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Temperature-Programmed Reduction, Oxidation, and Extended X-Ray Absorption Fine Struc-
ture (TPR, TPO, and EXAFS) experiments supply clear evidence for the formation of bimetallic
particles in Co—Rh/SiO, catalysts. After coimpregnation and drying, as well as after oxidation, the
reduction of Co—Rh/Si0, catalysts proceeds at lower temperatures than the reduction of compara-
ble Co/Si0, catalysts, indicating that rhodium catalyzes the reduction of the cobalt metal salt and
cobalt oxide. EXAFS of the Rh K-edge of the Co-Rh/Si0, catalyst shows that after reduction the
rhodium atoms in the catalyst have less cobalt neighbors than those in the Co-Rh alloy. The Rh—
Co and Rh-Rh peak intensities in the Fourier transform of the Rh EXAFS were only slightly
influenced by adsorption of oxygen at room temperature, whereas the EXAFS spectrum of the
cobalt K-edge changed completely to that of cobalt oxide. From these results it is concluded that
the reduced catalyst contains bimetallic Co—Rh particles, the interiors of which are eariched in

rhodium, while the outer layers contain more cobalt.

INTRODUCTION

TPR results obtained from y-Al;O;-sup-
ported bimetallic Co-Rh catalysts proved
that after oxygen adsorption at room tem-
perature the outer layer of the bimetallic
particles contained mainly cobalt oxide,
whereas in the particle core metallic rho-
dium was present (7). This does not neces-
sarily mean that in reduced bimetallic Co-
Rh particles the outer layer consists mainly
of cobalt, since gas-induced surface enrich-
ment of cobalt during oxygen admission
may have occurred (2). On the other hand,
cobalt enrichment in the surface of a re-
duced bimetallic Co-Rh particle is pre-
dicted on the basis of the difference in sur-
face energy of cobalt and rhodium (3, 4),
although experimental evidence for such an
enrichment has not yet been presented.
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Studies published by Sinfelt and co-
workers (5-8) have shown the usefulness
of EXAFS in obtaining structural informa-
tion on reduced bimetallic Ru—Cu, Os—Cu,
Pt-Ir, and Ir—-Rh catalysts. The first two
systems are composed of a Group VIII and
a Group IB metal, whereas the last two
consist of elements from Group VI1II only.
The Ir-Rh system resembles the Co-Rh
system best, since all three elements (Co,
Rh, and Ir) have comparable electronic
structures. From EXAFS data obtained on
Ir-Rh (1 wt% Ir, 0.5 wt% Rh) supported on
Si0; and y-Al,O; it was concluded that the
rhodium concentration in the surface region
of the Ir-Rh particles was higher than in the
interior (8).

In this publication we present the results
of a characterization study of the Co—~Rh/
SiO, system by using TPR, TPO, and EX-
AFS on both the Rh and Co K-edges. SiO;
was used as support because it does not
exhibit the disadvantages of y-Al,Os; and
TiO, with respect to EXAFS. When v-
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AlOs is used as a support, besides bimetal-
lic Co-Rh particles, CoAl,O, is formed,
and the EXAFS of the Co K-edge will then
be composed of many different absorber-
scatterer pairs, e.g., Co—Co, Co~Rh, Co-
Al, and Co-0O, which makes analysis of the
signal difficult. TiO, is less suitable as sup-
port, since its absorption of the incident X-
ray beam in the energy range of the Co K-
edge is too high to obtain a proper EXAFS
signal, when using ionization chambers as
X-ray detectors. Another reason for using
Si0O; as a support is to test and extend the
model developed for the formation of bime-
tallic Co-Rh particles on y-Al,O5 and TiO,
in previous publications (7, 9). Since a
complete analysis of the spectra is still un-
der study, the EXAFS results will be dis-
cussed qualitatively. However, as will be-
come clear, the present EXAFS results
already supply very useful information
about the structure of the reduced bimetal-
lic Co—Rh particles supported on SiO;.

