JOURNAL OF CATALYSIS 86, 254-265 (1984)

Ceria in Automotive Exhaust Catalysts
I. Oxygen Storage

H.C. YAoAaND Y. F. Yu Yao
Research Staff, P.O. Box 2053, Ford Motor Company, Dearborn, Michigan 48121

Received May 23, 1983; revised November 10, 1983

Oxygen storage capacities of CeQ,, Ce0,/Al,0;, and PM/Ce0,/Al,0;, measured by a pulse
injection method, are affected by pretreatment temperature, pulsing temperature, partial pressure
of CO, presence of precious metals (PM), and the concentration of CeO, on alumina. They are
lowered by higher pretreatment temperature but increase with the pulsing temperature in the range
of application. At a pulsing temperature =500°C, the capacities are not affected by oxygen pressure
but increase with partial pressure of CO. The presence of PM lowers the reduction temperature and
increases the oxygen storage capacity of CeO,. TPR was used to measure the oxygen removal at
various temperatures. At 900°C, the maximum amount of oxygen removed from unsupported or
alumina-supported ceria is about 25%. The TPR traces of the unsupported ceria show two peaks at
500 and 750°C which are associated with the reduction of surface capping oxygen and bulk oxygen
anions, respectively. For alumina-supported ceria, the TPR traces show a third peak at 850°C
which is associated with the reduction of the shared oxygen anions at the interface. The presence of
PM lowers only the reduction temperature of the capping oxygen anions but not of the other two
oxygen species. Both oxygen chemisorption and TPR were used to measure the oxygen anion
restoration at various temperatures following the reduction at 500 and 900°C, respectively. Chemi-
sorption data show that the oxygen uptake per CeQ; is highest at the lowest CeQ, concentration.
The TPR traces show that a new oxygen species, probably a molecular oxygen anion, is formed at
25°C which converts slowly at 500°C to the capping oxygen anion. Complete restoration of all three
types of oxygen anions is accomplished at 850°C in air.

INTRODUCTION

“‘Oxygen storage’ components of auto-
motive catalysts are for the most part base-
metal oxides capable of undergoing a rela-
tively rapid change in oxidation state upon
a change in redox potential of the exhaust
gas. The change in oxidation state is associ-
ated with the reversible removal and addi-
tion of oxygen and hence the designation
‘‘oxygen storage.’’ Ceria is one of the most
commonly used components (/) since in
addition to ‘‘oxygen storage’’ it imparts an
improved resistance to thermal loss of BET
area of the alumina support, stabilizes the
active precious metals in a finely dispersed
state (2—-12), and also enhances the water—
gas shift reaction for the removal of CO un-
der O,-deficient conditions (I3).

As the automotive exhaust gas has a cy-
clic lean-rich composition fluctuation, an
oxygen-storage component which readily
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undergoes oxyreduction cycles can provide
oxygen for H,, CO, and HC oxidation in
the rich region and the reduced state can
remove oxygen from the gas phase when
the exhaust gas cycles into the lean region.
Thus, an oxygen storage component is not
only promoting the oxidation activity but
also widens the air-fuel ratio window (2,
13) where all three major pollutants, HC,
CO, and NO can be removed.

The purpose of this paper (Part 1) is to
study the function and to compare the ca-
pacity of CeQ, as an oxygen storage com-
ponent in an alumina-supported precious
metal catalyst.

Our preliminary work has shown that Pt
or Pd can promote the reduction of CeO, by
H, or CO and also its reoxidation by O,.
For O, and CO oxyreductions, the oxygen
storage properties are investigated by pulse
injection method. The factors that have in-
fluenced the behavior of ceria such as tem-
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perature, partial pressures of reactive
gases, concentration and dispersion of ceria
on alumina, and the effect of precious metal
(Pt, Rh, and Pd) were studied. For O, and
H, oxyreductions, the limiting amount of
the removable oxygen in ceria was also
measured as a function of temperature by
temperature-programmed reduction (TPR).
After the reduction by H, at 500°C, the
amount of the restorable oxygen (restored at
0 and 500°C) in some CeQO,/Al,0; samples
were measured as a function of CeO,-load-
ing by selective oxygen chemisorption.

EXPERIMENTAL
Catalyst Preparation

Ce0,(1) was purchased from Alfa Chemi-
cal Company with a nominal purity of
99.9%. It was calcined at 800°C for 18 h.
Ce0,(2) was prepared by decomposing
(NH,), Ce(NO;)s-6H,0 and calcining the
resultant oxide at 800°C for 3 h. The surface
areas of CeO,(1) and Ce0,(2) as determined
by Kr adsorption were 1.0 and 9.9 m%g,
respectively. Alumina suspensions (Alon-
30D from Cabot Corp. and Alumina-C pow-
der from Kaiser) were dried at 250°C,
calcined at 600°C, sieved, and the portion
between 35 and 100 mesh was used as sup-
port for the catalyst. The BET areas were
80 and 150 m?/g for Alon-30D and Kaiser
Alumina-C, respectively.

