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Catalytic CO oxidation was investigated over Pt, Rh, and Pt–
Rh bimetallic catalysts supported on γ-Al2O3. Both dry and wet
calcination procedures were performed to control Cl content in
the final products. The catalysts were characterized with hydro-
gen chemisorption and analytical electron microscopy (AEM). A
steady-state plug-flow reactor was used for activity measurement.
An automated on-line gas chromatograph was employed to analyze
CO, CO2, and O2. Based upon our previous findings, we were able
to prepare catalysts with only Pt-rich or only Rh-rich particles. The
Cl concentration in these catalysts did not affect activity signifi-
cantly. In net-oxidizing conditions, platinum was found to be more
active than rhodium. The presence of synergism depends upon a
certain metal particle composition-size distribution of Pt-rich alloy
particles. The current investigation has also demonstrated that feed
composition and operating temperature have a strong influence on
the presence of the synergistic effect. The possible mechanisms of
the observed synergism are discussed. c© 1996 Academic Press, Inc.

INTRODUCTION

The catalytic oxidation of CO continues to receive great
attention because of increased environmental concerns.
Even though the reaction has been studied extensively
over platinum (1–6), rhodium (4–9), and Pt–Rh bimetal-
lic catalysts (10–16), there is no general consensus in the
literature about the synergistic effect in the Pt–Rh cata-
lytic system. Although some authors have reported that
CO oxidation activity over a Pt–Rh catalyst was substan-
tially higher than the activity of individual Pt or Rh (10, 11),
several research groups have published data which did not
support the presence of synergism (12–15). Anderson and
Rochester (16) performed FTIR studies of CO/O2 reaction
over Pt–Rh/Al2O3 catalysts and have indicated that short
range Pt–Rh interactions, for catalysts prepared by a simul-
taneous impregnation method, may reduce the tendency
for oxide formation leading to loss of oxidation activity.

Our previous studies (17, 18) showed that the compo-
sition of Pt–Rh alloy particles depends upon the prepara-
tion procedure and the bulk average amount of Pt and Rh,
which is consistent with a proposed miscibility gap in the
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Pt–Rh equilibrium phase diagram. With the aid of analyt-
ical electron microscopy and a proposed phase diagram,
Pt–Rh catalysts were prepared with only Pt-rich or only
Rh-rich particles instead of a bimodal particle composi-
tion distribution usually found in coimpregnation prepa-
ration (17). Kinetic investigations using these catalysts for
NO+CO and NO+H2, two important reactions in envi-
ronmental applications, gave a clear indication that only
the Pt-rich catalyst exhibited a synergistic effect for both
reactions. In an effort to further understand the perfor-
mance of Pt–Rh bimetallic catalysts, we present here our
recent findings for the CO+O2 reaction over various Pt–Rh
catalysts.

In the present study, the carbon monoxide oxidation re-
action was investigated over Pt–Rh/γ -Al2O3 catalysts. The
activity of these bimetallic catalysts was compared to that of
monometallic catalysts which contained only Pt or Rh. The
objective of this investigation is to determine whether our
previous findings, which related measured kinetic proper-
ties to the compositions of individual alloy particles, can be
applied to the CO oxidation reaction. The effect of chlorine
content, which may be an important parameter in deter-
mining catalyst activity and dispersion (12, 19, 20), is also
reported.

EXPERIMENTAL

Catalyst Preparation

Aqueous solutions of Pt and Rh were prepared from
PtCl4 (99.9%, Johnson Matthey) and RhCl3 · xH2O (99.9%,
Johnson Matthey), respectively. These precursors were im-
pregnated into γ -Al2O3 (Corning Celcor EX78) which was
ground and sieved to between 90 and 150 µm in diameter.
The surface area of the support material was 252 m2/g with a
pore volume of 0.5 cc/g. The average pore size provided by
the manufacturer was 4 nm. Before impregnation at room
temperature, the precursor solution was filtered and then
brought into contact with alumina. The resulting slurry was
rinsed with water, dried in air overnight, and then calcined
in air at 500◦C for 4 h. The bimetallic catalysts were pre-
pared by a sequential impregnation procedure (Pt impreg-
nation followed by Rh impregnation) with drying (room

123
0021-9517/96 $18.00

Copyright c© 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.



