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Pt/SiO,, Au/SiO,, and bimetallic Pt—-Au/SiO, catalysts were prepared by incipient wetness
impregnation of nonporous SiO;. The catalysts were characterized after reduction in H, by static
volumetric chemisorption and infrared spectroscopy. For the monometallic and the bimetaltic
catalysts, H,, O,, and CO were used as adsorbates at room temperature. Additionally, for the
monometallic Au/SiO, catalyst, O, adsorption at 473 K was also used. Infrared spectra of adsorbed
CO were obtained on all catalysts. Addition of gold decreased the uptake of all three adsorbates at
room temperature, without significantly influencing the relative amounts of weakly held adsorbed
species which could be removed upon pumping for 30 min. Agreeing with CO chemisorption data,
the total integrated intensity of the linear CO band decreased with increasing Au content. The IR
results indicated a predominantly geometric effect of Au causing a shift of the linear CO band to
lower wavenumbers. The shift could be rationalized in terms of decreased dipole-dipole coupling
of adsorbed CO species. The results are discussed within the context of a previous investigation
using electron microscopy, TPR, and reactivity data. Portions of the bimetallic catalysts were
subjected to three high-temperature oxidation/reduction cycles and characterized by static chemi-

sorption of H, to investigate the effect of this thermal treatment on Pt dispersion.
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INTRODUCTION

Pt—Au/SiO; is a particularly interesting
bimetallic catalytic system to study. Auis a
poor catalyst compared to Pt, thereby al-
lowing one to assess more clearly the effect
of the second metal component. The Pt—Au
phase diagram shows a miscibility gap be-
tween 18 and 98% Pt (). In this range of
composition, one would not expect bulk
three-dimensional alloys on supported bi-
metallic catalyst samples to form (2), al-
though the formation of small bimetallic ag-
gregates or ‘‘clusters’ is conceivable. A
detailed study of the microstructure and re-
activity of the catalysts used in this work
has been presented elsewhere (3).

This paper follows up on the microstruc-
tural characterization and deals with the ad-
sorption behavior of Pt—Au/SiO, catalysts.
The techniques that we used in this study
were chemisorption of H,, CO, and O, at
room temperature, and infrared spectros-
copy of adsorbed CO. The goal was to learn
more about the adsorption behavior of
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these catalysts with special emphasis on the
effect of the addition of the second metal.
There have been several previous studies
on the Pt—Au system. A general tendency
has been found for the segregation of Au to
the surface of Pt—Au alloys. This phenome-
non has been attributed to the lower heat of
sublimation of gold compared to that of
platinum. Bouwman and Sachtler (4) in
their work on vapor-deposited and sintered
Au-Pt films found that the gold-rich ailoy
phase had a lower work function than gold
or platinum alone and that the gold-rich
phase covered the platinum-rich phase in
compositions that fell within the miscibility
gap. Sachtler et al. (4, 5) discovered that for
equilibrated Au-Pt films with compositions
in the miscibility gap the surface composi-
tion would not change and their work func-
tions would be the same. This study also
showed that exposure to CO for extended
periods of time led to an increase in the
amount of platinum on the surface of the
film (4). The surface enrichment of Pt oc-
curred because Pt chemisorbs CO to a
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much larger extent than Au does, and
hence, this configuration would lead to a
decrease in surface free energy due to the
increased bond formation with CO (6). Au-
ger electron spectroscopy on polycrystal-
line Pt-Au samples containing 2, 5, and
90% Au showed surface segregation of gold
in the alloys resulting from the significantly
lower surface free energy of Au, even
though in the alloy containing 90% Au the
heat of solution and elastic strain mismatch
data would have predicted otherwise (7).
Selective chemisorption of gases on a
supported bimetallic catalyst system where
one metallic component strongly adsorbs
the gas while the other adsorbs either
weakly or not at all is a good way to either
obtain individual metal dispersions or as-
sess the effect of one metal on the strength
of adsorption of a gas on the other metal.
The Pt-Au/SiO, system is interesting be-
cause at room temperature gold alone does
not show any significant uptake of H, or O,
while it reversibly adsorbs some small
amounts of CO. Platinum, on the other
hand, adsorbs significant amounts of H,,
CO and O; at room temperature with well-
known chemisorption stoichiometries. Sup-
ported gold has been found to adsorb O, at
473 K with the stoichiometry Au/O = 2 (8).
In this work we have reported the results of
room temperature adsorption of H,, CO,
and O, on Pt—Au/Si0; catalysts. The use of
three different adsorbates provides a larger
data base for metallic dispersion. O, chemi-
sorption at 473 K has been carried out to
determine the average particle size in the
case of the monometallic Au/SiO, catalyst.
Infrared spectroscopy using CO as adsor-
bate was used to provide finer details about
the influence of gold on the adsorption be-
havior of CO on Pt sites. IR work has been
done on several bimetallic systems contain-
ing either Pt or Pd as the primary metal and
a host of second metals like Ag, Au, Cu,
Pb, Sn, and Re. One objective of these
studies was to determine whether there are
ensemble effects, ligand effects, or both
present as a result of addition of the second
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metal. Kugler and Boudart (9) found indica-
tions of both ligand and ensemble effects in
their work on small palladium-gold alloy
particles. The high-frequency CO adsorp-
tion bands on Pd (above 2000 cm™) shifted
to lower wavenumbers with increasing Au
content. This was attributed to a ligand ef-
fect as surface coverage did not affect the
position of these bands. On the other hand,
the band intensity of the irreversibly ad-
sorbed CO increased with increasing Pd
content and this was attributed to an en-
semble effect. Somo-Noto and Sachtler (J0)
in their study on Pd-Ag alloys found that
the intensity of the linearly adsorbed CO
increased relative to the bridge-bonded spe-
cies on alloying Pd with Ag, giving evi-
dence for a geometric effect. Hendrickx
and Ponec (1I) used isotopic dilution and
found that the Pd-Cu alloy system did not
show any measurable ligand effect while
the Pd—-Ag system showed some effect, al-
though it was not very large. Ponec and co-
workers (12, 13) have studied supported
catalyst systems containing Pt alloyed with
other metals. Their results showed a de-
crease in the adsorption band frequency for
CO linearly adsorbed on Pt by alloying with
Pb, Sn, Re, or Cu, but only for Pb was there
any evidence of an electronic effect over
and above the geometric effect. Palazov et
al. (14) also suggested that in the supported
Pt~Pb system there are both geometric and
electronic effects which can modify the re-
activity of the system. A detailed adsorp-
tion study of the Pt—Ag/SiO, alloy system
was performed by De Jong et al. (15). They
found that CO was adsorbed in linear fash-
ion on Pt sites and that dilution of the Pt
sites with Ag led to a shift of the IR band to
lower wavenumbers.

