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The effects of La 3÷ incorporation into Rh/y-AI203 were investigated by a combination of tempera- 
ture-programmed reduction, X-ray photoelectron spectroscopy, CO chemisorption, and reactivity 
measurements. The reduction of Rh 3+ following high-temperature (>600°C) oxidation was more 
facile and the dispersion of Rh was higher with La 3 + present. Notwithstanding, the catalytic activ- 
ity, as manifested by the HC, CO, and NO x conversion efficiencies, was lower in the presence of 
La 3+. This is attributed to a combination of Rh particle-size effects and possible La-Rh com- 
pound formation under oxidizing conditions. Changes brought about by high-temperature oxi- 
dation in catalysts both with and without La 3+ were completely reversed by high-temperature reduc- 
tion. © 1992 Academic Press, Inc. 

INTRODUCTION 

The current catalysts used for the control 
of automotive emissions contain Rh, pri- 
marily to promote the reduction of NOx (1). 
The high cost and the limited availability of 
Rh provide a strong incentive to develop 
methods for its more effective utilization. 
It has been found that Rh, dispersed on a 
y-AI203 support, interacts with the support 
when exposed to high temperatures re- 
sulting in a loss of activity (2). The most 
pronounced deactivation of Rh-containing 
catalysts occurs at temperatures >600°C, 
particularly in oxidizing environments (2, 
3). Recent studies using infrared spectros- 
copy, temperature-programmed reduction, 
in situ transmission electron microscopy, 
and in situ dispersion and reactivity mea- 
surements confirm that in oxidizing envi- 
ronments at high temperature, rhodium (or 
rhodium oxide) diffuses into y-AlzO3 or 
changes to some form that is very difficult 
to reduce (4-6). Other supports, such as 
a-A1203 or ZrO2, are known to be more 
resistant to this form of deactivation, how- 
ever (7). 

Several recent studies suggest that alter- 
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native support compositions might also be 
used to promote Rh activity (1, 8-11). It 
has been shown that Rh/TiO2 is more active 
than Rh/SiO2 for NO reduction by CO (1, 8, 
9) and Rh, Pt, and Pd supported on TiO2 are 
more active for NO reduction by CO than 
catalysts prepared on supports like SiOz or 
Al203 (10). Enhanced catalytic activities 
and promoter effects have been reported by 
combining noble metals (Pd, Pt, Rh) with 
rare earth oxides (La203, NdzO3, CeOz) (10, 
11). 

The present investigation was undertaken 
to examine the influence of La 3 + ions on the 
rhodium-support interaction. To this extent, 
lanthana was employed strictly as a surface 
modifier and not as a bulk stabilizer of the 
alumina surface area, as conventionally em- 
ployed (12). Specifically, the experiments 
were designed to test a simple hypothesis. If 
the interaction of Rh with ~/-AI203 involves 
dissolution of Rh 3+ ions into the T-AI203, is 
it possible to block this dissolution? In other 
words, might La 3+ ions preferentially inter- 
act with the y-AI:O3, thus preventing the 
dissolution of Rh 3 + ions under high-temper- 
ature oxidizing conditions? A strong inter- 
action of La 3 + with the y-Al203 surface is 
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known to exist (13). A second goal was to 
examine the possible promoting effect of 
La 3+ on the activity of Rh/y-A1203. The 
catalytic activities of samples both with and 
without La +3 and with and without expo- 
sure to high-temperature oxidizing and re- 
ducing environments were thus determined. 
The activities were correlated with results 
from temperature-pr0grammed reduction 
(TPR), X-ray photoelectron spectroscopy 
(XPS), and CO chemisorption measure- 
ments. 