        

124 CAI, STENGER, AND LYMAN

temperature, overnight) and calcination (500◦C, 4 h) after
each impregnation step. Two samples, labeled Pt (wet) and
Rh (wet), were calcined at 500◦C for 4 h in an air stream
saturated with water (about 2%) by flowing the calcina-
tion air through a bubbler operated at room temperature.
The metal contents were verified by inductively coupled
plasma atomic emission spectroscopy (Galbraith Labora-
tories). Chlorine contents were also analyzed for some of
the catalyst samples (Galbraith Laboratories). A catalyst
which contained 0.78 wt% of Pt and 0.03 wt% of Rh would
be designated as 96/4. Our intended bimetallic catalyst com-
positions were 98/2, 95/5, 90/10, and 50/50. The ICP analyses
showed that the actual compositions were 99/1, 96/4, 93/7,
and 69/31, respectively.

Catalyst Characterization

Analytical electron microscopy was performed using a
Fisons Vacuum Generators HB-603 field-emission scanning
transmission electron microscope (STEM) (21, 22). Plat-
inum M-series (Mα, 2.051 keV) and rhodium L-series (Lα,
2.696 keV) X-rays were measured using an Oxford Instru-
ments Si(Li) energy dispersive spectrometer with a Link
Systems eXL X-ray analyzer. The STEM was operated at
300 kV and at conditions to provide approximately 0.5 nA
of current into an electron probe 2 nm in diameter (full
width at 1/10th maximum intensity). Since the 2 nm probe
was rastered in a 3× 4-nm rectangle, particles that were less
than 3 nm in diameter were sampled over their entire vol-
ume, and particles larger than 3 nm in diameter were an-
alyzed through their center. The analysis was performed
using a rastered beam to allow direct observation of the par-
ticle during the process. X-rays were acquired for life times
of 200 s per particle in order to achieve acceptable counting
statistics. Net X-ray counts above background for a typical
Pt-rich particle of 4 nm diameter were 8446 and 404 for Pt
and Rh, respectively.

Metallic dispersion was determined by nonstatic chemi-
sorption using a modified Micromeritics Flowsorb II 2300.
A catalyst sample size of 0.5 g was reduced in flowing H2

(minimum purity, 99.999%; MG Industries) at 150◦C for
30 min, 250◦C for 30 min, and 350◦C for 2 h, followed by
cooling to room temperature in a nitrogen environment.
Chemisorption was performed by pulsing hydrogen in a ni-
trogen carrier with the assumption of metal to hydrogen
ratio of 1 : 1. This assumed stoichiometry is generally ac-
cepted in literature (8, 12, 17). For replicate analyses of
the same material, after chemisorption, the sample was
heated to 350◦C under flowing nitrogen and kept at 350◦C
for 30 min. The sample was cooled to room temperature
and reanalyzed. Since H2 adsorbs on both Pt and Rh, it was
not possible to measure the number of Pt and Rh indepen-
dently. Only the total number of surface sites could be de-
termined. The accuracy of this technique was verified using
a Pt chemisorption standard obtained from Micromeritics.

On two separate days the standard sample with a speci-
fied dispersion of 33.7± 5% was measured to be 35.8 and
30.8%, respectively. We did not use CO chemisorption be-
cause of the uncertainties associated with the adsorption
stoichiometry of CO on Rh (23–26).

Kinetic Studies

The apparatus used for the CO oxidation reaction was de-
scribed previously (18). The feed gases consisted of 1.02%
CO in He (MG Industries, certified), 1.95% O2 in He (MG
Industries, certified), pure O2 (MG Industries, ultrahigh pu-
rity), and pure He (MG Industries, ultrahigh purity). The
gas flow rates were controlled by three rotometers (Brooks,
Sho-Rate). A back pressure regulator was used to main-
tain a constant pressure of 10 psig in the flow meter section
of the system. A desired feed mixture was directed into a
fused silica reactor, which measured 10 mm i.d.× 40 cm in
length. The sample powder was supported on a fused silica
frit located in the middle of the reactor. A type-K thermo-
couple was inserted axially down the reactor and placed in
the catalyst bed. Gas analyses were achieved using a Carle
111 H dual column GC equipped with a 7′ × 1

8
′′

Haysep D
column and a 15′ × 1

8
′′

Carboxen 1000 column. A Zenith
Z-158 personal computer running Control EG software
(Quinn-Curtis) was employed to control bed temperature
and switch the GC on and off. The reaction temperature
was controlled within 1/10th of a degree of a set point.