These and other results encouraged us to
take a closer look at the Pt—Au/SiO, sys-
tem. The catalysts studied were monome-
tallic Pt/SiO,, monometallic Au/SiO,, and
two bimetallic catalysts having 17 and 30
at.% Au, so that their bulk compositions
lay in the region of the miscibility gap in the
Pt—Au phase diagram. A blank silica sam-
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ple was examined under similar experimen-
tal conditions to assess any effects of the
support alone. The catalysts were prepared
and pretreated using techniques generally
used for dispersed metal catalysts and no
attempt was made to deliberately create al-
loys or solid solutions. The reactivity and
microstructure data of these catalysts as
detailed in Ref. (3) showed that the catalyst
with 17 at.% Au had a lower selectivity to
isomerization products in #-hexane conver-
sion reactions compared to that of the
monometallic Pt/SiQ, catalyst, while the
catalyst containing 30 at.% Au bechaved in
the opposite way. This difference in the re-
activity was also highlighted in the TPR and
the microscopy results which indicated
closer interaction between Pt and Au in the
case of the catalyst having 30 at.% Au. In
light of these results we felt it was neces-
sary to attempt to understand better the
role of Au in modifying the catalytic sur-
face. Hence, chemical probes such as gas
chemisorption and infrared spectroscopy of
adsorbed CO were chosen as additional
characterization tools.

EXPERIMENTAL
1. Catalyst Preparation

The nominal catalyst loadings are shown
in Table 1 including the actual metal com-
positions as determined by neutron activa-
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tion analysis. The silica support used was
nonporous Degussa aerosil 200 (BET sur-
face area = 200 m?/g). The composition in
wt% as specified by the manufacturer was
Si0, > 99.8, AlL,O; < 0.03, Fe,03 < 0.003,
TiO; < 0.03, HCI < 0.025, and sieve resi-
due <0.05. The platinum precursor was hy-
drogen hexachloroplatinate (IV) hydrate
containing 39.7% Pt and the gold precursor
was hydrogen tetrachloroaurate trihydrate
with a gold composition of 50% (Aldrich
Chemicals). The monometallic samples
were prepared by impregnation of the sup-
port with aqueous solutions of the metal
precursors using the method of incipient
wetness. The bimetallics were coimpregna-
ted using the same technique. The impreg-
nation was followed by a drying step at 393
K in flowing high-purity air. All samples
were prereduced in flowing hydrogen (ul-
trahigh purity) for 14 h at 673 K.

II. Chemisorption

The chemisorption experiments were
performed in an all-glass static volumetric
high-vacuum system with two liquid nitro-
gen-cooled traps preventing backstreaming
of pump fluids. The system had two pres-
sure gauges: an MKS Baratron Type 122A
pressure gauge with two capacitance ma-
nometers (0-10 Torr, 10-1000 Torr range)
and a calibrated Veeco ionization gauge to
measure pressure in the 1073 to 10¢ Torr

TABLE 1

Catalyst Composition and Chemisorption Results

Catalyst Metal Au Gas uptake (cc STP/g catalyst)
nominal wt% wt% atom%
Hydrogen Oxygen CcO
(total) -
Total % Weak Total % Weak

1.0 Pt 1.00 0 0.383 35 0.261 0.574 9
1.0 Pt-0.3 Au 1.39 17 0.182 40 0.133 0.273 11
1.0 Pt-0.7 Au 1.58 30 0.087 38 0.067 0.134 10
2.0 Au 1.25 100 0.040°

¢ Trreversible uptake at 473 K corrected for adsorption on support.
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range (1 Torr = 133.3 Pa). Research-grade
gases stored in Pyrex glass bulbs were used
for the experiments. The temperature of the
adsorption zone was controlled to about 1
K accuracy.

The pretreatment protocol consisted of
room temperature evacuation for 20 min,
heating to 673 K in about 40 min, and evac-
uation at 673 K for 4 h to remove water and
other adsorbed impurities. Then, the reduc-
tion was started in 250 Torr of static hydro-
gen. After 12 h, the sample loop was evacu-
ated at 673 K for 30 min. A second dose of
250 Torr hydrogen was admitted to the
sample and kept there for 2 h, followed by a
high-temperature evacuation at 678 K for 9
h at pressures close to 1 X 1073 Torr. Then
the sample was cooled to room temperature
under dynamic vacuum to collect adsorp-
tion isotherm data.

Each set of isotherms consisted of a total
uptake isotherm and an isotherm to deter-
mine weakly adsorbed gas. After the first
isotherm the sample was evacuated at the
same temperature for 30 min and a second
isotherm was obtained. The difference be-
tween these two isotherms gave us the
strongly held gas at a given temperature af-
ter 30 min evacuation. This definition of ir-
reversible adsorption on Pt—~Au/aerosil has
been used before by Anderson et al, (16).
The equilibrium pressures in our experi-
ments were typically in the 0-12 Torr
range. For the room temperature isotherms
sufficient time was allowed for equilibration
before collecting data points. Each iso-
therm consisted of six or more points. The
method of extrapolation of the linear region
of the isotherm to zero pressure was used
to get the uptake of gas on the sample. In
the case of the bimetallics this same proce-
dure has been adopted and the same stoi-
chiometry of adsorption has been used as
would be used for monometallic Pt/SiO,.
The validity of this method has been veri-
fied for hydrogen adsorption by Anderson
et al. (16).

After collecting hydrogen chemisorption
data at room temperature, the sample was
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heated to 678 K, evacuated for 9 h, and
then cooled to room temperature for CO
chemisorption. Subsequently, to remove
the adsorbed CO, the sample was heated to
673 K under dynamic vacuum and evacu-
ated for 4 h. It was then reduced for 4 h and
again subjected to high-temperature evacu-
ation. After cooling to room temperature
under dynamic vacuum, O, chemisorption

-was carried out. After the chemisorption

experiments, the dead volume of the reac-
tor loop was determined by expanding he-
[ium.

