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Abstract 

An easy, reliable and straightforward method to determine the sizes of small metal particles in supported metal cat- 
alyst which are invisible for most techniques (chemisorption. XRD, HRTEM) is presented. The technique we consider 
more appropriate is EXAFS, because it detects metal-metal bonds even before metal atoms are forming particles. Due 
to this capability it has become a routine technique in catalysis, although it requires an elaborate data analysis proce- 
dure. In the particular case of supported metal catalyst, this procedure can be simplified because nearly everything is 
known about the investigated structure, the metal particles. With the appropriate fitting strategies, the main contribu- 
tion to the EXAFS spectrum, the metal-metal bonds, can be emphasized, and within it, most part of the fit parameters 
are known. The only unknown parameter is the coordination number for each metal shell. Once this value is obtained, 
the number of metal atoms per particle can be calculated and from that, metal particle diameter can be deduced. An 
example of this procedure for a Pt/A1203 catalyst is shown. 0 1997 Elsevier Science B.V. 
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1. Introduction 

During the last decade there has been an expo- 
nential growth of the use of EXAFS in catalysis 
[l], that can be clearly appreciated, for instance, 
by reviewing the general indices of the Journal of 
Catalysis during this period. Within this field, 
one of the most widespread applications of EX- 
AFS has been the determination of metal disper- 
sions in supported catalysts. Nearly everybody 
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working in heterogeneous catalysis has met some 
articles where metal particle sizes are determined 
using EXAFS. 

The first systematic approach to this type of 
studies was carried out by Lytle and Greegor [2] 
and published in 1980. In this study they relate 
the EXAFS parameters obtained for several sys- 
tems with the values deduced for discs, cubes and 
sphere-shaped metal particles. Since then, many 
additional contributions have appeared, data anal- 
ysis have been refined, data quality has improved 
and EXAFS has become a widespread method 
for determining particle diameter in highly dis- 
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persed metals. Although a high number of papers 
include particle diameters determined from EX- 
AFS, it is not a “standard” method, and the re- 

sults obtained with it can be contradictory. We 
believe the reason is the complexity of data analy- 
sis, as compared to other structural techniques. 
and the existence of some conflicting points. 

Herein we will illustrate how the information 
about the structure of very small metal particles 

can be obtained in a straightforward way using a 
technique that yields unique information. We will 
use some of our results to show how data analysis 
can be simplified for this special type of systems, 
the supported metals, because metal atoms have a 
strong tendency to bind following always the same 

pattern, that of the stable crystalline phase. Thus, 
coordination distances, may, without certain limits, 
i.e. a few hundredths of an angstrom, be anticipated. 

Prior to this. we will refer briefly to the reasons 
that render metal dispersion determination so im- 
portant in heterogeneous catalysis. We will men- 
tion as well the relation between coordination 

number for metal-metal bonds and metal particle 
sizes, according to the different models. 

We will finish by summarizing the conflicting 
points in the application of EXAFS to metal par- 
ticle size determination and the way of overcoming 

them. 

2. Heterogeneous catalyst and metal dispersion 
determination: XRD, TEM and chemisorption 
methods 

Heterogeneous catalysts are generally formed 
by an active phase, usually a noble metal, dispersed 
over a supporting oxide of high specific area (> 100 
m’/g) [3]. The unique entities active in the hetero- 

geneous catalytic processes are the metal atoms 
from the surfaces, edges or corners. Since the ac- 
tive phase is very expensive, one of the main goals 
of catalyst preparation is achieving the highest ra- 
tio surface metal atoms to total metal atoms [4]: 

N surface atomslNo*al atoms = D (1) 

This ratio, D, is known as metal dispersion. To 
obtain the highest metal dispersion very small met- 
al particles are required, with a diameter on the 

order of or smaller than 50 A. To succeed in pre- 

paring a good heterogeneous catalyst, a quick 
and reliable method for determining metal disper- 
sions is needed. Moreover, knowing D, the rate of 
a catalytic reaction per exposed surface metal at- 
om, the turnover number, TON, can be obtained, 
This parameter allows the quantitative compari- 
son of catalytic activities. 

