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The effects of adding CeOz to Pd/A1203 as a catalyst modifier were investigated by X-ray photo- 
electron spectroscopy and X-ray diffraction. Catalytic effects were demonstrated by using propane 
oxidation as a model reaction. It was found that CeOz promotes oxidation of Pd to PdO both with 
and without aiumina. High-temperature reduction (=920“(Z) and the presence of Pd are required for 
the total conversion to bulk CeAIO, from CeOziA1203. Pd also assists in the oxidation of bulk 
CeAIOl to CeOL at elevated temperatures. In ambient air, Pd facilitates surface oxidation of CeAIOJ 
to CeOz, whereas surface Pd acquires an oxidation state between I’d0 and PdO. On Pd/A1203 the 
propane oxidation rate is found to be lowered by CeOz if the oxygen concentration exceeds that of 
the stoichiometric ratio. B 1988 Academic Press, 1~ 

1. INTRODUCTION 

Ceria (CeOz) has been widely applied as 
an additive in automotive catalysts because 
of its abilities to store oxygen (1-4) and to 
improve dispersion of Pt (3,4-6) and Rh (3, 
4). Reduction of ceria on alumina in HZ in- 
volves at least two reactions, namely, for- 
mation of nonstoichiomet~~ cerium oxides 
(7-11) and cerium aluminate (CeAlOx), de- 
pending on ceria loading (10-12). The alu- 
minate remains stable in air at 600400°C 
(10, 12). In a previous study, it was noted 
that in H2 above 600°C dispersed ceria is 
completely transformed to CeA103, while 
only partial conversion from ceria in the 
particulate phase to CeA103 is observed 
even at 920°C (12). It was of interest to ex- 
plore the effects of precious metals (PMs) 
on the formation of CeA103 from ceria in 
the particulate phase resulting from PM- 
ceria interactions. 

copy) and XRD (X-ray diffraction) under 
oxidizing and reducing conditions. Cata- 
lytic changes resulting from this interaction 
are demonstrated by using propane (C~HB) 
oxidation as a model reaction. Implications 
of this work in automotive catalysis are 
discussed. A parallel study involving Pt on 
CeOZ/A1203 is presented in a companion 
paper. 

2. EXPERIMENTAL SECTION 

2.1. Materials 

CeOz , CeOz/A&Oj , and CeA103/A1203 
were prepared by the methods described 
previously (12). Samples that contain Pd 
were prepared by impregnation of CeOz, 
Ce02/A1203, and CeA103/A1203 with aque- 
ous solutions of Pd(NO&. The alumina 
support was obtained from Degussa (alu- 
mina-C) and had an initial BET area of 100 
k 20 m21g. 

The purpose of this paper is to character- 
ize chemical and structural changes due to 
interaction among Pd, ceria, and alumina 
by XPS (X-ray photoelectron spectros- 

2.2. Propane Oxidation Actiuity 
Measl~rerrlents 

’ Current address: Amoco Research Center. P.O. 
Box 4OO-Building 600, Naperville. II 1 60566. 

2 To whom correspondence should be addressed. 

Propane oxidation was studied with a 
flow reactor system equipped with a flame 
ionization detector (FID). The reactant 
mixture was composed of 1000 ppm C3Hs in 
N2 with varying amounts of oxygen. The 
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gas flow rate was set at -1500 ml/min. The 
catalyst weight was typically 0.2 g. All sam- 
ples were reduced in 3% H2 (in Nz) at 500°C 
for 3 h and then cooled to room tempera- 
ture before introduction of the reactant 
mixture. 

2.3. XPS and XRD Measurements 

XPS data were recorded on a Surface 
Science Laboratory SSX-100 XPS spec- 
trometer with monochromatized Al& X- 
rays. A lOOO-pm spot size and lOO-eV ana- 
lyzer pass energy were typical for the 
analysis. Sample charging during the mea- 
surement was compensated by an electron 
flood gun operated at approximately 2 eV. 
The electron takeoff angle was 35” from the 
sample surface. Reduction of catalyst sam- 
ples was carried out in situ in flowing HZ at 
= 10 ml/min in a reactor attachment (Physi- 
cal Electronics) which can be operated at a 
maximum temperature of 600°C. Reduction 
of samples at higher temperatures was 
therefore carried out in a separate quartz 
reactor. These samples were exposed to 
ambient air while they were transferred to 
the reactor attachment for further treat- 
ment. 