CO oxidation was performed at a temperature range of
60 to 300◦C. Various stepwise temperature increments were
programmed using Control EG. At each desired tempera-
ture, a couple of GC analyses were performed to ensure
that steady state was reached. The temperature was then
increased to the next set point. The CO concentration var-
ied from 0.1 to 1.0%, whereas the O2 concentration ranged
from 0.5 to 5.0%. In most cases, the total flow rate was set at
a constant value of 110 cm3(STP)/min, although a high flow
rate of 330 cm3(STP)/min was also investigated. In the case
of the high flow rate, a valve located at the exit of the reac-
tor was equipped to allow only a portion of the gas stream
into the GC sample loop. The purpose of venting part of
the gas stream was to maintain a constant reactor pressure.
Two sample sizes, 1.0 and 0.1 g, were selected in this study.
A blank run with bare alumina was always performed prior
to actual catalyst testing. The results obtained from kinetic
experiments were reproducible within 5%.

RESULTS

Catalyst Characterization

Metal dispersions measured by H2 chemisorption are
summarized in Table 1. The pure Pt and the Pt-rich cata-
lysts (99/1, 96/4, and 93/7) were found to have a dispersion of
100%. The pure Rh catalyst, calcined in a dry air stream, was
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TABLE 1

Metal Dispersion Measured by Hydrogen Chemisorption and Chlorine Concentration
under Dry and Wet Calcination Conditions

Bulk composition Cl content Dispersion
Catalyst (wt%) Calcination cond. (wt%) (%)

Pt (fresh) 0.78 Pt Prior to calcination 0.54
Pt (dry) 0.78 Pt Calcined, dry 0.51 100
Pt (wet) 0.78 Pt Calcined, wet 0.34 100
Rh (fresh) 0.36 Rh Prior to calcination 0.56
Rh (dry) 0.36 Rh Calcined, dry 0.52 45
Rh (wet) 0.36 Rh Calcined, wet 0.31 38
99/1 0.78 Pt+ 0.01 Rh Calcined, dry 100
96/4 0.78 Pt+ 0.03 Rh Calcined, dry 100
93/7 0.78 Pt+ 0.06 Rh Calcined, dry 100
69/31 0.40 Pt+ 0.18 Rh Calcined, dry 70

found to have a dispersion value of 45%, slightly higher than
the 38% obtained for the pure Rh catalyst calcined with a
moist air stream. The 69/31 catalyst was found to have a
70% dispersion. The results were reproducible within ex-
perimental error. For the Rh (wet) catalyst, two almost
identical values (38.0 and 38.1%) were obtained by the two
consecutive analyses.

Analytical electron microscopy results for the 96/4 cata-
lyst after catalytic testing are presented in Fig. 1. This plot of
Pt composition (measured as X-ray intensity ratio) versus
particle size shows that all particles analyzed were Pt-rich
and between 3 and 7 nm in diameter. Particles having less
than 3 nm in diameter are likely but not able to be detected.
The small variation in composition with metal particle size
has been shown to be related to segregation of Rh to the
particle surface (27).

Kinetic Studies

Catalyst activity for the oxidation of CO to CO2 is mea-
sured either by a light-off curve (CO conversion versus
temperature) or by a value of T50 (temperature required
to reach 50% conversion). The catalyst samples tested in
the current studies are 100/0 (0.78% Pt), 99/1, 96/4, 93/7,
69/31, and 0/100 (0.36% Rh). The amount of catalyst was
chosen to be equal for each set of reactions and, except
for the Rh and 69/31 catalysts, the other catalysts have a
dispersion of 100%. Thus, in most cases, the comparison
of light-off curves or T50 values reflects the specific cata-
lyst activity, that is, the catalyst turnover frequency (mole
of CO reacted/site · s). The specific catalyst activity, how-
ever, is calculated for some of the selected data by using
dispersion values found in Table 1. This is especially im-
portant in comparing catalyst samples with different metal
dispersions.

The effect of Cl content on CO oxidation activity was
investigated over the Pt and Rh monometallic catalysts.

