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The oxidation of carbon monoxide has been studied on a series of
Cu/Rh(100) model bimetallic catalysts using a combined elevated
pressure reactor—ultrahigh vacuum surface analysis system. The
effects of temperature and oxygen/carbon monoxide partial pres-
sures on the rates of CO, formation and surface composition/
morphology were determined. Although the addition of copper to
Rh(100) altered the rate of CO oxidation, the kinetic behavior of
the Cu/Rh(100) catalysts was essentially the same as that for
Rh(100) with modifications within the low Cu coverage region,
i.e., at O, < 0.5 ML. The altered kinetics are attributed to two
types of reaction sites at these low Cu coverages. The primary role
of copper in the Cu/Rh(100) bimetallic catalyst is to increase the
surface oxygen coverage. The presence of Cu and Rh carbonate-
like surface species was evident in postreaction TPD analysis.
© 1994 Academic Press, Inc.

INTRODUCTION

The removal of CO from automotive exhaust and fac-
tory effluent gas streams is a major environmental con-
cern. The catalytic oxidation of CO on noble metals Pt,
Pd, and Rh has long been utilized in catalytic converters.
On the other hand, the relative simplicity of CO oxidation
makes this reaction ideal to study the basic phenomena
that are vital in heterogeneous catalytic processes. The
CO-0, reaction has been extensively studied on both
supported (1-5) and model single-crystal catalysts of Pt
(6-8), Pd (8), Rh (9-13), Ir (8), and Ru (11, 14, 15). Kinetic
and mechanistic studies (6, 8~10, 13) suggest that the
reaction on these transition metal surfaces follows a Lang-
muir-Hinshelwood mechanism, that is, the reaction pro-
ceeds by the combination of dissociatively adsorbed oxy-
gen [O(a)] and adsorbed CO [CO(a)]. Under most of the
reaction conditions studied, the metal surfaces are pre-
dominantly covered by CO and the rate-determining step
is the desorption of CO. O, adsorbs dissociatively on the
available sites. The reaction between O(a) and CO(a) is
fast and the CO, desorbs as it is formed.
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The adsorption—desorption of CO, O,, and CO, as well
as the interaction among the adsorbed species on both
polycrystalline and single-crystal Rh surfaces have been
studied extensively (16). CO desorbs from Rh(100) at a
maximum peak temperature of 490 K (17), suggesting that
the surface at elevated pressures is covered exclusively
by CO(a) at low temperatures (<600 K). At 500 K and at
a CO pressure of 8 Torr (1 Torr = 133.32 Pa), the reaction
has been shown to be first order in oxygen pressure up
to O,/CO = 13 (10). At higher oxygen pressures the reac-
tion rate rolls over and becomes negative order in oxygen.
In this region, due to the high oxygen pressure, the surface
becomes oxidized, verified by postreaction Auger surface
analysis (10). The sudden increase in the O/Rh Auger
ratio coincides with the roll over of the reaction rate. The
rates of CO oxidation on these oxygen-covered surfaces
are much lower than that on metallic Rh. Under strongly
oxidizing conditions the surface, in addition to being oxi-
dized, is also covered with a carbonate-like surface spe-
cies. Under these conditions, the reaction is limited by
the decomposition of surface carbonate (18, 19).

The relatively strong adsorption of CO on Rh results
in a negative first order CO pressure dependence with
respect to CO oxidation over a wide range of temperatures
and CO pressures. At a CO/0, ratio of 1 and a total
pressure of 16 Torr, the apparent activation energy was
found to be about 105 kJ/mol for Rh(100) and Rh(111)
(10), in good agreement with the value 126 kJ/mol found
for a supported 0.019% Rh/Al,O; catalyst (20). The appar-
ent activation energy is significantly different from this
value at low temperatures (<450 K) or at high CO/O, (>5)
ratios. Under these conditions the apparent activation
energy is strongly affected by the heat of CO desorption
which, in turn, is CO-coverage dependent (21). The higher
the CO coverage for a given set of reaction conditions,
the lower the heat of adsorption and consequently the
lower the apparent activation energy. Under highly oxi-
dizing conditions the apparent activation energy is infiu-
enced by the energy of decomposition of a surface carbon-
ate species (18).