Binding energies (BE’s) for samples con- 
taining alumina and ceria were referenced 
to A12p at 74.5 eV and 01s at 529.0 eV, 
respectively. BE’s of Pd” and PdO in refer- 
ence materials were referred to the Fermi 
edge of Pd and Cls at 284.6 eV, respec- 
tively. 

XRD patterns were recorded on a Phil- 
lips X-ray generator with a Debye-Scher- 
rer camera. CuKcr X-rays (A = 1.54178 A) 
were used as the X-ray source. The re- 
corded film was step-scanned with a micro- 
densitometer. Particle diameters of Pd and 
ceria were estimated by the Scherrer rela- 
tionship, 

t = 0.94X/B cos 8, (1) 

where t is the particle diameter (A), A is the 
wavelength of CuKa! radiation, 8 is the 
Bragg angle, and B is defined by 
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FIG. 1. Ce3d XPS spectra. (a) CeA1203 ; (b) CeOz. 

B2 = B2, - B;, (2) 

where B, is the measured line broadening 
for the sample and B, is the instrumental 
line broadening measured using an 0+A1203 
standard. 

3. XPS ANALYSIS 

XPS spectra of cerium compounds are 
known to exhibit rather complex features 
due to hybridization with ligand orbitals 
and fractional occupancy of the valence 4f 
orbitals (13-16). The Ce3d XPS spectra of 
Ce02 and 7 wt% CeA103/A1203 are shown 
in Fig. 1. The complex spectrum of Ce02 
can be resolved into eight components by 
least-squares fitting with the assignment of 
each component defined in Fig. 1 (u’s rep- 
resent the Ce3d5/2 contributions and u’s 
represent the Ce3d3/2 contributions). The 
theoretical basis for all the components has 
been reported in the literature (13, 15-16). 
The u”’ peak, which arises from a transition 
of the 4f” final state from the 4f” initial 
state, has been used as a quantitative mea- 
sure of the amount of Ce4+ (12). The u”’ 
peak is absent from the Ce3d spectrum of 
CeA103. The absence of the u”’ peak of the 
Ce3d spectrum of CeA103, compared to 
that of Ce02, is interpreted as the lack of 
the 4f” configuration in the formal Ce3+ 
species. 

It has been suggested that the Ce3d spec- 
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% CEO, IN THE COMPOSITE SPECTRA 

FIG. 2. Composite Ce3d spectra. 

trum from partially oxidized Ce can be ap- 
proximated as a linear combination of spec- 
tra recorded from the oxides (17). Assum- 
ing a uniform mixture of Ce4+ and Ce”+, the 
relative intensity of u”’ in the Ce3d region 
(Ce3d512 and Ce3d3/2) can be used to de- 
scribe quantitatively the chemical state of 
Ce. Other peaks are also displayed to dem- 
onstrate the basis employed for estimating 
the total areas in the Ce3d region. How- 
ever, to obtain a consistent estimate of the 
spectral background (nonlinear Shirley 
background), a small contribution of u”’ is 
included in the Ce3d5/2 spectrum for 
CeA103 even in the absence of the corre- 
sponding u”’ in the Ce3d3/2 region. This in- 
corporation of the II”’ peak should not infiu- 
ence the total area in the Ce3d region. 
Thus, it should be valid to utilize the per- 
centage u”’ as a chemical identi~cation for 
the amount of Ce4+ in the sample. 