EXPERIMENTAL

Three silica-supported catalysts were
prepared: Rh/SiO; (3.9 wt% Rh), Co/SiO;
(4.1 wt% Co), and Co-Rh/SiO, (4.9 wt%
metal, atomic ratio Co:Rh = 1:1). The
metal salts were deposited on the SiO; sup-
port (Grace, S. D. 2-324.382, 290 m? g~¥) by
incipient wetting with aqueous solutions of
Co(NOs), - 6H,0 (Merck P.A.), RhCl; -
3H,O (Drijfhout), and of mixed solutions.
The resulting impregnated catalysts were
dried overnight at room temperature, then
for 60 h at 393 K to remove the majority of
the adsorbed water. Part of the impreg-
nated and dried Co-Rh/SiO, batch was di-
rectly reduced in flowing H; (Research
Grade, Hoekloos) by heating at S K min™!
to 773 K and maintaining that temperature
for 1 h. Directly after reduction, the cata-
lyst was passivated at room temperature by
replacing the H, flow by N, and subse-
quently slowly adding O, up to 20%. The
Co and Rh contents of the dried catalysts
were determined by using atomic absorp-
tion and colorimetry, respectively.
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Hydrogen chemisorption measurements
were performed in a conventional glass sys-
tem at 298 K. Before measuring the desorp-
tion isotherms, the impregnated and dried
catalysts were reduced at 773 K (heating
rate 5 K min~!) for 1 h under flowing hydro-
gen (purified by passing through a Pd diffu-
sion cell), and evacuated (102 Pa) for an-
other hour, at 773 K for Rh/SiO, and at 573
K for Co/SiO; and Co-Rh/SiO,. The co-
balt-containing catalysts were evacuated at
lower temperatures in order to avoid forma-
tion of water by dehydroxylation of the
support and thus to avoid reoxidation of co-
balt (/).

TPR and TPO experiments were carried
out with circa 200 mg catalyst in an appa-
ratus as described by Boer et al. (10). The
flow rate of gases through the reactor was 5
c¢m’® min~! and the temperature was raised
at 5 K min~! within the temperature range
of 223 to 773 K. The following sequence of
treatments in the TPR apparatus has been
used. The sample was dried in Ar at 393 K
for 1 h and subsequently cooled to 223 K,
after which a TPR profile was recorded.
Next H, was removed from the reactor at
773 K for Rh/SiO,, at 573 K for Co/SiO»,
and Co-Rh/SiO, by He flushing, to avoid
H, chemisorption on the catalyst during
cooling. After cooling to 223 K in He a TPO
profile was measured, followed by cooling
to 223 K and flushing with Ar for 1 h. Fi-
nally, a second TPR was recorded. For fur-
ther details on the experimental TPR and
TPO procedures, see previous publications
1, 11).

The EXAFS experiments were per-
formed on X-ray beam line I-5 at the Stan-
ford Synchrotron Radiation Laboratory
(SSRL) with a ring energy of 3 GeV and
ring currents between 40 and 80 mA. The
samples used for the EXAFS experiments
were pressed into thin self-supporting wa-
fers and mounted in an EXAFS in situ cell
(12). The EXAFS spectra were recorded at
liquid-nitrogen temperature. Spectra of the
Co and Rh K-edges of Co-Rh/SiO, were
recorded (under 100 kPa H,) after the pas-



212

a TPR b
Co

=¥

~
.
i
R

]
1
]
]
]
]
T
]
1

VAN 'T BLIK, KONINGSBERGER, AND PRINS

TPR

Co Hy

M

.30}
]/v

Hay- uptake

L L N ]m'_—ﬂﬂ_.

