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Effects of adding CeOt to platinum on alumina were studied by XPS, XRD, and TPR. Whereas 
heating of Pt on alumina in air at 800°C results in a surface interactive Pt species having a chemical 
state of Pt+4, attributed to PtO*, the same treatment of Pt on Ce02 or on Ce02/A1203 yields a 
platinum-ceria interactive species with an oxidation state of Pt+Z, attributed to PtO. When heated 
in H2 at 5OO”C, Pt on both CeOz and CeOz/A1203 is completely reduced to Pta. Upon reduction in H2 
at 920°C Pt assists in the formation of CeAIOj. In the reverse reaction, Pt facilitates bulk oxidation 
of CeAIO, to Ce02 at 500°C. 0 1989 Academic Press, Inc. 

I. INTRODUCTION 

In this paper we investigate the chemical 
states of Pt and ceria on Pt/A1203 containing 
ceria under a variety of oxidation and re- 
duction treatments. Ceria (Ce02) is widely 
used in automotive catalysts (l-6). Re- 
cently it has been reported that strong plati- 
num-ceria interaction may have a profound 
effect on the oxygen storage capacity of ce- 
ria (7, 8). It is also known that ceria pro- 
motes dispersion of Pt (3, 9-J2), and thus 
may decrease the rate of alkane oxidation 
(9). However, direct spectroscopic mea- 
surements of the oxidation state of Pt on 
ceria/alumina and structural modifications 
of Pt by ceria have not yet been reported. 

The techniques used in this study are 
X-ray photoelectron spectroscopy (XPS), 
X-ray diffraction (XRD), and temperature- 
programmed reduction (TPR). This investi- 
gation is an extension of a similar study on 
Pd/CeOz/Ai203 (13). 

2. EXPERIMENTAL SECTION 

Samples of Ce02/A1203 and CeAlOj/ 
Ai203 are the same used previously (13). 
The CeO;? sample was prepared by decom- 
posing (NH4)ZCe(N03)6*6H20 at 500°C for 4 

’ Current address: Amoco Research Center, Build- 
ing 600, Naperville, IL 60566. 

hr, which resulted in a BET surface area of 
about 10 m*/g. Cerium aluminate (CeAlOI) 
on alumina was prepared by heating 10 wt% 
Ce02 on alumina in a flow of 10% hydrogen 
in argon at 1000°C for 80 hr. The formation 
of CeA103 (with residual A120j) was con- 
firmed by XRD. Samples that contain Pt 
were prepared by impregnation of Ce02, 
Ce02/A1203, and CeA103/A1203 with aque- 
ous solutions of H,PtCl,. Platinum foil and 
Pt02 powder were obtained from Morton 
Thiokol , Inc. 

Experimental conditions for XPS and 
XRD have been described previously (13). 
XPS binding energies (BEs) for samples 
containing alumina and ceria were refer- 
enced to A12p at 74.5 eV and 01s at 529.0 
eV, respectively. Reduction was carried 
out in flowing Hz in a reactor attachment 
(Perkin Elmer Company) of the XPS spec- 
trometer. The reactor can be operated at a 
maximum temperature of 600°C. Therefore, 
reduction at higher temperatures had to be 
carried out in a separate quartz-glass reac- 
tor. As a result, such samples were exposed 
to air while they were transferred to the 
reactor attachment for further treatment. 
An Altamira system was used for TPR ex- 
periments. A reducing mixture of 10% Hz/ 
Ar was kept at a flow rate of 30 cm3/min. 
The heating rate was 15”C/ min. 

The basis for estimating the relative 
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FIG. 1. Ce3d XPS spectra of (a) 7% CeA10JA120j, 
(b) CeO?. 

amount of Ce+4 in the total Ce3d XPS spec- 
tra has been explained in a companion pa- 
per (13). For the reader’s convenience, the 
illustrations are repeated here. Figure 1 
shows the Ce3d spectra of CeOz and 7% 
CeA103/A1203, which consist of 100% Ce+4 
and 100% Cef3, respectively. If one as- 
sumes a uniform mixture of Ce+3 and Ce+4, 
a series of Ce3d spectra can be synthesized 
mathematically by a linear combination of 
the peak area-normalized Ce3d spectra of 
CeOz and CeA103. A plot of the % u”’ in 
these synthesized spectra as a function of 
% CeO? is shown in Fig. 2. The dashed line 
in Fig. 2 is obtained by a least-squares fit of 
the data points through the origin, whereas 
the solid line is a direct connection between 
two end points. The dashed curve in Fig. 2 
is the correlation curve used to translate the 
% M”’ in the Ce3d region into % CeOz in the 
catalyst samples. 