To translate the percentage tf”’ in the 
Ce3d region into percentage of Ce4+, the 
following scheme was employed. A series 
of composite Ce3d spectra was synthesized 
by superimposing the spectra of CeOz and 
CeA103 (Fig. 1) at various proportions with 
normalized peak areas. A plot of percent- 
age 24” versus percentage CeOz (or 100% 
Ce4+) for the composite spectra is shown in 
Fig. 2. The dashed line in Fig. 2 is obtained 
by a least-squares fit of the data points from 
the composite spectra through the origin, 

whereas the solid Iine is a direct connection 
between end points derived from CeOl and 
CeA103. This scheme is believed to provide 
a reasonable estimate for the percentages of 
CeOz and Ce3+ in the sample. The scatter of 
the points in Fig. 2 provides a measure for 
the accuracy of the spectra representatives. 
The relative error resulting from such a 
scheme is accordingly expected to be in the 
range of 10%. 

4. RESULTS 

4.1. XPS and XRD results 

4.1-f. PdlAl~~~ and PdiCe&. XPS 
results of clean Pd foil, PdO, Pd/A1203, and 
PdlCeOz are summarized in Table 1. The 
Pd3d5/2 BE’s obtained for Pd” and PdO are 
in good agreement with published results 
(18-20) and are used to identify the chemi- 
cal states of Pd on catalyst samples. 

After calcination at 8Oo”C, Pd on alumina 
at 1.2 and 6.8 wt% yields a Pd3d512 BE of 
-337.0 eV, which corresponds to that of 
PdO within experimental error (i0.15 eV). 
Reduction of the sample containing 6.8 
wt% Pd at 500°C produces Pd” (BE = 334.9 
eV). After reduction in H2 at 92O”C, fol- 
lowed by exposure to air at room tempera- 
ture, XPS indicates that no substantial 
reoxidation of Pd” occurs during exposure 
to ambient air, 

A similar study was conducted on 0.6 
wt% Pd/CeOz. This sample has a Pd load- 
ing comparable to that of 6.8% Pd/A&Oj on 
the basis of the amount of Pd per square 
meter surface area of the support. As in the 
case of Pd on alumina, calcination of 0.6 
wt% Pd on CeOZ at 800°C produces a 
Pd3dSi2 BE of 336.9 eV, which is the BE of 
PdO (see Table 1). Reduction of the sample 
in situ at 500°C results in formation of Pd” 
on ceria (Pd3d5/2 = 335.1 eV), as found in 
the case of Pd on alumina. After a more 
severe reduction at 92o”C, followed by ex- 
posure to ambient air, Pd yields the Pd3d 
5f2 BE of PdO (337.0 eV). 

Thus, Pd reduced in Hz at 920°C and then 
exposed to ambient air produces PdO on 
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TABLE 1 

XPS Data of Pd Foil, PdO, Pd/A1203, and Pd/Ce02 

Sample Treatment history 

Pd foil Sputtered clean 
PdO As received 
1.2% Pd/A1203 800°C calcined 
6.8% Pd/A1203 1. 800°C calcined 

2. 500°C reduced 
3. 920°C reduced, then 

exposed to air 
0.6% Pd/CeOz 1. 800°C calcined 

2. 500°C reduced 
3. 920°C reduced, then 

exposed to air 

BE (eV) Pd3dSl2” 

334.9 
336.8 
337.0 
337.1 
334.9 
335.0 

336.9 PdO 
335.1 Pd” 
337.0 PdO 

PdO 
PdO 
Pd” 
Pd” 

n BE references are defined in the text, 

ceria, but Pd metal on alumina. This differ- 
ence suggests that ceria promotes the oxi- 
dation of Pd in air and thus confirms a sug- 
gestion reported in the literature (23). 

4.1.2. Pd-Ce02/A1203. Pd3d XPS spec- 
tra of 4.5 wt% Pd on alumina containing 
18.4 wt% Ce02 are shown in Fig. 3. After 
calcination at 8OO”C, the supported Pd is 
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FIG. 3. XPS spectra of Pd-CeOz/A1203 catalysts 
containing 4.5% Pd and 18.4% CeOz. (a) Calcined at 
800°C; (b) reduced at 92O”C, exposed to air; (c) sample 
(b) reduced in situ at 500°C. 

present mainly as PdO (Pd3d5/2 = 337.0 
eV, Fig. 3a). Reduction at 920°C followed 
by exposure to air results in two different 
Pd species (Fig. 3b). The first species at 
335.8 eV corresponds to a state between 
PdO and PdO, while the second peak at a 
higher BE is probably attributable to Pd 
with chemisorbed oxygen (28). 

