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Supported Pt catalysts characterized by various dispersion degrees and Pt contents 
in the range 0.5-0.8c/o have been studied by the Radial Electron Distribution 
(RED) technique. Also two catalysts richer in Pt (1.4-2.9s) have been examined 
by electron microscopy and microprobe. The RED reveals two peaks obviously due 
to Pt, i.e., Pt-Ptl and Pt-Pt, at 2.75 + 0.05 A and 3.94 f 0.07 if, respectively. These 
interatomic distances compare well with those observed in f.c.c. bulk platinum at 
2.774 b and 3.923 A. The dispersion degree measured by the titration (Benson and 
Boudart) technique, has been related in a semiquantitative manner to the intensit> 
of the RED peak corresponding to the Pt-Ptl distance, i.e., 2.75A. and a model 
for a Pt particle is proposed. Such an “average” particle is composed of n. un- 
perturbed layers of Pt atoms with coordination number Z = 12 and of np perturbed 
external layers. In order to reconcile the average radius obtained from electron 
micrographs with the drgree of dispersion, it must be assumc,d that, the number 
of perturbed layers is about 2. 

In the perturbed layers of Pt catalysts prrreduced and then exposed to the 
atmosphere, the average coordination number of the Pt atom is very low (almosl 
zero), suggesting a complete disorder provoked most probably by the introduction 
of oxygen atoms. For catalysts reduced inside the RED camera and thus not 
exposed to the atmosphere, the coordination number of Pt atoms in the perturbed 
layers is about Z/2 = 6, suggesting that, the remaining hydrogen atoms are in the 
holes between Pt atoms. 

Platinum, finely dispersed on high sur- 
face-area oxides like alumina or silica-- 
alumina is widely used as a catalyst for 
many reactions. In recent years, many 
diverse techniques have been used to eluci- 
date the nature and structure of platinum 
in these catalysts (1). Information con- 
cerning the degree of dispersion of plat- 
inum, the size and shape of the metal 
crystallites, the oxidation state of the 
plat,inum atoms, the predominant faces of 
the platinum crystallites that are exposed, 
and the Pt-Pt distances are highly desir- 

* M.R.A.C.. Tcrvuren. 

able for a rational interpretation of the 
activity of these catalysts. Since many 
supported platinum catalysts are highly 
amorphous, structural information con- 
cerning them cannot be obtained by such 
classical techniques as 2X-ray and electron 
diffraction. This explains why almost all 
the structural data about commercial plat- 
inum catalysts have been derived from 
adsorption measurements (H, or H, + O?), 
X-ray lint broadening or electron micro- 
scopic techniques. All the three provide 
information concerning the dispersion of 
platinum on the surface of the support as 
well as the crystallite size of the metal 
particlrs. There is hardly any information 
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available on the Pt-Pt distances. Recently 
the method of Radial Electron Density 
(RED) distribution has been applied to 
many amorphous catalysts (2). This is one 
of the techniques most suited to obtain 
information about interatomic distances in 
amorphous materials. 

In the present study, this technique has 
been extended to platinum/alumina and 
platinum/silica-alumina catalysts. Hydro- 
gen adsorption, electron microscopy and 
electron probe analysis have been used to 
deduce the degree of dispersion of plat- 
inum. This structural information reveals 
a more detailed picture of the surface of 
supported platinum catalysts. 

EXPERIMENTAL METHODS 

1. Materials 
The supported platinum catalysts were 

obtained from various commercial sources 
and their main structural and surface 
properties are compiled in Table 1. The 
platinum dispersion was obtained accord- 
ing to the procedure proposed by Benson 

and Boudart (3) : the stoichiometry 
adopted by these authors corresponds to 
the consumption of 3 H per Pt atom. The 
catalysts were reduced in a flow (4 liter/ 
hr) of pure and dry HB for 8 hr at 400°C 
before use. In most of the runs they were 
exposed to the air either for a short time 
(electron microscopy and electron probe) 
or for several hours (radial electron dis- 
tribution) . 