Besides room temperature isotherms, O,
adsorption experiments were also carried
out at 473 K on the monometallic 2.0 Au/
Si0; catalyst. For this purpose, the sample
was again reduced and evacuated at the
same temperatures as before and then
cooled to 473 K under dynamic vacuum.
The uptake of O, was measured in single-
point experiments. The rationale for this
was that slow uptake of O, at 473 K has
been reported for Au-containing catalysts
earlier (8). This slow uptake was attributed
to diffusion of oxygen species onto the sup-
port. Hence, it was decided to use a single-
point isotherm where data points were col-
lected at various times after introducing
around 8.5 Torr of O, into the reactor loop.
The drop in pressure was monitored until
there was no significant change in pressure
as a function of time. A second single-point
isotherm was collected after 30 min evacua-
tion at 473 K. The difference between the
values obtained by extrapolating the linear
region of the isotherms to zero time was
used to calculate the amount of irreversibly
adsorbed O,. After the experiments, helium
was expanded at 473 K to determine the
correction factor for the dependency of
pressure on temperature. v

After completion of all the chemisorption
experiments as outlined above, the two bi-
metallic samples were ‘‘alloy equilibrated”
adapting a method proposed by Anderson
et al. (16). This consisted of three alternat-
ing cycles of oxidation (O, 573 K, 5 h) and
reduction (H,, 620 K, 16 h). Between expo-
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sure to gas, the samples were evacuated for
30 min at the pretreatment temperature. Af-
ter the oxidation/reduction cycles, the sam-
ple was evacuated for 9 h at 678 K and then
was allowed to cool to room temperature
before hydrogen chemisorption isotherms
were performed to determine if there was
any difference in the uptake and the shape
of the isotherm compared to those of the
bimetallic samples which had been sub-
jected to prereduction only.

IIl. Infrared Spectroscopy

Two kinds of IR cells were used in this
work. One cell was a stainless-steel cell
similar in design to that used by Robbins
(17). The central cell body consisted of a 23-
in. Conflat flange with two holes with #-in.
stainless-steel tubes welded onto the metal
on the inside. A third hole was drilled to
pass a thermocouple inside. Sapphire view-
ports (MDC) with Kovar sleeves attached
to stainless-steel flanges were used as IR
windows. This cell could be heated to 673
K and a vacuum of 1 X 10~ Torr could be
easily achieved.

To avoid any possible metal contamina-
tion or metal carbonyl formation, a special
IR cell was designed in our lab which had
the capacity to operate at high tempera-
tures of about 873 K under a vacuum of
1073 Torr or below. The cell body was made
of quartz. Sodium chloride windows
(Wilmad, 38 X 6 mm) were sealed to the
cell body with Viton O-rings, secured with
heat-shrinkable tubing and custom-ma-
chined metal flanges pressing against the
windows. Holes were drilled in the flanges
and a copper water-cooling jacket was in-
serted. An additional cooling jacket was
mounted on the cylinder near the windows
to ensure that the heat-shrink tubing and
the windows never got very hot. The IR
pellet was mounted on a quartz sample
holder and placed in the heated zone in the
center of the cell. This zone was heated by
using a well-insulated beaded heating wire
wrapped around the outside of the cell. A
thermocouple was inserted into a thermo-
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well on top of the pellet. The temperature
was controlled using an Omega tempera-
ture controller. A thermocouple gauge was
connected to the IR cell to monitor pres-
sures in the range 1-1000 mTorr. An ioniza-
tion gauge was used to measure pressures
lower than 1073 Torr. The IR cell could be
isolated from the vacuum and gas lines with
vacuum stopcocks. The gases used for the
infrared experiments were all research
grade. The vacuum in the IR cell was pro-
vided by an air-cooled oil diffusion pump
and a mechanical pump. Backstreaming of
pump oil was prevented by a liquid nitrogen
baffle on top of the diffusion pump and a
liquid nitrogen trap between the foreline
and the mechanical pump.

The infrared spectrometer was a Digilab
FTS 20/C FTIR interfaced to a Nova-4 X
computer and all spectra were collected at a
resolution of 2 cm~!. At this resolution, sig-
nal averaging of 256 scans gave an accept-
able signal-to-noise ratio. The pretreatment
procedure of catalyst powders for IR exper-
iments consisted of the following steps: 80
mg of prereduced sample was pressed into
a thin wafer between 1-in. stainless-steel
dies at 4000 psi for 1 min. After mounting
the pellet in the cell, the cell was evacuated
and the temperature was raised to 673 K
and kept under dynamic vacuum for 4 h.
The catalyst pellet was reduced for 8 h un-
der H,. Then, the cell was evacuated at 678
K until a dynamic vacuum of at least 1 X
10> Torr was reached, and the temperature
was lowered to 298 K.

After collecting a reference spectrum at
298 K, the pellet was heated to 493 K, and a
second reference spectrum was collected.
The main reason for choosing this tempera-
ture was that the bridge-bonded species of
adsorbed CO on a 1% Pt/Al,O; sample has
been found to appear more clearly at higher
temperatures (/8) and the relative intensity
of IR bands due to linear vs bridge-bonded
CO species is a good indicator for the effect
of diluting Pt ensembles with a second
metal. Once the reference spectrum at 493
K had been recorded, the pellet was ex-



446

posed to 1 atm of CO for 20 min (1 atm =
101.3 kPa). The rationale for using 1 atm of
CO at high temperatures has been ex-
plained by Haaland (/8). He found that at
460 K there was a significant increase in
adsorption of CO on 1% Pt/Al,O; when the
partial pressure of CO was increased from
76 Torr to 1 atm.

After 20 min of exposure to 1 atm of CO,
the CO gas pressure was lowered to 5 Torr
and a spectrum was collected at 493 K. The
reason for decreasing the gas-phase pres-
sure to 5 Torr before collecting the spectra
was to better observe the adsorption bands,
if any, on Au sites, known to weakly adsorb
CO (19). The cell was allowed to cool to
room temperature with CO gas inside, and
a spectrum was collected. Then, the pellet
was again exposed to a dose of [ atm of CO,
this time at room temperature. In the case
of the Au/SiO, sample, spectra were col-
lected after reducing the CO pressure to 5
Torr and further to 1 Torr. For all samples,
additional spectra were collected immedi-
ately after removal of the gas phase and
after evacuation with the diffusion pump at
room temperature.