To explore the nature of the Pd species at 
335.8 eV, the sample was reduced at 500°C 
(see Fig. 3~). This reduction should reverse 
any surface oxidation which may have oc- 
curred during exposure to ambient air. The 
sample, reduced in situ at 500°C gives a 
Pd3d5/2 BE of 334.8 eV, the BE of PdO. A 
reduction at 500°C of a sample calcined at 
800°C gives the same metallic Pd state 
(Pd3d5/2 = 335.0 eV) (Table 2). Since re- 
duction of both the calcined and prere- 
duced samples leads to the formation of 
PdO, the presence of the Pd species at 335.8 
eV on the 920°C prereduced sample must 
be due to oxidation of Pd” on Ce02/A1203 in 
ambient air. Compared to Pd supported on 
A120j, where no significant oxidation of Pd” 
is seen after exposure to ambient air, ceria 
on alumina apparently promotes the Pd 
oxidation. As mentioned above, a similar 
result has been noted for Pd/CeOz in the 
absence of alumina, where Pd is completely 
oxidized to PdO in ambient air. 
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TABLE 2 

XPS Data for Pd-CeOz/A1203 

Sample Treatment history 

I. 16.2% CeOz/AIZO, 

II. 9.2% Pd, 16.2% 
Ce021A120, 

III. 4.5% Pd, 18.4% 
CeOZiAlzO1 

IV. 0.9% Pd + 18.7% 
CeOziA1203 

1. 800°C calcined 
2. 920°C reduced/Ah 
3. above, 500°C calcined 
I. 800°C calcined 
2. 500°C in siru reduced 
3. 920°C reduced/A 
3a. above, in siru reduced at 500°C 
3b. above, 600°C calcined 
I. 800°C calcined 
2. 500°C in situ reduced 
3. 920°C reduced/A 
3a. above, 500°C in situ reduced 
3b. above, 500°C calcined 
I. 800°C calcined 
2. 920°C reduced/A 

%u”’ 

9.3(65p 
3.4(23) 
3.4(23) 

10.3(72) 
10.1(70) 
6.1(43) 
O.O( 0) 
7.0(48) 

10.1(70) 
IO. l(70) 
4.4(32) 
O.O( 0) 
9.3(65) 

- 

2.1(15) 

BE (eV) Pd3dSl2’ 

337.0 
335.0 
335.6 
334.9 
337.3 
337.0 
335.0 
335.8 
334.8 
336.9 
337.1 
335.5 

” Numbers in parentheses represent percentage of CeOz (Ce4+) in the Ce3d spectra, estimated on the 
basis of the dashed line in Fig. 2. 

* /A denotes that samples have been exposed to air at room temperature after the treatment. 

c Principal Pd3d5/2 peak. 

Changes in the Ce chemistry, as mea- 
sured by XPS analysis, are given in Table 2 
and Fig. 4. In a previous study (22), we 
have noted that a ceria-alumina interaction 
results in a highly stable dispersed ceria in 
the Ce(II1) state. The presence of this 
Ce(III) species, which is stable in air even 
at 8Oo”C, lowers the total percentage u”’ in 
the Ce3d spectra and accounts for the fact 
that the Ce4+ contribution is always less 
than 100% as listed in Table 2. After calci- 
nation at 800°C the percentages of the u”’ 
peaks amount to 9.3, 10.1, and 10.3%, for 
the samples containing 0, 4.5, and 9.2 wt% 
Pd, respectively. These percentages, corre- 
sponding to 6.5,70, and 72% of Ce4+ (CeOz), 
respectively, are constant within experi- 
mental error (&lo%). Thus, according to 
XPS analysis, Pd does not appear to modify 
the chemistry upon calcination of CeOz on 
alumina. 