It has long been known that additives can significantly
alter the adsorption and catalytic properties of metal cata-
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lysts (30). In bimetallic catalysts the addition of a second
metal to a transition metal catalyst can largely affect its
activity, selectivity and resistance toward poisoning (22,
23, 31). To a large extent the altered properties of these
bimetallic systems can be related to electronic interac-
tions between the two metals (24). For example, copper
was found to promote the dehydrogenation of cyclohex-
ane to benzene on Ru(0001) by approximately an order
of magnitude at a Cu coverage of ~0.7 ML (23). Further-
more, the desorption temperature of CO from Cu, gy /
Rh(100) is shifted toward higher temperatures compared
to that of bulk Cu (17). Bimetallic Cu/Rh(100) catalysts
were found to have enhanced activities for CO oxidation
compared to either Rh(100) or Cu(100) (25). Silica-sup-
ported Cu/Pd bimetallic catalysts exhibit higher CO oxi-
dation activities than either of the monometallic sys-
tems (26).

In this paper we report results on the kinetics of CO
oxidation on Cu/Rh(100) bimetallic catalysts in the Cu
coverage range 0-3 ML. The goal of this study was to
explore the effects of Cu deposition by comparing the
results obtained on Cu/Rh(100) systems with those mea-
sured on clean Rh(100).

EXPERIMENTAL

The experiments were carried out in a combined ele-
vated pressure reactor—ultrahigh vacuum (UHV) surface
analysis system which is described in detail elsewhere
(27). The UHV surface analytical chamber, with a base
pressure of <3 X 107'° Torr, is equipped with Auger
electron spectroscopy (AES), temperature-programmed
desorption (TPD), ion sputtering, and gas- and metal dos-
ing capabilities. The sample preparation and surface char-
acterization were carried out in the UHV chamber. The
Rh(100) crystal was heated resistively by a tantalum wire
spotwelded to the back face of the sample. The sample
temperature was monitored using a W-5%Re/W-26%Re
thermocouple spotwelded to the edge of the crystal. Re-
peated cycles of oxidation in 1077 Torr of oxygen at 800 K
followed by annealing at 1200 K in UHV for 2 min were
used to clean the Rh(100) crystal. Cu was deposited onto
the clean Rh(100) surface at a substrate temperature of
300 K from an oxygen-free Cu wire wrapped around a
tungsten filament. The cleanliness of the Rh(100) crystal
and the amount of Cu deposited were monitored by AES.
The amount of deposited Cu was determined using a cali-
bration curve of Cu/Rh Auger ratio versus Cu TPD peak
area (17). Following surface characterization, the sample
was transferred into the elevated pressure reaction cham-
ber through doubly differentially pumped teflon sliding
seals. The reaction chamber is connected to a gas handling
system and a gas chromatograph (GC) equipped with a
flame ionization detector (FID).
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Upon completion of a catalytic experiment the react-
ant—product gas mixture was pumped through a liquid-
nitrogen-cooled sample loop to quantitatively trap the CO,
product. CO, was introduced onto the GC column by
warming the trap to ~350 K. Following separation, the
CO, was passed over a methanizer and converted quanti-
tatively to CH,, which in turn, was analyzed via a flame
ionization detector (FID).

Research purity (>99.999%, Matheson) CO and O,
were utilized. CO was further purified by passing it
through a 142-K n-pentane/liquid-nitrogen slurry trap in
order to remove transition metal (Fe,Ni)-carbonyl impuri-
ties. Oxygen was used as received. CO/O, reactant mix-
tures with varying ratios were prepared and stored in glass
bottles for a minimum of 12 h to assure complete mixing.
In the partial pressure dependence studies, CO and O,
were mixed in situ in the reaction cell. Following the
catalytic experiments the sample was transferred into the
UHYV chamber where surface analysis was carried out by
AES. Postreaction TPD experiments were also carried
out to monitor the decomposition of any surface species.