RESULTS AND DISCUSSION
1. Chemisorption at Room Temperature

(I) Hydrogen. Hydrogen chemisorption
is a good probe for exposed platinum atoms
in the catalysts as gold atoms have not dis-
played the capacity to dissociate molecular
hyvdrogen at room temperature (20-23). The
hydrogen chemisorption isotherms ob-
tained on our catalyst series are displayed
in Fig. 1. The total uptakes including
weakly adsorbed hydrogen (as defined
under Experimental) are summarized in
Table 1.

The blank silica showed a hydrogen up-
take which was negligibly small compared
to that of the Pt-containing catalysts. Since
the isotherm passed through the origin on
back-extrapolation to zero pressure, the
gas was probably physically adsorbed.
Evacuation led to the desorption of most of
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FiG. 1. Room temperature hydrogen chemisorption
isotherms for catalysts of the Pt—Au/SiO, series. ((J)
1.0 Pt/SiO; (total); (O) 1.0 Pt—0.3 Au/SiO, (total); (A)
1.0 Pt—0.7 Au/SiO, (total); (x) 2.0 Au/SiO, (total); (M)
1.0 Pt/SiO, (strong); (@) 1.0 Pt-0.3 Au/SiO, (strong);
and (A) 1.0 Pt-0.7 Au/SiO, (strong). Strongly ad-
sorbed gas is defined as the amount of gas remaining
on the catalyst surface after 30 min evacuation at room
temperature.

this adsorbed gas. The monometallic Au/
SiO; catalyst showed an uptake of hydro-
gen that was about double that of the blank
silica. There was some indication of chemi-
sorption although it was less than 1% of the
amount chemisorbed on the monometallic
Pt/SiO; catalyst.

The monometallic 1.0 Pt/SiO, catalyst
showed a total uptake of 0.383 cc STP/g of
catalyst corresponding to a Pt dispersion
(H/Ptow) of 0.67 assuming an adsorption
stoichiometry of H/Ptgy... = 1. Total hy-
drogen uptake at room temperature has
been used to determine the Pt surface at-
oms for the Pt—Au/SiO, catalysts as sug-
gested by Anderson et al. (16). In the bime-
tallic catalyst 1.0 Pt—0.3 Au/SiO,, the
addition of 17 at.% Au caused a decrease in
the H/Pte ratio to 0.28. On further in-
creasing the amount of Au to 30 at.% (cata-
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lyst 1.0 Pt—-0.7 Au/Si0,), there was a de-
crease in the H/Ptiy, ratio to 14%. These
ratios were derived by assuming that at
room temperature all the H, was adsorbed
on the Pt surface sites of Pt—Au/SiO, cata-
lysts. The decrease in Pt dispersion with
addition of Au has been observed before
(2). This is unlike the result obtained in the
Ru-Au/SiO, system, having metallic com-
ponents that are completely immiscible in
the bulk state, where addition of gold did
not change the amount of exposed Ru (24).

In the Pt system, it was observed that the
trends in the strongly adsorbed hydrogen,
as defined under Experimental, were simi-
lar to the total H, adsorption. There was
no significant difference in the percentage
of weakly adsorbed H, with increasing
amounts of gold in the three catalysts. Typ-
ically, 35-40% of the H, adsorbed could be
desorbed by pumping at room temperature
for 30 min. Other researchers have seen in
chemisorption experiments at room tem-
perature on supported Pt the presence of
weakly held hydrogen (16, 25). Tempera-
ture-programmed desorption (26, 27) and
infrared spectroscopy (28, 29) have de-
tected on Pt surfaces the presence of sev-
eral forms of adsorbed H,, some of it
weakly held.

Another interesting point was the shape
of the hydrogen chemisorption isotherms at
room temperature on our bimetallic Pt—Au/
Si0, catalysts. Anderson ef al. (I/6) had
noted that bimetallic Pt-Au/SiO, catalysts
having gold contents of 33 and 85 at.%, re-
spectively, showed H, uptakes that did not
saturate. The reason given for this was the
possibility of a spillover effect of hydrogen
from the Pt onto the Au sites. In our case
we found nearly linear isotherms in all the
Pt-containing samples including the sample
containing 30 at.% Au. Saturation was
reached at around 6~8 Torr (1 Torr = 133.3
Pa) equilibrium pressure.

It was then decided to put our bimetallic
samples through three oxidation-reduction
cycles. The details are given under Experi-
mental. This oxidation—reduction cycling
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process had been used before as a means of
equilibrating the alloy surface in the sup-
ported Pt—Au system (16, 30). After these
cycles, H, chemisorption at room tempera-
ture showed that although there was no no-
table change in the shape of the isotherms,
there was an increase in total hydrogen up-
take by about 14% in the case of the cata-
lysts having 17 at.% Au while there was no
significant change in the uptake on the 30
at.% Au catalyst. This suggests that in the
latter sample the oxidation-reduction cy-
cling did not significantly change the cata-
lytic surface. The slight increase in H, up-
take seen for the 17-at.% Au catalyst could
be due to a certain degree of redistribution
of Pt in this catalyst. Compared to Pt—Au/
ALOs, Pt—Au/Si0, catalysts tend to be less
susceptible to redispersion as long as there
is a close proximity of Pt and Au, as evident
from the work of De Jongste and Ponec
(31). For redispersion to occur on a silica-
supported sample, the presence of segre-
gated Pt particles seems to be a prerequi-
site. The results of a previous EDX analysis
(3) confirmed that in the catalyst having 17
at.% Au the Pt and Au particles were segre-
gated, justifying the observed change in Pt
dispersion upon oxidation-reduction cy-
cling. In the 30-at.% Au catalyst the two
metals appeared to be in close proximity
forming bimetallic aggregates, and this cat-
alyst did not show any detectable change in
dispersion when subjected to the cycling
routine.