A standard method for obtaining structural in- 
formation, X-ray diffraction, is appropriate but 
has some limitations. First of all, it requires the ar- 
rangement of atoms in the small particles in an or- 
dered way to yield coherent diffraction peaks. 
Secondly, the decrease of particle sizes produces 
a widening in the diffraction peaks that, according 
to the Scherrer equation [5], scales as 

h = k)./(d cos H), (2) 

where b is the line width in degrees, 6, the diffract- 
ing angle, d the mean diameter of the diffracting 
particle, L the X-ray wavelength, and k is a con- 

stant with a value of ca 57. Thus for 2 = 1.5 A 
and metal particles of 30 A diameter on average, 
the width of the main diffraction peak is around 
3”, too high for quantitative determinations. 

Due to these limitations, chemisorption meth- 
ods have been used to determine metal dispersions 

[6]. In this method, it is assumed that a given gas, 
typically HZ or CO, is irreversible and selectively 
adsorbed onto the metal surface atoms with a giv- 
en stoichiometry. Determining the number of gas 
moles adsorbed by a known amount of catalyst, 
the metal dispersion is calculated. Complex phe- 
nomena, such as the so-called “strong metal-sup- 
port interaction” [7] that causes a drastic 
decrease in the chemisorption capacity of the sup- 
ported metals, or the “spillover” [8] of the ad- 

sorbed gas to the support surface, can make 
unreliable the values of metal dispersion D ob- 
tained with this method. Moreover, the maximum 
dispersion, 1, is reached for particle sizes of 
around 10 A. Below this size, chemisorption can- 
not discriminate between different particle sizes. 

With conventional transmission electron mi- 
croscopy metal particles 15-20 A in diameter can 
be detected and size distribution can be obtained 
because, in contrast with other techniques, TEM 
does not provide average values, but independent 
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information about each particle. With HRTEM, 
particles as small as 8 A can be detected [9]. As 
in XRD, metal atoms have to be arranged in an 
ordered way, and electron micrographs have to 
be recorded under vacuum, while EXAFS can be 
recorded “in situ” and at reaction conditions. 
Moreover, while recording TEM micrographs, 
the very small metal particles can be damaged with 
the beam. And again, the low limit for metal par- 
ticle detection is too high to study the metallic 
phase of highly dispersed catalysts. 

How the metal particles below 10-15 A in di- 
ameter, “INVISIBLE” for most techniques can 
be detected and their sizes determined? 

3. Average coordination number for small metal 
particles 

For these very small metal particles the coordi- 
natively unsaturated (cus) atoms from edges, cor- 
ners and surfaces represent a nonnegligible 
fraction, and consequently, their average coordi- 
nation numbers are smaller than in bulk metals. 
The accurate determination of these coordination 
numbers is the key for knowing their sizes. 

What are bulk values of coordination numbers 
and how do they change in small metal particles? 

Most catalytically active metals have close 
packed structures, either cubic (face centered cu- 
bic, fee) or hexagonal close packed (hcp) [lo]. Co- 
ordination numbers for bulk atoms showing fee 
structures are 12, 6, 24, 12 for the first, second, 
third and fourth coordination shells, respectively. 
These numbers, on average, remain constant in 
medium and large metal particles. But for the 
small ones, the number of cus atoms is significant, 
and thus the average coordination number for the 
first and higher shells decreases. 

The variation of these coordination numbers is 
directly related to the size and shape of metal par- 
ticles, as shown in the Fig. 1, where average coor- 
dination number for the first shell has been plotted 
against the number of metal shells in the particle, 
for spheres, cuboctahedra and icosahedra. The 
curves have been calculated with the expression 
proposed by Benfield [l 11. Metal particles are usu- 
ally assumed to have spherical shapes. although a 

3 7 11 15 19 23 
N 

atoms 

Fig. 1. Variation of first shell coordination number in spheres, 

cuboctahedron and icosahedron versus number of metal shells, 

number of metal atoms per particle, and versus diameter of 

platinum particles in angstriims. 

more accurate approximation is considering them 
as cuboctahedra. As can be seen in the plot, there 
are no big differences for small metal particles, but 
for medium and large particles, coordination num- 
ber for spheres are always higher. For these sizes 
the spherical shape becomes rather inaccurate. 
Other authors have proposed similar expressions 
correlating metal particle diameter and number 
of atoms [2,12-141. 

