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The activity of Pt,Rh,Ce/y-AI203 and Pt,Rh/CeO2 catalysts has been studied in a full complement 
synthetic exhaust gas mixture consisting of Hz, CO, C3H 6 , C3H8, NO, 02 , N2, CO2, H20, and SO2. 
Direct interaction between Pt and CeOz was shown to lead to large improvements in catalyst 
performance after activation of the catalyst in the synthetic exhaust gas. Catalyst activation was 
shown to be due to reduction of the noble metals and surface Ce and this state of the catalyst was 
found to be particularly effective for CO oxidation. The key component responsible for activation 
was shown to be Hz; even at the low H 2 level present in the exhaust gas (-<0.26 vol%), reduction 
is shown to be very easy. The degree of Pt/Ce interaction, and thus activity, after catalyst activation 
could be controlled by varying the CeO~ crystallite size. Decreasing the CeO 2 crystallite size led to 
greater Pt/Ce interaction as shown by TPR and STEM analysis and resulted in greater activity for 
both fresh and laboratory aged catalysts. Direct Pt/Ce interaction also led to a synergistic reduction 
of Pt and surface Ce which we found to qualitatively correlate with catalyst performance after 
activation. © 1992 Academic Press, Inc. 

INTRODUCTION 

The effectiveness of C e O  2 in three-way- 
conversion catalysts is well established. 
However, the detailed role of C e O  2 in activ- 
ity enhancement is still a subject of compet- 
ing hypotheses. C e O  2 has been reported to 
act as an oxygen storage component (1, 2), 
to stabilize y-Al203  (3), to promote water 
gas shift activity (3, 4), and to stabilize noble 
metal (NM) dispersion (5). C e O  2 has also 
been proposed to promote CO oxidation ac- 
tivity. Several mechanisms have been pro- 
posed to account for this selective promo- 
tion. These include retardation of CO 
inhibition during oxidation and a reduced 
activation energy for CO oxidation (6, 7). 
CeO2 has also been proposed as a direct 
source of oxygen during CO oxidation (7), 
and reduced Ce has been linked to the for- 
mation of highly reactive 0 2 radical anions 
(8, 9) that are very effective in oxidizing CO. 

1 To whom correspondence should be addressed. 
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Several authors have also described syn- 
ergistic interactions between NM and C e O  2 . 

Some investigators have observed that re- 
duction of Pt, Pd, and Rh is more facile 
when in contact with CeO 2 (3, 10). Also, 
coupling of NM and C e O  2 reduction was 
observed with reduction of both compo- 
nents at lower temperature than when they 
are not in contact. Yao and Yao (10) pro- 
posed that such synergism enhances oxygen 
storage by the catalyst. 

Previous work has focused primarily on 
model reactions involving limited reactants 
using carefully activated catalysts. The 
present work addresses the performance of 
Pt,Rh,Ce/y-AlzO 3 catalysts in a full comple- 
ment synthetic exhaust gas. Further, the 
catalysts studied were not initially activated 
by reduction before testing. We attempted 
to correlate some of the physicochemical 
properties of our catalysts with conversion 
performance in the synthetic exhaust gas. 
We describe the impact of exhaust gas com- 
position and the degree of NM/Ce interac- 
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TABLE 1 

Summary of Catalyst Compositions for Samples Used in Testing Having Varying CeO 2 Loadings 
and CeO2 Crystallite Sizes 

Sample Catalyst Metal c o n t e n t  C e O  2 

# description crystallite 
Pt wt% Rh wt% Ce wt% size (111) 

(A) 

1 Pt,Rh/y-A1203 0.75 0.045 - -  - -  
2 6% Ce/T-A1203 - -  - -  5.52 61 -+ 2 
3 Pt,Rh, 6% Ce/y-AI203 0.71 0.044 5.52 61 -+ 2 
4 Pt,Rh/y-AI203 0.80 0.033 - -  - -  
5 Pt,Rh, 6% Ce/T-A1203 0.76 0.04 5.6 72 -+ 2 
6 Pt,Rh, 6% Ce/y-A1203 0.76 0.041 5.67 113 -+ 3 
7 Pt,Rh, 6% Ce/y-A1203 0.76 0.04 5.67 145 + 4 
8 Pt,Rh, 6% Ce/y-AI203 0.79 0.041 5.70 213 -+ 7 
9 Pt,Rh, 6% Ce/y-A1203 0.78 0.040 5.62 332 -+ 16 

10 Pt,Rh, 6% Ce/T-AI203 0.79 0.048 4.99 -1000 
11 Pt,Rh, 24% Ce/y-AI203 0.34 0.066 24.1 65 -+ 5 
12 Pt,Rh, 25% Ce/y-AlzO 3 0.82 0.043 22.6 -1000 
13 Pt,Rh, 25% Ce/y-AI203 0.50 0.034 22.2 270 + 5 
14 Pt,Rh, 25% Ce/y-AI203 0.77 0.042 21.5 130 + 5 
15 Pt,Rh, 25% Ce/y-AI203 0.83 0.048 21.2 120 -+ 5 
16 Pr,Rh/y-A1203 0.80 0.033 - -  - -  

tion on the light-off activity of  fresh, cal- 
cined catalysts and laboratory aged 
catalysts. Attempts were made to systemati- 
cally vary the extent of NM/Ce interaction 
during catalyst preparation by using cata- 
lysts of varying CeO 2 loading and CeO 2 crys- 
tallite size. We show that direct interaction 
between CeO 2 and Pt leads to dramatic im- 
provements in catalyst light-off activity 
after activation in the exhaust gas. 