According to the procedure described by Castro et al. (28),
we were able to regulate the final Cl levels in solids by con-
trolling the calcination environment. Table 1 lists Cl concen-
trations under different calcination conditions. A normal
calcination process involving dry air at 500◦C for 4 h gave
Cl contents of 0.51% for the Pt and 0.52% for the Rh, which
were decreased from 0.54 and 0.56%, respectively, prior to

FIG. 1. Plot of particle composition (measured as X-ray intensity
ratio) versus size for the 96/4 catalyst. Particle composition and particle
size histograms are also presented.
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FIG. 2. CO conversion versus temperature over the Pt and Rh
monometallic catalysts calcined in either a dry or a wet air stream. The
experiments were performed at a CO concentration of 0.1% and an O2 to
CO ratio of 5 with a total flow rate of 110 cm3/min. A sample size of 1.0 g
was used.

the calcination. A significant loss of chlorine was observed
if the samples went through a wet calcination process.
Figure 2 shows CO oxidation activities of the samples with
high [Pt (dry) and Rh (dry)] and low [Pt (wet) and Rh
(wet)] chlorine levels. The experiment was performed at
a CO concentration of 0.1% and an O2/CO ratio of 5. All
samples exhibit negligible activity at temperatures below
100◦C. The Pt catalyst is significantly more active than the
Rh sample, with its T50 value about 22◦C lower than that of
the Rh catalyst. The Arrhenius plot (not shown), which re-
lates turnover frequency to inverse temperature, indicates
an order of magnitude higher reaction rate constant for
Pt than for Rh. The chlorine concentration does not ap-
pear to affect the catalyst activity significantly although a
small difference in activity is observed between the Pt (dry)
and the Pt (wet) catalysts. Both Pt catalysts show a com-
plete conversion of CO at a temperature of 180◦C, whereas
temperatures higher than 210◦C are required to reach a
100% conversion for the Rh samples. The actual temper-
ature difference at a full ignition level (100% conversion)
is greater if contributions from the blank run are consid-
ered. As is shown in Fig. 2, the homogeneous reaction of
CO+O2 affects the performance of Rh catalyst much more
than that of Pt catalyst. If there were no homogeneous re-
action involved, the temperature required to reach a 100%
conversion (T100) for the Rh catalyst would be much higher
than 210◦C, whereas the T100 of Pt would be slightly higher
than 180◦C.

The CO conversion versus temperature data obtained at
a CO concentration of 0.1% are presented in Fig. 3 (O2/
CO= 50) and Fig. 4 (O2/CO= 5). In the strong oxidizing
condition (O2/CO= 50), the blank run is identical to the re-
actions with catalysts. This is evidenced by a common light-

FIG. 3. CO conversion versus temperature at a CO concentration of
0.1% and an O2 to CO ratio of 50 with a total flow rate of 110 cm3/min. A
sample size of 1.0 g was used.

off curve for the blank experiment and the actual catalyst
testing. As shown in Fig. 3, experimental data obtained for
the Pt, Rh, and 96/4 catalysts are scattered around a curve
formed by the blank run. Thus, under these conditions the
catalysts tested had negligible activity for converting CO
to CO2. The CO conversions obtained from the blank re-
actor run are attributed to the homogeneous reaction of
CO with O2. The bare alumina and the thermocouple were
tested to have negligible activity within the temperature
range studied. By reducing the ratio of O2/CO to 5, more
distinct differences in activity among the catalysts appears
as illustrated in Fig. 4. The Pt catalyst displays the highest
activity, followed by the 96/4, 99/1, and 93/7 catalysts. The
Rh and 69/31 samples are the least active with their T50

FIG. 4. Comparison of CO conversion curves of Pt, Rh, and various
Pt–Rh bimetallic catalysts at a CO concentration of 0.1% and an O2 to
CO ratio of 5 with a total flow rate of 110 cm3/min. A sample size of 1.09 g
was used.
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FIG. 5. Comparison of CO conversion curves of Pt, Rh, and various
Pt–Rh bimetallic catalysts at a CO concentration of 0.5% and an O2 to
CO ratio of 2 with a total flow rate of 110 cm3/min. A sample size of 1.0 g
was used.

values only 5◦C lower than that of the blank run. The three
bimetallic catalysts (96/4, 99/1, 93/7) perform better than
Rh but not as well as Pt, and the fourth catalyst (69/31)
has roughly the same activity as the Rh sample; thus, we
can conclude that there are no synergistic effects observed
under these experimental conditions.