Similarly, the variation of coordination number 
for higher shells can be calculated. In the same 
way, there is a direct relationship between the 
number of metal atoms and particle diameter. 
Thus, if a given technique is able to detect met- 
al-metal bonds from the moment they are formed, 
light will be shed on the invisible metal particles: 
This is exactly what EXAFS does. 

Here we will show an example of particle size 
determination from EXAFS spectra, indicating 
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some strategies to simplify the analysis. After- 
wards the conflicting points in the application of 
EXAFS to these systems will be discussed. 

4. Metal particle sizes in PtlAl203 catalysts 

As a practical example we will show how metal 
particle sizes were determined in a catalyst pre- 
pared by incipient wetness of an alumina support 
with an aqueous solution of the Pt2+ complex 
[~(NH~)~](OH)~ [Is]. Once deposited, the com- 
plex was either directly reduced at 350°C (sample 
R350) or dried under He at 120°C and then re- 
duced at increasing temperatures. being the higher 
350°C (sample DECH350), or calcined in the air at 
350°C and then reduced at 350°C (sample 0R350) 
as shown in Fig. 2. The prereduction treatments 
had drastic effects on metal particle size. 

Standard procedures were used to generate the 
EXAFS spectrum from the experimental absorp- 
tion spectrum. Normalization was done by divid- 
ing by the height of the absorption edge and the 
background was subtracted using cubic spline rou- 
tines. The errors in the structural parameters were 
calculated from the covariance matrix taking into 
account the statistical noise of the EXAFS data 
and the correlations between the different coordi- 

Hel12O”C 

4 
H,/ l-SOT 

4 
H,/ 200°C 

4 
H,f 33ooc Ey350°c HZ/ 350°C 

I R350 

Fig. 2. Treatments given to samples DECH350, R350 and 

OR350 obtained from the decomposition of a [Pt(NH~)~] 

fOH)Z/A1203 precursor. 

nation parameters. The values of the goodness of 
fit (et) were calculated as outlined in the Reports 
of Standard and Criteria in XAFS Spectroscopy. 
Reference phase shift and backscattering ampli- 
tude functions for Pt---0, Pt-N and Pt-Pt absor- 
ber-backscatter pairs were determined from the 
EXAFS spectra of ~a~~Pt(OH)~], Pt(NH~)~(OH)~ 
and Pt foil, respectively. Further details and addi- 
tional references can be found in Ref. [15]. 

The plots included in Fig. 3(a) show the EX- 
AFS spectra of the [Pt(NH3)4](0H)JA120s sample 

-0.04 . 
I . I * I . I * 1 

2 4 6 a 10 12 

k (I/& 

b 

R (A) 

Fig. 3. (a) EXAFS spectra of samples DECHl80, DECH200 

and DECH350. (b) magnitude of the phase and ampIitude cor- 

rected Fourier transform of the EXAFS spectra of part (a). 
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recorded after the in situ treatment under hydro- 
gen at increasing temperatures. The magnitude of 
the corresponding Fourier transforms appears in 
Fig. 3(b). For the freshly prepared catalyst, the 
main contribution to the EXAFS signal is that 
due to species [Pt(NH3)4]2+ with four Pt’+-N 
bonds. The amplitude of Pt-Pt contribution in- 
creases with reduction temperature, while that of 
Pt’+-N decreases. At the same time, higher Pt-Pt 
shells appear. For all samples the full reduction 
of Pt is only achieved after treatments under hy- 
drogen at 350°C. After reduction at lower temper- 
atures platinum metal is not fully reduced, and thus 
the obtained coordination numbers have to be cor- 
rected taking into account the fraction of oxidized 
platinum. We will not consider these systems. 