After reduction at 92O”C, followed by ex- 
posure to ambient air, the amount of Ce 
present as Ce4+ is found to increase with Pd 
loading (Figs. 4b-4d). The existence of 

Ce4+ is deemed to be the result of surface 
oxidation of CeA103 to Ce02 in ambient air 
in the presence of Pd, on the basis of the 
following observations. Reduction in situ at 
500°C of the sample prereduced at 920°C 
results in the absence of the u”’ peak (Fig. 
4e), which is characteristic for the total 
conversion of surface CeOz to CeA103. The 
complete conversion to bulk CeA103 on 
alumina from CeOZ/A120j after reduction at 
920°C which has been confirmed by XRD 
(Fig. 5b and Table 3), is the general result of 
ceria reduction in the presence of Pd at high 
temperatures (~920°C) and is discussed be- 
low. 

This finding is supported by XPS data ob- 
tained after direct reduction at 500°C (Table 
2). For 4.5 and 9.2% Pd on 18% CeOJ 
A1203, the percentage u” remains essen- 
tially at the same value measured after cal- 
cination at 800°C and corresponds to ~70% 
Ce4+. The unchanged percentage of u”’ indi- 
cates that reduction at 500°C is not suffi- 
cient to form CeA103. Analysis by XRD of 
these samples reduced in situ at 500°C re- 
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FIG. 4. XPS spectra of Pd-Ce02/A120,. (a) 4.5% Pd 
and 18.4% CeOz, calcined at 8OOY; (b) 0.9% Pd and 
18.7% CeOz, reduced at 920°C; (c) 4.5% Pd and 18.4% 
CeOz, reduced at 920°C; (d) 9.2% Pd and 16.2% CeO*, 
reduced at 920°C; (e) reduction of sample (c) in situ at 
500°C. 

veals that Pd is present as PdO having a par- 
ticle size of -15 nm, and Ce is in the form 
of CeOz. Both XPS and XRD data lead to 
the conclusion that reduction at 500°C does 
not convert Ce02/A1203 to CeA103 for sam- 
ples within the Pd concentration range 
used. 

FIG. 5. X-ray powder diffraction of Ce01/A1203 con- 
taming 9.2% Pd on 16.2% Ce02/A1203. (a) Calcined at 
800°C; (b) sample (a) reduced at 920°C. (A) ~-A&03; 
(0) CeQ ; (0) CeAIOS ; (0) Pd”. 

Without Pd, even reduction at tempera- 
tures as high as 920°C for 2 h did not com- 
plete conversion to CeAI03 in the 16.6% 
Ce0JA1203 sample (Table 2 and Fig. 6b). 
This result indicates that both high temper- 
ature and the presence of Pd are required 
for the total conversion of CeO:! into 
CeA103 under the conditions used. It fol- 
lows from analyses by XRD (Table 3) that 
Pd and Ce on the reduced sample are 
present as Pd” and CeA103, respectively, 

TABLE 3 

X-ray Powder Diffraction for Ce02/A1203 Containing Pd 
-.___ 

Particle size (nm) 

Sample Treatment history CO, CeA103 Pd 

16.2% CeOz/A1203, 800°C calcined 8.2 - - 
9.2% Pd doped” 920°C reduced/As - 25.2 25.3 

4 Sample has been exposed to air at room temperature after the 
treatment. 
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FIG. 6. XPS spectra of 16.6% Ce02/A1203. (a) 
Calcined at 800°C; (b) reduced at 920°C. 

and both species exist as small particles 
(~25 nm). 