Experiments with a CO concentration of 0.5% and an O2/
CO ratio of 2 provide increased activity for the bimetallic
catalysts, which is illustrated in Fig. 5. The monometallic
catalysts, however, either have a similar light-off curve (Pt)
or display a lower activity (Rh) (Fig. 5 versus Fig. 4). Experi-
ments under these reaction conditions were not performed
over the 69/31 catalyst. According to our previous findings
(17, 18), the 69/31 catalyst is expected to behave like Rh.
The most interesting phenomenon from this investigation
is that the 96/4 catalyst displays a greater activity than the Pt
catalyst and thus exhibits synergism. The 99/1 and 93/7 cata-
lysts, however, show activities within the boundary formed
by the Pt and Rh monometallic catalysts. A similar run over
the Pt and 96/4 catalysts with CO= 1% and O2/CO= 2 gave
the same difference in T50 values as shown in Fig. 8, con-
firming our observation in synergism.

An Arrhenius plot, which relates the specific activities of
Pt, Rh, and 96/4 catalysts to inverse temperature under the
conditions found in Fig. 5, is illustrated in Fig. 6. The spe-
cific rate is defined as the number of moles of CO converted
per second per surface site. The number of surface site is
calculated with the dispersion data found in Table 1. Exper-
imental data with CO conversion levels less than 30% are
considered in the figure. Two sets of data are plotted for Rh
catalyst; one with the consideration of blank run contribu-
tion and the other without taking into account the blank ex-
periment. There is no need to consider the blank run contri-
bution to Pt and 96/4 catalysts since, at CO conversions less

FIG. 6. Plot of specific reaction rates of Pt, Rh, and 96/4 catalysts
versus inverse temperature at a CO concentration of 0.5% and an O2 to
CO ratio of 2 with a total flow rate of 110 cm3/min. A sample size of 1.0 g
was used.

than 30% (T< 155◦C), the homogeneous activity is negli-
gible. A simple method, which involves subtracting blank
run CO conversion at a specific temperature from CO con-
version obtained with catalyst at the same temperature, is
applied to the Rh catalyst. After the blank run deduction,
the specific reaction rate is expected to be lower than that
without blank run deduction. Regardless of blank run de-
duction, Rh is found to be an order of magnitude lower
in activity than the Pt and 96/4 catalysts. The specific reac-
tion rate is observed to be slightly higher for 96/4 than for
Pt, being in consistent with comparisons using the light-off
curve or the T50 value.

Further kinetic investigations were conducted to find
conditions of more pronounced synergistic effects. Figure 7

FIG. 7. Comparison of CO conversion curves of Pt, Rh, and 96/4
catalysts at a CO concentration of 0.5% and an O2 to CO ratio of 2 with a
total flow rate of 330 cm3/min. The amount of catalyst used in the reaction
is indicated in parentheses.
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FIG. 8. Comparison of temperatures required to reach 50% CO con-
version under various reaction conditions for Pt and 96/4 catalysts. The
difference in T50 (T50 of Pt minus that of 96/4) is indicated as the 1 value.

presents the conversion data obtained at a total flow rate of
330 cm3 (STP)/min with a CO concentration of 0.5% and
an O2/CO ratio of 2. The amount of the catalysts was either
1.0 or 0.1 g, and is indicated in parentheses. The theoretical
criteria proposed in the literature (29) were applied to en-
sure that, under the current conditions, both internal and
external mass transfer limitations did not exist. With the in-
crease of space velocity, it was expected that CO conversion
would shift to higher temperatures. In the case of the 1.0
g sample, an increase of approximately 25◦C in T50 is ob-
served for the three tested catalysts (96/4, Pt, Rh) as a result
of tripling the total flow rate. When keeping the high flow
rate and simultaneously reducing the sample size to 1/10th
of the original, the temperature required to reach a 50%
conversion is about 50◦C higher than that shown in Fig. 5.
An interesting phenomenon illustrated in Fig. 7 is that at
increasing T50 values (hence decreasing catalyst activity),
the observed difference in T50 levels of the Pt and 96/4 cat-
alysts increases. Within our experimental range, the most
pronounced synergism, in terms of T50 level, is observed to
be 9◦C lower for the 96/4 catalyst than for the Pt catalyst.
Figure 8 summarizes the temperatures required to reach
50% CO conversion under various reaction conditions for
the 96/4 and Pt catalysts.