EXPERIMENTAL 

A wide range of  catalysts was prepared 
where the Ce loading, its method of intro- 
duction, and the CeO 2 crystallite size were 
varied. Table 1 describes the catalysts stud- 
ied, including Ce loading, NM content, and 
the CeO 2 crystallite size (as measured by 
X-ray diffraction (XRD)). The NM and Ce 
contents were measured by inductively cou- 
pled plasma-atomic  emission analysis. Dif- 
ferent routes were followed to produce dif- 
ferent CeO 2 sizes. Fresh catalysts having 
CeO 2 sizes in the range 60-110 A were pre- 
pared by impregnation with various Ce salts 

and by using colloidal CeO 2 . Samples with 
CeO 2 crystallite sizes of 110-350 .& were 
prepared by air calcining Ce(NO3) 3 and 
Ce(OAc)3 before milling the resulting CeO 2 
together with y-A120 3 . A highly sintered re- 
agent CeO 2 powder  was used to prepare 
samples 10 and 12. Samples 12-16 were lab- 
oratory aged before testing in 10% H20/90% 
air at 900°C for 4 hr and the CeO 2 crystallite 
sizes are given after aging. Following CeO2 
introduction, supports were sized to 
425-850/zm with wire screens. Pt and Rh 
were introduced by impregnation with aque- 
ous solutions of H2PtCt 6 and RhC13; the cata- 
lysts were oven dried and finally calcined in 
air at 600°C for 6 hr. 

Pure CeO 2 supports were prepared by 
precipitation of Ce(NO3) 3 using (NH4)2CO 3 
followed by filtration, drying, and calcina- 
tion at 600°C for 6 hr. NMs were added as 
described. 

Finished catalysts were evaluated in the 
full complement synthetic exhaust gas mix- 
ture shown in Table 2. It consisted of  H2, 
CO, C3I-I 6, C3H8, NO, Oz, N2, CO2, H20, 
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TABLE 2 

Exhaust Gas Composition Used for Catalyst Testing 
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Gas type CO H 2 C3H 8 C3H 6 NO 0 2 
mode ppm ppm ppm ppm ppm ppm 

ER 

Rich 8000 2667 267 167 1835 2790 2.02 
Lean 3550 1183 118 167 1835 6500 0.50 
Stoichiometfic 5775 1925 193 167 1835 4645 -1 .0  

Note. Other components = 118,800 ppm CO2, 20 ppm SOz, 100,000 ppm H20. Balance = N 2. 

and SO2. Catalysts were tested in a tubular 
reactor using 1 g of catalyst and a flow rate 
of 5 liter/rain. Catalysts could be exposed 
to rich (equivalence ratio (ER) 2.0), lean (ER 
= 0.5), or stoichiometric mixtures. 

Different testing cycles were used with or 
without SO2. The testing profile for tests 
without SO2 is shown in Fig. 1. For this 
profile the catalysts were heated at 5°C/min 
in the stoichiometric mixture to 450°C (Rise- 
1), held at 450°C for 0.5 hr, cooled to 50°C 
in about 10 min, then reheated to 450°C in 
the stoichiometric mixture (Rise-2). Testing 

with SO 2 was similar except that the maxi- 
mum temperature for Rise-1 and Rise-2 was 
600°C, which was held for 1 hr. Higher tem- 
peratures were used for tests in the presence 
of SO2 as this component is a strong poison 
for the present catalysts and temperatures 
of 600°C were required for complete conver- 
sion of the reactants and for maximum acti- 
vation of the catalyst. During the hold and 
drop between Rise-1 and Rise-2, catalysts 
could be exposed to various combinations 
of rich, lean, and stoichiometric exhaust gas 
mixtures. 
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FIG. 1. Temperature profile used for catalyst testing in the absence of SO z. 
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FIG. 2. Effect of various in situ conditionings in the non-SO 2 synthetic exhaust gas mixture on the Rise- 
2 light-off activity for CO. Catalyst = Pt,Rh, 24 wt% Ce/T-A1203 . Pt loading = 0.34 wt%; Rh loading 
= 0.06 wt%. 

The catalysts were characterized using 
XRD, X-ray photoelectron spectroscopy 
(XPS), scanning transmission electron mi- 
croscopy (STEM), and temperature pro- 
grammed reduction (TPR). Both TPR and 
XPS measurements were carried out on 
fresh samples and on samples that had been 
treated in the synthetic exhaust gas. Sam- 
ples analyzed after pretreatments in the ex- 
haust gas were removed from the reactor in 
N2 ( 0 2  content -~ 50 ppm) and the TPR was 
carried out without further pretreatment. 

RESULTS 

Testing of the Pt,Rh,Ce/y-A1203 catalysts 
showed that they were subject to large activ- 
ity changes following exposure to exhaust 
gas, especially when Pt,Rh, and Ce were all 
present. Some activity change was expected 
as the catalysts were not initially activated 
by reduction. However, the considerable 
variation in catalyst activity related to ex- 
haust gas composition was unexpected. The 
nature of the activation and the experimen- 

tal factors that control its onset were studied 
in detail over sample 11. This was done by 
exposing the catalyst to varying combina- 
tions of rich, lean, and stoichiometric gas 
after Rise-1 and studying the effect on the 
Rise-2 light-off. The effect on CO oxidation 
during Rise-2 light-offis shown in Fig. 2. It is 
evident that Rise-2 light-off activity is very 
sensitive to the exhaust gas composition 
seen by the catalyst prior to Rise-2. The 
lowest Rise-2 activity occurs after a lean 
hold/lean drop whereas the highest activity 
occurs after a rich hold/rich drop and after 
a lean hold/rich drop. Clearly, catalyst acti- 
vation is associated with exposure to rich 
exhaust gas. Activation of the catalyst after 
a lean hold by the rich drop further showed 
that the exhaust gas composition to which 
the catalyst is exposed during the drop is 
critical in the activation. Further, a rich hold 
followed by a drop in N 2 resulted in activa- 
tion equivalent to a rich hold/rich drop. 
Thus, the rich drop can either activate the 
catalyst or maintain the catalyst in the acti- 
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FIG. 3. Comparison of fresh light-off activity (Rise-l) for CO conversion and the activity after rich 
(Rise-2), lean (Rise-3), and rich (Rise-4) preconditioning. Catalyst = Pt,Rh, 24 wt% Ce/T-AI203 . Pt 
loading = 0.34 wt%; Rh loading = 0.06 wt%. 