[
2
073 s 152
-3
3
SNHVANEEN
Rh
0.71 f 1140
pmgn g L e ). W (S S

71 1 7 T 1 | S S —
773 223
273

temperature

F1G. 1. TPR and TPO profiles of SiO,-supported cobalt, rhodium, and cobalt-rhodium catalysts. The
numbers next to the curves refer to the total H, or O, consumptions, expressed per total amount of
metal atoms present in the catalysts. Temperature was increased with a rate of 5 K min~!. Accuracies:

H,/M, 5%; 0./M, 10%.

sivated catalyst had been reduced in situ at
673 K. After these measurements the sam-
ple was evacuated at room temperature and
0, was admitted. EXAFS spectra (under
100 kPa O,) were again recorded in situ.
The Rh K-edge spectrum of the bulk Co-
Rh alloy (atomic ratio Co:Rh = 1:1) has
also been measured.

RESULTS

The hydrogen chemisorption measure-
ments yieldled H/M (M counted as total
number of metal atoms) values of 0.13,
0.44, and 0.25 for the reduced SiO,-sup-
ported Co, Rh, and Co-Rh catalysts.

Profiles of TPR and TPO obtained with
the silica-supported Co, Rh, and Co-Rh
catalysts are shown in Fig. 1. The numbers
printed next to the profiles correspond to
the ratio of the amount of gas consumed
and the total amount of metal.

Reduction of the impregnated and dried
Co/SiO; catalyst mainly occurs within the
relatively broad temperature range of 273-
600 K. However, at 773 K hydrogen uptake
is still visible. The reduction of impreg-
nated and dried Rh/SiO, is already com-
plete at 473 K. In the TPR profile two peaks

are visible, one at 368 K, which is assigned
to the reduction of Rh,0O; (formed by hy-
drolysis during impregnating and drying)
and one at 413 K, at which temperature
RhCl; is reduced (/3). The TPR profile of
the impregnated and dried bimetallic cata-
lyst shows that the reduction takes place
mainly between 273 and 510 K. This dem-
onstrates that the rate of reduction of cobalt
nitrate is enhanced by the presence of rho-
dium and suggests, but does not prove, that
both metal salts are in intimate contact with
each other after impregnation. Such a proof
should be obtained from an experiment sub-
sequent to the TPR experiment. For the
same reason as mentioned in our study of y-
AlLO;-supported cobalt catalysts (/), the
observed H,/M values for the nitrate-con-
taining catalysts give no indication about
the reduction degree of the metals after
TPR; the simultaneous reduction of the re-
sidual nitrate groups gives rise to an en-
hanced H,/M value. The total amount of
hydrogen consumed during TPR of Rh/SiO,
indicates that the reduction of rhodium was
complete (95 + 5%).

The TPO profiles of the reduced catalysts
(Fig. 1) show oxygen uptake at 223 K due to
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F1G. 2. EXAFS of the Rh K-edge of the Co—Rh alloy
and the Co—Rh/SiO, catalyst. (a) Normalized EXAFS
data for the Co~Rh alloy (molar Co/Rh ratio = 1); (b)
Normalized EXAFS data for Co-Rh/SiO,, reduced in
situ at 673 K; and (c) the k! Fourier Transforms of the
EXAFS of the Co-Rh alloy, the reduced Co-Rh/SiO,
catalyst, and also, for r < 3 A, of the Rh foil.

chemisorption. The oxidation of Co sup-
ported on silica is already complete at 573
K, whereas higher temperatures are needed
to completely oxidize the Rh and Co-Rh
catalysts. This might seem somewhat sur-
prising in the light of a finding that better-
dispersed Rh catalysts are easier to oxidize
(11). Apparently, the cobalt oxide layer
formed during oxidation of Co catalysts is
less protective toward further oxidation of
the kernel than the Rh,;0; layer of Rh cata-
lysts. If it is assumed that during oxidation
Co030, and Rh,0; are formed, the reduction
degrees of the metals after the first TPR, as
determined from the observed O,/M val-
ues, are within the experimental uncer-
tainty equal to 100%.

