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The effects of adding Ce to 20-200 /~ diameter particles of Pt and Rh on planar A1203 and 
SiO2 substrates are examined using transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), and electron energy-loss spectroscopy (EELS), following treatments in H2 
and Oz atmospheres. Samples were transferred repeatedly between furnace and TEM so that the 
time evolution of the microstructure of individual particles could be followed. TEM shows that 
upon heating Pt alone on A1203 or SiO2 in H 2 , Pt forms cubic particles, while when Pt and Ce are 
codeposited, the Pt particles are about the same size but no longer have square outlines. XPS shows 
that the Pt peak shifted to Pt +2 when heated in Oz on both A1203 and SiO2 when Ce was present and 
returned to Pt ° after heating in H2. The Pt particles tend to shrink or disappear after heating in 02 
at 650°C, and this is much faster without Ce, showing that Ce retards the volatilization of Pt oxides. 
When Rh-Ce on A1203 of SiO 2 is heated in H2, Rh forms particles of no preferred shape. After 
heating in 02 to 600°C, Rh oxidizes to Rh203 and remains particulate on A1203, but spreads to a film 
on SiO2 in the presence of Ce. Upon reduction, RhzO 3 reduces to metallic Rh and forms particles 
of approximately the same size as the original particles on A1203 and larger than the original size 
on SiO2. Ce2Si207 has been characterized on SiO2 adjacent to Rh particles after reduction of an 
oxidized sample, but CeA103 has not been observed on AI203. © 1992 Academic Press, Inc. 

INTRODUCTION 

Cerium is added as a promoter to noble 
metals in the automotive catalytic con- 
verter. Several possible mechanisms of this 
promotion have been suggested, such as Ce 
preventing sintering of the catalyst parti- 
cles, increasing the dispersion of the cata- 
lyst (I), providing oxygen storage by shifting 
between Ce203 under fuel-rich conditions 
and C e O  2 under fuel-lean conditions (2--4), 
promoting the water-gas shift reaction (5, 
6), and stabilizing the alumina support (7). 

Cerium is typically present as either Ce + 3 
or  Ce +4. C e O  2 is the most stable form of 
Ce +4 in neutral or oxidizing atmospheres. 

1 This research was partially supported by NSF un- 
der Grant CBT-882745 and by a grant from Ford Motor 
Company. 

2 Supported by Amoco Fellowship. 
3 To whom correspondence should be addressed. 

Ce + 3, the most commonly observed reduced 
form, includes compounds such as  Ce203  

and Ce2S%O7, which have been observed 
using TEM for Rh-Ce on SiO2 (8), and 
CeA103, which has been reported for alu- 
mina supported catalysts following heating 
in H 2 at high temperatures (9). Both Pt and 
Pd have been shown to promote the reduc- 
tion of CeO2 to Ce203 in H2 or CO and also 
to promote the reoxidation back to C e O  2 by 
02 (10). P%Ce has been reported in Pt-Ce/ 
A1203 catalysts following heating in H2 at 
900°C (1). A Pt-Ce intermetallic compound 
has also been proposed for Pt/CeO2 cata- 
lysts following high-temperature reduction 
(11). A Pt-AI alloy has also been reported 
for Pt /AIzO 3 catalysts following treatments 
in hydrogen at high temperature (>500°C) 
(]2). 

We have examined both the Pt-Ce and 
Rh-Ce systems on planar y-AI203 thin films 
using transmission electron microscopy 
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(TEM). We contrast these results with pre- 
vious results on amorphous SiO2 (8, 13), 
where platinum formed cubes when heated 
in H z without Ce present and more rounded 
shapes of approximately the same size when 
Ce was present. Heating in O2 caused the 
Pt particles to become more rounded and 
smaller. After an initial reduction, Rh on 
SiO 2 formed metallic particles and Ce was 
present as an amorphous film. Heating in 
02 caused the Rh203 to spread on the SiO 2 
surface and crystalline CeO 2 particles to 
form. Further reduction caused larger Rh 
particles to form than were initially present 
and the CeO 2 to return to an amorphous film. 
We also examined both of these systems 
chemically using electron energy spectros- 
copy (EELS) and X-ray photoelectron spec- 
troscopy (XPS) with the metal catalyst and 
cerium deposited on films of alumina or sil- 
ica (8). We showed using XPS and EELS 
that Ce alternates between Ce +3 following 
heating in H 2 and Ce +4 after heating in 02 
while Rh switches between Rh ° and Rh +3 
on SiO2. We also used high-resolution TEM 
to show the existence of CezSi207 adjacent 
to Rh particles on Rh-Ce/SiO2 after exten- 
sive reduction following oxidation, and that 
CezSi207 was  stable even in oxidizing atmo- 
spheres at elevated temperatures. 