rated state. The drop between Rise-1 and 
Rise-2 takes about 10 rain, indicating that 
activation is accomplished rapidly. It was 
also found that the activation/deactivation 
phenomenon was highly reversible. This is 
shown in Fig. 3 where the light-off activity 
for CO over a fresh catalyst, followed by 
subsequent rich, lean, and rich treatments 
at 450°C for 0.5 hr, is shown. It is clear 
that lean conditioning after rich conditioning 
results in loss of activity which can be recov- 
ered by a subsequent rich treatment. 

The gas components contributing to acti- 
vation were determined by removing vari- 
ous components one at a time from the rich 
drop, followed by another ramp in the full 
complement gas. Removal of CO, hydrocar- 
bon (HC), and O2 had no effect on catalyst 
activation. However, subsequent removal 
of H2 was found to have a dramatic effect. 
Figure 4 compares Rise-2 light-off for CO 
oxidation with CO2, NO, H20, and H 2 pres- 
ent during the drop to the case where only 
CO2, NO, and H 2 0  remain. Clearly, re- 
moval of H 2 leads to complete loss of activa- 
tion. Similar changes in catalyst perfor- 

mance were observed for HC and NO 
conversion. Apparently, catalyst activity 
can be dramatically altered by a low concen- 
tration of H 2 (0.26 vol%) in a relatively short 
time period. 

The effect of various treatments on Rise- 
2 activity was also studied in the presence 
of SO2 using the testing profile previously 
described. In Fig. 5 is shown the effect on 
the Rise-2 light-off activity for CO of a rich 
hold/rich drop as compared to a lean hold/ 
lean drop. It is evident that the rich treat- 
ment leads to large activation of the catalyst, 
as observed previously for SO2-free condi- 
tions. However, the lean hold/lean drop 
now leads to large deactivation of the cata- 
lyst. The difference in the CO light-off tem- 
perature between the lean and rich treated 
samples is nearly 250°C. Similar effects 
where also observed on the HC and NO 
light-off activity of the catalyst as a function 
of conditioning. Thus, catalyst performance 
is even more sensitive to conditioning where 
SOz is present than when it is absent. It was 
also found that the activation/deactivation 
phenomenon was highly reversible with 
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FIG. 4. Effect of removing H 2 from the rich exhaust gas mixture during the drop immediately before 
the Rise-2 on the subsequent CO light-off activity. Catalyst = Pt,Rh, 24 wt% Ce/y-Al203 . Pt loading 
= 0.34 wt%; Rh loading = 0.06 wt%. 
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Fic. 5. Effect of a rich hold and drop as compared to a lean hold and drop on the CO light-off activity. 
Catalyst = Pt,Rh, 24 wt% Ce/y-A1203. Pt loading = 0.34 wt%; Rh loading = 0.06 wt%. 
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TABLE 3 

Comparison of Fresh Light-off Activity (Rise-l) for CO, HC, and NO Conversion and the Activity after Rich 
(Rise-2), Lean (Rise-3), and Rich (Rise-4) Preconditioning 

Conditioning Temp. at 25% conv. Temp. at 50% conv. 

CO HC NO CO HC NO 

Fresh(Rise-l)  310 375 502 345 452 570 
Rich (Rise-2) 177 245 242 190 251 251 
Lean (Rise-3) 302 325 310 320 330 325 
Rich (Rise-4) 185 250 245 210 255 252 

Note. Catalyst = Pt,Rh, 24 wt% Ce/y-A1203. Pt loading = 0,34 wt%; Rh loading = 0.06 wt%. 

S O  2 present. The results are summarized in 
Table 3 where the temperatures for 25 and 
50% conversion for CO, HC, and NO are 
summarized for the fresh light-off activity 
and after subsequent rich, lean, and rich 
conditioning, respectively. It is noted that 
lean conditioning following rich condition- 
ing does not lead to the same degree of deac- 
tivation as observed for lean conditioning of 
the fresh catalyst. 

The effect ofCeO 2 crystallite size on cata- 

lyst performance was studied both with and 
without SO 2. Fresh catalysts 4-10 were 
tested without SO2. Rise-1 and Rise-2 activi- 
ties are compared in Figs. 6 and 7. The cata- 
lysts were exposed to a stoichiometric mix- 
ture after Rise-1. Relative activities are 
compared using the temperatures at 25% 
CO, HC, and NO conversion plotted vs 
CeO 2 crystallite size. CeO 2 crystallite sizes 
shown were determined by XRD line broad- 
ening of the (I 11) reflection. As evident in 
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FIG. 6. Plot of CeO 2 crystallite size (111) as a function of the Rise-1 activity for CO, HC, and NO for 
testing in a stoichiometric exhaust gas mixture without SO 2 . Activity is expressed as the temperature 
needed for 25% conversion. Catalyst = Pt,Rh, 6 wt% Ce/y-A1203 . Pt loading (nominal) = 0.77 wt%; 
Rh loading (nominal) = 0.04 wt%. 
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FIG. 7. Plot of CeO2 crystallite size (111) as a function of Rise-2 light-off activity for CO, HC, and NO 
for testing in a stoichiometric exhaust gas mixture without SO 2 . Activity is expressed as the temperature 
needed for 25% conversion. Catalyst = Pt,Rh, 6 wt% Ce/y-A1203. Pt loading (nominal) = 0.77 wt%; 
Rh loading (nominal) = 0.04 wt%. 