Subsequent TPR measurements resulted
in profiles as presented in Fig. 1c. In order
to reduce Co3;04 completely, the TPR had
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to be extended to 973 K. The TPR profile is
characterized by hydrogen uptake in a wide
temperature range. The reduction starts at
473 K and is complete at 973 K. The reduc-
tion of SiO,-supported Rh,05 is complete at
410 K; the concurrent hydrogen uptake is
concentrated in a single peak with a maxi-
mum at 350 K. Above 420 K the hydrogen
consumption is negative, because of hydro-
gen desorption from the catalyst surface.
The reduction of the bimetallic catalyst is
characterized by a main peak around 400 K
and a shoulder at lower temperatures. The
fact that an oxidic bimetallic Co—Rh cata-
lyst is reduced at higher temperatures than
an oxidic monometallic Rh catalyst can be
explained by the difference in metal disper-
sion. As shown before (17), large rhodium
oxide particles reduce at higher tempera-
tures than smaller particles. Note that the
reduction of the bimetallic catalyst is com-
plete before the oxidized monometallic Co
catalyst starts to reduce. This suggests that
after oxidation the two metal oxides are
close together. The observed H,/M values
show that the reduction degrees of the three
catalysts are high; within the experimental
error they are equal to 100%.

In order to obtain more information
about the structure of the metal particles in
the reduced Co-Rh/SiO; catalyst, EXAFS
spectra were measured. Figures 2a and b
show the normalized EXAFS function x(k)
of the Rh K-edge of, respectively, the Co-
Rh alloy and the Co~Rh/SiO; catalyst, re-
duced in situ at 673 K. The oscillations are
due to rhodium as well as cobalt neighbor
atoms. The associated &' Fourier Trans-
forms (FT’s) of the EXAFS functions,
taken over the wavevector range of 3-15
A-1, are presented in Fig. 2c. This figure
also includes, for R < 3 A, the k' Fourier
Transform (reduced four times) of the
EXAFS of Rh foil performed on a k-interval
of 315 A~ (/4). Note that the peaks in the
transformed functions are shifted from the
true interatomic distances because of phase
shifts (15). The FT’s of the bimetallic sys-
tems are characterized by two peaks, one
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around 2.4 A, another around 1.9 A. Since
the main peak in the FT of the Rh foil K-
edge is situated around 2.4 A as well, we
ascribe the first peak to rhodium nearest
neighbors. The latter peak cannot be as-
signed to a side lobe, caused by the nonlin-
ear k-dependences of the backscattering
amplitude and the phase of rhodium, since
the peak intensity is too high. As was
proved by X-ray diffraction the metals co-
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homogeneously mixed, and therefore, on
the average, each rhodium atom is sur-
rounded by six rhodium and six cobalt at-
oms and vice versa. Although a complete

quanmanve analy51s of the EXAFS data

must await further study, the results of a
nrehmmarv mmllt;mve analysis prove be-

yond any doubt a difference in length of the
Rh-Rh bond (2.66 = 0.02 A) and the Rh-
Co bond (2.60 = 0.02 A). The peak around
1.9 A is then caused by interference of Rh—
Rh and Rh—-Co EXAFS oscillations. The
peak intensity is a measure for the total
amount of Rh—Co bonds and therefore we
denote this peak as the Rh~Co peak. The
EXAFS spectrum thus proves that after re-
duction of the coimpregnated salts bimetal-
lic (alloyed) Co—Rh particles are present, as
was alrpadv qnoapcfpd by the TPR results.

Figure Zc clearly shows that the intensity
of the Rh~Co peak of the reduced Co~Rh/
SiO; catalyst is smaller, and the intensity of
the Rh—-Rh peak is larger than the intensity
of the comparaunc pcana of the Co—Rh al-
loy. This indicates that the rhodium atoms
in the reduced catalyst are more sur-
rounded by rhodium atoms than by cobalt
atoms.

