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FOREWORD

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
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

AS THE GROWTH OF 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 recent developments in our ability to characterize
catalytic materials and reaction mechanisms have resulted in important
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.

We would like to thank the Colloid and Surface Chemistry Division and
the Petroleum Chemistry Division of the American Chemical Society for
their support and encouragement. Acknowledgment is also made to the
Donors of the Petroleum Research Fund, administered by the American
Chemical Society, for partial support of this activity. The encouragement of
Ashland Chemical Company, Exxon Research and Engineering Company,
and General Motors Research Laboratory is gratefully acknowledged, and
special thanks is expressed to James D. Idol, Andrew Kaldor, and John
Larson. The excellent cooperation of the many authors and coauthors of the
chapters included in this book is sincerely appreciated. Finally, we would like
to thank our families, particularly our wives, Marie Deviney and Wanda
Gland., for their patience and continuous support.

MARVIN L. DEVINEY JOHN L. GLAND
Ashland Chemical Company Exxon Research & Engineering Company
Columbus, Ohio 43216 Annandale, New Jersey 08801
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Arsenic Poisoning of Hydrodesulfurization Catalysts

Ruth N. Merryfield, Lloyd E. Gardner, and George D. Parks
Phillips Petroleum Company, Bartlesville, OK 74004

X-ray photoelectron spectroscopy (XPS), Mossbauer
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/
Alo03 and Mo/Al703 catalysts are deactivated when
arsenic is added to the catalyst, either as a con-
taminant from the reactor feed or as Asj0s5 by
laboratory impregnation. XPS shows one form of
arsenic, As+5, on the calcined catalyst and two
forms, probably As*3 and As©, 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.

Arsenic poisoning of catalysts, particularly reforming and hydro-
treating catalysts, is a long standing problem. Interest in shale
oil refining emphasized this problem, as shale oils often contain
20-40 ppm arsenic. In this study we have used several methods to
clarify the nature of arsenic poisoning on hydrodesulfurization
(HDS) catalysts. HDS activity tests were used to determine the
extent of poisoning. X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and Mossbauer emission spectroscopy (MES) have
been used to study metals on the catalyst and to identify specific
compounds where possible.

Co-Mo/Al503 catalysts have been studied extensively, both for
their structure and reaction mechanisms, and many studies have been
reported in the literature (1-14). However, the HDS activity is
not completely understood and many conflicting views have been
reported. No attempt is made here to explain the HDS mechanism,

0097-6156/85/0288-0002506.00/0
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I. MERRYFIELD ET AL. Arsenic Poisoning of Hydrodesulfurization Catalysts 3

but only to describe the state of arsenic on these catalysts and
its effect on activity.

Experimental

Catalyst Preparation. Most samples were prepared using a Ketjen
alumina (1/16 inch extrudate with 280 m2/g surface area and 0.71
ml/g pore volume) and the incipient wetness technique for impregna-
tion. Catalysts were stirred on a hot plate until visibly dry,
dried overnight in a 100°C oven, and calcined in air at 500°C for
three hours. Ammonium paramolybdate, cobalt nitrate, and arsenic
pentoxide solutions were used, with drying and calcining after each
addition. Molybdenum was always added first, followed by cobalt
where applicable, then the arsenic. On catalysts with high loadings
of arsenic, some arsenic was lost during calcination and sulfiding.
Catalyst compositions as determined by X-ray fluorescence are given
in Table I. Another sample, a Catapal N alumina, was coimpregnated
with 9.9% Co and 8.5 % As for use as a reference material.

Table I. Catalyst Composition by X-Ray Fluorescence (Wt. %)

Catalyst Mo Co As
Mo/Al,03 8.9
Mo/Al503 + As 7.9 3.6
Co-Mo/Al,03 9.6 2.4
Co-Mo/Al503 + As 8.6 2.2 3.9
Co-Mo/A1,03 + As

(Used Catalyst) 8.4 1.9 3.6

Arsenic was added to an American Cyanamid HDS-2 catalyst for
comparison with a used catalyst containing 3.6% As. This used
catalyst was also an American Cyanamid HDS-2 catalyst which had
been in service in a refinery distillate HDS unit for about six
years. Again, X-ray fluorescence determined compositions are in
Table I.

The same Ketjen alumina described earlier was used for the
Mossbauer experiments. The samples were prepared identically, with
the following exceptions. The extrudate was ground to 20-40 mesh
before imgregnation, 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 arsenic
compositions based on the preparation are given in Table IV.

Catalyst Sulfiding. The calcined samples were sulfided prior to
XPS examination by purging the sample at room temperature with nitro-
gen, heating to 149°C, then switching to 10% H3S in hydrogen and
raising the temperature gradually over a four hour period to 316°C.
After cooling in H2S/Hj, the sample was flushed in nitrogen and
placed in a glove box. There it was loaded onto the XPS sample
holder and transported to the spectrometer in an air-tight carrier.
Sulfiding for the Mossbauer experiments was similar. All condi-
tions were identical except an 8% HyS/Hy blend was used. Figure

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



4 CATALYST CHARACTERIZATION SCIENCE

1 shows the reactor used for calcining and sulfiding the radioactive
samples. The sample was transferred to the Mossbauer cell without
exposure to air and transported to the spectrometer.

Presulfiding for the activity tests was accomplished by first
heating the catalyst in nitrogen at 204°C. 10% H3S/H; was intro-
duced at this temperature and allowed to flow over the catalyst
for five hours. The temperature was then raised gradually to 371°C
and held for an additional five hours. The catalyst was cooled
in nitrogen.

XPS Measurements. XPS measurements were performed using a Physical
Electronics Model 548 electron spectrometer with Al ka radiation
(1486.6 eV)., The spectrometer was interfaced to a Hewlett-Packard
2IMX computer for data acquisition and manipulation. The instrument
was operated at about 2 x 1077 torr, with the samples being intro-
duced into the ultrahigh vacuum from a prechamber evacuated to about
1 x 1076 torr. Binding energies were referenced to Au 4£(7/2) at
84.0 eV. A thin film of gold was evaporated onto the sample after

a complete set of spectra had been obtained, and another set of
spectra was then taken. On the supported samples, binding energies
were referenced to the Al 2s peak at 119.6 eV, as determined by

gold referencing. The surface concentrations given in Table III

are determined relative to the Al 2s peak as 100 using Scofield's
cross sections (15) and the method of calculation described by Carter
et al. (16).

Pretreatment of the samples was performed in the prechamber
of the spectrometer, except for the sulfiding described previously.
Catalysts were calcined in air at 500°C for one hour, or reduced
in hydrogen at 310°C or 350°C for up to four hours. The prechamber
was then evacuated and the sample introduced into the spectrometer
without exposure to the atmosphere.

For the XPS work, reference materials were examined to establish
binding energies for the various arsenic oxidation states. Arsenic
metal, Asy03, AsySy, As2S83, all from Ventron, and As05 from J.

T. Baker Chemicals were used. The arsenic metal powder was imbedded
in indium foil for examination. An arsenic mirror formed on a re-
action flask was also examined.

HDS Activity Measurements. HDS activity measurements were made
isothermally in a 3/4 inch i.d. high pressure trickle bed reactor.
Catalysts were ground to 20-40 mesh and diluted with alundum (37.5cc
alundum to 12.5cc catalyst). After presulfiding, light cycle oil

(a cracking product boiling between 177°C and 343°C and containing
1.7 wt % sulfur) was introduced along with hydrogen (7 moles Hy/mole
feed). Most of the sulfur in the oil was present as benzothiophenes
and dibenzothiophenes. The reaction was run at 600 psig and 4.0
LHSV. A temperature survey was made from 257°C to 357°C at 14°C
intervals over a sixty hour period.

Mossbauer. The Mossbauer emission spectroscopy measurements were
made using the Co°’ doped catalyst as a stationary source. The
moving absorber was Fe®’ enriched K;Fe(CN)g-3H0. Both the co>7
and the absorber were obtained from New England Nuclear. The con-
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stant acceleration mode Mossbauer spectrometer was calibrated using
a source of Cod7 in palladium and an adsorber of enriched Fe37 iron
foil. The catalyst samples were loaded into a glass cell with a
one inch diameter beryllium window. Spectra were accumulated for
at least 24 hours and fit by computer for Lorentzian curves using

a least squares fit.

Results and Discussions

Activity Tests. Figure 2 shows results of activity tests for a

commercial American Cyanamid HDS-2 catalyst which had been in use

for about six years. The catalyst was sampled at various depths

and results for three samples containing 0.01% As, 0.6% As, and

3.6% As show a decrease in activity with increasing arsenic content.
A similar catalyst to which 3.9% arsenic had been added in the
laboratory was tested and its activity (Figure 3) compared to the
activity of a fresh catalyst and also to that of the used catalyst.
The activity loss of the used catalyst containing 3.6% As corresponds
closely with that for the prepared sample, indicating that arsenic
added by impregnation acts like that deposited under actual operating
conditions. When the used catalysts were regenerated in air at
482°C, the arsenic was not removed.

The molybdenum on alumina catalyst was also tested for activity
with and without arsenic. Although this catlyst has a much lower
intrinsic activity for HDS, the results in Figure 4 show that 3.6%
arsenic almost completely deactivates the catalyst. The small
amount of activity remaining is that expected for Alj03 alone. Thus
arsenic also deactivates catalysts without cobalt promoters.

XPS. Several bulk materials and one supported sample were examined

by XPS to establish binding energies for the arsenic. These values,
given in Table II, correspond closely to those reported in the
literature (17-19). The binding energy found for As;05 on alumina
is comparable to that found on the bulk Asj05, indicating that the
values for supported arsenic should be similar to those for the
bulk materials.

Table II. XPS Binding Energies for Arsenic Reference Materials

As 3d As 3d
Be(eV) Be(eV)
As metal 41.9 As9S2(As4S4) 42.4
As mirrored on flask 41.7
As903 45.2 AspS3 42.8
Asj05 45.6 As905/A1703 45.5

XPS spectra were obtained for the catalysts in the calcined,
sulfided, and sometimes in the reduced state, as described before.
Table III gives the binding energies and relative surface concen-
trations for the Mo/Al1503 and Co-Mo/Al;03 catalysts, with and with-
out arsenic. Data for the used catalysts, which are not listed
in the table, are similar to those for the catalysts prepared in
the laboratory.
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Figure 1. Sample reactor and Mossbauer cell.

PERCENT HDS
100

—O== USED CAT
0.014%As

80 F|—o— useocar
0.6%As

w—fy— USEQ CAT
3.6% As

60

40 r

20 +

o A A e i A
240 260 280 300 320 340 360

TEMPERATURE (DEGREES C)

Figure 2. HDS activity of poisoned plant catalysts.
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Figure 3. HDS activity of model vs. plant catalysts.
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Resolution of the Mo 3p peaks showed molybdenum to be present
as Mot® for the calcined catalysts, and a mixture of Mot6é and Mo
for sulfided catalysts. The Mo 3p peaks were used since both
arsenic and sulfur peaks interfere with the Mo 3d doublet. Although
some authors have been able to resolve a peak attributed to Mo*>
on sulfided catalysts (8-9), we were able to resolve our peaks using
only two component peaks. Curve resolving consistently showed that
about 70% of the molybdenum signal in the sulfided catalysts was
due to Mot4.

Table III shows that both cobalt and arsenic affect the Mo/Al
ratio as measured by XPS. These elements cause the Mo/Al ratio
on both calcined and sulfided catalysts to decrease. Again this
is due either to covering of molybdenum by promoters or more likely
to some change in molybdenum dispersion induced by the promoters.

It is likely that these metals displace molybdenum from surface
sites on the alumina, so that they interfere with the strong inter-
action of the molybdenum and aluminum which keeps the molybdenum
well dispersed.

The Mo/Al ratio measured by XPS always decreased upon sulfiding.
Bulk analysis showed no change in molybdenum concentration upon
sulfiding, indicating that no molybdenum was lost during sulfiding.
The drop in intensity can best be explained by assuming that the
molybdenum sulfide form is sintering into large clusters. The
model of Kerkhof and Moulijn (20) was used to interpret this data.
We assumed that all of the Mo?™® on calcined and sulfided catalysts
was present as a well dispersed monolayer. Crystallite sizes were
calculated based on the change in Mo/Al ratio upon sulfiding (this
method eliminates errors due to inaccuracies in photoionization
cross sections). Crystallite sizes ranging from 2nm to 4nm were
calculated for the sulfided state. These sizes should be viewed
with caution, due to uncertainty in electron mean free paths and
dispersion of the oxide species. Incomplete dispersion of Mo1® or
partial covering of the MoSj crystallites by promoter atoms would
lead to erroneous results. These crystallite sizes are larger than
those proposed by Topsoe et al. (21) based on infrared and EXAFS data.
Although the errors mentioned above may affect the absolute size
calculated, it does not alter the conclusion that some degree of
sintering is occurring on sulfiding.

An interesting effect is noticed if one looks at the relative
decrease in the Mo/Al ratio upon sulfiding for each catalyst. When
cobalt is present this ratio drops by about 20% after sulfiding
(independent of the presence of arsenic). Without cobalt, the ratio
is decreased by about 33%. It therefore appears that cobalt helps
to lower the amount of sintering which occurs upon sulfiding
(although it causes some sintering of the oxidic form of the cata-
lyst). Sulfiding has no effect on XPS Co/Al ratios.

The As 3d peak on calcined catalysts normally appeared as a
single peak corresponding to AstS (Figure 5). Sulfiding usually
gave two peaks, the peak at higher binding energy probably corres-
ponding to As+é or an arsenate) which is tied up with the support
and difficult to reduce. The peak at lower binding energy corres-
ponds closely to the value for zero valent arsenic. The As/Al ratio
decreases when the sample is sulfided. It was found on recalcination
of the used catalyst that the As/Al ratio returned to the value

In Catalyst Characterization Science; Deviney, M., et al.;
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Figure 5. XPS spectra for As on Co-Mo/Al03 catalyst.

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



1. MERRYFIELD ET AL. Arsenic Poisoning of Hydrodesulfurization Catalysts 11

found on the original calcined sample, implying that sintering was
responsible for the lower arsenic signal on the sulfided sample.
The coimpregnated sample with higher levels of cobalt and
arsenic on alumina was studied because the concentration of the
metals was high enough to give XRD patterns. The only phase iden-
tified in other catalysts by XRD was gamma alumina. XRD showed
the formation of alloys (CoAs and CojAs) when the coprecipitated
sample was reduced in hydrogen. However, on sulfiding, XRD gave
only a CoAs pattern with broadened and slightly displaced peaks,
indicating some distortion of the crystal lattice and a smaller
crystallite size. The introduction of sulfur apparently disrupted
the alloy formation. XPS results for the coprecipitated catalyst,
given in Table III, show a binding energy of 40.9 eV for the As
3d peak on the hydrogen reduced catalyst. A slightly higher value,
41.2 eV, is found for the sulfided sample.

Mossbauer. The radioactive samples, prepared as described above,
were examined by MES after calcining and also after presulfiding,
both with and without arsenic. Table IV gives the quadrupole split-
ting, AE, and the isomer shift, §, measured for the two sets of
doublets found in each spectrum. On the sulfided sample, the doublet
with the smaller quadrupole splitting corresponds to the Co-Mo-S
phase described by Topsoe et al. (11,22,23). The other doublet

is assigned to the cobalt in the alumina. As arsenic is added,

a decrease is seen in the quadrupole splitting for the Co-Mo-S phase
(Figure 6). A decrease in the intensity of the Co:Al;03 phase is
also observed as the arsenic concentration is increased.

Table IV. Mossbauer Parameters for Sulfided Co-Mo/A1703 Catalysts.

g. As Added Co-Mo-S Doublet Co:Al703 Doublet
on 0.5 g Catalyst AES §b AE2 §b
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 splitting, in mms ™1
b. Isomer shift, in mms~

Since the structure of the Co-Mo-S phase is not known, it is
difficult to propose verifiable explanations for the changes in
the Méssbauer spectrum due to arsenic. However, several general
observations might be made. The Co~Mo-S phase is not destroyed
by arsenic, i.e., the arsenic is not preventing the formation of
the phase during sulfiding. The cobalt is not changing oxidation
states and the geometry of the cobalt is essentially the same, but
a change in electric field at the cobalt nucleus is indicated. This
change can be attributed to the presence of the arsenic,
apparently interacting strongly with the cobalt, possibly filling
the anion vacancies in the Co-Mo-§S structure.

In Catalyst Characterization Science; Deviney, M., et al.;
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Figure 6. Mossbauer spectra of sulfided catalysts.
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Conclusions

HDS activity tests show conclusively that arsenic poisons the Co-Mo/
Al703 and the Mo/Al903 catalysts. XPS binding energies indicate

a zero valent form of arsenic present on the sulfided catalysts

(as well as an As?3 form). When sulfided samples are recalcined,
all of the arsenic returns to the oxidized state. Mdossbauer spec-
troscopy indicates that the arsenic is interacting strongly with
the cobalt and that while the Co-Mo-S phase still exists, its
electronic structure has been altered by the arsenic. These data
indicate that the arsenic is altering the electronic structure of
the active sites, perhaps by occupying anion vacancies with arsenic
atoms or clusters. Similar anion vacancies have been proposed by
Valyon and Hall (13) for the unpromoted molybdenum on alumina cata-
lyst. These vacancies could be blocked by arsenic just like those
in the promoted catalyst.
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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 been constructed which allows
combined studies of reaction kinetics and
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, S5AM,
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 suriace chemical
changes of a Cu0/Zn0/A1,0g catalyst during
activation and methanol synthesis. Metallic Cu
was identified by XPS as the only Cu surface
gite during methanol synthesis.

The development of modern surface characterization techniques
has provided means to study the relationship between the chemical
activity and the physical or structural properties of a catalyst
surface. Experimental work to understand this reactivity/structure
relationship has been of two types: fundamental studies on
model catalyst systems (1,2) and postmortem analyses of catalysts
which have been removed from reactors (3,4). Experimental
apparatus for these studies have involved small volume reactors
mounted within (1) or appended to (5) vacuum chambers containing
analysis instrumentation. Alternately, catalyst samples have
been removed from remote reactors via transferable sample mounts
(6) or an inert gas glove box (3,4).

Very little research has attempted to relate reaction
kinetics to catalyst surface properties as a function of time
under actual reactor operating conditions. The goal of the
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present design was to couple a pilot plant reactor to a surface
analysis instrument in a way which would allow the reaction
kinetics of a large catalyst volume to be related to catalyst
surface chemical properties as determined by X-ray Photoelectron
Spectroscopy (XPS or ESCA) and both Static and Scanning Auger
Microscopy (AES/SAM).

Description of Apparatus

General Description. The major subsystems of the pilot
plant/surface analysis system are a computer—controlled pilot
plant reactor and a sample introduction trausfer system modified
to include a minireactor which attaches to a Perkin-—Elmer PHI
Model 550 ESCA/SAM instrument (Figure 1). For a given experiment,
approximately 50 grams of the catalyst of interest are loaded
into a plug flow reactor in the pilot plant. A pressed disc of
the same catalyst (approximately 0.1 gram) mounted in a special
sample holder is inserted into the ESCA/SAM system for surface
characterization. The sample holder with catalyst disc is then
transferred under high vacuum conditions from the introduction
system into the minireactor. A metal/metal seal separates the
high pressure reactor side from the high vacuum sample transfer
side. After the plug flow reactor, minireactor, and connecting
tubing are at operating temperature, reactant gas flow is
started. Reaction products are monitored by a gas chromatograph
(Figure 1). When an interesting kinetic behavior is observed,
the reactant flow is stopped and the catalyst disc is transferred
back into the ESCA/SAM system for surface characterization. The
cycle of exposure to reaction conditions followed by surface
characterization is continued until the experiment is completed.

Pilot Plant. The pilot plant consists of two gas inlet systems,
a plug flow reactor, and a gas chromatograph. The plug flow
reactor is fabricated from an 86 cm stainless steel tube

(3.2 cm 0.D. and 2.3 cm I.D.). An Analog Devices MACSYM 2
computer controls pressure, flow rate, and pilot plant reactor
and minireactor temperatures. This computer control in conjunc-
tion with a number of alarms that trigger reaction shutdown
permits unattended operation. Gas chromatographic analysis of
reaction products is automated with a gas sampling valve and an
HP 5880A level four terminal.

Sample Introduction and Transfer System. The sample introduction
and sample transfer system is a lengthened version of the PHI
Model 15-720B introduction system which consists of a polymer
bellows~covered heating and cooling probe, a transferable sample
holder, an eight-port dual-axis cross, and the minireactor
interface port and transfer probe (Figure 2). There is also a
transfer vessel port with the necessary transfer probe for
introduction of air sensitive samples. They are not part of the
reactor/surface analysis system. The dual cross and attached
hardware are supported by the probe drive mechanism which floats
on a block driven vertically and transversely by two micrometers.
These micrometers plus the probe drive mechanism allow X-Y-Z
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Figure 1. Block diagram showing the subsystems of the combined
reactor and surface analysis system.
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Figure 2. Sample introduction and sample transfer system.
(Reproduced with permission from Ref. 7. Copyright 1984,
Academic Press.)
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sample positioning in the analysis chamber. Pumping for the
introduction system is provided by a Balzers Model TSU110
turbomolecular pump backed by a mechanical pump. This latter
pump also provides differential pumping for four sets of Teflon
sliding seals.

Figure 3 shows an exploded view of the transferable sample
holder on which a 1.2 cm diameter pressed catalyst disc is
mounted. With the sample holder engaged in the hot/cold probe
and the dual cross evacuated, the holder temperature can be
varied from -170°C to +650°C. When transferring the sample
holder from the hot/cold probe, a split pin on the transfer
probe is pressed into the hole in the side of the sample holder.
The hot/cold probe is then retracted to disengage the holder and
provide clearance to move the holder into the interface chamber.
By transferring the sample from the hot/cold probe into a
reactor rather than reacting the sample while attached to the
probe, the sample introductioun system can be used very flexibly.
Day-to—day analytical work can be performed while long term
reaction experiments are in progress.

Reaction Interface and Minireactor. The reaction interface is a
five port stainless steel vacuum chamber with the minireactor
and sample drive mechanism mounted on the upper aund lower

11.4 cm diameter flanges, respectively (Figures 4a,4b). At right
angles to the vertical axis are 7 cm diameter ports for sample
access, a viewport, and a pumping port plus pressure relief
valve. A gate valve separates the reaction interface chamber
from the dual cross. In the interface chamber the sample holder
is transferred from the transfer probe into a stainless steel
cup as shown in Figure 4a.

Vertical motion of the sample holder into the minireactor
is provided by a bellows-sealed plate attached to a screw-driven
frame. A torque wrench is used to apply a sealing force of
300 pounds to a Sierracin-Harrison type 24105 gold-coated
mini-seal which seals the high pressure minireactor from the
high vacuum interface chamber (Figure 4b). Helium pressure
testing using a UTI 100C quadrupole mass spectrometer showed no
detectable helium leakage at 100 psi pressure and a reactor
temperature of 600°C.

The minireactor itself is a stainless steel cylinder with a
5.6 cm outside diameter and 2.24 cm inside diameter which is
thermally isolated from its 11.4 cm mounting flange by a
thin-walled conical section (Figure 4). A gas inlet and outlet
port 1s situated directly above the sample. Six 150 watt
cartridge heaters in the minireactor wall provide adequate power
to heat the reactor from room temperature to 600°C in 20
minutes. The minireactor temperature is controlled by the
MACSYM 2 computer using either of two thermocouples, one
embedded in the reactor wall or one in pressure contact with a
ledge machined into the sample holder (Figures 3,4). In steady
state operation, temperature readings from the two thermocouples
agree within 2°C. Operating temperature stability is within
%#1°C and the temperature difference between pilot plant reactor
and minireactor is always less than 2°C.
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Figure 3. Exploded view of the sample holder and catalyst disc.
(Reproduced with permission from Ref. 7. Copyright 198L,
Academic Press.)
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Study of Methanol Synthesis Catalyst

A study of a methanol synthesis catalyst is used to demonstrate
the usefulness of the new pilot plant/minireactor/surface
analysis system. This work is described in more detail
elsewhere (7). Industrial methanol synthesis catalysts are
based on Cu0/Zn0/Al,04 or Cu0/Zn0/Cr;0g compositionms.
R. G. Herman et al. (8) studied these catalyst systems in great
detail and suggested a Cu+l solution in ZnO as active phase
where Cu+l non-dissociatively chemisorbs and activates CO and
Zn0 activates Hy. In the range of 15 to 85% Cu0 in the
catalyst, up to 16% Cu+l became dissolved in the ZnO (9) and
Cu+l has been widely accepted as active site (10). Recently,
however, Raney Cu~Zn catalysts have been shown to be very active
methanol synthesis catalysts (11). The active component for
these Raney catalysts was found to be metallic Cu with an
activity maximum at 97 wtZ Cu (12).