Fig. 6, CeO 2 size has no effect on Rise-1 
activity. However, this is clearly not the 
case for Rise-2. Figure 7 reveals dramatic 
improvement in light-off activity for all three 
exhaust gas components with diminishing 
CeO2 crystallite size, especially for sizes 
less than 250 A. It is also observed that 
the activity of the Pt,Rh/y-A1203 sample is 
lower than that for the Ce-containing sam- 
ples. Further, a comparison of Figs. 6 and 7 
shows that performance improvement is not 
the same for all components. The promotion 
of CO conversion (AT ~ 150°C) is apprecia- 
bly greater than that of HC (AT ~ 100°C) or 
NO (AT ~ 100°C) conversion. Since CeO z 
size has essentially no effect on Rise-1 activ- 
ity, it is also clear that CeO 2 size is affecting 
the degree of catalyst activation. 

Laboratory aged samples were tested 
with SO2. Catalysts were exposed to stoi- 
chiometric exhaust during the hold and drop 

following Rise-1. Rise-2 light-off activities 
are summarized in Table 4. Also shown are 
the CeO 2 crystallite sizes after aging and 
testing. Clearly, large improvements in 
Rise-2 activity are observed for all three 
components with decreasing CeO 2 size. An 
approximately 80°C reduction in CO, HC, 
and NO 25% conversion temperature ac- 
companies the reduction of CeO 2 size from 
270 to 120 ,~. 

Several fresh samples with varying CeO 2 
size were analyzed by scanning transmis- 
sion electron microscopy (STEM). It was 
observed that a larger fraction of the Pt was 
associated with CeO 2 than expected based 
on the relative surface area exposed by 
CeO 2 compared with •-A1203. Further, the 
fraction of Pt associated with CeO 2 in- 
creased with decreasing CcO 2 size. Thus, 
for maximum Pt/CeO 2 interaction, we need 
supports with the smallest CeO 2 size. This 



Ce-CONTAINING THREE-WAY CATALYSTS 317 

TABLE 4 

Rise-2 Light-off Activity for CO, HC, and NO over 
a Series of Aged Pt,Rh, 25 wt% Ce/y-A1203 Samples 
Having Varying CeO 2 Crystallite Sizes (Activity 
Expressed as the Temperature for 25% Conversion) 

Catalyst CeO 2 Temp. 
crystallite for 25% 
size (A) conv. (°C) 

(111) 
CO HC NO 

Pt,Rh, 25 wt%Ce/y-A1203 120 -+ 5 300 315 295 
Pt,Rh, 25wt%Ce/y-A1203 130 -+ 5 310 330 307 
Pt,Rh 25 wt% Ce/y-A1203 270 -+ 5 380 390 380 
Pt,Rh, 25 wt% Ce/y-A1203 =>1000 400 417 400 
Pt,Rh/y-AI203 - -  425 440 425 

Note. Pt loading (nominal) = 0.77 wt%; Rh loading 
(nominal) = 0.04 wt%. 

observation suggests that the effect of CeO 2 
crystallite size is related to increased Pt/Ce 
interaction. In order to test this hypothesis, 
Pt was supported separately o n  C e O  2 and y- 
A1203.  The temperatures required to 
achieve 25% conversion are reported in Ta- 
ble 5. Unlike the previous tests, these cata- 
lysts were exposed to the rich exhaust dur- 
ing the hold and drop following Rise-1. It is 
evident that Pt alone supported on pure 
C e O  2 undergoes large activations when ex- 
posed to the rich exhaust gas following Rise- 

1. It is further evident that the Rise-2 activi- 
ties of the Pt/CeO2 samples are much greater 
than those for the Pt/T-AI203 samples. Thus, 
the results shown in Table 5 and Figs. 6 and 
7 clearly demonstrate the beneficial effect 
of CeOz in promoting catalyst activation in 
stoichiometric or rich exhaust gas. 

Since activation of the C e O  2 containing 
samples was clearly associated with expo- 
sure to H 2 in the exhaust gas, several fresh 
examples of the above catalysts were char- 
acterized using TPR. These included sam- 
pies 1-3, 5, 8, and 10. The purpose of the 
analysis was to determine the effect of both 
CeO2 introduction and C e O  2 crystallite size 
on catalyst reduction. Figure 8 shows the 
TPR spectra of the 7-AlzO 3 support, Pt, 
Rh/y-AI203, Ce/y-Al203, and Pt,Rh,Ce/y- 
A120  3 (samples 1-3). Quantitative H 2 uptake 
values are tabulated in Table 6. The 7-A1203 
substrate takes up s o m e  H 2 at about 700°C. 
This feature is present in Pt,Rh/y-Al203 and 
Ce/y-Al203 over a similar temperature 
range. One broad low temperature reduc- 
tion, centered at 260°C, is assigned to reduc- 
tion of Pt and Rh in the Pt,Rh/y-AI203 cata- 
lyst. Since the Rh content of these samples 
is very low, distinct features of Rh reduction 
were not distinguishable. The 0.085 mmole 
of H 2 consumed is consistent with the 
amount required for complete Pt + Rh re- 
duction (0.083 mmole). H 2 uptake by the 