In order to investigate the influence of
oxygen on the structure of the bimetallic
particles, EXAFS gspectra were recorded
after oxygen admission at room tempera-
ture to the reduced catalyst, leading to a
passivated catalyst. The intensity of the
Rh-Co and Rh—Rh peaks in the rhodium

transform are onlv sliechtlv influenced hv

transform are only slightly influenced
adsorption of oxygen. On the other hand,
the EXAFS spectrum of the Co-Rh/SiO,

0.40

045 T Tt -

o s 10 s 2
k (®Y)
F1G. 3. Normaiized EXAFS data of the Co K-edge
of the Co—Rh catalyst: (a) reduced at 673 K; (b) subse-
quently exposed to air.

catalyst taken at the Co K-edge changes
drastically after oxygen adsorption (Fig. 3).
The much faster decrease of the EXAFS
intensity with £ demonstrates that after ox-

ygen adsorption the average cobalt atom
has low-Z (oxygen) atoms as neighbors.
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DISCUSSION

With regard to the formation of bimetallic
Co-Rh particles on a support, the results of
this investigation completely fit into the pic-
ture obtained for Co-Rh supported on vy-
AlLO, (cf. Fig. 4). A difference is that in the
case of the SiO,-supported catalyst no irre-
ducible compounds such as CoALQ, are
formed.

The TPR profiles of the impregnated and
dried catalysts suggest that the two metal
salts in Co—Rh/SiO; might be in intimate
contact, because the Co-Rh/SiO; catalyst
reduces at lower temperatures than the

monometallic Co/SiO, catalyst. Once the
more noble rhodinm metal is formed, it cat-
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alyzes the reduction of the less noble cobalt
metal sait. Real proof for the formation of
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F1G. 4. Model for the formation of bimetallic Co-Rh
particles during reduction of the impregnated catalyst
and the change in structure of the particles during dif-
ferent treatments.

bimetallic particles comes from the EXAFS
measurements. The Co-Rh phase diagram
shows that the two metals form a homoge-
neous solid solution (/6) and as a conse-
quence, once an alloy is formed, there is no
driving force to separate the metals during
reduction.

Even without a detailed and lengthy anal-
ysis (for which spectra of reference com-
pounds as well as spectra at different Co to
Rh ratios would be needed), the Rh and Co
EXAFS spectra as such contain (qualita-
tive) information, which is very valuable in
answering questions such as whether bime-
tallic (alloyed) Co—Rh particles have been
formed and whether there is surface enrich-
ment in such particles. The EXAFS spectra
prove that bimetallic particles are indeed
formed during reduction. The FT of the
EXAFS function on the Rh K-edge of the
Co-Rh/SiO, catalyst shows that after re-
duction of the catalyst a rhodium-rich
phase is formed, since the rhodium atoms
have more rhodium neighbors than in the
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Co-Rh alloy. It is obvious that the forma-
tion of a phase, rich in rhodium, must be
accompanied by the formation of a phase
which is rich in cobalt. The bimetallic parti-
cles formed during reduction apparently
consist of an inner part which is rich in rho-
dium, whereas the outer layer is enriched in
cobalt, since: (1) the rhodium-rich phase is
hardly affected by oxygen admission at
room temperature (the EXAFS spectrum of
the Rh K-edge is only slightly influenced);
(if) oxygen adsorption changes the coordi-
nation shell of cobalt completely and the
EXAFS spectrum of the Co K-edge after O,
admission (Fig. 3b) is characteristic for Co-
O coordination.

Thus, in agreement with predictions
based on the difference in surface energy
for Co and Rh (3, 4), EXAFS has proved
that during reduction of a Co-Rh catalyst
cobalt enrichment in the surface of bimetal-
lic particles takes place. Note that for an
equiatomic alloy the contributions of heat
of solution and of size mismatch are much
less important than for a dilute alloy, al-
though, in contrast to what Miedema has
stated (4), they can never be disregarded.
Abraham and Brundle (/7) have predicted
that a Co—Rh alloy will be enriched in rho-
dium. Their prediction applied to a cobalt-
rich alloy, however, and furthermore, they
used a theory, which according to Miedema
(4) largely overestimates size mismatch and
therefore predicts rhodium, instead of co-
balt, enrichment of the surface.