3. RESULTS AND DISCUSSION 

3.1. XPS and XRD Analysis 

3.1.1. PtIAl,O, and PtlCeOz. The Pt 
phase is examined first. Analysis by XRD 
of 10 wt% Pt on alumina, calcined at 800°C 
revealed metallic platinum only. After this 
calcination, XPS did not detect any chlo- 
rine derived from the H,PtCl, used for the 
Pt deposition. The influence of chlorine on 
the chemical state of Pt is therefore deemed 
to be unimportant in this work. Oxides of 

platinum were absent in the XRD spec- 
trum, as particles of Pt oxides are decom- 
posed above 500°C. On ceria at a loading of 
5 wt% no Pt phase was detected after the 
same calcination procedure, indicating that 
the Pt particles were too small to produce 
distinct XRD lines. 

Information on the Pt surface state was 
obtained by XPS. The Pt4d lines were mea- 
sured in addition to the Pt4flines, since the 
latter overlap with the A12p line of A&03. 
The Pt4f7/2 and Pt4d5/2 BEs of commercial 
PtO and PtO, samples were measured for 
comparison. They are in good agreement 
with literature values (14-17). The BEs for 
PtO were taken from the literature (14-17). 

Pt4f and Pt4d XPS spectra of 10 wt% Pti 
A&O3 and 5 wt% Pt/CeOz after calcination 
at 800°C are shown in Fig. 3. The Pt4f7/2 
BEs were obtained from these spectra by a 
least-squares fit, assuming a constant sepa- 
ration of 3.4 eV and a constant ratio of 0.75 
between Pt4f5/2 and Pt4f7/2 lines. These 
calculated BEs are also listed in Table I. 
The sample containing 10 wt% Pt on Ai203 
yields Pt4f7/2 and Pt4d5/2 BEs, respec- 
tively, at 74.8 and 317.0 eV, characteristic 
for Pt+4, which is tentatively assigned to 
PtO,. The 5 wt% Pt/CeO, sample shows the 
characteristic BEs of Pt+?, attributed to 
PtO, both in the regions of Pt4f7/2 (72.5 
eV) and Pt4d5/2 (315.3 eV). At 5Oo”C, hy- 
drogen reduces the Pt species on both A&O3 

% CEO, IN THE COMPOSITE SPECTRA 

FIG. 2. Correlation of % d” in synthesized spectra 
with respect to % CeOz in the Ce3d spectra. 
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FIG. 3. Pt4fand Pt4d XPS spectra after calcination at 800°C: (a) and (c) 10 wt% Pt/AI,O, (b) and (d) 5 
wt% Pt/CeOz. 

and CeOz completely to PtO, as evidenced 
by the Pt4f7/2 and Pt4d5/2 BEs shown in 
Table 1. 

Since under these experimental condi- 
tions on alumina only particles of metallic 
Pt are detected by XRD, the presence of 
Pt+4 (Pt02) suggests that XPS identifies a 
surface and/or amorphous Pt species asso- 
ciated with dispersed phase platinum in a 
Pt02-A1203 complex (18-20). Because the 
metallic Pt is present mainly in the bulk, its 
contribution is not clearly resolved by XPS. 
On ceria, however, the fact that no Pt phase 
was detected by XRD suggests that all of 

TABLE I 

XPS Data of Reference Pt Compounds, Pt/AIzO? 
and Pt/CeOz 

Sample Treatment hntory BE (eV)” A\\ignment 

Pt4j 712 P14dSi2 

PI bll Sputtered clean 71.2 31411 Pt ” 

PI0 From I~leniturc” 72.6 31s 3 PI0 

PIO? A\ rccc~~I 74.2 317 I) PK>: 

10% Pr/AlzO, I XOOT calcined 74.x 317.0 Pto? 
2. 500°C reduced 71.2 314.2 Pt” 

5% Pwze02 I. XWC cillcincd 72.5 315.3 PI0 
2. SlXl”C reduced 71.1 314.1 Pt ” 

@ BEs were referenced 10 Al2p at 74.5 cV. and OI.\ ilt 529 0 eV, re- 
rpcct~vely, for alumina- and ccria-supported PI. 

