a y e r s on Pt sur­
faces. Because of the d i f f i c u l t y i n c h a r a c t e r i z i n g supported m u l t i -
m e t a l l i c c a t a l y s t s , we decided to s e l e c t j u s t one of the b i m e t a l l i c 
systems f o r d e t a i l e d study, r a t h e r than attempt the c h a r a c t e r i z a t i o n 
of the s t a t e of s e v e r a l d i f f e r e n t metal oxide promoters. We i n i ­
t i a l l y s e l e c t e d the Pt/Zr02 system because of the very strong i n t e r -
m e t a l l i c bonding between Pt and Zr (7^). However, f o l l o w i n g an 
i n i t i a l study of the surface chemistry of ZrO x o v e r l a y e r s on Pt ( 8 ) , 
we decided that the Pt/Ti02 system was a more i n t e r e s t i n g c hoice. 
The Pt/Zr02 system had the major disadvantage that very high tempera­
tures (1200°K) were req u i r e d to cause r e a c t i o n s between the ZrO x and 
P t ( Z r ) phases to occur, whereas i n the Pt/Ti02 system the analogous 
r e a c t i o n s occurred at ca. 500 Κ lower temperatures. We a t t r i b u t e d 
t h i s e f f e c t to the smaller m e t a l l i c radius of T i vs. Zr, not i n g that 
the r a d i i of T i , V, Cr and Ta are a l l much smaller than Zr. 
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Surface Chemistry of TiO^ Overlayers on Pt 

Auger e l e c t r o n spectroscopy (AES) of T1O2 ove r l a y e r s on Pt(100) 
s i n g l e c r y s t a l was used to f o l l o w the changes i n surface composition 
w i t h thermal annealing (9) i n UHV. Ge n e r a l l y the ove r l a y e r s were ca. 
4 monolayers t h i c k , prepared by e l e c t r o n beam evaporation of T i metal 
wit h simultaneous oxygen dosing. Above an annealing temperature of 
600°K, the O/Ti and T i / P t AES r a t i o s changed as a f u n c t i o n o f time, 
i n d i c a t i n g r e d u c t i o n of the oxide o v e r l a y e r and d i s s o l u t i o n of T i 
i n t o the Pt bulk. I t was not c l e a r where the oxygen i n the o v e r l a y e r 
went, but since i n most UHV systems [Η2]/[Η2θ] » 1 and/or [CO]/ 
[CO2] » 1, i t i s presumed to have l e f t the surface as H2O or C02-
In the presence of a d e l i b e r a t e l y introduced reducing gas l i k e H2 or 
CO ( t y p i c a l l y 100 L dose), the 0/Ti AES r a t i o decreased more r a p i d l y 
than f o r thermal annealing, but the r a t e of the T i / P t AES r a t i o 
change was un a f f e c t e d , i n d i c a t i n
d i f f u s i o n ) was the slowe
the oxygen surface c o n c e n t r a t i o n went to e s s e n t i a l l y zero, i n d i c a t i n g 
that at t h i s temperature (and p o s s i b l y at lower temperatures as w e l l ) 
t i t a n i u m was d i s s o l v e d i n t o Pt as T i metal, and not as "TiO , f as 
reported by Gorty (10). The d i f f e r e n c e may be due to the p o l y -
c r y s t a l l i n e nature of the Pt substrate used i n (10) and g r a i n 
boundary d i f f u s i o n of "TiO" species. I t was c l e a r from the o v e r l a y e r 
s t u d i e s that w i t h thermal annealing i n reducing atmospheres, T1O2 
ove r l a y e r s on Pt can be completely d i s s o l v e d , forming P t - T i a l l o y 
surface phases of nominal composition P t x T i (3 £ χ £ 8 ) . Therefore, 
i t seemed reasonable to conclude that s i m i l a r r e a c t i o n s can occur i n 
the supported T1O2 impregnated c a t a l y s t s , and that a l l o y phases are 
res p o n s i b l e f o r the enhanced c a t a l y s i s . 

Surface Chemistry of Pt - T i A l l o y s 

The most recent work on the s t r u c t u r e of the bulk a l l o y s of 
composition P t x T i (3 £ χ £ 8) i s by Schryvers et a l . (11). They 
reported that i n the composition range between those f o r the ordered 
phases P t e T i and ΡίβΤί there e x i s t s two long-period antiphase bound­
ary s t r u c t u r e s based on the face-centered cubic s t r u c t u r e . They 
suggest that due to strong o r d e r i n g forces extending over s e v e r a l 
atomic separations (as e x h i b i t e d by ΡίβΤί) there i s no composition i n 
t h i s range i n which the a l l o y phase i s a s o l i d - s o l u t i o n ( d i s o r d e r e d ) . 
We have stud i e d the surface p r o p e r t i e s of the model systems ΡίβΤί 
e x t e n s i v e l y , i n c l u d i n g the surface composition and s t r u c t u r e (12), 
the e l e c t r o n i c p r o p e r t i e s (13), the r e a c t i v i t y of the surface towards 
oxygen (14), and small molecules adsorption on the surface (15). 
These st u d i e s have shown that while the P t 3 T i surfaces have very 
i n t e r e s t i n g p r o p e r t i e s f o r c a t a l y s i s i n reducing atmospheres, which 
may be r e l a t e d to the SMSI e f f e c t i n CO/H2 chemistry on Pt/Ti02 (16). 
the r e a c t i v i t y o f the T i i n the surface towards oxygen i s very h i g h , 
r e s u l t i n g i n the formation of T i O x o v e r l a y e r s on a Pt enriched 
( r e l a t i v e to the bulk) surface l a y e r . The st o i c h i o m e t r y and coverage 
by T i 0 x depend on the o x i d a t i o n c o n d i t i o n s . At 350°C i n a i r , which 
i s a common c u r i n g ( of polymer binder) c o n d i t i o n during e l e c t r o d e 
p r e p a r a t i o n , the surface becomes covered by a dense, compact m u l t i ­
l a y e r of T1O2. C u r i o u s l y , there i s some evidence of proton conduc­
t i o n through t h i s f i l m when the surface i s immersed i n d i l u t e a c i d 
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s o l u t i o n . However, under the c o n d i t i o n s of use i n phosphoric a c i d 
f u e l c e l l s , very concentrated hot a c i d , the T1O2 o v e r l a y e r s are d i s ­
solved r a p i d l y , l e a v i n g an e s s e n t i a l l y pure Pt s u r f a c e . These 
st u d i e s suggest that the e l e c t r o c a t a l y t i c p r o p e r t i e s of Pt3Ti i n 
commercial f u e l c e l l s would be the same as pure Pt. There i s the 
p o s s i b i l i t y that the Pt surface l e f t a f t e r T1O2 d i s s o l u t i o n i s an 
a t o m i c a l l y rough s u r f a c e , and th e r e f o re the comparison to "pure P t " 
would have to be made t a k i n g i n t o account d i f f e r e n c e s i n morphology. 

C h a r a c t e r i z a t i o n of TiO^ Promoted Pt C a t a l y s t s 

C h a r a c t e r i z a t i o n s t u d i e s of the oxide impregnated Pt on carbon 
c a t a l y s t are being conducted to determine the chemical s t a t e of the 
admetal as a f u n c t i o n of heat treatment. U l t i m a t e l y one wants to 
supplement these "dry" c h a r a c t e r i z a t i o n s w i t h c h a r a c t e r i z a t i o n s of 
the "wet" s t a t e , i . e . a
These c h a r a c t e r i z a t i o n
no r e s u l t s published as yet. The techniques of x-ray d i f f r a c t i o n 
(XRD), x-ray photoelectron spectroscopy (XPS), and extended x-ray 
absorption f i n e s t r u c t u r e spectroscopy (EXAFS) are being used i n 
combination. Each of the techniques "looks a t " the c a t a l y s t i n a 
d i f f e r e n t way and each provides a d i f f e r e n t k i n d of c h a r a c t e r i z a t i o n . 
We are using XRD to i n d i c a t e any phases present i n c r y s t a l l i n e form, 
XPS to determine the valence s t a t e s of T i , and EXAFS to determine 
the l i g a n d c o o r d i n a t i o n about the T i atoms. In a supported c a t a l y s t 
both XPS and EXAFS are " i n t e g r a l " techniques, that i s they sample 
a l l the T i atoms present. Table I reports the b i n d i n g energies 
f o r T i (2p) i n standard m a t e r i a l s that represent the expected pos­
s i b l e chemical s t a t e s of the T i . 

Table I. XPS Binding Energies f o r T i 2P3/2 i n D i f f e r e n t Chemical 
States 

. State B.E. Chemical S h i f t 
T i 453.8 eV r e f . 
TiO 454.6 +0.8 
TiC 454.7 +0.9 
T i P t 3 454.9 +1.1 
T i 0 2 458.5 +4.7 
T1CI3 459.4 +5.6 

Energy sc a l e referenced to carbon IS at 284.6 eV. 

The +4 and +2 s t a t e s are e a s i l y d i s t i n g u i s h e d from the m e t a l l i c 
s t a t e , but t i t a n i u m i n the ordered a l l o y Pt3Ti has the n e a r l y same 
chemical s h i f t as i n TiC which i s a l s o a p o s s i b l e r e d u c t i o n product. 
XPS alone would not be capable of r e l i a b l y r e s o l v i n g the reduced 
s t a t e of T i . But the b a c k s c a t t e r i n g c r o s s - s e c t i o n of Pt i s enormous­
l y greater than that of carbon, so the EXAFS coupled wi t h XPS pro­
vides a c l e a r d i s c r i m i n a t i o n of T i i n TiC and T i i n Pt3Ti c l u s t e r s 
too small to be observed i n XRD p a t t e r n s . A summary of the q u a l i t a ­
t i v e c h a r a c t e r i z a t i o n h e a t - t r e a t e d T1O2 impregnated Pt on carbon 
c a t a l y s t i s given i n Table I I . 
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Table I I . C h a r a c t e r i z a t i o n s of State of T i as a Function of 
Heat-Treatment Temperature 

Method ( c h a r a c t e r i z a t i o n ) 
Sample XRD(phases) XPS(valence) EXAFS(1igands) 

TiO^ impregnated amorphous +4 0 
HT 700°C " +4 + 0 
HT 900°C TiC, Pt a l l o y +4, "+1"+ 0, Pt 
HT 1200°C P t 3 T i "+1" Pt 

+ 
+ " + l " i s nominal o x i d a t i o n s t a t e of T i i n P t 3 T i [J_3] or TiC. 

C u r i o u s l y , very l i t t l e TiC was observed at any stage of the t r e a t ­
ment; i t does not appear to be an intermediate to a l l o y phase forma­
t i o n . A s i g n i f i c a n t amount of a l l o y phase appears only at 900°C and 
above. At 1200°C, ΡίβΤί i s the predominant T i phase present. 

Fuel c e l l t e s t i n g has i n d i c a t e d that the promotional e f f e c t of 
T1O2 i s observed a f t e r heat t r e a t i n g at 900°C.; at 700°C the heat 
treatment had a small promotional e f f e c t that was not regarded as 
s i g n i f i c a n t . Therefore, a l l o y i n g may be e s s e n t i a l to the promo­
t i o n a l e f f e c t . However, a key element we are missing from the char­
a c t e r i z a t i o n mix i s knowledge of the p h y s i c a l s t r u c t u r e of the phases. 
Such s t r u c t u r a l c h a r a c t e r i z a t i o n i s p o s s i b l e by transmission e l e c t r o n 
microscopy (TEM) and such s t u d i e s are i n progress. 

Current Status of New C a t a l y s t s 

Based on the c h a r a c t e r i z a t i o n s t u d i e s and the behavior of the model 
systems, i t appears that the promotion e f f e c t of oxides of T i , V, 
Zr, Ta and Cr i s probably not t r u l y c a t a l y t i c . The most probable 
mechanisms are changes i n p h y s i c a l p r o p e r t i e s of the Pt c a t a l y s t i n 
the "dry" s t a t e which r e s u l t i n improved e l e c t r o d e performance due 
to two e f f e c t s : 1) a Pt c r y s t a l l i t e shape/morphology e f f e e t , where 
the base metal oxide acts to impede Pt c r y s t a l l i t e s i z e growth (by 
coalescence) but allows surface d i f f u s i o n to occur and e q u i l i b r i u m 
shapes to form during heat treatment; 2) the oxide acts as a " f l u x " 
f o r improving the w e t a b i l i t y of the c a t a l y s t when f a b r i c a t e d i n t o 
a gas d i f f u s i o n e l e c t r o d e , r e s u l t i n g i n higher c a t a l y s t l a y e r e f f e c ­
tiveness f a c t o r s . Both of these e f f e c t s have been discussed i n the 
l i t e r a t u r e , but not with respect to how a d d i t i v e s or promoters might 
r e l a t e to such e f f e c t s . The e f f e c t of Pt c r y s t a l l i t e shape/morphol­
ogy on oxygen re d u c t i o n a c t i v i t y has been discussed at length (17), 
and i t i s c l e a r that metal oxides can have an i n d i r e c t e f f e c t on 
oxygen a c t i v i t y v i a m o d i f i c a t i o n of shape/morphology. The e f f e c ­
t i v e n e s s f a c t o r f o r the c a t a l y s t l a y e r i s known to be extremely sen­
s i t i v e to p h y s i c a l p r o p e r t i e s of the carbon, the T e f l o n d i s p e r s i o n , 
the use of we t t i n g agents, the h y d r o p h i l i c i t y of the SiC m a t r i x , 
e t c . , and i t i s a d i f f i c u l t matter to determine t r u l y c a t a l y t i c 
e f f e c t s from e l e c t r o d e s t r u c t u r a l e f f e c t s . Watanabe et a l . (18) 
have r e c e n t l y presented data showing that a novel e l e c t r o d e f a b r i ­
c a t i o n method enhanced the performance of "standard" Pt c a t a l y s t by 
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ca. 40 mV, which i s about the same performance enhancement by metal 
oxides reported i n References 1-4. 