Comparison of the TPO profiles for the
three catalysts shows that the same high
temperatures are needed for complete oxi-
dation of the Rh/SiO, as for the Co-Rh/
Si0, catalyst. During TPO the cobalt-rich
surface is oxidized first, as proved by EX-
AFS, and therefore the oxygen consump-
tion at higher temperatures is caused by ox-
idation of the rhodium-rich core. After
oxidation cobalt and rhodium are present as
C0304 and haO}.

The TPR profile of the oxidized Co/SiO,
catalyst shows that a temperature of 973 K
is needed to reduce the metal oxide,
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whereas bulk Co;0, is reduced completely
around 730 K. This result is in accordance
with the findings of Paryjczak et al. (18)
and was interpreted in terms of a metal-
support interaction. Most probably some
cobalt silicate is formed at the cobalt oxide—
support interface, which is hard to reduce.
If the reduction is performed at intermedi-
ate temperatures, cobalt oxide is reduced,
but cobalt silicate resists reduction. This
cobalt silicate serves as a “‘glue’’ attaching
the metallic particle to the support.

We note that the reduction of the oxi-
dized bimetallic particle occurs within the
same temperature range as the reduction of
the oxidized monometallic Rh/SiO, catalyst
and is complete below the temperature at
which the oxidized Co/SiO, catalyst starts
to reduce. Apparently, rhodium catalyzes
the reduction of cobalt oxide, which implies
that both metal oxides are close together.

The general aspects of the TPR and TPO
profiles of the Co, Rh, and Co-Rh catalysts
do not depend much on the support. Of
course, there are some differences, but
these can easily be explained by such ef-
fects as dispersion (the TiO, we used had
a much smaller surface area than the Al,O;
and Si0O,), and interaction between support
and cobalt ions (with Al,O; even part of the
cobalt ions cannot be reduced at all,
whereas cobalt ions on SiO, can only be
reduced fully at high temperature). Special
attention might be attracted by the fact that
the formation of CoRh,04 was only indi-
cated on TiO,. However, this seemingly
different behavior of TiO,-supported Co—
Rh might be rather trivial, because it was
only on TiO, that we had to go to 900 K to
be able to fully oxidize Rh and Co—-Rh dur-
ing TPO. The reason for this is not com-
pletely clear, but might be due to the fact
that small TiO, species on top of the metal
particles (being brought there when the
metal compounds were being reduced and
brought into the SMSI state) might have a
negative influence on the rate of oxidation
of the metal particles. Because of the fact
that we went to 973 K during TPO only with
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Co-Rh/TiQ,, it is no surprise that only in
this system was the formation of CoRh,0,
inferred. Indeed, no CoRh,04 was formed
when Co-Rh/TiO; was oxidized just to 773
K (cf. Fig. 9a of Ref. (9)), as in the cases for
Co-~Rh supported on Al,O3 and SiO,.

Finally, we consider the implications of
our observations for other bimetallic cata-
lysts. The conceptual model of the struc-
tural changes which occur upon oxidation
and reduction treatments (cf. Fig. 4) ap-
pears to be valid for Co—Rh supported on y-
ALO; (1), TiO; (9), and on SiO,. This
model may even be extended to other al-
loys because as long as they form solid so-
lution they will show similar behavior. Ex-
amples are: Fe-Rh (/9), Ni-Rh (20),
Pt—Ru (21), Pt-Ir (22-25), Pt—-Re (26), and
Ru-Cu (27). Spectroscopic proof for the
formation of bimetallic particles has been
presented for two other catalysts which are
closely related to Co—Rh/SiO,, namely Fe—
Rh/SiO, and Ni-Rh/SiO,. For the Fe-Rh
catalyst this was proved by a combination
of Mossbauer, XPS, and TPR measure-
ments (/9), while for the Ni-Rh catalyst
ferromagnetic resonance and TPR gave the
proof (20). The fact that for the reduced
Ni-Rh catalyst no FMR signal could be ob-
served established beyond any doubt that
only bimetallic, nonmagnetic particles had
been formed.