CeA103, obtained by reduction of 18% 
CeOz/A1203 at 92O”C, is reoxidized to CeOZ 
in ambient air (compare samples II and III 
under conditions (3a) and (3b) in Table 2). 
The oxidation is induced by Pd and does 
not occur without the metal (see sample I in 
Table 2). Meanwhile, Pd itself is partially 
oxidized, as noted previously. This result is 
based on XPS analysis. On the other hand, 
XRD gives no indication of any oxidation of 
either CeA103 or Pd. The chemical state 
measured by XPS after oxidation at room 
temperature is therefore attributed to 
poorly crystallized CeOz on the alumina 
surface. 

4.1.3. Pd-CeAEO~/Al~O~ . The results re- 
ported above are confirmed further by the 

use of cerium aluminate on alumina as a 
support for Pd. Data from XPS measure- 
ments of 10% CeA103 on A&O3 are summa- 
rized in Table 4. After 500°C calcination of 
a sample without Pd, virtually no change of 
urn in the Ce3d region is detected (within 
10% error). However, when Pd is present in 
the sample, calcination at 500°C results in 
significant oxidation of CeAlO, to Ce4+, ev- 
ident from a substantial increase in u”‘, The 
extent of oxidation is the same (65%) for 
samples doped with 5 and 10 wt% Pd. 
Moreover, in both cases, Pd is present as 
PdO (Pd3d5/2 BE of ~336.8 + 0.2 eV). Re- 
duction at 500°C of the calcined sample 
containing 5 wt% Pd restores the CeA103 
phase only partially (4.7% u”’ or 35% Ce‘++ 
in the sample), while Pd is reduced to its 
metallic state. The incomplete conversion 
of CeO;! to CeA103 after the reduction cor- 
roborates the conclusion that reduction of 
bulk CeOz, even in the presence of Pd, re- 
quires a temperature above 500°C. 

The bulk structure of 10% CeA103 on 
Al203 was also examined by XRD. Results 
are shown in Figs. 7 and 8. Diffraction lines 
of samples without Pd, either fresh or 
calcined at 5OO”C, are attributable to 
CeA103 and y-A&.03. However, as shown 
in Fig. 8, samples doped with 1 or 5 wt% Pd 
(PdlCeO:! molar ratios are 0.16 and 0.81, 
respectively) and calcined at 500°C contain, 
in addition, CeOz. As the Pd loading is in- 
creased to 10 wt% Pd (atomic Pd/Ce = l-6), 
the diffraction lines of CeA103 disappear al- 

TABLE 4 

XPS Data of IO% CeA10$A1203 Containing Pd 
--̂  

Sample Treatment history %U’” BE (eV) Pd3&/2 
- -.- 

Undoped 1. As preparedb 3.4(23)6 
2. 500°C calcined 4.4(32) 

5% Pd doped 1, 500°C calcined 9.3(65) 337.0 
2. 500°C in situ reduced 4.7(35) 335.0 

10% Pd doped 1. 500°C calcined 9.4(66) 336.7 

n Numbers in parentheses represent percentage of Ce4+ in the sample, as 
estimated on the basis of the correlation curve in Fig. 2. 

b Prepared by reduction at 1000°C of 10% Ce02/AIZ03 for 80 h. 
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FIG. 7. X-ray powder diffraction of 10% CeAlOJ 
Alz03. (a) As prepared; (b) sample (a) calcined at 
500°C. (0) CeAlOl; (A) y-A1203. 

together (Fig. 8~). It appears therefore that 
complete oxidation of bulk CeA103 requires 
an amount of Pd which is not less than the 
amount of Ce in the sample. 

1.5 2 34 

LATTICE SPACING d, 

No diffraction lines associated with Pd 
are detected in any of the oxidized samples 
(Figs. 8a-8c). An explanation is given by 
the fact that Pd is present as dispersed PdO 
(less than -5 nm) on alumina. As expected, 
reduction of the same sample at 920°C re- 
stores the CeA103 phase completely (Fig. 
8d), while Pd becomes detectable as Pd” 
with a particle size of -35 nm (Table 5). 

FIG. 8. X-ray powder diffraction of Pd on 10% 
CeA1203/A1203. (a) 1% Pd, cakined at 500°C; (b) 5% 
Pd, calcined at 500°C; (c) 10% Pd, calcined at 500°C; 
(d) 10% Pd, reduced at 920°C. (A) y-A&O3 ; (0) CeOz; 
(0) CeA103; (0) Pd”. 