The Ce0,/Al,0; catalysts were prepared
by wetting the ALQO; with a sufficient
amount of Ce(NO;); aqueous solution of
desired concentration. The wet AlLO; was
dried and decomposed slowly under a heat
lamp followed by calcination at 500 to
800°C for 16 h. Its composition was deter-
mined by both the amount and concentra-
tion of the solution used, and by the weight
gain after calcination.

The samples containing precious metals
(Pt, Pd, or Rh) were prepared by a conven-
tional impregnation method. The supports
were Ce0,, AL,O;, and Ce0,/AlLO; of vari-
ous compositions. An amount of the pre-
cious metal salt solution required to com-
pletely wet the support was used. The
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samples were dried slowly under a lamp
and heated stepwise at increasing tempera-
tures for 4 h or more at 600, 700, 800, and
900°C. Portions were taken after each step
and used for the oxygen storage and oxida-
tion activity tests. The concentration of
precious metal (PM) in the final catalysts
was calculated from the amount and the
concentration of the PM salt solution used.
The source materials were PdCl,, H,PtClg,
and Rh(NO3)3

Measures of Oxygen Storage Capacity

We have examined the incorporation (or
removal) of oxygen from samples of unsup-
ported ceria, ceria supported on y-ALO;,
and of such supported samples containing
the precious metals. As could be expected,
the extent of the oxyreduction process and
its rate are dependent on the state of the
dispersion of the ceria and on the presence
and dispersion of precious metal compo-
nents and also on the temperature and par-
tial pressure of the gaseous agents. This
work examines this dependence using sev-
eral experimental approaches.

We are interested in establishing the wid-
est ‘‘limiting”’ amount of the transferable
oxygen attained by prolonged reduction at
temperatures attainable in the automotive
exhaust, say up to 900°C. This was mea-
sured by temperature-programmed reduc-
tion (TPR). We will designate this amount,
which is the largest from among the various
quantities in our work, as TPR-O, and
present in units of micromoles O,/micro-
moles CeQ, in the sample. We will employ
the same units, for the sake of easy compar-
ison, for all the other measurements of oxy-
gen transfer as well.

The second measurement is that of oxy-
gen chemisorption on prereduced samples.
Clearly, this measurement provides us with
a yardstick of those sites available on the
surface of our catalyst samples. These sites
will be the most easily accessible during the
rapid oscillation in the exhaust composition
of the engine exhaust. Since chemisorption
is an activated process, we have carried out
the measurements both at 0 and 500°C. The
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second measurement is more representa-
tive of the pool of available surface sites for
oxygen transfer available during actual op-
eration of the catalysts, since the tempera-
ture of 500°C is quite representative (even
somewhat of the higher end) of the opera-
tion range in actual use. The chemisorbed
amount provides a ‘“‘limit”” which may be
approached to a lesser or greater extent
during actual cycling, while the previous to-
tal amount of transferable oxygen mea-
sured by TPR is not accessible, most of it
being in the bulk. The differences between
the oxygen transferable in TPR experi-
ments and in chemisorption will be ex-
pected to widen with the increase in ceria-
loading.

The third measure was the amount of ox-
ygen transferred in a pulsed regime simulat-
ing the oscillations which the exhaust gas
may undergo. Two measures were used
here: one was the total amount of CO oxi-
dized in a series of CO pulses following an
oxygen pulse until no more CO oxidation
was observed, and the other was the
amount of CO oxidized in only one CO
pulse following an oxygen pulse. The
former will be designated ‘‘Oxygen Storage
Capacity, Complete’” or OSCC. The latter,
which should be closest to what can be ex-
pected to be utilized in actual operation,
will be designated ‘‘Oxygen Storage Capac-
ity”” or OSC. The detailed measurement
procedure will be given below in the ‘‘Pulse
Injection’’ part.

Chemisorption Measurements

Oxygen uptake was measured at 0 and
500°C in a conventional constant-volume
adsorption apparatus equipped with a
Texas Instrument Model 145 precision
gauge linked to a fused-quartz Bourdon spi-
ral. Before the measurements, each sample
was prereduced by flowing H, at 500°C for 2
h. The hydrogen was purified by passage
over an Engelhard DEOXO Pd catalyst and
a 4-A molecular sieve at 78°K. Research
grade oxygen was used without further pu-
rification.
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Temperature-Programmed Reduction
(TPR)

The apparatus and procedure used for
the TPR study have been described in full
before (/4). In these measurements, a
H,(15%)—-Ar(85%) gas mixture was used as
a reducing gas and the temperature rise of
the catalyst was controlled at a constant
rate of 10°C/min.