New E l e c t r o l y t e s 

Recent work has shown that use of concentrated trifluoromethane 
s u l f o n i c a c i d (TFMSA) i n place of concentrated phosphoric a c i d en­
hances the a c t i v i t y of standard Pt ele c t r o d e s f o r oxygen r e d u c t i o n 
by 40 mV (which could improve the heat rate of f i r s t - g e n e r a t i o n f u e l 
c e l l s by 400 Btu/kWh) (19). I t shows the r e a l p o s s i b i l i t y that the 
c a t a l y t i c a c t i v i t y of platinum-based c a t a l y s t s i n phosphoric a c i d 
can be improved under u t i l i t y f u e l c e l l c o n d i t i o n s by the use of new 
e l e c t r o l y t e s , e s p e c i a l l y f l u o r i n a t e d s u l f o n i c or phosphoric a c i d s . 
However, trifluoromethane s u l f o n i c a c i d i s much too v o l a t i l e f o r 
p r a c t i c a l use i n u t i l i t y f u e l c e l l s . E f f o r t s to synthesize s u i t a b l e 
n o n - v o l a t i l e , s t a b l e f l u o r i n a t e
a c i d have been moderatel
been some doubt about th  oxyge
v o l a t i l e , higher homologs of TFMSA, and whether the k i n e t i c b e n e f i t s 
are r e t a i n e d i n the higher molecular weight a c i d s . Recent work (20) 
has shown t h a t , i n the absence of i m p u r i t i e s r e s u l t i n g from by­
products of the s y n t h e s i s , the k i n e t i c s i n the higher aci d s are 
i d e n t i c a l to those observed i n TFMSA (at the same pH and temperature). 
The r e s u l t allows some guarded optimism that the search f o r the 
optimum a c i d e l e c t r o l y t e w i l l u l t i m a t e l y prove to be s u c c e s s f u l . 
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48 
Carbonaceous Surfaces: Modification, Characterization, 
and Uses for Electrocatalysis 

Dale H. Karweik, Ing-Feng Hu, Sue Weng, and Theodore Kuwana 
Department of Chemistry, The Ohio State University, Columbus, OH 43210 

Glassy carbon electrodes polished wit  alumina and 
sonicated under clean conditions show activation for 
the ferri-/ ferro-cyanide couple and the oxidation of 
ascorbic acid. Heterogeneous rate constants for the 
ferri-/ ferro-cyanide couple are dependent on the 
quality of the water used to prepare the electrolyte 
solutions. For the highest purity solutions, the rate 
constants approach those measured on platinum. The 
linear scan voltammetric peak potential for ascorbic 
acid shifts 390 mV when electrodes are activated. 
Such reduction in overpotential is the largest 
observed for a bare glassy carbon electrode. The 
presence of surface quinones may be indicative of 
activation but does not appear to mediate the 
heterogeneous electron transfer. XPS results support 
the presence of quinones as a minor constituent on the 
surface. 

Although the initial use of glassy carbon as an electrode material 
indicated that it might be a viable substitute for platinum (1), 
subsequent investigations have shown that glassy carbon is quite 
complex as an electrode material. The conditions used to 
manufacture a particular sample of glassy carbon and the subsequent 
steps used to treat the surface for electrochemistry strongly 
influence its behavior, possibly even more so than with platinum. 
For example, the final heat treatment temperatures in the 
manufacture will produce different electrochemical properties, even 
with the same surface treatments (2-4) since the structure and 
electrical property of glassy carbon depends on the temperature, as 
indicated by the single crystal TEM patterns and by measurement of 
temperature dependent conductivity (5-6). On the other hand, it is 
also well established that the electrochemical properties of 
carbon-based electrodes are markedly affected by surface treatments. 

Several methods have been applied to treat and activate glassy 
carbon surfaces for use as an electrode. The simplest one uses 
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alumina or diamond abrasives to p o l i s h the surface and to produce a 
r e p r o d u c i b l e surface s t a t e . P o l i s h i n g has been o f t e n followed by 
s o n i c a t i o n to remove p o l i s h i n g m a t e r i a l and surface debris and by 
a d d i t i o n a l a c t i v a t i o n steps. These a c t i v a t i o n steps have included 
chemical ( 7 ) , e l e c t r o c h e m i c a l ( 8 ) , and thermal o x i d a t i o n s (9) as 
w e l l as r a d i o frequency plasma treatments (10). The o v e r p o t e n t i a l 
f o r the o x i d a t i o n of NADH and a s c o r b i c a c i d can be reduced, f o r 
example, by the generation of an " o x i d i z e d " surface (8,9) v i a an 
oxygen radio frequency plasma, e l e c t r o c h e m i c a l or chemical 
o x i d a t i o n . I t has r e c e n t l y been reported that c a r e f u l s e l e c t i o n of 
e l e c t r o d e p o l i s h i n g c o n d i t i o n s (11-12) or electrode heat treatments 
(9) a l s o a c t i v a t e s the observed heterogeneous e l e c t r o n t r a n s f e r 
process and provides a more reproducible i n i t i a l a c t i v i t y . T y p i c a l 
examples from our l a b o r a t o r y of such a c t i v a t i o n , using hydroquinone 
as a probe molecule, are shown i n F i g . 1. A c t i v a t i o n i s i n d i c a t e d 
by the decrease i n the separatio
cathodic p o t e n t i a l s . I
been subjected to a n a l y s i s by techniques (13) other than 
e l e c t r o c h e m i c a l ones. Thus, i t i s not p o s s i b l e to determine 
unambiguously what are the p r i n c i p a l r e s u l t s of the pretreatments. 
The only c l e a r consensus of o p i n i o n seems to be that surface 
pretreatraent i s necessary to produce reproducible and a c t i v e 
e l e c t r o d e s (14). 

Several mechanisms have been proposed to e x p l a i n the a c t i v a t i o n 
of carbon s u r f a c e s . These have included the removal of surface 
contaminants that hinder e l e c t r o n t r a n s f e r , an increase i n surface 
area due to micro-roughening or build-up of a t h i n porous l a y e r , and 
an increase i n the concentrations of surface f u n c t i o n a l groups that 
mediate e l e c t r o n t r a n s f e r . E l e c t r o d e d e a c t i v a t i o n has been 
c o r r e l a t e d with an u n i n t e n t i o n a l i n t r o d u c t i o n of surface 
contaminants (15). Improved elec t r o d e responses have been observed 
to f o l l o w treatments which increase the concentration of 
carbon-oxygen f u n c t i o n a l groups on the surface (7-8,16). In some 
cases, the l a t t e r were c o r r e l a t e d w i t h the presence of 
e l e c t r o c h e m i c a l surface waves (16-17). However, none of the above 
r e p o r t s discuss other p o s s i b l e mechanisms of a c t i v a t i o n which could 
be r e s p o n s i b l e f o r the e f f e c t s observed. 

The purpose of t h i s paper i s : 1) to describe the 
e l e c t r o c h e m i s t r y of f e r r i - / f e r r o - c y a n i d e and the o x i d a t i o n of 
a s c o r b i c at an a c t i v a t e d glassy carbon electrode which i s prepared 
by p o l i s h i n g the surface w i t h alumina and followed only by thorough 
s o n i c a t i o n ; 2) to describe experimental c r i t e r i a used to bench-mark 
the presence of an a c t i v a t e d electrode surface; and 3) to present a 
p r e l i m i n a r y d e s c r i p t i o n of the mechanism of the a c t i v a t i o n . The 
l a t t e r r e s u l t s from a s y n e r g i s t i c i n t e r p r e t a t i o n of the chemical, 
e l e c t r o c h e m i c a l and surface spectroscopic probes of the a c t i v a t e d 
s u r f a c e . Although the porous l a y e r may be important, i t s r o l e w i l l 
be considered elsewhere. 

Experimental 

E l e c t r o d e P r e p a r a t i o n . Glassy carbon (GC-20, Tokai Carbon, L t d . , 
Japan) was p o l i s h e d s u c c e s s i v e l y w i t h 600 g r i t , 1.0, 0.3, and 0.05 
μπι alumina powder (Buehler L t d . , Chicago, IL) s l u r r i e d w i t h t r i p l e 
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Figure 1. The redox behavior of 1,4-dihydrobenzene at a 
de a c t i v a t e d versus various a c t i v a t e d g l a s s y carbon e l e c t r o d e s . 
A. Deactivated by f i n a l p o l i s h i n g on a p o l i s h i n g c l o t h . S -
50 uA. 
B. A c t i v a t e d e l e c t r o d e i n A by p o l i s h i n g w i t h alumina. S . 50 
μΑ. 

C. A c t i v a t e d by heat treatment. S « 158 uA. 

Scan r a t e » 100 mV/sec. 
1 mM 1,4-dihydrobenzene i n 0.1 M phosphate b u f f e r w i t h 0.15 M 
sodium p e r c h l o r a t e at pH 2. 
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d i s t i l l e d water on a g l a s s o p t i c a l f l a t . The l a s t stages were 
continued u n t i l a m i r r o r - l i k e surface was obtained. The e l e c t r o d e 
and the o p t i c a l f l a t were thoroughly cleaned s e v e r a l times during 
the p o l i s h i n g procedure with t r i p l e d i s t i l l e d water and between each 
p o l i s h i n g step. A f t e r p o l i s h i n g , the e l e c t r o d e was sonicated f o r a 
t o t a l of ca. 10 minutes with 3 to 4 changes of t r i p l e d i s t i l l e d 
water during s o n i c a t i o n . The r e s u l t i n g "bare" glassy carbon 
e l e c t r o d e was used immediately to minimize the p o s s i b i l i t y of 
surface contamination and o x i d a t i o n of the s u r f a c e , which occurs on 
exposure to a i r (18). 

S o l u t i o n s . S o l u t i o n s of f e r r i c y a n i d e (Baker Chemical Co., 
P h i l l i p s b u r g , NJ) were prepared i n 1.0 M KC1 (Malinckrodt, P a r i s , 
KY). Ascorbic a c i d s o l u t i o n s were prepared i n 0.1 M phosphate 
b u f f e r adjusted to pH 2.0. A l l s o l u t i o n s were prepared with t r i p l e 
d i s t i l l e d water. S o l u t i o
p r e v i o u s l y described (15)

Instrumentation. A conventional three electrode p o t e n t i o s t a t was 
used f o r c y c l i c voltarametry s t u d i e s . A PARC ( P r i n c e t o n Applied 
Research Corp., P r i n c e t o n , NJ) Model 174A Polarographic Analyzer and 
a PARC Model 175 U n i v e r s a l Programmer were used f o r d i f f e r e n t i a l 
pulse (OPV) and square wave voltammetry (SWV). A PARC Model 128 
Lock-In A m p l i f i e r was a l s o used for the SWV. Data were recorded 
w i t h an Oranigraphic Model 2000 (Houston Instruments Corp., D a l l a s , 
TX) X-Y recorder, a T e k t r o n i x Model 7613 Storage O s c l l l a s c o p e 
( T e k t r o n i x , Beaverton, OR) or an Apple 11+ microcomputer (Apple 
Computer Co., Cupertino, CA) equipped with an Ascope i n t e r f a c e 
(Northwest Instrument Systems, Beaverton, OR). The p o t e n t i a l of the 
working e l e c t r o d e was measured versus a KC1 saturated Ag/AgCl 
reference e l e c t r o d e . The reference was constructed w i t h a double 
j u n c t i o n c o n s i s t i n g of Pt/cracked g l a s s and Vycor g l a s s (Dow 
Corning,Inc., Corning, NY) j u n c t i o n s to prevent AgCl leakage i n t o 
the c e l l . The area of the working ele c t r o d e was 0.083 cm . 

The PHI Model 548 ESCA/ AES spectrometer ( P h y s i c a l E l e c t r o n i c s 
I n c . , Eden P r a i r i e , MN) p r e v i o u s l y described (10,13) has been 
modified by the replacement of the o r i g i n a l x-ray source with a PHI 
Model 1548 dual anode, 300W x-ray source. A l l binding energies are 
referenced to the Au 4f peak at 83.8 eV. 