It is apparent from these results that Pd 
assists in the oxidation of CeA103 to CeO:! . 
Unlike the oxidation of CeAIOj in the pres- 
ence of Pd at room temperature, where 
only surface oxidation is evident, calcina- 

TABLE 5 

X-Ray Powder Diffraction Data for 10% CeAI03/A1203 

Particle size (nm) 

Sample Treatment history Ce02 CeA103 Pd 

Undoped As prepared - 22.2 - 
500°C calcined - 19.1 - 

1% Pd doped 500°C calcined 18.8 15.5 - 
5% Pd doped 500°C calcined 19.6 5.5 - 
10% Pd doped 500°C calcined 22.0 - - 
10% Pd doped 920°C reduced/A” - 18.5 35.7 

a Sample has been exposed to air at room temperature after the 
treatment. 
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FIG. 9. Propane oxidation on 10 wt% Pdly-A&O,. 
Feed gas: 1000 ppm C3Hs and 2.0% Oz. (0) Undoped; 
(0) doped with 10 wt% CeOz. 

tion at 500°C results in bulk oxidation of 
CeA103 to Ce02. This conclusion is based 
on both XPS and XRD. 

4.2. Propane Oxidation over 
Pd-CeO2lAl203 Catalysts 

Propane oxidation by oxygen was used in 
this study as a model reaction to probe cat- 
alytic additive effects of ceria on Pd/A1203. 
The reaction mixture at the catalyst inlet 
consists of 1000 ppm C3Hs and 2% O2 in N2 ; 
i.e., the oxygen concentration is four times 
that required for a complete oxidation of 
propane to COZ and HzO. Typical reaction 
curves of propane oxidation on 10% Pd/ 

G 80- e i5 v 
iy, 60- E / l /’ 0 
2 8 40- 0. // 

1" 0" 20 - 04Y /! 
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FIG. 10. Propane oxidation on 10 wt% Pdiy-Al*O,. 
Feed gas: 1000 ppm C3H8 and 0.5% Oz. (0) Undoped; 
(0) doped with 10 wt% CeO,. 

A1203 with and without 10% CeOz added 
are given in Fig. 9. The temperature at 50% 
propane conversion, TsO, was chosen as an 
activity index. As shown in Fig. 9, addition 
of ceria to 10 wt% Pd on A1203 increases T5,, 
from 288 to 343°C; i.e., it lowers the cata- 
lyst activity. Thus, the presence of ceria 
can deactivate Pd/A1203 catalysts to some 
extent. 

Reaction curves measured with stoichio- 
metric feed gas (C3HR : O2 = 1 : 5) are shown 
in Fig. 10. Again, the added 10 wt% ceria 
lowers the catalyst activity. The effect, 
however, is smaller at the stoichiometric 
oxygen concentration, characterized by an 
increase in Tso from 304 to 329°C. 

The influence of oxygen concentration on 
the ceria effect is illustrated further by 
results shown in Fig. 11. In this case reac- 
tion isotherms were measured at 350°C and 
oxygen levels from 0.25 to 4%. Clearly, in 
the absence of ceria, propane oxidation 
over 10% Pd/A1203 is unaffected by the 
feed gas composition in the range given. On 
the other hand, in the presence of ceria, an 
abrupt decrease in conversion occurs when 
conditions are changed from stoichiometric 
to oxidizing. Above 2% oxygen no further 
change in activity takes place. It should 
also be noted that at 0.25% oxygen the rate 
of propane oxidation over 10% Pd/AIZOj 
is the same with and without ceria. Only 
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FIG. 11. Propane oxidation on 10 wt% Pdiy-Alz03. 
CjHs concentration in feed gas: 1000 ppm. Reaction 
temperature: 350°C. (0) Undoped; (0) doped with 10 
wt% CeO,. 
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when the oxygen concentration exceeds the 
stoichiometric ratio does the addition of ce- 
ria to Pd/A120j cause catalyst deactivation. 
The kinetic data, together with results de- 
rived from XPS and XRD, indicate that the 
presence of ceria modifies the Pd chemistry 
under oxidizing conditions. 