TABLE 5 

Effect of Varying the Support Composition on the Rise-1 and Rise-2 Light-off Activities for CO, HC, and 
NO (Activity Expressed as the Temperature Needed for 25% Conversion) 

Catalyst SO 2 Temperature at 25% conversion 

Rige-1 Rise-2 

CO HC NO CO HC NO 

Pt/y-A1203 No 282 365 360 245 342 340 
Pt/CeO 2 No 355 450 >450 105 305 315 
Pt/y-Al203 Yes 417 425 440 427 442 460 
Pt/CeO 2 Yes 387 430 560 160 272 282 

Note. Testing was done in a stoichiometric exhaust gas mixture with a rich hold/rich drop between Rise-1 and 
Rise-2. Pt loading (nominal) = 0.6 wt%. 
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FIG. 8. Comparison of the TPR spectra for (a) y-A1203; (b) Pt,Rh/y~AlzO3; (c) 6 wt% Ce/y-A1203; 
(d) Pt,Rh, 6 wt% Ce/y-AlzO3. Pt loading (nominal) = 0.77 wt%; Rh loading (nominal) = 0.04 wt%. 

Ce/y-A1203 sample is shown in Fig. 8(c). 
Distinct peaks centered at 360 and 490°C 
and a broad feature above 600°C are ob- 
served. The low temperature peaks have 
been previously assigned to surface Ce re- 
duction (10, I1) and the feature above 600°C 
is probably due to both H 2 uptake by T- 
A120 3 and some bulk Ce reduction. The TPR 
spectrum of Pt,Rh,Ce/y-Al203 is shown in 
Fig. 8(d). The spectrum is clearly not a su- 

T A B L E 6  

Summary of the H 2 Uptake Values as Determined 
from TPR for (a) 7-A1203; Pt,Rh/y-A1203; (b) 6 wt% 
Ce/7-AI203; and (c) Pt,Rh, 6 wt% Ce/7-A1203 

Sample Temperature Temperature H 2 uptake 
description range °C maximum °C mmole/g 

T-AI203 support 37-797 710 0.064 
Pt,Rh/y-At203 29-481 260 0.085 

481-794 672 0.069 
6 wt% Ce/y-Al203 33-439 361 0.061 

439-560 490 0.034 
560-736 690 0.070 
736-795 795 0.090 

Pt,Rh, 6 wt% Ce/3,-A1203 35-235 175 0.099 
235-407 280 0.030 
407-790 720 0.184 

perposition of the previous two, but instead, 
has completely new features consisting of 
a sharp low temperature peak centered at 
175°C, a shoulder at 280°C, and abroad peak 
centered at 720°C. The shoulder at 280°C is 
likely due to reduction of the Pt,Rh on the 
T-A1203 component of the catalyst. We see 
no evidence for surface Ce reduction peaks 
below 500°C and the Pt,Rh/y-AI203 peak is 
clearly attenuated, as shown by comparing 
H2 uptakes in Table 6. Further, the H2 up- 
take in the low temperature peak is greater 
than expected for exclusively Pt,Rh reduc- 
tion. The absence of a distinct surface Ce 
reduction feature suggests that the extra re- 
duction at low temperature is associated 
with surface Ce. Thus, this low temperature 
reduction feature appears to be a synergistic 
reduction ofPt,Rh + some surface Ce. Such 
a synergistic reduction in NM/Ce containing 
catalysts has been observed previously (3, 
10). Again, we attribute the high tempera- 
ture uptake to reduction of bulk Ce and up- 
take by T-AI203 . 

The influence of CeO2 crystallite size on 
catalyst reducibility was also examined. Re- 
sults for samples 5, 8 and 10 are shown in 
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FIG. 9. Effect of CeO2 introduction and the CeO 2 crystallite size (111) on the TPR spectra for a series 
of Pt,Rh, 6 wt% Ce/y-A1203 samples. Pt loading (nominal) = 0.77 wt%; Rh loading (nominal) = 0.04 
wt%. 

Fig. 9. Sample 1 is also shown for compari- 
son. Changing the C e O  2 crystallite size has 
a large impact on the TPR spectra, espe- 
cially at lower temperatures. Decreasing the 
C e O  2 size leads to a systematic increase of 
the low temperature peak at 175°C, which 
has been assigned to the synergistic reduc- 
tion ofPt,Rh + surface Ce. The appearance 
of this peak and its growth with decreasing 
C e O  2 size follow the previously observed 
trend of improved light-off for smaller C e O  2 

size. 
The effect of catalyst preconditioning on 

the TPR spectra was studied in detail for a 
Pt,Rh/CeO2 sample. TPR was run on a fresh 
sample and after conditioning in model rich 
and lean exhaust at 450°C for 0.5 hr. Results 
are summarized in Fig. 10 and Table 7. 
Clearly, conditioning in rich or lean exhaust 
has a large impact on catalyst reduction. For 
the fresh sample we see a single sharp H2 
uptake at 180°C which is about 4.5 times 
greater than that needed for Pt,Rh reduc- 
tion. This suggests that most of the H 2 up- 
take is associated with the CeOz support. 
There is no evidence for distinct surface Ce 

reduction between 300 and 500°C as re- 
ported by other authors (3, 10, 11). How- 
ever, above 500°C, there is additional grad- 
ual H2 uptake. The H2 uptake in the 
temperature region between 500 and 650°C 
may be associated with some high tempera- 
ture surface Ce reduction and the uptake 
above 700°C with bulk Ce reduction. In the 
lean and rich treated samples, H 2 uptake 
above 500°C is very similar to that of the 
fresh sample as seen by comparing the spec- 
tra in Fig. 10 with the H2 uptake values in 
the temperature ranges 250-700°C and 
700-800°C in Table 7. Lean conditioning re- 
sults in a moderate decrease in low tempera- 
ture reduction with a distinct shift to 100°C. 
In contrast, rich conditioning causes a net 
decrease in uptake centered at 80°C. Thus, 
under rich gas conditions, extensive catalyst 
reduction occurs. As for Pt,Rh, Ce/T-A1203 
samples, we see no evidence of separate Pt 
and Rh reduction, suggesting that reduction 
of both noble metals occurs under the low 
temperature peak. 