R e s u l t s And D i s c u s s i o n 

Εlect rochemical Features The r e v e r s i b l i t y of the 
f e r r i - / f e r r o - c y a n i d e redox couple and the p o s i t i o n and d e f i n i t i o n of 
the c u r r e n t - p o t e n t i a l wave for the o x i d a t i o n of a s c o r b i c a c i d were 
s e l e c t e d as probes to assess the extent of e l e c t r o d e a c t i v a t i o n . 
These probes were chosen because of t h e i r demonstrated s e n s i t i v i t y 
to the surface s t a t e of g l a s s y carbon electrode (GCE) (7-8,15)· The 
heterogeneous r a t e constant f o r f e r r i c y a n i d e has been shown to 
decrease by approximately an order of magnitude w i t h the 
I n t r o d u c t i o n of surface I m p u r i t i e s . The o v e r p o t e n t l a l f o r the 
o x i d a t i o n of a s c o r b i c a c i d has been reduced over 200 mV on a c t i v a t e d 
GCE. In a d d i t i o n , these two probes o f f e r d i s t i n c t l y d i f f e r e n t types 
of e l e c t r o c h e m i s t r y . The mechanism of the f e r r i c y a n i d e r e a c t i o n 
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appears to i n v o l v e only a simple outer-sphere e l e c t r o n t r a n s f e r , 
w h i l e the a s c o r b i c a c i d o x i d a t i o n appears to proceed v i a an 
inner-sphere, adsorption mechanism. The simple outer-sphere 
r e a c t i o n should avoid complications due to i n t e r a c t i o n s w i t h surface 
species and should provide information about the a c c e s s i b i l i t y of 
the surface f o r e l e c t r o n t r a n s f e r . The inner sphere mechanism might 
i n v o l v e s p e c i f i c i n t e r a c t i o n s w i t h surface species and, t h e r e f o r e , 
should be more s e n s i t i v e to e l e c t r o n t r a n s f e r mediators on the 
s u r f a c e . 

The c y c l i c voltammograms of f e r r i c y a n i d e (1.0 mM i n 1.0 M KC1) 
i n F i g . 2 are i l l u s t r a t i v e of the r e s u l t s obtained f o r scan rates 
below 100 mV/s. The peak separation i s 60 mV and the peak 
p o t e n t i a l s are independent of scan r a t e . A p l o t of peak current 
versus the square-root of the scan rate y i e l d s a s t r a i g h t l i n e w i t h 
a slope c o n s i s t e n t with a s e m i - i n f i n i t e l i n e a r d i f f u s i o n c o n t r o l l e d 
e l e c t r o d e r e a c t i o n . Th
r e d u c t i o n of f e r r i c y a n i d
20 V s - ) u s i n g the metho y
f o l l o w i n g parameter values: D Q

 β 7.63 X 10 cm s , D r • 6.32 X 
10 cm 8 , α 3 8 0.5, and η =1. The r a t e constants v/ere found to be 
dependent on the p u r i t y of the water used to prepare the e l e c t r o l y t e 
s o l u t i o n s . For example, the rates for three d i f f e r e n t water 
samples; I.e., double d i s t i l l e d , t r i p l e d i s t i l l e d from a l k a l i n e 
permanganate and f i l t e r e d through a Barnsted Nanopure c a r t r i d g e 
system, were 0.063 (± 0.005), 0.104 (± 0.01), and 0.14 (± 0.04) cm 
s , r e s p e c t i v e l y (15). The r e s u l t s i n d i c a t e that the p u r i t y of the 
water a f f e c t s the apparent rate of the e l e c t r o n t r a n s f e r and that 
the r a t e constant f o r the highest p u r i t y water i s nearly i d e n t i c a l 
to those determined on c l e a n platinum (20). These rates are the 
l a r g e s t reported for glassy carbon. Chronocoulometry data show no 
evidence f o r a d s o r p t i o n of the f e r r i c y a n i d e on GCE (15) and are 
i n d i c a t i v e of a simple outer-sphere e l e c t r o n t r a n s f e r . The 
s i m i l a r i t i e s i n the r a t e constants for platinum and GCE are i n 
agreement with Marcus r a t e theory, which p r e d i c t s that the e l e c t r o n 
t r a n s f e r rate of a simple outer-sphere r e a c t i o n should be 
independent of the e l e c t r o d e m a t e r i a l , provided a s u f f i c i e n t d ensity 
of s t a t e s w i t h the appropriate energy e x i s t s on the e l e c t r o d e 
surface (21). I t i s reasonable to conclude that the improvement i n 
the f e r r i c y a n i d e r e v e r s i b i l i t y i s , i n part at l e a s t , a r e s u l t of 
producing a c l e a n , unblocked su r f a c e . 

To determine the e f f e c t s of c l e a n l i n e s s on the production of an 
a c t i v a t e d s u r f a c e , s e v e r a l v a r i a b l e s , i n c l u d i n g the nature of the 
p o l i s h i n g s u r f a c e , the type of p o l i s h i n g m a t e r i a l and the q u a l i t y of 
the water used to c l e a n the s u r f a c e , were examined. Whenever a 
commercial p o l i s h i n g c l o t h or pad was s u b s t i t u t e d f o r the g l a s s 
p l a t e , only deactivated electrodes could be produced with 
heterogeneous r a t e constants s i m i l a r to those reported by Engstrom 
( 8 ) . S i m i l a r l y , when commercial suspensions of alumina were 
employed rather than the corresponding powders suspended i n t r i p l e 
d i s t i l l e d water, the e l e c t r o d e s showed surface d e a c t i v a t i o n . I t i s 
speculated that d e a c t i v a t i o n may be caused by organic s u r f a c t a n t s 
used to t r e a t the surface of the p o l i s h i n g c l o t h s or to help 
s t a b i l i z e the alumina suspension. P o l i s h i n g with diamond 
suspensions produced even a more s t r o n g l y deactivated electrode 
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s u r f a c e . The d e a c t i v a t i o n i s s i m i l a r to that observed f o r poorer 
grades of water, as p r e v i o u s l y reported. Thus, I t seems reasonable 
to conclude that c l e a n l i n e s s during preparation and use of GCE i s 
a b s o l u t e l y e s s e n t i a l to e l i c i t and maintain a c t i v a t i o n . 

The c y c l i c voltammograms of a s c o r b i c a c i d (l.OmM i n 0.1M 
phosphate b u f f e r , adjusted to pH 2.0) i n F i g . 3 show the d i f f e r e n c e 
between ele c t r o d e s prepared as described and one which i s 
deactivated by twenty, one minute chronocouloraetry experiments at an 
a p p l i e d p o t e n t i a l of 0.70 V. There i s a 390 mV s h i f t i n the 
o x i d a t i o n peak p o t e n t i a l from 0.66V to 0.27V c o i n c i d e n t with 
a c t i v a t i o n . The r e s u l t i n g p o t e n t i a l Is at the thermodynamic 
p o t e n t i a l f o r a s c o r b i c a c i d and i s nearly i d e n t i c a l to that obtained 
on mercury (22). While t h i s value Is comparable to values reported 
f o r heat t r e a t e d gc ( 9 ) , i t i s l e s s than that reported f o r 
c h e m i c a l l y modified electrodes employing c a t e c h o l - l i k e mediators 
(23). A r e d u c t i o n i n th
here, has not been observe
c u r r e n t of the CV i s d i r e c t l y p r o p o r t i o n a l to the square root of the 
scan r a t e i n d i c a t i n g the e l e c t r o n t r a n s f e r i s s e m i - i n f I n l t e l i n e a r 
d i f f u s i o n l i m i t e d . Peak shape suggests adsorption of a s c o r b i c 
a c i d . Less than monolayer adsorption was, however, i n d i c a t e d by 
chronocoulometry. This l e v e l of adsorption Is a l s o present on 
d e a c t i v a t e d e l e c t r o d e s and does not change the peak shape as shown 
i n F i g . 3. Thus, the e l e c t r o c h e m i c a l data are c o n s i s t e n t with an 
e l e c t r o d e r e a c t i o n that i s simply an i r r e v e r s i b l e e l e c t r o n 
t r a n s f e r , which may proceed through, but i s not l i m i t e d by, surface 
a d s o r p t i o n . This Is c o n s i s t a n t with other reports concerning the 
e l e c t r o c h e m i s t r y of a s c o r b i c a c i d (24). Such data do not 
d i s t i n g u i s h between the mechanisms of a c t i v a t i o n , but do confirm 
the presence of an a c t i v a t e d s u r f a c e . 

Molecular C h a r a c t e r i z a t i o n I t has been reported that o-quinones 
o x i d i z e a s c o r b i c a c i d In homogeneous s o l u t i o n s (25). Surface 
quinones have a l s o been reported to e x i s t on a c t i v a t e d carbon 
surfaces (16). However, c y c l i c voltammmetry Is not s u f f i c i e n t l y 
s e n s i t i v e to a l l o w an unambiguous I d e n t i f i c a t i o n of the r e v e r s i b l e 
wave asc r i b e d to surface quinones (16). Therefore, d i f f e r e n t i a l 
pulse voltammetry (DPV) and square wave voltammetry were employed. 
A t y p i c a l r e s u l t f o r DPV i n F i g . 4a shows the presence of two redox 
couples w i t h peak p o t e n t i a l s of 0.25 V and 0.19 V ( lOmV). S i m i l a r 
r e s u l t s have a l s o been obtained w i t h SWV. The r e l a t i v e i n t e n s i t i e s 
of the two peaks vary from sample to sample but are always present 
w i t h a c t i v a t e d e l e c t r o d e s . The s i m i l a r i t i e s between the p o t e n t i a l s 
found f o r the surface species and f o r the o x i d a t i o n of a s c o r b i c a c i d 
suggest that an ec c a t a l y t i c mechanism may be o p e r a t i v e . The 
s u r f a c e coverage of the o-quinone Is estimated to be the order of 
10 mol cm""2. I t i s c u r r e n t l y not p o s s i b l e to c o n t r o l the surface 
c o n c e n t r a t i o n of the o-quinone-like species or the oxygen content of 
the GCE surface. 

The surface waves were simulated assuming the presence of two 
d i f f e r e n t f u n c t i o n a l i t i e s , each undergoing a r e v e r s i b l e two e l e c t r o n 
redox r e a c t i o n . I t was assumed that these surface f u n c t i o n a l i t i e s 
were quinones i n N e r n s t i a n e q u i l i b r i u m w i t h the e l e c t r o d e p o t e n t i a l 
before each DPV p u l s e . I t was a l s o assumed that the current during 
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F i g u r e 2· C y c l i c voltatnmograms of f e r r i - / f erro-cyanide couple 
at an a c t i v a t e d g l a s s y carbon e l e c t r o d e at scan rates of a) 20, 
b) 50, and c) 100 mV s . See text f o r d e t a i l s . 

0 0.2 0.4 0.6 0.8 
Ε (volts) vs Ag/AgCI 

F i g u r e 3. C y c l i c voltammograras of asc o r b i c a c i d at a f r e s h l y 
p o l i s h e d , a c t i v e (a) and a deactivated (b) glassy carbon 
e l e c t r o d e s u r f a c e . See t e x t f o r d e t a i l s . 
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Figure 4. D i f f e r e n t i a l pulse voltammetry of a f r e s h l y 
p o l i s h e d , a c t i v a t e d g l a s s y carbon surface (a) and a d i g i t a l 
s i m u l a t i o n of the DPV ( b ) . The pulse frequency was 2 Hz w i t h 
an amplitude of 10 mV. The DC scan r a t e was 2 mV β""1· 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



590 CATALYST CHARACTERIZATION SCIENCE 

the pulse was k i n e t i c a l l y c o n t r o l l e d and conformed to the 
Butler-Volmer r e l a t i o n s h i p . Since d i f f u s i o n i s not i n v o l v e d , the 
c u r r e n t decay was assumed to be determined by e l e c t r o n t r a n s f e r to 
surface s p e c i e s . Assuming that the surface r e a c t i o n i s p s e u d o - f i r s t 
o r d e r , an exponential decay of the surface concentration and hence, 
current should occur. The r a t e of decay was dependent on the value 
of the heterogeneous r a t e constant. The r e s u l t s of the s i m u l a t i o n 
are shown i n Figure 4b. I f the DPV waves were simulated with two 
r e a c t i o n s , each i n v o l v i n g only one e l e c t r o n , the waves could not be 
resolved w i t h the two assumed Ε 1 values. A concentration r a t i o of 
2:1 was used to produce the s i m u l a t i o n shown i n Figure 4b. The 
agreement between the simulated and experimental DPV waves, although 
not c o n c l u s i v e proof, does support the hypothesis of surface 
f u n c t i o n a l i t i e s , l i k e quinones, present on the p o l i s h e d gc s u r f a c e . 

The p o t e n t i a l of on
to that found f o r o-naphthoquinon
(26). The second wave i s expected to be due to a s i m i l a r o-quinone 
perhaps wit h a l a r g e r aromatic group attached, such as 
13,14-plcenedlone. To i n v e s t i g a t e t h i s hypothesis, the surface was 
reacted w i t h o-phenylenediamlne, as suggested f i r s t by Schreurs 
(2 6 ) , f o r 6 hrs of r e f l u x i n g i n absolute ethanol. The d e r i v a t i z e d 
e l e c t r o d e was then e x t r a c t e d i n a Soxhlet f o r 1 hr with ethanol and 
d r i e d under vacuum before examination. The e l e c t r o c h e m i s t r y of the 
d e r i v a t i z e d surface showed a l o s s of the o r i g i n a l DPV waves and the 
appearance of new waves at the same p o t e n t i a l as found f o r the 
s o l u t i o n e l e c t r o c h e m i s t r y of naphthophenazine. Incomplete 
d e r i v a t i z a t i o n would preserve some presence of both the 
o-naphthoquinone- and the naphthophenazine-like peaks. Since both 
surf a c e waves disappear upon d e r i v a t i z a t i o n to produce a 
corresponding p a i r of new phenazine-like waves, i t appears that 
Schreurs. proposal i s c o r r e c t . 