Generally, during reduction of a coim-
pregnated bimetallic catalyst alloying of the
two metals takes place. Once noble metal
particles have been formed, they serve as
catalysts in the reduction of the salt of the
less noble metal. An intimate contact is not
a necessary prerequisite to form bimetallic
particles during reduction, as reported by
Bond and Yide (27) for RuCl; and Cu(NOs),
supported on SiO,. Their TPR results
showed that RuCl; was reduced first, so the
proposed mechanism of cluster formation
was that Cu(NOs), was reduced by hydro-
gen spill-over from ruthenium and the re-
sulting copper atoms then migrated to ru-
thenium particles.

The surface of bimetallic particles is en-



TPR, TPO, AND EXAFS OF Co-Rh/SiO,, Il

riched in the component which has the low-
est surface energy, e.g., Co in Co-Rh, Fe
in Fe—Rh, and Pt in Pt-Ru. A mild oxida-
tion leads to surface enrichment of the
metal which has the highest affinity toward
oxygen. The bimetallic particles stay
largely intact after oxygen adsorption at
moderate temperatures, since although in
the presence of adsorbed oxygen the clus-
ters are thermodynamically unstable, the
rate of segregation of metal oxides is slow.
This has been found for Co-Rh, Pt-Ru,
Fe—-Rh, as well as Pt—Re. Generally, a thor-
ough oxidation induces segregation of the
metal oxides. Thus, the intimacy of the two
metals in the reduced bimetallic catalyst is
terminated by an oxidative treatment. Seg-
regation depends on the miscibility charac-
teristics of the bulk metal oxides and on the
strength of the interactions between metal
oxides and support. An example of a cata-
lyst in which no segregation of the metal
oxides takes place is Co~Rh supported on
TiO,, probably due to the formation of
CoRh,04 (9). A low-temperature reduction
of an oxidized catalyst in which segregation
has taken place may lead to a catalyst in
which both metals are separated. This
means that the specific advantages of alloy-
ing are lost. A high-temperature reduction,
however, usually leads to co-clustering of
the metals, but metal dispersion may be less
compared with the catalyst before oxida-
tion. Thus, Wang and Schmidt (28) ob-
served that upon oxidation of a Pt—Rh/SiO,
catalyst Rh,0; forms at the edge of Pt metal
cores. Reduction at 298 K then produced
separate Rh and Pt particles, which coa-
lesced upon heating to 573 K, producing
bimetallic particles surface-enriched in Rh.
Homogenization of these particles did not
occur until the temperature was raised
above 773 K. De Jongste and Ponec (29),
however, have noted that Pt—Au alloy par-
ticles on alumina are destroyed by oxida-
tion but cannot be reformed by reduction
(in contrast to the same alloy supported on
SiO,). Therefore, as already stated by Sin-
felt (24), oxidation is to be avoided if the
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original clusters are to be preserved. Fur-
thermore, calcination before reduction, fre-
quently and effectively employed in cata-
lyst preparation is probably undesirable if
highly dispersed clusters are required: di-
rect reduction of the precursor salts might
be preferred.

ACKNOWLEDGMENTS

The EXAFS part of this study was carried out at
SSRL (Stanford University), which is supported by
the U.S. National Science Foundation through the Di-
vision of Materials Research and by the National Insti-
tutes of Health through the Biotechnology Resource
Program in the Division of Research Resources in co-
operation with the Department of Energy. This study
was supported by the Netherlands Foundation for

‘Chemical Research (SON) with financial aid from the

Netherlands Organization for the Advancement of
Pure Research (ZWO). One of us (D.C.K.) would also
like to thank ZWO for supplying a travel grant (R 71-
34).