The catalyst in this study was a commercial catalyst
(C18HC, United Catalyst, Inc.) with 42X CuO, 47% ZnO and
10% Al,04. The feed gas consisted of 73% Ha, 25% CO and 2% CO,.
The chemical state of Cu was studied by XPS (Al Ka excitatiom,
hv=1486.6eV) using the Cu 2p and Cu (L MysMys) Auger line. With
those two lines Cu+2, Cu+l and Cu can easily be distinguished
employing a so-called chemical state plot (CSP) with the Cu 2p3/,
binding energy on the abscissa (decreasing from left to right)
and the Cu (L3M,sMys5) kinetic energy on the ordinate as shown in
Figure 5 (13,14). The position of Cu of the untreated catalyst
in the CSP (point 1) clearly identifies it as Cu0. After
synthesis gas conversion at 250°C only metallic Cu is seen on
the catalyst surface (point 3). At 100°C, Cu+2 becomes reduced
to Cu+l but no methanol formation is observed. Zinc oxide does
not become reduced during methanol synthesis. The small changes
in the CSP (Figure 5) are due to drying. Thus, the working
catalyst surface is suggested to consist of metallic Cu, ZnO,
and Al;04,

Special attention was paid to the detection of residual
Cu+l quantities accompanying the metallic Cu. The relative
amounts of Cu+l and Cu were determined by curve-fitting the
Cu (LMM) spectra using the Physical Electronics Version 6
curve-fitting program. The catalyst showed reduction of Cu+2
into a mixture of Cu+l and Cu after reduction in H, at 250°C for
one hour (Figure 6) as evidenced by the two resolved peaks in
the Cu (LMM) spectrum at 568.0 and 570.3 eV which are character-
istic of Cu and Cu+l, respectively, and by the disappearance of
the Cu+Z 2p satellite structure. It could be shown that less
than 2%, if any, of the total Cu could be present in the +1
oxidation state during methanol formation. However, when the
catalyst was briefly exposed to air (1 minute), a few percent of
Cu+l readily formed (7). Thus, any kind of oxidation
environment has to be avoided between methanol synthesis and
catalyst analysis. Otherwise, appreciable amounts of Cu+l will
be detected.
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Figure 6. Changes in Cu 2p and Cu(L3M45M45) electron spectra upon
in situ reduction in H,. (Reproduced with permission from Ref, 7.
Copyright 1984, Academic Press.)
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Discussion

Two major questions regarding the applicability of this system
remain to be discussed. First, how representative is the
catalyst sample in the minireactor of the catalyst in the pilot
plant? And second, how does the interruption of the reaction
influence kinetic behavior?

The first question can be answered easily. At low
conversion and isothermal conditions no significant differences
in the catalyst composition as function of catalyst bed position
are usually observed. Thus, the surface analysis data from the
catalyst in the minireactor should be representative not only of
the bottom section but of all the catalyst in the plug flow
reactor. In the case of the methanol formation studies reported
in this paper, conversion was low (<5%) and isothermal conditions
were maintained. However, when reactions are run at high
conversion, the analyzed catalyst will closely resemble the
catalyst at the bottom of the catalyst bed in the pilot plant
since both "see" the same gas composition. If under such
conditions catalyst changes at the top of the catalyst bed are
to be investigated, the sequence of the pilot plant/minireactor
can be reversed with the feed gas first flowing through the
minireactor and then through the pilot plant reactor.

Many experiments were performed to answer the question of
catalyst property changes due to repeated reaction interruption.
Every time the reaction is stopped in the minireactor to analyze
the sample, it is necessary to stop the reaction in the pilot
plant as well to assure that the catalyst in pilot plant and
minireactor maintain identical histories in reaction time.

Thus, during some surface analyses of the Cu0/Zn0/Al,0g catalyst
from the minireactor which typically lasted about one hour, the
catalyst in the pilot plant reactor was kept at reaction
temperature in ultrapure, flowing helium. As soon as the
catalyst sample was back in the minireactor and reaction
temperature was restored (also in flowing He), feed gas flow was
resumed and the reaction continued. It was found that the same
activity and methanol selectivity was resumed within a very
short period of time alluding to the absence of any irreversible
catalyst changes due to the reaction interruption. Cooling the
pilot plant reactor to room temperature in flowing He brought
about the same behavior as maintaining constant reaction
temperature. This latter procedure imitates more closely the
temperature changes of the test sample which cools to lower
temperatures during transfer and surface analysis. Cooling and
reheating in the feed gas itself has to be avoided since this
procedure yields ill defined times on-stream at particular
reaction temperatures. Therefore, cooling and reheating in He or,
more general, in an inert atmosphere is the procedure of choice.
It will guarantee the acquisition of reliable kinetic data
without influences by the reaction interruptions.

The catalyst surface composition and chemistry remained
unchanged for all reaction interruption procedures involved.
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Furthermore, identical surfaces were found in postmortem
analysis of catalyst samples from the pilot plant reactor and
the minireactor. These observations provide assurances that the
"working” catalyst surface can be examined with the system
described here despite the necessary transter from high pressure
feed gas to ultrahigh vacuum.

Conclusion

A unique pilot plant/minireactor/surface analysis system has
been designed and put into operation. This system represents the
closest encounter reported in the literature to date between
"real world" catalysis and. surface analytical techniques. It
allows in depth studies of reaction kinetics and reaction
mechanisms and their correlation with catalyst surface
properties.

The study of a Cu0/Zn0/Al,09 methanol synthesis catalyst
showed the working catalyst surface under our experimental
conditions to consist of metallic Cu, ZnO, and Al_ 0Og. Brief
exposure of such catalysts to air results in instant formation
of a few percent Cu+l. Thus, the use of a combined
reaction/analysis system as described here is absolutely
essential in surface analytical studies of reactive catalyst
surfaces,
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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 observations of heterogeneous catalytic
processes on a molecular level only became possible
with the advent of new spectroscopic techniques and
in particular, by wutilizing several techniques in
concert on a given catalytic process. Combining such
spectroscopic investigations with concomitant kinetic
investigations provides new 1insights 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 Bi Mo, 0, 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 1led to the discovery of efficient
catalysts for modern industrial catalytic processes was performed at
a time when advanced analytical instrumentation was not available.
Insights 1into catalytic phenomena were achieved through gas
adsorption, molecular reaction probes, and macroscopic kinetic
measurements. Although Sabatier  postulated the existence of
unstable reaction intermediates at the turn of this century, it was
not until the 1950's that such species were actually observed on
solid surfaces by Eischens and co-workers(l) wusing infrared
spectroscopy. Today, scientists have the luxury of wusing a
multitude of sophisticated surface analytical techniques to study
catalytic phenomena on a molecular level, Nevertheless, kinetic
measurements using chemically specific probe molecules are still the

0097-6156/85/0288-0026306.00/0
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main stay of mechanistic investigations of heterogeneous catalytic
processes. It is, however, becoming 1increasingly apparent that a
combination of kinetic and spectroscoplc approaches can maximize the
useful information about the surface and bulk properties of solid
catalysts.

In the case of selective oxidation catalysis, the use of
spectroscopy has provided critical information about surface and

solid state mechanisms. As 1s well known(2), some of the most
effective catalysts for selective oxidation of olefins are those
based on bismuth molybdates. The industrial significance of these

catalysts stems from their unique ability to oxidize propylene and
ammonia to acrylonitrile at high selectivity. Several key features
of the surface mechanism of this catalytic process have recently
been described(3-4). However, an understanding of the solid state
transformations which occur on the catalyst surface or within the
catalyst bulk under reaction conditions can only be deduced
indirectly by traditional probe molecule approaches. Direct
insights into catalyst dynamics require the use of techniques which
can probe the solid directly, preferably under reaction conditions.
We have, therefore, examined several catalytically important surface
and solid state processes of bismuth molybdate based catalysts using
multiple spectroscopic techniques including Raman and infrared
spectroscopies, x-ray and neutron diffraction, and photoelectron
sSpectroscopy.

Experimental

Catalyst Preparation

Bi,Mo0, was prepared by the method of Vedrine et al (3). Biz(M004)3
and Bi.FeMo,0,, were prepared by coprecipitation of bismuth nitrate,
ferric nitrate“and ammonium molybdate. After drying, the catalysts
were heat—treated at 290° and 425°C for 3 hours each. Final
calcination at 500°C was 2 hours for BiZMOO and 3 hours for
Biz(MOO ), and 610°C for 12 hours for Bi,FeMo,0. .. Characterization
by“both x=ray diffraction and Raman spectroscopy insured that the

catalysts were the pure single phases desired.

In-Situ Raman Experiments

In-situ Raman experiments were performed on a Spex 1401 double
monochrometer Raman spectrometer, using a Spectra-Physics Model 165
argon ion laser with an exciting wavelength of 5145 A. The in-situ
Raman cell consists of a quartz tube situated in a temperature
controlled heating block. The Raman spectra were collected in the
180° backscattering mode.

Reduction of the catalysts was achieved by passing the reactant
gas over the catalyst at elevated temperatures. The time was
adjusted to reach the same degree of reduction in each case, and the
degree of reduction was checked independently by 0, titration.
Reoxidation of the catalyst was accomplished by first %lushing the
system with helium, then introducing oxygen—16 or oxygen-—18.
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Kinetic Experiments

A pulse reactor system similar to that described by Brazdil, et
al(6) was used to obtain the kinetic data. The reactor was a
stainless-steel U-tube, composed of a 1/8" x 6" preheat zone and a
3/8" x 6" reactor zone with a maximum catalyst volume of about 5.0
cm~. The reactor was immersed in a temperature controlled molten
~salt bath.

Results and Discussion

Redox Processes and Solid State Transformations in Bismuth
Molybdates

Selective oxidation and ammoxidation of propylene over bismuth
molybdate catalysts occur by a redox mechanism whereby lattice
oxygen (or isoelectronic NH) is inserted into an allylic
intermediate, formed via «-H abstraction from the olefin. The
resulting anion vacancies are eventually filled by lattice oxygen
which originates from gaseous oxygen dissocfatively chemisorbed at
surface sites which are spatially and structurally distinct from the
sites of olefin oxidation. Mechanistic details about the
reoxidation step are difficult to obtain since it is usually much
more rapid than the oxidation of the olefin. Therefore, transient
kinetic techniques are required.

Using the pulse microreactor method(6), the general rate
expression for reoxidation of bismuth molybdate catalysts was found
to be:

~al0.1/7dt, = k. [0.1 =% __ (0,1°%[0 ]
v i app v reox 2 v
where {0 ] is the concentration of anion vacancies in the catalyst
after reduction with propylene, [0,] 1is the gas phase concentration
of oxygen, t, is the pulse time, and k and k are the apparent
and actual reoxidation rate constants, respecffgély. Examination
of the temperature dependence of the reoxidation rate constants
indicates the presence of two reoxidation processes (Table 1): a low
activation energy surface reoxidation process and a higher
activation energy process involving reoxidation of anion vacancies
in the bulk.

Table I. Activation Energies for Reoxidation (320° to 460°C)

Degree of Initia}gkeduction Activation Energy

Catalyst [{0] x 10" " /m] (kcal/mole)
B12M°3012 0.2 1.3
1.4 25.9

Bi_Mo,0 0.1 8.1
2729 0.3 9.6
1.5 25.8

Bi,MoO 0.2 1.2
2 6 1.3 7.9
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As Table I shows, the BiZMo 0, catalyst exhibits unique redox
behavior. Specifically, the simflarity in the activation energies
for the slightly reduced BiZMOZO and the more deeply reduced
Bi MoO, suggests that similar solgd state phases are responsible
for reoxidation in both instances. X~-ray diffraction of the
catalysts after reduction and after reoxidation show only the
presence of the pure single phase materials. In order to identify
the surface phase composition of the Bi Mo,0, under redox
conditions, the catalyst was examined uSing “in-situ Raman
spectroscopy.

In-gitu Raman examination of Bi Mo 0 under cyclic redox
conditions gives evidence of surface restructuring as shown in
Figure 1. It is clear from the spectra that a redox-induced
disproportionation occurs. Subjecting the Bi,Mo,0 phase to
reduction and reoxidation results 1in 1ts disproportionation into
Bi Mo30 and Bi M006. The disproportionation may proceed by the
foilowing mechan%sm.

Reduction .
——————
BiZMOZO9 812M006_x

———-
BiZMOZO9 + M003_y BiZMo3012_y
Reoxidation

Bi2MoO6_x + x/2 Of—_>BiZM°06
Reoxidation

BiMoy0),  + ¥/2 Oy ———S-B1,Mos0

+ (x+y)[0] + M003_y

Based on the kinetic results (Table I), it appears that Bi MoO  is
enriched on the surface while Bi,Mo,0 is mainly present in the
2 a 12
subsurface layers of the reconstructed material.
Maintaining the sample at elevated temperature results in
further decomposition until only BiZMOO and BiZMo 012 phases are
observed. Therefore, although Bi Mo, 0 is meta—stagle up to about
500°C(7), it is unstable in the “presence of the Bi MoO  and
Bi Mo, 0 phases which act as nucleation centers and accelerate the
disproportionation. Similar experiments with Bi MoO,  and BiZMo3012
reveal that they maintain their structural in%egrgty under redox
conditions.

Similar disproportionation i1s likely to occur during catalytic
hydrocarbon oxidation since the Bi, Mo,0 catalyst is subjected to
continuous redox cycling under such “conditions. Therefore, any
kinetic or catalytic information about Bi Mo,0, is suspect unless
the absence of surface restructuring can be confirmed.

Catalytic Behavior and Phase Composition of Bismuth-Iron
Molybdates

The structure of the single phase bismuth-iron molybdate compound
of composition Bi.,FeMo,0 is related to the scheelite structure of
Bi Mo 01 (8). 1It7is reported(6,9) that the catalytic activity and
seieceivgty of bismuth-iron molybdate for propylene oxidation and
ammoxidation 1s not greater than that of bismuth molybdate.
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Figure 1. Raman spectra of: (A) BiZMo 0y after 600°C in air,
(8) Bi%MOZO9 afser reduction with “prGpylene and reoxidation
wit? alr at”430°C, and (C) after further reoxidation in air at
480°C. @ refers to Bi Mo30l » B to Bi_Mo,0,, and ¥ to Bi_MoO..
Reproduced with permi§sidn %rom Ref.” 3% “Copyright 198% Tge
Royal Society of Chemistry. ’
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However, we have found that reaction induced restructuring of
Bi FeMo produces a marked enhancement in catalytic behavior
(Table %I} X-ray diffraction, in-situ Raman spectroscopy, and
photoelectron spectroscopy reveal that the restructuring produces a
multiphase system  consisting of unreacted Bi FeMo 0 29
combination with Bi Mo 0 B-FeMoO, and a small amount of Bi MoO .
The key features of the &aman spectra of the activated catalyst are
summarized in Table III.

Table II. Catalytic Activitza for Propylene Ammoxidation Over
Bismuth-Iron Molybdate

Catalyst Acrylonitrile Yield (%) Acrylonitrile Selectivity (%)

Bi,FeMo,0 50.9 78 .4
Afger 2712 b

restructuring 73.0 83.3
a) Reaction temperature: 430°C

Feed Ratios: C3H6/NH3/02/N2=1/1.2/1.9/12.3

b) Reaction induced restructuring

Table III. Raman Data For B13FeM02012 From Microreactor
Band Posifions
(cm ) Assignments

800 vs Y-Bi MoO6
872 s 513FeM02012
902 m a-Biz(M004)3
932 m B—FeMoO4

vs = very strong

s = strong

m = medium

Comparison of the kinetic and spectroscopic results indicates
that the catalytically active phase for propylene ammoxidation is
the predominant bismuth containing phase, namely Bi Mo , and
that its catalytic activity is significantly enhancea %y the
presence of f-FeMoO,. The high temperature B-FeMoO, phase is
stabilized by the presence of Bi Mo 0 since bismuth molybdate can
serve as a template for the nucleat{on and growth of this ferrous
molybdate phase due to the excellent structural match between the
[010]} crystal planes of the two phases (Figure 2). Thus, based on
the previously identified redox role of iron(6), the B-FeMoO4 phase
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@ = Bl D = Fe

® = Mo ® = Mo
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[010]

Figure 2. Epitaxial match at the {C10] faces of 812M03012 and

B-FeMOOA.
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is likely to serve as the center for the dissociative chemisorption
of gaseous oxygen and the transfer of oxide ions, across a coherent
phase boundary, to the catalytically active bismuth molybdate
phase.

Identification of Functionally Discrete Oxide Ions in Bi,MoO,
[ “aammmnn ?

It is well recognized that active sites for selective propylene
oxidation and ammoxidation must contain two separate functions,
namely a-H abstraction and oxygen insertion(2-4). Investigations
of bismuth and molybdenum oxides have suggested that oxygens
associated with bismuth are responsible for «a-H abtraction while
oxygens bound to molybdenu. insert 1into the allylic intermediate.
However, until now, direct evidence for this assignment of function
was lacking, as was an understanding of the mechanisms of active
site reconstruction and oxide ion transfer in redox catalysts.

Recent oxygen-18 tracer studies by Moro-oka and co-workers(10)
have shown that oxide {ons responsible for a-H abstraction and
oxygen insertion can be independently probed in Bi MoO, using
specific reactant molecules. Identification of these oxygens
within the structure of the catalyst, however, was not possible in
the reported kinetic investigation. Direct identification of the
catalytically distinct oxygens is possible by examining the in-situ
Raman spectra of Bi _MoO which had been reduced with butene,
propylene, or methanol, and reoxidized with oxygen-18. As Moro-oka
correctly conjectured(10), oxidation of butene to butadiene only
requires the hydrogen abstracting function of the catalyst while
propylene oxidation to acrolein also makes use of the O-insertion
function. It is also known that chemisorption of methanol and its
subsequent oxidation to formaldehyde occurs on Mo—-0 centers in
molybdates(1l).

Table IV. Assignments for Raman and IR High Frequency Bands

(cm-lz
Raman Band IR Band _
Positions (cm ) Positions (cm *) Assignments
848 842 Mo-0-Mo
799 798 Mo-0-Mo
715 735 Mo—-0-Mo
600 Mo-0-Bi

Source: Reference (12)

Assignments for the Raman and IR bands (Table IV) have beeh
made by Matsuura and coworkers(l2). The molybdenum—oxygen po}z—
hedra, which are assumed to be derived from tetrahedral MoO .
have four vibrational modes, v,(A), v, (E), v, (F.), VA(F ). Ali of
these vibrations are Raman active, while only the triply degenerate
modes are IR active. By comparison with other molybdates, it has
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begT determined that all of the high frequency bands (around 800
cm ) are associated with the stretching modes of molybdenum—oxygen
polyhedra (v, (A) and V3(F )). The bending modes (v,(E) and v (FZ))
are observed between 308 and 400_.cm . In addition, B MoO6
displays a weak IR band near 600 cm = which is assigned to a ﬁo—o—
Bi mode.

As shown in Table V, reduction of BiZMOO with butene followed
by reoxidation with oxygen—-18 produces mno immediate sh}fts in the
three high frequency Raman bands at 853, 798 and 720 em ~ which are
assigned to Mo-O stretching modes in the solid. 1In contrast to
this, shifts are observed in the high frequency bands when the
catalyst is reduced with propylene or methanol and reoxidized with
oxygen—18. Therefore, exchange of lattice oxygen about the
molybdenum—-oxygen polyhedra occurs only after oxidation of
propylene and methanol to acrolein and formaldehyde, respectively,
but not after butene oxidation to butadiene. This clearly
substantiates our earlier indirect findings(3) that oxygens
associated with bismuth are responsible for the hydrogen
abstracting function in bismuth molybdate while oxygens associated
with molybdenum insert into the allylic intermediate during
selective propylene oxidation to acrolein.

Table V. Raman Spectra of Partially Reduced? BizMoO6

Reoxidized with 18O—Oxygen

’ -1
Major Band Positions (cm ) after:

First Second Third Fourth Fifth Sixth
Reductant Initial Cycle Cycle Cycle Cycle Cycle Cycle

Propyleneb 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 reduction = 50 pmoles [0] vacancies per m2 per

cycle; Raman spectra taken at 430°C.
b) Reduced and reoxidized at 430°C.

c) Reduced at 400°C, reoxidized at 430°C.
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Closer examination of the Bi,Mo0O structure allows a more
specific identification of these “catalytically active oxygens.
Neutron diffraction(lé) shows that oxide ions of this structure can
be placed into three general categories based on their bonding to
bismuth and molybdenum. One type of oxygen 1is bound only to
bismuth and bridges bismuth ions in the Bi,0, layer. A second type
of oxygen is situated at the apices of “the MoO, octahedra and
bridges bismuth and molybdenum ions. The third type of oxygen
bridges molybdenum ions at the corners of the octahedra. Based on
this detailed understanding of the structure and recognizing the
need for close spatial proximity of the two catalytic functions, it
is reasonable to assign the @-H abstracting function to oxygens
which bridge bismuth and molybdenum. Oxygens which insert into the
allylic intermediate are likely to be those at the corners of the
octahedra. It can further be reasoned, based on the unique ability
of Bi 03 oxygen electrolytes to dissociatively chemisorb 0,(14),
that %he two lone pairs of electrons associated with Bi-0-Bi
moieties are responsible for reduction of dioxygen and reoxidation
of the catalyst under reaction conditions. The structure of these
active sites is schematically illustrated in Figure 3.

o]
o AN o
Bi L— Bi
/”l\\\NZD (g,//'l“h
o] o]
o) o \
o, | o
"Mo"
" ‘ \ "
® ®
o]
P
Bi
©' = Oxygen responsible for a~H abstraction
@' = Oxygen assoclated with Mo; responsible for oxygen ingertion into the
allylic intermediate
] = Proposed center for O, reduction and dissoclative chemisorption

Figure 3. Schematic depiction of the active site structure on

the surface of Bi2M006.
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Concluding Remarks

As 1llustrated here, the tools of surface sclence have only
recently provided the catalysis researcher the opportunity to
rigorously test and challenge possible catalytic mechanisms on a
molecular level. Previously, mechanistic evidence has been
indirect and conjectured. Surface and solid state aspects of
catalytic processes could not readily be evaluated and challenged.
Surface science has now provided the opportunity to examine
increasingly complex catalyst systems and processes. No longer
must the catalyst scientist be bound to the study of simple model
systems which only remotely resemble actual, real life catalysts.
The promise of surface science, combined with traditional catalytic
investigating, is that 1in depth molecular level understanding of
real catalysts will produce the knowledge mnecessary to achieve
major advances in catalytic science and 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, M1 48667

The application of x-ray Photoelectron Spectroscopy
(XPS) and Auger Electron Spectroscopy (AES) to the
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 application of surface analytical techniques, most notably X-ray
Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy
(AES), or its spatially resolved counterpart, Scanning Auger Micro-
analysis (SAM), is of great value in understanding the performance
of a catalyst. However, the results obtained from any of these
techniques are often difficult to interpret, especially when only
one technique is used by itself.

In this article we describe novel approaches aimed at making
surface analytical data easier to obtain and interpret. These in-
clude: 1) a small, low cost reaction facility designed to work
off-axis to a commercial XPS system, 2) a silicon anode x-ray source
for access to higher binding energy photoelectron lines, and 3) the
use of dedicated SAM in conjunction with XPS in catalyst problems.
Examples showing the utility of each will be discussed.