Therefore, a RED camera was built in 
which the catalyst could be reduced before 
the run and kept under an H, atmosphere 
during the run. 

Unfortunately the camera alignment, 
which is an extremely critical factor in the 
RED technique, was very difficult to main- 
tain in the high temperature attachment. 

It is for this reason that no more than 
four samples have been studied in that 
way. 

2. Methods 
The X-ray scattering technique used in 

the radial electron distribution (RED) as 
well as the method for calculating the 

TABLE 1 
STRUCTURAL .IND Suw.4~~ PROPERTIES OF THE CATALYSTS 

Codd wty?o Pt 

T 
&p&ion r(Pt-Pti) r(Pt-Pt,) 

support CD) Apon Apva (h c-b 

25l/%<B 
2i1/363A 
252/093A 
2.54/Orn.k 
254/O% 4 
81/X9 1 

25 2/09’)B 
X1/059? 
81/05)R 

251/03’2B 
10/3%X 
10/36iB 

0.5*7 
0.539 
0.793 
0.671 
0.760 
0.772 
0.753 
0.731 
0.767 
0.662 
2.939 
1.438 

silica-alum& 
silica-alumina 
silica -alumina 
silica-alumina 
silica-alumina 
silica-alumina 
silica-xlu-niua 
silica-alumina 
silica-alumina 
silica-alllmina 
silica-alumina 
s.licz-alumina 

10.44 
11.44 
12.67 
19.40 
31.;i7 
46.27 
51.20 
51.93 
60.45 
77.38 
55.47 
68.13 

1393 
948 
872 

32s 
545 
518 
443 
350 

2.80 4.12 
2.74 3.88 

1964 2.64 (2.77) 4.04 (3.99) 
2.74 3.88 
2.74 3.86 
2.74 3.92 

1525 2.80 (2.76) 4.03 (3.98) 
2 .63 3.91 
2.76 3.97 
2.74 3.81 

used for electron microscopy 
(,L’) = 12.61% 
(PC) = 12.o;i 

252;1034 
254/133B 

0.639 alumina 23.80 773 1364 2.84 (2.75) 3.97 (4.02) 
0.748 alumina 75.13 239 799 2.78 (2.73) 3.86 (4.05) 

Average interatomic 
distances 1 

2.75 (2.75) 3.94 (4.01) 
*0.05 (0.01) +_0.07(0.03) 

a ApO and Ap, are the differential amplitudes of t,he REl1 peaks observed at 2.7.5 ?1. for the prereduced cata- 
lyst and the catalyst reduced in situ. The radii bet,ween brackets are those observed for the catalyst re- 
duced in situ. 

b The catalysts were supplied by LABOFINA BRUSSELS. 



376 RATNASAMY ET AL. 

RED patterns and their significance have 
already been described in detail (2). 

For the electron microscopic study, the 
samples were first ground in a mortar and 
then dispersed in distilled water. A drop 
of this suspension was deposited on a 
copper support grid of the AEI type 
(Smethurst Highlight Ltd.), covered with 
a thin carbon film and dried in a desic- 
cator. For the microprobe analysis, the 
catalyst granules were directly put on the 
carbon film. No shadowing or coating was 
made in any case. A combined AEI EM 
6G electron microscope-X-ray microanal- 
ysis attachment was used for electron 
optical and microprobe studies. An ac- 
celerating potential of 100 kV and a high 
contrast aperture of 25 pm diameter were 
used for bright field transmission micros- 
copy. 

For the microprobe analysis, the ana- 
lyzer crystals were mica for Si& and 
Al& and LiF for P&a,. The accelerating 
voltage of the electrons was 60 kV and the 
probe current, 0.08 A. The diameter of the 
probe was about 6 pm, The probe current 
was checked after each recording of the 
intensity ratios Pt/Al and Pt/Si. 