The chemisorption average particle size
obtained for the 1.0 Pt/SiO, catalyst was
1.52 nm, assuming a spherical particle
shape. The average area occupied by one Pt
surface atom was assumed to be 0.089 nm?
(32). On the basis of electron microscopy
(3) a number average particle diameter
value, d, = 3.72 nm, and a surface average
diameter, d, = 6.75 nm, were obtained.
Generally, one would expect the surface
average diameter, d;, to match the average
particle size determined from chemisorp-
tion. The reason for the discrepancy is two-
fold. First, the particle sizes for this cata-
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lyst were not normally distributed and the
electron micrographs showed some as large
as 16 nm. A few particles on the larger side
of the distribution can substantially in-
crease the surface average diameter ob-
tained from microscopy. Secondly, the
micrographs showed the presence of
nonspherical, elongated particles. The for-
mation of such nonequilibrium shapes
could result from the combination of
smaller particles during reduction or from
the nonporous nature of the support. The
bimetallic catalysts had a larger particle
size range than the monometallic Pt/SiO,
catalyst, varying from 0.5 to 40 nm with d,
= 4.95 nm for the 17-at.% Au catalysts and
4.44 nm for the 30-at.% Au sample. EDX
analysis showed that in the 17-at.% Au
sample the metal particles smaller than 20
nm were mainly Pt while the larger particles
(>20 nm) were composed mostly of mono-
metallic Au. But, for the 30-at.% Au cata-
lyst EDX indicated that Pt and Au coex-
isted within individual metal particles
almost in the entire particle size range.
Most of the metal particles in the size range
up to 10 nm had the Au;Pt composition (3).

The chemisorption results do not tell
anything about the particle size distribution
and cannot be used to obtain the average
particle size for the bimetallic catalysts.
However, chemisorption clearly showed a
steady decline in the amount of Pt exposed
with increasing gold content. One possible
explanation for this could be that in the 17-
at.% Au sample small amounts of Au could
be sitting on top of the Pt particles thereby
blocking the sites for chemisorption. Sub-
monolayers of Au decorating the surface of
a Pt particle could be below the detectable
limit of EDX. Another explanation for the
decreased Pt dispersion could be that dur-
ing catalyst preparation some Pt nucleation
sites on the support are blocked by Au,
forcing Pt to form larger particles. In the 30-
at.% Au sample, EDX confirmed that Au
and Pt coexist within individual particles.
The decrease in Pt dispersion could be due
to the surface segregation of Au. In this
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context, it is interesting to compare the Pt—
Au/Si0, system with Pt—Ag/SiO, where no
significant surface enrichment in Ag was
found after reduction and evacuation (15).
(2) Carbon monoxide. The plain silica
showed some CO uptake which was com-
pletely reversible and extremely smali com-
pared to that of the Pt-containing catalyst.
There was no indication of any chemisorp-
tion from back extrapolation of the iso-
therm to zero pressure. In the monometal-
lic 2.0 Au/SiO, catalyst there was some
evidence of chemisorption corresponding
to less than 1% of the CO uptake on 1.0 Pt/
Si0,. The CO uptake on 2.0 Au/SiO, was
fully reversible in the equilibrium pressure
range of 0—4 Torr, but there seemed to be a
slight irreversibility starting at higher pres-
sures. The monometallic 1.0 Pt/SiO, cata-
lyst showed a total uptake of 0.574 cc STP/
g of catalyst. It is relevant to mention here
that in our study the infrared spectroscopy
results showed that most of the CO was
adsorbed in the linear mode at room tem-
perature on the platinum-containing cata-
lysts. There was no evidence of the pres-
ence of any significant amounts of
bridge-bonded CO species. This is consis-
tent with the observation that on silica-sup-
ported Pt there is less likelihood for the
formation of bridge-bonded CO species
compared to alumina-supported Pt (33).
For the bimetallic Pt—Au/SiO; catalysts
the trends of CO total uptake were similar
to the total hydrogen uptake, i.e., there was
a decrease in CO uptake with increasing Au
at.% (Table 1). The decrease in CO adsorp-
tion with increasing gold can be simply at-
tributed, analogous to hydrogen adsorp-
tion, to a decreased number of Pt sites
exposed resulting from gold segregation to
the surface. It was found that the percent-
age of weakly adsorbed CO was around
10% in the Pt-containing catalysts. The
method of subtracting two isotherms to get
strongly adsorbed CO has been used before
(34). Another observation in the platinum
catalysts was that the total CO uptake was
lower than the total hydrogen atom uptake.
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For the 1.0 Pt/SiO, sample, the CO/Ptio
ratio was only 0.5 compared to the H/Ptyy
ratio of 0.67 and the O/Pty ., ratio of 0.46.
This would lead to discrepancies in calcula-
tion of Pt dispersion, depending on the ad-
sorbate chosen. If, on the other hand, only
the strongly adsorbed CO or H, were used,
then the calculated CO/Ptq ratio becomes
0.46, and the H/Pt, ratio is 0.43, in good
agreement with the O/Pt;, ratio.

(3) Oxygen. The blank silica showed
some minute oxygen chemisorption, most
of it weakly held. The monometallic 2.0 Au/
Si0, catalyst showed about three times the
total uptake of the blank silica with some
irreversible adsorption. This could have
been due to adsorption on the Au sites,
though it cannot be ruled out that trace
amounts of impurities in the catalyst con-
tributed to this uptake.

In contrast to H, and CO adsorption,
there were no significant amounts of
weakly chemisorbed oxygen species ob-
served. Total O, uptake was used to calcu-
late the number of exposed Pt sites assum-
ing a stoichiometry of O/Pty . = 1. The
O, uptake for the 1.0 Pt/SiO, catalyst was
0.261 cc STP/g catalyst which corresponds
to an O/Pty, value of 0.46. This uptake
value decreased with increasing Au at.%
(Table 1). Hence, oxygen chemisorption is
a good indicator of exposed Pt sites, but it
tends to give a lower value for monolayer
coverage compared to hydrogen chemi-
sorption. Wilson and Hall (35), on the basis
of electron microscopy results and a de-
tailed study of H, and O, chemisorption on
Pt/ALO;, concluded that H, chemisorption
was more indicative of the Pt surface area.
When the dispersion was low, they found
O, uptake values close to the H, uptake.
But when the dispersion was high O, up-
take tended to be lower than the H, uptake.
Palmer and Vannice (25) in chemisorption
studies on Pt/SiO, samples found that in
most cases the H, uptake was higher than
the O, uptake, but they did not find any
definite relationship between adsorption
stoichiometry and particle size. They used
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X-ray diffraction data on Pt/C catalysts to
show that hydrogen chemisorption was a
more sensitive judge of particle size than
oxygen chemisorption. In our case we
noted that the O, uptake was lower than the
H; uptake. For the reasons mentioned ear-
lier, we believe that H, chemisorption at
room temperature is a good indicator of Pt
dispersion, but the presence of weakly ad-
sorbed H, species complicates the analysis.