Pulse Injection

The catalyst sample was placed in a Py-
rex or quartz U-tube reactor which was
kept at a desired temperature with a tube
furnace. The carrier gas, He, was passed
continuously through the sample at a rate
controlled by a Matheson Model 8240 Flow
Controller. O,—He and CO-He mixtures in
the concentration range of 1-2% were sup-
plied from Matheson Gas Products Com-
pany. They were injected into the carrier
gas stream through a pair of Carle valves
each connected to a gas-sampling loop of
calibrated volume. The valves were ar-
ranged in series so that only one loop could
be opened to the sample at a time. The indi-
vidual injections were separated by helium
purges of 20-30 s duration. Therefore, the
total time elapsed for a complete oxyreduc-
tion cycle is 40-60 s although the actual
contact time of the pulse was ~1 s. The
valve switches were operated manually so
that the sequence and timing could be
changed at will. The conditions of the ex-
periments were such that the volume of the
pulse of 1% O, in He or 1% CO in He was
very much larger than the catalyst volume.
For example, the pulse volume for the He
+ 1% O, used for many of the runs was 2.55
cm? and for He + 1% CO twice this. The
catalyst volume was ~.04 ¢cm’. During a
pulse experiment, He is passed over the
catalyst at 200 cm*/min.

The composition of the inlet and outlet
gas streams was monitored with a CEC 21
Mass Spectrometer operated in the contin-
uous flow mode. The area under the mass
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peak, was measured with a simple con-
denser integrator. The difference in the
mass peak area of the inlet and exiting gas
of each injected pulse is the measure of O,
or CO uptake or of CO, produced. At equi-
librium, the value of O, uptake is deemed to
be the oxygen storage capacity of the cata-
lyst under the particular set of reaction con-
ditions used.

As a standard procedure, the catalyst
was heated in He flow at 500°C or above for
at least 30 min, then it was completely oxi-
dized by O, by injecting pulses of He con-
taining 1% O, successively until a 100%
breakthrough was attained. It was then
cooled to the reaction temperature and al-
ternating injections were made of pulses of
He with 1% CO followed by pulses of He
with 1% O, until there was established an
apparent equilibrium breakthrough for both
gases. At least five measurements of the
CO and O, uptake and the CO, produced
were determined for each sample. The re-
producibility was of the order of 0.01 umol.
The amount of O, uptake in each pulse in-
jection was designated OSC, as noted
above.

At the end of each run, the sample was
treated with a series of successive injec-
tions of He with 1% CO until a constant
breakthrough =95-98% was reached. The
sample was then returned to the O,-satu-
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FiG. 1. Irreversible oxygen uptake as a function of
CeO; loading. @, at 500°C; O, at 0°C. All samples are
precalcined at 500°C for 16 h followed by reduction in
H; at 500°C for 2 h.
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TABLE 1

Irreversible Oxygen Chemisorption and Oxygen
Removal (TPR-0X) on Samples of Ce0,/AL,0O;

Ce0, concentration 0O, chemi- TPR-0OX
sorption (umol O,/
% CeO, umol CeO,/m? (umol O,/ pmol CeO,)
(BET) umol CeQ,)
0°C  500°C
.48 21 13 .27 27
.83 37 .09 .18 25
2.04 .90 .05 .09 .24
3.72 1.65 .04 .06 24
6.14 2.72 .03 .05 .23
11.69 5.35 .04 .05 21
21.63 10.65 .03 .06 22
35.38 20.03 .04 .06 .20

rated state with a series of successive injec-
tions of He containing 1% O,. The total ox-
ygen uptake for the series is the measure of
the cumulative oxygen storage capacity
(OSCC).

RESULTS
1. Chemisorption Measurements

Total and reversible adsorption iso-
therms of oxygen (up to 100 Torr pressure),
at 0 and 500°C on eight CeO,/y-AL,O; sam-
ples of various CeQ, concentration were
measured, each following the reduction by
flowing hydrogen at 500°C for 2 h. The re-
versible adsorption was measured follow-
ing the total adsorption after the same sam-
ple was degassed at the same temperature
for 1/2 h. The difference between the total
and reversible adsorption was the irrevers-
ible part which was used for the compari-
son of (i) the amount of O, uptake in Fig. 1
and (ii) the stoichiometric ratio, 0,/CeQ,,
in Table 1.