These intensity ratios have been re- 
corded on different granules as well as on 
different regions of the same granule. The 
impact of the electron beam on these in- 
sulating materials sometimes heated the 
samples sufficiently to cause the fusion of 
some grains. This is probably the origin of 
some of the abnormal rrsllts which mere 
neglected in the calculation of the gaus- 
sian distributions. 

EXPERIMENTAL RESULTS 

1. Platinum Dispersion and Crystallite Size 

All catalysts have been submitted to 
X-ray diffraction (Cu& radiation). Only 
sample 254/099 A produced any X-ray 
pat,tern. For this sample, the 111 reflection 
(dlll = 2.254A) was clearly visible. At 
first sight it is surprising that the other 
catalysts characterized by dispersion in 
the same range as that found for 254/099 
A, i.e., about 100/o, did not behave in the 
same way. 

A possible explanation is that in the 
above example, a small fraction of plat- 
inum forms a few large particles respon- 
sible for the X-ray pattern and that these 
particles do not affect appreciably the 
degree of dispersion measured by the ti- 
tradition technique. Even though the plat- 
inum contents of these catalysts differ by 
a factor of less than 2, the degree of dis- 
persion D varies by a factor of more than 
7, as shown in Table 1. 

Electron microscopy could possibly 
throw more light on the Pt particle size 
distribution. Such a study has been pos- 
sible for two catalysts richer in Pt than 
usual. Some representative results are il- 
lustrated in Fig. 1 which shows electron 
micrographs of dispersed particles from 
catalysts 366, B and C. It is clearly seen 
that the distribution of Pt particles is not 
uniform throughout the silica-alumina gel; 
the low-magnification micrograph shows 
that, the Pt particles are much more con- 
centrated in certain regions (see for ex- 
ample t!>e surrounded area in Fig. la). 
Such regions from both catalysts have 
been used to calculate the crystallite size 
distribution by screening 500 crystallites in 
terms of their diameter for each catalyst. 
The crystallites were assumed to be spher- 
ical which in fact they appear to be. It 
shouId be mentioned that the values for 
the 10 k range are less accurate than for 
other ranges. 

As shown in Fig. 2, there is a marked 
difference in the particle size distributions 
for these two catalysts. However, the 
average radii arc quite close to each other, 
i.e., 12 and 12.6 A for catalysts 366, C and 
B, respectively. 

In order to obtain more information on 
distribution profiles, an electron micro- 
probe analysis of the same regions was 
carried out. The results are shown in Figs. 
3 and 4. In these figures, the abscissa gives 
the ratio pi = l,Jrsi (A and B) or I&IA1 
(a’ and B’), that is the intensity of the 
radiation from platinllm atoms (measured 
in Hz) to the intensity of the radiation 
from silicon or aluminium atoms. ~~ is thus 
proportional to the Pt concentration. The 
ordinate is the gaussian distribution of 
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these ri values &cording to 

W(Ti) = ___ 
ur -;% exp 

- [(7-i - P)2/2a,21 (1) 

with the usual notation. About 20 readings 
were taken for each microprobe scanning. 
The distributions for sample 366 C are 
seen to be wider than that for 366 B, re- 
flecting the wider distribution of the dimen- 
sions of the platinum crystallites in the 
former. The results from both electron 

microscopy and microprobe analysis are 
thus in agreement. They suggest that cat- 
alysts with larger amount of platinum 
(366 C as opposed to 366 B for instance) 
contain also larger crystallites even if the 
average radii are not noticeably different. 
Such a suggestion may be important since 
Anderson and Avery (4) have shown a 
dependence of the selectivity of supported 
platinum catalysts on the surface concen- 
tration of triplet sites whose density will 

Fro. I. (a) Electron miarogra?h from the 366C catalyst (X74,000). The upper right, part of the micro- 
graph shows particles of silica-alumina gel on which can be seen an agglomeration of Pt crystafiti. (b, c) 
Enlargements of the surrounded areas in the first micrograph (X355,000 and X790,000, respectively). 
(d) Electron micrograph from the 366B catalyst showing Pt crystallites dispersed in gel (X790,000). 
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be a sensitive function of the crystallite 
size. 