IJ ‘Taken from lilcratwe. a\ mdlcated in the text. 

the platinum is finely dispersed as a result 
of Pt-CeOz interaction. 

3.1.2. Pt-CeOJA1203. XPS spectra of 
Pt4f’s and Pt4d’s for 10 wt% Pt/Al,Oj con- 
taining 20 wt% Ce02 are summarized in Ta- 
ble 2 and Fig. 4. After calcination at 800°C 
Pt gives a BE of Pt4f7/2 at 72.4 eV and a 
BE of Pt4d5/2 at 3 15.2 eV, characteristic of 
Pt+2 (PtO). The absence of the Ptt4 BEs 
suggests that surface Pt preferentially inter- 
acts with CeOz, since surface Pt in Pt/Al,O, 
after the same calcination yields the charac- 
teristic BEs of Pt02, as mentioned earlier. 
The TPR results, given below, support this 
concept more convincingly. As expected, 
reduction by HZ at 500°C results in the 
BE of Pt” in both the Pt4f7/2 and Pt4d5/2 
regions. 

Exposure to hydrogen at higher tem- 
peratures, however, produces a profound 
change in the Pt state. A sample of 10 wt% 
Pt/alumina containing 20 wt% CeOz was re- 
duced at 920°C and then exposed to ambi- 
ent air. The Pt state of this sample is char- 
acterized by a Pt4f7/2 BE of 72.9 eV which 
is slightly higher than that of PtO (Table 1). 
After this thermal pretreatment, exposure 
of the sample to H2 at 500°C does not re- 
duce the Pt to its metallic state, shown by 
the Pt spectra in Figs. 4b and d. In these 
XPS spectra, Pt gives a Pt4f712 BE of 
~72.1 eV and a Pt4d5/2 BE of 315.0 eV, 



PtIy-ALUMINA CATALYSTS CONTAINING CERIA 19 

TABLE 2 

XPS Data for CeOz/A1203 Containing Pt 

Sample Treatment history BE (eV)O Assignmentb 

Pt4f 712 Pt4d512 70 l/If % CeO: Pt 

10% Pt,20% 1. 800°C calcined 72.4 315.2 9.9 69 Pto 
CeOz 2. 500°C reduced 71.3 313.9 10.0 70 PtO 

3. 920°C reduced/Ad 72.9 - 0.0 0 
a. Above, 500°C 72.1 315.0 0.0 0 PtCeO, 

reduced 
b. Above, 500°C 72.3 - 9.4 66 Pto 

calcined 

10% Pt,lO% 1. 500°C calcined 72.6 - 9.2 65 Pto 
CeAIO, 2. 920°C reduced 0.0 0 

- 
0 BEs were referenced to Al2p line at 74.5 eV. 
b Assignment of the Pt species is based on BEs Pt4f 7/2 and Pt4d5/2. 
c Numbers represent % CeOz in the Ce3d spectra, based on the method described in 

Ref. (13). 
d /A denotes that samples have been exposed to air at room temperature before analy- 

sis 

values which are substantially higher than 
the corresponding BEs for Pt” (71.2 and 
314.0 eV, respectively). The yet unidenti- 
fied Pt species is tentatively assigned to a 
surface Pt-Ce0,/A1203 complex formed 
during high-temperature reduction (12). 
This complex formation may cause a BE 
shift, resulting from hybridization and va- 
lence mixing of Pt and Ce4fvalence orbitals 
(21-22). 