The fitting parameters obtained for the spectra 
of the fully reduced samples appear in Table 1. 
The directly reduced sample (R350) shows the 
highest Pt-Pt coordination numbers, indicating it 
has the largest metal particles, while the calcined 
one (OR350) shows the smallest. 

Reaching this point, to simplify the fitting pro- 
cedure and since the contribution to the EXAFS 
spectrum of the first metal-metal shell is the most 
intense, many authors isolate it, and fit the Fourier 
filtered data. In this way, they neglect useful infor- 
mation from higher Pt-Pt coordination shells that 
complement and confirm that obtained from the 
first shell. 

We propose an alternative way of simplifying 
the data analysis. First, it has to be taken into ac- 
count that the final structure is well known, bulk 
fee metal, which renders the analysis straightfor- 
ward if the appropriate information is used. This 
is the case of samples DECH350 and R350, where 
only Pt-Pt, (n = 14) contributions have been con- 
sidered. For them, coordination distances are 
known, the Debye-Waller factors for metal sam- 
ples measured at liquid nitrogen temperature range 
between 0.002 and 0.006 A2, and they should de- 
crease with the increase of metal particle size (that 
is N); they should be minimum in the largest metal 
particles, where metal atoms are better ordered 
than in the smaller ones. 

In the calcined sample, OR350, data analysis is 
more delicate because it includes Pt-0 contribu- 
tions from the interface. For small metal particles, 
around 10 A in diameter, these contributions can- 
not be neglected, because it would lead to wrong N 
and Ao2 values for Pt-Pt contributions. Fig. 4 in- 
cludes the Fourier filtered experimental spectrum 
and the best fit obtained discarding these contribu- 
tions. Since the contributions of the metal-support 
were being investigated in this system, this fit was 
carried out with k’ weighting, to emphasize Pt-0 
contributions. On the contrary, if we want to em- 
phasize metal-metal contributions, we should use 
a higher weight. Additional differences between 
low-Z scatterer and high-Z scatterer is the 

Table 1 

EXAFS coordination parameters for Pt-Pt” (n = l-3) for fully reduced samples a 

Parameters N Au* (I%)? x 10 AEo (eV) 

Coordination Pt-Pt, 
DECH350 

R350 

OR350 

Coordination Pt-Pt2 
DECH3.50 

R350 

OR350 

Coordination Pt-Pt, 
DECH350 

R350 

1.2 (0.3) 

10.1 (0.2) 

5.5 (0.3) 

2.8 (1.5) 

4.4 (0.5) 

2.0 (0.3) 

8.8 (3.6) 

17.5 (1.1) 

3.0 (0.5) 

2.0 (0.1) 

3.0 (0.3) 

5.7 (6.7) 

2.4 (1.1) 

3.0 (1.3) 

8.2 (6.5) 

2.8 (0.6) 

2.770 (0.004) 

2.771 (0.001) 

2.775 (0.003) 

3.90 (0.04) 

3.93 (0.01) 

3.96 (0.01) 

4.79 (0.04) 

4.78 (0.01) 

3.3 (0.4) 

3.8 (0.2) 

2.5 (0.5) 

-4.3 (3.1) 

-5.0 (1.0) 

-8.5 (0.7) 

1 .O (2.4) 

3.3 (0.6) 

il Taken from Ref. [15]. 
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Fig. 4. EXAFS spectrum and best fit of sample OR350 includ- 

ing only Pt-Pt, (n= I. 2) contributions. k’ fit, Ali =3.5-13.5 

A-1, et = 9.2 

dependence of the backscattering amplitude, F(k), 
with the wave vector, k. In Fig. 5, backscattering 
amplitude functions for Pt-Pt and Pt-0 contribu- 
tions calculated with the parameters of Table 2 
have been plotted. At high k, F(k) for Pt-0 is neg- 
ligible, while Pt-Pt backscattering amplitude is 

Table 2 
Parameters used for calculating Pt-Pt and O-O backscattering 

amplitude functions 

R (A) d i s, 

PtCPt 2.774 0.000 6.00 1.00 

o-o 2.050 0.000 10.00 1 .oo 

2 
LL 

- Pt-Pt 
----_-- pt_0 

------------_ 
0.0 I:. 8 a ’ . ’ ’ ’ 

--___ _ 
. ?. 