Each of the logarithmic plots of O, up-
take as a function of CeQ,-loading, (Fig. 1)
consists two linear sections which intersect
at about 2.5 umol CeO,/m*BET). We at-
tribute this phenomenon to the presence of
two phases of CeO, on y-ALO; (14-16). At
low CeO, concentrations (=<2.5 umol CeO,/
m?[BET]), all CeO, is present in the dis-
persed phase and oxygen uptake increases
moderately with CeO,-loading. The dis-
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persed phase reaches saturation at about
2.5 umol/m? (BET) beyond which the ex-
cess CeO, aggregates to form small parti-
cles and oxygen uptake rises faster with
Ce0, loading.

The oxygen chemisorption is given in Ta-
ble 1 and, as expected, the results indicate
that the uptake of O, per unit weight of ce-
ria decreases with loading because of the
decreased ceria dispersion. It becomes vir-
tually constant at a loading of a few per-
cents CeQ,, actually even before the satu-
ration concentration of the dispersed phase
is attained. In a separate series of sup-
ported ceria, in the 9-27 wt% CeO, range,
samples which were calcined at 800°C for
16 h, the particle size of ceria was measured
by X-ray diffraction and found to be virtu-
ally constant at the range 55 to 67 A. The
ratio of exposed CeO, to those in the bulk
for this range is ~0.45. We see that only a
small fraction of the surface ceria is acces-
sible to oxygen at 0°C and a larger fraction
at 500°C. This indicates that the oxygen ad-
sorption on ceria is strongly activated as
was already obvious from Fig. 1.

2. Temperature-Programmed Reduction

The hydrogen uptake as a function of
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F1G. 2. Rate of H; uptake as a function of tempera-
ture in the TPR of CeO, samples. (A) CeOx(1), BET
area: ~1 m¥/g. (B) CeO4(2), BET area: 10 m%*g. (C)
Same as in (B), reoxidized at 200°C after the previous
reduction.
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FiG. 3. Rate of H, uptake as a function of tempera-
ture in the TPR of CeO,/AL,O; samples. (A) 0.83%
Ce0,/AL05; (B) 2.04% Ce0,/A1,0s; (C) 6.14% CeO,/
AlLOs; (D) 11.7% CeQ,/Al,O5; (E) 21.6% Ce0,/ALLO;.

temperature by unsupported ceria is shown
on Fig. 2. The results for three different
samples of which one was subjected to fur-
ther reoxidation are shown on the figure.
Only two peaks are noted in all traces, a
large one at ~750°C and a smaller one at
~500°C. The area of the low-temperature
peak with respect to that of the high-tem-
perature peak is considerably lower for the
low-surface area sample, trace A.

Figure 3 shows the TPR traces of the sup-
ported ceria samples in ascending order of
Ce0O, loading. The following features are
observed: The low-loading samples show
the low-temperature peak seen in Fig. 2 al-
though shifted upscale to ~550°C. A more
complex structure is seen in the higher
loading samples, one can discern three
peaks of oxygen uptake, although consider-
able overlap between them is noted and the
resolution is not at all sharp. In addition,
there is a small peak in the low temperature
range (~100°C) which diminishes with
Ce0, loading. The total amount of oxygen
removed in the course of the TPR is of the
range of 0.20-0.27 umol O,/umol of CeO,.
These data are incorporated into Table 1 as
the last column.

The oxygen removed in the TPR corre-
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sponds roughly to one-electron transfer per
Ce0,. This indicates that during the TPR
the whole amount of ceria in the supported
samples undergoes the oxyreduction Ce**
s Ce**. The same is true of the unsup-
ported ceria samples, both of the high-, and
low-surface area variety.

The effect of the noble metals on the TPR
of ceria is shown in traces A and B of Fig.
4. Comparing these spectra with those of
Fig. 2, we note that the presence of noble
metals does not affect the high-temperature
reduction peak but lowers and splits the
low-temperature (at 450°C) reduction peak.
Below 500°C we see both in the presence of
Rh or Pt a multiplicity of peaks (5) instead
of the single peak in the case of the unsup-
ported ceria (Fig. 2). In trace C of Fig. 4,
the effect of Pt on TPR of the AlLO;-sup-
ported CeO, is similar. While the presence
of Pt lowers and splits the low-temperature
peak, it does not affect the middle- and the
high-temperature peaks at 650 and 870°C,
respectively.