Oxygen chemisorption at elevated tem-
peratures has been used before to deter-
mine the dispersion of Au. There has been
controversy in the literature concerning the
phenomenon of O, adsorption on bulk and
supported Au surfaces. A chemisorption
stoichiometry of Au/Q = 2 for O, adsorp-
tion on Au/SiO, at 473 K has been con-
firmed by Fukushima ef al. (8) who used
XRD and TEM results in conjunction with
chemisorption data. This stoichiometry
changed to Au/O = 1 on raising the temper-
ature to 573 K. They also found thatina 2.0
Au/MgO catalyst there was insignificant re-
versible O, adsorption at 473 K, but on rais-
ing the temperature to 673 K almost all the
0O, adsorption was reversible.

The details of the experiments and the
reason for using single-point chemisorption
have been detailed under Experimental.
Two successive isotherms were run sepa-
rated by a 30-min evacuation to determine
the irreversible uptake. The blank silica
showed some small uptake but it leveled off
after less than an hour. The monometallic
2.0 Au/Si0, catalyst showed an initial rapid
uptake followed by some slow uptake per-
sisting to even 3 h after the start of the iso-
therm. This effect had been observed by
Fukushima er al. (8) and had been attrib-
uted to a diffusion onto the silica support. A
second isotherm was collected after 30 min
evacuation at 473 K. Some reversible up-
take of O, was found corresponding to
about 16% of the total uptake. The differ-
ence between the two uptake values was
calculated and then corrected for the irre-
versible adsorption on the blank silica to get
values for O, irreversibly adsorbed on gold.
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F16. 2. IR spectra of linearly adsorbed CO at 298 K.
(a) 1.0 Pt/Si0,, (b) 1.0 Pt-0.3 Au/SiO,, (c) 1.0 Pt-0.7
Au/Si0,, (d) 2.0 Au/SiO,, and (e) blank SiO,. These
spectra were obtained after removal of gas-phase CO.

The corrected adsorption value of 0.040
cc STP/g catalyst for the 2.0 Au/SiO, cata-
lyst was used to calculate the average parti-
cle size of gold assuming a spherical parti-
cle shape. A cross-sectional area of 0.0913
nm? per surface Au atom (36) was assumed.
The average particle size was 10.1 nm while
microscopy results (3) had given values of
the number average particle size, d, = 12.6
nm, and surface average particle size, d; =
15.9 nm.

II. Infrared Spectroscopy

An overview of the IR spectra obtained
on the various catalysts of the Pt—Au series
after exposure to CO at room temperature
is given in Fig. 2. The bilank silica pellet
showed no significant peak due to adsorbed
species in the region of interest (2200-1700
cm™ ), both at 493 K, which was the tem-
perature at which the sample was initially
exposed to CO, and at 298 K.

Figure 3 illustrates the behavior of the IR
peaks on 1.0 Pt/SiO, as a function of the
history of exposure to CO as detailed under
Experimental. The monometallic 1.0 Pt/
Si0, catalyst showed a strong peak at 2070
cm~! after exposing the catalyst pellet to
CO at 493 K and decreasing the gas-phase
pressure to 5 Torr. On cooling to 298 K, the
peak shifted to 2077 cm™! and the peak
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height increased by 18%. This peak shift
can be attributed to a higher surface cover-
age of CO at 298 K than at 493 K. Haaland
(18) had earlier observed that CO adsorp-
tion bands on 1.0 Pt/Al,O; shifted to higher
frequencies when the adsorption tempera-
ture was lowered. On adding a second dose
of CO to our sample at 298 K and evacuat-
ing the gas phase, the peak position did not
change. The band at 2077 cm™! can be as-
signed to CO linearly adsorbed on fully re-
duced Pt sites, in agreement with the litera-
ture. On evacuating at 298 K for 30 min, we
found that the peak position of linear CO on
Pt shifted to a lower frequency of 2073 cm™!
and the total integrated band intensity de-
creased by around 9%. This result matches
up well with our room temperature chemi-
sorption data where we noted that about
9% of the total CO adsorbed could be de-
sorbed by a 30-min evacuation. The peak
shift to lower frequencies is due to the de-
creasing coverage of CO on the surface.
Significant amounts of bridge-bonded
species were not obtained. The absence of
bridge-bonded species at 298 K on a 5% Pt/
SiO; catalyst has been reported earlier (37).
In contrast to our IR results on the 1% Pt/
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Fic. 3. IR spectra, showing the linearly adsorbed
CO peak on 1.0 Pt/SiO, catalyst as a function of the
CO treatment protocol, collected after the following
steps: (a) exposure to CO at 493 K and reduction of
gas-phase pressure to 5 Torr; (b) cooling to 298 K un-
der static CO gas; (c) addition of fresh CO at 298 K and
evacuation of gas-phase CO; and (d) evacuation at 298
K for 30 min.
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SiO, catalyst, Barth ef al. (38) found that
CO adsorption on a 1% Pt/Al,O; sample re-
sulted in bridge-bonded CO species giving
rise to a broad peak at around 1800 cm~L. In
the linear region, a peak at 2060 cm~! hav-
ing a shoulder at 2078 ¢cm™! was obtained.
The shoulder can be attributed to CO lin-
early attached to Pt terraces, while the peak
at 2060 cm ™! is due to CO linearly adsorbed
on steps and corners (/8). The fact that on
our Pt/SiO, catalyst only one CO band at
2077 cm™! was observed suggests the pre-
dominance of terrace sites. These differ-
ences indicate an intriguing possibility that
the support and the method of preparation
can influence the morphology and surface
faceting of platinum particles.