EXPERIMENTAL DETAILS 

Catalyst Preparation 

A 10 wt% La203/y-A1203 sample was pre- 
pared by impregnating y-AI203 powder (Ae- 
sar, Johnson Matthey, Inc.) with La(NO3) 3 • 
6H20 solution of appropriate concentration 
by the incipient wetness method. The sam- 
ple was dried at I000C and calcined at 550°C 
for 4 h. The 0.6 wt% Rh catalysts were pre- 
pared by impregnating T-AI203 powder and 
the 10 wt% La203/T-AI203 sample with 
Rh(NO3)3 • 2H20 solution of the appropriate 
concentration by the incipient wetness 
method. The catalysts were dried at 100°C 
and calcined at 550°C for 4 h. 

Catalyst Pretreatment 

The catalysts prepared by the methods 
outlined above are referred to as "fresh" 
catalysts in this report. The samples of the 
fresh catalysts were subjected to additional 
pretreatment prior to use. The nomencla- 
ture and the pretreatment conditions for 0.6 
wt% Rh/T-AI203 and 0.6 wt% Rh/10 wt% 
La203/y-Al203 catalysts are summarized in 
Fig. 1. The sample pretreatment for TPR, 
XPS, and reactivity measurements con- 
sisted of heating the fresh sample in flowing 
hydrogen up to 800°C at 15°C/min, cooling 
to 500°C, and soaking in hydrogen at 500°C 
for 1 h, followed by oxidation at 500°C in 
flowing oxygen for 1 h. The sample was 
cooled in helium and was designated as 
500°C, 02 sample. Portions of the 500°C, 
02 sample were subsequently reduced and 
oxidized at 800 and 900°C, respectively, and 

Fresh ] 
Calcined @ 550 °C, 4 hrs. 

I 

Chemlsorptlon Pretreatment 
Reduced@400oC, H 2 

Y l l  Oxidized@500oC, 02 
I Reduced @ 400"C, H 2 

1. Reduce up to 800 °C, H 2 ] 
2. Oxidized @ 500 °C, 02 [ 

I 

I °-, I i  3. Reduceupto800°C. H 2 3 ReduceuptogO0*C, H 2 
4. Oxidized @ 800 ° C, 02 . Oxidized @ 900 * C, 02 

Restored 
~ . Reduce upto800*C, H 2 

• Oxidized @ 500 °C, 02 

FIG. 1. Summary of sample pretreatment. 

are labeled 800°C, 02 and 900°C, 0 2 samples 
as shown in Fig. 1. Aging was limited to 
900°C at most since the transitional alumina, 
which we use as support material, is stabi- 
lized at a BET surface area of -100 m2/g by 
calcining at 900°C or higher. 

The sample pretreatment for CO chemi- 
sorption measurements consisted of reduc- 
tion of the flesh catalyst in hydrogen at 
400°C for 2 h, followed by exposure to oxy- 
gen at 500°C for 2 h and a second reduction 
in hydrogen at 400°C, followed by evacu- 
ation. 

Temperature-Programmed Reduction 

TPR experiments were carried out on an 
Altamira temperature-programmed system. 
The TPR apparatus has been described in 
detail previously (14). Oxidizing pretreat- 
ments were carried out in the TPR cell in a 
40 cc/min flow of 10% 02 in He at each 
specified pretreatment temperature (Fig. 1) 
for 1 h. The samples were then cooled in 
flowing He to room temperature before the 
temperature-programmed reduction was 
started. The TPR profiles were obtained by 
ramping the temperature at 15°C/rain and 
measuring the H 2 uptake with a thermal con- 
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ductivity detector. The overall H 2 uptakes 
were obtained by integrating the TPR pro- 
files. 

X-Ray Photoelectron Spectroscopy 

XPS was performed using an M-Probe 
spectrometer manufactured by Surface Sci- 
ence Instruments (Mountain View, CA). 
Spectra were acquired using monochro- 
matic A1Ka (1486.6 eV) radiation with the 
analyzer operated at a 150-eV pass energy. 
A low-energy (1-3 eV) electron flood gun in 
combination with a Ni charge neutralization 
screen were employed to minimize surface 
charging. The base pressure of the spec- 
trometer was 2 x 10 -9 Torr. Core level 
binding energies were referenced to the sup- 
port AI 2p line at 74.2 eV. Analyses were 
performed on samples of the pretreated cat- 
alysts that had been pressed into pellets (6 
mm diameter, -1  mm thick). 