0097-6156/ 85/ 0288-0037$06.00/0
© 1985 American Chemical Society
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Experimental

XPS spectra were obtained using a Perkin-Elmer Physical Electronics
(PHI) 555 electron spectrometer equipped with a double pass cylin-
drical mirror analyzer (CMA) and 04-500 dual anode x-ray source.
The x-ray source used a combination magnesium-silicon anode, with
collimation by a shotgun-type collimator (1}. AES/SAM spectra and
photomicrographs were obtained with a Perkin-Elmer PHI 610 Scanning
Auger Microprobe, which uses a single pass CMA with coaxial
lanthanum hexaboride (LaBg) electron gun.

Reactions were carried out using a facility mounted off-axis to
the load lock of the PHI 555 electron spectrometer. This device
utilizes a radiant heater to heat a sample and mount inside a glass
reactor. This device is shown in Figure 1. It consists of a center
section constructed from two Pyrex glass-to-metal adapters on 2.75
inch Conflat flanges joined together. The center glass section is
one inch in diameter by 2.5 inches in length. A double-sided 2.75
inch Conflat flange allows feedthrough for gas imlet, outlet and
evacuation, and chromel/alumel thermocouple. The reactor is sepa-
rated from the sample load lock by a high vacuum gate valve. A
0.125 inch thick sample holder is moved from the standard transport/
analysis rod of the PHI system to the heater zone of the reactor via
a 0.25 inch diameter stainless steel rod. A dovetail mount is used
to receive the sample holder on the PHI probe. The 0.25 inch rod is
sealed by a pair of graphite-impregnated Teflon seals, riding in a
housing constructed on a 2.75 inch Conflat blank flange. The space
between the seals in pumped, as is the reactor via the gas outlet,
by a mechanical rotary pump equipped _with liquid nitrogen trap.
The entire assembly operates from 10 © torr to 1 atmosphere of
pressure when employing the turbomolecular pump which pumps the PHI
load lock.

Heating of the mount is accomplished by a modified halogen
projection bulb, with the sample mount temperature regulating the
applied lamp power via a digital temperature controller. A stain-
less steel insulated clam-shell enclosure houses the lamp, and has
provisions for lamp cooling and an integral reflector. Temperatures
to 600°C in 1 atmosphere of hydrogen can be achieved at the sample
mount. Reactive gases are preheated before passage over the sample
by travelling the length of the reactor directly in front of the
halogen lamp before making contact with the sample. Alternately,
gas can be preheated in a tube furnace before entry into the reac-
tor. However, in this case care should be exercised to not exceed
450°C during a reaction.

The glass-to-metal adapters used here for the cell body are
intended only to be used to 400°C, while the glass itself can safely
withstand 500°C. Due to the focussing 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 significantly below
this temperature.

For the copper/aluminum catalyst analyses later described, the
sample mount was transfered from the XPS system following treatment
and analysis to an inert atmosphere dry box without air exposure.
From there individual pellets were transferred to the SAM for sub-
sequent analysis without air exposure. The reverse process was
employed for the next reaction cycle.
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1

To Load =—
Lock

Figure 1. Schematic Diagram of the off-axis radiant heated
reactor. A. cell body; B. linear/rotary motion feedthrough;
C. tramsport rod; D. projector bulb; E. reflector; F. imnsu-
lated stainless steel enclosure; G. air cooling port; H. gas
inlet; 1. gas outlet/pumping port; J. chromel/alumel thermo-
couple; K. high vacuum gate valve; L. sample mount.
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Discussion

1) O0ff-Axis Reaction Cell

The ability to treat catalyst materials under controlled conditions
followed by transfer to the analysis environment without air expo-
sure, has been an important factor in the solution of many catalyst
problems. Early designs of such components have involved the direct
heating of the material in a preparation facility directly adjacent
to the spectrometer, with subsequent transfer of the material be-
tween these two chambers. A more sophisticated modification of this
approach, as described by Ganschow and co-workers (2), utilizes a
sample module which can be shuttled among several interconnected
analytical chambers and a reaction facility. Alternate designs have
involved transfer of the sample to a remote facility for reaction
(3,4), or sealing of the sample in a reactor housed in the UHV
analysis chamber (§l§). A review of the features of each design has
been assembled by Ganschow and co-workers (2). The design discussed
herein has the advantage of being inexpensive and easily replaced or
repaired. With its off-axis design, the spectrometer can still be
used while a reaction is being carried out. The design also pre-
sents a buffer between the reactor and analysis chamber, thus
limiting contamination of the analysis chamber by the reactor.
Adverse wall reactions are limited, since the area in the heated
zone is glass, and only the sample and its holder are maintained at
the reaction temperature.

A carbon supported molybdenum catalyst used for the production
of Liquified Petroleium Gas (LPGs) demonstrates the usefullness and
high temperature capabilities of this facility. Figure 2 compares
the molybdenum (3d) spectra following extended treatments in helium
and hydrogen at 500°C. For the starting catalyst, the Mo(3d 5/2)
photoline is centered at 232.4 eV binding energy when referenced to
the graphitic support carbon (1ls) photoline at 284.3 eV. This
binding energy is consistent with that reported for Mo(VI), or MoOz
(4,7).

Following high temperature exposure to helium (Figure 2B), a
series of lower binding energy peaks were observed, with Mo(3d 5/2)
components centered at 231.1 and 228.9 eV binding energy. These are
attributed to Mo(V) and Mo(IV), respectively, based on previously
reported literature values (4) and work performed in this labora-
tory. In addition, a higher binding energy component at 234.2 eV is
observed in this spectrum, and is attributed to molybdate (MoO4=).
We also observed a marked increase in potassium at the surface fol-
lowing this treatment. In this case, the Mo(IV)/Mo(VI) and
Mo(V)/Mo(VI) ratios are 0.2 and 0.13 respectively after 6 hours of
treatment. Extended reaction times (to 12 hours) do not signifi-
cantly affect this ratio. Reduction in hydrogen at 500°C produces
substantial levels of Mo, as evidenced by the appearance of a peak
at 227.8 eV binding energy. Again Mo(IV) is observed, but no
molybdates were observed. This reduction was observed to proceed
rapidly at first, so that, after 6 hours, the Mo(IV)/ Mo(VI) and
Mo/Mo(VI) ratios were 0.80 and 2.20, respectively. Extended times
(to 9 hours) did not greatly affect these ratios. Patterson and co-
workers ( 4) observed similar behavior for a supported molybdenum
catalyst, in which case little further reduction of Mo(VI) to Mo was
observed after 7 hours in hydrogen. In this case, the presence of
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A. initial

Mo(1V) (Mo0,)
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Figure 2. Molybdenum (3d) XPS spectra of a molybdenum on
carbon catalyst following various treatment schemes; A: cata-
lyst as prepared; B. following 500°C for 6 hours in helium; C.
following 500°C for 6 hours in hydrogen.
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Mo(IV), and its optimization on the catalyst surface, is an impor-
tant consideration in the development of this catalyst, as Mo(IV) is
believed to be the active component for several catalytic processes

(8).

2) Silicon Anode X-Ray Source

Although XPS has been applied with success in a wide variety of
catalyst problems, certain situations arise where interferences of
photoelectron lines from different elements make the technique
difficult to use. An interesting example is the copper/aluminum
system, in which case the copper (3s) and (3p) lines interfere with
the aluminum(2s) and (2p) lines (Figure 3). These lines cannot be
isolated from each other by using a different x-ray line, as is
commonly done with Auger lines overlapping XPS photolines. In these
special cases, the best solution is to employ a higher energy x-ray
source to access deeper, core-level transitions, for example the
Al(1s) photoline in the copper/aluminum system.

Several considerations must be made when selecting an anode
material. For routine analytical work, one anode of a dual anode
source should be magnesium because of the narrow x-ray line width
and extensive literature base. Another consideration is the energy
range of the analyzer, as photoelection lines with kinetic energies
exceeding the kinetic energy range of the analyzer would be inacces-
sible. Therefore, in the PHI 555 system with an energy range of
2400 electron volts, gold (Ma=2122.9 eV), zirconium (La=2042.4 eV),
and silicon (Ka=1739.4 eV) would be possible choices. Castle and
co-workers have discussed the use of SiKa (9) and ZrLa (10), while
the use of AuMa has been demonstrated by Wagner (11).

Another consideration is the natural line width and satellite
structure of the x-ray line used. Titanium (TiKo=4510.9 eV) has
seen limited use (12) for non-destructive depth profiling, but the
observed spectra are complicated by the TiKa satellite structure and
the large natural line width of 2.0 eV (13).

SiKa is a good choice because of its energy and narrow line
width of 1.0 eV (9). Figure &4 shows some of the element core
levels which can be excited with magnesium (Ko=1253.6 eV), aluminum
(Ka=1486.6 eV) and silicon (Ka=1739.4 eV) sources. The high cross
section of 6.01 for the Al(ls) photoline, as measured relative to
the fluorine (1ls) photoline using SiKa x-radiation, is substan-
tially greater than that of the Al(2p) photoline, at 0.170. In
addition, the resulting Auger transitions, such as the A1(KLL)
series, allow the development of Auger parameters for this series.

Figure 5 shows such an Auger parameter plot for a series of
aluminum compounds. Due to crowding, several values given in Table
I are omitted from this plot. Most of the compounds are grouped to
the lower left, whereas aluminum metal is at the upper right.
Intermediate between these are sodium zeolite and zinc aluminate
(ZnAl1,04).

Although the range covered by the Al(1ls) line for the compounds
is nearly the same as that for the Al(2p) line (5.4 eV as compared
to 4.3 eV), the added dimension of the Auger (KLgaLgys) line allows
differentiation of compounds not distinguishable using their Al(2p)
lines alone (for example, AL(OH)3 and AlCly).

Berylluim (7 micron), silicon dioxide (10 micron), and aluminum
(2 micron) were tried as x-ray windows. Berylluim was the best
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A. Cu(3s) and Al{2s)

100 c/sec

e L 1
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B. Cu(3p) and Al{2p)
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88 84 80 76 72 68
Binding Energy

Figure 3. XPS spectra of alumina-supported copper catalyst,
showing interference of XPS photolines: A. copper (3s) and

aluminum (2s) regions; B. copper (3p) and aluminum (2p)
regions.
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Figure 4. Positions and relative intensities of XPS and Auger
transitions using silicon, aluminum, and magnesium x-ray
sources.
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Figure 5. Auger chemical state plot for aluminum compounds as
obtained using silicon Ka x-radiation.

Table I. Chemical State Data For Various Aluminum Compounds Ob-
tained Using Silicon Ko X-Radiation (1739.4)

Compound Al(1s) Al (KL23L23)BE Al (KngLza)KE a+hv A1(2p)*
Al 1558.3 364.1 1393.3 2951.6 72.2
y-Al,04 1562.4 353.2 1386.2 2948.6 75.3
Al,0g3 1561.3 353.8 1386.7 2948.0 74.7
A1(OH) 3 1562.1 353.4 1386.0 2948.1 74.9
A1(POy) 1562.8 354.7 1384.7 2947.5 75.8
A1(NO3) 3 1562.0 353.8 1385.7 2947.7 75.2
Al Cljs 1562.3 354.1 1385.4 2947.7 75.8
Al I, 1561.4 354.5 1385.0 2946.4 76.0
Al Fg 1563.7 355.3 1384.1 2947.8 77.0
Na(A)Zeolite 1561.5 353.6 1385.9 2947.4 74.4
ZnAl,04 1561.6 351.6 1387.8 2949.4  74.7
1:1 Cu/Al 1562.1 353.5 1386.0 2948.1 --

*Using Mg Ka radiation
Binding energy referenced to Au(4f 7/2) level at 83.8 eV for thin
layer 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 that of the magnesium anode with a 2ym
aluminuim window at the same analyzer pass energy. Silicon dioxide
and aluminum windows lowered the observed count rates on silver to &
percent of that of magnesium. When using aluminum as the window
material, ghost lines due to copper were 25 percent of the intensity
of the Ag(3d 5/2) photoline. Some cracking of the Si0; window was
observed with use, presumably due to heat distortion. The narrowest
full-width-at-half-maximum peak height (FWHM) for Ag(3d 5/2) was
1.36 eV, in which case some assymetry of the line was observed due
to separation of the SiKaj,, components. This was not a problem in
routine use. The Ag (3d 5/2) FWHM observed using the same analyzer
pass energy and magnesium Ko x-radiation was 0.96 eV.

3) Application of XPS Using Silicon Anode X-Ray Source, Scanning
Auger Microprobe, and Reaction Facility in a Copper/Aluminum
Catalyst System
The use of this anode in catalyst analysis was demonstrated on

a commercially available pelletized catalyst with a bulk composition
of 84 weight percent CuO, 14% Al,03, 1% Na,0, and 1% graphite binder.
This catalyst has the form of hard glossy pellets approximately 3 mm
in diameter by 3 mm in length. The catalyst is widely used in the
reduced form for hydrolysis of primary amines. Periodic regenera-
tion of this catalyst involves mild reoxidation to burn off residual
hydrocarbons, followed by re-reduction. The goal of this work was
to understand the surface compositional changes which occurred
during repeated regenerations. Referring again to Figure 3, it was
impossible to discern the role of aluminum in this catalyst due to
the interference of copper photolines with the Al(2s) and Al(2p)
photolines.

Figure 6 compares the XPS survey scans obtained from the
as-received material, and after reduction in a hydrogen/helium gas
mixture at 200°C for 12 hours. Both spectra were obtained using
SiKa x-radiation. The most notable differences between these two
spectra are the increased intensity of the Al(ls) and Na(ls) photo-
lines, and the loss of satellite structure in the copper (2p) region
due to reduction of Cu(II) species to Cu(I) or Cu metal. The large
carbon (1ls) intensity was surprising considering the low level of
graphite added as binder. That carbon is segregated to the pellet
surface is clearly indicated by comparison of the carbon (1s)/
aluminum (1ls) atomic ratios in rows A or C-F to rows B or G in
Table II. In this case,the powdered material is intended to be
representative of the bulk catalyst. These powders were dusted onto
conductive tape for analysis, and therefore the carbon-to-aluminum
ratios may be slightly in error due to the sample preparation.

The exceptionally high C(1s)/Al1(1s) ratio for the pelletized
starting material results from the presence of surface hydrocarbons
deposited during processing or subsequent handling. The carbon (1s)
peak was very broad due to this contribution at 284.6 eV binding
energy, as well as graphitic type carbon at 284.3 eV. The carbon
(1s) peak for the powdered starting material was narrower due to the
reduced contribution of this 284.6 eV component to the spectrum.
Following reduction and oxidation, the carbon was predominantly
graphitic in nature, in which case the hydrocarbon contaminants were
quickly burned off during treatment. Also note the substantial
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Figure 6. XPS wide scans of a commercial copper/aluminum
extruded catalyst obtained using silicon Ka x-radiatiom: A.
untreated catalyst; B. following 200°C for 12 hours in 10%
hydrogen/90% helium gas mixture.
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Table II. Elemental Atomic Ratios for Copper/Aluminum Catalyst Fol-
lowing Various Treatments as Obtained Using Silicon Ku
X-Radiation

Cu(2p 3/2) Na(ls) 0(1s) c(1s)

Condition A1(1s) Al(ls) Al1(1s) A1(1s)

A Starting

Material Pellet 2.0 0.9 9.6 28.2
B Starting

Material Powdered 1.0 0.3 3.7 4.8
C (R) Pellet 0.6 1.8 3.2 10.7
D (R),(0) Pellet 1.6 3.1 6.7 10.3
E (R),(0),

R), (0) Pellet 1.5 2.3 5.0 9.5
F (R),(0),(R)

0),R) Pellet 0.4 2.2 2.1 5.1
G Same as F Powdered 0.5 0.3 2.4 2.3

Preparation Code:
(R) 12 hours at 200°C in 10% Hy/He
(0) 12 hours at 200°C in 10% 0g/He
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increase in sodium at the pellet surface following reduction and
oxidation, demonstrating the mobility of sodium, especially under
reducing conditions. The lower atomic ratios for the other compo-
nents in the catalyst result in part from surface coverage by
sodium as discussed later.

High resolution scanning Auger microprobe (SAM) analysis indi-
cated that the high surface carbon was related to the presence of
exposed graphite islands on the surface of the catalyst pellets.
Figure 7A shows a secondary electron (SEM) photomicrograph of the
surface of the untreated catalyst. Point mode Auger spectra obtained
from the darker areas in this photomicrograph showed only carbon to
be present. In comparison, spectra obtained from the grey areas
evident in this photomicrograph showed the presence of carbon,
oxygen, copper, sodium, and aluminum. Figure 7B shows the carbon
(KLL) Auger map corresponding to the area shown in 7A. Note the
correspondence of dark areas in the SEM image to the high carbon
content areas evident in the Auger map.

Following initial reduction at 200°C, photomicrographs showed
the development of distinct light-colored islands on the catalyst
surface, in addition to the dark (carbon) islands and grey areas
previously observed (Figure 8A).

Point mode spectra (8 kV, 10 nanoamp primary beam) obtained in
these light areas indicated primarily copper and oxygen to be pres-
ent, similar to point mode spectra obtained from grey areas in the
photomicrograph. Auger spectra acquired from the entire area imaged
in Figure 8A indicated that sodium and oxygen were the main surface
components. The sodium (KLL) Auger map obtained in the (peak-
background)/background mode corresponding to Figure 8A is shown in
Figure 8B. Note the correspondence of the light colored areas in the
SEM image to high sodium areas observed in Figure 8B. The oxygen
(KLL) Auger map (Figure 8) shows significant correlation with the
sodium Auger map, suggesting that these light colored areas observed
in Figure 8A are sodium oxide (Na,0).

The conflict between nil sodium observed in the point mode in
light areas of the SEM photomicrograph, and substantial sodium in
the sodium maps in these areas, points to the migration of sodium
caused by the primary electron beam. Even though the primary beam
currents used here were low (10 nA), the beam current density in the
point mode was high (approximately 0.5 amps per square centimeter).
Delocalization of the primary beam by rastering, or by deflection as
is done during mapping, produced sufficiently lower beam current
density, thus alleviating sodium migration.

The islanding of sodium oxide as observed in this case is most
likely caused by the inability of sodium oxide to wet the reduced
copper surface. These islands were observed only during the initial
reduction step; a uniform surface distribution of sodium was ob-
served following subsequent oxidation, in which case the oxide
nature of surface would be more wettable. Referring again to Table
11 and the XPS results, the high Na(1ls)/Al(ls) atomic ratio observed
following reduction and oxidation (row D) is a result of more
uniform coverage of the surface by sodium.

When running hydrolysis reactions in the liquid phase, it was
observed that the sodium could be washed from the bed by flushing
with water and monitoring the change in pH of the bed effluent. If
this precaution was not observed, initial low yields of product were
observed until sodium was entirely removed from the bed.
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(a)

(b)

P-B/B C (KLL)

Figure 7. Secondary electron micrograph and carbon (KLL) map
of untreated catalyst: A. photomicrograph obtained at B8kV,
0.1nA primary beam; B. corresponding carbon (KLL) Auger map

obtained in (peak-background)/ background mode, at 8kv, 10pA
primary beam.
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P-B/B 0 (KLL)

Figure 8. Secondary electron photomicrograph, sodium (KLL),
and oxygen (KLL) Auger maps of catalyst following single
reduction: A. SEM photomicrograph obtained with 8kv, 0.1 nA
primary beam; B. corresponding sodium (KLL) auger map obtained
in (peak-background) /background mode; C. corresponding oxygen

(KLL) Auger map obtained in (peak-background )/background mode
with 8kv, 10nA primary beam.
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Photomicrographs obtained following the second oxidation showed
the appearance of small cracks throughout the pellets. In actual
use, these cracks would be detrimental since they are the precursor
to pellet fracture and subsequent compaction, which would result in
increased pressure drop across the reactor.

Examination of aluminum (1s) and copper (2p) spectra suggest
that a strong metal-support interaction occurs in this catalyst.
Aluminum (1s) spectra obtained after various treatments are shown in
Figures 9 and 10. The initial catalyst Al(ls) spectrum is composed
of two peaks, with the higher binding energy component at 1562.4 eV
consistent with aluminum oxide. The lower binding energy component
is centered at 1560.4 eV, while the A1(KLL) transition is located at
352.2 eV binding energy. Following repeated reduction and oxida-
tion, two additional components appear in the aluminum (1s)
spectrum, at binding energies of 1558.0 eV and 1555.6 eV. Although
the 1558.0 eV component is indicative of aluminum metal, aluminum
metal is not expected under oxidative conditions, as in Figure 9C.
In addition, the plasmon lines associated with the Al(ls) line,
similar to those observed for the Al1(2s) line, are not observed in
this case.

This should be compared to the Al(ls) spectrum for the powdered
catalyst, shown in Figure 10C, which shows a single component at
1562.4 eV. The A1(KLL) Auger transition was observed at 353.3 eV
binding energy, suggesting that the bulk aluminum is present as an
aluminum oxide (y-Al,0;). As in the powdered catalyst, no changes
in either the Al(1s) or A1(KLL) Auger spectra were observed for
pellets which were cleaved and subjected to the same treatment
cycles, so that Al,0; was the only aluminum compound observed.

The copper (2p) spectra for this catalyst obtained with mag-
nesium Ko x-radiation showed similar unusual behavior, as
illustrated in Figure 11. Whereas the powdered material showed only
Cu(II) oxide to be present following oxidation and copper metal
following reduction, the surface exhibited predominatly copper metal
following reduction, and two copper components at 932.4 eV and 934.8
eV either initially or following oxidation. The 934.8 eV component
is attributed to copper (II) carbonate, and is supported by the
presence of an additional peak in the carbon (ls) spectrum at 289.6
eV binding energy, indicative of carbonate. The 932.4 eV copper
peak, along with the copper (LMM) auger transition at 335.9 eV
binding energy, suggests a copper (I) species. This is also sup-
ported by the low intensity of the shake-up lines relative to the
Cu(2p) lines. Note particularly that this behavior was not observed
in powder material or in cleaved pellets subjected to the same
treatments.

Similar experiments with copper dispersed on Al,0; did not show
any unusual behavior of the Al(ls) or Cu(2p) photolines. In this
case, the copper could be easily cycled between Cu0 under oxidative
conditions, to Cu metal during reducing conditions. We observed
only a slight shift (<0.4 eV) of the aluminum (ls) line upon initial
heating, which was attributed to the loss of water in the alumina
matrix.

The lower binding energy aluminum (1s) photolines observed may
be an indication of the strong interaction of aluminum and copper,
which is evident only on the pellet surface. The lower binding
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A. initial
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Figure 9. Aluminum (1s) XPS spectra following various stages
of treatment: A. untreated catalyst; B. 200°C for 12 hours in
10% hydrogen/90% helium; C. as B., but following additional 12
hours at 200°C in 10% oxygen/ 90% helium.

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



CATALYST CHARACTERIZATION SCIENCE
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Figure 10. Aluminum (1s) XPS spectra following extended
treatment: A. as 9C, but following additonal 12 hours at 200°C

in 10% hydrogen/90% helium and 12 hours at 200°C in 10%
oxygen/90% helium, B. as 10A, with additional 12 hours at 200°C

in 10% hydrogen/90% helium; C. powdered catalyst as treated in
10B.
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Figure 11. Copper (2p) XPS spectra following various stages

of treatment: A. untreated catalyst; B. 200°C for 12 hours in
10% hydrogen/90% helium; C. powdered, untreated catalyst.
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energy component evident in the copper (2p) spectra following oxida-

tion supports this conclusion. This interaction is further sup-

ported by the trends observed for aluminum in sodium zeolites. In

this case, the aluminum (1ls) binding energies are intermediate

between aluminum and aluminum oxide. Shyu and co-workers (14) have

observed a decrease in the aluminum (2p) binding energy for zeolites

following modification of the structure by dealumination. The same

trends (decrease in binding energy) would be expected in the aluminum
(1s) spectra of dealuminated zeolites. It is proposed that the

observed Al(ls) peaks arise from different copper-aluminum structures
or from different coordination between copper and aluminum, in which

case the copper plays a substantial role in donating electron den-

sity to the aluminum atoms.