Figure 5 shows TPR traces of a high-
loading CeQ,/y-ALO; sample (19.7% wt
CeQ,) after reoxidation treatment at differ-
ent temperatures of samples completely re-
duced at 900°C. The room temperature pre-

RATE OF HYDROGEN UPTAKE (ARBITRARY UNITS)
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F1G. 4. Rate of H, uptake as a function of tempera-
ture in the TPR of (A) 3% Rh/CeQ,; (B) 3% Pt/CeO,;
(C) 2.4% PU/22.8% CeO,/ALOs.
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FiG. 5. Rate of H, uptake as a function of tempera-
ture in the TPR of the 21.6% Ce0,/Al,0; which was
reduced at 900°C and then reoxidized at (A) 25°C, 10
min; (B) 500°C, 16 h; (C) 850°C, 2 hr.

oxidation restores the low-temperature
peak (100°C) and the peak at 400°C. The
reoxidation at 500°C increases this peak
also showing its splitting. Finally, the reox-
idation at 850°C, restores, in broad resem-
blance, the behavior noted in Fig. 3, trace
E. The TPR spectra in the figure show that
the ease of removal of oxygen from the bulk
of the supported ceria is dependent on the
conditions, in particular the temperature, of
the preceding reoxidation itself. This de-
pendence on the temperature for reoxida-
tion is in good agreement with the chemi-
sorption data (Fig. 1 and Table 1) which
indicates that the reoxidation of reduced
ceria is a highly activated process. In es-
sence we are dealing with a metastable de-
fect and nonstoichiometric (Ce’*-Ce**)
material. As the oxidation proceeds to com-
pletion, the structure becomes more or-
dered and more difficult to reduce.

Pulse Injection Measurements

These measurements, as indicated be-
fore, are more closely related to the actual
enhancement of the ‘‘oxygen storage’ ca-
pacity by the incorporation of ceria than the
work discussed before. This capacity is in-
fluenced by several operating parameters:
two temperatures, that of the pretreatment
and that of actual pulsing experiment; the
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concentration of the gaseous reactant and
finally the presence of precious metals.

Hydrogen is known to be a more effec-
tive reducing agent than CO particularly in
the presence of PM. The actual exhaust gas
contains hydrogen in proportion of between
1/4 and 1/3 that of CO. The implication of
this is that if in actual exhaust the pulses are
of the same frequency (~1 Hz) the extent of
storage capacity will not be less than ob-
served in these experiments.

The data on the pulsing results are given
in the following four tables. Note that the
oxygen storage capacities related to ceria
content are by ~2 orders of magnitude
lower than total removable oxygen as mea-
sured by TPR.

(1) Effect of pretreatment temperature.
The effect of pretreatment temperature was
measured only for the samples of unsup-
ported CeO, and noble metals on CeO,.
The data are presented in Table 2, from
which one can notice a general decrease in
the storage capacity when going from 600 to
800°C in the pretreatment temperature.
This behavior is observed for all the sam-
ples in Table 2. Since, one can expect that
in the actual catalyst usage during normal
operation the catalyst will be periodically
exposed to temperatures ~800°C, this
treatment temperature was used for the cal-
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cination of most of the supported catalysts
used in the pulse-injection experiments.
(2) Effect of pulsing temperature. It was
observed during the chemisorption experi-
ments (Fig. 1 and Table 1) that the adsorp-
tion of oxygen is an activated process. Sim-
ilarly in the data of Table 2 it is already
apparent that with the increase of pulsing
temperature more oxygen can be stored
during a given single pulse and also in the
cumulative storage experiment. Although
the data in Table 2 indicates that at the up-
per temperature of 500°C the limit has not
yet been reached it is this temperature
range which is of most interest. Table 3
gives the results of pulsing experiments as a
function of temperature on catalysts sup-
ported on alumina with the storage capacity
referred again to the ceria content. The pre-
cious metal components of the catalyst are
by themselves, at the surface, capable of
undergoing oxyreduction and we will sub-
sequently try to distinguish between these
contributions. The data in Table 3 are for
the system as a whole. The following obser-
vations can be deduced from the data in
Table 3. First, with increasing temperature
of pulsing a larger proportion of the avail-
able storage is being utilized. Further, the
difference between the limiting (cumula-
tive) storage capacity and that achievable in

TABLE 2

Effect of Pretreatment and Pulsing Temperatures on Oxygen Storage Capacity (umol O,/umol CeQ,) x 10?2

Sample Pretreatment Pulsing temperature (°C)
temperature

Q) 300 400 500
OSCC 0OSC OSCC 0SsC OSCC 0SC
CeO, 600 — — 0.18 0.06 0.44 0.19
800 — — — — 0.33 0.14
0.058% Pd/CeO, 600 0.14 0.08 0.31 0.20 0.41 0.31
800 0.15 0.07 0.32 0.18 0.38 0.25
0.094% Pt/CeO, 600 0.16 0.06 0.36 0.20 0.45 0.26
800 — — 0.31 0.18 0.36 0.21
0.04% Rh/CeO, 600 0.29 0.18 0.41 0.33 0.49 0.32
800 — — 0.35 0.10 0.29 0.19
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TABLE 3

Effect of Pulsing Temperature on Oxygen Storage Capacity in Alumina-Supported Catalysts
(umol Oy/umol CeQ,) x 10?