The data system used was also supplied 
by Surface Science Instruments. Quantifi- 
cation of survey data was accomplished by 
means of routines based on Scofield photo- 
ionization cross-section values. High-reso- 
lution spectra were fitted using a least- 
squares fitting routine to accurately deter- 
mine core level binding energy positions. 
The binding energies were measured with 
an accuracy of +-0.2 eV. 

The samples, as prepared in Fig. 1, were 
loaded into a PHI Model 04-800 catalytic 
reactor system mounted directly onto the 
sample preparation chamber of the M-Probe 
spectrometer. The base pressures of the 
preparation chamber and reactor were 1 x 
10 -9 Torr and 5 x 10 -8 Torr, respectively. 
The reactor gases used were 02 (99.98%) 
and Hz (99.9995%), purchased from Mathe- 
son (Chicago, IL). Reactions were carried 
out in 1 atm of gas using a flow rate of -50 
cm3/min. Samples were transferred directly 
from the reactor to the analyzer in vacuo to 
eliminate contamination due to air ex- 
posure. 

Samples initially were reoxidized in situ 
at 500°C for 90 min before analysis by XPS 
in order to outgas them and also remove 

carbon contamination. Stepwise reductions 
were then carried out to parallel the TPR 
experiments. The first reduction step was 
achieved by heating from room temperature 
(-20°C) to 200°C at a temperature increase 
of 15°C/min. When 200°C was achieved, the 
reactor was purged immediately with Ar 
gas, cooled to room temperature, and then 
opened to vacuum for XPS analysis. A sec- 
ond reduction step to a final temperature of 
400°C was carried out similarly. The choice 
of these reduction temperatures was based 
on the position of peaks in the TPR results, 
as indicated below. Finally, a prolonged re- 
duction step was performed by holding the 
reactor temperature at 600°C for 60 min, and 
then proceeding as before. 

Chemisorption 

A conventional vacuum apparatus con- 
sisting of calibrated glass bulbs and a quartz- 
spiral manometer (Heise Instruments) was 
used for chemisorption measurements. The 
chemisorption apparatus has been de- 
scribed in detail previously (15). The appar- 
ent volume of the adsorption vessel was ob- 
tained from the pressure change of helium 
expanding from a standard volume. CO was 
used as adsorbate for the chemisorption 
measurements, performed at room temper- 
ature. 

Surface areas of the fresh catalysts were 
determined by the BET technique with a 
Quantachrome instrument. The BET sur- 
face areas, measured by N2 adsorption, are 
summarized in Table 1. 

Flow Reactor 

A laboratory flow reactor was used to 
evaluate the activity of the samples. The 
activities were measured at 550°C at a space 
velocity of 60,000 h- 1. The feed gas compo- 
sition, simulating an engine exhaust gas near 
stoichiometry, was 1.5 vol% CO, 0.5 vol% 
H:, 1500 vol. ppm HC (consisting of 1000 
vol. ppm C3 .t-I6 and 500 vol. ppm C3H8), 1000 
vo1. ppm NO, 0.6 vol% to 1.4 vol% 02, 20 
vol. ppm SO 2 , and balance N 2 . R, the molar 
ratio of reducing species to oxidizing species 
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TABLE 1 

BET and Chemisorption Analysis of 500°C, 02 Samples 

Sample BET (m2/g) CO uptake % Rh exposed 
/xmol/m 2 BET 

Rh/y-Al203 74 .236 18 
Rh/La203/y-A1203 82 .417 36 
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in the feed (R < I = lean; R = 1 = stoichio- 
metric; R > 1 = rich), was varied by chang- 
ing the amount of Oz in the feed. The analyti- 
cal section of the reactor system consisted 
of detectors for NO (Beckman Model 951A), 
CO (Beckman Model 864), Oz (SensorMed- 
ics OM-11 EA), and HC (Beckman Model 
400A). 