We use TEM to observe the microstruc- 
tures of the same particles after heating pla- 
nar samples in H2 and in O2 at atmospheric 
pressure for several hours. These conditions 
are more extreme, but for shorter times than 
the actual catalyst would encounter, so we 
would expect the changes in real catalysts 
to be somewhat different than we observed 
here. Using EELS, we can examine very 
small areas -30  A in diameter or larger areas 
of the TEM sample in the microscope and 
observe chemical shifts for Ce. XPS is 
highly surface sensitive and gives chemical 
shifts but has no lateral resolution. 

EXPERIMENTAL 

TEM samples were prepared by depos- 
iting Pt or Rh and Ce on thin planar films 
of ~/-AI203 or  SiO2, similar to techniques 

described previously (13). AI203 and SiO 2 

films were prepared by vacuum evaporation 
of -200 A of AI or Si onto a Formvar film 
which had been deposited on a gold micro- 
scope grid. The grid was then heated in O2 
to oxidize the AI or Si and burn off the 
Formvar. This produced a uniform film of 
crys ta l l ine  "y-A1203 or amorphous SiO 2. 
Thin films of about 30 A of Pt or Rh were 
then deposited by vacuum evaporation and 
heated in H 2 at 650°C to produce particles. 
Ce was also added by vacuum evaporation 
of a thin film followed by heating in H 2 . In 
some experiments metal and Ce were depos- 
ited on halves of the grid by masking the 
other half of the grid during evaporation. 
Using this technique, it was possible to have 
different metal and Ce loadings on the same 
microscope grid, which allows for direct 
comparison of different compositions (13). 

TEM was performed in a Philips CM30 
microscope. EELS was performed in the 
microscope using a Gatan model 666 spec- 
trometer with a 1024-channel photodiode 
array for parallel detection of the spectrum. 
Typical spectra were acquired in 5-10 min. 
For an incident electron beam energy of 300 
keV, the energy resolution was less than 2 
eV FWHM using entrance apertures to the 
spectrometer for sample areas from 30 to 
3000 A in diameter. 

XPS samples on planar SiO 2 supports 
were prepared by heating Si wafers in 02 
to oxidize the surface of the wafer. XPS 
samples with AI203 supports were prepared 
by vacuum evaporating -200 ,~ of AI onto 
a Si wafer and heating in 02 to oxidize the 
AI. Pt, Rh, and Ce were then vacuum evapo- 
rated onto these samples. XPS spectra were 
acquired using a Perkin-Elmer 5400 spec- 
trometer. Peak energies were calibrated rel- 
ative to carbon which was assumed to be 
284.6 eV. 

Samples were heated in flowing H 2 or 02 
in a tube furnace at atmospheric pressure. 
Typical conditions were heating in H2 at 
650°C followed by heating in O 2 and further 
heating in H 2 at gas flow rates of -50  cc/ 
min. Before analysis, samples were exposed 
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to ambient air after cooling following each 
heat treatment. This could have affected our 
results since oxidation of cerium is possible 
in ambient air. We show here sequences 
from single samples, but all results were re- 
peated on several different samples with re- 
sults consistent with those shown. 

RESULTS 

Microstructure o f  Pt-Ce 

Figure 1 shows TEM micrographs of Pt 
with and without Ce on an A1203 support 
following heat treatments in H2 and 02 at 
650°C for 6 hr. Figures la and lb show the 
same region from the half of the grid without 
Ce, while Ic and ld show the same area 
from a different region on the other half of 
the same grid with Ce present. Figures la 
and lc show the microstructures after heat- 
ing in H2, while lb and ld show the micro- 
structures of the same areas following heat- 
ing in 02. The arrows point to the same 
particles on each sample. 