2. Radial Electron Demity Distribution 
(RED) 

The RED patterns of all the catalysts 
listed in Table 1 have been studied. Be- 
cause of an instrumental failure, the RED 
obtained for catalysts 062 A and 065 A do 
not have the semiquantitative character 
of the other results. As illustrative ex- 
amples the RED patterns of two Pt/ 
aluminas (103, A and B) and three Pt/ 
silica-aluminas (062 A, 063 A and 065 A) 

as well as those of the corresponding sup- 
ports are shown in Fig. 5. A detailed study 
of the structure of amorphous silica- 
alumina5 similar to the supports used here 
has been published elsewhere (5). 

The Pt-Pt interatomic distances are 
compiled in Table 1. The interatomic vec- 
tors corresponding to other atoms (Si, Al, 
0) arc collected in Table 2. In platinum 
metal, which has a face centered cubic 
structure, the Pt-Pt, and Pt-Ptz distances 
are 2.774 k (corner to center of face) and 
3.923 A (length of the edge), respectively. 
Considering the experimental errors, these 
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2 !. Size distribution of platinum crystallit #es 
derived from high resolution electron micrographs 
for catalysts (A) 366C and (B) 366B. 

distances are in good agreement with those 
derived from the RED peaks observed at 
2.75 rt 0.05 A and at 3.94 + 0.07 A, re- 
spectively. 

The average distance observed after re- 
duction in situ for Pt-Pt, is not within the 
right range, probably because of too few 
observations. Apparently both the ob- 
served PLPt, and Pt-Ptz distances seem 
to be independent of the nature of sup- 
port, total platinum content and disper- 
sion. It should not be concluded, however, 
that around each platinum atom the dis- 
tribution of neighboring Pt atoms is iden- 
tical to that in bulk metal. The constancy 

of the Pt.-Pt, and P&P& interatomic vec- 
tors just means that only those atoms at 
the right distances contribute to the cor- 
responding RED peaks and the proof that 
an appreciable fraction of the Pt atoms 
does not contribute to these peaks results 
clearly from intensity measurements. If 
the RED function obtained for the sup- 
port is subtracted from that observed for 
the catalyst in the region of the PtPt, 
distance, the difference represents the con- 
tribution of this vector to the X-ray scat- 
tering. Figure 6 shows that these differ- 
ences (A,?) are characteristic for a given 
catalyst. 

Since a single RED peak is gaussian 
shaped, its amplitude p is related to its 
surface S as follows 

p = S/l.O64Whb (2) 
where Whb is the half-height band width. 
For a specific PLPt interatomic distance 

p = K2v (3) 

where K represents the atomic number of 
platinum and where v is the multiplicity 
of this interatomic vector, i.e., in the case 
of a homoatomic structure the coordina- 
tion number associated with this distance. 
Therefore, p is proportional to Y. Since the 
amplitude is expressed as the differences 
between the RED functions for the sup- 
ported Pt catalyst and for the very same 
support and that the RED function is not 
normalized for Pt but for the support 
composition, the difference AP is propor- 
tional to the total number of PtrPt vectors 
of a specified length, i.e., 

Ap a N (4) 

where N is v times the number of Pt 
atoms contributing to the RED peak. The 
values of Ap,, for the prereduced catalysts 
and of Apr for the catalysts reduced in 
situ, are listed in Table 1. There is ob- 
viously a correlation between ApO and the 
dispersion. Moreover the amplitudes Apr 
observed after reduction in situ are more 
intense than up,,. 

