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The kinetics of CO oxidation in a strongly oxidizing environment (i.e., Po, > Pco) over a
low-loaded Rh/AlLO; catalyst are not significantly affected by the presence of cerium. Under
moderately oxidizing or net-reducing conditions, on the other hand, the addition of sufficient
amounts of cerum oxides (=2 wt% Ce) to the Rh/ALO; catalyst was found to cause the following
changes in CO oxidation kinetics: suppression of the CO inhibition effect, decreased sensitivity of
the reaction rate to gas-phase O, concentration, and decreased apparent activation energy. These
cerium-induced changes in the kinetics lead to enhancement of CO oxidation activity and can be
rationalized on the basis of a mechanism involving CO, formation via a reaction between CO
adsorbed on Rh and surface oxygen derived from the neighboring ceria particles. The effects of Ce
addition on the CO oxidation kinetics were also independent of whether the Ce was deposited

before or after the Rh.  © 1988 Academic Press, Inc.

INTRODUCTION

Cerium oxide is a major base metal addi-
tive for commercial three-way catalysts
used for the simultancous conversion of
carbon monoxide, hydrocarbons, and nitro-
gen oxides in automobile exhaust. The op-
erating environment of three-way catalysts
is characterized by oscillations in the feed-
stream composition between net-oxidizing
and net-reducing conditions, and Ce is gen-
erally added to automotive catalysts to pro-
mote the water—gas shift reaction and to
store oxygen in this oscillating environment
(1-3). It has also been claimed that Ce
stabilizes the alumina support against ther-
mally induced surface area loss and in-
creases the dispersion of noble metals
4-7).

One aspect of cerium that has received
the most attention in the recent literature is
its role as an ‘‘oxygen storage’’ component
in influencing the dynamic behavior of
three-way catalysts under cycled air-fuel
ratio (A/F) conditions. Such a storage com-
ponent would adsorb or react with excess
oxygen during excursions to the lean (net-

oxidizing) side of the stoichiometric point.
During subsequent rich (net-reducing) ex-
cursions, the stored oxygen would then be
available for reaction with the reducing
agents, thereby enhancing the conversion
of CO and hydrocarbons. Research topics
in this area have included measurements of
the capacity and rate of the oxygen storage/
release (i.e., catalyst oxidation/reduction)
process (2, 8-11), catalyst response to a
step A/F change (12, 13), and catalyst per-
formance in a cycled feed as a function of
the amplitude and frequency of the A/F
oscillations (8, 14-17).

In addition to enhancing the transient
performance of three-way catalysts through
the oxygen storage mechanism just de-
scribed, cerium can alter the kinetic behav-
ior of three-way catalysts as a result of its
interaction with supported noble metals.
Summers and Ausen (I8) have observed
that the steady-state CO oxidation activity
of a Pt/ALO; catalyst is enhanced upon
addition of small quantities of Ce (0.6 to 1.3
wt%). Further increases in the Ce content,
however, were found to deteriorate the CO
oxidation activity. A recent kinetic study
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with alumina-supported noble metal cata-
lysts containing cerium (/9) has shown that
the presence of cerium oxides tends to
suppress the usual CO inhibition effect dur-
ing the CO oxidation and to lower its acti-
vation energy. However, relatively little is
known about the mechanism by which ce-
rium additives modify the CO oxidation
kinetics over supported noble metal cata-
lysts.

In this paper we have examined, in labo-
ratory feedstreams, the CO oxidation activ-
ity of a series of alumina-supported Rh
catalysts promoted with different levels of
cerium in order to improve our understand-
ing of the kinetic behavior of the Rh/Ce/
Al O; catalyst stream. Our choice of CO
oxidation as a probe reaction was prompted
not only by its practical significance in
automotive emission control but also by its
well established reaction mechanism over
Rh (20). As this paper will show, the latter
aspect of CO oxidation is useful in making
inferences from the kinetic data about the
nature of Rh—Ce interactions and the cata-
lyst surface structure.

EXPERIMENTAL
Catalysts

A series of Rh/Ce/AlLO; catalysts of
fixed Rh loading (0.014 wt%) and variable
Ce loadings (0 to 15 wt%) was prepared by
stepwise impregnation of Al,O; spheres
(3.5 mm diameter, 112 m?/g BET surface
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area) to incipient wetness. For samples
containing Ce, the Ce was deposited onto
the support from Ce(NO;); aqueous solu-
tions and then calcined in flowing air at
500°C for 4 h prior to Rh impregnation with
an aqueous solution of RhCl;. The same
calcination step (4 h at 500°C in air) fol-
lowed the latter impregnation. Electron mi-
croprobe measurements show that such
procedures resulted in a shallow (=20 um)
Rh band near the pellet’s outer edge and a
uniform distribution of the Ce throughout
the catalyst beads.