DISCUSSION

The current study shows complete dispersion of the Pt
and Pt-rich bimetallic catalysts (99/1, 96/4, 93/7). The highly
dispersed Pt catalysts prepared by a calcination procedure
are expected based on previous work (19). The 93/7 cata-
lyst tested in this study contains a rhodium content of 0.06
wt%, which appears not to have affected the metal disper-
sion significantly. By comparing with our previous catalysts
(17), which were prereduced in H2 instead of preoxidized

in air, it appears that the rhodium particle dispersion does
not change significantly with pretreatment environment. A
Rh metal dispersion of 41% was obtained when it was pre-
reduced in H2 (17), which is compared to 45 and 38% for
calcination in dry air and wet air streams, respectively.

It is well established that sintered Pt or Rh metals can
be redispersed by treatment with Cl-containing gases (12,
19, 30). Chlorine was reported to be retained by the cata-
lyst even after reduction (31). This study has successfully
demonstrated that the chlorine levels in catalysts can be
controlled in the calcination process, and that a high chlo-
rine concentration, which was obtained under a dry calci-
nation condition, results in a slightly higher Rh dispersion.
It is difficult to make a similar comparison for the Pt sam-
ples since they have a dispersion of 100%. High dispersions,
however, do not necessarily correspond to a high catalytic
activity. In fact, previous work showed that increased dis-
persion did not enhance CO oxidation activity over Rh and
Pt–Rh catalysts (12, 16). Our study reveals no pronounced
difference in activity between the samples with different Cl
concentrations.

Our previous studies (17, 18) for the NO+H2 and
NO+CO reactions demonstrated that a 95/5 catalyst,
which contained only Pt-rich particles and had a Pt con-
centration in the range of 80 to 100 wt%, displayed activity
higher than expected from the summation of Pt and Rh.
We also showed that other bimetallic catalysts, although
prepared by a similar method, did not show synergistic per-
formance for either of the reactions due to a bimodal par-
ticle composition distribution. In the later catalysts both
Pt-rich and Rh-rich particles were observed. The Rh-rich
particles showed poor activity which negated the increased
activity of the Pt-rich particles. The catalysts employed in
our current investigations were prepared at temperatures
and compositions to have a Pt-rich composition distribu-
tion over all particle sizes. This has been confirmed by our
current AEM results for the 96/4 catalyst (Fig. 1).

The present CO oxidation kinetic studies demonstrate
that the presence of synergism not only depends upon the
particle composition distribution, but is also sensitive to
the feed composition and the operating temperature. Our
initial experiment with a ratio of O2 to CO of 5 (Fig. 4)
gives CO light-off curves for the bimetallic catalysts be-
tween those of the Pt and Rh monometallic catalysts, in-
dicating the absence of synergistic effect. The positions of
the conversion curves for the Pt/Rh catalysts are closer to
Rh, with the 96/4 catalyst showing slightly higher activity
than the other bimetallic catalysts. The order of catalytic
activity is dramatically changed at an O2 to CO ratio of 2
(Fig. 5). Under these conditions, the 96/4 catalyst has the
highest activity, followed by the Pt, 99/1, and 93/7 catalysts.
Rhodium, on the other hand, is the least active catalyst,
with a T50 value 12◦C lower than the blank run. The lower
activity for Rh than for Pt and 96/4 is also illustrated in the
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Arrhenius plot (Fig. 6). It is worth noting that this syner-
gistic phenomenon is reproducible under similar reaction
conditions: an O2 to CO ratio of 2 and a CO concentration
of 1% (Fig. 8).

One might argue that the slightly lower T50 values (3.5◦C)
of the 96/4 catalyst than the Pt sample could be attributed
to experimental errors. This led us to find a more pro-
nounced synergistic effect by varying the operating condi-
tions (Fig. 7). Tripling the total flow rate and decreasing the
sample size are both expected to move the temperature–
conversion curve to higher temperatures. However, under
theses conditions, the difference in activity between the Pt
and the 96/4 catalysts increases, with the temperature re-
quired to reach a 50% conversion about 9◦C lower for the
96/4 catalyst than for the Pt sample (0.1 g of sample). This is
a significant improvement over the value of 3.5◦C shown in
Fig. 5 at lower operating temperatures. Due to experimental
limitations, we are unable to operate the system at higher
temperatures and at the same time avoid the homogeneous
activity contributions.