RESULTS 

Temperature-Programmed Reduction 

The reduction profiles for the 0.6 wt% 
Rh/T-A1203 catalyst following the various 
oxidation pretreatments are presented in 
Fig. 2. The reduction profile for the 500°C, 

0.6 wt.% Rh/AQzO 3 

800"C,0= 

=°1 . . . . .  _ , /  9oo-c,o; 

Reslorlld 

I 
O 2 0 0  4 0 0  6 0 0  8 0 0  

Temperature (*C) 

FIG. 2. TPR spectra of 0.6 wt Rh/T-A1203 samples 
after various oxidation pretreatments. 

0 2 sample consisted of two main peaks cen- 
tered around 87 and 624°C. The integrated 
area of the low-temperature peak, associ- 
ated with reduction of accessible Rh203, ac- 
counted for essentially all Rh 3 ÷ in the sam- 
ple, as shown in Table 2. The low- 
temperature peak area decreased sharply 
with increased oxidation temperature. Dur- 
ing TPR of the 900°C, 02 sample, for exam- 
ple, this peak represented only 8.7% of the 
total Rh 3 ÷ present in the sample. The origin 
of the high-temperature peak in the profile 
from the 500°C, 02 sample is unknown; how- 
ever, it was not observed in TPR experi- 
ments carried out on blank alumina, which 
showed no significant TPR features up to 
800°C. 

The amount of accessible Rh203 in the 
900°C, 02 sample could be increased by sub- 
sequently reducing the sample at 800°C fol- 
lowed by reoxidation at 500°C (Fig. 2). The 
reduction profile for the restored sample is 
nearly identical to that of the 500°C, 02 sam- 
ple. (The peak areas do not look equivalent 
because of different sample sizes.) Further- 
more, Table 2 shows that nearly identical 
quantities of H 2 were consumed during the 
reduction of the 500°C, 02 (low-temperature 
oxidized) and restored (after high-tempera- 
ture reduction) samples. The small differ- 
ence between these values is within the un- 
certainty associated with the baseline and 
slope corrections of the TPR spectra. 

Figure 3 shows the TPR profiles for the 
0.6 wt% Rh/10 wt% La203/'y-Al203 catalysts 
following various oxidation pretreatments. 
Consistent with the Rh/y-AI203 catalysts, 
the reduction profile for the 500°C, 02 sam- 
ple contained two peaks centered around 
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TABLE 2 

Analysis of Low-Temperature TPR Peak 

Sample H2 consumption T(°C) % Rh reduced a 
(/zmol/g catalyst) 

0.6 wt% Rh/T-AI203 
500°C, 02 94.8 87 
800°C, 02 21.6 I27 
900°C, O 2 8.2 130 
Restored 92.4 95 

0.6 wt% Rh/10 wt% La203/7-A1203 
500°C, 02 110.8 117 
800°C, 02 57.5 183, 
900°C, 02 43.9 287 
Restored 89.1 103 

294 

93.4 
22.8 

8.7 
97.5 

78.7 
51.9 
39.6 
80.4 

a Assuming uptake entirely due to Rh 3+ ~ Rh °. 

117 and 638°C. The low-temperature peak 
vanished and new broad peaks appeared at 
higher temperatures (183 and 287°C) as the 
oxidation temperature increased. The new 
features that are seen in the TPR spectra 
of these high-temperature oxidized samples 
could indicate the formation of new species 
(possibly a Rh-La  compound) at higher oxi- 

0.6 wt.% Rh/lO wt,% La/7"- AJ~Oa 

~ ~ 5 0 0  eC, 02 

o 8 0 0 ° C , 0 =  

~ o J 

._~ 

O 200 400 600 800 
Temperature (*C) 

Fi6.3. TPR spectra of 0.6 wt% Rh/10 wt% La2Ofl~,- 
AI203 samples after various oxidation pretreatments. 