RESULTS

1. The Effect of Reaction Temperature

The effect of temperature on the rate of CO oxidation
was studied on a series of Cu/Rh(100) catalysts with Cu
coverages of 0.0, 0.8, 1.0, and 1.3 ML in the temperature
range 390 < T < 460 K using a CO/0, = 2 reactant gas
mixture. The results obtained are shown in Fig. 1 in Ar-
rhenius form. The apparent activation energy for Rh(100)
was found to be 101 * 2 kJ/mol, in agreement with previ-
ous literature values (9, 10). The activation energy was
essentially the same for all three Cu/Rh(100) samples, 108
+ 4 kJ/mol.

2. Oxygen Partial Pressure Dependence

a. The effect of oxygen pressure on the catalytic activ-
ity. The dependence of the turnover frequency (TOF)
for CO, production on the oxygen pressure was investi-
gated at 500 K and a constant CO pressure of 8 Torr on
a series of Cu/Rh(100) catalysts with Cu coverages of
0.00, 0.25, 0.60, 1.1, and 1.75 ML. The oxygen pressure
dependencies are shown in Fig. 2. A positive first-order
oxygen pressure dependence was seen for the clean
Rh(100) sample in the range of 0.5 < P, < 75 Torr. A
rollover region between 75 and 100 Torr was observed
within which the positive first order changes to negative
0.5. On Rh(100) this rollover region is very narrow; the
change from 1.0 to —0.5 order takes place in a very small
oxygen pressure interval. The deposition of about a quar-
ter of a monolayer Cu on the Rh(100) surface resulted in
an enhanced CO, production rate compared to the clean
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FIG. 1. Arrhenius plots for CO oxidation on various Cu/Rh(100)
catalysts. Py, = 10 Torr; CO/O, = 2/1.

Rh(100). At the same time, the order of the reaction with
respect to oxygen fell significantly below 1.0. The positive
first-order O, pressure dependence observed for copper-
free Rh(100) decreases to 0.6 for Cu,,/Rh(100) in the
0.5 < Py, < 50 Torr range. Furthermore the catalyst
reached ifs maximum activity at ~50 Torr oxygen com-
pared to ~75 Torr for Rh(100). The activity of this
Cuy,s v /Rh(100) catalyst, unlike the copper-free
Rh(100), does not roll over in a very narrow P, range
but rather exhibits almost zero-order behavior over a wide
pressure window (50 < Py < 200 Torr). Increasing the
amount of Cu deposited to 0.6 ML results in catalytic
properties characteristic of both the copper-free Rh(100)
and the Cug,s i /Rh(100) catalysts.

The activity of Cuy ¢ v /Rh(100) is higher than that for
the copper-free Rh(100). However, for Cu, (,/Rh(100) the
O, pressure dependence in the range 0 < P, < 50 Torr
was essentially identical to that observed for copper-free
Rh(100), that is, approximately positive first order. There
is an extended oxygen pressure range from 50 to 250 Torr
within which the reaction was zero order in P, . At
Pg, > 250 Torr the reaction rate became negative order
in Pg_.

The Cu, |y /Rh(100) catalyst showed behavior very
similar to the Cuy ¢ /Rh(100) sample. The initial posi-
tive order in oxygen pressure becomes zero order at ~50
Torr oxygen. The reaction rate in oxygen pressure be-
comes negative order above 250 Torr. However the Cu, |/
Rh(100) catalyst exhibited a lower catalytic activity in the
Py, range 0.0-50 Torr than did the Cuyg gy, /Rh(100).
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A somewhat different catalytic behavior was seen for
the Cu, ;5 v /Rh(100) sample. At low oxygen pressures
(Pp, < 2 Torr) the catalyst was much less active toward
CO oxidation compared to the lower Cu coverages. The
TOFs for Cu, 75 . /Rh(100) in this oxygen pressure range
were close to those seen for Rh(100). At P, = S Torr the
activity increased markedly to the values found for Cu
coverages =<1.1 ML. For oxygen partial pressures >5
Torr, the catalyst exhibited the same behavior as those
catalysts with Cu coverages >0.5 ML.