4 6 6 10 12 14 

k (l/A) 

Fig. 5. Backscattering amplitude function for Pt-Pt and Pt-0 

contributions. 

dominant. Thus Pt-Pt contributions can be em- 
phasized shifting the k range of the fit to high k 
values. The effect of increasing k weight to k2, 
and shifting fit range to Ak = 4.5-13.5 A-’ in sam- 

ple OR350 appear in Fig. 6. The fit has improved 
considerably although Pt-0 contributions from 
the interface have been discarded. All the other 
fit parameters have been kept identical. 

With this strategy and using as input values for 
Aa’, R and A& those of the corresponding metal 
foil measured at the same temperature, one can 
obtain an approximate value of coordination num- 
bers of the first and higher shells very easily. In 
some systems, multiple scattering phenomena of- 
ten compromise the reliability of the information 
extracted from higher coordination shells. We 
have discussed extensively this issue in other type 
of systems elsewhere [16,17]. For platinum parti- 
cles MS contributions are relevant in the fourth 
coordination shell, where Pt atoms are aligned 
with those from the second shell. Because of this, 
we are not including this shell here. 

The number of metal atoms in the particle can 
be calculated independently from the values of the 
coordination number of each metal shell. The 
agreement between the obtained values can inform 
about the consistency of the method. Additionally, 
it informs about metal particle shape. For in- 

stance, the lack of the second coordination shell 
while the third is present, indicates that metal 
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Fig. 6. EXAFS spectrum and best fit of sample OR350 includ- 

ing only Pt-Pt, (n = 1, 2) contributions. k’ fit, Ak =4.5-13.5 

A-‘, ef = 2.6 

particles are raft-like [18]. The values obtained for 
the fully reduced samples from the three first coor- 
dination shells have been included in Table 3. For 
sample DECH350 and OR350 similar values of 
metal particle diameter are obtained from the three 
shells, indicating a very consistent fit. 

Additional examples where metal particle sizes 
are deduced from EXAFS coordination numbers 
can be found in Refs. [15,19-211. 

5. Conflicting points 

There is a series of limitations of the technique 
that have to be taken into account when using it. 
Some of them are inherent to the technique, some 
others are related with the investigated system. 
They can be summarized as follows. 
1. The technique provides average values. 
2. Several factors affect the EXAFS function am- 

plitude: 
l Amplitude reduction factor, Si [22]. 
l The Debye-Waller factor. 
l Coordination number. 

For supported metals 
The anharmonic contribution to the pair distri- 
bution function is not negligible [12,23]. 
For very small metal particles there seems to be 
a bond length contraction [24]. 
For partially oxidized metals a correction fac- 
tor has to be used to obtain real coordination 
numbers [25]. 
1n relation with the first point, nothing can be 

done because it is characteristic of the technique 
providing average radial information. As a conse- 
quence particle size distributions cannot be 
obtained. To overcome this particular restriction 
it can be very useful to complement the informa- 
tion obtained by EXAFS with that obtained with 
transmission electron microscopy, which apart 
from EXAFS can detect the smaller metal parti- 
cles. In addition, TEM yields information of each 

Table 3 

Coordination numbers I&._~, number of atoms per particle naroms, and particle diameter D (A). for fully reduced samples d 

Shell 

DECH350 

Kw, natoms D(A) 

R350 

NW,, horns D(A) 

OR350 

&--P, 

1 7.3 40 13 10.1 650 35 5.5 14 9 

2 2.8 40 13 4.4 360 27 2.0 19 11 

3 8.8 40 13 17.5 650 35 

’ Taken from Ref. [15] 
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individual metal particle, and thus it can provide of small metal particles, as already shown in the 
particle size distributions. As an example. Fig. 7 Pt/AlzOx samples, both parameters should change 
includes the simulated micrographs of rhodium in an opposite way: Debye-Waller factors should 
particles in an Rh/CeO? system [26] with increasing decrease, when coordination number increase, 
sizes of rhodium metal particles, being the smaller since when metal particles grow, metal atoms be- 
metal particles detected 10 A in diameter. came more ordered. 