dation temperatures. This TPR result is con- 
sistent with a recent study (9) of bulk mixed 
oxides of Rh 3+ and other cations, where it 
has been shown that Rh 3 + strongly interacts 
with La and Ce cations, becoming more dif- 
ficult to reduce than Rh203 . Furthermore, 
Table 2 suggests that the Rh/La203/y-Al203 
catalyst may retain more Rh 3+ in a form that 
is reducible at temperatures below 350°C 
than the corresponding Rh/y-AI203 catalyst 
(for example, 39.6% of the total oxidized Rh 
in the 900°C, 02 Rh/LazO3/T-AI203 sample 
as compared to only 8.7% in the 900°C, 02 
Rh/7-A1203 sample). Evidently, the addition 
of La 3+ blocks, to some extent, interaction 
of the Rh with the 7-A1203 support and re- 
sults in the retention of a greater amount 
of reducible Rh 3+ on the surface following 
high-temperature oxidation. 

As with the Rh/7-Al203 catalyst, some 
additional TPR features of unknown origin 
were observed for the Rh/La203/y-AI203 
catalyst at temperatures above 500°C. Some 
of these may be associated with the modified 
support itself, as TPR experiments with the 
blank LazOa/y-A1203 yielded peaks near 580 
and 710°C. 

XPS 

The XPS results from the 0.6 wt% Rh/y- 
Al203 samples are shown in Fig. 4. In each 
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FIG. 4. Rh(3d) core level spectra of 0.6% Rh/T-AI203 . 

of the three sets of Rh 3d spectra, corre- 
sponding to a sample with a given pretreat- 
ment and then subjected to stepwise reduc- 
tion at progressively higher temperatures, it 
is apparent that the Rh, oxidized at first, 
tends toward the metallic state. The binding 
energy shift between metal and oxide is 
much larger than expected for Rh:O3, how- 
ever, as further discussed below. In the case 
of the 500°C, O2 sample, the reduction is 
almost complete after a 200°C reduction, 
while for the 900°C, 02 sample, only about 
half of the Rh 3 + has been reduced after a 
(prolonged) 600°C reduction. The case of 
the 800°C, O2 sample, is intermediate. In 
addition, the total integrated intensity of the 
Rh 3d core levels, normalized to the AI 2p 
core-level intensity, is roughly constant for 
all three samples, independent of treatment, 
as shown in Fig. 5. This implies relatively 
little redistribution of Rh 3 +, either upon re- 
duction or oxidation at high temperature. 
The latter observation supports the view 
that any penetration of Rh 3+ into the alu- 
mina does not extend to a depth of more 
than a few atomic layers, since otherwise it 
would contribute little to the XPS signal. 

The XPS results from the 0.6 wt% Rh/10 
wt% LazO3/y-Al203 samples, shown in Fig. 
6, are similar to those of Fig. 4. One differ- 
ence, however, concerns the degree to 
which the initial oxide tends to be reduced. 
In the case of the 900°C, 02 sample, there 
has been somewhat more oxide reduced by 
400°C and much more by 600°C than in the 
corresponding situations for the sample 
without La 3+. In addition, while the total 
integrated intensity of the Rh 3d core levels, 
normalized to the A12p core-level intensity, 
is again roughly constant for all three sam- 
ples, independent of treatment, it is about 
50% larger than that of the samples without 
La 3 + (Fig. 5). (Inclusion of La in the normal- 
ization has almost no effect since the mea- 
sured La/A1 atomic ratio was only 0.06.) 
This is consistent with a higher Rh disper- 
sion, demonstrated by the CO chemisorp- 
tion results presented below. 

Concerning the magnitude of the Rh 3d 

0 . 6  w t . %  R h / ( 1  0 w t . %  k a 2 0 3 )  
O n  A l u m i n a  

Rh/At Atomic Ratio 
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FIG. 5. Quantification of Rh concentration obtained 
from XPS measurements of Rh(3d) core level intensity 
(normalized by aluminum 2p core level intensity). The 
Rh/AI atomic ratio based on the bulk concentrations is 
0.003. 
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FIG. 6. Rh(3d) core level spectra of 0.6 wt% Rh/10 
wt% La203/T-AI203 . 

core-level shift between metal and oxide, 
we note that the value generally observed 
here, 2.7 eV, is more than 1 eV larger than 
the shift measured for bulk Rh203, 1.6 eV 
(9). A similar result has also been reported 
by Beck and Carr (16). We have no good 
explanation for this but attribute it (as well 
as the anomalously large peak widths) to an 
effect of high dispersion. Differences in the 
Rh 3d core-level shift for Rh203 and 
LaRhO3, known to be only about 0.2 eV in 
the bulk, would not be apparent here. 