b. The effect of oxygen pressure on the surface compo-
sition and morphology. The changes in surface composi-
tion and morphology were followed by postreaction Auger
analysis and, in certain cases, with TPD. The samples
were flashed to reaction temperature in UHV prior to
Auger analysis to remove adsorbed CO and O,. In Figs.
3 and 4 the Cu/Rh and O/Rh Auger ratios, respectively,
are displayed as a function of the oxygen pressure. On
the Cuy 55y /Rh(100) catalyst the Cu overlayer was stable
over the entire oxygen pressure range studied, indicated
by the constant Cu/Rh Auger ratios in Fig. 3. The oxygen
coverage on the Cug,s p /Rh(100) catalyst is stable and
low within the range of oxygen pressures between 0.5 and
150 Torr (see Fig. 4). At P, > 150 Torr the Cu/Rh ratio
increased monotonically with increasing Py, and ulti-
mately became larger than the original Cu/Rh ratio at high
oxygen pressures (>250 Torr). The Cu overlayer on the
Cu, ; » . /Rh(100) sample was stable in the low oxygen
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FIG. 2. CO, formation rates for various Cu/Rh(100) catalysts as a
function of O, partial pressure. Poq = 8 Torr; T = 500 K.
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FIG. 3. Post-reaction Cu/Rh Auger ratios for various Cu/Rh(100)
catalysts after reaction as a function of O, partial pressure. Pry = 8
Torr; T = 500 K.

pressure range 0.5-4.0 Torr then decreased linearly as
the oxygen pressure increased from 4 to 15 Torr. In this
P, range the Cu/Rh Auger ratio dropped from the initial
value of 0.36 to 0.18 and then stayed constant in the range
15 = P,, < 80 Torr. A further increase in the oxygen
pressure resulted in an increase in the Cu/Rh Auger ratio;

at P, > 200 Torr the Cu/Rh Auger ratio exceeded the
initial value of 0.36. The oxygen pressure at the onset of
the increase in the Cu/Rh ratio is much lower for Cu, |y, /
Rh(100) than for the Cuy g /Rh(100), namely 80 Torr
compared to 150 Torr. There is a very sharp decrease in
the Cu/Rh Auger ratio for the Cu, ;5 /Rh(100) sample
in the oxygen pressure range 0.5-4.0 Torr. The Cu/Rh
Auger ratio, after dropping from the initial value of 0.56 to
0.21 at 4.0 Torr, remained constant up to 50 Torr oxygen.

Beginning at Py, =~ 50 Torr the Cu/Rh ratio increased
linearly with increasing oxygen pressure. The Cu/Rh
Auger ratio reached a stable value at a significantly lower
oxygen pressure for Cu, 75 » /Rh(100) than for Cu, 3/
Rh(100) (4 Torr vs 80 Torr, respectively). At intermediate
oxygen pressure (~10 Torr) the Cu/Rh Auger ratios for
initial Cu coverages of 1.75 and 1.1 were essentially the
same.

In agreement with earlier studies (10) postreaction
Auger analysis showed essentially zero residual oxygen
on the Rh(100) surface at oxygen pressures less than 170
Torr (see Fig. 4). At an oxygen pressure corresponding
to the maximum activity (~85 Torr) on Rh(100) the onset
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of oxidation was apparent with the O/Rh Auger ratio
increasing monotonically with increasing oxygen pres-
sure. The Cuy 1y /Rh(100) exhibited a very similar be-
havior; however, alow level, stable oxygen coverage was
apparent on this surface up to an oxygen pressure of
~40 Torr. Above 40 Torr, the O/Rh ratio increased more
dramatically than for the Cu-free Rh(100). A somewhat
higher coverage of oxygen was present on the Cug ¢/
Rh(100) surface even at 2 Torr and remained constant up
to oxygen pressures of ~40 Torr. At P, > 40 Torr, the
oxygen coverage increased markedly. The Cu, ./
Rh(100) and Cu, ;5 5 /Rh(100) systems exhibited an initial
decrease in the O/Rh Auger ratio, a stable oxygen level
in the 4 < P, < 40 Torr range, followed by a sharp
increase in the O/Rh AES ratio.