I n an attempt to confirm the presence of quinones, the 
a c t i v a t e d surfaces were subjected to XPS a n a l y s i s . Based on 
previous experience (13), the C Is region of the XPS spectrum was 
recorded f o r s e v e r a l sets of a c t i v a t e d and deactivated e l e c t r o d e s . 
U n l i k e p r i o r s t u d i e s of radio frequency plasma o x i d i z e d surfaces, 
which showed d i s t i n c t changes i n the surface f u n c t i o n a l groups, no 
s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s were observed. No d i f f e r e n c e s 
were evident i n the 0 Is regions which, as p r e v i o u s l y noted, was not 
s u r p r i s i n g . Assuming that the o-quinone groups were minor species 
and masked by the l a r g e r q u a n t i t y of other oxygen containing surface 
groups, the o-phenylenediamine d e r i v a t i z e d electrodes were a l s o 
subjected to XPS a n a l y s i s . The XPS survey spectrum of a d e r i v a t i z e d 
carbon surface i n F i g . 5a shows the presence of C, N, and 0 as 
expected. The Ν Is binding energy and the shape of the carbon peak 
i n d i c a t e s that the n i t r o g e n i s c o v a l e n t l y bonded and i s aromatic i n 
c h a r a c t e r . This i s supported by the high r e s o l u t i o n spectra of the 
C Is and Ν Is regions which, shown i n F i g . 5b, show the presence of 
d i f f e r e n t types of covalent carbon-heteroatom bonds (13) and 
aromatic Ν Is binding energy p o s i t i o n . The Ν Is binding energy i s 
q u i t e u n l i k e that of an amine, which would be present, i f 
o-phenylenediamine were adsorbed rather than c o v a l e n t l y bound (27). 
To confirm that the n i t r o g e n XPS peak corresponded to a surface 
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Figure 5. X-ray photoelectron survey spectrum (a) of an 
o-phenylenediamine d e r i v a t i z e d g l a s s y carbon su r f a c e . High 
r e s o l u t i o n C Is and Ν Is spectra of a d e r i v a t i z e d surface (b) 
and surface which was d e r i v a t i z e d f o l l o w i n g reduction with 
L i A l H ^ to destroy surface o-quinone f u n c t i o n a l groups ( c ) . The 
spectrum were s i g n a l averaged f o r 90 min (a) and 20 min (b and 
c) and smoothed p r i o r to d i s p l a y . 
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phenazine complex, a blank was run by f i r s t reducing the surface 
w i t h LIAIH4 followed by d e r l v a t l z a t l o n . The r e s u l t s of the XPS 
scans of the C Is and Ν Is regions are shown i n F i g . 5c. The Ν Is 
peak i s not evident i n the survey scan when recorded to the same 
s i g n a l to noise r a t i o as i n F i g . 4a. The surface concentration of 
n i t r o g e n i s reduced to near the l i m i t of d e t e c t i o n . Q u a n t i t a t i o n i s 
d i f f i c u l t at t h i s s i g n a l to noise l e v e l . The r e d u c t i o n In s i g n a l 
l e v e l corresponds to a decrease of the n i t r o g e n c o n c e n t r a t i o n from 
approximately 3.6 A/o f o r the d e r i v a t i z e d sample to s l i g h l t y l e s s 
than 1.0 A/o f o r the blank. E l e c t r o c h e m i c a l r e s u l t s on the same 
blank samples I n d i c a t e that there Is a trace of phenazlne on the 
s u r f a c e . This may r e s u l t from an Incomplete red u c t i o n of the 
s u r f a c e qulnone by L i A l H ^ . The XPS r e s u l t s confirm that the 
o-quinone-like oxygen i s a m i n o r i t y species on the surface and that 
s e v e r a l other a l c o h o l , phenol, ketone, and qulnone f u n c t i o n a l i t i e s 
may be present. C u r r e n t l
the nature and extent o
C o r r e l a t i o n s between the q u a n t i t y and the e l e c t r o n t r a n s f e r 
p r o p e r t i e s w i t h respect to surface f u n c t i o n a l i t i e s and the s t a b i l i t y 
of the GC surfaces w i l l be continued. 

Attempts were made to determine whether surface o-quinones 
were re s p o n s i b l e or c o i n c i d e n t with the observed a c t i v a t i o n . 
E l e c t r o c h e m i s t r y on electrodes d e r i v a t i z e d with o-phenylenediamlne 
or deactivated v i a LIAIH^ showed l i t t l e evidence f o r a c t i v a t i o n w i t h 
respect to the o x i d a t i o n of a s c o r b i c a c i d . However, the required 
chemical treatments of the e l e c t r o d e s s u r e l y contaminate the surface 
In a d d i t i o n to removing the f u n c t i o n a l groups. Therefore, these 
experiments do not d i s t i n g u i s h between the p o s s i b i l i t i e s of clean 
s u r f a c e versus f u n c t i o n a l group a c t i v a t i o n . To r e s o l v e t h i s Issue, 
c y c l i c voltammograms corresponding to a scan rate of 100 mV s were 
simulated (28) as simple, chemically i r r e v e r s i b l e e l e c t r o n t r a n s f e r 
r e a c t i o n s without the i n c l u s i o n of any c a t a l y s i s v i a the o-qulnone 
f u n c t i o n a l i t i e s . A t y p i c a l r e s u l t Is shown In F i g . 6. For the 
s i m u l a t i o n i t Is assumed the e l e c t r o n t r a n s f e r Is completely 
I r r e v e r s i b l e and none of the products are e l e c t r o a c t t v e . L i t e r a t u r e 
values f o r the potential,α n a

 β 1.2, d i f f u s i o n c o e f f i c i e n t , D Q - 5.7 
X 10 cm 2s7.and the heterogeneous r a t e constant (1.0 X 10 cm s 
were used as a d j u s t a b l e parameters In the s i m u l a t i o n (29). The 
e l e c t r o d e area, determined from chroncoulometry, was 0.090 cm to 
agree w i t h the r e a l CV. Although, the current f o l l o w i n g the 
p o t e n t i a l r e v e r s a l does not mimic the experimental CV e x a c t l y , there 
i s a very c l o s e correspondence between the experimental ( s o l i d l i n e ) 
and simulated ( c i r c l e s ) curves i n Figure 6. Furthermore, the scan 
r a t e dependence i s a l s o i n agreement. Although simulations does not 
provide c o n c l u s i v e proof, there i s an i n d i c a t i o n that surface 
c l e a n l i n e s s may be the most important f a c t o r i n t h i s example. This 
i s c o n s i s t e n t w i t h reports from other l a b o r a t o r i e s which have used 
other means to prepare a c t i v e electrode surfaces without t r y i n g to 
produce a c t i v a t i o n through s p e c i f i c chemical m o d i f i c a t i o n s . In each 
case, I t Is easy to show that surface cleaning could be a major 
r e s u l t of t h e i r a c t i v a t i o n procedure whether i n t e n t i o n a l or not. 
This i s a l s o c o n s i s t e n t with mechanistic studies on platinum 
e l e c t r o d e s . Although there are cases, such as i n the o x i d a t i o n of 
A s ( I I I ) by platinum oxides (30), the predominating observation Is 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



KARWEIK ET AL. Carbonaceous Surfaces 

F i g u r e 6. Simulated c y c l i c voltammogram f o r the o x i d a t i o n of 
a s c o r b i c a c i d without i n c l u s i o n of ec c a t a l y s i s by the surface 
quinone f u n c t i o n a l i t i e s . F i l l e d c i r c l e s represent the 
simulated data and an experimental curve i s shown w i t h a l i n e 
f o r comparison. A scan rate of 100 mV s was assumed f o r 
experimental and simulated data. 
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that c l e a n l i n e s s i s c r i t i c a l to Pt a c t i v a t i o n . Further studies are 
i n progress which may be able to r e f i n e the d e s c r i p t i o n of GCE 
surf a c e a c t i v a t i o n . 

The presence of o-quinone surface waves seems, at the present 
time, to be c o i n c i d e n t a l to a c t i v a t i o n p a r t i c u l a r l y i n the case of 
as c o r b i c a c i d o x i d a t i o n . On the other hand, i t s presence may serve 
as a c r i t e r i o n of c l e a n l i n e s s and a c t i v a t i o n . Thus, the surface 
waves at 0.250 and 0.190 are i n d i c a t o r s or signatures f o r a c t i v e GCE 
electrodes and should be used as d i a g n o s t i c f o r a clean GCE surface 
as i s the hydrogen f i n e s t r u c t u r e f o r platinum (31). I t i s 
unfortunate that the o-quinone peaks do not appear to be 
p r o p o r t i o n a l to the surface area as i s the platinum f i n e s t r u c t u r e . 

Conclusion and Comments 

A c t i v a t i o n of gla s s y carbo
the redox r e a c t i o n of
p o l i s h i n g GCE surfaces w i t h alumina abrasives followed by thorough 
s o n i c a t i o n . C l e a n l i n e s s w i t h avoidance of impurity i n t r o d u c t i o n 
during the p o l i s h i n g and i n the e l e c t r o l y t e s o l u t i o n i s a p r e q u i s i t e 
f o r production and maintenance of a c t i v a t i o n . Although surface 
redox f u n c t i o n a l i t i e s are found w i t h a c t i v a t e d GCE's, the 
experimental and s i m u l a t i o n r e s u l t s i n d i c a t e that they do not 
n e c e s s a r i l y serve as mediators f o r e l e c t r o n t r a n s f e r . However, 
these f u n c t i o n a l i t i e s can serve as d i a g n o s t i c " f i n g e r p r i n t s " f o r a 
c l e a n , a c t i v e GCE sur f a c e . 

I t i s i n s t r u c t i v e to consider what s i m i l a r i t i e s might e x i s t 
between glass y carbon and P t . For example, i s there a region of 
p o t e n t i a l at which the double l a y e r capacitance i s independent of 
surfac e redox f u n c t i o n a l i t i e s . On the other hand, such 
f u n c t i o n a l i t i e s , l i k e the adsorbed hydrogen waves on P t , may serve 
as a marker of a c t i v i t y and a l s o be q u a n t i t a t i v e l y c o r r e l a t e d to 
" a c t i v e " s i t e s . The s i m i l a r i t i e s i n the heterogeneous e l e c t r o n 
t r a n s f e r r a t e s f o r the f e r r i - / f e r r o - c y a n i d e r e a c t i o n at both "clean" 
GCE and P t , however, downplay the r o l e of such f u n c t i o n a l i t i e s as 
redox mediators f o r GCE. F i n a l l y , i t should be noted that we have 
not addressed the question of surface roughness. Thus, the rates 
f o r the f e r r i - / f e r r o - c y a n i d e on GCE have not been normalized f o r 
" e f f e c t i v e " area. Work i s i n progress i n attempts to understand the 
c o n d i t i o n s and mechanism(s) of a c t i v a t i o n at glassy carbon and other 
carbon e l e c t r o d e s . 
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Ben zene—Continued 
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hydrogen generation, 567,568f 
systems, induction times, 570 
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spectra, 568f 
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Pt, 468f 
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Ni(100) surface, 199-200 
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Cu, 193,196f 
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studies, 67-77 
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IR spectra for oxidation on Pt, 468f 
oxidation on Pt, 464-69 
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catalysts, 104 

Carbon-14 tracers, reaction inter ­
mediate studies, 89-91 

Carbonaceous surfaces, modification, 
characterization, and uses for 
electrocatalysis, 582-94 
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tron microscopy, 361-71 
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reduction and sulfidation 
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arsenic poisoning, 2-13 
CoMo-alumina, 422-34 
preparation, 3 

iron Fischer-Tropsch, surface syn­
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LEISS applications, 133-43 
materials, levels of analysis, 363f 
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morphology studies, 140-42 
new, current status, 579-80 
precursor, methanol synthesis, 

microanalysis, 351-60 
reactions, effect of additives, 186 
reduced bimetallic, 

preparation, 58-59 
Rh 

hydrogen adsorption and desorption 
isotherms, 71f 

preparation, 69 
properties, 69t 

Cat alys ts—Continued 
selective oxidation, 26-35 
sulf iding, 3-4 
supported metal, d i f f ract ion, 385-89 
surface sensit iv ity , 137-38 
systems 

off-axis reaction c e l l , 40-42 
surface analysis techniques, 37-56 

Catalytic behavior 
and phase composition, Bi-Fe 

molybdates, 29-33 
and spectroscopic measurements, 

selective oxidation 
catalysts, 26-35 

C e l l , spectroelectrochemical, IR 
spectroscopy, 551,554f 

Charge-donating and charge-withdrawing 
ethylene, 175 

ammonia, 397 - 98,3 99f 
water, 397-98,399f 

Chemical impurities and gas 
environment, effect on particle 
morphology, 345,347,348f 

Chemical shifts for some sheet 
s i l icates , 478t 

Chemical state data, Al compounds, 45t 
Chemically modified single-crystal 

surfaces, kinet ics , 190,192-97 
Chemisorption 

CO hydrogénation catalysts, 67-77 
CO on Pd-s i l ica , 407-15 
frequency response, 70-77 
stat ic , 69-72 

Cherry model configuration, bimetallic 
clusters, 295 

Chlorine promoters, selective epoxi da­
tion of ethylene, 216-18 

Clays 
intercalates of, role in hetero­

geneous catalysis, 472-83 
reactions catalyzed by, 473 

Clusters 
of atoms, 111-22 
ion characterization during oxygen 

adsorption and oxidation, 
SIMS studies, 319-21 

reactor, 120,121f 
size distr ibution, control , 112 
supported bimetallic, 294-304 