The additional characteristics of the cata-
lysts are listed in Table 1. The X-ray dif-
fraction (XRD) data of the Rh/Ce/ALQO;
catalysts identified CeQO, as the major cer-
ium species for Ce loadings =2 wt%. The
failure to detect CeQ, in the case of 1 wt%
Ce appears to be related to the morphology
of the cerium compound (e.g., formation of
highly dispersed surface species) and not to
an insufficient amount of Ce present in the
sample, because an independent XRD anal-
ysis of a physical mixture of alumina and
coarse CeO, powders having the same com-
position showed a distinct CeO, peak. The
average CeQ, particle sizes, obtained from
Fourier analysis of the X-ray diffraction
peaks (21), range from 28 to 65 A in diame-
ter and depend weakly on the Ce loading.
The Rh dispersion of the Rh/Al,O; catalyst
was determined to be 29% from H, che-
misorption measurements based on 1:1
stoichiometry between adsorbed hydrogen

TABLE 1

Characteristics of the 0.014 wt% Rh/Ce/AlO; Catalysts

Ce loading Compounds CeO, particle BET surface Rh dispersion Rh bandwidth®
(wt%) identified by XRD diameter (A) area (m?/g) (%) (pwm)
0 ALO; — 112 29 18
1 ALO, — NM* NM“ NM*
2 AlO;, CeO, 28 109 25 20
9 A1203 s CeOz 53 NM? NM* 11
15 Al,Os, CeO, 65 87 NM“ NM«

% Not measured.

¢ Width at half-maximum height of electron microprobe traces.
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atoms and surface Rh atoms. A similar Rh
dispersion was measured for the Rh/AlO;
catalyst containing 2 wt% Ce, indicating
that the Rh particle size is little affected by
the presence of cerium on the alumina
support surface. (Ceria reducibility as mea-
sured by separate H, uptake experiments
(22) was found to be virtually unaffected by
the presence of small amounts of noble
metals in the sample, and thus the reducible
nature of the ceria additive would not inter-
fere with the determination of Rh disper-
sions based on H, chemisorption measure-
ments.) The BET surface area of the
support, however, tends to decrease appre-
ciably (from 112 to 87 m?%/g) as the Ce
loading increases (from 0 to 15 wt%). This
loss of surface area, presumably caused by
plugging of some of the micropores of the
alumina support (/8), is expected to have
minimal effects on the catalytic activity
because the support surface area is still
high enough to maintain the noble metal
reasonably well dispersed.

To investigate the effects of impregnation
sequence on the catalyst surface structure
(and thus on the catalytic properties), addi-
tional Rh/Ce/Al,O; catalysts were prepared
by the reverse sequence of impregnations
(i.e., deposition of Rh followed by Ce). The
same Ce and Rh salts were used and the
catalysts were calcined at 500°C for 4 h
after each impregnation step. Electron mi-
croprobe analysis of the pellet’s cross sec-
tion again showed a shallow (~30 wm)
surface band of Rh, with the Ce being
uniformly distributed throughout the beads.

As a limiting case of the Rh/Ce/Al,O;
system described above, a 0.014 wt% Rh
catalyst supported on pure CeQ, was pre-
pared by pelletizing ceria powder and then
impregnating the ceria pellets with an
aqueous solution of RhCl;. The ceria pow-
der was synthesized by spray drying an
aqueous solution of cerium nitrate, citric
acid, and nitric acid (23). (This spray-dried
CeO; powder has a reasonably high BET
surface area of 56 m?/g, compared with less
than 2 m*/g BET area for commercial ceria
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powders.) Prior to pelletization the ceria
powder was sintered at 800°C for 4 h in a
muffle furnace and then ball milled over-
night. The resulting powder was mixed with
water containing 5% polyvinyl alcohol
(PVA) and extruded through a stainless-
steel tube to form cylindrical pellets ap-
proximately 5 mm long and 4 mm in diame-
ter. These pellets were treated at 400°C to
remove the H,O and PVA and then heated
in a temperature-programmed oven at 5°C/
min to 950°C. Such procedures yielded pel-
lets with adequate mechanical strength and
a stable BET area of 20 m?/g.

Mercury porosimetry data for the ceria
pellet revealed a monomodal pore-size dis-
tribution (average pore diameter = ~350 A)
with a pore volume of 0.19 cm?/g. This
relatively small pore volume of the support
made it necessary to employ an excess
volume impregnation technique (rather
than the conventional incipient wetness
method) in order to minimize pellet-to-
pellet variation in Rh deposition. In this
technique, the adsorbate solution was ob-
tained by dissolving the desired amount of
RhCl; - 3H,0 in just enough H,O to cover
the top of the pellets, and the adsorption of
the Rh precursor on the pellets was allowed
to occur for 13 h while agitating them fre-
quently. After impregnation the catalyst
was calcined in the usual manner (500°C, 4
h, air) and such procedures resulted in the
deposition of the Rh near the periphery of
the CeO, pellets.

