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When small metal clusters are examined by EXAFS the apparent average coordination number is 
smaller than that observed in the bulk metal because of the high proportion of surface atoms. This 
effect is dependent on the size and shape of the metal cluster. Geometrical shape models have been 
derived for spheres, cubes, and disks which give the EXAFS average coordination number for first, 
second, and third coordination spheres as a function of cluster size. Dispersion models (via 
chemisorption measurements) are also presented for different cluster shapes and sizes. For a 
correct choice of shape these two types of observations should predict the same cluster size. 
Results for the models are presented with experimental data for a variety of supported catalysts. 
Electron microscopy is used to support the analyses where possible. 

INTRODUCTION 

Supported metal catalysts are known to 
differ remarkably in catalytic activity due to 
differences in preparation or conditioning. 
Changes in metal particle size, size distri- 
bution, and shape may be important varia- 
bles. Information concerning the size and 
shape of supported metal clusters can be 
obtained by several techniques (I) includ- 
ing high-resolution electron microscopy 
(2), X-ray diffraction (3), chemisorption 
(4), and, as reported here, extended X-ray 
absorption fine structure (EXAFS). 
EXAFS is a technique of X-ray spectros- 
copy in which the ejected photoelectron 
acts as a probe of the surrounding environ- 
ment in a manner similar to electron scat- 
tering. Since the absorption edges of differ- 
ent elements are well separated in energy 
the technique is element specific and able to 
examine the surroundings of a specific cata- 
lytic element in the presence of the support. 

In this paper we develop particle shape 
models as a function of particle size and 
show that the sensitive variable, average 
coordination number, as determined by 
EXAFS, can be used to examine size and 
shape. Then in concert with chemisorption 
data and dispersion models we find an 

indication of particle size and shape for 
some supported catalysts. Electron micros- 
copy data are used to support the analysis 
where possible. 

GEOMETRICAL SHAPE MODELS 

In order to establish limiting trends for 
models of shape and size, we have chosen 
the following extreme examples of geomet- 
rical shapes: spheres, cubes, and disks. In 
all our models we have assumed face-cen- 
tered-cubic (fee) packing. Similar analyses 
have been reported previously (5). Depend- 
ing on relative height to diameter, disks can 
represent the total range of shapes from an 
extended monolayer raft, to cylinders, to 
extended rod-like.particles. The model of a 
thin disk deserves special consideration in 
that there is electron microscopy evidence 
(2) for some supported catalysts in which 
disk-like aggregates are found which appear 
to be quite thin and for which the dispersion 
approaches unity. A one- or two-layer disk 
appears to be the best shape to explain 
these data. 

Calculation of Average Coordination 
Number 

As shown in Fig. la, a two-region model 
was used to determine the average coordi- 
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a) SPHERES 

nation number for spherical particles. The 
inner region denoted by R; was defined so 
that any atom within R; had a coordination 
sphere Rj which was unterminated by the 
spherical particle boundary at R. These 
radii are related by RI = R - Rj, where the 
values ofj are 1, 2, or 3 corresponding to 
the first, second, and third coordination 
sphere. Atoms located in the outer region 
Rk (defined by R; < RI, 5 R) had coordina- 
tion spheres terminated by the particulate 
boundary. The fraction F of a given coordi- 
nation sphere in the outer region which laid 
within the particle was given by 

1 +R2-Rk2-Rj2 

2RkRj 1 
where 

The shortest interatomic distance was a 
and the value of k was an integer represent- 
ing the coordination sphere count beginning 
with the atom at the center of the particles. 
The outer-region atoms reduced the effec- 