In relation with the second point, for the partic- 

ular case of supported metal particles several fac- 
tors affecting the EXAFS function amplitude can 
be estimated, and thus, the uncertainty about co- 
ordination number can be minimized. The first 

one. Si, the amplitude reduction factor, can be cal- 
ibrated with the spectra of the corresponding met- 
al foils, measured in the same conditions. There is 
a coupling between Debye-Waller factor and co- 

ordination numbers that in other systems yields 
several “best” fits. increasing or decreasing simul- 

taneously both parameters. But for the special case 

The anharmonic contribution to the EXAFS 
function in small metal particles deserves particu- 

lar attention, because it can yield to an underesti- 
mation of coordination numbers as high as 25% 
[23]. In standard EXAFS formulations harmonic 
pair distribution functions are assumed. Neverthe- 
less, atoms in the surface region of the small metal 
particles move under anharmonic potential and, as 
a consequence, the pair distribution function be- 
comes asymmetric, particularly for “soft” metals, 
such as copper. This anharmonic contribution is 
minimized when decreasing the recording temper- 
ature. When this is not possible, e.g. when record- 
ing in situ the EXAFS spectrum of a catalytic 
system, somewhat higher apparent coordination 
number could be obtained by allowing the De- 
bye-Waller factor to be an adjustable parameter 
in the fits [12]. Alternatively, it can be accounted 
for calculating the amplitude A(k) and phase shift 
Y(k) functions using the cumulant expansion ap- 
proach proposed by Bunker [27] as outlined below: 

Rh/CeO, 

Fig. 7. Profile view (upper part) and planar view (lower part) of 

HRTEM simulations obtained for rhodium particles supported 

over CeOz at increasing metal particle sizes. (By courtesy of 

Prof. S. Bernal. University of Cadiz.) 

x exp(-2k’o’ + $k4 - . I .), (3) 

Y(k) = 2kR + 4(k) - ;C3k3 + . (4) 

being Cd, C,,..., higher order cumulants which are 
a measure of the deviation of the pair distribution 
function from the Gaussian shape. 

A metal-metal bond contraction for small met- 
al particles was first reported by Apai et al. [24] 
and subsequently by many other authors [28]. Al- 
though it has a small effect in the fit parameters, on 
average a few hundredths of an angstriim in coor- 
dination distances and some authors have even de- 
tected an enlargement of metal-metal distances in 
supported metal catalyst, it deserves particular at- 
tention. Since this effect has been related primarily 
with surface anharmonicity, it could be dealt with 
introducing the cumulant expansion in the EX- 
AFS formulation and, when possible, reducing 
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the recording temperature. All the above consider- 
ations are made for the equilibrium shape of free 
particles, i.e. in the absence of any interaction with 
gases and/or other phases. 

In systems where the metal phase is not fully re- 
duced, the actual and real coordination numbers 
of the oxidized species have to be known to calcu- 
late the real coordination number of the reduced 
metal particles [24]. Thus, further assumptions 
and calculations are needed in these systems. 

6. Conclusions 

The capabilities of the EXAFS technique make 
it a unique tool to determine metal particle sizes for 
particles with a diameter smaller than 15 A. As 
with every other technique, there are limitations 
that have to be known to overcome them. Within 
the range 5 A < d < 15 A a comparison with the re- 
sults obtained by TEM can be made. Nevertheless, 
for the new supported metal clusters, where metal 
aggregates include 4-8 atoms, recently reviewed 
by Gates [29], EXAFS has no competitor. 
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