Coadsorption 
and decomposition reactions at metal 

surfaces, SIMS studies, 325-26 
oxygen interactions and reactions on 

PdOOO), 165-76 
Cobalt 

effect of addition to 
Mo-alumina, 425-28,431f 

effect of ZSM-5 addition on product 
composi tions, 50 8t 
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Cobalt—Continued 
nature i n CoMo catalysts, 423-25 

Cobalt catalysts 
activation, 144 
electron microscopic analysis, 146 
preparation, 145 
reduction and sulfidation 

behavior, 144-51 
X-ray absorption 

spectroscopy, 145-47 
X-ray photoelectron 

spectroscopy, 145 
Cobalt-Mo-alumina hydrodesulfurization 

catalysts, 422-34 
Cobalt-Ni(100), coverage and secondary 

ion yield 
relationship, 321, 323-24 , 326t 

Co bal to us oxide, physisorption, 
influence on surface SiO
groups, 417f 

Co bal tous oxide catalysts 
chara et eri zation, 146 
reduction, 146,148 
sulfidation, 149,151 

Coefficient of harmonic number, 
definition, 385 

Collective magnetic excitation, mag­
netic particles, 520 

Composition rat io of two elements, 
thin specimen, 364 

Computer simulations, Môssbauer spec­
tra of magnetite particles, 530f 

Computerized IR studies of 
CoMo-alumina hydrodesulfurization 
catalysts, 422-34 

Contamination, surface, dependence of 
time on pressure, 179 

Controlled reactions, vibrational 
analysis, 395 

Convergent-beam electron diffraction 
patterns, small particles, 335 

Copper 
alloying with Pt, 274-76 
chemical state changes in a catalyst 

i n feed gas, 21,22f 
dark-field imaging of 

particles, 356,359f 
effect on CO hydrogénation, 193,196f 
effect on ethane 

hydrogenolysis, 195,196f 
Copper-Al catalyst 

application of X-ray photoelectron 
spectroscopy, 46,47f 

elemental atomic rat ios , 48t 
Copper catalysts 

EXAFS data, 258f 
EXAFS envelope functions, 259f 
X-ray photoelectron spectra, 43f,55f 

Copper-Ni al loy surfaces, 
reactions, 324-25 

Copper-Os clusters, 255-61 
Copper-Rh clusters, 261-62 
Copper-Ru clusters, 255-61 
Copper-ZnO catalyst, characterization 

by analytical electron 
microscopy, 368,370,371f 

Copper-ZnO methanol synthesis catalyst 
precursor, microanalysis, 351-60 

Coverage and secondary ion yield 
relationship, 
Ni(100)-CO, 321,323-24,326t 

Cupric oxide, diffraction spots, 
aurichalcite mineral, 354,356,357f 

Cyclic voltammograms 
ascorbic acid at a glassy carbon 

electrode, 588f 
Fe compound adsorbed on carbon, 547 

benzene, 94 

D 

Dark-field imaging 
Cu and 2h0 particles, 356,359f 
Pd on carbon, 369f 

Decomposition 
and adsorption on clean and sulfur-

modified metal surfaces, 199-208 
and coadsorption reactions at metal 

surfaces, SIMS studies, 325-26 
on metals 

nitrogen dioxide, 181-82 
nitrous oxide, 181-82 

vibrational analysis, 395 
Dehydrocyclization, n-paraffins over 

Te-NaX, 94 , 96f 
Dehydrogenation 

ethylene on Pd(100), 168 
sequential, of methanethiol on the 

Pt(111) surface, 202-6 
use of catalysts, 94-95 

Depth prof i le , secondary ion mass 
spectrometry, Pt on oxidized 
T i , 83,85f 

Desorption spectra, CO thermal, 83t 
Deuterium 

angular distribution of the relative 
scattered intensity, 226,228f 

bond cleavage, 91-92 
effect on low-frequency vibrational 

models, 402 
exchange reaction with 

hydrogen, 231-32 
Deuterium NMR spectra 

benzene-d6 i n (Cs,Na)X, 488f 
benzene-d6 in (Na)X, 489-91 
polycrystalline benzene-d6, 486 
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Diamagnetic susceptibi l i ty of carbons, 
effect of boron doping, 511,512f 

Diatomic molecules 
direct inelast ic scattering, 226 
elastic scattering, 224-26,228f 

Difference spectra 
alumina, 458f 
CO chemisorption on Pd - s i l i ca , 41 Of 
Pt catalyst, 387,388f 
s i l i c a s , 454f 

Differential pulse voltammetry, glassy 
carbon electrode, 589f 

Diffraction patterns 
gold, 348f 
Pt catalyst, 387,388f 
single crysta l , s ta t i s t i ca l 

information, 337,339 
small particles, 335-37,338f 
from supported metal 

catalysts, 385-89 
Diffraction spots 

CuO, aurichalcite 
mineral, 354 , 356 , 357f 

ZnO, aurichalcite mineral, 354-60 
Diffraction techniques and electron 

microscopy, study of small 
particles, 329-39 

Digital X-ray imaging 
catalytic materials, 365 
Pd on carbon, 369f 
zeolite ZSM-5, 369f 

Di lution, effect on dispersion, sup­
ported metal catalysts, 298 

Dipole active modes, ammonia on 
Fed 10), 396f 

Dipole-dipole coupling, adsorbed CO 
layers, 560 

Dipole moments 
ammonia adsorbed on 

Al(100), 400f 
water adsorbed on 

Aid00) , 399f 
Direct four-electron pathway, oxygen 

reduction, 536 
Direct inelast ic scattering of 

diatomic molecules, 226 
Dissociative adsorption of hydrogen 

molecules, 226-29 
Dynamics of benzene in X-type 

zeolites, 485-96 

Ε 
Edge resonance, Pt catalyst, 286-89 
Elast ic scattering of diatomic 

molecules, 224-26,228f 
E lectr ic f i e lds , effect on surface 

bonds of alumina and s i l i c a , 460 

Electrocatalysis, modification, 
characterization, and uses of car­
bonaceous surfaces, 582-94 

Electro catalysts of oxygen involving 
transition metal macrocycles, 
spectroscopic studies, 535-49 

Electrocatalytic reactions, study of 
molecular structure with IR 
spectroscopy, 550-64 

Electrochemical features, reactions at 
glassy carbon electrodes, 585-87 

Electrochemically activated stark 
effect, 564 

Electrochemically modulated IR spec­
troscopy (EMIRS) 

absorption bands, 553 
description, 551 
electrocatalytic 

hydrogen absorption, 553,555f 
molecular adsorption, 562-64 

Electrode potential, effect on elec­
tronegativity of atoms i n an 
electrode surface, 559 

Electrolytes, acid fuel ce l l s , 575-80 
Electron-beam damage, Auger electron 

spectroscopy, 104 
Electron diffraction pattern, mineral 

aurichalcite, 357-58f 
Electron energy loss spectroscopy 

(EELS) 
catalyst characterization, 364 
Cu-ZnO catalyst, 371f 
ethylene on clean and oxygen-covered 

Pd(100), I69f 
study of small particles, 332,334 
vibrational analysis of adsorbed 

molecules, 392-403 
Electron micrographs 

calcined mineral 
aurichalcite, 357-59f 

cubic MgO crysta l , 333f 
mineral aurichalcite, 353f,357-59f 
synthetic aurichalcite, 353f 

Electron microscopy 
analytical , characterization of 

catalysts, 361-71 
cobalt catalysts, 146 
small particles, 329-39 

Electron she l l s , atomic form 
factor, 386 

Electron spectroscopy for chemical 
analysis (ESCA) 

intensity ra t io , homogeneous binary 
al loy, 306-7 

pretreatment, reduced bimetallic 
catalysts, 59 

reduced Re catalysts, 64f 
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Electron-stimulated desorption 
effects on surface composition of 

Ti02, 101,104 
rutile(IOO) single-crystal and Ti02 

powder surfaces, 98-108 
Electron-transfer rate, Marcus rate 

theory, 586 
Electronegativity of atoms in an 

electrode surface, effect of 
electrode potential, 559 

Electronic dipole transitions, Pt 
catalysts, 285 

Electronic effects of alloying, 267 
Electronic spectra, Cu, changes 

upon reduction in hydrogen, 21,23f 
Electronic structure 

calculations, 397-401 
clusters of atoms, 116 
effect of changes on 

adsorption, 271-74,275f 
Pt catalysts, determination by X-ray 

absorption spectroscopy, 280-92 
Pt-Cu system changes, 269,271 

Elimination of ammonia from 
amines, 476 

Energy curves 
ammonia adsorbed on 

Al(100), 400f 
water adsorbed on 

A id00 ) , 399f 
Energy dispersive X-ray spectroscopy 

(EDS) 
analysis of Fe on alumina, 383f 
analysis of Pt c rysta l l i te , 378f 
study of small particles, 332,334 

Epoxidation of ethylene catalyzed by 
s i l ve r , selective, 210-20 

Ethane hydrogenolysis 
effect of Cu, 195,196f 
over Ru catalysts, 190-96 
effect of sulfur, 193,194f 

Ethylene 
adsorption and decomposition on 

Pt(111) surface, 206-8 
conversion into ethylene oxide, 212 
dehydrogenation on Pd(100), 168 
reaction with coadsorbed oxygen on 

Pd(100), 166-70 
selective oxidation catalyzed by 

s i lver , 210-20 
Ethylene oxide production, steady 

state rate, 212,213f 
Exchange reaction, 

deuterium-hydrogen, 231-32 
Extended X-ray absorption fine struc­

ture spectroscopy (EXAFS) 
bimetallic catalysts, 253-65 
data analysis, 254-55,282-85 
description, 280-81 

Extended X-ray absorption fine struc­
ture spectroscopy (EXAFS)—Continued 

function 
bimetallic cluster, 254-55 
definition, 254 

uses, 253 

F 

Faulting, small particles, 336 
Fermi energy, Pt catalysts, 289 
Fermi levels , CO hydrogénation 

of various Fe-carbon 
catalysts, 511-13 

Ferric chloride intercalates of 
graphite, 481 

supported particles, 
characterization, 518-32 

in ZSM-5, particle size 
distribution, 509f 

Ferromagnet, hysteresis curve, 
schematic, 500f 

Fis cher-Tro ps ch cat alys ts 
components, 305 
containing Fe, surface synthesis 

at high pressure, 124-32 
Fluorescence correction factors, X-ray 

emission spectroscopy, 364 
Fourier transform 

EXAFS data, Pt and Pt 
catalysts, 283 , 284f 

general EXAFS function, 282 
Fourier transform IR (FTIR) 

spectroscopy 
CO oxidation on Pt, 466 
problems, 466-67 
surface adsorbates and surface-

mediated reactions, 435-47 
Frequency-response chemisorption 

studies of CO hydrogénation 
catalysts, 67-77 

Frequency sh i f t , Raman band for 
Fe compound adsorbed on a 
si lver electrode, 541f 

Frequency of stretch vibrations, CO 
adsorbed on bimetallic 
catalysts, 272,275f 

Fuel ce l l s , acidic catalysts and 
electrolytes, 575-80 

G 

Gas environment and chemical 
impurities, effect on particle 
morphology, 345,347,348f 
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Gas latt ice structures, unrecon­
structed Ni(1x1) surface, 229 

Geometrical effects of al loying, 267 
Geometry of particle surfaces, effect 

on catalysis, 345-48 
Gibbsite 

difference spectra, 458f 
photoacoustic spectra, 456f 

Glassy carbon electrodes 
differential pulse voltammetry, 589f 
preparation, 583, 585 
reactions 

electrochemical features, 585-87 
molecular characterization, 587-94 

redox behavior of 
1,4-dihydrobenzene, 584f 

Gold 
atomic surface structure, 342-44 
benzene on, 343,346f 
h i l l and valley 

reconstruction, 343,344f 
image and diffraction pattern, 348f 
on MgO crysta l , STEM image, 333f 
microfacetted region of 

crystals, 345,348f 
multiply twinned partic le , 348f 
2x1 reconstruction, 342- 43,3 44f 
Shockley partial 

dislocation, 343,344f 
Graphite intercalates 

reactions catalyzed by, 473 
reduced, act iv i t ies and 

se lect iv i t ies , 482t 
role i n heterogeneous 

catalysis, 472-83 
Grazing angle measurement chamber, 

opt ica l , schematic, 438f 

H 

Harmonic number, coefficient, 
definit ion, 385 

Heterogeneous catalysis, role of 
intercalates, 472-83 

Hexane, reaction with hydrogen, 89,9Qf 
High-resolution EELS 

increasing hydrogen sulfide 
exposures on the Pt(111) 
surface, 201f 

sequential CH3SH decomposition on 
the Pt( 111 ) surface, 203f 

High-resolution electron microscopy, 
general discussion, 342 

Hindered rotation, adsorbed 
molecules, 398 

Hindered translation, adsorbed 
molecules, 398 

Hohenberg-Kohn-Sham calculation, water 
and ammonia adsorbed on 
A K 1 0 0 ) , 397 