L ------ CUBE tive average coordination number for the 

b) CUBES 
ensemble of atoms within the particulate 
boundary. For a given coordination sphere 
with coordination N, (Rj and Nj were deter- 
mined by the crystal structure; see Table 1) 
the average coordination number Nj was 
calculated using a formula involving an 
expression for both regions as follows: 

j = Rj2/az Ri (A) NJ ni 

1 2.75 12 6 
2 3.89 6 0 
3 4.75 24 6 
4 5.50 12 6 

a a is the shortest interatomic distance; j designates 
the first, second, etc., coordination sphere; R, is the 

c) OISCS 
radius ofthe coordination sphere, R, = a = 2.75 8, was 
used as an average value for the size/shape figures; Nj 

FIG. 1. Shape models depicting the various regions is the number of atoms in each coordination sphere; nj 
used in determining the average coordination number is the number of atoms in each coordination sphere in 
for (a) spheres, (b) cubes, and (c) disks. a monolayer parallel to the (111) plane. 
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Rk = kli2a. 

TABLE 1 

Parameters for Assumed fee Structure” 



478 GREEGOR 

Nj = & [(R - Rj)“Nj + z (3ARk’ 
k -I 

+ 3A2Rk + A3)FNj 
1 

. 

The first expression within brackets is pro- 
portional to the product of Nj and the 
number of atoms within the inner region. 
The second expression is a summation over 
successive coordination shells of radius Rk 
in the outer region. The summation of k was 
performed SO that (R - Rj) < RI, I R. Each 
of the terms in the summation was propor- 
tional to the product of the number of 
atoms in the R&h shell and the number of 
atoms in terminated coordination spheres 
at distance Rj away from an atom in the 
R&h shell. The average coordination num- 
ber is the sum of the expressions for both 
regions divided by R3, which is propor- 
tional to the total number of atoms within 
the particle radius. For a packing fraction 
of 0.75, corresponding to the fee structure, 
the radius was related to the total number 
of atoms NT within the particle by 

R = $ WT)“~, 

where a is the shortest interatomic dis- 
tance. The shell increment A is the differ- 
ence between Rk and RR+,,. The value of 12 
determines the size of the increment used in 
the summation. Usually for NT < 1000, n = 
1 and for larger particles n > 1 was used. 

A cuboidal particle can also be divided 
into an inner unterminated region and outer 
regions. Again the inner region was con- 
structed so that any atom inside its bound- 
ary had a coordination sphere which was 
unterminated by the particle boundary. For 
the cubic case the k shells in the outer 
regions as well as thej coordination spheres 
were terminated by the particulate bound- 
ary. Three shell factors F, were required 
depending on the value of RI, as shown in 
Fig. lb. For Rk 5 L, F, = 1. For the two 
outer regions F, was similar to F of the 
spherical case. The coordination factor F, 
depended on the location of RI, - Rj and 
Rae + R; in the region diagram of Fig. lb. 

4ND LYTLE 

The possible combinations give rise to nine 
regional coordination factors of the form of 
F. The shell factors F, were applied to 
coordination spheres which were con- 
structed about an atom in the center of the 
particle while the coordination factors F, 
were applied to coordination spheres cen- 
tered on atoms in the outer two regions. 
The average coordination number was 
given by a sum of expressions for the inner 
and outer regions: 

Nj = 5 [(L - Rj)“Nj + x Fs(3ARk’ 
k -I 

+ 3A2Rk + A3)FcNj 
1 

. 

The cube half-side L was related to the total 
number of atoms in the particle by 

l/3 
L=&(N,) . 

The expressions for Rk, Rj, Nj, and A were 
the same as for the spherical case. The 
summation in k was performed so that (L - 
Rj) < Rk 5 3112L. 

The two-region model shown in Fig. lc 
was sufficient for the case of a monolayer 
disk. We have chosen an orientation in 
which the (111) plane was parallel to the 
surface of the support as being most proba- 
ble for fee or hcp metals. The radius C of a 
disk of height a, packing in the (111) plane, 
was related to the total number of atoms NT 
by 

C = & (NT)“2. 

The average coordination number for such 
a monolayer disk was given by 

Nj = $ [(C - RJ2Nj 
2 

+ 2 (2L\Rk + A2)Fdnj 
k I 

. 