Sample Pulsing temperature (°C)
300 400 500
0SCC OSC OSCC 0SC 0SCC 0SC
20% Ce0,/Al,04 — — — 0.03 0.87 0.17
0.153% Pd/20% CeO,/Al,0; 0.53 0.22 1.56 0.87 2.57 1.77
0.300% Pt/23% CeO,/ALO; 1.11 0.57 1.66 1.44 2.09 1.49
0.155% Rh/20% CeO,/Al,0; 0.62 0.19 1.23 0.78 1.83 1.11

Note. All catalysts calcined at 800°C.

a single pulse is narrowed, especially for
the catalysts containing noble metals, 60—
70% of the oxygen storage is utilized in a
single pulse. Because the atomic concentra-
tion of three noble metals is roughly the
same, there is only a slight difference (if
any) in the individual effect of the noble
metals.

(3) Effect of partial pressures of oxygen
and carbon monoxide. By varying the par-
tial pressure of O, and CO in the pulse in-
jection system, their effects on OSC and
OSCC were examined. The results in Table
4 show that for the reactions over Ce0,(2)
and 20% Ce0,/ALO; samples at 500°C, the
change of partial pressure of oxygen from 1
to 2% does not change significantly the
OSC and OSCC values while the increase
in partial pressure of CO from 1 to 2% leads
to a large increase of both OSC and OSCC.
This is because both OSC and OSCC are
measured by CO oxidation which is a
slower step and is a temperature- and CO
pressure-dependent process. OSCC values
are the total amount of the available oxygen
under that condition and, therefore, are af-
fected by the CO pressure.

(4) The effect of precious metal and CeO,
concentration. The presence of Pt, Pd, and
Rh generally increases the OSC and OSCC
values of CeQ,. The corrected OSC and
OSCC values in Table 5 are those after the
subtraction of the OSC due to the precious

metal itself. Compared with the unsup-
ported CeO,(2) sample (of which the OSCC
and OSC values at 500°C are 0.33 and 0.14,
respectively) the increase is small for the
unsupported but large for the Al,O;-sup-
ported sample. This indicates that the effect
of precious metal is only on the surface
CeO, or on the dispersed phase of CeO, on
Al O;. With the concentration range of 0.03
to 0.3% PM and 8.9 to 23% CeQ,, the de-
pendence of the corrected OSCC and OSC
values on concentrations of both compo-
nents is small.

TABLE 4

Effect of O, and CO Partial Pressures on OSCC and
OSC (umol O,/umol Ce0,) x 102, at 500°C

Sample Py, Py 0OSCC OSC
(%) (%)

Ce0,(2) 1 1 44 21
2 1 .40 19

2 2 47 32

20% CeO,/ALO, 1 1 1.1 0.30
2 1 0.9 0.28

2 2 1.5 0.43

0.094% Pt/CeO, 1 1 0.43 0.25
1 2 0.47 0.30

0.042% Pd/CeO, 1 1 0.35 0.21
1 2 0.44 0.29

0.04% Rh/CeO, 1 1 0.30 0.24
1 2 0.31 0.31

0.05% Pt/23% CeO,/AL0; 1 1 1.79 1.47
2 2 2.43 1.86

0.021% Pd/12% Ce0,/Al,0, 1 1 1.70 1.22
2 2 2.53 1.75

0.03 Rh/20% CeQ,/Al,0, 1 1 1.59 0.67
2 2 1.51 0.67
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TABLE 5

Effect of Precious Metal Concentration on Oxygen Storage Capacity in Pt-, Pd-, and Rh-Containing
Catalysts at 500°C

Sample 0OSCC 0SC Corrected OSCC Corrected OSC
wumol O, 2) wmol 0,-0.5 x umol PM R
(p.mol ce0,< 10 ( ol Ce0, x 10 )

0.094% Pt/CeO, 0.36 0.21 0.32 0.17
0.23% Pt/Ce0, 0.48 0.26 0.38 0.16
0.05% Pt/23% Ce0,/AlL,0; 2.02 1.48 1.92 1.38
0.3% Pd/23% Ce0,/Al,0, 2.09 1.49 1.51 0.94
0.058% Pd/CeO, 0.38 0.25 0.34 0.21
0.14% Pd/CeO, 0.44 0.25 0.33 0.14
0.05% Pd/8.9% Ce0,/Al,0; 2.55 2.0 2.1 1.6

0.2% Pd/8.9% CeO,/Al, 0, 4.0 34 23 1.7

0.04% Rh/CeO, 0.29 0.19 0.26 0.16
0.03% Rh/23% Ce0,/Al,0; 2.02 1.48 1.92 1.38
0.16% Rh/20% CeO,/Al,04 2.09 1.49 1.51 0.94

“ The correction equation assumes that each micromole of PM has 0.5 wmol O, in OSCC and OSC.