Oh and Carpenter (10) presented convincing evidence in
favor of CO oxidation synergism. Their preparation pro-
cedures, which led to the presence of synergism in the CO
oxidation reaction, probably produced Pt-rich catalyst par-
ticles (18). In addition, Oh and Carpenter may have bene-
fited from high operating temperatures caused by very low
metal loading, high space velocity, and appropriate O2 to
CO ratio. The later is supported by their data obtained at a
CO concentration of 1% and an O2 to CO ratio of 5 (10).
Under these conditions, they showed that the temperature
required to reach 50% conversion was only 2◦C lower for
the Pt–Rh catalyst than for the monometallic Pt catalyst.

Some published data do not show activity enhancement
by combining Pt and Rh (13–15, 32) Nieuwenhuys re-
search group (13, 14) coimpregnated silica to produce Pt–
Rh bimetallic catalysts with metal compositions of 25 at.%
Rh, 50 at.% Rh, and 75 at.% Rh, which are likely to pro-
duce bimodal distributions of particle compositions (17).
This particle microstructure can have many metal sites with
low activity which would preclude synergism (18). In addi-
tion, although a high space velocity was used in their ex-
periments, the catalysts with a high metal loading (7 wt%)
oxidized CO at relatively low temperatures (13, 14). Thus, a
relatively low operating temperature regime may also con-
tribute to the absence of synergism. A recent paper by An-
derson (15) provided experimental evidence which did not
favor synergism for the CO oxidation reaction. Here the
lack of activity enhancement for the Pt–Rh catalysts was
explained by the absence of NO in the gas stream and/or
the necessity of acetone solutions instead of aqueous envi-
ronments in catalyst preparation. Anderson and Williams
(32) reported that the light-off curve of the 0.5 wt% Pt–
0.5 wt% Rh/γ -Al2O3 catalyst laid between those of the
monometallic components and that acetone solutions in

catalysts prepared by two-stage impregnation were likely
to explain differences between single- and two-stage pre-
pared Pt–Rh catalysts. Although evidence obtained in the
present work is not broad enough to evaluate these nonsyn-
ergistic results, it is our belief that both the alloy particle
composition–size distribution and the reaction conditions
play a major role in the appearance of a synergistic effect
for CO oxidation.

The synergistic effects shown in our data might be ex-
plained by the possibility that Rh reduction is promoted by
the presence of Pt. It is well established that the reduced
forms of Pt and Rh are more active in CO oxidation than
their oxidized counterparts (9, 33). For oxidized Pt catalysts,
it has been suggested that the CO oxidation reaction pro-
ceeds on reduced metal atoms and that only a small fraction
of the metal is in the reduced and active state (33, 34). In an
oxidizing environment (O2/CO= 5) as shown in Fig. 4, both
metals are expected to be oxides on the γ -Al2O3, and the
overall reaction rate should be a summation of the rate over
the Pt and the rate over the Rh. An averaged performance
of the bimetallic Pt–Rh catalysts is expected. Decreasing
the O2/CO ratio to 2 perhaps partially reduces the Pt and
bimetallic catalysts, but not the Rh-only catalyst. This ob-
servation is supported by a slightly dark color of the Pt and
Pt-rich catalysts after the reaction. However, this does not
happen for the Rh-only catalyst, suggesting that the oxi-
dation state of the Rh did not change. For the bimetallic
catalysts, however, Rh might be expected to be more eas-
ily reduced. This Rh reduction in the bimetallic catalysts
is presumably influenced by the presence of Pt. Reduced
Rh was shown to be more active for CO oxidation than re-
duced Pt (15). Thus the Pt–Rh alloy catalyst surface may be
considered to consist of two separated active sites; a small
amount of partially reduced Rh with high activity per site
and a large amount of partially reduced Pt with relatively
low activity. Consequently, the enhanced activity of the 96/4
catalyst relative to the pure Pt catalyst is not surprising. The
lack of synergism for the 99/1 catalyst may simply be due to
a relatively small enhancement in activity, which could not
be observed in our experiment. Higher Rh concentration
in a catalyst, such as in the 93/7, may create a scenario that
the number of Pt atoms is not enough to meet the demands
of a relatively large number of Rh atoms on the particle
surface. As a result, the inactive rhodium oxide exposed
on the surface decreases the overall activity. In an extreme
case, such as in the 69/31 catalyst, Rh may completely cover
the Pt atoms in the form of inactive rhodium oxide.