Homogeneous binary a l loy , ESCA inten­
s i ty rat io , 306-7 

Hydrocarbon synthesis 
over iron carbide, steady state 

rates, 127,129 
and rearrangement over clean and 

chemically modified 
surfaces, 185-97 

Hydrodesulfurization 
act iv i ty measurements, 4 
on metal single-crystal 

surfaces, 154-64 
of thiophene, 158,160-62 

Hydro des ulf uri zation cat al ys ts 
arsenic poisoning, 2-13 

adsorption, EMIRS studies, 553, 555f 
adsorption isotherms, Rh 

catalysts, 71 f 
adsorption on the Ni( 111 ) surface, 

activation energy, 232 
angular distribution of the relative 

scattered intensity, 224-26f 
dissociative adsorption, 226-29 
generation from CdS, 567,568f 
generation in a Nafion f i lm, time 

dependence, 567, 569f 
interacting with a so l id surface, 

potential energy diagram, 234f 
latt ice gas phase, structure 

model, 234f 
stretching vibrations, 393 
surface phases, 229-31 

Hydrogen cyanide, synthesis on 
Rh, I83,l84f 

Hydro gen-de ut er i urn e xchange 
reaction, 231-32 

Hydrogen sulf ide, adsorption and 
decomposition on the clean and 
S-covered Pt( 111 ) surface, 200 

Hydrogen-transfer reactions, water, 
methanol, and oxygen, 170,172,175 

Hydrogénation reactions, 188 
Hydrogenolysis of ethane 

over Ru catalysts, 190-96 
effect of sulfur, 193,194f 

Hydrogenolytic se lect iv i ty of 
hydrocarbon reactions, effect 
of al loys, 277-78 

Hydroxyl group 
reactions with coadsorbed oxygen on 

PdOOO), 170-71 
on s i l i c a , proton donor 

function, 300-301 
stretching and bending modes 
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Hydroxyl group—Continued 
alumina, 457,459 
s i l i c a , 452 , 455 

Hysteresis curve for a ferromagnet, 
schematic, 500f 

I 

Image and diffraction pattern, 
gold, 348f 

Imaginary response functions, 73f ,75f 
Imaging 

atomic, part ic le surfaces, 341-48 
d i g i t a l , using X-ray signals, 

catalyst materials, 365 
Incidence angle, effect on the s t i ck ­

ing probability of molecules, 227 
Induction period 

CdS systems, 570 
promoted and un promoted Fe 

powder, 131 
Inelastic direct scattering of 

diatomic molecules, 226 
Infrared (IR) spectroscopy 

advantages as a probe of surface 
species character, 404 -5 

aluminum-cation-exchanged 
clays, 477f 

CO adsorbed on CoMo-alumina 
catalysts, 431f 

characterization of adsorbed species 
and processes on 
surfaces, 404-19 

CoMo-alumina hydrodesulfuriza­
tion catalysts, 422-34 

developments, 405 
lineshape comparison, various states 

of CO, 418f 
NO adsorbed on 2% Co-alumina, 424f 
NO adsorbed on CoMo-alumina 

catalysts, 426-27f,429f 
NO isotopes adsorbed on 2.% Co-Aero 

1000 alumina, 424f 
photoacoustic, s i l i c a and 

alumina, 449-61 
physisorbed CO species on s i l i c a , 41 
sodium-cation-exchanged clays, 477f 
study of molecular structure i n 

electrocatalytic and related 
reactions, 550-64 

Insulating surfaces, LEISS, 135,139f 
Intensities, SIMS clusters for the 

Ni(100)-C0 system, 326t 
Interatomic transit ion, T i , 106 
Intercalates, role in heterogeneous 

catalysis, 472-83 
Internal bend, adsorbed molecules, 401 

Internal energy, CO oxidation on Pt, 
coverage dependence, 464-69 

Internal stretch, adsorbed 
molecules, 401 

Inters t i t i a l T i formation, 107 
Ion intensity rat ios , calcined 

catalyst, I42f 
Ion scattering, low-energy applica­

tions to catalysts, 133-43 
Ion survival probability 

calcined catalyst, 142f 
def init ion, 137 

Ionization potential, clusters of 
atoms, 116 

Iridium catalysts, preparation, 295-96 
Iridium-Pt clusters, 262- 64 
Iridium-Rh clusters, 264-65 

on boron-doped carbons, 507,511-13 
on carbons, 513-15 
cluster ionization 

thresholds, 116,117f 
crystal surfaces 

kinetics of ammonia synthesis, 156 
structure sensit iv ity of ammonia 

synthesis, 156-57 
on doped-car bon catalysts, magnetic 

and Môssbauer 
characterization, 498- 516 

and Fe-Co-zeolite systems, 504-10 
powder 

potassium-modified, X-ray 
photoelectron spectra, 129-32 

preparation, 125 
Iron-bismuth molybdates 

catalytic behavior and phase 
composition, 29-33 

Raman data, 311 
Iron carbide, hydrocarbon synthesis 

over, steady state rates, 127,129 
Iron Fischer-Tropsch catalysts, sur­

face synthesis at high 
pressure, 124-32 

Iron surface concentrations, untreated 
and oxidized a l loys, 310-12 

Iron-zeolite, on doped-carbon 
catalysts, magnetic and Môssbauer 
characterization, 498- 516 

Isomer sh i f t , Môssbauer 
spectroscopy, 502 

Isotherms, desorption, and hydrogen 
adsorption, Rh catalysts, 71f 

Isotopes, vibrational analysis of 
adsorbed molecules, 394 

Isotopic CO experiments, bridged-to-
l inear CO conversion, 412f 

Isotopic tracers i n catalysis, 88-96 
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κ 

Kinetic description, surface 
composition, 268 

Kinetic energy of momentum, effect on 
the sticking probability of 
molecules, 227 

Kinetics 
ammonia synthesis 

Fe crystal surfaces, 156 
Re crystal surfaces, 157-58 

CO hydrogénation of various 
F e-car bo η catalysts, 511-13 

chemically modified single-crystal 
surfaces, 190,192-97 

selective oxidation catalysts, 27 
structure-insensitive reactions over 

clean single-crystal 
surfaces, 188-89,191f 

structure-sensitive reactions over 
clean single-crystal 
surfaces, 190-92 

thiophene hydrodesulfurization, 
Mo(100) crystal 
surface, 158,160-6 

Klebsch-Gordon coefficients for ran­
domly oriented magnetic 
moments, 526 

L 

Landau diamagnetism 
boron-doped carbons, 507 
graphite and graphitic carbons, 504 

Lange vin diamagnetism 
boron-doped carbons, 507 
closed-shell ions, zeol ites, and 

covalent organic 
compounds, 502,504 

Lange vin function, relative magnetiza­
tion of superparamagnetic 
clusters, 501 

Langmuir-Hinshelwood mechanism, oxida­
tion of CO on metals, 464 

Langmuir-Hinshelwood rate 
expressions, 178 

Laponite, aluminum-cation-exchanged 
sample, magic angle spinning NMR 
spectra, 480f 

Lattice gas phase, hydrogen, structure 
model, 234f 

Lattice gas structures, unrecon­
structed Ni(1x1) surface, 229 

Lennard-Jones potential energy 
diagram, 224 

Ligand effects of al loying, 267 
Lone-pair orbital of a molecule, 

bonding to a metal, 399f 

Low-energy ion-scattering spectroscopy 
(LEISS) 

applications to catalysts, 133-43 
description, 133-34 
fundamental process, 136f 
metals dispersion from, 138-40 
molybdenum disulf ide, 137-38 
qualitative aspects, 134-35 
quantitative aspects, 135,137 
relative intensities of peaks as a 

function of ion energy, 135, 136f 
Low-field magnetic susceptib i l i ty , 

supported particle growth 
studies, 528 

M 

reduction, 537 
Magic angle spinning NMR spectra 

aluminum-cation-exchanged sample of 
Laponite, 480f 

sodium- and aluminum-cation-
exchanged forms of 
be ide l l i te , 479f 

Magnesium oxide crystal 
cubic, electron micrograph, 333f 
gold crystals, STEM image, 333f 

Magnetic characterizations, Fe-zeolite 
and Fe or Ru on doped-car bon 
catalysts, 498-516 

Magnetic dipole sp l i t t i ng , Mossbauer 
spectroscopy, 502 

Magnetic excitation, col lective, 
magnetic part ic les, 520 

Magnetic moments 
for a group of particles, 521-22 
superparamagnetic clusters, 499-501 

Magnetic properties, metal 
clusters, 1l6,1l8-19f 

Magnetic relaxation, effect on the 
shape of Mossbauer spectra, 519 

Magnetic susceptibi l i ty 
characterization of supported iron 

oxide part ic les, 518-32 
theory, 521-22 

Magnetite particles, Mossbauer 
spectra, 524-25f 

Marcus rate theory, electron transfer 
rate, 586 

Mass spectra, t ime-of - f l ight, Pt 
cluster reactions with 
benzene, 120,121f 

Matrix elements and vibrational 
frequencies, water and ammonia 
adsorbed on metals, 401-3 

Metal (s ) 
dispersion from LEISS, 138-40 
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Metal(s)—Continued 
supported, multitechnique 

characterization, 374-83 
Metal catalysts, supported, 

di f fraction, 385-89 
Metal precursor mobilities 

catalyst pretreatment, 298 
determination, 296 

Metal-support precursor interactions, 
effect on the surface composition 
of supported bimetallic 
clusters, 294-304 

Metal surfaces 
absorption and ref lect ion, 552 
adsorption and reaction, SIMS 

studies, 317-26 
ammonia synthesis and 

hydrodesulfurization, 154-64 
sulfur-modified, adsorptio

decomposition, 199-20
Metal-titania systems, 

spectroscopy, 80-86 
Methanation 

rate, promoted and unpromoted iron 
powder, 131 

reactions, 186 
supported bimetallic 

clusters, 300,301 f 
Methanation act iv i ty 

binary a l loys , 312-15 
catalysts derived from binary and 

ternary intermetallies, 305-31 5 
effect of sulfur, 190,192-94 
ternary alloys , 31 5 

Methane 
reaction with ammonia on Rh, 183-84 
synthesis over Ru catalysts, 188-94 

Methanethiol on the Pt( 111 ) surface, 
sequential dehydrogenation, 202-6 

Methanol, reaction with coadsorbed 
oxygen on Pd(100), 172-75 

Methanol-synthesis catalyst, 21-23 
Methanol-synthesis catalyst 

precursor, 351-60 
Methoxylation of s i l i c a , effects, 460 
Microanalysis 

Cu-ZnO methanol-synthesis catalyst 
precursor, 351-60 

small particles, 333,335 
Microdiffraction in a STEM 

instrument, 335-37,338f 
Microfacetted region of a gold 

crysta l , 345,348f 
Microreactor, medium pressure, coupled 

to a vacuum system, 125,126f 
Mineral aurichalcite 

bright- f ie ld images, 358f 
electron diffraction 

pattern, 357-58f 
electron micrographs, 353f,357-59f 

Minireactor and reaction interface, 
reactor and surface analysis 
system, I8,20f 

Mobi l i t ies , metal precursors 
catalyst pretreatment, 298 
determination, 296 

Model 
molecular adsorption, hydrogen 

on Rh, 74 
vs. plant catalysts, hydrodesul­

furization act iv i ty , 8f 
Molecular adsorption 

EMIRS and SNIFTIRS studies, 562-64 
hydrogen on Rh, 74 

Molecular characterization, reactions 
at glassy carbon 
electrodes, 587-94 

Molecular-oxygen coverage on s i l ve r , 

Molecular surfaces, 111-22 
Molecules 

having a lone pair o rb i ta l , bonding 
to a metal, 399f 

sticking probability, 226-29 
Molybdenum, crystal surface, kinetics 

of thiophene 
hydrodesulfurization, 158,160-61 

Molybdenum catalysts, hydrodesul­
furization act iv i ty , 8f 

Molybdenum-Co-alumina hydrodesul­
furization catalysts, 422-34 

Molybdenum disulfide, LEISS, 137-38 
Mono crystal plane, PdCu(111), 272 
Mordenite, structure, 51 Of 
Morphology studies, catalysts, 140-42 
Môssbauer absorption intensit ies , as a 

function of energy, 519-20 
Môssbauer c e l l , 7f 
Môssbauer characterizations, 

Fe-zeolite and Fe or Ru on doped-
carbon catalysts, 498 -51 6 

Môssbauer effect spectroscopy, oxygen 
electrocatalysts involving t rans i ­
tion metal macrocycles, 539,543-48 

Môssbauer parameters 
nuclear energy states of Fe-57, 503f 
sulfided catalysts, 11t 

Môssbauer spectroscopy 
background on the principles, 499 
hydrodesulfurization catalysts, 4-5 
iron catalysts, 506f,515f 
sulfided catalysts, 12f 
supported iron oxide 

particles, 518-32 
theory, 518-21 

Motional state of benzene, phase 
diagram, 496f 

Multiply twinned part ic le , gold, 348f 
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Multitechnique characterization of 
supported metals, 374-83 

Ν 

Nafion-Pt-CdS systems, surface 
spectroscopy, 566-73 

ο-Na pht ho qui none , on a gl as s y car bon 
surface, 590 

Near-edge X-ray absorption fine struc­
ture spectroscopy 

ethylidyne and ethylene, 207f 
thiomethoxy and 

thiof ormaldehyde , 205f 
Nickel 

surface concentrations 
effect on metnanation 

act iv i ty , 312-15 
untreated and oxidized 

a l loys , 307-12 
surface structure, 229-31 
use i n scattering of hydrogen and 

deuterium molecules, 224-26,228f 
Nickel-CO, coverage and secondary 

ion yield 
relationship, 321, 323-24, 326t 

Nickel-Cu alloy surfaces, 
reactions, 324-25 

Ni t r ic oxide 
adsorbed on 2ί Co-alumina, IR 

spectra, 424f 
adsorbed on CoMo-alumina catalysts, 

IR spectra, 426-27f,429f 
decomposition on metals, 179-82 
isotopes adsorbed on 2% Co-Aero 1000 

alumina, IR spectra, 424f 
reaction with CO on Pt, 181,183 
reactions on metals, 178 