The formation of a carbonate species on Rh during
CO oxidation has been suggested previously (18, 19). In
postreaction TPD, CO, desorbs from Rh(111) at a desorp-
tion peak temperature of 550 K (19). The formation of
a surface carbonate during CO oxidation has also been
observed on a Cu(100) surface (29). In postreaction TPD
CO, desorbed at a peak temperature of about 630 K from
the Cu(100) surface. Following CO oxidation on Rh(100)
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FIG. 4. Post-reaction O/Rh Auger ratios for various Cu/Rh(100}
catalysts after reaction as a function of O, partial pressure. Pcg = 8
Torr; T = 500 K.
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FIG. 5. CO, TPD spectra following the elevated pressure CO-0,
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with several Cu coverages, TPD experiments were carried
out to monitor the decomposition of the surface carbonate
species. Post-reaction CO, TPD spectra for several se-
lected reaction conditions are shown in Fig. 5. For com-
parison, a CO, TPD spectrum from Cu-free Rh(100) is
also displayed. On Cu-free Rh(100) at low oxygen pres-
sures, no CO, desorption was apparent following reaction;
however, under oxidizing reaction conditions (P, > 50
Torr) the formation of surface carbonate was evident. On
the Cu/Rh(100) catalysts, surface carbonates of Cu and
Rh were formed.

3. CO Pressure Dependence

The CO + O, reaction at near stoichiometric conditions
on transition metal surfaces, in general, is negative first
order in CO partial pressure (6, 10). The CO pressure
dependence of CO oxidation on a series of Cu/Rh(100)
catalysts was studied at 500 K with copper coverages of
0.00, 0.4, 0.8, 1.0, and 1.6 ML at a constant oxygen pres-
sure of 8 Torr in the CO pressure range 2-50 Torr. The
results are summarized in Fig. 6. For the various Cu
coverages studied, two distinct CO pressure regions were
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apparent. In the low pressure regime (2 < P, < 15 Torr)
the CO pressure dependence varied between —0.5 and
—1. In the high pressure region (P > 15 Torr) a much
less negative, near zero order, CO pressure dependence
was observed. In agreement with the results from earlier
studies (10), the Cu-free Rh(100) surface exhibited a nega-
tive first order CO pressure dependence in the range 2 <
Pcg < 15 Torr. At Py > 15 Torr the negative order CO
pressure dependence was much less pronounced, i.e.,
—0.30, however, a small coverage of Cu on Rh(100) (0.4
ML) significantly increased the order. In the low CO pres-
sure range a —0.8-order CO pressure dependence was
observed for Cug, \ /Rh(100). As for Cu-free Rh(100),
the order in CO pressure was significantly more positive
in the high P range (P, > 15 Torr). At copper coverages
>0.5 ML an approximately —0.5-order CO pressure de-
pendence was observed at P, < 15 Torr and approxi-
mately zero order at Pp > 15 Torr.

DISCUSSION

The activities shown in Arrhenius form in Fig. 1 indicate
that the deposition of Cu onto Rh(100) alters very little
the apparent activation energies. The reaction of CO oxi-
dation has been shown to proceed on transition metal
surfaces via a Langmuir-Hinshelwood mechanism
through the interaction of adsorbed CO and O (6, 9, 10).
Under near stoichiometric reaction conditions there is
competition between CO and O, for free adsorption sites.
Except for high temperatures or high O,/CO ratios, the
surface is covered with CO, thus the oxygen adsorption
rate is determined by the rate of CO desorption.
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In agreement with our previous work (25), the data of
Fig. 1 indicate that deposition of Cu onto Rh(100) en-
hances its ability to catalyze CO oxidation. Although the
catalytic activity is enhanced by the addition of Cu, the
apparent activation energy is virtually unchanged on the
Cu-covered surfaces. The focus of this work is the role
of copper in enhancing the catalytic activity of Rh(100)
in CO oxidation.