Chemisorption 

CO chemisorption results are presented 
in Fig. 7. The chemisorption measurements 
were carried out after the pretreatment de- 
scribed in the experimental section and the 
data were analyzed to yield the dispersion 
results shown in Table 1, using the measured 
BET surface areas, also shown in Table 1. 
These results are based on the ratio 
COchemisorbed : Rhs,bsu~face atoms = 1.65 mea- 
sured by Yao et al. (3) and Oh (17) for simi- 
lar loadings of Rh. The apparent percentage 
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FIG. 7. CO chemisorption on 0.6 wt% Rh/y-Al203 
and 0.6 wt% Rh/10 wt% La2OJy-Al203. 

dispersion was twice as high for the 0.6 wt% 
Rh/10 wt% La203/y-Al203 catalyst as for 
the 0.6 wt% Rh/y-Al203 catalyst (36 and 18, 
respectively). We caution that the calcu- 
lated dispersions should perhaps best be 
viewed as relative measures for the two cat- 
alysts owing to uncertainties in the adsorp- 
tion stoichiometry. Moreover, we cannot 
rule out the possibility that increased ad- 
sorption of CO on the support could be oc- 
curring in the case of the lanthana modified 
catalyst, thereby affecting the apparent dis- 
persion. 

Catalytic Activities 

The catalytic activities of Rh/y-Al203 and 
Rh/LazO3/y-Al203 samples oxidized at vari- 

500°C,  Oz 

I00  ~-= -e.. --~ o 

"- 60 

, , ok /  --% 

0 
.8 1.0 1,2 1.4 1.6 1.8 

R Value 

FIG. 8. Catalytic activities of Rh/y-A1203 and 
Rh/LaEO3/y-A1203 samples oxidized at 500°C. 
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FIG. 9. Catalytic activities of Rh/y-A1203 and 
Rh/LazO3/y-Al203 samples oxidized at 800°C. 

ous temperatures are compared in Figs. 
8-10. Conversions of HC, CO, and NO are 
plotted as a function of R. The overall HC 
conversion of the Rh/LazOa/y-A1203 sample 
was lower than that of the Rh/y-A1203 sam- 
ple both as prepared (Fig. 8) and after preox- 
idation at 800°C (Fig. 9) and 900°C (Fig. 10). 
Even after high-temperature reduc- 
tion-low-temperature oxidation treatment 
(to restore the amount of reducible Rh), the 
HC conversion of the Rh/LaEOa/y-Al203 
sample was less than that of its Rh/y-Al203 
counterpart except near R = 1 (Fig. 11). 

100 

8o 

8 
60 

4O 

20 

0 
.8  

900°C,02 

. . . .  Rh/y-A{z03 I CO 
i 

Rh/L°zO3/7"A~zO~ I 
i I ~ I I I I I I 

1.0 1.2 1.4 1.6 1.8 
R Value 

FIG. 10. Catalytic activities of Rh/T-AI203 and 
Rh/LazOa/y-Al203 samples oxidized at 900°C. 

FIG. 11. Catalytic activities of Rh/y-A1203 and 
Rh/LazO3/y-Al203 samples after high-temperature re- 
duction followed by 500°C oxidation treatment (re- 
stored samples). 

Note that the HC conversions obtained with 
the Rh/y-AI203 catalyst under lean condi- 
tions (R < I) were consistently above 70%, 
indicating essentially complete conversion 
of propylene and up to 55% conversion of 
more difficult-to-oxidize propane. In con- 
trast, the total HC conversion of the La 3+- 
containing catalyst never exceeded 70% 
over the 500,800, and 900°C oxidized sam- 
ples, indicating at most about 10% conver- 
sion of propane. 