Conclusion

The utility of a SiKo x-ray source in the study of catalyst systems,

and especially its utility in the observation of previously un-

detected metal-support interactions has been demonstrated. Scanning

Auger microprobe data were also useful in understanding the quantita-
tive changes observed by XPS. Finally, the ability to treat

materials in a controlled manner, and perform the subsequent anal-

yses without exposure to the ambient atmosphere, made the experiment

possible.

Literature Cited

1. Hawn, D. D. Rev. Sci. Instrum. 1983, 54, 767.

2. Ganschow, 0; Jede, R.; An, L. D.; Manske, E.; Neelson, J.;
Wiedmann, L; Benninghoven, A. Vac. Sci. Technol. A 1983, 1, 1491.

3. Ng, K. T.; Hercules, D. M. J. Phys. Chem. 1976, 80, 2094.

4. Patterson, T. A.; Carver, J. C; Leyden, D. E., Hercules, D. M.,
J. Phys. Chem. 1976, 80, 1700.

5. Blakely, D. W.; Kozah, E.I.; Sexton, B. A.; Somorjai, G. A.
J. Vac. Sci Technol. 1976, 13, 1091.

6. Keck, K. E.; Kasemo, B; Hoglund, A. Rev. Sci Instrum. 1983,
54, 574.

7. Kim, K. S; Battinger, W. E.; Amy, J. W.; Winograd, N. J. Electron
Spectrosc. 1974, 5, 351.

8. Somorjai, G. A., personal communication.

9. Castle, J. E.; West, R. H. J. Electron Spectrosc. and Relat.
Phenom. 1980, 19, 409.

10. Castle, J. E.; Hazell, L. B.; West, R. H. J. Electron Spectrosc.
1979, 16, 97.

11. Wagner, C. D. J. Vac. Sci. Technol. 1978, 15, 518.

12. Clark, D. T. In "Photon, Electron, and Ion Probes of Polymer
Structure and Properties"; Dwight, D. W.; Fabish, T. J.; Thomas,
H. R., Eds.; ACS Symposium Series No. 162, American Chemical
Society: Washington, D.C. 1981; pp. 247-291.

13. Barrie, A. In "Handbook of x-Ray and Ultraviolet Photoelectron
Spectroscopy"; Briggs, D., Ed.; Heyden: Philadelphia, 1977;
pp. 79-119.

14. Shyu, J. Z.; Skopinski, E. T.; Sayari, A.; Goodwin, J. G. 6th
Symposium on Applied Surface Analysis, 1984, p. E-8.

RECEIVED April 17, 1985

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



Valence State of Rhenium in Reduced Bimetallic
Catalysts With and Without Alkali Metals

Sayra R. Adkins and Burtron H. Davis

Institute for Mining and Minerals Research, University of Kentucky, Lexington, KY 40512

Platinum-rhenium catalysts have been reduced in one
atmosphere of flowing hydrogen and then examined,
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(0).

The introduction of a Pt-Re bimetallic reforming catalyst
in the late 1960's had an immediate impact (1,2) and
revolutionized the reforming technology much like the
introduction of the Pt-Al,03 catalyst had done about
twenty-five years earlier (3). Initially it was viewed that
the superior performance of the bimetallic catalyst was due to
alloy formation (2). Evidence for alloy formation has been
obtained from temperature programmed reduction studies
(4,5,6). However, Peri did not obtain evidence for alloy
formation with Pt-Re catalysts in his i.r. study. In addition,
it appears that pretreatment and reduction conditions may play
an important role in determining the chemical state of Re in
these catalysts (7). The role of water vapor in determining
the extent of reduction dates to at least 1974 (8,9). Two
recent papers describe the chemical state of the metals in
Pt-Re catalysts and emphasize the uncertainty associated with
defining the valence of Re. Burch (10) concludes that alloy
formation is uncertain while Charcosset (11l) reports that
hydrogen-oxygen titrations provide evidence of the presence of
small particles of pure rhenium in platinum bimetallic alumina
supported catalysts. Recent x-ray absorption spectroscopic
data (12) indicate that Re is neither zero valent nor
significantly associated with Pt. Davis (13,14) found that the
aromatics formed from alkane dehydrocyclization were altered
from that of Pt by the presence of either Re or Sn and that
these metals produced effects that resembled those of gaseous
promoters on Pt. This suggests that both Re and Sn interact
directly with Pt. Mieville (15) recently reported that the
ease of reduction of Re depended on the calcination temperature
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and that those catalysts pretreated at lower temperatures were
easier to reduce.

Sodium or potassium severely poisons Pt-Re catalysts but
the manner in which the alkali metal operates is not apparent.
The present study was designed to use ESCA to determine the
valence state of Re in Pt-Re bimetallic catalysts. The valence
state would be determined in samples that had been reduced and
transferred to the instrument without exposure to an oxidizing
atmosphere. Catalysts with and without potassium would be
examined.

Experimental

Catalysts. Two alumina support types were used in this
study; an alumina from Degussa Corp. with 110 mzlg BET
surface area and non-acidic Aly03 prepared by precipitation
from a potassium aluminate solution with carbon dioxide
(Al03-ITII, with 1%K and 210 m2/g BET surface area and
Al503-19 containing 1.3%K and a BET surface area of 200
mzlg). The supports were calcined at 600°C prior to
surface area measurements. An incipient wetness technique was
used to prepare the catalysts. For preparations A and B (Table
I) an amount of aqueous Rej0; needed to produce a final
catalyst containing ca. 2 wt.% Re was used. These catalysts
were dried in air at 110°C overnight and then calcined in air
for 3 to 4 hours at 500°C. Catalysts C and D were prepared
to contain 0.8% Rh by making a second impregnation of catalysts

Table 1. Composition of Catalysts Used in This Study

Metal, wt.%

Catalyst Support %Re %Rh Pt %K
A Al,03-I1I 2.8 - —— 1.0
B Degussa 2.2 —

c Al,03-III 2.5 0.8 — 1.0
D Degussa 2.3 0.8 ——— ———
E A1503-11I 2.7 -—- 0.8 1.0
F Degussa 2.1 —- 0.8 -
G Al,03-19 2.4 - 0.7 1.3
H Degussa 2.5 - 0.7 -
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A and B using an aqueous solution of (NH4)3RhClgeH,0.

These catalysts were dried and calcined following the procedure
used for A and B. Catalysts E and F were also prepared by a
double impregnation technique using aqueous chloroplatinic acid
to procedure a catalyst with 0.8 wt.% Pt. Drying at 120°C
overnight and then calcining at 500°C for 3 to 4 hours were
done after each impregnation for the above six catalysts.
Catalysts G and H were prepared the same as E and F,
respectively, except that they were not calcined after the air
drying.

ESCA Sample Pretreatment. Samples were pelleted and cut to
fit into a rectangular depression in an ESCA sample probe
similar in design to one used by Hercules (l6). The portion of
the probe holding the catalyst sample could be withdrawn into
an outer cylinder and sealed under an atmosphere of the
pretreatment gas. For pretreatment the calcined samples were
‘exposed to a hydrogen flow at one atmosphere and heated to
400°C. After this pretreatment the sample was withdrawn into
the insertion tube, sealed in the pretreatment gas, inserted
into the ESCA, evacuated, and then the ESCA spectra were
recorded. A similar procedure was followed for the uncalcined
catalysts except that the temperature was first increased in
hydrogen flow to 300°C and held at this temperature for 3 to
4 hours; the sample was then heated to 400°C and held at this
temperature for 18 hours.

Results and Discussion

Platinum-tin is a bimetallic reforming catalyst that was
introduced about the same time as the Pt-Re catalyst. This
catalyst has been examined by ESCA using the probe that permits
reduction at one atmosphere hydrogen pressure and then
insertion into the ESCA chamber before evacuating the hydrogen
pressure. The intense aluminum 2p ESCA peak masks the small Pt
4f3,2 peak so that the chemical state of Pt in a
Pt-Sn-alumina catalyst could not be directly determined.
However, a similar bimetallic Rh-Sn-alumina catalyst was
prepared and reduced in the ESCA probe; in this catalyst it was
verified that Rh was reduced to the metallic state (17). A
Pt-Sn catalyst on carbon, rather than alumina, was also
prepared and reduced; the Pt in this catalyst was reduced by
hydrogen to what appears to be the Pt(0) state. Thus, by

direct measurement, and by inference, it has been observed that

the Group VIII metal was reduced to the zero valent state. 1In
all of these catalysts there was no evidence to support the
view that a major fraction of the tin was reduced to the zero
valent state. The results of this study (17) were consistent
with the model for Pt-Sn-alumina shown in figure 1, or with
other non-alloy models. Figure 1 is a schematic to emphasize a
model with direct Pt and Sn interaction; certainly the total
alumina surface cannot be covered with tin aluminate until the
tin loading is much greater than is present in these reforming
catalysts.
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Similar studies were undertaken with Pt-Re catalysts.
These catalysts presented difficult experimental problems for
the ESCA examination. Even so, the results do provide
additional data in the search to define the structure of this
important commercial reforming catalyst.

First, the Pt 4f;,, peak is obscured in this catalyst by
an intense alumina 2p ESCA peak just as was the case for
Pt-Sn-alumina. Therefore, two Rh-Re catalysts were prepared,
one using Degussa alumina and the other with the potassium
containing alumina. In unreduced catalysts, the Rh peaks
correspond to rhodium in a positive valence state. After
reduction the binding energy of Rh corresponds to that of the
Rh metal binding energy (solid vertical line in figure 2) and
indicates that it is present as Rh(0). By inference, it seems
reasonable to assign the valence of platinum in the reduced
Pt-Re-alumina catalysts as Pt(0).

Interpretation was complicated by the presence of other
peaks in the binding energy region of the Re 4f;,; and
4f5/2 peaks. The stainless steel probe contains chromium and
in these studies a portion of the probe is exposed to the x-ray
beam. Thus, depending upon the particular orientation and the
exposure of the probe, a chromium peak of variable intensity
interfered with the analysis of the Re ESCA spectrum. To
eliminate the chromium peak problem the probe was wrapped with
an aluminum metal foil. Examination of the alumina supports
alone, as well as a Pt-alumina catalyst show a weak, broad ESCA
peak in the Re 4f binding energy region. This peak could
result from a number of possibilities including, among others,
a ghost carbon peak due to aluminum X-ray contamination. It is
an appreciable problem, especially for highly dispersed, low Re
loaded catalysts.

Initially, the Pt-Re-alumina catalysts were examined in the
oxidized state by placing them on copper backed adhesive. The
Re 4f peaks for a number of catalysts are shown in figure 3.
Distinct peaks for Re 4f;,, and 4fg,, are not observed in
figure 3, rather one broad peak is noted. Tisley and Walton
(18) report that full width half maximum (FWHM) are typically
1.2 to 1.5 eV for Re while those in figure 3 are nearly 5.7
eV. The peak maximum is located at a position that is near the
mid-point of the two peaks reported for Rey07. A solution
of Rey0; was evaporated on the Cu backed tape; this
material gave the two peaks expected for Re. Thus, it appears
that: (1) Re is partially reduced by the X-ray beam when
supported, but not in the unsupported case, so that the Re(7)
and peaks due to lower valence Re species merge to give one
very broad peak or (2) Re oxides on the support charge
sufficiently to cause line broadening with loss of resolution
of the two peaks. Even so, it is apparent that Re is in a high
valence state in the fresh catalyst. Portions of each of the
catalysts whose spectra are shown in figure 3 were reduced with
hydrogen in the ESCA probe. There is clear evidence in figure
4 for the formation of Re in a lower valence state but no peak
corresponding to Re(0) in the reduced catalysts is evident.
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FIGURE 1. Schematic of a proposed structure for a
Pt-Sn-alumina catalyst.
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FIGURE 2. The Rh 3dg;, and 3d3,, peaks for the oxidized
(left) and reduced (right) catalysts: Curve 3 -
catalyst D (Re-Rh on Degussa); Curve 4 - catalyst C

(Re-Rh on Al,03-1II).

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



62

CATALYST CHARACTERIZATION SCIENCE

—

Z M—\\’\ 2
2]
2
s E
: 1 :
£
\ 4 3
. P 5
TN 4\/JNJ\/\
6
] ! /‘\X\ > + 4
60 50 40 60 50 40
Binding Energy, eV Binding Energy, eV
Figure 3. The Re Lf peak for Figure 4. Re Uf pesk
oxidized Pt-Re-alumina catalysts for Pt-Re catalysts:
(1) catalyst A (Re on A1,03-IIT; (1) catalyst F prior
(2) catalyst B (Re on Degussal; to reduction;
(3) catalyst C (Re-Rh on A1903-IIT); (2) catalyst F after
(4) catalyst D (Re-Rh on Degussa); reduction; (3) catalyst
(5) catalyst E (Re-Pt on Aly03-III); E prior to reduction;
(6) catalyst F (Re-Pt on Degussa). (4) catalyst E after
reductim.
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The catalysts described above had been calcined at 500°C
prior to the ESCA studies. Since Mieville (15) reported that
it was much easier to reduce catalysts that had been calcined
at lower temperatures another series of experiments was
performed.

In figure 5 spectra are presented for a Pt-Re catalyst that
has just been dried at 120°9C (curve 1) and the same catalyst
after reducing at 400°C for 18 hours (curve 2). The
potassium containing alumina also shows the weak, interferring
peak (curve 3, noisy because of a limited number of scans).
The Re peak, present as a doublet in this catalyst, resembles
the one obtained for Re,0; on tape. This suggests, if
rhenium hydroxides may be eliminated from consideration, that
the calcined rhenium catalysts may have some rhenium in a
valence state lower than +7. However, even reduction at
400°9C of the uncalcined Pt-Re sample does not produce an
observable amount of Re(O).

Samples of Pt-Re on Al,03-K and on Degussa alumina that
had been dried at 120°C in air, but not calcined, were
reduced in flowing hydrogen in the probe. The ESCA spectra for
these two reduced catalysts are shown in figure 6 along with a
spectrum of a Pt-Al,03 catalyst; fewer scans were made for
the Pt-Al,03 catalyst so that this spectrum shows much
noise. The solid vertical line is the binding energy for
metallic Re. It is apparent that Re in both of these catalysts
has been reduced from the state shown in figure 5 for the
uncalcined catalyst but not to the zero valence state. Thus,
even for the uncalcined catalyst, ESCA spectra of the reduced
catalysts do not provide evidence for Re(0), and hence, for
metal alloy formation.

Pt-Re-alumina catalysts were prepared, using alumina
containing potassium to eliminate the support acidity, in order
to carry out alkane dehydrocyclization studies that paralleled
earlier work with nonacidic Pt-alumina catalysts. The
potassium containing Pt-Re catalyst was much less active than a
similar Pt catalyst. It was speculated that the alkali metal
formed salts of rhenic acid to produce a catalyst that was more
difficult to reduce. However, the present ESCA results
indicate that the poisoning effect of alkali in Pt-Re catalysts
is not primarily due to an alteration in the rhenium reduction
characteristics.

The data collected to date for Pt-Re or Rh-Re are similar
to those obtained with Pt-Sn. Thus, these preliminacry Pt-Re
data are consistent with a model for Pt-Re that resembles that
shown in figure 1 for Pt-Sn in which Re would replace tin.
However, instrument sensitivity to Re(0), proof of complete
reduction, and other problems do not permit us to eliminate the
presence of any Re(0) in these catalysts, and certainly not for
catalysts under commercial reforming conditions. Even if we
could confirm the absence of Re(0) in these catalysts, the ESCA
data alone could not be used to define the location of Re
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Figure 6. Re ESCA spectra
for reduced catalysts:

{1) catalyst H (Re-Pt on
Degussa); (2) catalyst G
(Re-Pt on A1203-19);

(3) a Pt-alumina catalyst.
Catalyst G and H had not
been calcined prior to
reduction.
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relative to Pt. The figure 1 model is an attempt to reconcile
our catalytic selectivity data obtained for alkane
dehydrocyclization (13,14) with the valence state data obtained
from ESCA. Sn and Re alter the selectivity for aromatics
formation from that of Pt alone, presumably by a mechanism that
involves physical contact of the two components. The figure 1
model provides the maximum surface coverage of alumina by
either Sn or Re. As shown, the eggshell cannot provide
complete surface coverage for 2 wt.% Sn or Re metal loading;
thus, it may be more appropriate to refer to the structure as
either “rhenium- or tin-aluminate two-dimensional rafts". Even
for a 10 wt.% loading of tin on alumina, x-ray diffraction
provides no evidence for tin oxide particles; this also
supports a raft, or raft-like, structure for the rhenium- or
tin-aluminate. The study is continuing and the data in this
manuscript will be compared to those obtained with catalysts
that have been calcined, sulfided and then reduced. The role of
the alkali metal is not clear from the results of the current
investigation.
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Frequency Response Chemisorption Studies of Carbon
Monoxide Hydrogenation Catalysts
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The role of the support on hydrogen chemisorption
on supported rhodium catalysts was studied using
static and frequency response techniques. 1In all
instances, several kinetically distinct HZ chemi-
sorptive sites were observed. On the basis of the
kinetics, at least one site appears to sorb H,
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/Ti0,
does not significantly alter its equilibrium H,
chemisorption.

One of the pervasive problems in heterogeneous catalysis 1s the
assesgment of the number and nature of active sites participating
in a reaction pathway. One would like to have a technique of
general applicability. Partial solutions to the problem are
afforded by static chemisorption techniques which measure the
total number of sites to which an adsorbate bonds, but give little
information about site energetics; and temperature programmed
desorption which measures the site density as a function of
binding energy, but is difficult to apply to weakly bonding sites
(1). The technique of Frequency Response Chemisorption (FRC),
first proposed by Naphtali and Polinski (2) and further developed
by Yasuda (3), offers a very useful alternative approach to the
measurement of catalytic sites. Because the technique is applied
to a catalyst—adsorbate system essentially at equilibrium, it
allows one to elucidate the number and kinetic parameters of sites
having a wide range of adsorption energies and rate constants.

To illustrate the utility of the technique, we have addressed
the question of the anomalous chemisorptive behavior of titania-
supported group VIII metals reduced at high temperatures. The
suppression of strong H, chemisorption on these catalysts has been
ascribed to a strong-metal-support interaction (SMSI) (4). It has
also been found that the reaction activity and selectivity
patterns of the catalysts are different in normal and SMSI states

0097-6156/85/0288-0067%06.00/0
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(5). Current evidence indicates that the effect may be ascribed
to the formation of a Ti0, film on the surface of the group VIII
metal particles (_6_21). Whatever the cause of the SMSI state, it
is certainly the case that it has altered site energetics and
possibly their density on the catalysts, The extraction of site
densities and adsorption-desorption kinetics for these systems
with considerable site heterogeneity, should provide a good
measure of the applicability of FRC.

Background

The FRC technique consists of measuring the pressure variation
induced by a sinusoldally varying volume. By measuring the
dependence of phase difference and adsorption amplitude on the
frequency of variation, 1t 1s possible to study adsorption-
degsorption phenomena occurring on different surface sites, even
though they are occurring simultaneously.

In the 1limit of small pressure perturbations, any kinetic
equation modeling the response of a catalyst surface can be
reduced to first order. Following Yasuda's derivation (3), the
system can be described by a set of functions which describe the
dependence of pressure, coverage amplitude, and phase on T, P, and
frequency. After a mass balance, the equations can be separated
into real and imaginary terms to yleld a real response function,
RRF, and an imaginary response function, IRF:

a,B
RRF(T,P,0) = < cosp - 1 = ] —4-L- )
P 3 B,
h|
a,w
IRF(T,P,0) = % sing = J i . (2)
P 3 8y

where v and p are the volume and pressure amplitudes,
regspectively; ¢ 1s the volume-pressure phase shift; and w is the
modulation frequency. Equation 2 is also called the adsorption
rate spectrum because it exhibits peaks when B, = w, The
asymptotic value of the RRF as w *+ o, 18 related toJ the gradient
of the adsorption isotherm by:

a,
§ Fj' - . 3

These functions serve as phenomenological fingerprints of the
gystem, but more importantly can be related to theoretical models
of the adsorption process.

For a non-dissociative Langmuir model, the parameters o« and B
are given by:

1 v P 1
—-— + and g, =k .P+ k (4)
5 MR (Edj Eaj) e a

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

CATALYST CHARACTERIZATION SCIENCE



6. GOODWIN ET AL. Frequency Response Chemisorption Studies 69

where k ., and ky; are the adsorption and desorption rate constants

for site j and N; 1is the nuwber &f sites j. A plot of B; vs P

should yleld a stfaight line with slope kaj and intercept kdj; and

a plot of 1/a; vs P gives a slope of N S and intercept of
v 3 N;RT k4

NjRTkaj

For a Langmuir model where a diatomic gas dissociatively
adsorbs, the relationships between ay, BJ and the kinetic
parameters are given by:

B k .k, P and —_=
17 J aj "dj
‘/aj NJ RTkaj NJ Rdej

Thus, a plot of B8, vs ﬁshould yield a line with

(5)

]
slope 2N "k jkdj a zero intercept; while a plot
of {JG' vs ‘[_'will yield a line with:
1 \i 1 v
slope = — qf————— and intercept = — ‘I'—— (6)
N RTk N RTk
J dj h| aj

Other models may be easily derived using Yasuda's formalism.

Experimental

Catalysts. Rhodium catalysts were prepared from RhCl; using
standard aqueous impregnation techniques. The S10, was Davison
Grade 59; the T10, was Degussa P25. All catalysts were reduced at
400°C under flowing hydrogen for 16 hrs, then passivated at 25°C
before introduction into the static chemisorption or FRC
apparatus. The catalysts were then reduced at low or high
temperature to obtain the final state catalyst. A summary of the
catalysts is presented in Table I.

Table 1. Properties of the Rhodium Catalysts

Reduction
Catalyst State Rh Temp Time Surf. Area Dispersion
Rh/S10, Norm 1% 250 16h 250 m’/g 60%
Rh/TiO, Norm 3% 250 16h 50 w2/ 65%
Rh/Ti0, SMSI 3% 450 16h 50 ml/g 65%

Static Chemisorption. Measurements were made by two procedures.
In the first, the catalyst was evacuated at ca. 250°C for at least
8 hrs and cooled to the measurement temperature under vacuum.
Hydrogen was then admitted at progressively higher pressures and
the amount of gas adsorbed after 15-30 min at each pressure
recorded. The sample was then evacuated for 30 min and the dosing
procedure repeated so as to obtain a measure of the reversibly
adsorbed gas. In the second (saturation) procedure, after
reduction and evacuation, the catalyst was cooled to the
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measurement temperature and exposed to the highest pressure of H
for 36-48 hr so as to saturate the kinetically inaccessible
sites (8). The isotherm was then measured by reducing the
pressure and determining the residually adsorbed H, at two hr
intervals. Metal dispersions were obtained from the total )
chemisorption isotherms at 25°C, assuming Rh/H = 1.

Frequency Response Chemisorption. A partial diagram of the
experimental system is shown in Figure 1. The FRC apparatus was
constructed of 3/4-in stainless steel tubing with a glass sample
region, Standard high vacuum techniques were followed _in 1its
construction leading to an ultimate vacuum below 1 x 10~/ Torr.
Volume modulation was provided by a motor-driven cam which in turn
compressed a bellows in the sample region. The pressure amplitude
was measured using a Datametrics 1 Torr differential capacitance
manometer referenced to the initial f£fill pressure, and volume
displacement was monitored with a 1linear reluctance transducer
congected to the bellows drive rod. Angular frequencies from
107 rad/sec to 10 rad/sec were achieved using a series of four
motor-drive combinations. Control of the frequency, data
acquisition, and data handling were performed wusing a Data
Translation A/D board in an IBM personal microcomputer. The p, v
data were converted into real and imaginary response functions
using Equations 1 and 2.