REFERENCES

1. van ’t Blik, H. F. J., and Prins, R., J. Catal. 97,
188 (1986).

2. Bouwman, R., Lippits, G. J. M., and Sachtler, W.
M. H., J. Catal. 25, 300 (1972).

3. Williams, F. L., and Nason, D., Surf. Sci. 45, 377
(1974).

4. Miedema, A. R., Z. Metallkd. 69, 455 (1978).

5. Sinfelt, J. H., Via, G. H., and Lytle, F. W., J.
Chem. Phys. 72, 4832 (1980).

6. Sinfelt, J. H., Via, G. H., Lytle, F. W., and
Greegor, J., J. Chem. Phys. 75, 5527 (1981).

7. Sinfelt, J. H., Via, G. H., and Lytle, F. W., J.
Chem. Phys. 76, 2279 (1982).

8. Meitzner, G., Via, G. H., Lytle, F. W., and Sin-
felt, J. H., J. Chem. Phys. 78, 2533 (1983).

9. Martens, J. H. A., van 't Blik, H. F. J., and Prins,
R., J. Catal. 97, 200 (1986).

10. Boer, H., Boersma, W. J., and Wagstaff, N., Rev.
Sci. Instrum. 53, 349 (1982).

11. Vis, J. C., van "t Blik, H. F. J., Huizinga, T., and
Prins, R., J. Mol. Catal. 25, 367 (1984).

12. Koningsberger, D. C., and Cook, J. W., in
“*EXAFS and Near Edge Structures” (A. Bian-
coni, L. Incoccia and S. Stipcich, Eds.), p. 412.
Springer-Verlag, Berlin, 1983.

13. Newkirk, A. E., and McKee, D. W., J. Catal. 11,
370 (1968).

14. van Zon, J. B. A. D., Koningsberger, D. C., van 't
Blik, H. F. J., and Sayers, D. E., J. Chem. Phys.
82, 5742 (1985).

15. Sayers, D. E., Stern, E. A., and Lytle, F. W.,
Phys. Rev. Lett. 27, 1204 (1971).



218

VAN 'T BLIK, KONINGSBERGER, AND PRINS

16. Koster, W., and Horn, E., Z. Metallkd. 43, 444  23. Faro, A. C., Cooper, M. E., Garden, D., and

17.

18.

19.

20.

21.

22.

(1952).

Abraham, F. F., and Brundle, C. R., J. Vac. Sci.
Technol. 18, 506 (1981).

Paryjczak, T., Rynkowski, J., and Karski, S., J.
Chromatogr. 188, 254 (1980).

van’t Blik, H. F. J., and Niemantsverdriet, J.
W., Appl. Catal. 15, 155 (1984).

Koningsberger, D. C., and van Mill, L., to be pub-
lished.

Miura, H., Suzuki, T., Ushikubo, Y., Sugiyama,
K., Matsuda, T., and Gonzalez, R. D., J. Catal.
85, 331 (1984).

Wagstaff, N., and Prins, R., J. Catal. 59, 446
(1979).

24.
25.

26.

27.

28.

29.

Kembeall, C., J. Chem. Res., Paper E/183/82, 1114
(1983).

Sinfelt, J. H., U.S. Patent 3,953,368 (1976).
Sinfelt, J. H., and Via, G. H., J. Catal. 56, 1
(1979).

Wagstaff, N., and Prins, R., J. Catal. 59, 434
(1979).

Bond, G. C., and Yide, X., J. Mol. Catal. 25, 141
(1984).

Wang, T., and Schmidt, L. D., J. Catal. 71, 187,
411 (1981).

de Jongste, H. C., and Ponec, V., J. Catal. 64, 228
(1980).