Here nj was the coordination number when 
all atoms resided in a single plane (see 
Table 1). The values of Rk, R,, Nj, and A 
were as given previously. Fd was the frac- 
tion of nj residing within the particulate 
boundary and was given by an expression 
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similar to F. The summation in k was 
performed so that (C - Rj) < Rk 5 C. 
Multiple-layer disks also were constructed 
using arguments similar to those given 
above. 

The ratio of iQj/Nj as a function of the 
total number of atoms NT in the particle for 
the three cases studied is shown in Fig. 2. 
In each case the first few coordination 
spheres were considered and are indicated 
byj = 1,2,3, or 4. For large particles (N, > 
100) the majority of atoms reside within the 
inner regions and ZVj z Nj so that the ratio 
Nj/Nj asymptotically approaches 1 for 
spheres and cubes at large values of NT. 
For monolayer disks at large values of N, 
the first coordination sphere does not as- 
ymptotically approach a value of 1 because 

not all of the atoms in this coordination 
sphere reside in the (111) plane. Since only 
six atoms of the first coordination sphere 
reside in the (111) plane the ratio N,/N, 
asymptotically approaches a value of 0.5. 
Also note that for this case the second 
coordination sphere is absent because these 
atoms are above and below the (111) plane. 

For the case of a hypothetical catalyst 
with metal particles of a unique size and 
shape we would expect separate experi- 
mental measurements of Nj/Nj for the first, 
second, and third coordination spheres to 
predict the same particle size, within exper- 
imental error, on the correct shape model 
graph. As will be apparent in the data, this 
is often not the case. In particular, if there 
exists a distribution of shapes which in- 

.8- 

2 .6 J 
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.6 - c) ONE LAYER DISC 

::I ,q- 

I 1 h , 

100 10' 102 103 104 105 

PARTICLE SIZE NT 

FIG. 2. The ratio of NJ/N, Cj = 1,2,3,4) as a function of the total number of atoms N, in the particle 
for (a) spheres, (b) cubes, and (c) disks. 



480 GREEGOR AND LYTLE 

eludes monolayer (111) oriented disks the 
lij,/N, will predict significantly lower parti- 
cle sizes than NJN, or N,/N,. This occurs 
because the second coordination sphere is 
completely absent from the monolayer disk 
as was discussed previously. 

Dispersion Models 

The dispersion D of a supported metal 
catalyst is defined as the surface fraction of 
metal atoms. In the limiting case where 
every surface atom absorbs one gas atom 
the dispersion is just equal to the surface to 
volume ratio for a given particle shape and 
size. However, the active sites may not 
always be comprised of only one surface 
atom. For these cases analytical expres- 
sions for the number of surface atoms hav- 
ing various sets of incomplete nearest- 
neighbor shells can be derived (6). 

The surface to volume ratio for spheres, 
cubes, and disks is plotted as a function of 

size in Figs. 3a and 3b. The same surface to 
volume curve can be used for spheres and 
cubes if the abscissas used are the sphere 
radius R and cube half-side L (see Figs. la 
and lb). For R equal to L there are more 
surface atoms for the cubes but the number 
of bulk atoms is also larger, thus keeping 
the surface to volume ratio constant. Obvi- 
ously, for one- or two-layer disks, the sur- 
face to volume ratio is independent of parti- 
cle size since all the atoms are surface 
atoms. For three or more layers the 
surface/volume ratio is dependent on parti- 
cle size. Also it can be seen that sur- 
face/volume ratios lying to the right of the 
dotted line in Fig. 3b indicate structures 
which are disk-like (height Q diameter) and 
those lying to the left are rod-like (height s 
diameter). 