5. DISCUSSION 

The experimental results presented in 
this paper can be summarized as follows: 

1. With or without alumina, ceria pro- 
motes the oxidation of Pd to PdO. As a 
result, addition of Ce02 to Pd/A1203 retards 
the catalytic oxidation rate of propane over 
palladium for reactant mixtures which ex- 
ceed the stoichiometric O&H8 ratio, in 
which palladium is presumably in its oxi- 
dized state. 

2. Upon reduction at high temperatures, 
palladium assists in the formation of bulk 
CeAIOj from Ce0JA1203. Also, Pd cata- 
lyzes bulk oxidation of CeA103 at elevated 
temperatures. 

3. Palladium assists in the surface oxida- 
tion of CeA103 in ambient air, whereas sur- 
face Pd is partially oxidized to a state be- 
tween Pd” and PdO. 

On the basis of these observations, it is 
apparent that cerium oxides and palladium 
are subject to mutual interaction. Such an 
interaction has been proposed by Sass et al. 
(23, 26) on the basis of EPR and reaction 
activity measurements in which an active 
02 species has been identified. 

According to the XPS data in this study, 
surface oxidation of CeA103 by Pd may also 
entail an intermediate species containing 
Pd+O,. Coordinately unsaturated CeA103 
adsorbs oxygen in air to form 02 species 
(8), which may be stabilized by forming a 
surface species with palladium. Thus, a ten- 
tative model is derived to explain the exper- 
imental observations. The model is based 
on the structure 

p@+-()a--0 

In this proposed structure of the oxidized 
surface species, Pd is in a state between Pd” 
and PdO, whereas cerium is in its tetrava- 
lent state. This surface complex can be re- 
duced at mild temperatures to form Pd” and 
CeA103, while oxidation results in splitting 
of the 02 species to form bulk PdO and 
CeOz. It appears that palladium plays an 
important role in both formation and oxida- 
tion of CeA103. Adsorption of oxygen 
results in the formation of 0~ (8, 26, 27) 
that is stabilized in the coordination sphere 
of the palladium and cerium ions (22, 23) 
and leads to the reversible formation of 
CeAIOj from Ce02/A1203. 

Mutual influences between Pd and ceria 
are also reflected in the propane oxidation. 
Strong dependence of the oxidation rate of 
propane on oxygen concentration over Pdl 
A1203 containing ceria is interpreted as sur- 
face chemical changes of Pd by ceria under 
oxidizing conditions. As shown previously, 
under oxidizing conditions, Pd is converted 
to PdO in the presence of ceria. The forma- 
tion of PdO is accompanied by a lower pro- 
pane oxidation rate, a result which is con- 
sistent with conclusions published earlier 
from this laboratory (2, 25). Therefore, 
from a practical standpoint in automotive 
catalysis, the air/fuel ratio should be ad- 
justed near the stoichiometric ratio when 
Pd and ceria are both present. This allows a 
more efficient use of Pd without losing 
other important functions that ceria can 
provide, such as stabilization of ~-A1203, 
dispersion of Pt and Rh, and oxygen stor- 
age. 

6. CONCLUDING REMARKS 

In summary, it can be stated that a com- 
plex interaction among ceria, palladium, 
and alumina clearly influences the revers- 
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ible reaction 9. 

2Ce02 + A1203 + H2 F$ 

2CeA103 + HZ0 

10. 

This interaction is detected after reduction 
at 92O”C, when the formation of bulk alumi- 
nate is catalyzed in the presence of Pd; dur- 
ing the reverse reaction, the oxidation of 
bulk aluminate at 500°C is also catalyzed by 
Pd. A distinct modification of Pd in ambient 
air was demonstrated by an oxidation state 
between Pd” and PdO. 
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