A catalyst sample, between 1 to 10 grams, was loaded into the
apparatus, evacuated, reduced in 1 atm of Hy at 250 or 450°C
overnight and then evacuated at the reduction temperature before
cooling and admitting H, at the chemisorption temperature.
Initial equilibration was very slow for all catalysts indicating
the presence of states which are, kinetically, relatively
inaccessible (g). In some cases, 10-20 hrs were required for
pressure equilibration.

In order to eliminate the possibility that the observed FRC
signal was due to diffusion effects or other experimental
artifacts, two types of blank runs were performed with each

catalyst. In one set of experiments, He was used as the
“adsorbing” gas with a reduced catalyst; while in a second set, H
was used with a non-reduced catalyst. Neither type og

experimental led to any observable FRC signal.

Results and Discussion

Static Chemisorption. Figure 2 presents the isotherms at 25°C for
the Rh/S10, catalyst and the Rh/TiOz catalyst in both the normal
and SMSI states, obtained using both the adsorption and desorption
methods. It 1s obvious that high pressure saturation for an
extended period of time results in significantly higher uptake of
H, for some catalysts. Since all catalysts had been prereduced
and evacuated to desorb weakly bound H, prior to any chemisorption
meagurements, the increased H, uptake must be interpreted as being
due to slow chemisorption on the metal surface and not to further
reduction of either the metal or, in the case of TiOz-Supported
catalysts, the support. This 1is consisteant with the observed
extended time required for equilibration in the FRC measurement at
low temperatures and with the observations of Dumesic and
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Figure 1. Schematic diagram of frequency response chemisorption
apparatus.
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Figure 2. Hydrogen adsorption and desorption isotherms for
rhodium catalysts. Solid 1lines denote total adsorption and

dashed 1lines denote reversible adsorption. The meaning of
symbols is as follows:

® -~ Rh/Ti0, (SMSI), desorption; o - Rh/T10, (SMSI),
adsorption; O -~ Rh/T102 (non-SMSI), adsorption; A - Rh/S1i0,,
desorption.,
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coworkers (8). The remarkable coincidence of the data for
"normal” and SMSI Rh/TiOZ taken in the saturation mode, indicates
that the H, chemisorption sites are still present in the SMSI
state, but are kinetically much less accessible. These results
are consistent with a model of the SMSI catalyst in which a Ti0O
film covers the rhodium and in which H atoms can diffuse througﬁ
or under the film to Rh sites. One should also note the agreement
between the reversible adsorption on normal and SMSI Rh/TiOz.

It is apparent from even the static chemisorption results
_that not all chemisorbing sites have the same energetics, since in
all catalysts a sizeable portion of the sorbed gas could be
removed by pumping for a few minutes. The exact fraction of the
reversible portion depends on support and temperature. For the
catalysts used in this study, the reversible portion ranged
between 10-30% of the total chemisorption.

Frequency Response Chemisorption. The results of the H, FRC
experiments are characterized by response function curves having
one or more components. In addition, for all catalysts tested,
slow initial H, equilibration indicated the presence of at least
one other chemisorption state. Figure 3a gives the RRF and 3b the
IRF for H, on non-SMSI Rh at 158°C and 0.40 Torr. Although there
is appreciable scatter in the low frequency data, it is apparent
that more than one component is necessary to fit the data.
The a and B parameters derived from the IRF and RRF are
essentially identical, as they should be for a consistent data
set, since the response functions are derived from the same raw
data. Figure 4 displays the IRF for Hy on SMSI-Rh at similar
pressures at 50 and 158°C., It 1is apparent from a comparison of
the FRC spectra shown in Figures 3 and 4 that the low frequency
peak positions and amplitudes are insensitive to whether the Rh 1s
or is not in the SMSI state. For the high frequency peak at 50°C
this is also the case. However, at 158°C there is some decrease
in the second peak height and a small shift to lower frequency,
indicating that there is a minor observable difference in the FRC
behavior of normal- and SMSI-Rh evident in the reversible
chemisorption states.

Figure 5 presents data for the non-interacting Rh/S10,
catalyst at similar pressures and at 48, 158, and 333°C. Even
with the scatter in the 333°C data, there is an obvious transition
in the spectra as the temperature is increased. The predominant
peak around 10 rad/sec diminishes and the one around .5 rad/sec
increases to dominate the spectrum, a trend similar to that
observed in the Rh/TiOZ spectra. Presumably, these trends are the
result of differences in apparent activation energies for H,
adsorption and desorption on the various types of sites.

A comparison of the qualitative features of the FRC spectra
for the catalyst studied show a clear distinction between Rh/S10
and Rh/TiOz, in terms of their reversible Hz-chemisorption.
Suprisingly, 1little difference was observed between normal and
SMSI-Rh/TiOz. "Normal™ Rh/T102 behaved quite differently £from
Rh/SiOz, in spite of their similarities in total, i.e., static,
chemisorption behavior.

In order to extract adsorption and desorption rate constants
from these data, it 1s necessary to adopt a model. The normal
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presumption for Hy on metals 1s that it dissoclates. Thus, a plot
of peak positions B; vs P should pass through the origin for each
temperature. Figure 6 has plots of peak positions vs P. It is
obvious that an intercept of zero 1is very 1lmprobable for any of
the low temperature curves., At 158°C, a zero intercept also is
not probable for the Rh/SiOz. Although the least square lines for
the Rh/T102 do not intercept the origin, there is a much higher
probability that the dissociative model 1s consistent with the
data. 1If the H, does not dissociate on adsorption, then a plot of
B vs P should be linear., These plots are given in Figure 7. Over
the pressure range investigated the molecular adsorption model
ylelds a reasonable fit for both temperatures, indicating that at
50°C the predominant adsorption is molecular, while at 158°C the
case 18 uncertain until a wider pressure range 18 studied. The
parameters extracted from these data are collected in Table II.

The concept of H, chemisorbing on Rh as a molecular species
may appear at first to be contradictory to other studies; e.g.,
isotope exchange and TPD; but it 1is not, given the existence of
kinetically distinct sites. An adsorption/desorption process can
occur on a specific site via:

k. k3
Hz (gas) ‘-1? H2 (ads) v-EZ— 2H (ads)

with k °k2 being significantly larger than k 0k4 at T < 150°C.
The ex]i.stence of molecular adsorption as an o%)servable step does
not preclude atomic adsorption, since FRC measures only weak
chemisorption on distinct sites. In fact, we are in agreement
with previous 1investigators that the strong chemisorption,
accounting for over 70% of the sites, is dissoclative in nature.
However, the existence of a molecular state of hydrogen on rhodium
catalysts has been reported previously (9). On the basis of
microcalorimetric measurements, the last 20-30Z of a monolayer
coverage was found to have a AH 4g of 3.6 to 7.5 kcal/mole,
whereas the initial 0-70% sorbed exhibited a AH 4q of 46 to
15 kcal/mole with a distinct break in the AH versus © curve at 70-
802 coverage. This weakly-bound hydrogen was assigned to a
molecularly adsorbed state. The calc\tlated site density for the
high frequency peak on Rh/Ti0,, ~3x10 °/g, 1s consistent with the
static chemisorption (Figure 3) in that it corresponds to about
1/3 of the available sites ou the SMSI material and 1/3 of the
reversible sites on the non-SMSI material. The other observed
site and the kinetically slow site(s) could easily accouat for the
remainder of the surface sites.

If such a process 1s operative and there 18 an activation
energy barrier between the molecular and dissoclated states, then
one can rationalize the observations. At low temperatures the H
readily exchanges between the gas phase and the molecular state,
but the second activatiou energy is too high for a significant
flux of H, to cross that barrier. At higher temperatures,
however, the flux of Hy crossing the molecular-atomic barrier
makes an appreciable contribution to the exchange flux aad thus to
the observed pressure amplitude and phase-shift. As this latter
state has different kinetic parameters, one would expect to see an
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Figure 5. Imaginary response functions for Hy, on Rh/810, at
0.26 Torr and 48°C, 0.2 Torr and 158°C, and 0.2 Torr and 333°C.
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Figure 6. Peak positions in IRF for Rh/S10, at 49 and 158°C and
for Rh/TiOz at 35 and 158°C as a function of the square root of
the H, pressure.
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apparent shift from one mechanism to another (the classic analogy
is unimolecular gas phase decomposition at low pressures). Of
course, 1in our case, parallel rather than sequential adsorption to
molecular and atomic hydrogen could yleld similar results if there
were a fortuitous equality in kinetic parameters at the
temperatures and pressures studied. Further experiments over
wider T, P and w ranges should allow us to sort out the
mechanistic possibilities for these adsorption reactions.

TPD studies tend to depopulate the molecular state sites
during the initial evacuation or carrier gas sweep. Thus, they
are only sampling the slow sites which may well be dissocilative as
we have not examined this frequency region., The presence of an
intermediate molecular adsorbate would allow us to easily
rationalize the possible change in observed molecularity of the
FRC results as the temperature was raised in that the dissocilative
sites would become accessible at the higher temperatures.

A comparison of the Rh/8102 and Rh/T102 plots of 8 vs p and
the derived rate constaants serves to further show the similarity
between normal- and SMSI-Rh/T10, and their dissimilarity with
Rh/S10,. The Rh/Si0, B vs p plots at 48 and 158°C are super-
imposagle within our experimental error, while they are
gigaificantly different from those for Rh/TiOZ, normal or SMSI.

15
sio,
7
q
7
10 7 non-SMSI g,
/ —
® S
/ T
—
5 & ///
] i SMsI
P L
> 0
158°C
8 0
— ] o
'g Sxozo / {I{non—SMSl
Pt .
m\
49°C/35°C
0 1 1 T T
0 0.4 0.8 1.2 1.6 2

PRESSURE, torr

Figure 7. Peak positions in IRF for Rh/8102 at 49 and 158°C and
for Rh/Ti0, at 35 and 158°C as a function of H, pressure.
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However, the normal and SMSI Rh/TiOZ are quite similar. At
T < 50°C, the non-SMSI data lle between the Rh/S10, and SMSI
Rh/TiOZ, but by 160°C the Rh/T102 plots are within experimental
error of one another.

These results are consistent with recently reported results
by Haller, et al. (10) on the reactions of CO/H2 and Ni4 over Rh
catalysts 1in which no significant differences were observed
between catalysts reduced at low and high temperatures (presumably
"normal” and SMSI) but in which Rh/S10, was found to behave
differently. Thus, there appears to be some correlation between
the FRC chemisorption results and the reactivity patterns of
supported rhodium catalysts which we would 1like to believe
supports the assertion that the sites at which hydrogen sorbs
reversibly are those at which catalytically ilaportant reactions
occur, and that FRC can monitor the density and relative kinetics
of these sites.,

Conclusions

Studies of the static and frequency response chemisorption of
hydrogen on Rh catalysts supported on 510, and T10, have shown
that:

l. The reversible H, chemisorption behavior of Rh/SiOZ is
different from that of Rh/T10,.

2. In 1its Hy chemisorption behavior, Rh/T102 in the "“"normal"”
state is more like Rh/Ti0, in the SMSI state than Rh/510,.

3. There are at least three kinetically distinct modes of H,
chemisorption on all of the catalysts.

4., Hydrogen chemisorbs reversibly on Rh/S10, and Rh/T102 as a
species which can be treated as molecular hydrogen in terms of
its adsorption kinetics.
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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 investigated thin film models of catalysts
which are known to show strong metal-support inter-
actions. These models consist of vapor-deposited
platinum or rhodium on titanium dioxide films prepared
in ultrahigh vacuum by oxidation of T1(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 K 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 interest in the systems
which exhibit strongmetal-support interactions (SMSI) (1-12). This
activity was stimulated by the work of Tauster et al. (1,2) reported
in 1978 which showed that Group VIII transition metals supported on
reducible metal oxides were subject to large-scale 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 this subject. Proposed explanations include the
migration or segregation of oxide species over the transition metal
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7. SUNETAL. Spectroscopy of Metal-Titanium Dioxide Systems 81

particles and electronic effects including Pt-titania bonding and/or
charge transfer from the support to the metal.

We have undertaken a series of experiments involving thin film
models of such powdered transition metal catalysts (13,14). 1In
this paper we present a brief review of the results we have obtained
to date involving platinum and rhodium deposited on thin films of
titania, the latter prepared by oxidation of a titanium single
crystal., These systems are prepared and characterized under well-
controlled conditions. We have used thermal desorption spectro-
scopy (TDS), Auger electron spectroscopy (AES) and static secondary
ion mass spectrometry (SSIMS). Our results illustrate the power of
SSIMS in understanding the processes that take place during thermal
treatment of these thin films. Thermal desorption spectroscopy is
used to characterize the adsorption and desorption of small mole-
cules, in particular, carbon monoxide. AES confirms the SSIMS
results and was used to verify the surface cleanliness of the films
as they were prepared.

Experimental

The experiments were conducted in an ultrahigh vacuum chamber
equipped with a cylindrical mirror electron energy analyzer, a
quadrupole mass spectrometer with a Bessel box energy filter for
analysis of secondary ions, and an Art gun. A Ti(0001) single crys-
tal was mounted on a liquid nitrogen cooled and resistively heated
manipulator assembly. The surfaces were cleaned by argon ion bom-
bardment and annealing cycles. The transition metals were deposited
using thermal evaporation sources. During the experiments, press-
ures were routinely 3 x 10~!’torr.

The titania-based thin film catalyst models were constructed by
first oxidizing the titanium surface in 5 x 10~7 torr of 0, for
approximately 30 minutes at 775 K. This produced an AES lineshape
consistent with fully oxidized Ti0,. The metal was then vapor
deposited onto the oxide support with the latter held at 130 K. The
thickness of the metal overlayer and its cleanliness were verified
by AES. After various annealing and adsorption procedures, these
thin films were further characterized using SSIMS, AES and TDS. For
comparison, some work was done with Pt on Al;03. In this case a
Mo foil covered with Al,03 replaced the Ti(000l) substrate.

Results

Figure 1 shows AES data for the oxidized titanium surface before and
after deposition of 30 R of platinum with the substrate held at
130 K. The platinum thickness was calculated from the attenuation
of the oxygen AES signal assuming layered growth of the metal. From
the spectra it is clear that the platinum was sufficient to com-—
pletely attenuate the underlaying features of the titanium oxide.
The spectra of the oxide surface prior to metal deposition is
characteristic of fully oxidized titanium. In the region just below
435 eV the lineshape is significantly different for different oxides
of titanium (15).

Figure 2 shows the results of heating a model system consisting
of a 30 { platinum film on oxidized titanium. A linear temperature
ramp was applied until the foil reached 760 K, after which the temp-
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erature was held constant for approximately 5 minutes and then the
sample was cooled. During these temperature changes the Tit SSIMS
signal was followed. Near 615 K the Ti' signal begins to rise
sharply. This signal continues to rise during the period when the
temperature is held constant at 760 K. Upon cooling there was no
tendency for the signal to decrease,

A similar sample was heated as above and then subjected to
argon lon sputtering, as indicated in Fig. 3. An argon ion current
of 0.3 UA was utilized and the Tit signal was followed as a function
of sputtering time., This figure indicates a sharp decay of the tit
signal followed by a relatively wide region where very little signal
is noted. Deeper into the sample the Tit signal rises steadily,
maximizes at about 600 seconds and then decays.

On a third sample, thermal desorption of carbon monoxide was
carried out before and after annealing to 760 K and after sputtering
into the region where the Tit was a minimum (i.e., about 180
seconds in Fig. 3). The TDS results are summarized in Table I. The
last column gives the integrated peak desorption area for carbon
monoxide.

Table I. CO Thermal Desorption Spectra.

Substrate Anneal Desorption Total
Temp (K) Peak (T) Peak Area
TiO2 525 400 1.00
Ti0, 775 355 0.33
T10,(S) 525 400 0.95
Al,03 525 400 1.00
Al,03 775 400 0.98

(S)=sputtered (see text)

Two CO desorption peaks (400 and 510 K) were observed on the as-
deposited Pt layer. However, for a sample annealed to 525 K the
intensity of the high temperature CO peak was Zone third its origi-
nal value. Thus, after annealing to 525 K, the desorption profile
consisted of a large peak at 400 K with a shoulder at 510 K. For
this reason we report the peak temperature for the low temperature
peak only; however, the 510 K shoulder is included in the reported
peak area. Comparison of our data to results from other surfaces
shows reasonable agreement. Polycrystalline Pt(415 K, 507 K) (16),
Pt(110) (430 K, 530 K) (17) and Pt(111) (420 K, 530 K) (18) all have
two desorption peaks in the 400-550 K range. For both titania- and
alumina-supported Pt, the areas are normalized to the desorption
area after annealing the 30 )| overlayer to 525 K and adsorbing CO
to saturation at 130 K. For titania annealed to 775 K the peak de-
sorption temperature is decreased by about 45 K, and the total area
is decreased by a factor of 3. After sputtering to the minimum and
reannealing to 525 K, the peak temperature returns to 400 K and the
total peak area increases to approximately its value before the
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annealing experiment was carried out. Similar experiments were
done with Pt on alumina. As indicated in Table I, annealing to

760 K does not change either the desorption temperature or the area
under the carbon monoxide desorption peak.

Similar SSIMS and TDS results were obtained for rhodium on
titania and for hydrogen chemisorption on both substrates. In a
blank experiment involving o metal overlayer, temperature program-—
ming while following the Ti and Ti0% SIMS signals (Fig. 4) shows
that the titania thin film does not begin to change until the
temperature reaches about 760 K, well beyond the 615 K where tit
was first noted to increase on the systems with thin metal over-
layers.

To explore the possibility of electronic interaction between
the reduced titanium oxide and Pt, 1 ML of Pt was deposited on both
fully oxidized and partially reduced TiO,. The reduced sample was
prepared by Art sputtering of the Ti0, substrate prior to metal
deposition, introducing reduced Ti centers at the Pt-Ti interface.
H, TDS was used as the highest H, desorption temperature (370 K)
occurs below the temperature regime of encapsulation. For the
reduced sample there was a 707 decrease in H2 chemisorption and a
33 K shift to lower temperatures when the unannealed sample (first
H, TDS) was compared to the sample annealed at 370 K (second H;
TDS). No change in the AES was observed after either the first or
second TDS, showing that the Pt overlayer does not island or encap-
sulate. We take these low Pt coverage experiments to indicate an
electronic interaction (preferably bond formation, which does not
require significant charge transfer) between Pt and reduced Ti
specles that is activated at about 370 K.

For the fully oxidized sample the results were somewhat differ-
ent. After annealing at 370 K there was 25% less H:z adsorption, and
the peak split into two peaks, one shifted higher and one lower, each
by about 30 K. There were also small changes in the AES Pt/Ti
ratio after the first TDS. Since Ti0, migrates at lower tempera-
tures for reduced titania, as compared to fully oxidized, we do not
favor TiOy migration as the explanation., Rather, we suggest that
the changes observed after the 370 K anneal of the oxidized sample
are due to small changes in the morphology of the Pt overlayer.
These alter the number and kind of exposed Pt sites.

Discussion

From the SIMS, AES and TDS data the following picture emerges. Oxi-
dation of titanium in situ leads to the formation of a film of fully
oxidized titania that is thick enough to completely attenuate metal
and suboxide contribution to the AES spectra, Heating these over-
layers, which are judged to be more than 60 A thick, results in no
detectable changes by SIMS or by AES (not shown) until the tempera-
ture exceeds 760 K. Since thermal effects are observed at signifi-
cantly lower temperature when metal overlayers are present, we con-
clude that those observations are not due to degradation of the
oxide layer via diffusion of oxygen into the bulk metal.

The AES signals observed after deposition of platinum (Fig. 1)
indicate that platinum goes down reasonably uniformly under our
conditions.  This result is confirmed by a more detailed analysis
of the attenuation of the oxygen and titanium signals as a function
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of platinum dosing time. From these results (not shown) we conclude
that platinum deposition occurs in a very nearly layer-by-layer
fashion at 130 K. Annealing these films to 525 K does nothing to
the Tit SIMS signal, but at around 600 K Tit signals begin to appear
in the SIMS spectra. These rise sharply to a fairly steady value
which increases slowly with time. This is a thermally irreversible
change since, upon cooling, (Fig. 2) the it signal does not return
to a low value. The species formed is largely segregated to the
surface as indicated by this sputtering profile of Fig. 3. Sputter-
ing removes this overlayer and leads to metallic platinum. After
sputtering through the platinur the oxide region 1s again reached.
After 600 seconds the metal layer is removed, and the Tit signal
begins to drop. This final drop is the result of a decreasing
cross-section for ion desorption which accompanies the preferential
removal of oxygen.

The observed thermal desorption results are entirely consistent
with the picture that emerges from Figs. 2 and 3. Annealing to
525 K (Table I) gives a thermal desorption peak for carbon monoxide
like that observed from bulk platinum films. Annealing to 775 K
lowers the desorption peak temperature and, more importantly,
attenuates sharply the amount of carbon monoxide that will adsorb.
Sputtering to the minimum of the Tit signal followed by an anneal to
525 K and adsorption gives a result that is very much like that
observed prior to the high-temperature anneal. From these and
other more detailed results involving Auger lineshape studies, we
conclude that the species that migrates to the surface of the
platinum is probably TiO.

For similar samples on alumina, these effects are not observed,
as indicated in Table I. No migration of aluminum or oxygen species
is observed in AES, and the capacity of the film to adsorb carbon
monoxide is not altered by changing the annealing temperature from
525 to 760 K.

All of these results are consistent with the notion that
surface migration of titanium oxide species 1s an important factor
that contributes to the suppression of carbon monoxide chemisorp-
tion. The H; chemisorption experiments on 1-2 ML of Pt, where no
migration is observed, strongly indicate that electronic (bonding)
interactions are also occurring. Thus, for the titania system,
both electronic interactions and surface site blocking due to
titanium oxide species must be considered in interpreting SMSI
effects.
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Isotopic Tracers in Catalysis: Aromatics
from n-Paraffins over Te-NaX Zeolite

Joe W. Hightower and Geoffrey L. Price’
Department of Chemical Engineering, Rice University, Houston, TX 77251

Both radioactive and stable isotopic tra-
cers are used in catalysis to validate
reaction networks, test for intermediates,
confirm reaction orders, determine intra-
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 Dy replaces Hy , there is
little scrambling with the H atoms in the
hydrocarbons. A primary kinetic 1isotope
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-
sively in catalysis to validate reaction networks, test
for intermediates, confirm reaction orders, distinguish
between intra- and inter-molecular mechanisms, establish
rate 1limiting steps, document direct participation of
surface atoms in fluid-solid reactions, etc. A unique
feature of tracer studies is that individual reaction
steps can be followed in a complicated set of reactions
without perturbing the chemical composition of the
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reacting mixture. Several books (1:2) 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 article is to focus on a single
series of reactions and to illustrate some of these uses
of isotopic tracers. The set of reactions involves the
dehydrocyclization of n-paraffins into aromatics over
non-acidic Te NaX zeolite (4-7).

Experimental

The catalyst was prepared according to a recipe formu-
lated by researchers at the Mobil Research Labs in
Princeton (8-9). 11% (wt) Te metal was ball-milled with
NaX =zeolite (13X), and the resulting powder was acti-
vated by heating in a stream of dry hydrogen at 500 C.
Reactions were carried out in either a batch recircula-
tion reactor at about half an atm pressure or in a plug
flow reactor at one atm. Reaction mixtures were usually
in the ratio of about 1/10 to 1/4 hydrocarbon/hydrogen.
Excess hydrogen was required to stabilize the Te and
prevent it 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
spectfgmeter (for deuterium) or a scintillation counter
(for C) for isotopic measurements. The radioactivity
is expressed as specific activity (counts/min mmole).