For all models of shape and size for a 
supported catalyst there is an open ques- 
tion as to the availability for chemisorption 

1.0 - 
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.2 - 
D 
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E5 
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PARTICLE SIZE (R,L) 6, 

FIG. 3. The dispersion D (assuming an interatomic distance of 2.75 A) as a function of particle size 
for (a) spheres/cubes and (b) disks. The dotted line in (b) represents the demarcation between disk-like 
(height e diameter) and rod-like (height s diameter) structures. N, refers to the number of surface 
atoms and NT the total number of atoms in the particle. 
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of the side of the metal particles in contact 
with the support, i.e., is there complete or 
only slight blocking of chemisorbing 
atoms? We know of no conclusive data 
regarding this question; however, there are 
indications of fairly large raft-like or disk- 
like particles in catalysts where the disper- 
sion measured by chemisorption ap- 
proaches unity. If these are thicker than a 
single layer, then both sides of the particle 
must be mostly available for chemisorp- 
tion. Consequently, we have used the full 
surface area for all particle shapes consid- 
ered and allowed no support effect. Reduc- 
ing the surface area of each shape by the 
estimated area in contact with the support 
(which is probably not the full geometrical 
area) would not materially affect our results 
and could be included within the estimated 
uncertainty. 

DATA AND ANALYSIS 

All of the EXAFS data were obtained at 
the Stanford Synchrotron Radiation Labo- 
ratory, on the EXAFS I spectrometer (7). 
The temperature of measurement of both 
the reference metals and the catalysts was 
100 t 5 K. The catalyst preparation and 
treatment has been described (8, 9). All 
were examined in the reduced condition 
under a hydrogen atmosphere. Except for 
the 0.63 wt% Cu on SiO, catalyst the 
EXAFS data and analysis have been previ- 
ously reported for 1 wt% Ru on SiO, (8) 
and 1 wt% OS, Ir, and F’t on SiO, and 1 wt% 
Ir and Pt on A1,03 (9). These data and 
results will be used in the present analysis 
of size and shape. An example of the 
EXAFS data, Fourier transform, and the 
fitted data for the first coordination shell is 
given in Fig. 4. Shown in Fig. 5 are the 
Fourier transforms for selected reference 
metals and catalysts. In addition to the 1st 
shell coordination numbers reported previ- 
ously we have evaluated the second and 
third shell coordination numbers for a few 
cases. This was done by comparing fitted 
parameters for data from each pure-metal 
reference and the respective catalyst. The 

data were Fourier-filtered to isolate just the 
contribution of the second and third coordi- 
nation shells. This function was then fit to 
determine coordination number by using 
calculated forms of the EXAFS phase shift 
(10) and backscattering amplitude (I 1). 
From the coordination number for each 
metal and catalyst the ratios Nj/Nj (/Vj 
denotes the catalyst and Nj the metal coor- 
dination number) were calculated as given 
in Table 2. 

Comparison was made to known refer- 
ence compounds in order to estimate the 
accuracy of determination of N, = k-20% 
(8). As yet this has not been possible for NZ 
and N3. We expect the error to be some- 
what larger than for N,. Therefore, no error 
limits are noted for NZ and N3 in Table 2 or 
on the plots of N/N, vs size in Fig. 6. N,/N, 
for the first coordination shell were rela- 
tively high for Ru, Cu, and Ir and lower for 
OS and Pt. The lower values allow the 
possibility of thin disk-like shapes. In gen- 
eral, for a given catalyst Nj/Nj decreased 
with increasing coordination shell. 

The dispersion data of Table 2 have been 
extracted from Refs. (8) and (9) and are 
primarily from room-temperature CO 
chemisorption, i.e., a system most likely to 
result in 1 : 1 stoichiometry of one CO mole- 
cule per metal surface atom. 