As seen in Figs. la and lc, Pt forms cube 
shaped particles -100 ,~ in diameter on 
A1203 when heated in H2 both with and with- 
out the presence of Ce. The corners of the 
cubes are typically sharper when there is no 
Ce present. The sizes of the Pt particles do 
not appear to be altered by Ce, but there are 
more defects in the Pt particles when Ce is 
present. This is consistent with our previous 
observations of Pt-Ce on SiOR (13). The 
presence of Ce does not alter the lattice con- 
stant of Pt, and there was no evidence of 
any Pt-Ce compounds. Electron diffraction 
shows some crystalline CeO2 on AI203 al- 
though distinct CeO 2 particles are not visi- 
ble. This differs from our previous observa- 
tions on SiO2 in which no crystalline CeO 2 
was detected after heating in H2 (8). 

The most dramatic effect of Ce with Pt 
occurs after heating to high temperatures 
(650°C) in 02. As seen in Fig. ld, there is 
clearly some Pt remaining on the section 
where Ce was also deposited, although 
some particles are smaller or have disap- 
peared. The region without Ce shows almost 
no Pt remaining after heating in 02. EELS 

and energy dispersive spectroscopy (EDS) 
were used to confirm that there is no Pt 
remaining in the regions where it is not visi- 
ble. From these micrographs it is evident 
that Ce inhibits the loss o f  Pt from the A1203 
sample. This also occurs on SiO2. The re- 
maining Pt particles in Fig. ld do not have 
sharp corners. 

Microstructure o f  Rh-Ce 

Figure 2 shows the microstructures of 
Rh-Ce on A1203 of the same area following 
sequential heat treatments in H2, 02 ,02  for 
longer time, and again in H2. The arrows 
point to the same particles in the micro- 
graphs. 

After heating in H2 at 650°C for 6 hr (Fig. 
2a), Rh is metallic and forms - 100-A diame- 
ter particles of no preferred shape or orien- 
tation as previously observed on SiOz (13). 
The dark areas in the upper and lower left 
corners are from contrast in the alumina 
support and were used to locate the same 
area each time. 

As expected, heating this sample in O 2 
for 2 hr at 650°C (Fig. 2b) oxidizes the Rh, 
confirmed using XPS and electron diffrac- 
tion (not shown), and breaks up the CeO2 
film into particles. Electron diffraction (not 
shown) confirms the presence of crystalline 
CeO2. The RhzO3 remains as particles of 
nearly the same size as the metallic Rh parti- 
cles in Fig. 2a. Further heating in 02 for 2 
hr at 650°C (Fig. 2c) does not change the 
microstructure significantly from that in 
Fig. 2b. 

After heating this sample in Hz at 650°C 
for 10 hr (Fig. 2d), most of the CeO2 returns 
to a film and the Rh203 reduces to Rh metal. 
The Rh particles are nearly the same size 
and in the same positions as they were in 
Fig. 2a. The crystalline CeO2 particles 
which were visible in Figs. 2b and 2c have 
disappeared. 

Figure 3 shows the microstructure of Ce 
and Rh-Ce on SiO 2 as discussed elsewhere 
(8). The microstructures of Rh-Ce on both 
supports are similar after an initial heating 
in H2; the Rh is still present as metallic parti- 
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FIG. 1. TEM micrographs of Pt and Pt-Ce on alumina. Two regions with different loadings were 
prepared on the same TEM grid as sketched below. The upper micrographs show the microstructures 
after heating in H 2 at 650°C for 6 hr and the lower micrographs show the same areas after heating in 
02 for 6 hr at 650°C: (a) and (b) show a loading of 60 A of Pt; (c) and (d) show a loading of 60 ,~ of Pt 
and 45 A. ofCe. Pt volatilizes when heated in 02 when there is no Ce present. Ce inhibits the volatilization 
of Pt particles when heated in 02. 

cles of no  prefer red  shape  or o r i en ta t ion  
while  Ce is p re sen t  as an  a m o r p h o u s  film. 