In addition to lower HC conversion, the 
500°C Rh/La203/y-AI203 catalyst (Fig. 8) 
showed lower lean-side CO conversion, 
but greater lean-side NO conversion and 
rich-side CO conversion than its Rh/7- 
Al203 counterpart. The higher rich-side CO 
activity corresponds in magnitude to the 
additional 02 available because of the 
lower rich-side HC conversion of the La- 
containing catalyst, and thus appears only 
to be a consequence of the different ex- 
haust composition and not the catalyst 
itself. With high-temperature oxidation 
(Figs. 9 and 10), the most dramatic change 
was a large decrease in NO conversion of 
the La-containing catalyst compared to the 
catalyst without La. Lean-side CO conver- 
sion was also much lower for the lanthana- 
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containing catalyst compared to the Rh/y- 
A1203 catalyst. 

The catalytic activities for HC, CO, and 
NO conversions of both samples were re- 
stored to equivalent or higher conversions 
after high-temperature reduction-low- 
temperature oxidation treatment (compare 
Figs. 8 and 11). 

DISCUSSION 

For the 500°C oxidized samples of Rh/y- 
AI203 and Rh/LazO3/y-Alz03, the TPR re- 
sults indicate that nearly all of the Rh is 
present at the surface of the alumina in a 
readily reducible form. The presence of 
La 3 + had no affect on the amount of reduc- 
ible Rh at 500°C. From an activity stand- 
point, the addition of La 3+ to the Rh catalyst 
primarily inhibited HC oxidation, but also 
affected lean-side NO and CO activity and 
enhanced rich-side CO oxidation (presum- 
ably due to a greater availability of O2 re- 
sulting from the lower HC conversion). 

The inhibiting effect of La 3 + on HC oxida- 
tion over the 500°C sample appeared to be 
confined to the oxidation of propane in the 
propylene/propane feed. Propane oxidation 
over noble metal catalysts has previously 
been shown to depend on particle size (18), 
with large particles showing greater intrinsic 
rates than small particles. Thus our activity 
data suggest that Rh on the La 3 +-containing 
catalyst is more highly dispersed than the 
catalyst without La 3+. This agrees with the 
CO chemisorption data for the 500°C oxi- 
dized catalysts, which yielded an apparent 
dispersion twice as high on the La-con- 
taining catalyst. The chemisorption results 
are supported by the XPS data. A simple 
analysis of relative XPS peak intensities 
(given in the Appendix) predicts mean Rh 
particle sizes that are consistent with the 
chemisorption data. The promoting effect of 
La 3 + on Rh dispersion, qualitatively similar 
to that of Ce 4+, has been observed before 
(10) and also reported for Pt/y-Al203 (19). 

At oxidation temperatures above 500°C, 
La 3+ exhibits additional effects beyond a 
simple promotion of Rh dispersion. As 

shown clearly by TPR, it blocks, to some 
extent, interaction of the Rh with the alu- 
mina support. Instead, the emergence of 
new TPR features suggests that a compound 
is formed between La and Rh. Collectively, 
the TPR and XPS data show that this com- 
pound is reduced in a temperature range 
intermediate between Rh203 and that Rh 
which is strongly interacted with alumina. 
Similar trends have been observed in studies 
of lanthanum rhodate compounds (9, 11, 
20), which show that lanthanum rhodate re- 
duces at temperatures between 200 and 
600°C. The XPS data do not show direct 
evidence for the formation of a La-Rh com- 
pound, but the expected shifts are small 
enough and the peak broadening large 
enough that a chemical shift would be hard 
to discern. 