SIZE AND SHAPE DETERMINATION 

The average coordination number and 
dispersion can be used to investigate the 
sizes and shapes of small catalytic parti- 
cles. Some insight can be gained regarding 
the nature of the active sites of the catalysts 
by requiring agreement between sizes pre- 
dicted by the two types of models for a 
given shape. Agreement between the two 
models was determined by first plotting the 
ratio Nj/Nj on a graph of the ratio of the 
average coordination number for each 
shape as shown by the examples in Fig. 6. 
The abscissa has been modified using the 
known interatomic distance to show parti- 
cle size. The uncertainty in mT,/N, of each 
data point (?20%) is indicated. Next, tak- 
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2 4 6 8 

FIG. 5. Fourier transforms of the bulk metal and 
catalysts of OS and Cu. All at 100 K, transform range 
from 3-20 A-l, k3 transforms from OS, k’ transforms 
for Cu. 

ing the measured dispersion of the catalyst 
given in Table 2, the set of graphs relating 
particle size and dispersion (Fig. 3) was 
used to predict a size for each shape. This 
size (the vertical line in Fig. 6) and its 
estimated error (shaded) were plotted on 
the same graph as the Nj/Nj. (Note that 
there is no dispersion size information pos- 
sible for one- or two-layer disks since for 
this shape the surface to volume ratio = 1 
and is independent of size.) For each cata- 
lyst examined we sought the one shape with 
the best agreement, within the two regions 
of uncertainty, between the size estimated 
by iVj/Nj and that estimated from disper- 
sion. For a correct shape these two 
methods of measurement should predict the 

same particle size. This was the primary 
criterion used for establishing the shape 
tendencies listed in Table 3. The first coor- 
dination shell was the major consideration 
in the size and shape analysis because the 
errors in N2 and N3 were uncertain. Also, 
note that in all cases each surface atom was 
identified as a reaction site (the curves 
NJN, in Fig. 3a,b). Presumably, this 
would not be the case for reactions with 
more complex molecules. For some cata- 
lysts a clear choice of shape trend was 
evident and for others no clear-cut choice 
was possible, perhaps indicating a distri- 
bution of shapes. In all cases there was 
quite good agreement of the size esti- 
mates by the EXAFS and dispersion tech- 
niques for the indicated shape tendency. 
The average of the two size indications 
(average coordination and dispersion) is 
listed in Table 3. 

As discussed above and shown by the 
NJ/N, plot of Fig. 2C, the second coordina- 
tion sphere is completely missing for a 
monolayer disk and diminished proportion- 
ately for “thin” disks of a few layers’ 
thickness. This feature is a useful diagnos- 
tic for the presence of thin disk-like struc- 
tures. The second peak of the Fourier 
transform was present in all cases indicat- 
ing that in none of the catalysts do mono- 
layer disks predominate; however, the Pt 
on A&O, catalyst shown in Fig. 4 has a 
diminished or shifted second peak sug- 
gesting the possibility of a significant popu- 
lation of thin disk-like structures. Further- 

TABLE 2 

Summary of EXAFS and Chemisorption Results 

Catalyst 

OS on SiOz 0.68 k 20% 
Ru on SiO, 0.92 
Cu on SiO, 0.92 
Pt on SiO, 0.67 
Pt on A&O, 0.60 
Ir on SiOz 0.83 
Ir on Al,O, 0.83 

1st shell 2nd shell 3rd shell 
-&IN, &IN &IN3 

0.33 
0.70 
0.73 
0.26 
- 

0.28 
0.33 

- 1.0 k 20% co 
- 0.5 co 
- 0.3 0 

0.56 0.7 H 
- 0.9 H, CO, 0 

0.26 0.8 co 
0.21 0.9 co, 0 

Dispersion Molecule 
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TABLE 3 

Summary of Size and Shape Tendencies 

Catalyst Radius of metal particle (A) 

Disk Cubes Spheres 
(minihedra) (midihedra) (maxihedra) 

OS on SiOZ 7 + 2 (6)” 
Ru on SiO, 14 t 7 (18)” 
Cu on SiO, 19 f 5 
Pt on SiOZD 7-t3 622 5t2 
Pt on Al,On” 5%2 5~2 423 
Ir on SiOZ 622 
Ir on AI,O, 6t3 

a Value in parentheses indicates weighted average size taken 
from electron microscopy of Prestridge et al. (2). 

b Shape. trend uncertain and may indicate distribution of 
shapes. 

more, there is a general trend of low N,/N, 
in some of the size/shape graphs indicating 
a relatively smaller size than the first shell, 
which suggests that in all of these catalysts 
there are present monolayer disk-like 
shapes. If our data were sufficiently accu- 
rate we could estimate the relative propor- 
tions of a shape mix, but for now simply 
note the trend. 