Nitrogen bases, preadsorbed, effects 
on the exposure of Co and Mo 
sites, 428,430 

Nitrogen dioxide, decomposition on 
metals, 181-82 

Nitrous oxide, decomposition on 
metals, 181-82 

Nonideality of an a l loy , 
description, 268 

Nuclear magnetic resonance spectra 
benzene-d6 in (Cs,Na)X, 488f 
polycrystalline benzene-d6, 486 
sol id state, for Na, 92, 96f 

0 

Off-axis reaction c e l l , catalyst 
system studies, 40-42 

One-dimensional model, bridged-to-
linear CO conversion, 413f 

Osmium-Cu clusters, 255-61 
Oxidation 

of ascorbic acid 
cycl ic voltammetry, 592-94 
at glassy carbon electrodes, 

electrochemi cal 
features, 585-87 

o-quinones, 587 
αΓοη Pt, 464-69 
electrocatalytic, EMIRS 

studies, 556-59, 56lf 
Oxidation catalysts, selective, 26-35 
Oxide ions i n bismuth molybdates, 

identi f ication, 33-35 
Oxidized binary a l loys , surface and 

bulk characterizations, 307-10 

cluster ion 
characterization, 319-21 

Auger map, catalyst following single 
reduction, 51 f 

interactions and reactions on 
PdOOO), 165-76 

reduction, 535-36 
Oxygen electro catalysts involving 

transition metal macrocycles, 
spectroscopic studies, 535-49 

Oxygen-Ti Auger signal ra t io , TiQ2 
single-crystal and powder 
surfaces, 98-108 

Ρ 

Packing effects, carbon clusters, 112 
Palladium 

on carbon, characterization by 
analytical electron 
microscopy, 366,368,369f 

crysta l l i te size and dispersion 
data, 380t 

oxygen interactions and reactions 
on, 165-76 

supported on alumina and s i l i c a , 
STEM and TPD analyses, 377,380 

Palladium catalysts, dif fraction 
studies, 389 

Palladium-CuOH) monocrystal 
plane, 272 

n-Paraffins over Te-NaX 
aromatics, 88-96 
dehydrocyclization, 94,96f 

Particle, small, electron microscopy 
and diffraction techniques, 329-39 
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Particle morphology, effect of gas 
environment and chemical 
impurities, 345,347,348f 

Particle size distribution 
fe r r ic oxide in ZSM-5, 509f 
magnetite particles, 526 

Particle surfaces 
atomic imaging, 341-48 
effect of geometry on 

catalysis, 345-48 
Peak positions i n imaginary response 

functions for Rh-s i l i ca , 75f ,76f 
Peak rat ios , X-ray photoelectron spec­

troscopy of CdS in Nafion, 573t 
Peroxide pathway, oxygen 

reduction, 536 
Phase composition and catalytic 

behavior, Bi-Fe molybdates, 29-33 
Phase diagram, motional stat

benzene, 496f 
o-Phenylenediamine-derivatized glassy 

carbon surface, 591f 
Phonon interaction, direct inelast ic 

scattering of diatomic 
molecules, 226 

Phonon spectra, effect of water 
adsorbed on aeros i l , 459-60 

Phosphoric acid fuel c e l l , 575-76 
Photoacoustic effect from sol ids, 

spectroscopic application, 450 
Photoacoustic s ignal , def init ion, 450 
Photoacoustic spectroscopy 

comparison to transmission 
spectroscopy, 451t 

IR, s i l i c a and alumina, 449-61 
transition metals supported on 

alumina, 381-83 
Photoelectron, wave vector, 254 
Physical adsorption of CO on 

s i l i c a , 415-20 
Physicochemical characterization, 

catalysts derived from 
intermetallies, 306-7 

Pilot plant reactor-surface analysis 
system 

appl icabi l i ty , 24-25 
for catalyst studies, 15-25 
schematic, 17f 

Plant catalysts, poisoned, hydrodesul­
furization act iv i ty , 7-8f 

Platinum 
agglomeration and dispersion 

measured by ion scattering, 139f 
alloying with Cu, 274-76 
bulk and surface atoms, thermal 

motion, 283,285,287f 
CO oxidation, 464-69 
cluster reactions with benzene, 

time-of-f l ight mass 
spectra, 120,121f 

c rysta l l i te size and dispersion 
data, 376t 

crysta l l i te size and mass 
distribution, 379f 

effect on rutileOOO) s ingle-crystal 
surfaces, 98-108 

effect on T1Û2 powder 
surfaces, 98-108 

Fourier transforms of EXAFS 
data, 283,284f 

supported on alumina and s i l i c a , 
STEM and TPD analyses, 376-77 

surface reactions at low and high 
pressures, 177-83 

thermal reduction, 576 
Platinum-aluminum oxide catalyst, 63 
Platinum-bimetallic catalysts, surface 

spectroscopy, 566-73 
Platinum catalysts 

determination of the atomic and 
electronic structure, 280-92 

difference pattern, 387-88 
diffraction pattern, 387-89 
edge resonance, 286-89 
electronic dipole transitions, 285 
Fermi energy, 289 
Fourier transforms of EXAFS 

data, 283,284f 
L-edge resonance, 286-89 
XANES, temperature effects, 286 

Platinum-Cu system, electronic struc­
ture changes, 269,271 

Platinum f o i l , L-absorption 
edges, 284f 

Platinum-Ir clusters, 262-64 
Platinum-Pd supported on 

alumina, STEM and TPD 
analyses, 381 

Platinum-Re catalysts, 57,60,63 
Platinum-Re-alumina catalysts, 60,63 
Platinum-Ru bimetallic clusters, 

silica-supported, 
structure, 294-25 

Platinum(111) surface 
ethylene adsorption and 

decomposition, 206-8 
hydrogen sulfide adsorption and 

decomposition, 200-202 
sequential dehydrogénation of 

methanethiol, 202-6 
Platinum-Sn catalyst, description, 59 
PIatinurn-Sn-alumina catalyst, 

schematic, 61 f 
Platinum-Ti a l loys, surface 

chemistry, 577-80 
Poisoning, arsenic, hydrodesulfuriza­

tion catalysts, 2-13 
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Polycrystalline benzene-d/-, deuterium 
NMR spectrum, 486 

Poly(methyl methacrylate), solution 
deposition on Cr, 444-45 

Potassium-modified iron powder, X-ray 
photoelectron spectra, 129-32 

Potential energy diagram 
hydrogen molecule interacting with a 

so l id surface, 234f 
Lennard-Jones, 224 

Preadsorbed nitrogen bases, effects on 
the exposure of Co and Mo 
sites, 428,430 

Precursor interactions, support metal, 
effect on the surface composition 
of supported bimetallic 
clusters, 294-304 

Precursor mobil it ies, metal 
catalyst pretreatment, 29
determination, 296 

Pressure 
of ethylene, effect on rate of 

ethylene epoxidation, 214,215f 
of oxygen, effect on rate of 

ethylene epoxidation, 214,215f 
of reactants 

effect on ammonia synthesis, 156t 
hydro des ulf uri zation 

dependence, 1611 
Product distr ibution, thiophene 

hydrodesulf uri zation, 1611 
Promoters, air cathodes, 576 
Propylene 

ammoxidation over Bi-Fe 
molybdate, 31f 

selective oxidation and 
ammoxidation, 28 

Proton-donor function, hydroxyl group 
on s i l i c a , 300-301 

Pulsed cluster source, 112,113f 
Pulsed molecular-beam experiments, CO 

oxidation on Pt, 465-66 

Q 

Quadrupole sp l i t t ing , Mossbauer 
spectroscopy, 502 

o-Quinones, oxidation of ascorbic 
acid, 587 

R 

Radiant heat reactor, schematic, 39f 
Raman data, Bi-Fe molybdates, 31t 
Raman experiments, selective oxidation 

catalysts, 27 

Raman spectra 
bismuth molybdates, 34t 
surface enhanced, oxygen elec-

trocatalysts involving t rans i ­
tion metal macrocycles, 539-42 

Rate expressions 
Langmuir-Hinshelwood, 178 
reoxidation of bismuth molybdate 

catalysts, 28 
Reaction and adsorption at metal 

surfaces, SIMS studies, 317-26 
Reaction c e l l , of f -axis , catalyst 

system studies, 40-42 
Reaction dynamics and surface struc­

ture in catalysis, 222-36 
Reaction interface and minireactor, 

reactor and surface analysis 
system, I8,20f 

Reaction kinetics, selective epoxida­
tion of ethylene, 214-16 

Reaction rate coefficient, 
def init ion, 178 

Reactor, sample, 7f 
Real response function, 68,73f 
Rearrangement of hydrocarbons over 

surfaces, 185-97 
Recoilless f ract ion, definition, 543 
Redox behavior of 1,4-dihydrobenzene, 

glassy carbon electrodes, 584f 
Redox processes and so l id state 

transformations, bismuth 
molybdates, 28-29 

Reduced catalysts, Re ESCA 
spectra, 64f 

Reduction 
oxygen, 535-36 
T102, 107 

Reduction and sulfidation 
behavior, Co catalysts, 144-51 

Reflection-absorption at a metal 
surface, 552 

Reflection electron microscopy, study 
of small particles, 334 

Relative surface concentrations, 
hydrodesulf uri zation catalysts, 6t 

Relaxation time, superparamagnetic 
clusters, 501 

Reoxidation of bismuth molybdate 
catalysts 

activation energies, 28t 
rate expression, 28 

Rhenium 
crystal surfaces 

kinetics of ammonia synthesis, 157 
structure sensit iv i ty of ammonia 

synthesis, 158 
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Rheni um—Continued 
ESCA spectra for reduced 

catalysts, 64f 
4f peak of catalysts, 62f,64f 
i n reduced bimetallic catalysts, 

valence state, 57-65 
Rhodium, surface reactions at low and 

hi&i pressures, 177-83 
Rhodium catalysts 

3d peaks, 6lf 
hydrogen adsorption and desorption 

isotherms, 71f 
preparation, 69,295-96 
properties, 69t 

Rhodium-Cu clusters, 261-62 
Rhodium-Ir clusters, 264-65 
Rotation, hindered, adsorbed 

molecules, 398 
Ruthenium catalysts 

hydrocarbon synthesis an
ment reactions, 185-97 

preparation, 295-96 
silica-supported, catalyst and 

surface composition, 296-99 
Ruthenium-Cu catalysts 

EXAFS data, 258f 
EXAFS envelope functions, 259f 
X-ray absorption spectrum, 256f 

RutileOOO) single-crystal surfaces, 
effect of Pt, 98-108 

S 
Sample-transfer system, reactor and 

surface analysis system, I6,17f 
Saturation magnetization for an entire 

array of particles, 521-22 
Scanning Auger microprobe analysis, 

untreated catalyst, 49, 50f 
Scanning electron microscopy, CdS 

fi lms, 570, 571 f 
Scanning reflection electron 

microscopy, study of small 
particles, 334-35 

Scanning transmission electron micros­
cope (STEM) analyses 

catalysts, 362 
microdiffraction, 335-37,338f 
Pd supported on alumina and 

s i l i c a , 377,380 
Pt supported on alumina and 

s i l i c a , 376-77 
small part ic les, 331-32,333f 
supported metals, 374-83 
transition metals supported on 

alumina, 381-83 
Scattered intensity of hydrogen and 

deuterium molecules scattered from 
N i , 224-26,228f 

Scattered ion intensity, 
def init ion, 135,137 

Scavenging of oxygen 
de pendence, 175-76 
description, 166 

Secondary electron micrograph 
catalyst following single 

reduction, 51 f 
untreated catalyst, 50f 

Secondary ion mass spectroscopy (SIMS) 
adsorption and reaction at metal 

surfaces, 317-26 
cluster ion characterization during 

oxygen adsorption and 
oxidation, 319-21 

clusters for the Ni(100)-C0 system, 
intensit ies, 326t 

surfaces, 32 5-26 
depth profi le, Pt on oxidized 

T i , 83 , 85f 
general discussion, 317-18 

Secondary ion yield and coverage 
relationship, 
Ni(100)-C0, 321, 323-24, 326t 

Selective epoxidation of ethylene 
catalyzed by s i l ve r , 210-20 

Selective oxidation and ammoxidation, 
propylene, 28 

Selective oxidation catalysts 
preparation, 27 
spectroscopic measurements and 

catalytic behavior, 26-35 
Sequential dehydrogenation of 

methanethiol on the Pt(111) 
surface, 202-6 

Sheet aluminosilicates 
idealized compositions, 475t 
intercalates of, role in hetero­

geneous catalysis, 472-83 
structure, 474f 

Shockley partial dislocation, 
gold(111), 343,344f 

S i l ica 
difference spectra, 454f 
hydroxyl group 

proton-donor function, 300-301 
stretching and bending 

modes, 452 , 455 
IR photoacoustic 

spectroscopy, 449-61 
thermal diffusion lengths, 450 

Silica-supported Cu and Ru-Cu 
catalysts 

EXAFS data, 258f 
EXAFS envelope functions, 259f 

Silica-supported metals, multitech­
nique characterization, 374-83 
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Silica-supported Os-Cu catalyst, 
contributions of backscattering 
atoms to EXAFS, 260f 