Pt4f + AP’Zp 

The chemical change in cerium caused by 
reduction in HZ at 920°C is also apparent 
from the XPS spectra in the Ce3d region 
(Fig. 5). Calcination at 800°C results in a 
Ce species having a % M’~ that amounts to 
-9.9% in the total Ce3d region (Fig. 5a). 
Based on the correlation scheme (13) (cf. 
Figs. 1 and 2) the % u”’ is equivalent to 
69% CeOz (and -31% Ce+3) in the sam- 
ple. Reduction at 92o”C, followed by expo- 

Pt4d 

66 3 61.5 351.5 3063 

.31tmlNG ENERGY (ev) 

FIG. 4. Pt4fand Pt4dXPS spectra of Pt/CeOZ/A1203: (a) 10 wt% Pt + 20 wt% CeOz, reduced in situ at 
5OO”C, (b) 10 wt% Pt + 20 wt% Ce0,/A120,, reduced at 920°C and exposed to ambient air, (c) 10 wt% 
Pt + 20 wt% Ce02/A120,, reduced in situ at 5OO”C, (d) sample (b) reduced in situ at 500°C. 
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FIG. 5. Ce3d XPS spectra of 5 wt% Pt on 20 wt% 
CeOz/A120j: (a) calcined at 8OO”C, (b) reduced at 920°C 
and exposed to ambient air. 

sure to ambient air, results in a disappear- 
ance of the u”’ peak (Fig. 5b), indicating 
complete reduction of Cef4 to Ce+j. It 
should be noted that the conversion to 
Ce+’ is catalyzed by platinum. Without 
platinum only a partial reduction (~70%) 
was achieved at 920°C (13, 23). 

The XPS data describing the state of ce- 
rium and platinum in the system Pt/CeO,/ 
A&O3 under different conditions are sum- 
marized in Table 2. Calcination at 800°C 
results in Ce02 and PtO (Pt+2). Reduction 
at 500°C leaves the CeOz essentially un- 
changed according to the % u”’ in the Ce3cl 
spectrum, while Pt is reduced to PtO. During 
reduction at 92o”C, Ce+3 species are formed 
which retain their oxidation state even after 
exposure to ambient air. The results are in 
agreement with literature data, based on 
thermodynamic, XPS, and kinetic analyses 
(23-28). At the same time, the surface Pt 
remains in an oxidized state, even after re- 
duction at 500°C. 

Structural changes of ceria during reduc- 
tion at 920°C were also investigated by 
XRD. As shown in Fig. 6b, the Ce+3 species 
obtained upon reduction at 920°C is pri- 
marily attributable to CeA103 (13, 23). The 
sample calcined at 800°C (Fig. 6a) consists 
mainly of PtO, CeOz, and r-A1,03, whereas 
the sample reduced at 920°C contains PtO, 
CeA103, and y-A1203. No Cez03 was de- 

tected in the reduced sample, as it is oxi- 
dized completely to CeOz when exposed to 
air (21-23). It should be noted that XRD 
gives no indication of formation of the Pt- 
CeOJA1203 complex, suggesting that the 
complex implied by the XPS data, if it ex- 
ists, is present on the surface only, unless it 
has an amorphous structure. 

The reversibility of CeA103 formation 
was further investigated by synthesizing 
bulk aluminate from y-alumina impregnated 
by an aqueous cerium nitrate solution and 
heating in H2 to 1000°C (23). This sample, 
containing 10 wt% CeA103 on AlzO3, was 
impregnated by an aqueous solution of 
HzPtCl,, resulting in a Pt loading of 10 wt%. 
XPS analysis of the u”’ peak in the Ce3d 
region indicated that, after calcination at 
5OO”C, approximately 65% of the cerium 
was in the form of CeO:! (Table 2). At the 
same time, the platinum species shows a 
Pt4f7/2 BE of ~72.6 eV which is close to 
that of PtO. The formation of the CeOz 
phase with residual CeA103 after the calci- 
nation is confirmed by XRD. Without Pt, 
the temperature has to be increased to at 

(a) 

1.5 2 3 4 

LATTICE SPACING 6, 

FIG. 6. X-ray powder diffraction pattern of I wt% Pt 
on 20 wt% CeOz/AlzO1: (a) after calcination at 8OO”C, 
(b) and reduction at 920”C(b); (A): y-alumina, (0): 
GO,, (0): CeAIO,, (A): PtO. 
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FIG. 7. TPR profiles of the system Pt/CeOz/y-alu- 
mina. 

least 800°C in order to oxidize CeAl03 to 
CeO? (13, 23, 25). It is thus apparent that 
the presence of Pt facilitates the oxidation 
of CeA103. The CeA103 phase is com- 
pletely restored by reduction at 92O”C, as 
indicated by XRD and by the disappearance 
of the u”’ peak in the Ce3d region (Table 2). 