The activity data obtained on the 800 and 
900°C oxidized samples also suggest that 
La 3 + forms a compound with Rh. Whereas 
La 3+ primarily inhibited HC (i.e., propane) 
oxidation after 500°C oxidation, it strongly 
suppressed NO conversion and lean-side 
CO conversion after 800 and 900°C oxida- 
tion. Since CO oxidation and NO reduction 
are both less structure sensitive than pro- 
pane oxidation, their inhibition by La 3 +, rel- 
ative to the Rh/y-AI203 sample without La, 
appears consistent with the formation of a 
compound between Rh and La, which is 
catalytically less active than either the resid- 
ual Rh left on the surface of the Rh/y-AI203 
catalyst or the Rh, which interacts with the 
alumina. Again, our data are consistent with 
a previous study of bulk Rh compounds (9), 
where, for example, lanthanum rhodate was 
shown to be less active than rhodium oxide. 

Finally, it is interesting to note that both 
the Rh/T-A1203 and Rh/La203/T-A1203 cata- 
lysts could be completely restored to their 
fresh state by an 800°C reduction even after 
the 900°C oxidation. This argues against any 
significant sintering of Rh or deep penetra- 
tion of Rh into the alumina under the condi- 
tions of this study. In fact, the long-term 
effect of Rh loss through reaction with y- 
AI203 may not have been fully simulated 
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here, and it may thus be premature to draw 
conclusions as to the long-term influence of 
La 3+ on this mode of deactivation in auto- 
motive exhaust. 

In summary, this study shows that La 3+ 
increases the dispersion of Rh/T-AI203 cata- 
lysts and inhibits to some extent the interac- 
tion between Rh and the alumina under high- 
temperature oxidizing conditions. The 
mechanism by which it inhibits the 
Rh-alumina interaction appears to involve 
formation of its own compound with Rh. 
Under the reaction conditions examined 
here, this species is less active for HC, CO, 
and NO conversion than the Rh catalyst 
without La 3÷. All of the structural and/or 
chemical changes induced in both the Rh/ 
T-AI203 and Rh/LazO3/y-AI203 samples by 
high-temperature oxidation were com- 
pletely reversed (at the level of resolution 
afforded by XPS, TPR, and catalytic activ- 
ity measurements) by an 800°C H2 reduction 
and reoxidation at 500°C. The results are in 
general accord with previous studies of 
high-temperature oxidation of Rh/T-AI203 
catalysts (4, 5), all of which have shown 
various levels of restoration depending on 
the severity of oxidation and reduction 
treatments. 

APPENDIX 

Consider the volume V of a sample probed 
by XPS and assume that it is characteristic 
of the whole sample. Let N be the number of 
Rh particles of average radius R contained 
in V, and denote the sample without (with) 
La 3÷ by subscript l (2). The total amount of 
Rh in V, proportional to N R  3, is approxi- 
mately the same in both cases, so that 

NIR ~ = N2R ~. (1) 

The total surface area of the Rh in V, propor- 
tional to N R  2, is different, however, by a 
factor of 2 according to the CO chemisorp- 
tion results, so that 

2NiR ~ = N2R ~. (2) 

The XPS intensity, proportional to NR2L, 

where L is the smaller of {R, h = electron 
inelastic mean free path ~ 16 A} in the limit 
of small (R < ~) and large (R > h) particle, 
is different by the factor of 1.5, on the other 
hand, so that 

1.5N~R2L1 = N2R~L 2. (3) 

A nontrivial solution of Eqs. (1)-(3) obvi- 
ously requires that neither limit (i.e., large 
or small particle) apply in both cases. As- 
suming, for the sake or argument, that oppo- 
site limits apply, with R 1 > ~, and R 2 < h,  

Eq. (3) becomes 

1.5NjR~A = NzR ~. (4) 

From Eqs. (2) and (4), 

R 2 = (1.5/2)h ~ 12 ,~, (5) 

and from Eqs. (1), (2), and (5), 

RI = 2R2 ~ 24 A, (6) 

marginally consistent with the initial assump- 
tions. These particle radii, 12 and 24 ,~, corre- 
spond to dispersions of about 30 and 15%, 
respectively, comparable to those deduced 
from the CO chemisorption measurements. 
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