DISCUSSION

Below 1000°C, ceria can be reduced by
H, only to Ce,0; (18-20). The total oxygen
storage of the catalyst depends on ceria-
loading. For the practical use in the auto-
motive exhaust treatment system, the ce-
ria-loading is about 20% with respect to
alumina which, in monolith catalysts, is
equivalent to 2% by weight of the catalyst.

The pulse injection data (Tables 2-5)
show the dependence of OSC on pretreat-
ment temperature, pulsing temperature,
partial pressure of reactants, and on the
presence of precious metals. An increase of
precalcination temperature from 600 to
800°C (Table 2) lowered the OSC for CeO,
by ~25%, for both Pd/CeO, and Pt/CeO,
by ~20%, and for Rh/CeO, by ~40%.

The dependence of OSC on pulsing tem-
perature is shown in both Tables 2 and 3. In
CeO, (Table 2), no OSCC or OSC is found
at a pulsing temperature of 300°C, negligi-
ble amount at 400°C, and a considerabie
amount at 500°C. For Pt/CeO,, Pd/Ce0O,,
and Rh/CeQ, samples, both OSCC and
OSC values are much higher when com-
pared with CeQ, at 300 and 400°C. This in-

dicates that the presence of a precious
metal facilitates both the restoration of the
surface oxygen anions and their removal by
CO at lower temperatures. Note that in PM/
Ce0,/AlLLO; (Tables 3 and 5), the OSCC and
OSC values are much higher than in CeO,/
Al,O; and PM/CeO, even at 500°C. We at-
tribute this increase to the PM-CeO, inter-
action which not only lowers the reduction
temperature for CeO, but also increases the
dispersion of CeO; on alumina.

The TPR traces for the reduction of CeO,
and CeO,/Al,O; (Figs. 2 and 3) are very
similar to the TPR traces for the reduction
of MoO; and Mo0Os/Al,0; (16), save for the
fact that up to 900°C while MoO; can be
reduced to metallic Mo, CeO, can be re-
duced only to Ce,0O;. Similar to the inter-
pretation for the MoO; reduction (/6), the
presence of two peaks in TPR traces of Fig.
2 is attributed to the existence of two types
of oxygen anions in CeQ,. A surface cap-
ping oxygen anion which attaches to a sur-
face Ce** ion in an octahedral coordination
is reducible at about 500°C. A bulk oxygen
anion which is bonded to two Ce** ions in
the bulk ceria is reducible at 750°C. The
relative intensity of these two peaks is af-



CERIA IN AUTOMOTIVE EXHAUST CATALYSTS, 1

fected by the surface area of ceria (Fig. 2).
The TPR traces for the alumina-supported
ceria are more complicated (Fig. 3). A small
peak at 100°C in traces A, B, C, D of Fig. 3
which diminishes when CeO, concentration
increases can be attributed to the small
amount of removable oxygen anions on the
bare amorphous Al,O; sites. Such remov-
able oxygen anions on amorphous alumina
were noticed during degassing at ~500°C
(21, 22). We observe such anions only on
the Ce0O,/AlL,O, samples of low CeO,-load-
ing. They vanish with CeO,-loading. A
larger peak at 530°C in traces A, B, C, D, E
of Fig. 3 is attributed to the reduction of
surface capping oxygen anions on the sup-
ported ceria. The bulk oxygen anions which
are absent in the supported ceria of low
concentration (traces A and B of Fig. 3)
begin to appear in samples of higher ceria
concentration (trace C). The 600°C peak in
trace C of Fig. 3 is associated with the re-
duction of bulk oxygen anion. As ceria con-
centration increases from 6.14 to 21.6 wt%,
this peak shifts upscale from 600 to 650°C
(trace E), which is lower than the 750°C
peak for bulk oxygen anions in the unsup-
ported ceria (Fig. 2). This upscale tempera-
ture shift from 600 to 750°C indicates proba-
bly the particle size dependency in the
reduction of bulk oxygen anions in both the
supported and unsupported ceria. Another
peak at 850°C which appears together with
the 650°C peak in the samples of high ceria
concentration (Fig. 3) is attributed to the
reduction of the shared oxygen anions
(shared between Ce** and AP** ions) in the
interface between the bulk ceria and alu-
mina. While the capping oxygen anions are
present in all CeO, and CeO,/Al,O; sam-
ples, bulk and shared oxygen anions are
found only in CeO, and in CeO,/Al,0; of
high CeO,-loading. The absence of bulk ox-
ygen anions in traces A and B of Fig. 3
indicates that all CeO, in these samples are
present in the dispersed phase. These
results are in good agreement with the che-
misorption data (Fig. 1) which shows the
appearance of CeO, bulk at CeQ,-loading of
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greater than 2.5 umol CeO,/m? (BET) or
~6% Ce0,/ALO;. The lack of a 850°C peak
in traces A and B of Fig. 3 does not mean
the absence of shared oxygen anions in
these samples. It indicates that such shared
oxygen anions in the dispersed phase can-
not be further removed even at high tem-
peratures since the removal of capping oxy-
gen has already reduced the Ce** ion in the
dispersed phase to the limit oxidation state
of Ce**. Thus, for samples of low-CeQ,
loading, complete reduction by H, is attain-
able at 500°C and no further reduction is
possible even at higher temperatures.