Recent work has demonstrated that electronic interac-
tions between metals at mixed-metal interfaces define, to
alarge extent, their chemical properties (24). This interac-
tion, which can be visualized as charge transfer from the
electron-rich metal toward the electron-poor metal, alters
significantly the adsorptive and catalytic properties of
these bimetallic systems (24). For example, for a Cu, v/
Rh(100) bimetallic system the desorption peak tempera-
ture of CO is approximately 90 K higher than that for
Cu(100) (17) due to the electronic interaction between
the Cu adlayer and the Rh(100) substrate. The charge
donation from Rh to Cu results in a partially negatively
charged Cu, which, in turn, leads to a stronger Cu—-CO
bond. An increase in the CO adsorption energy for
Cu, o m./Rh(100) compared to Cu(100) should lead to an
enhanced rate on the mixed-metal catalyst, given the in-
trinsic weak CO-Cu interaction on Cu(100). On the other
hand, we have shown (25) that in the CO oxidation reac-
tion on Cu/Rh(100), Cu is not stable but rather forms 3D
Cu,O agglomerates. The more oxidizing the reactant gas
mixture, the faster these agglomerates are formed. Since
the apparent activation energy for CO oxidation is greatly
influenced by the CO desorption energy, it is anticipated
that the apparent activation energy will change signifi-
cantly from Cu-free Rh(100) to Cu/Rh(100) catalysts.
However upon deposition of Cu, the apparent activation
energy for CO oxidation is not significantly modified.

The picture that emerges is one in which CO oxidation
on Cu/Rh(100) catalysts proceeds in similar fashion to
Rh(100). Cu in interacting with the CO + O, reactant gas
mixture, forms 3D clusters freeing Rh sites for reaction.
These Cu-free Rh sites, in turn, are covered predomi-
nantly by CO(a). Similar activation energies observed for
Rh(100) and Cu/Rh(100) are consistent with the reaction
taking place on Rh sites rather than on the Cu/Cu, O clus-
ters or mixed-metal sites. The Cu/Cu, O clusters, on the
other hand, readily adsorb oxygen thus providing an en-
hanced coverage of reactive O(a). This enhanced oxygen
coverage is believed to be primarily responsible for the
increased activity observed for the Cu/Rh(100) systems
compared to Cu-free Rh(100).