H o w e v e r ,  there  are s ignif icant  d i f ferences  
b e t w e e n  the mic ros t ruc tu re s  on  SiO2 and 
AI203 suppor t s  fo l lowing heat ing  in 02.  On 

A1203, the Rh203 r e m a i n e d  as par t ic les  in 
approx ima te ly  the same pos i t ions  as the me- 

tallic Rh part ic les .  On SiO 2, however ,  the 
Rh203 spreads on the surface as a thin film 
in the presence o f  Ce. In  con t ras t ,  Rh203 
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Rh/Ce/A1203 

FIG. 2. TEM micrographs of Rh-Ce on alumina. All four micrographs are from the same area, with 
arrows identifying individual particles. The first micrograph, (a), shows the microstructures after 
heating in H2 at 650°C for 6 hrs, (b) shows the same area after heating in H2 for 2 hr, (c) is after heating 
in O 2 at 650°C for an additional 2 hr, and (d) is after heating in H2 at 650°C for 10 hr. RhzO3 does not 
spread on alumina as it does on silica. No CeAIO3 is observed. 

does  not  spread on  ei ther  suppor t  when  
there  is no  Ce present .  Af te r  oxidat ion,  crys-  
talline CeO 2 part icles are visible on both  
supports•  

Fur the r  heat ing o f  the oxidized samples 
in H 2 also demons t r a t e s  dif ferences  be tween  
the two suppor ts .  On  A1203, the Rh203 parti- 
cles were  r educed  to metallic Rh  part icles 
o f  approx ima te ly  the same sizes and in the 
same posi t ions  as after  the first H2 treat- 
ment .  On  SiO2, the Rh203 film was  r educed  
and fo rmed  Rh part icles  that  were  larger 

than the original Rh part icles and in different  
posi t ions.  This effect  was  o b s e r v e d  only  
when  Ce was  present .  

Oxidation and Reduction o f  Rh and Pt 

XPS shows that  Rh  oxidizes  to fo rm 
Rh203 when  heated  in 02 and reduces  to 
fo rm Rh ° when  hea ted  in H2 as expec ted .  
This occurs  on both  suppor t s  whe the r  or  
not  Ce is present .  The  measu red  binding 
energies for  the 3d5/2 peak  were  307.0 eV 



Ce / SiO2 Rh / Ce / SiO 2 

FIG. 3. TEM micrographs of Rh-Ce on silica. Two samples with different loadings were prepared on 
the same TEM grid. The top micrographs are after heating in H2 at 600°C for 14 hr, the middle 
micrographs are after heating in 02 at 600°C for 1 hr, and the bottom micrographs are after heating in 
H2 again at 600°C for 4 hr. (a)-(c) show a loading of 14 ,~ of Ce. Ce forms a continuous amorphous film 
which becomes granular in 02 . (d)-(f) show loadings of 8 .~, of Rh and 22 ,~ of Ce. The Ce forms many 
large CeO 2 particles after heating in 02 and the Rh oxidizes and spreads on the SiO 2 . Reduction in H 2 
produces much larger Rh particles and patches of C%Si207 adjacent to some Rh particles. 

288 
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FIG. 4. Pt 4fXPS spectra (Pt-Ce on SiO2 and Pt on 
SiOz) during a sequence of treatments in H 2 and O2. 
Both sets of spectra show that Pt is present as Pt metal 
after heating in H~. Pt oxidizes to Pt +2 after heating in 
02 when Ce is present but remains Pt ° after heating 
in 02 without Ce. Further heating in H 2 reduces the 
oxidized Pt to Pt °. 

after heating in H 2 and 308.2 eV after heating 
02. Both of these values are in agreement 
with previously reported values for Rh ° and 
Rh203 (14). 

Figure 4 shows the XPS spectra of Pt on 
SiO2 with and without Ce. Pt is in the metal- 
lic state after heating in Hz whether or not 
Ce is codeposited. Pt does not shift when 

heated in 02 when Ce is not present but 
shifts when there is Ce on either S i O  2 o r  

Al203. On  SiO 2 after heating in H2, the Pt 
4f7/2 peak had a binding energy of 70.9 eV, 
which is in agreement with reported values 
for Pt metal (15). However, after heating in 
02, the measured binding energy was 72.3 
eV for the sample with Ce, which is in 
agreement with some reported values for 
PtO (16-18) but not in agreement with oth- 
ers (19, 20), as discussed later. 