After the room temperature adsorption of
CO, the 1.0 Pt/SiO, sample was evacuated
at 673 K to remove the adsorbed CO. Then,
the catalyst pellet was exposed to 760 Torr
of static oxygen (research grade) for 90 min
at'673 K and cooled to 298 K with the oxy-
gen in the cell. At 298 K, the gas-phase oxy-
gen was removed and a reference spectrum
was collected. A dose of CO gas (760 Torr,
20 min exposure time) was introduced into
the IR cell and subsequently the gas-phase
CO was evacuated before collecting a spec-
trum. Figure 4 gives a comparison of the IR
bands on reduced and oxidized Pt/SiO,.
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F1G. 4. Comparison of IR spectra of fully reduced
and oxidized 1.0 Pt/SiO, catalyst obtained at 298 K
after removal of gas-phase CO. (a) Fully reduced and
(b) oxidized.
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The spectrum of the oxidized pellet showed
a band at 2087 cm™! with a prominent shoul-
der at 2120 cm~!. The shoulder at 2120 cm~!
can be assigned to coadsorption of a CO
and an oxygen atom on the same Pt site
(39). The peak at 2087 cm ™! can be assigned
to CO linearly adsorbed on Pt sites that
have been modified by nearby oxygen at-
oms, causing the peak to shift by 10 cm~! to
higher frequencies. This shift has been at-
tributed to a compression of the adlayers of
CO due to the presence of oxygen. The ad-
layer compression would increase the di-
pole—dipole coupling between adsorbed CO
atoms resulting in a shift to higher frequen-
cies (40). Stoop et al. (41) used isotopic di-
lution experiments to show that this in-
crease in frequency of the CO adsorption
band because of preadsorbed oxygen was
mainly a geometric effect, though a small
electronic effect cannot be ruled out. This
oxidation experiment convinced us that we
do have a fully reduced Pt surface after our
reduction and evacuation protocol. It is im-
portant to establish a reliable experimental
protocol that assures complete reduction of
Pt, so that the comparison between mono-
metallic and bimetallic catalyst becomes
more meaningful.

The monometallic 2.0 Au/SiO, did not
show any CO adsorption peak after adding
CO at 493 K and lowering the gas-phase
pressure to around 5 Torr. On cooling to
298 K in the presence of gas-phase CO
there was a slight intensity increase in the
low-frequency branch of the gas-phase
spectrum of CO, suggesting a superim-
posed peak of adsorbed CO. Addition of a
fresh dose of CO at room temperature and
lowering the gas-phase pressure to 5 Torr
did not alter the spectrum to any significant
degree. On decreasing the gas-phase pres-
sure to 1 Torr, the peak hidden within the
low-frequency branch of the gas-phase CO
spectrum became more noticeable. After
removing the gas-phase with the roughing
pump, so that the rotational fine structure
of gas-phase CO had totally disappeared, a
residual peak was clearly visible at 2112
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F1G. 5. IR spectra of CO adsorbed on 2.0 Au/SiO,
catalyst at 298 K. (a) After addition of CO and removal
of gas phase and (b) after evacuation at 298 K for 30
min.

cm™~! (Fig. 5). The spectra shown in Fig. 5
have been smoothed out as the original
spectra were very noisy due to the low ab-
sorbance values of the peaks. The total in-
tegrated intensity of this peak was less than
1% of the corresponding value obtained for
the CO band on the monometallic 1.0 Pt/
Si0, catalyst (Fig. 2). The peak at 2112
cm~! can be assigned with fair certainty to
CO adsorbed on reduced Au sites, in agree-
ment with previous IR studies of CO ad-
sorption on Au. Kottke et al. (42) in their
study of an evaporated gold film at room
temperature found a CO adsorption band
shifting within the range of 2120-2116 cm™!
depending on coverage. Yates (43) studied
CO adsorption at room temperature on 10
wt% Au supported on Cabosil and found a
band at 2116 cm~! when the Au surface was
fully reduced. He also found that by evacu-
ating for 1 min at room temperature the CO
could be removed from the Au adsorption
sites. In our case, even after 30 min of evac-
uation at 298 K the CO adsorption band did
not completely disappear but decreased in
intensity by about 40% and shifted from
2112 to 2114 cm™!. Such an increase in the
frequency of the CO adsorption band on Au
sites as a result of decreasing surface cover-
age is a characteristic of group IB metals
and has been observed before (19, 42, 43).
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CO adsorption on the bimetallic 1.0 Pt-
0.3 Au/SiO, catalyst containing 17 at.% Au
at 493 K gave an adsorption band at 2060
cm~!. On cooling to 298 K, the peak shifted
to 2073 cm™!. After exposure to a fresh
dose of CO at 298 K and evacuation of the
gas phase, the peak position was 2072 cm™!
(Fig. 2). The peak height and total inte-
grated peak area of this band were only 42
and 46%, respectively, of the correspond-
ing band for the monometallic 1.0 Pt/SiO,.

For the bimetallic 1.0 Pt-0.7 Au/SiO,
catalyst (30 at.% Au), the CO adsorption
peak at 493 K appeared at 2050 cm™! and it
shifted to 2060 cm~! on cooling to 298 K.
Fresh CO addition and evacuation of the
gas phase did not change the position of the
band. The peak height of this band was only
around 13% of that observed on the mono-
metallic 1.0 Pt/SiO, catalyst (Fig. 2). The
total integrated peak area also decreased
significantly and was about 20% of the peak
seen on the 1.0 Pt/SiO, sample. No detect-
able peak resulting from CO adsorption on
Au sites was observed on the bimetallic cat-
alysts. The main reason for this might be
that the amount of Au in these catalysts
was too low to produce any detectable CO
adsorption band.