Results

Reaction Intermediates: 14C Tracers. Yields of benzene
well in excess of 95% can be obtained over this catalyst
in a flow reactor from a mixture of n-hexane and hydro-
gen. The only significant 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 l4c-
labeled 1-hexene was reacted in hydrogen over the
catalyst at various space velocities. The specific ac~
tivity of each of the products (the n-hexenes were
lumped together) are shown in Figure 2. The important
observation is made at zero conversion. When extrapola-
ted to infinite space velocity, the benzene has
approximately the same specific activity as the hexene,
thus clearly indicating that essentially all the benzene
is formed in a reaction sequence that involves
equilibrium with gaseous n-hexenes. It may then be con-
cluded that olefins are intermediates in the aromatiza-
tion process.

We (4) have also shown that cyclohexane can be
readily converted into benzene under these reaction
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conditions. Another possibility to consider is that the
dehydrocyclization process may involve cyclization at an
early stage to cyclohexane, followed by dehydrogenation
to benzene. This was tested pf reacting a mixture of
cyclohexane and C-n-hexane or 14C-1-hexene. As shown
in Figure 3, there was no measureable radio-activity in
the unreacted cyclohexane. This means that cyclization
must necessarily occur further along the reaction
sequence than cyclohexane, i.e. cyclohexane is not an
intermediate.

It is quite possible that more highly dehydrogented
products (e.g. hexadiene or hexatriene) may also be in-
volved in the reaction sequence. However, none of these
species was observed in the GLC. This is not surprising
since both these species are highly reactive and may not
have accumulated to any measurable extent. One could
have used 1labeled diolefins or triolefins in mixture
with n-hexane to test this possibility. Although this
experiment was not attempted, we would speculate that
most of the radioactivity would have been quickly incor-
porated into the benzene with a small amount perhaps
flowing temporarily upstream into the olefins and the
paraffin,

Additional experiments were carried out to examine
the formation of toluene fiom n-heptane (19). When the
heptane was labeled with C in the 1-position, half the
radioactivity was in the methyl group and the other half
was in the aromatic ring of the toluene. This clearly
indicates that ring formation involves 1,6 or 2,7 clo-
sure and excludes the possibility of any interconversion
between five membered and six membered rings. Perhaps
this 1is not surprising since the catalyst's acid sites
are neutralized by the sodium.

Bond Cleavage with Deuterium. Even though cyclohexane
can be ruled out as a direct intermediate in n-hexane
dehydrocyclization, it will 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 first
experiment was to react a mixture of cyclohexane and D
(50 torr/200 torr) and look for the incorporation of D
atoms into the hydrocarbons at 500 C. Surprisingly,
there was very little 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 D2 some-
how participates in the dehydrogenation reaction. Even
though 6 H atoms are lost from the hydrocarbon, one D
atom is added. When mixtures of CgHg/CgDs or CgHg/D2 are
circulated over the catalyst under the same reaction
conditions, there 1is essentially no H/D exchange or
intermolecular scrambling.

Since scrambling of H 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 rela-
tively stable in presence of this catalyst. It is then

possible that cleavage of C-H bonds may be involved in
the rate limiting step of the reaction. This was tested
by comparing the reaction rates of cyclohexane-Hj2 and
cyclohexane~Dj2 in either H2 or D2 under identical con-
ditions. As shown in Figure 4, the lightweight cyclo-
hexane~H;5 reacts about 2.5 times more rapidly than does
the perdeuterated cyclohexane-Dj;. Whether the gas phase
contains Hy or D, has no effect on the reaction rate,
The conclusion from the large primary isotope effect is
that 1indeed C-H bond cleavage is involved in the rate
limiting step of the reaction. Armed with this informa-
tion, one can then be assured that increasing the
ability to break C-H bonds will improve the overall
catalytic activity.

Solid State NMR. Two solid state Na NMR spectra are
shown in Figure 5. The top figure is for the initial NaX
zeolite and the bottom curve shows the Te-NaX =zeolite
after activation in hydrogen. It is apparent that the
presence of the Te alters 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, field 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) o — ' 573.6 0.42 (Te?)
— — 576.6 0.35 (Te*)
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
o(1s) 531.4 94 531.5 87
Na(« ) 574.0 574.2
o(a ) 552.8 552,8

All 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 kinetic measurements have been combined with
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isotopic tracers to shed considerable 1light on the
quantitative aspects of n-paraffin dehydrocyclization
over a Te NaX zeolite catalyst. There can be 1little
doubt that olefins are involved as intermediates in the
overall reaction scheme. Their rise and decline with
conversion (Figure 1) is typical of the behavior of
intermediates, and the correspondence between the
benzene and hexene specific activities in Figure 2 con-
firms this conclusion. Furthermore, the reversible
nature of the paraffin-olefin reaction is seen in the
accumulation of radioactivity in the unreacted n-hexane.
This reaction is not at complete equilibrium, however,
since deuterium is not scrambled extensively into the
product molecules when the carrier gas is Dy instead of
Ho.

Even though cyclohexane is rapidly converted into
benzene under these conditions, the results in Figure 3
clearly prove that it cannot be a gas phase intermediate
in the n-hexane reaction. If it were, there would have
been radiocactivity in the unreacted cyclohexane when it
was mixed with labeled n-hexane; none was observed.
This proves that the cyclization step must be further
along the reaction stream and must not involve an olefin
forming cyclohexane which then dehydrogenates to the
aromatics.

It also points out another advantage of isotopic
tracers. The fact that a suspected intermediate reacts
quantitatively to form the final product does not neces-
sarily mean that it is an intermediate. Just because a
compound is formed, or because it may give the desired
final product, does not prove that the compound in
question is a gas phase intermediate in the overall
reaction. It must be shown that the compound behaves
properly under dynamic reaction conditions, and isotopic
tracers can test this behavior most effectively.

In the n-paraffin reactions, 1let us suggest that
the reaction scheme shown in Figure 6 satisfies most of
the observations. The solid lines represent reactions
that have been observed, while the dashed lines are pro-
posed reactions involving products whose steady state
concentrations are too small to be measured with our
analytical equipment.

According to this scheme, the catalyst serves
primarily to promote dehydrogenation. Cyclization of
the hexatriene was shown years ago (11) to occur ther-
mally in the gas phase at temperatures well below these
dehydrocyclization conditions. Thus, the overall reac-
tion is projected to be the combination of several
catalytic dehydrogenation steps and a non-catalytic
cyclization step. This projection implies that the
design of the catalytic reactor may be important in
order to optimize the ratio of void space for cycliza-
tion and catalyst space for dehydrogenation.

The dehydrogenation studies with labeled cyclohex-
ane suggest that C-H cleavage is involved in the rate
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limiting reaction step. We (5) have shown that each Te
atom is capable of holding two H atoms. Extraction of
the H atoms from the hydrocarbons may well involve a
series of steps like the ones shown in Figure 7. The
exact nature of the active site is not known, However,
solid state Na NMR spectra in Figure 5 indicate that the
Na environment in the catalyst is 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 in the reduced catalyst is about
equally distributed between the zero and +4 oxidation
states.

Conclusions

This Te NaX zeolite is a highly selective catalyst for
converting n-paraffins (Cg or larger) into aromatics.
The presence of the Na probably reduces the inherent
acidity to the point where skeletal isomerization and
cracking of the hydrocarbon do not occur to any appre-
ciable extent. Olefins are intermediates in the
reaction. However, cyclohexane is not a gas phase
intermediate, even though it can be quantitatively con-
verted into the correct benzene product under reaction
conditions. The rate limiting step is cleavage of C-H
bonds. Most likely, the reaction is a combination of
catalytic dehydrogenation reactions and a rapid noncata-
lytic cyclization 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 in the zeolite
structure remains elusive, they are probably located in
positions sufficiently close to the Na ions to influ~
ence the nuclear magnetic properties of the sodium.
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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
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This study examined the changes in surface composi-
tion, as indicated by 0/Ti and C/Ti ratios measured
by AES, as temperatures were varied from 300 to 1075K
and surfaces were exposed to Hp, 0,, 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 0/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 0/Ti ratios at 900K. The high 0/Ti
ratios attained above 900K infer that the slow step
in the reduction of TiO, is the removal of oxygen
from the surface, and either ESD or Pt enhances this
step.

Recently, metal/Ti0, systems have attracted attention because-of
observed changes in adsorption behavior, catalytic activity, and
the possibility of electron transfer between the metal and titania
(1-15). This study was undertaken to examine the changes in sur-
face composition, as indicated by 0/Ti and C/Ti ratios measured by
Auger Electron Spectroscopy (AES), as temperatures were varied from
300 to 1075K and exposures to Hp, 0, and CO were employed. The
effect of temperature was of principal importance because reduction
of metal/TiO, catalysts, such as Pt/TiOp, at temperatures near 775K
is typically required to induce the SMSI state; reduction at lower
temperatures produces catalysts with normal adsorption properties
{(2). We wished to compare the behavior of a single crystal of Ti0;
to that of a TiOp powder frequently used for catalyst preparation,
so the rutile TiO» (100) plane was studied and compared to pressed
powder wafers containing small crystallites of TiC,. The influence
of Pt was examined by placing HpPtClg on the surfaces of both the
single crystal and the powder wafer. Electron Stimulated Desorp-
tion (ESD) studies were conducted by continuously exposing one
region of the surface to the Auger electron beam and comparing the
surface composition to that in another region outside the beam.

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

This study was conducted in an ultrahigh vacuum (UHV) stainless
steel chamber pumped by a 200 1/s ion pump which contained an Auger
Cylindrical Mirror Analyser (CMA) and Low Energy Electron Diffrac-
tion (LEED). The residual vacuum obtained after a 12 h baking was
generally near 10”9 Torr and could be lowered to about 5 x 10”10
Torr by circulating liquid nitrogen against the chamber wall. The
gas composition was continously monitored by a quadrupole mass spec-
trometer. A sample manipulator allowed the rotation and position-
ing of the sample.

The Ti0, single crystals were cut from a single crystal rod
in the shape of disks, 10 mm wide and 1 mm thick, which displayed
the (100) face. The sintered powders were pellets cut from a rod
of pure Degussa P25 TiO, powder compacted in an isostatic press at
high pressure (400 MPa) after heating at 873K in air for 3 hours
before compacting. The 2% wt Pt/TiO, powder sample was not heated
before compacting to avoid the loss of Pt by formation of volatile
Pt oxides. Two Pt/TiO, (100) samples were prepared using a solu-
tion of HyPtClg to give nominal Pt monolayer coverages of 0.5 and
1.

Auger spectra were recorded in the derivative mode from 20 to
600 eV to detect all the surface elements, including contaminants,
at the various Ti0p surfaces. Continous variations of the O and Ti
surface concentrations during heat treatments or gas adsorption
were followed by scanning alternatively only the energy regions of
the 0 and Ti auger peaks. A peak selector was used to produce this
selective scanning every few seconds, The peak-to-peak heights of
the Auger peaks were used as a close approximation to the surface
concentration. The 387 eV Auger peak of Ti was chosen to follow Ti
concentrations because it is much less sensitive to the chemical
environment than the U418 ev peak and therefore its variation is
more closely related to changes in the surface concentration of Ti.
This choice is consistent with other authors (21,31).

Results

Initial studies were made on two single crystals to determine
cleaning procedures and variations in 0/Ti intensity ratios. The
carbon peak at 273 eV was removed by heating above 823K in vacuum
for periods of 5 minutes or longer. Heating in 0, (1.3 x 102 pa)
facilitated carbon removal and the C peak began to decrease at
lower temperatures. Also, cooling in 0, retarded the growth of the
carbon peak. When present, the small S(151 eV), K(251 eV) and
Ca(293 eV) peaks could be removed by a 20 minute Ar ion bombardment
at 300K; however, this enhanced the C peak and, in agreement with
previous work (16), it reduced the 0/Ti ratio to values between 1.3
and 1.4, Figure 1 shows Auger spectra for a (100) surface from
crystal A. The initial high 0/Ti ratios near 2.4 were reduced by
ion bombardment to 1.5 and increased to only 2.1 after another
heat cycle to 953K. Considering that the sensitivity to the Ti(387
eV) peak is 10% lower than that to the 0(510 eV) peak (17), the
intensity ratio of 2.1 corresponds to an 0/Ti atomic ratio near
1.9, which is close to stoichiometric for TiOp.
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On all the T102(100) crystals further investigated, maximum
C/Ti ratios between 0.2 and 0.3 were sometimes observed after stand-
ing for long periods at 300K in the UHV system and before high tem-
perature treatments, as shown in Figure la, for example.

A second crystal (B) gave higher intensity ratios between 2.8
and 2.9 at 923K when heated in vacuo. Exposure at this temperature
to Hp(1.3 x 1072 Pa), 05(1.3 x 1073 Pa) or CO (1.3 x 1072 Pa) had
essentially no effect on these 0/Ti intensities during exposure
time periods of 5-20 min (300-1200 L).

To study the effects of ESD and temperature on surface composi-
tion in more detail, a third crystal (C) was used which had a Pt
coating on its back to improve contact with the holder. The first
study of the effects of ESD and temperature on TiO, involved the
continous monitoring of the 0(510 eV) and Ti(387 eV) peak intensi-
ties as the temperature was slowly increased to 1073K. The behav-
ior is shown in Figure 2 for a portion of the surface with an
initial 0/Ti ratio of 2.3. Later, a complete heating-cooling cycle
was run on a portion of the surface with an initial 0/Ti ratio of
1.70, and the results are also shown in Figure 2, The final O/Ti
ratio at high temperature was very near that of the initial run.

To clarify the role of EDS in these heating/cooling cycles,
two regions on the crystal surface imm apart were examined simultan-
eously. One region was continuously exposed to the electron beam
whereas the other region was exposed to the beam for only a short
period of time (1-2 min) during which the 0(510 eV) and Ti(387 eV)
peaks were measured using the peak selector described previously.
The differences in behavior regarding surface composition are
clearly shown in Figure 3. The intensities of the two peaks versus
temperature are shown in Figure 4. The Ti peak decreases continu-
ously during the cycle whereas the 0 signal increases between 373
and 823K during heating and decreases continually during the
cooling cycle. The indicated final values are those measured the
following day after 16 hr at 300K in the UHV system.

The single crystal covered with 1.2 x 10'5 Pt atoms (=1 mono-
layer) was characterized by AES prior to any heat treatment or
reduction procedure, and peaks at 40 and 67 eV indicated the Pt was
detectable, Additional spectra at 513K showed weak additional Pt
peaks at 151 and 168 eV and a Cl peak at 181 eV. A stepwise
heating/cooling cycle was conducted under the electron beam and
with no beam on. The 0/Ti ratios for the two regions are represen-
ted in Figure 5., Quite similar 0/Ti ratios were found in both
regions and essentially no hysteresis occurred during cooling.
After this series of experiments, the sample was heated to 1073K,
cooled to 503K, and exposed to 02(3.3 x 1072 Pa). Little change in
the 0/Ti ratio occurred in either region. Following this, a number
of regions were examined by AES to detect Pt, but all Pt peaks
found were barely distinguishable from the background noise level.

The stepwise heating/cooling cycle was conducted on the TiOp
wafer (84% rutile after being heat treated in 0p) and a typical
correlation of 0/Ti ratio versus temperature is shown in Figure 6
for one particular run. Surface reduction is facilitated by ESD,
and additional cycles continually reduced both maximum O/Ti ratio
obtained at high temperature and the minimum O/Ti ratio observed at
room temperature, and a final value of 0.7 was measured at the com-
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pletion of these experiments. The region out of the beam reproduc-
ibly followed the pattern in Figure 6, cycling between O/Ti ratios
of 1.8 and 2.1. Exposure at 493K to Hp had little effect on peak
intensities, and exposure to O, produced only a small reversible
increase. Finally, C(273 eV) peaks were quite small on all areas
of this wafer, typically giving C/Ti ratios below 0.1, but they
were always smaller in the regions not continuously exposed to the
electron beam.

The results from the stepwise heating/cooling cycle for the 2%
Pt/Ti05 wafer prepared from this impregnated titania (anatase) pow-
der are also shown in Figure 6. Similar to the Pt/Ti0, (100) sam-
ple, some charging was observed in the beginning at temperatures
below 373K. Several high temperature treatments removed this pro-
blem. High 0/Ti ratios between 2.8 and 3.0 were obtained at 903K
even after H, exposures up to 3 x 105 L. Exposure to 0> (5.3 x
10”2 pa) at 493K produced a small reversible increase in the 0/Ti
ratio., Finally, extremely high initial values of 0/Ti and C/Ti
ratios, 7-8 and 1-U4 respectively, were observed on various regions
of the wafer indicating a high level of contamination. Heating in
1075 pa 0o at 773K for 35 min reduced these ratios to near 1.9 and
0.5, respectively, and a subsequent heat treatment at 1033K in
vacuo gave more typical O/Ti ratios near 2.8 and C/Ti ratios below
0.1. After this treatment, the maximum C peak intensities obtained
on this Ti0, powder catalysts were much smaller than those on the
single crystals, and the C/Ti ratios ranged between 0.04 and 0.19.
This surface carbon concentration was much lower than that reported
in a previous study of Pt/TiO» powder (9). A representative Auger
spectrum after all runs were made is shown in Figure 7.

Discussion

Numerous studies have been devoted to the characterization of TiO;
(16,18-40), and many of them involved surface analytical techniques
such as AES, XPS, UPS, LEED, and EELS (18-32). More recent studies
have been devoted to metal/TiO, systems Z7,2,12-15,h1-h7). How-
ever, these surface characterization studies were typically conduc-
ted on surfaces at 300K after various annealing treatments while
our particular interest was the actual state of the surface at vari-
ous temperatures, particularly in the region between 473-773K,
which is required to induce SMSI behavior. Previous studies (16,
gg) had found clear evidence for electron beam damage when AES is
utilized, and its effect on the surface composition of titania was
examined in terms of ESD over a wide temperature range. Finally,
because of the significant changes in H, and CO chemisorption on
Ti0p-supported metals, the knowledge that bulk TiO, becomes oxygen
deficient when heated to high temperature in vacuo or in Hs (33,
;ﬂ), and the possibility that titanium oxide species may form on
the dispersed metal surface, the effects of Hp, CO and O, exposure
were considered. The composition of the TiO, surface and the
effect of ESD was determined on single crystals and titania powders
before and after Pt was dispersed on their surfaces.

Some results from this study of TiO, surfaces were in good
agreement with previous reports. For example, the C(372) peak
could be removed by heating above 875K (22a31n32)= Ar ion bombard-
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ment at 300K produced low O/Ti ratios below 1.5 (16); and after
several heat cycles above 875K, typical 0/Ti ratios were between
1.5 and 2.0 after cooling to 300K, which frequently required over
one hour (20,21,23).

The Ti05 (7100) surface repeatedly showed a marked increase in
the 0/Ti ratio between 575 and 875K, as shown in Figures 2 and 3,
behavior which is in excellent agreement with that reported by Tait
and Kasowski (23) although their Auger results were obtained at
300K after annealing at each given temperature. Recently,
Nishigaki (31) has found the same qualitative behavior showing that
the oxygen contribution to the interatomic transition [L(Ti)M(Ti)
V(0)] rises with the annealing temperature at the expense of the
titanium contribution. This increase is attributed to the diffu-
sion of bulk lattice oxygen towards the surface and results in
raising the local oxygen coordination to Ti atoms. The present
study does not give any information on the nature of the bonding of
oxygen at the surface at these conditions: similar XPS studies
would be very helpful to get such information. It should be men-
tioned that the 0/Ti increase becomes appreciable only above 600K
where bulk diffusion enables the reduction of TiOp to start signifi-
cantly (33 34) This marked change in surface composition between
575 and 875K is particularly intriguing because this is the tempera-
ture range during which SMSI behavior is induced in TiOp-supported
metal catalyst systems (2,6).

The effect of the Auger electron beam on the composition of
the (100) surface in the absence of Pt is clearly demonstrated in
Figure 2 and 3: it greatly facilitates removal of surface oxygen,
glves little hysteresis in the heating/cooling loop, and it repeat-
edly gives low 0/Ti ratios between 1.5 and 2.0. The electron beam
damage observed here is related to electron stimulated desorption,
ESD, (28). 1In their paper, Knotek and Feibelman have proposed that
ESD of positive ions (0*) occurs as a consequence of an interatomic
Auger transition, a view supported by the recent findings of
Nishigaki (31) Intensive beam damage can occur, as reported previ-
ously for other Ti0, surfaces (16 23) and surfaces with 0/Ti
ratios as low as those expected for stolichiometric Tip03 are easily
obtained at low temperature (< 500K) by continuous electron beam
exposure.

During heating, the region under the beam behaves globally as
the region outside the beam; however, it is noticeably different
during cooling. the former follows the heating line while the lat-
ter decreases only slightly, giving significant hysteresis as in
Figure 3. -However, after standing out of the beam an 0/Ti ratio
below 2.0 was again obtained as shown in that Figure.

One of the surprising results in this study was the high 0/Ti
ratio routinely achieved at and above 875K, and values between 2.5
and 3.0 frequently were measured. Higher ratios of 0/Ti than pre-
dicted for stoichiometric TiOp [2.2, taking into account the rela-
tive sensitivities of the 0(510) and Ti(387) peaks at 3 keV] are
sometimes found in the literature (19 22, 32), and they should not
be taken as the clean oxide values because the AES signal does not
discriminate between adsorbed oxygen and true metal oxide oxygen.
We are aware that changes in line width can alter peak-to-peak
ratios; however, we have assumed that the 0/Ti ratios indicate aver-
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age surface composition even if individual phases are difficult to
identify unambiguously (32). On this basis the surface appears to
be TiO, and may even contain excess oxygen; therefore, an interest-
ing paradox exists under these high-temperature conditions. Bulk
reduction of TiO, is known to occur (ﬁ) and, indeed, the initially
yellowish crystals were blue when removed from the chamber; how-
ever, the surface is composed of Ti0, which may even be oxygen-rich
during this reduction process. The data in Figure 4 show that a
net increase in the 0 signal strength occurs above 575K whereas a
continual decline occurs in the Ti signal intensity. These results
infer that the slow step in the bulk reduction of TiOp is the remov-
al of surface oxygen, which presumably requires the recombination
of two O atoms in the absence of any ESD process. As stated in the
Results section, the presence of Hp, 0p or CO did not significantly
affect the results; therefore, if these gases enhanced the rate of
oxygen removal, the rate of diffusion of oxygen to the surface
still remained equal to or greater than the desorption rate,

It is not easy to propose a surface structure that can allow
oxygen concentrations greater than that of stoichiometric TiOj;
however, 0 vacancies created when bulk reduction occurs can trap up
to two electrons and these sites may allow the formation of 0z on
the surface (23,48). If Ti3* cations had migrated away from the
surface, 0/Ti ratios greater than 2.2 could be achieved in the sur-
face region. It is also known that reduction of TiO, occurs by
interstitial titanium formation (34,40) (Ti0p » Tig¥* + ke™ + 02)
releasing oxygen without the need of any vacant sites in the sur-
face. Such behavior may also provide a favorable situation for
oxygen accumulation at the surface. Although it may be possible
that hydroxyl groups form, thereby increasing the 0/Ti ratio at the
surface, this formation would not be expected at these high tempera~
tures.