Characterization of CO Adsorption

Temperature-programmed  desorption
(TPD) and infrared (IR) spectroscopies
were used to characterize the CO ad-
sorption properties of Rh/Al,O; catalysts
with and without Ce. The apparatus and the
sample preparation techniques for the TPD
and IR experiments have been described
previously (24, 25). TPD spectra were ob-
tained using the powder samples (=1 mg)
scraped off the surface metal band of the
standard Rh/Ce/AlLO; catalysts described
above. After a CO dose at 0°C to the
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saturation coverage, the catalyst sample
was heated under vaccuum at a linear rate
of 5°C/s while monitoring the partial pres-
sures of desorbing gases using a mass spec-
trometer. IR spectra were taken in flowing
CO using 0.48 wt% Rh/Al,O5 and 0.46 wt%
Rh/10 wt% Ce/Al, O, wafers each obtained
by pressing approximately 100 mg of the
impregnated powder into a 0.2-mm-thick,
self-supporting disk. These Rh loadings
were selected to approximate the local con-
centration of Rh in the shallow surface
band of our 0.014 wt% Rh catalysts.

CO Oxidation Activity Measurements

The CO oxidation activity of the cata-
lysts was measured in laboratory CO-0,
feedstreams (in a N, background) using an
internal-recycle mixed-flow reactor (26).
This stainless-steel reactor contains a sta-
tionary catalyst basket, and the gases are
mixed with a magnetically driven impeller.
All the data reported here were obtained at
an impeller speed of 1500 rpm and a space
velocity of 32,000 h™! (a total feedstream
flow rate of 5 liters/min through 4.5 g of
catalyst). Prior to each experiment, the
catalyst sample was reduced for 30 min in 5
vol% H, at 450°C after a 15-min treatment
in 2 vol% at the same temperature,

The catalyst activity was characterized in
two ways: (i) temperature run-up experi-
ments with fixed composition, and (ii) iso-
thermal experiments with variable compo-
sition. Temperature run-up experiments
involved monitoring steady-state reactor
outlet concentrations of CO, O,, and CO,
as a function of temperature (increased
from room temperature to 450°C) in a feed-
stream of fixed composition. The effects of
CO and O, concentrations on the CO oxida-
tion activity of the catalysts were examined
by repeating the temperature run-up experi-
ments over a range of feedstream composi-
tions (0.3 to 6 vol% CO and 0.25 to 5 vol%
0O,). In this study we arbitrarily chose the
temperature required for 1000 ppm CO,
production as a basis for comparison of the
catalyst activities. We also conducted a
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series of temperature run-up experiments
with constant outlet composition to deter-
mine the apparent activation energy.
(Maintaining constant outlet composition in
a CSTR such as our reactor ensures that the
catalyst sample is exposed to a constant
gaseous composition during temperature
run-up, thus allowing one to extract the
temperature dependence of the reaction
rate from the experiment data.) Isothermal
experiments, on the other hand, are conve-
nient in examining how the reaction rate
depends on the gas-phase concentration of
the individual reactants. This information
about the reaction order is useful because it
often provides insight into the reaction
mechanisms over the catalyst sample being
studied.

RESULTS
Effects of Ce Addition on CO Adsorption

Figure 1 compares the TPD spectra of
CO from the 0.014 wt% Rh/Al,Os catalysts
containing 0, 2, and 9 wt% Ce. Each spec-
trum in Fig. 1 is characterized by two
distinct peaks: one around 50°C and the
other at temperatures bewteen 225 and
240°C. The low-temperature peak is associ-
ated with CO weakly adsorbed onto the
blank alumina support, as confirmed by a
separate TPD experiment with Al,Os. (The
CO TPD spectrum for Ce/AlLO; was virtu-
ally the same as that for Al,O;, indicating

R/AI03
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FiG. 1. TPD spectra (displaced vertically for clarity)
of CO from 0.014 wt% Rh/Al,O; with and without Ce.
The samples were initially saturated with CO at 0°C.
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FiG. 2. IR spectra (displaced vertically for clarity) of
CO adsorbed on (A) 0.48 wt% Rh/ALO; and (B) 0.46
wt% Rh/10 wt% Ce/Al,O;. The spectra were taken at
150°C in flowing CO.

little interaction between CO and Ce.) Al-
though rather broad and poorly resolved,
the TPD spectra at the high temperatures
(associated with CO adsorbed on Rh) for
the Ce-containing catalysts are similar to
that for the Ce-free counterpart. This sug-
gests that the CO adsorption characteristics
on supported Rh are not significantly al-
tered by the presence of cerium.