There could be several reasons for the
observed shift of the linear CO adsorption
peak on reduced Pt sites to lower frequen-
cies with increasing amount of Au. First,
the peak shift could be due to a decrease in
the average particle size of Pt as a function
of increasing Au content. Solomennikov et
al. (44) had observed a shift to higher fre-
quencies of CO adsorption bands on re-
duced Pt/SiO, and Pt/ALO; catalysts by in-
creasing the temperature of reduction from
673 K to higher values, resulting in a de-
crease in Pt dispersion. The main reason
given for this peak shift was a geometric
effect caused by the increased coordination
number of the surface Pt atoms with de-
creasing dispersion. This would lead to a
lower degree of = bonding between ad-
sorbed CO molecules and surface metal at-
oms and consequently, lead to an increase
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in the C-0 binding energy, according to the
concept of backdonation developed by Bly-
holder (45). Toolenaar et al. (46) studied on
Ir/Al,O5 the effect of the metal particle size
on CO adsorption and found an increase in
band frequency with an increase in average
particle size. This effect was attributed to a
decrease in the strength of exchange of
electrons of CO with metal atoms. Earlier
microscopy results (3) on our samples
showed that the number average particle
sizes of the bimetallic catalysts were larger
than that of the monometallic 1.0 Pt/SiO,
catalyst. Also, chemisorption results indi-
cated a decrease in Pt dispersion with in-
creasing Au content. Hence, the observed
shift to lower wavenumbers with increasing
amounts of Au in our catalysts cannot be
attributed to a decrease in particle size.
Secondly, the change in frequency could
be attributed to a geometric effect because
of the presence of Au atoms which would
dilute the Pt sites, thereby decreasing the
effect of dipole~dipole coupling between
adsorbed CO molecules. This dilution
would lead to a red shift in the frequency of
adsorbed CO as was observed in our study.
A similar result was reported by Toolenaar
et al. for the alumina supported Pt—Cu alloy
system (47). The decreased integrated in-
tensities and peak heights of bands due to
CO adsorption on Pt as a function of in-
creasing amounts of Au, seen in our study,
might be due to the smaller number of Pt
surface sites as more Au was added. This
interpretation would agree with our chemi-
sorption results. It is also important to de-
termine whether there is any change in the
apparent average molar extinction coeffi-
cient of the CO adsorption band with addi-
tion of Au, because this could influence the
characteristics of adsorption. We will de-
fine the apparent average molar extinction
coefficient using the notation of Ponec ef al.
(I3, 46) as the ratio of the total integrated
intensity of the CO adsorption band to the
moles of adsorbed CO molecules as deter-
mined by chemisorption experiments. This
value in units of 1075 cm~! mol~! was 5.71,
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6.19, and 6.72 for the 1.0 Pt/SiO,, 1.0 Pt-
0.3 Au/SiO,, and 1.0 Pt-0.7 Au/SiO; cata-
lysts, respectively. Clearly, the molar ex-
tinction coefficient as defined above did not
change in a significant manner with the ad-
dition of Au.

Finally, one must consider the effect of
electronic interaction between Pt and Au.
To justify a shift to lower frequencies by
electronic arguments, one would have to
assume that the second metal component
acts as an electron donor, thereby increas-
ing the electron density of Pt sites in close
proximity to the donor atoms. Shifting of
the CO peak to lower frequencies could be
caused by increased back-donation of elec-
trons from d-orbitals of Pt to the antibond-
ing 27* orbital of CO. However, such an
electron donation from Au to Pt is not very
likely due to the higher electronegativity of
Au compared to Pt. Yet, we find that the
peak corresponding to the total CO adsorp-
tion on Pt at room temperature is shifted
from 2077 cm™! for the monometallic Pt/
Si0, catalyst to 2072 cm ™! for the bimetallic
catalyst having 17 at.% Au and to 2060
cm™! for the catalyst containing 30 at.% Au.
These shifts are small enough to rationalize
them in terms of geometric effects, where
Au disrupts Pt ensembles causing a de-
crease in the dipole—dipole coupling of ad-
sorbed CO molecules. This argument is
similar to the ensemble effect postulated by
Toolenaar et al. (47) for the supported Pt—
Cu system and is consistent with the infra-
red results on other bimetallic systems (13).
Previous TPD studies (16, 48) also did not
indicate any noticeable electronic effect in
the Pt—Au system.

Experimental evidence for a red shift in-
duced by decreased dipole~dipole coupling
comes from thermal desorption of CO from
the 1.0 Pt/SiO; catalyst which had been sat-
urated with CO at room temperature. We
found that the peak resulting from linearly
adsorbed CO on the reduced Pt surface
shifted from 2077 cm~1 at room temperature
to around 2052 cm~! at 573 K. Increasing
the temperature leads to smaller CO sur-
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face coverage, and hence, to a decrease in
the extent of dipole—dipole coupling of ad-
sorbed CO.

Another interesting result is that the per-
centage of weakly held CO as determined
from chemisorption (amount desorbed by
30 min of evacuation after saturation) does
not change in a significant manner for the
two bimetallic catalysts compared to the
monometallic 1.0 Pt/SiO, catalyst, suggest-
ing that the metal-CO bond strength does
not change much with addition of Au. This
result is in contrast to that reported for the
Pt—Sn/ALO; and Pt-Pb/ALO; bimetallic
systems (49). In those systems, an increase
in reversibly held CO was found with in-
creasing second metal content, and this was
attributed to the weakening of the o metal-
CO bond. Such a change in o bond strength
could be due to effects other than geomet-
ric.

CONCLUSIONS

Adding Au to Pt/SiO, resulted in a de-
crease in Pt surface sites but did not signifi-
cantly change the relative amounts of
weakly held adsorbates (amount desorbed
by 30 min evacuation at room temperature
after initial chemisorption). Total uptake of
hydrogen at room temperature was always
somewhat higher than that of oxygen.

From the IR results in the Pi—Au/SiO,
system, one can infer that the effects of Au
are mainly geometric in nature. CO ad-
sorbed on monometallic Pt/SiO, predomi-
nantly in a linear mode. Increasing the Au
content caused a progressive shift of the
linear CO band to lower frequencies. This
shift can be rationalized in terms of de-
creased dipole—dipole coupling of adsorbed
CO species. The total integrated intensity
of the CO band decreased with increasing
Au content, indicating fewer Pt sites ex-
posed to the gaseous environment com-
pared to the monometallic Pt/SiO, catalyst.

Subjecting the bimetallic samples to high-
temperature oxidation/reduction cycles re-
dispersed the Pt in the bimetallic catalyst
with 17 at.% Au to a larger extent com-
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pared to that in the bimetallic catalyst con-
taining 30 at.% Au. Previous electron mi-
croscopy characterization of the catalyst
with 17 at.% Au revealed that most parti-
cles smaller than 20 nm were mainly ele-
mental platinum, and larger particles were
gold. In contrast, the catalyst with 30 at.%
Au had smalier particles (<10 nm) which
could be identified as Au;Pt. In light of this,
it is reasonable to expect that the catalyst
having larger monometallic Pt particles
(i.e., catalyst 1.0 Pt—0.3 Au having 17 at.%
Au) would be more susceptible to redisper-
sion than the other catalyst which con-
tained smaller bimetallic particles.
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