It may thus be concluded that the num- 
ber N of interatomic vectors contributing 
to a specified RED peak is a function of 
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FIG. 3. Gaussian distribution of t.he Pt/Si and B/AI int.ensit.y ratios obt)ained by electron microprobe 
analysis for the 366C catal,yst. 

the dispersion degree and of the oxidation [ (2nU + 2n,, + 1 j3 - (2n, + 1)3]. The ra- 
(or reduction) state of the Pt surface. dius of the sphere is of course (2n, + 

D~scussro~ 
2% + 1)~ = CI, and the so-called degree 
of dispersion D becomes 

Let us assume that the Pt spherical 
particles are composed from a close pack- 

D = C” - (%I,, + 1)” 
(2n,, + 1)s + @’ (5) 

ing of holes of identical radii p = 1.39 A 
and let us consider that to a specified Per unit weight of a catalyst containing 
dispersion D corresponds a sphere of aver- w percent Pt, the number of spherical Pt 
age radius Cp (Fig. 7). In region I, all the particles, assumed to be all alike, is 3w/ 
holes are permanently occupied by Pt (400 C3dj. For each of them, in region I, 
atoms. The number of Pt atoms in these the number of interatomic Pt-Pt vectors 
unperturbed concentric layers is (2% + (corresponding to the 2.774 .& distance) is 
1)3. In region II, for the prereduced cat- (2n, + 1)3 X 2, where 2 is the Pt co- 
alyst which has been exposed to the air, ordination number. In region II, this num- 
the number of oxygen atoms is supposed her is (2’/2) [ (2n, + 2n, + 1) 3 - (2n, + 
to be equal to the number of Pt atoms in 1) “7 where 2’ is the coordination number 
order to fit the Pt-0 stoichiometry. There- in the np perturbed layers. Therefore per 
fore in region II, made from np perturbed tmit weight of Pt in the supported cat- 
layers, the number of Pt atoms is (W) alyst the number of interatomic Pt-Pt 
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FIQ. 4. Gaussian distribution of the Pt/Si and Pt/Al intensity ratios obtained by microprobe analysis 
for the 366B catalyst. 

vectors is 

N = (2(2n, + 1)” 
+ (2’/2)[C3 - (2% + l)“]] x 3w/40070d 

and using Eq. (5)) the number N of inter- 
atomic vectors in Eq. (4), becomes 

N = 3w Z - D(Z - 2’) 
40Cbrd 1+L, (6) 

where 2’ < 2. 
For the few samples that have been 

reduced a second time in the RED camera 
at 4OO”C, since the radius of the remain- 
ing H atoms in the perturbed layers is 
such as they can fit the holes between Pt 
atoms in close packing without perturbing 
appreciably the Pt-Pt interatomic dis- 
tance, N’ is 

N, = 3w Z - D(Z - Z”) 
4007rd 1+D 

where 2” > 2’. Therefore Ap,/ApO should 
be equal to 

Z - D(Z - 2”) 
“‘IN = Z _ D(z - 2’) (7) 

Equations (6 and 7) result of course from 

an oversimplified and crude treatment. In 
particular the border effects on the co- 
ordination number in the outside layers of 
regions I and II have been explicitly 
neglected. Actually, they are implicit in 
2’ or 2”. Nevertheless, the semiquantita- 
tive character of the RED method does 
not justify a more sophisticated treat- 
ment. Equation (5) can be easily checked, 
as shown in Fig. 8, by plotting D against 
pC for various values of n, and by intro- 
ducing in this diagram the dispersion de- 
grees and the average radii observed for 
samples 366, C and B (see Table 1). The 
two experimental points are in between 
the curves obtained for n,, = 1 and n, = 2 
but closer to the latter. As ApO is propor- 
tional to N, the best way to check Eq. 
(6) is to plot log(ApJw) vs log]2 - 
D(Z - Z’)]/[l + D] for various values 
of 2’. 2 = 12 for a f.c.c. structure. The 
best agreement has been obtained for 
2’ = 0 and this correlation may be con- 
sidered as quite reasonable as shown in 
Fig. 9, considering the semiquantitative 
character of the RED method: We do not 
pretend that 2’ is exactly zero but it must 
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FIG. 5. Radial electron density distributions for catalysts 103A, 103B, 062A, 063A, and 065A. The solid 
lines represent the distributions for the alumina and silica-alumina supports, respectively. 

be very low. This means that in the per- 
turbed first or two first layers, the oxygen 
chemisorption by the prereduced catalyst 
introduced a complete disorder in the Pt 
atom distribution. 