Pt,Rh/CeOz and Pt,Rh,Ce/T-A1203 sam- 
ples were characterized using XPS after rich 
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FIG. 10. Comparison of the TPR spectra for a Pt,Rh/CeO2 sample before conditioning and after 
conditioning in the synthetic exhaust gas mixture under rich and lean conditions at 450°C for 0.5 hr. 
Pt loading = 0.6 wt%; Rh loading = 0.1 wt%. 

and lean conditioning in the exhaust gas at 
450°C for 0.5 hours. The samples were re- 
moved under N 2 and transferred to the XPS 
instrument. During the XPS experiment 
sample charging was compensated by using 
a low energy electron flood gun. The binding 
energies were then internally referenced to 
the Ols peak located at 528.84 eV. Some of 
the XPS peak intensities were very weak 
due to the low levels of NM present and 
only the peak positions for the more intense 
peaks are reported. The reported peak posi- 

tions are accurate to +-0.2 eV. Peak posi- 
tions and their assignments are summarized 
in Table 8. The lean conditioned Pt, 
Rh/CeO2 sample has peaks located at 75.8 
eV (Pt4fs/2) and 72.5 eV (Pt4f7/2) indicating 
the presence of oxidized Pt (12) and at 74.5 
eV (Pt4fs/z) and 71.3 eV (Pt4f7/2) following 
rich conditioning, indicating the presence of 
Pt ° (12). Also, shoulders at 76.0 and 72.6 
eV following rich conditioning indicate the 
presence of some oxidized Pt. The observed 
binding energies for the Pt4d peaks are also 

TABLE 7 

H 2 Uptake Values as Determined from TPR Analysis for a Fresh Pt,Rh/CeO2 and After in situ Rich and 
Lean Conditioning in the Rich or Lean Synthetic Exhaust Gas Mixture at 450°C for 0.5 hr 

Treatment Peak 1 Peak 1 Peak 2 Peak 2 Peak 3 Peak 3 
Temp. range (mmole H2/g) Temp. range (mmole H2/g) Temp. range (mmole H2/g ) 
Max. temp, (°C) (°C) 

None (flesh) 30-340 0.354 340-705 0.076 705-804 0.31 
180 

Lean 30-312 0.303 312-667 0.066 667-805 0.29 
100 

Rich 30-235 0.067 235-703 0.060 703-804 0.30 
8O 

Note. Pt loading = 0.6 wt%; Rh loading = 0.1 wt%. 
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TABLE 8 

XPS Analysis of the Pt and Rh Oxidation States for Fresh Pt,Rh, 6 wt% Ce/y-A1203 and Pt,Rh/CeO 2 
Samples and After in situ Rich and Lean Conditioning in the Synthetic Exhaust Gas Mixture 

Sample Pretreatment Peak assignment/position (eV) Peak Ratios 

Pt4f7/2 Pt4fs/2 Pt4ds/2 Pt4d3/2 Rh3ds/2 Rh3d3/2 Pt/Ce Rh/Ce 

Pt,Rh, 6 wt% Ce/T-A120 f 

Pt,Rh/CeOf 

Calcined - -  - -  316.8 - -  310.3 315.0 0.074 0.053 
Lean - -  - -  317.0 - -  309.9 314.7 0.034 0.069 
Rich - -  - -  315.5 - -  308.0 312.8 0.037 0.062 
Lean 72.5 75.8 315.7  . . . . .  
Rich 71.3 74.5 314.2  . . . . .  

72.6 76.0 316.5  . . . . .  

a Pt loading (nominal) = 0.6 wt%; Rh loading (nominal) = 0.2 wt%. 
b Pt loading (nominal) = 0.6 wt%; Rh loading (nominal) = 0.1 wt%. 

given in Table 8. The peak  locations are 
consistent  with oxidized Pt following lean 
conditioning and Pt ° following rich treat- 
ment.  Pt ° peaks  are expected  at 314-315.5 
eV whereas  for oxidized Pt, the Pt4ds/2 peak 
occurs  above  315.5 eV (13). Rh was not de- 
tected by XPS in these samples.  

Results for the fresh Pt,Rh,Ce/y-A120 3 
sample and after  exposure  to the rich and 
lean gas are also summarized  in Table 8. For  
this sample the Pt loading was 0.6 wt% and 
the Rh loading was 0.2 wt%. The approxi- 
mate  CeO 2 crystallite size was 60 A. Again, 
evidence for oxidized Pt in the fresh and lean 
condit ioned samples is provided by Pt4ds/2 
peaks  located at 316.8 and 317.0 eV, respec- 
tively. Following rich conditioning, evi- 
dence for Pt ° is shown by  a Pt4ds/2 peak  
at 315.5 eV. In this sample,  Rh was also 
detected. Like Pt, it is oxidized in the fresh 
and lean treated samples.  This is supported 
by peaks  at 310.3 eV (Rh3ds/2) for the fresh 
sample and at 309,9 eV for the lean treated 
sample (13). Following rich t reatment ,  Rh 
was found as reduced Rh with peaks  at 308.0 
eV (13). The Pt /Ce and Rh/Ce peak ratios 
were also measured,  and reveal  a decrease 
in the Pt /Ce ratio but no change in the 
Rh/Ce ratio following gas t reatments .  As- 
suming no change in CeO 2 dispersion which 
is supported by extensive STEM analysis,  
this indicates partial Pt sintering during the 

rich and lean t reatments  while Rh remains 
highly dispersed. 