3.2. TPR Analysis 

The TPR profiles of the system Pt/CeO,/ 
AllO3 are rather complex. The data are, 
however, qualitatively useful as supportive 
evidence for some of the component inter- 
actions. The TPR profile for CeOz in Fig. 7a 
shows two major peaks at approximately 
580, and above 8Oo”C, and a minor peak at 
about 450°C. The peak at 450°C is due to 
removal of surface oxygen (I), and the 
peaks at 580°C and above 800°C are attrib- 
uted, respectively, to formation of non- 
stoichiometric cerium oxides and of 
Ce203 (23). 

Since a Pt loading of 10 wt% on A1203 
exceeds the saturation concentration of 
fully dispersed Pt (-5 wt%), platinum in the 
particulate phase should be present. How- 
ever, calcination at 800°C would have de- 
composed the particulate phase of Pt ox- 
ides to bulk PtO, which cannot give any TPR 
signal. The major peak for 10% Pt/AI,O, at 
= 130°C (Fig. 7b) is attributed to dispersed 
Pt on alumina (PtO?-A1203 complex), coex- 
isting with bulk Pt”. This peak is known to 
move toward higher temperature as the Pt 
concentration decreases and approaches 
eventually -400°C at very low Pt loadings 
(27). The small peak at -400°C is attributed 
to a residue of the dispersed phase Pt in 
isolated patches. 

A TPR profile for 20 wt% CeOJA1203 is 
shown in Fig. 7c. This ceria loading ex- 
ceeds greatly monolayer coverage on alu- 
mina (=6 wt%) (I, 23), therefore, particu- 
late and dispersed phases of CeOz should 
coexist. The sample shows four poorly re- 
solved peaks at approximately 400, 600, 
75o”C, and a sharp peak above 800°C. 
These peaks are attributed to removal of 
surface oxygen from ceria, formation of 
nonstoichiometric cerium oxides from 
CeOz, formation of CeA103 from dispersed 
ceria on alumina, and formation of Ce203, 
respectively (23). The TPR profile for 5% 
Pt/CeO, (Fig. 7d) shows clearly the main 
peak of CeOz above 800°C (cf. Fig. 7a). The 
peak assigned to the formation of nonstoi- 
chiometric cerium oxides (normally around 
580-600°C) is not evident in the profile. The 
suppression of this peak is possibly a result 
of interaction between Pt and ceria. The 
peak at -200°C in the TPR profile (Fig. 7d) 
is considered to result from such an interac- 
tion between Pt and ceria. Compared with 
10% Pt/AlZ03, Pt on ceria has a higher re- 
duction temperature than given by the pri- 
mary Pt peak on alumina (- 130°C). 

A TPR profile of the ternary system, 10 
wt% Pt/A1203 containing 20 wt% CeOz, is 
shown in Fig. 7e. The 240°C peak is, within 
experimental error, characteristic of the 
Pt-CeO, interactive species (cf. Fig. 7d), 
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FIG. 8. TPR profiles of 3.6 wt% CeOZ/A1201 contain- 
ing Pt. 

whereas the peak at -400°C is deemed to 
originate from a small amount of dispersed 
Pt associated with alumina (27). Also, as 
shown in Fig. 7e, peaks assigned to the for- 
mation of CeA103 from the dispersed ceria 
(at =75oOC) and Ce203 from Ce02 (above 
900°C) are present. The absence of a peak 
around 130°C is taken as evidence that Pt 
on Al2O3 is present exclusively in the dis- 
persed phase. It should be noted that the 
Pt-CeO, interactive species is the predomi- 
nant species observed by XPS, while the 
Pt02-A1203 complex is not resolvable prob- 
ably because of low abundance. 