Silica-supported Pt-Ir catalyst, 
X-ray absorption spectrum, 263f 

Silica-supported Ru catalysts 
catalyst and surface 

composition, 296-99 
structure, 294-95 

Silica-supported Ru-Cu catalysts, 
X-ray absorption spectrum, 256f 

S i l i c a l i t e , possible model of pore 
structure, 505f 

S i l i ca te , sheet, principal building 
block, 473,474f 

Si l icon anode X-ray source, catalyst 
system studies, 42-46 

Silicon-29 chemical shifts
sheet s i l i ca tes , 478t 

S i l ver-catalyzed selective epoxidation 
of ethylene, 210-20 

Single-crystal catalysis studies, 
ultrahigh vacuum apparatus, I87f 

Single-crystal diffraction patterns, 
s tat i s t ica l information, 337,339 

Single-crystal studies of the se lec­
tive epoxidation of 
ethylene, 210-20 

Single-crystal surfaces 
chemically modified, 190,192-97 
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hydro des ulf uri zation, 1 54-64 
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reactions, 188-89,191f 
s t r uc t ur e-sens i t i ve 

reactions, 190-92 
Small-angle scattering, study of 

catalysts, 386 
Sodium, so l id state NMR, 92 , 96f 
Sodium Auger map, catalyst following 

single reduction, 51 f 
Sodium-cation-exchanged clays, IR 

spectra, 477f 
Sodium zeolites, X-ray photoelectron 

spectroscopy, 92 
Solid state transformation and redox 

processes, bismuth 
mol ybdat es, 28-29 

Spectroelectrochemical c e l l , IR 
spectroscopy, 551, 554f 

Spectroscopic measurements and 
catalytic behavior, selective 
oxidation catalysts, 26-35 

Spectroscopic studies of oxygen elec-
trocatalysts involving transition 
metal macrocycles, 535-49 

Spectroscopy 
metal-titania systems, 80-86 
surface, Pt-CdS-Nafion 

systems, 566-73 

Stark effect, electrochemically 
activated, 564 

Static chemisorption, 69-72 
Static SIMS 

Pt on oxidized T i , 81-83 
T i substrate without a metal 

overlayer, oxidized, 84 , 85f 
Stat is t ica l information from single-

crystal diffraction 
patterns, 337,339 

Sticking probability of 
molecules, 226-29 

Stoichiometric inter conversion of 
adsorbed CO species, 
evidence, 41 Of 

Streak phase, H-Ni(110) 
system, 229-31f 

Stretch, internal , adsorbed 

background, 80-81 
chemisorption on CO hydrogénation 

catalysts, 67068 
Structure-insensitive reactions over 

clean single-crystal surfaces, 
kinetics, 188-89,191f 

Structure-sensitive reactions over 
clean single-crystal surfaces , 
kinetics, 190-92 

Structure sensit iv i ty of ammonia 
synthesis over Re crystal 
surfaces, 158 

Subtract!vely normalized interfacia l 
FTIR spectroscopy (SNIFTIRS), 551 

absorption bands, 553 
molecular adsorption, 562-64 

Sulfidation and reduction behavior, 
Co catalysts, l44-51t 

Sulfide, promotional effects i n 
catalysis, 430 

Sulfided catalysts 
Mossbauer parameters, 11t 
Mossbauer spectra, 12f 

Sulfur 
effect on ethane 

hydrogenolysis, 193,194f 
effect on methanation, 190,192- 94 
effect on thiophene 

hydrodesulfurization, I62,l63t 
Sulfur-modified metal surfaces, 

adsorption and 
decomposition, 199-208 

Superparamagnetic behavior, magnetic 
particles, 519-20 

Superparamagnetic clusters 
magnetic moments, 499-501 
relaxation time, 501 

Superparamagnetically relaxing 
part ic les , energy i n an applied 
f i e l d , 521 

In Catalyst Characterization Science; Deviney, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



6 1 4 CATALYST CHARACTERIZATION SCIENCE 

Supported bimetallic clusters, effect 
of support-metal precursor 
interactions, 294-304 

Supported iron oxide particles, 
characterization using Môssbauer 
spectroscopy and magnetic 
susceptibi l i ty , 518-32 

Supported metal catalysts 
di f fraction, 385-89 
effect of di lution on 

dispersion, 298 
Supported metals, multitechnique 

characterization, 374-83 
Surface adsorbates and surface-

mediated reactions, FTIR 
studies, 435-47 

Surface analysis-pilot plant reactor 
system, for catalyst 
studies, 15-25 

Surface analysis techniques, study of 
catalyst systems, 37-56 

Surface area, boundary condition, 
effect on surface reconstructions 
and chemisorption, 345 

Surface characterization and methana­
tion act iv i ty , catalysts derived 
from binary and ternary 
intermetallies, 305-315 

Surface chemistry 
alloys of Pt and T i , 577-78 
bimetallic catalysts, 267-78 

Surface composition 
general discussion, 268-69 
silica-supported Ru-Ir bimetallic 

catalysts, 297 
silica-supported Ru-Rh bimetallic 

clusters, 296-97 
Surface contamination, dependence of 

time on pressure, 179 
Surface-enhanced Raman spectroscopy, 

oxygen electrocatalysts involving 
transition metal 
macrocycles, 539-42 

Surface part ic le , atomic 
imaging, 341-48 

Surface phases, hydrogen, 229-31 
Surface point groups and selection 

rules, vibrational 
analysis, 394-95 

Surface reactions on clean Pt and Rh 
at low and hi#i pressures, 177-83 

Surface restructuring, bismuth molyb-
date catalysts, 29,30f 

Surface-sensitive techniques, correla­
tions to SIMS, 317-26 

Surface sensit iv i ty of 
catalysts, 137-38 

Surface SiOH groups, influence of CO 
physisorption, 41 7f 

Surface structure 
atomic, gold, 342-44 
oxidized al loys, correlation to CO 

conversion act iv i ty , 312-15 
and reaction dynamics in 

catalysis, 222-36 
Surface studies with IR 

spectroscopy, 404-19 
Symmetric carboxylate stretch, cadmium 

arachidate on s i l ve r , 442-43 
Synthesis of hydrocarbons over 

surfaces, 185-97 
Synthetic aurichalcite, electron 

micrographs, 353f 

Τ 

Tellurium-NaX zeol ite, aromatics from 
n-paraffins over, 88-96 

Temperature 
effect on deuterium NMR spectra of 

benzene-d6-(Na)X, 489-91 
effect on rate of surface 

reactions, 235 
effect on the sticking probability 

of molecules, 227 
effect on surface composition of 

T i 0 2 , 101,104 
effect on XANES of a Pt 

catalyst, 286 
Temperature-programmed desorption 

(TPD) analyses, Pd and Pt 
supported on alumina and 
s i l i c a , 376-77,380-81 

Temperature-programmed reaction 
spectra 

ethylene and hydrogen on clean and 
oxygen-covered Pd(100), I67f 

methanol, formaldehyde, and water 
following methanol coadsorption 
on PdOOO), 173f 

water desorption following methanol 
and oxygen coadsorption on 
Pd(100), 174f 

water and oxygen coadsorption system 
on Pd(100), 171f 

Temperature-programmed reduction 
experiments, CoO 
catalysts, 148,150f 

Temperature-programmed sulfidation 
experiments, CoO 
catalysts, 149,1 50f 

Ternary alloys 
methanation act iv i ty , 31 5 
preparation, 306 
surface and bulk 

characterization, 310-12 
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CO adsorbed on bimetallic 

catalysts, 271-73 
spectra, CO, 83t 

Thermal diffusion lengths, s i l i c a and 
alumina, 450 

Thermal motion, relative mean squared, 
bulk and surface Pt 
atoms, 283,285,287f 

Thermal reduction, Pt, 576 
Time-of-flight analysis, CO oxidation 

on Pt f o i l , 465 
Time-of-flight mass spectra, Pt 

cluster reactions with 
benzene, 120,121f 

Time-resolved IR spectroscopy 
CO oxidation on Pt, 466 
problems, 466-67 

Tin-Pt catalyst, description
Titania-based thin-f i lm catalys

models, preparation, 81 
Titania-metal systems, 

spectroscopy, 80-86 
Titanium 

chemical state, characterizations as 
a function of heat-treatment 
temperature, 579t 

in different chemical states, bind­
ing energies, 578t 

interatomic transition, 106 
oxidation, description, 84 
oxidized, Auger electron 

spectra, 82f 
substrate without a metal overlayer, 

oxidized, 84,85f 
Titanium dioxide 

during cleaning procedures, Auger 
spectra, 100f 

crystals, characteristics, 101 
overlayers on Pt, surface 

chemistry, 577 
single crystals 

covered with Pt, characterization 
by Auger electron 
spectroscopy, 101 

preparation, 99 
Titanium dioxide powder 

catalysts, carbon peak 
intensit ies , 104 

preparation, 99 
surfaces, effect of Pt, 98-108 

Titanium dioxide promoted Pt 
catalysts, 
characterization, 578-79 

Tracers, stable and radioactive 
applications, 88-89 

Transition metal macrocycles, e lec-
trocatalysts of oxygen involving, 
spectroscopic studies, 535-49 

Transition metals supported on alumina 
photoacoustic spectroscopy, 381-83 
STEM analysis, 381-83 

Translation, hindered, adsorbed 
molecules, 398 

Transmission electron microscopy 
catalyst characterization, 362 
study of small 

particles, 330-31,333f 
Transmission spectroscopy 

advantages over photoacoustic spec­
troscopy of powders, 450 

comparison to photoacoustic 
spectroscopy, 451t 

Tricobalt-ethylidyne-noncarbonyl, 
vibrational spectrum, 396f 

T r i f luoromethane sulfonic ac id , use i n 
fuel ce l l s , 580 

intensit ies, 319-21 
Turnover number, selective epoxidation 

of ethylene, 212,216,219 
Twinning, small particles, 336 
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Ultrahigh-vacuum apparatus, single-
crystal catalysis studies, I87f 

Ultrahigh-vacuum IR c e l l , 406f 
Ultraviolet ce l l developments, 405-7 
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spectroscopy, oxygen elec­
tro catalysts involving transition 
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Unpromoted Fe powder, X-ray photo-
electron spectra, 127-29 

Untreated binary al loys, surface and 
bulk characterization, 307,308f 

Untreated ternary a l loys, surface and 
bulk characterization, 31 0, 31 If. 
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Valence state of Re i n reduced 
bimetallic catalysts, 57-65 

Velocity of adsorption of reactants, 
effect on rate of surface 
reactions, 232,235 

Vibrational analysis 
adsorbed molecules, 392-403 
principles, 393-96 

Vibrational frequencies and matrix 
elements, water and ammonia 
adsorbed on metals, 401-3 

Vibrational properties, water and 
ammonia adsorbed on 
Al(100), 398-401 
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Vibrational spectrum, as a finger­
pr int , 393-94 

Vibrational temperature, CO oxidation 
on Pt, 469 
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Water 
adsorbed on aeros i l , effect on 

phonon spectra, 459-60 
chemical bonding to 

A id00) , 397-98,399f 
and hydroxyl groups, reactions with 

coadsorbed oxygen on 
PddOO), 170-71 

Wave vector, photoelectron, 254 
Wide-angle diffraction pattern, 

uses, 386 
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copy OCA NES) 

cobalt compounds, I47f 
data analysis, 285-92 
description, 280-81 
supported metal catalysts, 387 

X-ray absorption spectroscopy 
characterization of Co 

catalysts, 144-51 
determination of the atomic and 

electronic structure of Pt 
catalysts, 280-92 

Pt-Ir catalyst, 263f 
Ru-Cu catalyst, 256f 

X-ray diffraction 
characterization of supported metal 

catalysts, 385-89 
spectra, aurichalcite samples, 355f 

X-ray emission spectroscopy, catalyst 
characterization, 364 

X-ray photoelectron spectroscopy 
alumina-supported Cu catalyst, 43f 
arsenic-poisoned hydrodesulfuriza­

t ion catalyst, 1Qf 
CdS i n Nafion, 570,572f,573 
Co catalysts, 144-51 
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NaX and Te-NaX zeolites, 92 
o- phen y l ene di amine- deri va t i zed 

glassy carbon surface, 591f 
positions and relative intensit ies 

of transitions, 44f 
un promoted Fe powder, 127-29 
wide scans, Cu-Al extruded 

catalyst, 47f 
X-ray powder diffraction spectra of 

CdS, 568f 
X-ray signals, d ig i ta l imaging, 
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Zeolites 
characterization by analytical 

electron microscopy, 368,369f 
dynamics of benzene i n 

X-type, 485-96 
Zinc, chemical state changes i n a 

catalyst i n feed gas, 21,22f 
Zinc-Cu rat ios , aurichalcite 

samples, 354t 
Zinc oxide 

and Cu partic les, dark-f ield 
imaging, 356,359f 

diffraction spots 
aurichalcite mineral, 354-60 
schematic, 358f 

Zinc oxide-Cu methanol-synthesis 
catalyst precursor, 
microanalysis, 351-60 
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