The Cu and Ru catalysts both appear to 
be primarily spherical. Electron micros- 
copy (2) indicated that for Ru there was a 
distribution of small disks and larger 
spheres with a weighted average radius of 
18 A. This is apparently consistent with the 
present result of 14-A spheres in that most 
of the atoms are contained within the larger 
spherical particles. Both Ir catalysts can be 
assigned spherical shapes although as noted 
before, the N,/N,is low which may indicate 
a significant contribution due to thin disks. 
The Pt catalysts cannot be assigned to a 
unique shape, i.e., all shapes investigated 
appear equally possible. This may be evi- 
dence of a real distribution of shapes. The 
Pt on A&O3 has a diminished and shifted 
second coordination shell which may indi- 
cate a substantial population of thin disk- 
like shapes. The OS catalyst had the highest 
dispersion (1.0) of the catalysts studied 
here and exhibited a disk-like shape ten- 
dency. The size result, radius equal to 7 A, 
is close to the electron microscopy mea- 

surement of 6 A which also found a prepon- 
derance of disk-like shapes having a narrow 
size distribution (2). 

DISCUSSION 

This work has demonstrated the feasibil- 
ity of measuring size and shape of small 
metal particles using the EXAFS tech- 
nique. The determinable parameter is the 
average coordination number which is re- 
lated to particle size and shape calcula- 
tions. Shape information is included since 
the average coordination number is sensi- 
tive to shape. The average coordination 
number is most sensitive in the region be- 
low 20 A,, which is the region inaccessible 
or difficult by X-ray diffraction or electron 
microscopy. There is no lower size limit on 
making EXAFS measurements; indeed, ac- 
curacy improves for very small metal clus- 
ters of a few atoms (9). However, for 
clusters of a few atoms the average coordi- 
nation number is not a good discriminator 
of shape. As used here, shape agreement 
was sought for size estimates based upon 
both EXAFS and chemisorption data. Co- 
incidence in size established the shape 
trend; however, a good estimate of size 
alone for cubes or spheres could be made 
from either data since shape is a second- 
order effect for these shapes. EXAFS used 
alone can establish the presence of thin 
disks because of certain limits in iQj/Nj and 
the absence of 2nd coordination spheres 
which is inherent in close packing of metal 
atoms. Improvements in data gathering and 
data processing may allow eventual esti- 
mates of both size and shape distributions 
within the necessary constraints of the 
model calculations from EXAFS data 
alone. 

Where comparison was possible there 
was good agreement between this size esti- 
mate and that previously done by electron 
microscopy on portions of the same cata- 
lyst preparation. However, there is a se- 
rious caveat in such comparisons because 
the EXAFS results were on clean catalysts 
reduced in situ and the microscopy (as well 
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as X-ray diffraction results (3)) were ob- 
tained on air-exposed catalysts. Our 
EXAFS work in progress has shown that 
the structure of many supported metal cata- 
lysts is significantly altered by atmospheric 
exposure. 

Finally the assumption of specific shapes 
in the model calculations should not be 
viewed as absolute. We emphasize this in 
Table 3 by noting the general categories 
associated with the three shapes investi- 
gated. Minihedra refer to shapes having 
two sides, disks or rafts. Midihedra are 
shapes having approximately six sides 
more or less equal in area, e.g., cubes. 
Maxihedra are those shapes having many 
sides where a sphere can be considered as a 
reasonable approximation to the shape. 
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