A similar conclusion was obtained from
IR spectroscopic studies of CO adsorption
on Rh/Al,O; with and without Ce. As
shown in Fig. 2, both the Rh/AL,O; and the
Rh/Ce/Al,0; catalysts exhibit the well-
established spectral features: linear-CO
band at ~2060 cm™' and the dicarbonyl
bands at 2085 and 2020 cm™'. (The intensity
of the band of bridge-bonded CO is usually
low.) One important point to note is that the
frequencies for both the dicarbonyl and the
linear-CO species remained virtually un-
changed upon Ce addition to the Rh/AlO;
catalyst. This suggests the absence of ap-
preciable electronic effects caused by the
Ce additive, in agreement with our TPD
results indicating that the adsorptiove prop-
erty of CO on supported Rh is unaffected
by the presence of Ce.

Effects of Ce Addition on Kinetics

The purpose of this section is to discuss
how the kinetics of CO oxidation over
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Rh/ALO; are affected by the presence of
Ce. Here we will focus on the behavior of
the Rh/AlLO; catalyst containing 9 wt% Ce;
the effects of Ce loading will be discussed
later in this paper.

Figure 3 compares the rates of CO oxida-
tion measured over 0.014 wt% Rh/AlLO;
(closed circles) and 0.014 wt% Rh/AlLO;
containing 9 wt% Ce (open squares) at
196°C. In these experiments, the CO con-
centration was varied nearly three orders of
magnitude (0.01 to 6 vol%) while holding
the O, concentration constant at 0.5 vol%.
In accord with results of earlier kinetic
studies (20, 27), the rate data for the Rh/
ALO; catalyst exhibits a transition from
first order in CO to negative first order as
the CO concentration is increased. The
negative first-order dependence of the reac-
tion rate on CO concentration (i.e., CO
inhibition effect) observed at high CO con-
centrations is a direct consequence of the
fact that the catalyst surface is predomi-
nantly covered with adsorbed CO, thereby
blocking the adsorption of oxygen (20). It is
interesting to note that in the regime of low
CO concentrations both the Rh/Al,O; and
the Rh/Ce/Al,O; catalysts show very simi-
lar reaction rates. In the high CO concen-
tration regime, however, there is a drastic
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F1G. 3. CO oxidation rates over 0.014 wt% Rh/AlLO,
and 0.014 wt% Rh/9 wt% Ce/ALQO; as a function of CO
concentration. The dashed curve represents the rate
over a physical mixture of Rh/AL,O; and Ce/AlO;.
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F16G. 4. CO oxidation rates over (0.014 wt% Rh/Al,O;
and 0.014 wt% Rh/9 wt% Ce/Al,O; as a function of O,
concentration.

difference in kinetic behavior between the
two catalysts; in contrast to the Rh/Al,O;
catalyst (whose rate is inhibited by CQ), the
CO oxidation rate over the Rh/Ce/Al,O4
catalyst depends only weakly on CO con-
centration. This suppression of the CO inhi-
bition effect over Rh/Ce/AlLO; leads to a
higher CO oxidation activity than its Ce-
free counterpart for CO concentrations
higher than 0.4 vol%.

It is important to emphasize that this
enhanced CO oxidation activity observed
over the Rh/Ce/Al,O; catalyst at high CO
concentrations is not due to the additional
activity derived from the Ce. This becomes
apparent when the reaction rates for a
physical mixture of the Ce/Al,O; and Rh/
Al,O; catalysts (dashed curve of Fig. 3) are
compared with those for the Rh/Ce/Al,O;
catalyst. (The curve for the physical mix-
ture was obtained by adding the measured
rates over the 9 wt% Ce/Al,O; and 0.014
wt% Rh/ALQOj; catalysts.) It can be seen
that the Rh/Ce/Al,O; catalyst is considera-
bly more active than the physical mixture in
the high CO concentration regime, despite
the fact that both samples contain the same
absolute amounts of Ce and Rh. This com-
parison clearly demonstrates that the coex-
istence of Rh and Ce in the same catalyst
pellet provides a synergistic enhancement
of CO oxidation activity.
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Figure 4 shows that the kinetic behavior
in the rate vs O, concentration domain is
also altered significantly by the addition of
cerium. For RW/ALO; itself, the rate in-
creases linearly with increasing O, concen-
tration, as reported previously (20). The re-
action over Rh/Ce/ALO;, on the other
hand, increases rather gradually upon in-
creasing O, concentrations, exhibiting
0.37th reaction order in oxygen. Thus, the
presence of Ce in the RhW/ALO; catalyst
tends to decrease the sensitivity of the rate
to gas-phase O, concentration.