Since the CO oxidation rate near stoichiometric condi-
tions is O, adsorption limited, it is not surprising to find
a positive order in oxygen pressure. The probability of
oxygen adsorption has been shown to be first order with
respect to the number of free Rh sites (28). Accordingly,
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the oxygen coverage shows a first-order behavior with
respect to the oxygen pressure. This positive first-order
oxygen pressure dependence is clearly seen for Rh(100)
in Fig. 2. Within a narrow oxygen pressure range, the
reaction rate changes from positive to negative order.
Concomitant with this roll over of the activity at ~90
Torr, the surface oxygen appears in postreaction Auger
analysis. As discussed in detail by Peden ez al. (18, 19),
at high O,/CO ratios the Rh surface becomes oxidized.
On this oxidized Rh surface the formation of a carbonate
species has been characterized by postreaction high reso-
lution electron energy loss spectroscopy (HREELS) and
TPD analysis (19). On oxidized Rh the reaction proceeds
via a distinctly different mechanism compared to reduced
Rh. While the rate determining step on reduced Rh is CO
adsorption, on oxidized Rh the rate-determining step is
the decomposition of surface carbonate. The rate of CO
oxidation on these oxidized/carbonate-covered surfaces
is lower compared to the rate on the reduced metal.
The deposition of ~0.25 monolayers of Cu on Rh(100)
results in an increase in CO oxidation activity and a
change in the oxygen pressure dependence. The increased
catalytic activity is attributed to the enhanced surface
oxygen coverage on Rh promoted by Cu. Ata Cu coverage
of 0.25 ML, however, there are numerous surface Rh
atoms with nonadjacent Cu. Accordingly, two different
reaction pathways can be rationalized on the Cug s/
Rh(100) surface. On Rh sites nonadjacent to Cu, CO oxi-
dation occurs at the rate observed for Rh(100). Rh atoms
with adjacent Cu atoms, however, exhibit a different rate
for CO oxidation, a rate that is much higher. The Cug 55 v, /
Rh(100) catalyst reaches its maximum activity at P, =
50 Torr, some 30 Torr lower than for Cu-free Rh(100).
It is noteworthy, however, that the maximum turnover
frequencies are identical for both catalysts. The enhanced
surface coverage of oxygen on the Cu-promoted Rh(100)
leads to oxidation of the Rh surface at a lower oxygen
pressure compared to Rh(100). Figure 4 clearly shows
that as the activity approaches the maximum, the onset
of surface oxidation is apparent. In contrast to the clean
Rh(100) surface, where no surface oxygen is evident in
post-reaction Auger analysis below the maximum cata-
lytic activity, the Cug,s 5 /Rh(100) system shows oxygen
on the surface even at the lowest oxygen pressure of
2 Torr. This surface oxygen at low oxygen pressures is
associated exclusively with Cu. Contrary to the Rh(100)
surface, The Cuy,;5 . /Rh(100) surface exhibits a stable
activity over a relatively wide range of oxygen pressures.
Within this oxygen pressure region the reaction rate is
limited by the reaction of CO(a) and O(a). At these high
oxygen pressures the surface is covered predominantly
by oxygen, that is, the surface coverage of adsorbed CO
is low. The maximum reaction rate for CO oxidation has
been shown to occur at CO surface coverages of <1% (9,
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12). Under reaction conditions of high O,/CO ratios (>30)
the reaction rate becomes negative order in oxygen pres-
sure. Under these highly oxidizing reaction conditions the
rate determining step has been shown to be the decompo-
sition of surface carbonate (18, 19).

The oxygen partial pressure dependence of the CO,
production rate on Cu/Rh(100) catalysts with Cu cover-
ages higher than 0.5 ML is very similar to that observed
on Rh(100). At oxygen partial pressures up to 50 Torr a
positive first-order oxygen pressure dependence is seen.
Then, over a wide pressure range, the activity is indepen-
dent of the oxygen pressure. At high oxygen pressures
the activity falls for all catalysts. The first-order oxygen
pressure dependence is consistent with and supports our
proposed reaction mechanism. On these catalysts, con-
trary to the those with Cu coverages <0.5 ML, one kind
of active center is present, i.e., Rh atoms with adjacent
Cu atoms. The reaction between adsorbed CO and O
takes place on these Rh sites; however, the enhanced
oxygen coverage induced by Cu promotes higher rates
on Cu/Rh(100) compared to Cu-free Rh(100).

At the lowest oxygen pressures Cu/Rh(100) catalysts
with 0, > 1.0 ML exhibited activity near that of pure
Cu. For example, for the Cu, 45y /Rh(100) catalyst the
activity at an oxygen pressure of 1.0 Torr is lower than
that for Rh(100). These results clearly show the role of
Cu clustering. Initially, at Cu coverages >1.0 ML, the
Rh(100) substrate is fully covered with Cu and the rate
reflects that of pure Cu. However, increasing the oxygen
pressure to ~2.5 Torr leads to a significant increase in
catalytic activity; above 2.5 Torr oxygen the catalytic
behavior corresponds to that observed for submono-
layer Cu.