The TPR data for the removal of oxygen
anions from PM/CeO, and PM/Ce0,/Al,0;
samples are shown in Fig. 4. In traces A
and B of Fig. 4, the peaks which appear at
<150°C are associated with the reduction of
the supported Rh and Pt oxides (15, 17). In
the temperature region between 150 and
500°C, one notes a multiplicity of peaks as-
sociated with the presence of precious
metal on CeO, or CeO,/Al,0;. At present,
we do not have a proven assignment for the
oxygen species associated with each one of
these peaks. We presume that the bonding
of the capping oxygen anions of ceria (the
peaks at 500°C in Figs. 2 and 3) has now
been differentiated in several ways by inter-
action with PM of various possible states of
aggregation during the reduction. Beyond
this assumption no further speculation can
add to our understanding. In the higher
temperature region above 500°C (Fig. 4) the
TPR traces are unaffected by the presence
of precious metal, indicating the absence of
interaction from both the bulk oxygen an-
ions and the shared oxygen anions of ceria
with the precious metal.

The restoration of oxygen on CeO,/Al, 04
samples after a reduction by H, at 500°C
was measured by chemisorption at 0 and
500°C (Table 1). It indicates that the oxygen
resotration is faster than reduction by H,
and is dependent on temperature and con-
centration of CeO; on AL,O;. At 500°C, the
amount of oxygen restored is twice the
amount of oxygen at 0°C. The amount of
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oxygen restored in units of micromoles O,/
micromoles CeQ, is highest at the lowest
concentration of CeQO,. It decreases as the
CeO, concentration increases and levels off
after the concentration reaches the satura-
tion of dispersion at about 2.5 umol CeO,/m?
(BET) (Fig. 1).

The restoration of oxygen on a 21.6%
Ce0,/Al,0; sample at temperature of 25 to
950°C after a prereduction by H, at 900°C
was measured by TPR (Fig. 5). After the
first reduction at 900°C, the oxygen was re-
stored at 25°C and trace A shows the pres-
ence of some new oxygen species at 400°C
but no capping oxygen anion. After a sec-
ond reduction at 900°C, oxygen was re-
stored at 500°C and trace B shows again the
new oxygen species at 400°C and some cap-
ping oxygen anions at 500°C. Only after the
third reduction at 900°C and followed by
restoration at 850°C, the new oxygen spe-
cies does not appear again and all other
three types of oxygen anions reappear. Ap-
parently, complete reoxidation of Ce,0O; to
CeO, on Al,O; requires a temperature of
about 850°C.

0, o
O—C|e——0 O—ée——O

(I) |

(A) (B)

only species (A) was formed and identified
on a supported and reduced CeO, sample
(23). Species (A) is tentatively assigned to
be the new surface oxygen species which is
metastable, can be converted to the cap-
ping, bulk, and shared oxygen anions at
about 850°C, and is readily available for the
redoxy reaction at <500°C.
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During the repeated reduction at 900°C
(Fig. 5), some surface structure changes of
CeO, on Al,O; are observed. Note that af-
ter the reduction at 900°C and reoxidation
at 25°C for the 21.6% CeO,/Al,0; sample,
the low-temperature peak at ~100°C reap-
pears (compare trace A of Fig. 5 with trace
E of Fig. 3). The reduction at 900°C may
cause the sintering or aggregation of the
dispersed CeO, during reduction of CeQ,
to Ce,0; and consequently restores some
bare amorphous Al,O; sites for oxygen ad-
sorption. Reoxidation at 500 and 850°C can
rearrange surface oxygen anions and the
low-temperature peak (~100°C) disap-
pears. After the reduction and reoxidation
at 850°C, the high-temperature (850°C) peak
increases at the expense of the 450°C peak,
indicating some conversion of capping oxy-
gen anions to the shared oxygen anions
(trace C, Fig. 5) during the repeated reduc-
tion and oxidation processes.
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