DISCUSSION 

We have found that catalysts formulated 
with CeO 2 are very sensitive to their exhaust  
gas environment  and can undergo facile acti- 
vation in a rich gas. The key  components  
responsible for activation are Pt and CeO 2 . 
This is shown clearly by  comparing Rise-1 
and Rise-2 activities in Table 5 for Pt /CeO 2 
and Pt/y-AlzO 3 . We see that the Pt /CeO 2 
catalyst  is less act ive during Rise-1 than 
Pt/y-AI203, whereas  after act ivat ion the op- 
posite is true. The light-off t empera ture  for 
CO oxidation decreases  37°C over  Pt/y- 
A120 3 between Rise- I and Rise-2, while over  
Pt /CeO 2, the change is 250°C. Similar re- 
sults were observed with SO2, where,  after 
activation, the Pt/CeO2 catalyst  shows 
light-off advantages  of  267°C for CO, 170°C 
for HC,  and 178°C for NO convers ion 
over  Pt/T-AlzO 3 . This demonst ra tes  that 
P t - C e O  2 interaction leads to far more  effec- 
tive catalysts than simple Pt/y-AlzO3 after 
exposure  to rich or stoichiometric condi- 
tions. 

Activation of the catalyst  is also very  
easy. This is shown clearly in Fig. 2 where  
full activation of  the catalyst  was shown to 
occur  during the rich drop after a lean hold 
at 450°C for 0.5 hr. During the rich drop the 
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catalyst is exposed to 0.26 vol% H 2 for a 
very short period of time. Figure 2 also 
shows that these catalysts can exhibit vary- 
ing activity depending on their immediate 
exhaust gas history. Activation is also 
highly reversible as shown in Fig. 3 for test- 
ing under SOz-free  conditions and for testing 
in the presence of SO2 as shown in Table 3. 
One significant difference between the SO2- 
free tests and tests in the presence of SO2 
was the large detrimental effect of lean con- 
ditioning on the fresh catalyst. Lean condi- 
tioning was much less detrimental on rich 
treated samples, as seen from a comparison 
of the results in Fig. 5 and Table 3. It is 
hypothesized that the large detrimental ef- 
fect of lean conditioning on the performance 
of the fresh catalyst as compared to the rich 
treated sample may have been due to differ- 
ent degrees of NM sintering before the lean 
treatment. After the rich treatment the NMs 
are expected to be more sintered and thus 
less likely to undergo complete reoxidation 
as a result of the lean conditioning. 

Both the effect of C e O  2 crystallite size on 
activity and the physicochemical properties 
of the catalysts suggest that Pt selectively 
migrates to CeOz during catalyst prepara- 
tion. Thus, the C e O  2 crystallite size effect 
reflects increasing Pt/Ce interaction with its 
subsequent improvement in catalyst perfor- 
mance. Direct evidence for this hypothesis 
comes from STEM studies where Pt was 
found to be selectively associated with the 
CeO2,  e v e n  though most of the catalyst sur- 
face area is ,/-A120 ~ . Indirect evidence 
comes from noting that performance fea- 
tures of the Pt/CeO2 catalyst are most simi- 
lar to the Pt,Rh,Ce/T-AI203 samples having 
the smallest C e O  2 crystallite sizes. This is 
clearly seen by comparing performance re- 
sults for Pt/CeO2 in Table 5 with the activity 
results in Figs. 6 and 7. We see the same 
activation features in catalyst performance 
as observed for Pt/CeO 2. Further evidence 
for extensive Pt/Ce interaction comes from 
the TPR studies outlined in Figs. 8 and 9. 
Figure 8 indicates that direct Pt/Ce interac- 
tion leads to a synergistic reduction of Pt 

and surface Ce. This synergistic reduction 
was shown to be a function of C e O  2 crys- 
tallite size in Fig. 9 and to be very extensive 
for samples having small CeO2 sizes in Figs. 
8 and 9. 

The results from the present work suggest 
that C e O  2 is not an inert support but instead 
undergoes physicochemical changes similar 
to the NM and that these changes relate to 
the catalyst's achieving its optimum active 
state. These changes include reduction of 
the NM as observed by TPR and XPS and 
surface Ce reduction as suggested by TPR. 
NM and Ce reduction is coupled and ap- 
pears related to the light-off performance of 
the catalyst after activation. This is sup- 
ported by a comparison of Figs. 7 and 9. 
The exhaust gas component responsible for 
bringing about catalyst activation is H2, 

which is present in low levels in the exhaust 
gas. These correlations suggest that NM in 
contact with reduced Ce plays a key role in 
catalyst performance and may represent the 
most active state of the catalyst. 

Direct evidence for the nature of the cata- 
lyst's active state comes from TPR and, to 
a lesser extent, from the XPS studies. The 
XPS results in Table 8 indicate that the NM 
in fresh and lean conditioned catalysts is in 
oxidized states. Rich conditioning clearly 
leads to reduction of the NM. Since both 
fresh and lean conditioned catalysts exhibit 
low activity while rich conditioned catalysts 
have high activity, it appears that fully re- 
duced NM results in the most active state 
of the catalyst. Evidence for reduced Ce 
was not found by XPS of the rich treated 
samples. This may have been due to partial 
reoxidation of the catalyst during sample 
handling or to insufficiently reduced Ce for 
detection by XPS. The XPS peaks of Ce 3 + 
tend to overlap with those of Ce 4+ (13, 14). 
Evidence for easy reoxidation of Ce 3 + in the 
N 2 used for sample handling was obtained 
from in situ reduction experiments in the 
XPS instrument. Clear evidence for Ce 3+ 
could be obtained in the Pt,Rh/CeO 2 sample 
following reduction at 300°C in 1 Torr o f H  2 . 