The clustering of the Cu overlayers is clearly evident
in the Cu/Rh and O/Rh Auger peak ratios shown in Figs.
3 and 4. The Cu/Rh ratio initially drops in the low O,
pressure range for Cuy ; y /Rh(100) and Cu, ;5 5 /Rh(100).
The higher Cu coverages exhibit an accelerated decrease
in the Cu/Rh Auger ratio, consistent with more rapid
clustering of Cu. At relatively low oxygen pressures the
kinetics of the clustering is insufficiently slow to signifi-
cantly alter the Cu morphology. However, with increasing
oxygen pressures the Cu clustering process accelerates
and the Cu/Rh Auger ratio attenuates accordingly. Con-
comitantly, the O/Rh ratio decreases reflecting the addi-
tional substrate Rh(100) exposed by the Cu clustering.
Between ~2.5 and ~25 Torr the Cu morphology is stable
and the reaction is positive first order in oxygen pressure.
At oxygen pressures >25 Torr, however, the onset of
oxidation of the Rh(100) begins with the rate of oxidation
being proportional to the initial Cu coverage. The increase
in the O/Rh Auger ratio is tracked by the Cu/Rh ratio, a
result that can be attributed to either one of two possibili-
ties: (a) as the Rh surface becomes oxidized the Auger
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electrons originated from the Rh atoms are attenuated by
the oxide layer, leading to an increase in the Cu/Rh ratio;
or (b) oxidation of the Rh results in ‘‘wetting’” of the Rh
oxide by Cu oxide. The AES results were insufficient to
distinguish these possibilities.

The negative first order CO partial pressure dependence
for Rh(100) (Fig. 6) is in agreement with previous work
(10) and shows the inhibiting role of adsorbed CO on the
reaction. It is noteworthy that in the kinetic investigations
of Peden et al. (10), the maximum CO pressure studied
was ~20 Torr. At higher CO pressures, there is a signifi-
cant deviation from this —1 order in CO partial pressure,
even for Rh(100). In a wide range of CO pressures about
stoichiometry, the Rh(100) surface is covered primarily
by CO; at relatively high CO pressures, the CO coverage
saturates and the inhibiting effect of CO on the reaction
becomes less pronounced.

The presence of Cu on Rh(100) does not affect dramati-
cally the CO pressure dependence of CO, production. At
a Cu coverage of 0.4 ML, the CO pressure dependence
is less negative than for Rh(100); at higher CO pressures
the rate is almost independent of CO pressure. At Cu
coverages greater than 0.5 ML, within the low CO pres-
sure region, the reaction is —0.5 order in CO pressure
and essentially independent of the Cu coverage. On sur-
faces with high initial Cu coverages and at relatively high
CO pressures, (>15 Torr) the reaction is approximately
zero order in CO pressure. The approximate —0.8 order
for the Cuy 4\ /Rh(100) sample can be rationalized using
our model with two active sites. On the Rh sites with
no adjacent Cu, the reaction exhibits —1.0 order in CO
pressure, characteristic of Rh(100). For Rh sites with adja-
cent Cu, however, because of the enhanced adsorption
of oxygen, the reaction order is —0.5.

On supported Cu/Pd bimetallic catalysts, Choi and
Vannice (26), have measured the order of reaction with
respect to CO. At low CO pressures the order of reaction
is negative, as observed for a pure Pd catalyst. At higher
CO pressures, however, the CO pressure dependence
shifts to positive order, characteristic of a pure Cu cata-
lyst. At these high CO pressures the reaction on the Cu/
Pd catalyst takes place almost exclusively on the Cu sites.
It should be noted, however, that Cu and Pd readily form
an alloy, whereas Cu and Rh, under the conditions of
these experiments, do not. Thus, the Cu in the Cu/Pd
catalysts is uniformly distributed throughout the Pd parti-
cles, while the Cu in the Cu/Rh(100) catalyst forms 3D
Cu,O clusters.

CONCLUSIONS

1. The rate of CO oxidation is higher on Cu/Rh(100)
catalysts compared to pure Cu or pure Rh catalysts. The
similarities in the apparent activation energies observed
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for Rh(100) and Cu/Rh(100) catalyst suggest a common
reaction mechanism.

2. On the Cu/Rh(100) catalysts the oxygen and CO
pressure dependencies are characteristic of Rh(100). At
fc, < 0.5 ML, a dual mechanism is operative. On Rh sites
with nonadjacent Cu, CO oxidation occurs just as for
Rh(100). Rh sites with adjacent Cu exhibit enhanced reac-
tivity toward CO oxidation due to the Cu-induced higher
oxygen coverages.

3. For oxidized Cu/Rh catalysts under reaction condi-
tions, Cu- and Rh-carbonates are formed.
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