Furthermore, the addition of cerium to
the Rh/Al,O; catalyst has a strong influence
on the apparent activation energy for the
reaction. As illustrated in Fig. 5, the CO
oxidation over Rh/ALO; over the wide
range of O,/CO gas-phase concentration
ratios (1 vol% CO, 0.5 to 5 vol% ;) is
characterized by relatively constant activa-
tion energies of 26 to 28 kcal/mol. These
activation energy values are close to the
desorption energy of CO from Rh surfaces
and consistent with the generally accepted
mechanism for CO oxidation where the
reaction rate is controlled by the rate of
creation of vacant sites as a result of CO
desorption from the CO-saturated Rh sur-
face (20, 28). Unlike the case of Rh/ALO;s,
the apparent activation energy for the Ce-
containing Rh/Al,O; catalyst changes ap-
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T
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Fi1G. 5. Apparent activation energies for CO oxida-
tion over 0.014 wi% Rh/ALO; and 0.014 wi% Rh/9
wt% Ce/AlLO; as a function of O, concentration.
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FiG. 6. Temperatures for 1000 ppm CO, production
over 0.014 wt% Rh/AlLO; containing variable levels of
Ce as a function of the CO concentration in the feed.
The feedstream concentration of O, was held constant
at 0.5 vol%.

preciably in response to changes in the
stotchiometry of the reactant mixture; the
activation energy for Rh/Ce/Al,O; was
found to decrease from 26.5 to 21 kcal/mol
as the O, concentration decreased from 5 to
0.5 vol%. 1t is interesting to note that in the
strongly oxidizing environment (5 vol%
0,), similar apparent activation energies
were observed for the Rh/ALQO; catalysts
with and without Ce.

Effects of Ce Loading

Recall that all the data discussed above
were obtained with the Rh/Al,O; catalyst
containing 9 wt% Ce. We conducted a
series of temperature run-up experiments
to characterize the CO oxidation activity of
the Rh/ALO; catalysts with Ce loadings
ranging from 0 to 15 wt%. Figure 6 shows
the results of such experiments in feed-
streams containing 0.5 vol% O, and vari-
able levels of CO (5 liters/min through 4.5 g
of catalyst). The temperature required for
1000 ppm CO; production was taken as a
convenient basis for comparison of CO
oxidation activity. The observation that the
temperature for 1000 ppm CO, production
for Rh/ALQ; increases monotonically with
increasing CO concentration is not surpris-

549

ing in view of the strong CO inhibition
effect on the CO oxidation rate illustrated
in Fig. 3 and in our earlier study (20). The
sample containing 1 wt% Ce (as well as the
0.5 wt% Ce case not shown in the figure)
exhibits essentially the same CO concentra-
tion dependence of the oxidation activity.
In the presence of 2 wt% Ce in the Rh/
Al,O; catalyst, however, the CO inhibition
effect is suppressed significantly, as evi-
denced by the less steep rise of the curve
with increasing CO concentration. The ad-
dition of 9 or 15 wt% Ce to the catalyst
further suppresses the CO inhibition effect,
so that the reaction rate becomes virtually
independent of CO concentration over the
range 0.5 to 6 vol% CO.

In addition to the suppression of the CO
inhibition effect discussed above, increas-
ing the Ce content in the Rh/ALOs catalyst
tends to render its CO oxidation activity
increasingly less sensitive to variations in
the O, concentration. This aspect is illus-
trated in Fig. 7, where the temperature for
1000 ppm CO, production is plotted against
0, concentration (CO concentration fixed
at 2 vol%) for various Ce loadings. As can
be anticipated from the first-order oxygen
dependence of the CO oxidation rate over
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F1G. 7. Temperatures for 1000 ppm CO, production
over 0.014 wt% Rh/AlL,O; containing variable levels of
Ce as a function of the O, concentration in the feed.
The feedstream concentration of CO was held con-
stant at 2 vol%.
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TABLE 2

Apparent Activation Energy for the CO Oxidation as
a Function of Ce Loading

Ce loading (wt%) Activation energy
(kcal/mol)
0 28.2
1 26.7
9 23.4
15 20.3

Rh/ALO; [Fig. 4 and Ref. (20)], the temper-
ature required for 1000 ppm CO, produc-
tion for the Ce-free catalyst sample de-
creases markedly with increasing O,
concentration. As was also the case in Fig.
6, such a kinetic behavior characteristic of
the Ce-free Rh/Al,O; catalyst is not altered
by the addition of 1 wt% Ce. Note, how-
ever, that further increases in the Ce con-
tent (see the curves for 9 and 15 wt% Ce)
enhance the CO oxidation activity and re-
duce its sensitivity to O, concentration.