The surface of the TiO, powder showed differences from the
rutile (100) surface, which may well be attributable to the fact
that it was initially 849 anatase. This behavior may also be a
consequence of the presence of the small (10-50 nm) crystallites
which exist in this particular TiO, powder as received (2).
Although the 0/Ti ratio increased with increasing temperatures, the
transition between 575 and 875K was not so sharp and the 0/Ti
ratios at high temperature never exceeded 2.1. Little hysteresis
was found for this powder wafer both in the beam or out of the
beam, as shown in Figure 6. Again, though, ESD led to lower 0/Ti
ratios after cooling to below 350K. In fact, oxygen appeared to be
more easily removed by ESD from this powder surface than from the
(100) surface because repeated heat cycles in the beam produced a
continuous, irreversible decrease in the 0/Ti ratios at both high
and low temperatures. After numerous heating/cooling cycles, the
final observed 0/Ti ratio of 0.7 at 300K produced by beam damage
was so low that the presence of metallic Ti(Ti®) or perhaps a TiOp
phase (49) is required to explain this value. Again, surface recon-
struction and reduction may be more easily achieved on small crys-
tallites than on large single crystals because of differences in
surface free energy. In the absence of ESD, the 0/Ti ratio repeat-
edly cycled between 1.8 at 300K and 2.1 at 975K or higher.
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The addition of 0.5 monolayer of Pt to the (100) surface had a
major effect. It removed the hysteresis observed without the Pt,
and regions both in and out of the electron beam showed similar,
reversible 0/Ti ratios during the heating/cooling cycle. Although
a small difference existed in initial 0/Ti ratios in the two
regions, values were identical during the cooling period. Both O
and Ti peak intensities declined continuously during the cycle.
Similar behavior was observed on the second sample which contained
twice as much Pt distributed over a small faction of the surface,
as shown in Figure 5. On this sample, lower O0/Ti ratios were
attained at 1100K, but both regions again exhibited almost identi-
cal surface compositions during the cooling cycle. Pt seems to
facilitate oxygen removal, resulting in lower O/Ti ratios on the
(100) surface, compared to the Pt-free surface, and a similarity in
behavior between Pt-covered surfaces and ESD. Platinum is known to
readily dissociate oxygen and could easily work in the reverse
direction to act as a porthole for recombination and desorption of
0 atoms (2). The effect of Pt on the TiO, powder was more pro-
nounced, as indicated in Figure 6. Increases in the 0/Ti ratio
were again observed in both regions as temperature increased, with
values over 2.8 being attained. However, during the cooling cycle
a significant decrease in the 0/Ti ratio occurred in the region
continuously exposed to the electron beam producing a value near
1.8, whereas a much smaller hysteresis loop existed for the region
not affected by ESD, and O/Ti ratios remained near 2.4.

Conclusions

In the presence of Hp, platinum can activate hydrogen and allow
hydrogen spillover onto metal oxides (50), and this route has been
proposed for Pt-catalyzed reduction of—Tioz under hydrogen (ﬂ,5_1).
Moreover, this study indicates that Pt may also catalyze the reduc-
tion of TiO, by facilitating the desorption of mol ecular oxygen
from the surface. Above 600K, bulk oxygen diffusion rates become
significant and oxygen migrates readily to the surface. The 0/Ti
ratios much higher than 2.2 (the approximate value for stoichiome-
tric TiOp), observed in this study at higher temperatures, are
interpreted to mean that the slow step in the reduction of TiOp is
the desorption of molecular oxygen from the surface. ESD results
in lower 0/Ti ratios because it can remove oxygen in the form of
positive ions, such as 0%, whereas Pt acts as a porthole for desorb-
ing molecular oxygen.
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Clusters: Molecular Surfaces
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There 1is considerable scientific and technological
interest in obtaining an understanding of the chemical
and physical properties of clusters of atoms, both
metallic and non-metallic, 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
[Pt3g(C0)44Hx]2' have been prepared and structurally
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 briefly review the recent development of a general
technique to prepare and study many properties of such
clusters.

Since the demonstration by Schumacher et al (4) of the
use of alkali metal vapor inclusion into a supersonic
beam to produce clusters, there have been a number of
attempts to generalize the approach. It has recently
been recognized that instead of high temperature ovens,
with their concommitant set of complex experimental
problems, an intense pulsed laser beam focused on a
target could be effectively used to produce metal atoms
in the throat of a supersonic expansion valve. (5) If
these atoms are injected into a high pressure inert gas,
such as helium, nucleation to produce clusters occurs.
This development has as its most important result that
clusters of virtually any material now can be produced
and studied with relative ease.

0097-6156/85/0288-0111$06.00/0
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The pulsed cluster source (Figure 1) is characterized
only in a limited sense and substantial opportunities
remain to develop it into a fully predictable and con-
trollable source. As an example of some of the important
unresolved issues, consider the question of the internal
energy content of the emerging clusters: We still need
to know how it varies as a function of cluster size, and
whether it can be controlled and measured. An equally
important issue is whether the cluster size distribution
can be controlled; ideally one would like to produce a
monosized cluster beam chosen by simple changes in oper-
ation of the source. Effort in this direction is only
beginning. Another issue concerns the mechanism of the
cluster nucleation. What we know about the source
derives primarily from optical spectroscopy of dimers and
trimers, (6) and from work on large molecules we had done
in our laboratory. (7) Early experiments indicate that
small metal clusters (dimers, trimers) can be produced
rotationally cold (<10K), but with significant vibra-
tional energy content (100K to 600K), depending on
expansion conditions. Little is known regarding the
internal energy content of larger clusters. From experi-
ments on alloy clusters (Figure 2) we have inferred that
metal clusters grow by atom addition, (8) but clusters of
non-conductors such as carbon form by more complex mech-
anisms. (9)

The pulsed molecular beam cluster source has produced
clusters of virtually every material--we have made
clusters of even the most refractory transition metals,
of group IIIB and IVB elements, and numerous oxides,
carbides, and intermetallic alloys of these elements.

The most unusual cluster distribution produced was that
of carbon (Figure 3). This work is discussed in some
detail in a recent paper. (9) For the purpose of this
discussion it suffices to emphasize that a bimodal dis-
tribution was produced, one consisting of clusters of Cy
composition, x = 1-30, with an internal distribution
similar to that produced by a variety of other earlier
experiments, ranging from high temperature evaporation
techniques to secondary ion mass spectrometry experi-
ments. The second distribution, made up of large clusters
(x>40), contained only even clusters; to see odd-numbered
clusters required large photoionization laser inten-
sities, enough to cause cracking to occur. The unit of
growth for this form of carbon cluster is evidently Cj,
and the material may be the unusual phase of carbon
called carbyne, which consists of linear carbon chains of
alternating short and long bonds with weaker interchain
interactions. (10) Some indication of packing effects,
sometimes called "magic numbers™, (ll1) may be evident in
the distribution, but only to a minor extent.
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Figure 2. Evidence for an atom addition mechanism of
cluster growth is provided by analysis of the NiyCr
cluster distribution produced by vaporization of ‘a
nichrome surface. The simulated distribution below
assumes that the probability of Ni or Cr occurring in a
cluster is related only to its composition in the source
material. Reproduced from Ref. 8. Copyright 1985, American
Chemical Society.
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Figure 3. The observed abundance of carbon clusters
produced by vaporization of a graphite rod. Note the
oscillations (of period 4) seen for small clusters, and
the absence of odd clusters Cy for x>40. Reproduced

with permission from Ref. 9. Copyright 1984, American Institute
of Physics.
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Measurement of the ionization potential of the clusters
using a combination of laser intensity dependence at a
number of fixed-frequency laser transitions and by
tunable vacuum ultraviolet lasers is one of the tools
available to probe the electronic structure of these
novel materials., One simple question which can now be
probed is how the ionization potential varies as a func-
tion of cluster size, and more specifically when and how
it approaches the bulk work function. Carbon exhibits
some sharp transitions in ionization potential (IP) as
the cluster size changes from 12 to 13 atoms, and again
near 40 atoms. Aluminum behaves nearly like a free
electron metal beyond six Al atoms, following the
spherical droplet correction for the work function of a
flat surface. Small clusters of Ni or Al exhibit some
oscillations in IP as a function of size. (12) The most
interesting system from this perspective is iron. (13)
The IP of iron clusters was determined by direct photo-
ionization measurements. These measurements revealed
structure in the IP as a function of cluster size, with
inflections at 2-4 atoms, and in the 9-13 atom cluster
regime. These may well be due to structural differences
in the clusters, but further experiments must be done to
establish this conclusion. This observation has already
stimulated a significant theoretical effort to examine
the electronic structure of iron clusters. (l14) More
powerful experimental probes (e.g. photoelectron spectro-
scopy) are needed, however, for the ionization threshold
is not a particularly sensitive probe of the development
of the cluster d-band; it only probes the highest
occupied electronic orbital of the system. (Fig, 4,)

Other probes of the electronic structure of clusters
include the determination of the magnetic moment of the
clusters as a function of cluster size., Early measure-
ments on aluminum and iron clusters have already revealed
an interesting contrast, (15) an example of which is
shown in Figure 5. Specifically, we find that larger
clusters of aluminum are essentially undeflected in a
Stern-Gerlach experiment, but Alj, Al3, Alg, and Aly
exhibit significant deflection. Similar experiments on
Fey, Fey0, and Fey0j, indicate that FeyO and Feyx0z have
much larger moments than Fey, and to a first approximat-
ion the moment of Fey is a linear function of x.

The final probe of molecular clusters is that of selected
chemical reactions. The use of probe reactions to study
supported cluster catalysts is well established, and we
are attempting the development of similar probes of un-
supported clusters. The first steps in this direction
are the design of a pulsed chemical reactor to go with
the pulsed cluster source and the development of criteria
for reactions. It is important to recall that at present
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lonization potentials of iron clusters
rapidly approach the work function
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Figure 4. Fe cluster ionization thresholds as a function
of cluster size, as determined by photoionization yield
measurements using tunable UV/VUV laser radiation.
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Figure 5a. Variation in the magnetic properties of metal clusters
are investigated by measuring the depletion of a highly collimated
cluster beam by an inhomogeneous magnetic field. Al clusters at
zero and high field, showing that only small clusters are
appreciably deflected.
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Figure 5b. Varjation in the magnetic properties of metal clusters
are investigated by measuring the depletion of a highly collimated
cluster beam by an inhomogeneous magnetic field. Fe clusters and
their oxides (Fe,0 and Fe,0,) at several applied fields. The
uniform depletion of Fe, clusters indicates that their magnetic
moments increase approximately linearly with number of atoms, as
would be anticipated for incipient ferromagnetic iron. Unexpected,
however, is the much larger depletion of iron oxide clusters.

(The currents in the figure refer to that supplied to the magnet.)
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the only probe of the cluster beam is that of photo-
ionization mass spectrometry and that fragmentation may
play a destructive role in the detection process,

The cluster reactor is attached to the pulsed cluster
source's condensation channel, as shown in Figure 6. (16)
To it is attached a high-pressure nozzle from which a
helium/hydrocarbon mixture is pulsed into the reactor at
a time selected with respect to the production and
arrival of the clusters. The effect of turbulent mixing
with the reactant pulse perturbs the beam, but clusters
and reaction products which survive the travel from the
source to the photoionization regime ( 600 u sec) and the
photoionization process are easily detected.

Figure 7 shows some of the early results for the form-
ation of adducts between Pt clusters and benzene. (17)
Among the most striking results is that Pty (CgHg)2% is
always the dominant species, Ptz(C6H6)+ being much
weaker. Benzene adducts with the Pt atom, Pt(CgHg)* or
Pt (CgHg) 2%, as well as other Pt atom containing fragments
are virtually undetected. Larger Pty clusters form
higher number of adducts, with Pty (CgHg) disappearing for
cluster complexes larger than Ptg. For clusters larger
than Pty dehydrogenation of the higher order adducts is
observed, with a loss of up to eight H atoms. This is
more discernible with CgDg, where the mass discrimination
is better. Significantly, the degree of dehydrogenation
depends more on the number of Pt atoms in the cluster
than on the number of adducts attached to it. It is
additionally rather interesting that hydrogen loss occurs
from the cluster - this may be either the direct result
of the chemisorption process or fragmentation during
ionization, Experiments with n-hexane, cyclohexane and
2,3 dimethylbutane indicate that chemical reaction is
more likely than photofragmentation. The results for Cg
isomers, for example, clearly demonstrate that the
alkanes form complexes with the Pt atom, and that larger
Pt clusters dehydrogenate to produce species with H/C
ratio slightly in excess of corresponding aromatic
species. This suggests that, for multiple adducts, arom-
atization, some hydrogen chemisorption, and perhaps in
some cases even C-C bond cracking are likely to occur,
with significant (up to 20 amu) devolatilization.

These early results demonstrating the richness of un-
supported cluster chemistry are very promising, and much
more extensive studies are currently in progress.

Preliminary indications are quite clear that coordin-
atively unsaturated transition metal clusters are reac-
tive, and, importantly, reactive in a controlled way.
This chemistry is likely to include RC-H insertion, arom-
atization etc., with the chemistry tending to produce
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Figure 6, Scale-drawn schematic of the cluster reactor
in relation to the pulsed cluster source. The letters
A-F indicate the various stages of cluster preparation or
synthesis, cooling, mixing and reacting, and finally
flowing into vacuum toward detection.
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Figure 7. Time-of-flight mass spectra showing results of platinum cluster reactions
with benzene, The lower trace is clean metal without reactant. The upper trace is
with the pulsed addition of .21 % benzene in helium. The notation indicates the
number of adducts on each metal cluster. The metal cluster are all two photon
jonized, while the observed products are single photon jonized, hence the
enhancement of the product over metal signals. Reproduced fram Ref. 17.
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species which satisfy the coordination requirements of
the system. It should also be clear that more detailed
electronic structural probes are required before we can
speak with assurance about the chemical behavior of these
systems. It is evident, however, that the study of
clusters, particularly of the transition metals, as
models for molecular surfaces has emerged as an exciting
scientific regime.
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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 investigation of iron Fischer-Tropsch catalysts
before and after exposure to realistic reaction condi-
tions is reported. The iron cata]yst used in the
study was a moderate surface area (15M /g) iron powder
with and without 0.6 wt.% K2C03 Upon reduction,
surface oxide on the fresh catalyst is converted to
metallic iron and the K,C03 promoter decomposes into a
potassium-oxygen surface comp]ex. 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
alkali.

In recent years the coupling of atmospheric pretreatment or reactor
systems directly to UHV surface analysis systems has become common
place. This combination of techniques has established a clear
relevancy for UHV surface science in the area of catalysis. It
permits both detailed mechanistic studies over well defined model
surfaces, as well as characterization of industrial catalysts in
their true activated form. One catalyst system which has received
this type of attention is the iron Fischer-Tropsch catalyst.(1-5)
The iron catalyst is a comp]ex material whose composition is some-
what dynamic. The catalyst is generally prepared as a high surface
area oxide (Fe,03) with the additon of both textural (Si0,, Cu) and
chemical (K) promoters. Prior to use the catalyst is sugﬁected to
various pretreatments which involve either reduction in Hp, or
direct contact with CO/H, mixtures. The purpose of these pretreat-
ments is to synthesize a working surface which exhibits a desirable
catalytic response. Control of the surface synthesis step is a key
technological challenge in industrial catalysis. In this paper we
report how a high pressure reactor/UHV electron spectrometer system
can be wused to monitor changes in surface composition that
accompany these pretreatments. The two catalysts studied were
moderate surface area powders (15M /9) with and without 0.6 wt.%
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KoC03.  The results indicate that the working catalytic surface is
a carb1ded form of iron which is synthesized under CO/H,. It is
also found, that the type of carbon deposit that forms on the
surface is sensitive to the presence of surface alkali.

Experimental

The experimental apparatus shown schematically in Figure 1 has been
described elsewhere.(6) It consists of a medium pressure micro-
reactor coupled to an ultra-high vacuum system equipped to perform
x-ray photoelectron spectroscopy. The XPS system consisted of a
LHS-10 electron energy analyzer and a dual anode x-ray source (Mg
and Al). The micro-reactor was a small UHV compatible tube
furnace. The reactor's internal volume was approximately 10 cc and
the walls were gold plated for inertness. The reactor was designed
such that the sample and reactants were isothermal and that good
gas mixing takes place in the reactor. The powder samples were
pressed into a gold mesh backing material which in turn was mounted
on a gold sample boat. The sample and boat could be moved directly
from the reactor into the UHV system via a magnetically coupled
motion feed through.

The iron powder was prepared by reducing ultra-high purity
Fe,03 in a separate tube furnace. The reduction was carried out to
comp?et1on at 675K, 1 atm H, for approximately 24 hours. The
surface of this pryophoric material was than passivated by exposure
to 1% oxygen in a helium carrier for 2 hours. The passivated pow-
der was characterized by x-ray diffraction (XRD) and only a-iron
was detected. XPS analysis of the surface of this material
revealed only Fe 0 present. These results suggest that the iron
bulk is covered wit % a relatively thin oxide skin.

2.5 grams of this passivated material was coated with .015
grams of K2C03 through a standard aqueous impregrnation technique.
The amount of alkali was chosen to match the 0.6% by weight called
for in many iron catalyst preparations. (7) This loading of K,CO03
is thought to produce the maximum promotional effect. The 1mpreg-
nated catalyst was air dried at 335 K for 12 hours to remove excess
water., The physica] surface areas of the two samples (with and
without were measured by a standard BET method after a
second hy&%ogen reduction. The alkali treated catalyst had a sur-
face area of 16M2/gram and the untreated catalyst a surface area of
18 M2 /gram. Assuming complete dispersion of the alkali and an iron
surface site density of 10 5 sites/cmz, the alkali surface coverage
on the promoted catalyst is approximately 1/3 of a monolayer.

The gases used were purchased premixed in aluminum cylinders
to avoid carbonyl formation. The high purity gas mixture was
further purified by a zeolite water trap and a copper carbonyl
trap. The gas pressure in the reactor was measured with a capci-
tance manometer and the flow monitored with a mass flow control-
ler. The typical gas flow rates were 15 cc/min (STP) and the
maximum conversion was = 1% based on integration of hydrocarbon
products. The hydrocarbon products were analyzed by gas chromatog-
raphy (temperature programmed chromosorb 102, FID).
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Results

In this section the results of two studies are summarized. The
first study was carried out with an unpromoted iron powder. The
second study used the potassium promoted iron powder. A detailed
report of the first study has been previously published.(6) The
key features of this study are summarized here to facilitate a
comparison between the catalytic response of the promoted and
unpromoted powder.

Unpromoted Iron Powder. The XPS spectrum of the freshly prepared
iron powder is shown in Figure 2a. The iron 2p photoline is
centered at 710.7 eV and the oxygen line is centered at 529.7 eV.
The position and intensities of these lines are consistent with a
surface layer of Fe,03 on the iron powder.(8) In addition to the
iron oxide, a small” amount of carbon impurity is also present on
the surface of the catalyst. After surface characterization, the
sample was moved to the reactor and reduced in Hy, at 625 K for
approximately 2 hours. This pretreatment, as shown in Figure 2b,
was sufficient to reduce the surface oxide to metal (B.E. Fe2p3/2 =
706.6 eV)., The only detectible impurities on the surface of the
catalyst after reduction were trace amounts of sulfur, carbon and
oxygen. Using standard XPS cross sections it was estimated that
these impurities were less than 1 atom % of the XPS sampling
volume,

After reduction and surface characterization, the iron sample
was moved to the reactor and brought to the reaction conditions (7
atm, 3:1 H2:CO, 540 K). Once the reactor temperature, gas flow and
pressure were stabilized (= 10 min.) the catalytic activity and
selectivity were monitored by on-line gas chromatography. As
previously reported, the iron powder exhibited an induction period
in which the catalytic activity increased with time. The catalyst
reached steady state activity after approximately 4 hours on
line. This induction period is believed to be the result of a
competition for surface carbon between bulk carbide formation and
hydrocarbon synthesis.(6,9) Steady state synthesis is reached only
after the surface region of the catalyst is fully carbided.

To verify that steady state catalytic activity had been
achieved, the catalyst was allowed to operate uninterrupted for ap-
proximately 8 hours. The catalyst was then removed from the reac-
tor and the surface investigated by XPS. The results are shown in
Figure 2c. The two major changes in the XPS spectrum were a shift
in the iron 2p line to 706.9 eV and a new carbon 1ls line cen-
tered at 283.3 eV, This combination of iron and carbon lines
indicates the formation of an iron carbide phase within the XPS
sampling volume.(6) In fact after extended operation, XRD of the
iron sample indicated that the bulk had been converted to FegC,
commonly referred to as the Hagg carbide.(?) It appears that Phe
bulk and surface are fully carbided under differential reaction
conditions.

The steady state rates of hydrocarbon synthesis over the car-
bided iron surface are given in Table I, The reaction rates have
been normalized to the physical surface area of the starting iron
powder [18 Mz/g] and are reported in molecules/cm2 sec, A turnover
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Table I. Steady State Rates of Hydrocarbon Synthesis Over
Iron Carbide

540 K, 3:1 H,:CO, 7 atm

Iron Carbide Potassium Promoted
Rate Rate
Carbon Number (Molecu]es/cm sec) (Mo]ecules/cm2 sec)
¢y 4.5 x 1012 4.1 x 101
C, 2.4 x 1012 3.2 x 1011
C3 1.6 x 1012 3.2 x 101
Cy 7.4 x 101! 1.9 x 101!
Ce 3.9 x 101! 1.4 x 10%}
Cg 1.8 x 101! 9.6 x 1010

number has not been reported since the iron surface site d7851t§ of
the carbided material is unknown, If a site density of 10*“/cm
chosen the steady state methanation rate is on the order of 10’
molecules/site sec. This turnover frequency is considerably lower
than that reported in earlier studies {range .05 to 2).(2,4,9)
This result suggest that only a small fraction of the iron car51ae
surface is active.

Potassium Modified Iron Powder. Surface analysis (XPS) of the
freshly prepared potassium modified surface is given in Figure
3a. The iron 2p3 2 binding energy is located at 710.6 eV and the
dominant oxygen 1s line is at 529.7 eV. These values are again
consistent with a surface layer of Fe,05. In addition to the
surface oxide, Ko,C05 is also present on the surface of the cata-
lyst. The presence of the carbonate is indicated by a potassium
2p3/2 peak at = 293 eV and a carbonate carbon line at =~ 289 eV. A
high binding energy shoulder is also present on the oxygen 1ls line
but an exact binding energy is difficult to measure due to the
overlap with the strong iron oxide signal. These results are in
general agreement with those reported by Bonzel and co-workers(5)
for K,C04 treated iron foils.

?he potassium treated material was then moved to the micro-
reactor and reduced under conditions identical to those used for
the unpromoted iron. Figure 3b contains the XPS spectrum of the
modified surface after hydrogen reduction., Once again the iron
2p peak is centered at 706.6 eV indicating the reduction of the
iron oxide to metallic iron. The main oxide oxygen ls signal at
529.7 eV is almost totally removed from the spectrum suggesting
complete reduction of the oxide. In the potassium 2p and the car-
bon 1s region of the spectrum important changes take place. The
key features are that the potassium 2p signal increases relative to
the carbonate carbon signal (BE~289), and the appearance of a
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strong oxygen 1s line at 531.9 eV. These results are consistent
with the partial decomposition of K,C0; into a surface KOH layer as
described by Bonzel and co-workers.(2;5) The change in the ratio
of carbonate carbon to potassium signal intensity suggests that
some of the carbonate carbon is Tlost during the reduction. The
oxygen 1ls feature at 531.9 eV is indicative of the formation
chemisorbed KOH.(5)

The freshly reduced potassium modified surface was tested for
catalytic activity under conditions identical to those used for
unpromoted material (540K, 3:1 HZ:CO, 7 atm). The promoted iron
powder exhibited an induction period wherein the catalyst activity
increased with time. However, the induction period was consider-
ably shorter (~ 1 hr) than that observed over the unpromoted
surface. This result may indicate a more rapid carbiding of the
iron surface region. The steady state hydrocarbon synthesis rates
are given in Table 1. In terms of the rate of hydrocarbon
production, the most significant difference between the promoted
and unpromoted materials is the much lower methanation rate over
the promoted surface. On a physical surface area basis {reduced
promoted iron 15m</g)} the methanation activity over the promoted
catalyst is suppressed by almost an order of magnitude. The rates
of formation of other molecules in the C1 to C. range were also
suppressed but to a decreasing degree " with “increasing chain
length. For example, the production of methane was approximately
13% of the unpromoted rate. The rate of 05 production was 53% of
the unpromoted rate.