Finally, Eq. (7) has been tested by plot- 
ting log(Ap,/Ap,) against log[Z - D(Z - 
ZN) ]/[.Z(l - II)] for various values of 
Z”. As shown in Fig. 9, the best fit with 
the experimental data has been obtained 
for Z” = Z/2, as could be expected for 
surface layers. A crude but coherent rep- 

resentation of the platinum atom distribu- 
tion emerges therefore from the simultane- 
ous measurements of the dispersion degree 
by the titration technique and of the 
radial electron distribution completed by 
a few but careful electron microscopy in- 
vestigations. 

An average particle is made up of (a) 
unperturbed Pt atom layers where the 
“main” interatomic distances observed at 
2.75 k 0.05 A and 3.94 2 0.07 A are in 
agreement with those observed for the 
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FIG. 6. Radial electron density distribution functions for the Pt supported catalysts (-*--) and the 
- corresponding support (-). 

bulk metal, the coordination number for 
the first distance being 2 = 12, and (b) 
perturbed Pt atom layers, approximately 
2 in number. In the prereduced catalysts, 
exposed to the ambient atmosphere, the 
coordination number of Pt in these layers 
is zero suggesting a complete disorder. The 
1 :l Pt-0 stoichiometry permits such a 
disorder. In the reduced catalyst kept in 
H, (reduced in situ), the coordination 
number of Pt in these perturbed layers is 
close to 6, i.e., Z/2. 

TABLE 2 
Sonm INTERATOMIC VECTORS Usm 

IN THE RED CALCULATIONS 

Vectop Distance, d 
--- -___ 

Si-0 1.626 
Al’“-0 1.75h 
AIV’-0 1.90* 
o-o 2.65” 
Alv’-AI”’ 2.79b 
SiSi 3.12a 
Al’“-Al”’ 3,276* 
.41~“-&4141’” 3.4216 

a R. L. Moxzi and B. E. Warren, J. Appl. Crystal- 
logr. 2, 164 (1969). 

* A. J. LEonard, P. N. Semaille, and J. J. Fripiat, 
hoc. Brit. Ceram. Sot. 103 (1969). 

c Al*” or AlvI represent, respectively, fourfold and 
sixfold coordinated aluminium atoms. 

Objections may be raised to the use of 
the RED technique in that it does not 
provide information on “good” catalysts 
since the amplitude of the Pt peaks 
decreases as the dispersion increases. 
From this work it is clear that the 
“average Pt particle” corresponding to dis- 
persion degree of up to about 70% pro- 
vokes a deformation of the radial electron 
distribution obtained for the support alone 
and that information about the order- 
disorder in the Pt arrangement can be 
derived from it. However, and this is true 

FIG. 7. Model used for the calculation of the dis- 
persion degree [Eq. (5)]. The circles representing the 
Pt, 0, and H atoms have radii of metal platinum, 
ionic oxygen and covalent hydrogen. 
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FIG. 8. Solid lines: D vs pC according to Eq. (5). 
The two experimental points were obtained for cata- 
lysts 366, B and C (see Table 11. 

for almost any physical technique applied 
to catalysis, it must again be emphasized 
that it is only through the simultaneous 
use of various physical and chemical 
methods of investigation that coherent in- 
formation can be obtained. From this 
viewpoint the good agreement between the 
RED peak amplitude and the dispersion 
degree is encouraging. 
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