We also measured the apparent activa-
tion energy for the CO oxidation as a func-
tion of the Ce loading in the Rh/AlLO; cata-
lysts. Table 2 shows the activation energy
values determined in a reactant stream con-
taining 1 vol% CO and 1 vol% O,. It can be
seen that the activation energy decreases
from 28.2 to 20.3 kcal/mol as the Ce loading
is increased from 0 to 15 wt%.

Effects of Impregnation Sequence

Recall that the standard catalysts exam-
ined so far were prepared by depositing Rh
onto the Ce-impregnated Al,O, support. To
assess the importance of impregnation se-
quence, some additional temperature run-
up experiments were conducted with Rh/
Ce/AlLQ; catalysts prepared by the reverse
sequence of impregnations (i.e., Rh impreg-
nation followed by Ce impregnation). Com-
parisons are made in Fig. 8 between the
cases of the standard (solid lines) and re-
verse (dashed lines) impregnation se-
quences for two different Ce loadings. Al-
though different impregnation sequences
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resulted in somewhat different activity lev-
els, there are close similarities in the depen-
dence of the reaction rate on CO concentra-
tion for the samples containing both 0.5 and
15 wt% Ce. It is evident from Fig. 8 that the
kinetic behavior of the Rh/Ce/Al,O; cata-
lysts during CO oxidation depends primar-
ily on the amount of Ce additives and not
on the order of Ce and Rh impregnations.
These observations are useful in making
inferences about the distribution of the Ce
and Rh on the Al,O; support surface, as will
be discussed later.

DISCUSSION

The results of the present study show
that the extent to which the Ce additive
affects the CO oxidation Kinetics depends
strongly on the stoichiometry of the reac-
tant mixture. In the presence of a large
excess of oxygen over CO (see Fig. 3; <0.1
vol% CO), for example, the reaction kinet-
ics are not significantly affected by the
presence of Ce in the Rh/AlO; catalysts. In
this strongly oxidizing environment, the
alumina-supported Rh surface would be
populated with relatively high concentra-
tions of adsorbed oxygen atoms and low
concentrations of adsorbed CO (29). A sim-
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F1G. 8. Temperatures for 1000 ppm CO, production
over Rh/Ce/ALO; catalysts prepared by two different
impregnation sequences (solid curves, standard;
dashed curves, reverse). The feedstream concentra-
tion of O, was held constant at 0.5 vol%.
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ilar distribution of these two adsorbates on
the metal surface is expected for the Rh/
Ce/Al,O; catalysts, because our IR and
TPD spectra (see Figs. 1 and 2) indicate
that the CO adsorption characteristics on
Rh are not altered appreciably by the pres-
ence of Ce. In this case, the limited amount
of adsobed CO on the Rh surface would be
rapidly consumed via reaction with the
adsorbed oxygen atoms (rather than via
reaction with less reactive surface lattice
oxygen derived from the cerium oxides).
Thus, it is reasonable to assume that in a
strongly oxidizing environment, the pri-
mary pathway for CO oxidation over Rh/
AlLO; with or without Ce is the usual
Langmuir—Hinshelwood reaction occurring
on the Rh surface between adsorbed CO
and adsorbed oxygen. This argument is
consistent with the observations that the
Rh/ALL,O; and Rh/Ce/Al,O; catalysts ex-
hibit close similarities in both the CO oxi-
dation rates (and their dependence on CO
concentration) and the apparent activation
energies in the strongly oxidizing regimes
(i.e., high O,/CO concentration ratios) of
Figs. 3 and 5. We believe that the formation
of Rh oxides is unlikely to be a factor in
interpreting the kinetic data in these
strongly oxidizing regimes (O,/CO ratio
<25); a previous surface study conducted
on a Rh field emitter tip at a comparable
temperature (500 K) detected no significant
Rh oxide formation until the O,/CO gas-
phase concentration ratio reached 40 (30).

Under net-reducing or moderately oxi-
dizing conditions (see Fig. 3; >0.5 vol%
CO0), on the other hand, the kinetics of CO
oxidation are altered appreciably by the
presence of cerium additives. Under these
conditions the CO oxidation rate over the
Ce-free Rh/Al,O; catalyst decreases with
increasing gas-phase CO concentration as a
result of limited oxygen adsorption onto the
catalyst surface nearly saturated with ad-
sorbed CO (20). However, this CO inhibi-
tion effect resulting from a deficiency of
surface oxygen was not observed over the
Ce-containing Rh/AlL Q3 catalysts. In view
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of the well-known oxygen storage/release
property of ceria, we propose that the CO
oxidation rate over the Rh/Ce/AlLO; cata-
lysts under net-reducing or moderately oxi-
dizing conditions is enhanced by another
pathway involving a surface reaction be-
tween CO adsorbed on Rh and oxygen
derived from ceria. (Our TPD and IR stud-
ies show that the criteria supported on
Al,O; has a minimal interaction with CO.)
This additional oxygen from the ceria
would make the surface concentration of
oxygen in the presence of Ce higher than
that in the absence of Ce. Thus, a suppres-
sion of the CO inhibition effect and de-
creased sensitivity of the rate to gas-phase
O, concentration would be expected for
Rh/Ce/Al0s, as observed in Figs. 3 and 5.