Another approach to explaining the observed synergism
might be the selective adsorption effect, which reduces site
competition and increases reaction rate by increasing the
probability of having both reactant species on neighboring
sites. Oh and Carpenter (10) proposed that the bimetal-
lic catalyst surface is composed of randomly distributed Pt
sites and Rh sites. The Pt atom acts as a CO adsorption site
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while the Rh site selectively adsorbs oxygen. This results in
reactive species bonding in close proximity and can lead to
the enhancement of reaction rate for the bimetallic cata-
lysts. This proposal was recently supported by Herz et al.
(35) (using Monte Carlo techniques), who suggested that
a composite material composed of two different sites, each
with optimal properties for the adsorption of one reactant,
would perform better than a single material. The bimetallic
catalysts prepared in our laboratory can be visualized as an
alloy containing both Rh sites and Pt sites. Our AEM re-
sults have revealed the formation of Pt–Rh alloy particles in
the 96/4 catalyst. Under the current calcination conditions,
the Pt–Rh alloy is expected to have surface partially en-
riched with Rh (36–38). For a similar catalyst investigated
previously (18), the maximum Rh surface composition was
estimated to be 30 at.% if a complete Rh segregation was
assumed. Pt surface was reported to hold CO more strongly
(1). Based on the findings by Zhu and Schmidt (38), oxy-
gen treatment completely suppressed CO chemisorption on
Rh. Oxygen was known to adsorb much more strongly on a
clean Rh surface than CO (39, 40). Thus the surface of our
bimetallic catalysts can be thought to contain a statistical
mixture of sites with the property of selective adsorption.
The resulting adsorbed CO on a Pt site would react with
the neighboring Rh adsorbed oxygen species, and an en-
hancement in activity for the bimetallic catalysts would be
expected.

As we reported earlier (17, 18), a Pt-rich particle com-
position distribution is necessary to observe the synergistic
effect. In the current investigation, we have demonstrated
that synergism, in CO oxidation, is also sensitive to reaction
conditions, specifically to the feed composition and the op-
erating temperature. Reaction temperature is influenced by
parameters such as metal loading, total flow rate, volume of
the heating zone, and catalyst oxidation state. The oxidation
states of a catalyst can significantly affect the operating tem-
perature. In a separate experiment, prereduced Pt and Rh
catalysts were tested for their CO oxidation activity. These
catalysts were reduced in flowing pure H2 at 350◦C for 12 h,
and were subjected to the same reaction conditions as those
in Fig. 4 (0.5 g instead of 1.0 g). Complete CO conversion
at about 100◦C was obtained initially for both reduced Pt
and reduced Rh (Rh was more active), which is significantly
lower than the 180 to 210◦C needed for the oxidized cata-
lysts. However, the activity of these catalysts was not stable,
and, after several hours the activity approached the level of
the preoxidized samples. It is important, therefore, to per-
form CO oxidation experiments in a stable oxidation state
for a catalyst in order to fully understand the mechanism of
synergistic effect. Jernigan and Somorjai (41) studied CO
oxidation reaction over copper catalysts rather than Pt–Rh.
They have reported that the surface oxidation state changes
as a function of gas composition, reaction temperature, as
well as exposure time, and have successfully showed that

stable copper oxidation state can be obtained and main-
tained by varying the O2/CO ratio. Experiments that con-
trol the oxidation states of Pt, Rh, and Pt–Rh bimetallic
catalysts are currently underway to investigate kinetic per-
formance of different oxidation states of Pt and Rh, as well
as the possible mechanism of Rh reduction in the presence
of Pt.

CONCLUSIONS

Platinum–rhodium alloy catalyst particles, with a uniform
Pt-rich composition distribution, exhibit synergistic effects
for CO oxidation. However, the presence of synergism not
only depends on the particle composition distribution, but it
is also sensitive to the feed composition and the operating
temperature. Two possible mechanisms for the observed
synergism have been discussed: the partially reduced Rh
effect and the selective adsorption effect.
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