Once the steady state activity had been verified by continuous
operation for eight hours without loss of activity, the sample was
removed from the reactor for surface analysis. The XPS results are
given in Figure 3c. The major change in the XPS spectrum is the
large increase in the carbon 1s signal intensity. Close inspection
of the carbon region reveals that two distinct carbon signals are
present. The major peak is centered at 285.7, the other at 283.3
eV. In addition, the iron 2p3/2 is centered at 706.9 eV. Once
again, we believe that the 283.3 eV carbon feature and the 706.9 eV
iron signal are clear indicators of iron carbide formation. The
key question, however, is the nature of the intense carbon feature
centered at 285.7. Previous work has suggested that potassium
increases the rate of graphite deposition on iron surfaces under
reaction conditions.(1,3) We believe that the carbon species is
not graphitic but is an adsorbed hydrocarbon phase (growing chains
or high molecular weight products) on the surface. The argument
for this assignment is two-fold. First, the 285.7 eV binding
energy is identical to that measured for octacosane (CZBHGO)
adsorbed on a iron foil{6). Second, is the mass spectrum "of
material desorbed from this sample upon heating to 425 X in the
vacuum system. It consists of a cracking pattern starting at mass
15 and continuing at multiples of mass 14 as high as the mass
spectrometer permitted (200 amu). This cracking pattern is clearly
that)of linear saturated hydrocarbons similar to polymethylene (n-
CH,-).
2 Based on the attenuation of the iron 2p3/2 signal and assuming
a mean free path for the iron electrons of 1.5 to 2 nanometers, it
is estimated that the carbon overlayer is at least 1.8 to 2.5 nano-
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meters thick. It is interesting to note, that in spite of this
heavy build up of material on the catalyst, the catalytic activity
remains at steady state.

Conclusions

This XPS investigation of small iron Fischer-Tropsch catalysts
before and after the pretreatment and exposure to synthesis gas has
yielded the following information. Relatively mild reduction con-
ditions (350°C, 2 atm, H,) are sufficient to totally reduce surface
oxide on iron to metallic iron. Upon exposure to synthesis gas,
the metallic iron surface is converted to iron carbide. During
this transformation, the catalytic response of the material in-
creases and finally reaches steady state after the surface is fully
carbided. The addition of a potassium promoter appears to acceler-
ate the carbidation of the material and steady state reactivity is
achieved somewhat earlier. In addition, the potassium promoter
causes a build up on carbonaceous material on the surface of the
catalysts which is best characterized as polymethylene.
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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 several years surface sclence tech-
niques such as XPS, AES, and SIMS have been used to
study the surfaces of catalysts with varying degrees
of success. Low Energy Ion Scattering Spectroscopy
(LEISS), also known as Ion Scattering Spectroscopy
(ISS), has 1in 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

conditions were adjusted so that first layer
anaiysis was possible. The top layer was sulfur and
the second layer was Mo. Support of MoS, on alumina
causes distinctly different spectra from the unsup-
ported material which suggests that the crystal
orientations differ. 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 thelr scatter-
ing cross-section is so small. In such cases combi-
nation of LEISS with XPS or SIMS can provide unique
and invaluable information about catalysts.

During the past several years, Surface Science has begun to have
a major impact on the field of catalysis.(1l,2) Numerous tools
have been developed for application to studying catalysts. One
of these tools, Low Energy Ion Scattering Spectroscopy (also
known as ISS or LEISS), provides unique data arising from the
top one or two layers of a surface. However, this technique has
been used only sparingly for these kinds of studies.(3) Its
lack of popularity may be due to experimental difficulties
associated with examining insulators, or perhaps because of
ambiguous data interpretation for practical samples. The basic
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theories have been discussed at length, but for the most part
these theories have concentrated on metals and semiconduc-
tors.(4,5) In addition, much of the early experimental data
were obtained at rather high ion fluxes and with rather poor
vacuum.(6) We recognize now that misleading data can arise from
such a procedure, and instead, LEISS should be done in a UHV
system using nA ion currents and with a low energy beam.(7)
Also, sample charging can complicate the situation greatly. As
with any charged particle technique, surface charging can be a
limiting problem when attempting to do LEISS on insulating sur-
faces such as catalysts.(7) With proper charge compensation and
careful control of the ion beam current, these limitations can
be overcome and LEISS can be a very powerful tool for catalyst
studies.

LEISS data are presented on a variety of catalysts to
demonstrate the unique features and problem areas of the tech-
nique. LEISS can provide complementary data to other techniques
but also yileld new data requiring reinterpretation of other
data. LEISS can seldom stand alone, especially with insula-
tors. However, we find LEISS to be extremely useful in research
on catalysts.

Experimental

Low Energy Ion Scattering experiments were done on a Leybold
Heraeus spectrometer which uses a hemispherical analyzer with a
lens. The ion gun was continuously controllable from about 200
eV to 5000 eV with ion currepts at the sample ranging from about
InA/(cm)“ to several pyA/(cm)®. As complementary data, Secondary
Ion Mass Spectrometry and X-ray Photczelg’_ctron Spectroscopy were
performed using the 1H mgtrume%B. + He 1283 4v_vere used as the
primary source, although ~“He , Ne', and Ar’ ions were also
available. The laboratory scattering angle for ion scattering
is 120°.

Qualitative Aspect of LEISS

Low Energy Ion Scattering Spectroscopy 1is quite simple in prin-
ciple. The process depends on the domination of a single binary
elastic collision. Figure 1 illustrates the fundamental princi-
ples upon which LEISS is based. An incoming ion with a mass of
M, at an energy of E; and at a velocity of V, collides with a
solid surface. The primary ion 1is then scattered from that
surface at some angle (6) with an energy (E') and a velocity
(V') which are determined by the target atom it strikes. This
target atom, which has a mass of M_ and is initially at rest,
recoils into the solid at an angle (¢) and a velocity Ves
carrylng with it an energy E.. Using classical relationships,
the following equation can be generated:

E'/E, = [M /(M #4,)1%[cos © + [(M,/M)2-stn? 0]}/212 (1)
Therefore, it is clear that 1if there are only single collisions

and there are no energy losses except kinematic, then the
spectra are quite simple and straightforward. However, we are
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dealing with ions as the primary beam, and thus we have to deal
with ion neutralization of the exiting beam. The details of
this phenomenon are discussed elsewhere and will only be briefly
reviewed here.(5) Only a few percent of the ions which impinge
onto the surface remain ions upon scattering. Much of the
neutralization occurs by an Auger type process in which the
incoming ion gains an electron from the target. The longer the
interaction time, the greater the chance for neutralization.
Thus, as the energy of the primary ion is lowered, it is more
likely to be neutralized. In addition, scattering from the
second or third layers increases the residence time of the pri-
mary ion and enhances its chances of neutralization. When
scattering from these deeper layers occurs or when non—kinematic
energy losses occur, a shoulder on the lower energy side of the
primary peak can be seen. If double scattering occurs, then a
shoulder on the higher side of the primary peaks results.(7) As
the primary ion's energy is increased, the ions tend to scatter
more from deeper layers and more sputtering occurs. In Figure 2
we can observe the increased background between peaks and a
slight skewing of the stronger peaks toward lower energy.
Though not shown here, at higher ion currents even more
pronounced skewing occurs and some double scatter peaks begin to
arise.(7)

Finally, when dealing with insulators, the angles © and ¢
are altered as shown in Figure 3. If the surface has a positive
charge, the incoming positive ion is repelled causing the ion to
curve either away from the surface or to be focused through the
first layer to deeper layers. The scattered ions and sputtered
ions also are repelled from the surface causing them to gain
energy. Therefore, since the scattering angle © is no longer
well defined, the exact peak position can deviate from its
theoretical position. Further, the velocity of the exiting ion
will be altered from simple theory causing an additional
deviation from the expected peak position. Also, the deviation
from theory will not necessarily be linear for a given sample.

Charge compensation with a low energy electron flood gun
allows one to obtain meaningful spectra even though the measured
peak positions do not always coincide with the expected
positions. The sputter peak is diminished and the scatter peaks
emerge from the background when a flood gun 1is used on an
insulating sample.(7) Although peak identification 1is not
absolute, in general, when coupled with XPS or SIMS, surface
species can be determined.

Quantitative Aspects of LEISS

The intensity for LEISS using a noble gas as the primary ion
source 18 quite low since, as previously discussed, most
incoming ions are neutralized upon scattering and thus go
undetected. Further, the relative intensity of the various
components is a strong function of the incident ion energy as
shown in Figure 2. These changes in intensity can be attributed
to several factors as described below:

I = I, 94 N,(ISP) do/d® Gy T D de (2)
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where L = scattered ion intensity from the ith species, I, =
incident beam intensity, O, = atomic fraction of ith species at
the surface, do/do = diféerential scattering cross—section of
the ith species, ISP = ion survival probability, G = geometric
or shadowing factor, T = analyzer transmission factor, D =
detector efficiency, d0 = solid angle of acceptance for the
analyzer.

The incident ion beam intensity can be measured, and
there are several tabulations of cross-section calculations.
3 Also, the analyzer parameters, T, D, and d6 can be
determined. The three aspects of this equation, which are not
well understood nor easily determined, include the number of
atoms of a particular kind, the ion survival probability, and
the shadowing or geometric term. The first quantity is quite
often that which you would like to determine. The second two
are often difficult to separate. Shadowing can be particularly
important when trying to observe second layer effect or when
trying to determine the location of adsorbates.(9) However,
shadowing for polycrystalline samples, though important, is very
difficult to deal with quantitatively.

Ion neutralization (or ion survival) can dominate this
technique. A number of theories have arisen to account for this
phenomenon, but all seem to include both Auger transitions and
resonance tunneling processes as the dominant means of ion
neutralization.(4,5) For very slow 1ions, as in LEISS, Auger
transitions seem to be more important. The ion survival
probability at constant scattering angle can be defined as
follows (assuming only Auger transitions):

ISP = Alexp(-b/vE)] (3)

where b can be considered a characteristic neutralization con-
stant,(10) largely independent of energy. The term b does
:I.nclude a small contribution from the incident energy of the fon
beam, but under the range of energies normally encouraged in
LEISS (i.e., ~500-2000 eV), this contribution is insignificant.
(3,4,10)

Applications to Catalysts

Surface Sensitivity. Using these 1ideas, one can gather
information on a catalyst which can indicate exactly which
elements are on the surface and which are in second or deeper
layers. To illutstrate this idea, consider MoS,. This material
has a layered structure which has Mo sandwiched between sulfur
layers. LEISS data reported elsewhere show that at low energies
(<600 eV) almost no Mo 1s observed.(ll) At higher energies,
such as often reported in the literature, we see a pronounced
signal from Mo. Sputtering does occur for these samples, but
this increased Mo signal is not due to that effect. The impli-
cation is that LEISS data must be taken at very low voltages to
reflect only first layer contributiomns.

One of the concerns in doing LEISS on catalysts is that
the information will be of little use because either the first
layer may be primarily carbon or the surface may be too rough.
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Therefore, in order to be sure that our data were meaningful, we
also examined polycrystalline MoS, as well as MoS, supported on
alumina. In addition, the supported MoS, in some cases was
promoted with other metals such as (o or NZ, which are commonly
used in commercial hydrotreating catalysts. Again, as seen in
the single crystal case, the spectra for polycrystalline MoS, is
dominated by sulfur at 500 v. At higher energies, we see the Mo
signal begin to show through. However, the supported MoS, shows
significant Mo even at 500 v, suggesting that the MoS, 1s not
oriented basal plane up but possibly edge up.(ll) When (o or Ni
is added to the Mo on the alumina, we find that the Mo 1s
unchanged.

More qualitatively, we can plot the reciprocal of the per-
pendicular velocity versus the log of the ion survival proba-
bility. Ions arising from different depths should have dif-
ferent slopes or intercepts (see Equation 3). The slope of the
resulting line corresponds to the Auger neutralization constant
that is sensitive to the electronic structure and the depth
distribution of the scattering centers. Clearly, geometric
considerations (or shadowing) play an important role in these
experiments. The radius of the shadow cone of the incident ion
can be represented by an equation which includes energy.
However, directionally the effect will be the same as neu-
tralization and thus will only exaggerate the results.(l12) With
the single crystal MoS, system, we found that scattering from
the S atoms changed very slowly with respect to the ion energy,
while the molybdenum intensity changed sharply with energy.
Such an analysis is consistent with the idea that the sulfur is
at the surface. Ions scattered from the molybdenum (which 1is in
the second layer) are preferentially neutralized, particularly
at low energy. At 500 eV, greater than 90% of the scattering
intensity originates from first layer collisions, while at 2000
eV about 70% of the intensity arises from first layer scatter-
ing. When this same analysis is applied to the supported MoS,
systems, the molybdenum and the sulfur have similar inten-
sities. The Al sites seem to be almost completely covered.
These data are consistent with MoS, assuming a different surface
structure when supported than it does in a bulk form.

Metals Dispersion from LEISS. Since He® scattering 1s very
selective to the outermost surface layer, one should anticipate
that LEISS would be a valuable tool for studies of metals
dispersion for supported catalysts. For low metal concen-
trations on high area supports, the (metal/support) LEISS
intensity ratio should be directly proportional to metals
dispersion. Recent studies 1in our laboratory have confirmed
that expectation.

In Figure 4, the Pt/Al ratio from LEISS is shown for a
series of Pt/Al,_O3 catalysts with variable Pt content (0.2-2.0
wt.X) following treatments with 0, at 500°C and 600°C. For
catalysts treated at 500°C, the Pt/Al intensity ratio varies
linearly with metal loading. However, after the 600°C treatment,
the Pt/Al intensity ratio is lowered substantially, especially
at higher Pt loadings. This change in the Pt/Al intensity ratio
reflects a restructuring of the metal component during high
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temperature oxygen treatments. In particular, the growth of
larger platinum and/or platinum oxide crystallites appears to
take place.

These catalysts were also examined by 0, chemisorption to
test the validity of our interpretation of the LEISS data. A
plot of these results is also shown in Figure 4. Catalysts
treated with oxygen at 500°C, and subsequently reduced at 200-
500°C, showed high oxygen uptakes (0O/Pt ~l.1), which indicate
essentially complete Pt dispersion. However, for catalysts
treated with oxygen at 600°C, the oxygen chemisorption capacity
was significantly reduced (O/Pt ~0.26-1.0). In Figure 4 all
catalysts, regardless of treatment, fall on the same plot.
Within the uncertainty of the LEISS intensity ratios an excel-
lent 1:1 correlation exists, confirming that LEISS is sensitive
only to the fraction of exposed platinum and thus 1s a good
probe of dispersion.

Morphology Studies. Another system which we have examined is
WO /Al 03. Several materials which varied in percent monolayer
coverage of tungsten oxide all showed a discernable Al peak (see
Figure 5). In addition, there was a significant Na contamina-
tion on these samples. Whereas XPS and Laser Raman spectroscopy
had shown a linear increase in W/AL up to monolayer coverage,
(18) LEISS shows that the W/Al ratio is almost constant up to
monolayer coverage where the Na apparently begins to dominate
the surface (Figure 6). Beyond monolayer coverage, Raman has
shown that bulk-like W0, forms on the surface. We also see a
significant change in the LEISS data. The lack of consistency
between XPS and LEISS is important since both techniques should
measure surface concentrations. However, the theory for esti-
mating crystallite size from XPS breaks down for very small
particles.(14,15) The small W03 crystallite may also be growing
into raft-like morphologies. For thin rafts, XPS would still
show almost a linear increase of W/Al intensity ratios, although
the actual number of surface tungstens would change much less.
The fact that a change in structure to W05 or Al (WO) is
reflected in the LEISS data shows that the teczhnique is
sensitive to structural changes. Therefore, these data suggest
that no significant change in the surface structure seems to
occur between samples that have less than one monolayer
equivalent and catalysts which have approximately one monolayer
equivalent of tungsten. This fact is shown even more clearly
upon plotting the ISPs versus the reciprocal of the velocity. As
shown in Figure 7, a sample calcined at 500°C (which should be
well under a monolayer) and a sample calcined at 950°C (which
should be right at a monolayer) seem to be quite similar. In
contrast, the sample calcined at 1050°C which should be
Al (WO) shows quite different slopes and intercepts (see
Figure 3 Though only the neutralization aspect of the change
in scattering intensity 1s treated here, it would be wrong to
imply that other factors, such as shadowing and the target
atom's electron configuration, do not play a role. Clearly, they
do, but their effects do not alter our conclusions. Thus, it
appears that LEISS may also be quite valuable as a qualitative
probe for changes in surface morphology.(16)
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Conclusions

LEISS has proven to be an important tool for studying
catalysts. The technique can be deceivingly simple, but for
meaningful surface analysis great care must be taken. Very low
energy ilon beams at low currents are required for exclusively
first layer data. Catalysts which 1in general are insulators
require proper charge compensation. Quantitation is possible on
a relative scale and peak identification should be confirmed by
another tool such as XPS or SIMS. With these precautions, LEISS
is capable of determining the composition of the outermost
portion of a catalyst. It can provide complementary data, yet
more often 1t provides unique information due to its extreme
surface sensitivity.
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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. Watson/
Chevron Research Company, Richmond, CA 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 reduction and sulfidation properties
of bulk Coj0, (~3000 nm particles), 10% Co/Si0,-62
(~20 nm Co304 particles in ~500 nm aggregates) and
10% Co/Si02-923 (<5 nm Co30 particles) with X-ray
photoelectron spectroscopy (XPS) and X-ray absorp-
tion spectroscopy (XAS). 1In situ experiments were
done in a catalyst-treatment system and a controlled
atmosphere cell., CoO was observed as an intermedi-
ate in the H, reduction of the Co30, particles to
Co. The smallest Coj0, particles were the hardest
to reduce to metallic cobalt. Sulfidation of the
C0304 particles with HyS/H, proceeded through CoO
and Co intermediates, forming CogSg- On the sup-
ported catalysts the direct reaction of CoO to CogSg
was observed. 1In contrast to the reduction results,

the smaller Co,0, particles were the easiest to
sulfide.

The performance of a supported metal or metal sulfide catalyst
depends on the details of its 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 C0304 and silica-supported Co30, catalysts with
different Coy0, dispersions. The Coy0, particle sizes were deter-
mined with electron microscopy, X~-ray éiffraction (XRD), and
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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 Co30, 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 pore-fill impregnation with an aqueous
solution of Co(NO;), on Davison Grade 62 and 923 silica supports.
The two supported catalysts will be referred to as Co/Si0,-62 and
Co/$i0,-923. The silica supports were first 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 finally 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, 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. All 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,
filled ion chambers. Both X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) mea-
surements at the cobalt K 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 cell., The XAS
cell was a modified version of a cell used in infrared spectro-
scopy experiments (4) and will be described in detail elsewhere
{(5). Briefly, the cell 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 cell so it would fit into the experimental hutches at

SSRL. The cell was capable of operation at temperatures from -196
to over 650°C at pressures from 108 to 103 torr. A gas manifold
was used to flow the selected gas (He, Hp, or 2% H,S/H,) through
the cell and a turbomolecular pump was used to evacuate the cell.
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This paper presents the results from the XANES spectra taken
during temperature-programmed reduction and sulfidation experi-
ments. All 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 first inflection point of Co
foil., Each normalized XANES spectra was then decomposed into the
contributions from various cobalt species by least squares
fitting. The reference spectra for Co304, CoO, Co, and CogSg 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
is shown in Figure 2.

Electron Microscopy Analysis. Transmission and scanning electron
microscopy (TEM and SEM) studies were performed on a JEOL 100CX
TEMSCAN. The unsupported Co;0, powder was dispersed on double-
sided sticky tape and coated lightly with a Pd-Au alloy. Images
were obtained in the SEM mode at 40 and 60 KeV, Ground powder
from the sioz-supported samples was embedded in epoxy, then micro-
tomed with a diamond knife to obtain sections ~600 A thick. These
thin sections were put on 3-mm TEM grids and coated with a carbon
layer (<100 A). 1Images and diffraction patterns were obtained in
the TEM mode at 100 Kev,

Results and Discussion

Cobalt Oxide Catalysts. All 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 all showed that Co40, was the major cobalt species
present. The main difference between the three samples was in the
size of the Co304 particles. For bulk Co304, SEM images showed
the particles were octahedral and ranged in size from 1000 to

5000 nm. The Co304 particle size on the sioz—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 C030,
particle size was between 10 and 30 nm for the Co/SiOz—62 cata-
lyst. 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/Si03-923 sample to have a high dispersion, with the Co304
particles 5 nm and smaller in size. Thus Co304 was the major
cobalt species present in all three samples with average particle
sizes of 3000 nm for bulk Co3o4, ~20 nm in ~500 nm aggregates for
Co/5i02-62, and <5 nm for Co/Si0,~923.

Reduction of the Coj0, Catalysts. For all three samples the
reduction of the surface of the co3o4 particles to metallic cobalt
was observed by XPS following reaction in one atmosphere of flow-
ing Hy. After one hour at 350°C bulk Co304 was completely
reduced, while for c°3o4/si02—62 the reduction was only about 80%
complete. The C030,4/510,-923 sample was about 60% reduced at
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Figure 1. The fast scan Co XANES reference spectra for
CogS8g, Co, CoO, and Co304.
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Figure 2., A decomposition example for a spectrum taken
during an XAS/TPS experiment on C030,/S10,-923 in

1 atmosphere of flowing 2% HyS/Hy. The temperature ramp was
5°C/minute.
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350°C and both SiO, supported catalysts were completely reduced
after an hour at 500°C. These results indicate that the smaller
CO3O4 particles 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
CO3O4 to Co. The identification of Co0 was from direct XAS mea-
surements during the reduction, not inferred from the changes
observed in the gas phase composition (viz., decrease of the H2
concentration or increase of the H30 concentration) as is gener-
ally 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 isolated separately.

Table I. XAS Results From TPR Experiments in One Atmosphere of
Flowing Hy for Co304, C0304/5i05-62 and Co304/5i0,-923

Particle Reduction Delta Reduction
Sample Size (nm) Temp, (°C) Temp. (°C)
CO3O4 1000-5000 315 5
C0304/510,-62 10-30 310 60
00394/Si02-923 <5 290 250

We characterize the reduction process by defining the reduc-
tion temperature as the point where the Co30,4 concentration has
dropped to 50% and the delta reduction temperature as the tempera-
ture difference between the points at which 50% Co30, and 50% Co
were reached. These definitions are arbitrary and their values
will 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 Co30, 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 CO304
to Co the Co304 to CoO step was nearly independent of the particle
size, while the Co0 to Co step was strongly dependent on the par-
ticle size. Thus the smaller Co,0, particles were more difficult
to reduce to Co because of the diféerences observed in the CoO »+
Co step. Previously it had been observed for the Co/Al;03 9),
Ni/Si0, (10), and Fe/SiOp (11, 12) systems that highly dispersed
oxide species (small particles) were more difficult to reduce than
their corresponding bulk or bulk-like oxides. WNucleation, 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/SiO2 system.
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Sulfidation of the Coj0, Catalysts. XPS and XAS results show
that the cobalt in all three samples was converted to C°953 after
reaction at 400°C for one hour in H,S/H,. Again XANES spectra
taken during sulfidation were used to follow the reaction in
detail. 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% st/ﬂ2 for Co304, C030,4/S10,-62 and Co304/

5102-923
Delta
Particle sulfidation Sulfidation
Sample size (nm) Temp. (°C) Temp. (°C)
Co30, 1000-5000 370 25
C030,4/510,-62 10-30 250 65
Co304/5105-923 <5 190 55

The XAS results show that both CoO and Co were present as
intermediates during the sulfidation of Co304 to CogSge On the
silica 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 Co3o4 + Co process SO
that any Co formed was immediately sulfided. Results from iso-
thermal experiments on the Co,0, +» Co and Co + CogSg reactions
should help determine the correct explanation.

The sulfidation temperature decreased noticeably with the
starting Co304 particle size (370 to 190°C). The delta sulfida-
tion temperatures (50% Cogsg - 50% Co304) were similar on the two
supported catalysts (65 and 55°C), both larger than for bulk Co304
(25°C). Thus because of their lower sulfidation temperatures, the
smaller Co30, particles were easier to sulfide.

The increased difficulty of sulfidation with increased Co30,
particle size could be due to constraints of the diffusing gpecies
(Co atoms, H,s, 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 difficulty is not as important in the reduction process since
hydrogen diffusion is more facil. Direct sulfidation of Co 04 or
CoO can explain the fact the delta sulfidation temperatures for
the Co/Si0, 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 difficult to
red