Kinetic evidence for the direct participa-
tion of lattice oxygen derived from ceria in
the CO oxidation was obtained by measure-
ments of CO oxidation rates over Rh/15
wt% Ce/Al,;O; and Rh/CeQ, as a function
of CO concentration. The results of such
experiments at 180°C are shown in Fig. 9.
(The arrows in the low CO concentration
regime represent rate oscillations observed
for Rh/15 wt% Ce/Al,O;.) The close simi-
larity in the kinetic behavior of the two
catalysts is a strong indication that the
nature of the Rh-Ce interaction in the
Rh/Ce/Al,O3 system may be the same as
that in the CeO,-supported Rh catalyst. In

-
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Fi1G. 9. Comparison of the CO oxidation rates over
0.014 wt% Rh/15 wt% Ce/Al,O; and 0.014 wt% Rh/
Ce0,.
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F1G. 10. Effect of the Ce content in the 0.014 wt%
Rh/ALQO; catalysts on the temperature for 1000 ppm
CO, production in a feedstream containing 5 vol% CO
and 0.5 vol% O,.

the case of CeO,-supported Pt catalysts
where all the metal particles are in direct
contact with CeO,, lattice oxygen at the
Pt/ceria interface has been shown to be
responsible for the formation of CO, during
CO TPD (31). Interface lattice oxygen is
expected to play a similar role during CO
oxidation over Rh/CeQ,.

The key feature of the reaction mecha-
nism proposed above for the Rh/Ce/Al, 04
system is the interaction between Rh (act-
ing as a CO source) and ceria (acting as an
oxygen source) to form CO,. While the
Rh-CeO, intimacy requirement for their
interaction cannot be determined from our
experiments, a combination of the XRD
data (Table 1) and the kinetic data (Figs. 6
and 7) suggests that three-dimensional
CeO, particles present in our high-cerium
samples (=2 wt% Ce) are more effective
in donating oxygen than highly dispersed
ceria formed on the alumina surface at low
Ce loadings (=1 wt% Ce). This is reason-
able in view of recent XPS studies of
alumina-supported ceria (32, 33), which
show that Ce at low loadings tends to form
a ceria—alumina surface species exhibiting
a Ce’*-like feature (i.e., oxygen-deficient)
as a result of its strong interaction with
alumina.

The effects of Ce loading on the CO
oxidation activity can be rationalized on the
basis of the above mechanism. Figure 10
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shows how the temperature required for
1000 ppm CO; production changes with the
Ce content in the Rh/ALO; catalyst for a
reactant mixture containing 5 vol% CO and
0.5 vol% O, (activity data taken from Fig.
6, except for the 100% Ce case). In this
strongly reducing feedstream where the
proposed reaction mechanism would dom-
inate, addition of 2 wt% Ce or more was
found to enhance the CO oxidation activity,
as evidenced by the decrease in the temper-
ature for 1000 ppm CO; production. This
can be attributed to the fact that as the Ce
loading is increased, the number of CeQO,
particles in the vicinity of the Rh particles
would increase, thereby increasing the
availability of the surface oxygen for CO
oxidation. (The size of the CeQO, particles
does not appear to be a factor here because,
as Table 1 shows, the average CeO; particle
size changes relatively little over the Ce
loading range of 2 to 15 wt%.) The observa-
tion that the CO oxidation activity of Rh/15
wt% Ce/Al,O; is comparable to that of
Rh/Ce0, (i.e., 100% Ce case) is not surpris-
ing, because the rate of oxygen supply (and
thus the reaction rate) at sufficiently high
Ce loadings would be expected to be lim-
ited by the circumference of the Rh par-
ticles.

Another possible mode of Rh—Ce inter-
action in the CO oxidation might be the
decoration of the Rh particles by partially
reduced cerium oxide moieties. It is con-
ceivable that our Rh/Ce/Al,O; catalysts
might have been in such an SMSI (strong
metal-support interaction) state during
the activity measurements, because our
catalyst samples were reduced at 450°C
prior to each experiment. During the high-
temperature reduction step, portions of
rare earth oxide additives (e.g., CeO;) in
contact with the metal particles can un-
dergo partial reduction, resulting in the
migration of the rare earth oxide patches
onto the metal surface (34). However, we
rule out this possibility for the following
reasons.