However, exposure of the reduced sample 
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to the glove box N2 for 2 days at room tem- 
perature led to complete loss of Ce 3+ fea- 
tures (02 concentration was found to be 
much greater than the 50 ppm values present 
during sample handling in the TPR). Since 
the XPS sample handling was done in N 2 

having higher O2 contents than for the TPR 
experiment, reoxidation of the reduced Ce 
could easily occur in preparation for the 
XPS measurement. 

The TPR results provide further evidence 
for the nature of the catalyst's active state. 
TPR results in Fig. 8 show that Ce not only 
promotes reduction of the NM but also un- 
dergoes a synergistic reduction with the 
NM. The fraction of CeO2 that couples with 
the NM reduction seems to be selectively 
the surface Ce component. This is sup- 
ported by (i) the disappearance of the peaks 
assigned to surface Ce reduction when the 
NM are present; (ii) direct evidence for re- 
duced Ce observed by XPS following reduc- 
tion at 300°C; and (iii) thermodynamic unfa- 
vorability of bulk Ce reduction at the low 
temperatures observed for synergistic re- 
ductions (15). A number of authors have 
r e p o r t e d  H 2 uptake by CeO 2 (16), where H 2 

consumption was not necessarily associated 
with Ce reduction. However, the evidence 
here favors surface Ce reduction as the 
source of Hz uptake in TPR. It was further 
found that decreasing the C e O  2 size led to 
greater coupling of NM/Ce reduction, as 
shown in Fig. 9. 

The TPR studies of the Pt,Rh/CeO2 be- 
fore and after treatment in the exhaust gas 
give further insight into the nature of the 
NM/Ce interaction and its relation to the 
active state of the catalyst. For the fresh and 
lean conditioned catalyst we again clearly 
see evidence for synergistic reduction of the 
Pt and Ce. This is supported by the volume 
of hydrogen uptake in the low temperature 
reduction peak, as shown in Table 7, and 
the absence of surface Ce reduction peaks 
below 500°C, as reported by other authors 
(3, 11). After lean conditioning, less H 2 is 
consumed than by the fresh sample, along 
with a shift to lower temperature. A similar 

temperature shift is observed for the rich 
treated sample. The shift to lower tempera- 
ture indicates easier reduction after exhaust 
gas treatment. This may be explained by 
partial noble metal sintering in addition to 
removal of residual chloride. Sintering is 
supported by lower Pt/Ce XPS ratios in the 
Pt,Rh,6%Ce/y-A1203 sample following rich 
and lean conditioning than observed in fresh 
sample. It has been reported that reduction 
of partially sintered Pt is easier than reduc- 
tion of highly dispersed Pt (17). The lower 
H2 uptake following lean gas treatment may 
be due to a combination of less Pt reduction 
and poorer coupling with CeO2 resulting 
from partial sintering. Growth of 40-50 
diameter Pt crystallites is observed in 
STEM analysis under our testing condi- 
tions. When exposed to oxidizing condi- 
tions, particles of this size will not fully re- 
oxidize, leaving a substantial fraction of the 
Pt in the metallic state. Further, as Pt crys- 
tallites grow, partial segregation of Pt from 
its contact with C e O  2 is anticipated. In con- 
trast, the rich conditioned sample showed 
much lower H 2 uptake indicating that con- 
siderable reduction of the catalyst had oc- 
curred. The small H2 uptake by the rich con- 
ditioned sample may have been due to 
reduction of surface "PtO"  species and in- 
completely reduced surface Ce. These ob- 
servations suggest that the most active state 
of the catalyst after rich conditioning is re- 
duced noble metal in contact with partially 
reduced C e O  2 . 

This study shows that direct interaction 
between C e O  2 and Pt leads to dramatic im- 
provements in catalyst light-off activity. 
Since catalyst performance was measured 
under stoichiometric nonoscillating condi- 
tions, the impact of CeO2 cannot be ex- 
plained by oxygen storage. Further explana- 
tions such as promotion of the water gas 
shift reaction, promotion of NM dispersion, 
or stabilization of the support cannot ex- 
plain the large beneficial effect of C e O  2 u n -  

d e r  the present testing conditions. 
An interesting feature of CeO2 promotion 

is the enhanced conversion of all the exhaust 
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gas components. Also, fresh catalysts show 
exception CO light-off activity after activa- 
tion. This is clearly seen by comparing Figs. 
6 and 7 and from the data presented in Table 
5. Further, CO light-off is promoted to a 
greater extent than HC or NO light-off, es- 
pecially in tests without SO2, as seen by 
comparing light-off temperatures in Figs. 6 
and 7 and Table 5. Since CO can inhibit 
oxidation reactions over reduced Pt and Rh, 
the removal of CO via its effective oxidation 
at low temperatures may lead to more effec- 
tive HC conversion. 

In summary, our results indicate that the 
most active state of the catalyst is reduced 
surface Ce in contact with reduced NM 
which is particularly effective in CO oxida- 
tion. These conclusions are in general 
agreement with the proposals of Sass et al. 
(8) and Oh et al. (7) where the impact of 
CeO2 was on CO oxidation. For testing un- 
der more severe conditions, such as high 
temperature and in oscillating rich/lean ex- 
haust gas mixtures, other factors, such as 
water-gas shift promotion or oxygen stor- 
age, may become important in catalyst per- 
formance. 
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