To examine the influence of platinum 
concentration on the interaction between Pt 
and ceria, TPR experiments were carried 
out with 3.6 wt% Ce02/A1203 containing 
varying amounts of Pt. As shown in Fig. 8a, 
3.6% Ce02/A1203 without Pt is described by 
five TPR peaks. The peak at -100°C is 
probably associated with adsorbed oxygen 

on alumina (1). The other four peak posi- 
tions are consistent with those observed for 
20% Ce02/A1203 (cf. Fig. 7~). Because of 
the relatively low concentration of particu- 
late phase ceria, the intensity of the peak 
assigned to the formation of CezOj (above 
800°C) is relatively low compared to the 
peak associated with the formation of 
CeA103 (at -760°C). 

When 4% Pt was added to 3.6% CeOz/ 
A1203, which corresponds to a Pt : CeOz 
atomic ratio of approximately 1 : 1, an addi- 
tional peak emerged at -250°C (Fig. 8b) 
which corresponds to the reduction temper- 
ature of Pt in 10% Pt/20% CeOJA1203 (Fig. 
7e). A small peak around 450°C is present 
which has previously been assigned to re- 
moval of surface oxygen of ceria on alu- 
mina. 

A concentration of 3.6 wt% Ce02 is able 
to cover only a small fraction of the alumina 
support. Since Pt-CeO, interaction is al- 
ready evident at a loading of 4 wt% Pt, it is 
apparent that Pt interacts preferentially 
with ceria in the presence of a much larger 
alumina surface. As the Pt concentration is 
increased to 8 and 10 wt% (Fig. 8c and d) 
the ceria surface becomes saturated. Addi- 
tional Pt then occupies the alumina surface. 
Thus, a new peak at -420°C characteristic 
of dispersed Pt on alumina, emerges at 
higher Pt loadings. The species attributed 
to coexistence of both the dispersed and 
particulate phases of platinum on alumina 
(5130°C in Fig. 7c) is not detected by TPR 
in any of these samples containing up to 10 
wt% Pt. It thus appears that addition of ce- 
ria facilitates Pt dispersion, in agreement 
with the literature (3, 7-9, 27). 

4. CONCLUDING REMARKS 

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

(1) A strong interaction between Pt and 
CeOz under oxidizing conditions at 800°C 
results in formation of Pt+2 in the surface, 
attributed to PtO. Under the same condi- 
tions, surface Pt on alumina is present in a 
Pt02-A1203 complex. When both ceria and 
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alumina are present, Pt interacts preferen- 
tially with ceria. 

(2) Upon reduction in H2 at 920°C Pt 
assists in the formation of CeA103 from 
Ce02/A1203, while Pt on the surface is pos- 
sibly associated with Ce+3 in a Pt-CeO., 
surface complex. 

(3) At SOO’C, Pt facilitates the bulk 
oxidation of CeA103/A1203 to Ce02/AlZ03, 
whereas Pt is oxidized to Pt+2 (PtO). 

Based on these observations, it is clear that 
Pt and cerium oxides are subject to mutual 
interaction. This interaction facilitates a re- 
versible formation of CeA103 and improves 
dispersion of Pt. 

It is of interest to compare the results for 
Pt/Ce02/A1203 reported here and for Pd/ 
Ce02/A1203, described in a companion pa- 
per (13). It was found that the interaction 
between Pt and Ce02 is intrinsically much 
stronger than that between Pd and Ce02. 
Both Pt and Pd assist in the formation of 
bulk CeA103 upon reduction at 920°C from 
Ce02/A1203. However, while Pd is reduced 
to its metallic state without appreciable in- 
teraction with cerium, Pt becomes stabi- 
lized as a surface complex. In the reverse 
reaction, metallic Pd dissociates O2 in ambi- 
ent air, which results in surface oxidation of 
CeA103 to CeOz. The interaction of Pt and 
cerium makes it necessary to heat Pt/CeO,/ 
A1203 to a higher temperature (500°C) to ac- 
complish the CeA103 oxidation. 
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