First, as shown in Fig. 11, H, chemisorp-
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Fic. 11. H; uptake of 0.2 wt% Rh/AlQ; with and
without Ce after reduction treatment (4 h in H;) at
varying temperatures.

tion measurements with a 0.2 wt% Rh/
AlLO; catalyst containing 15 wt% Ce
showed no drastic suppression of H, uptake
even after high-temperature reduction.
(This higher Rh loading than that of our
standard Rh/Ce/Al,O; catalysts was
chosen for more reliable chemisorption
measurements.) The small decrease in the
H/Rh ratio at reduction temperatures
higher than 400°C is presumably related to
the usual sintering of the Rh particles
(rather than SMSI induced by the Ce addi-
tive), as evidenced by the similar trend
observed with Rh/AL,O;. The second argu-
ment against SMSI is based on the recent
observations (35, 36) that the SMSI state
can largely be reversed even upon room-
temperature exposure to O,. Since all the
activity measurements reported here were
done above 170°C in the presence of signif-
icant amounts of O,, Rh—Ce interactions
through SMSI are not likely to have af-
fected the CO oxidation Kkinetics in our
case. Finally, we observed a close similar-
ity in the reaction rates between Rh/ALO4
and Rh/Ce/ALO; in the low CO concentra-
tion regime of Fig. 3. This also tends to
argue against the SMSI hypothesis, be-
cause contrary to our observation, the at-
tendant site blocking caused by a partial
coverage of the Rh surface by cerium oxide
moieties would presumably give substan-
tially lower CO oxidation activity over Rh/
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Ce/Al,O, under the strongly oxidizing con-
ditions.

The results of Figs. 8 and 9 allow us to
make some inferences about the distribu-
tion of Rh and Ce on the catalyst surface.
As shown in Fig. 9, the addition of large
amounts of Ce relative to Rh (=22 wt% Ce
vs 0.014 wt% Rh) is required for the onset
of enhancement of CO oxidation activity
over the standard Rh/Ce/Al,O; catalysts
prepared by a two-step impregnation proce-
dure involving deposition of Ce followed by
Rh. Furthermore, the activity of Rh/Ce/
AlLO; catalysts was found to increase
rather gradually with increasing Ce con-
tent. These observations suggest that there
occurred no preferential deposition of Rh
on top of or along the perimeter of the
cerium oxide particles during the Rh im-
pregnation onto the CeQO,-modified AlO;
support, presumably due to similar affin-
ities of the noble metal complex for both
AlL,O; and CeQO;. (This argument of similar
affinities for oxides is inferred from the
observation that noble metal impregnation
profiles were not significantly affected by
the presence of a wide variety of base metal
oxide additives on alumina supports (37).)
Similar nonselective deposition of cerium
onto Rh-impregnated Al,O; is expected to
occur during the reverse impregnation, be-
cause the Rh would exist as oxides (primar-
ily Rh,0;) on the alumina support after its
impregnation and subsequent calcination
(38). This is further supported by the obser-
vation of the insensitivity of the reaction
kinetics to the sequence of impregnations
(see Fig. 8). From these considerations, it
is reasonable to hypothesize that most of
the added Ce interacts directly with the
alumina support rather than with the Rh
crystallites.

CONCLUDING REMARKS

Our laboratory reactor experiments with
a series of Rh/Ce/Al,O; catalysts have
shown that the addition of cerium to a
low-loaded Rh/Al,O; catalyst results in
modifications of the kinetics of CO oxida-
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tion under moderately oxidizing or net-
reducing conditions. The observed changes
in the kinetics include a suppression of the
CO inhibition effect, decreased sensitivity
of the rate to O, concentration, and de-
creased apparent activation energy. Results
of IR and TPD studies of CO adsorption on
the Rh/Ce/Al,O; catalysts tend to argue
against charge transfer between the Rh and
the Ce (and the resulting changes in the
adsorptive properties of Rh) as an expla-
nation for the modifications of the CO oxi-
dation kinetics in the presence of Ce. The
effects of Ce addition on the CO oxidation
kinetics observed here are best explained
on the basis of a mechanism involving CO,
formation via a surface reaction between
CO adsorbed on Rh and lattice oxygen
derived from the neighboring ceria parti-
cles. It was also observed that Ce addition
affected the CO oxidation Kkinetics over
Rh/AlLO; in the same manner, regardless of
whether the Ce was deposited before or
after the Rh impregnation.

As a result of the Ce-induced Kkinetic
modifications mentioned above, the Rh/Ce/
Al O; catalysts exhibit substantially higher
CO oxidation activity than the Ce-free
counterpart in moderately oxidizing or net-
reducing laboratory feedstreams. A similar
enhancement of CO oxidation activity has
been observed in engine exhaust when ce-
rium was added to three-way catalysts (39).
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