For Pt-Ce/AI203, the relative heights of 
the Pt and A1 peaks show a definite loss of 
Pt from the sample without Ce after heating 
in 02 which is due to volatilization of Pt 
oxides discussed previously. The shift in the 
Pt 4f7/2 peak to the binding energy of PtO 
when there is Ce on the sample is detectable 
o n  A1203,  but the Pt 4f peak is convoluted 
with the A1 2p peak, making quantitative 
analysis more difficult. The Pt 4d signal, 
which is not convoluted with AI, was too 
weak to be usable. 

Oxidation and Reduction of  Ce 

XPS and EELS were both used to study 
the oxidation states of Ce following different 
heat treatments. Figure 5 shows XPS spec- 
tra of Ce from samples with Pt on both sup- 
ports. Figure 6 shows EELS spectra of Ce 
from samples with Rh on both supports. Ce 
behaves differently on the two supports. On 
SiO 2, both XPS and EELS show that Ce is 
present as a C e  +3 species after heating in H 2 

followed by exposure to the ambient air at 
25°C. On A1203,  both EELS and XPS 
showed the presence of Ce + 4 following heat- 
ing in H 2 and subsequent exposure to the 
atmosphere at room temperature. 

Heating both samples in 02 caused the 
Ce to form CeO2 on both supports. Further 
heating in H2 caused both samples to return 
to their original states after heating in H 2 ,  

C e  +3 o n  S i O  2 , and Ce 4+ on AI203 . The over- 
all behavior of Ce was not affected by the 
presence of Pt or Rh on either support, al- 
though Ce2Si207 , a minor component, will 
not form if Pt or Rh is absent. 

EELS showed the same oxidation and re- 
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FIG. 5. Ce 3d XPS spectra (Pt-Ce on AI203 and Pt-Ce 
on SiO2) during a sequential treatment in H2 and O~. 
Ce is present as Ce +4 on AI203 regardless of treatment 
while Ce is transformed between + 3 and + 4 valence 
states by heating in H 2 and 02 , respectively, on SiO 2 . 

duction behavior of Ce on TEM samples as 
was observed by XPS. EELS showed C e O  2 

regardless of heat treatment o n  AI203  after 
exposure to the atmosphere. On SiO2, 
EELS shows a shift between C e  +3 following 
heating in H 2 and exposure to the atmo- 
sphere and CeO 2 following heating in 02. 
The Ce 3d edge has two sharp peaks called 
white lines which are the results of a high 
density of unfilled f-states (21). These white 
lines allow for accurate measurements of 
energy losses and chemical shifts. The high 
energy shoulder visible only in Ce +4 and the 
change in the relative heights of the two 
white lines are often more reliable indica- 
tions of a chemical shift than a change in en- 
ergy, which is subject to calibration errors. 

DISCUSSION 

Microstructure of  Pt-Ce 

Pt forms cubic particles o n  AI203  after 
heating in H 2 o n  either support when there 

is no Ce present. This is in agreement with 
our previous observations of Pt o n  S i O  2 (22). 
Others have also seen distinct (100) facets 
on micrometer-sized Pt droplets after heat- 
ing in vacuum and concluded that although 
the anisotropy of the surface energies of dif- 
ferent Pt planes is small under these condi- 
tions, the (100) plane has the lowest energy 
and that the environment can affect the par- 
ticle shape (23). When Ce is codeposited, 
the Pt particles still tend to form cubes, but 
the corners are not as sharp. Evidently, Ce 
reduces the anisotropy of the energies of the 
various crystal planes of Pt in H2, but the 
(I00) plane is still energetically favored. 
Since catalytic activity generally increases 
on surfaces with lower coordination, it is 
possible that Ce increases the catalytic ac- 
tivity of Pt in some reactions by exposing 
higher index planes. 

The loss of Pt from the sample as shown 
in Fig. 1 following heating in O 2 is most 
likely due to formation and volatilization of 

Ce 3d EELS Rh -Ce/AI20 ~ 

Ce+4 - - ~  
H 2 at 650'C 

__ Ce+4 - -  

I ! 
850 90{) 

Energy-Loss (eV) 

Ce 3d EELS /~ 1~7 eV Rh - Ce / SiO 2 

reduced ~- \ / ~ .  Ce ÷3 

~ ~ H 2 at 650'C "'m------- °xidized 02 C e + ~  at 650"C 

:o÷3 Ii 
i ! 

850 900 
Energy-Loss (eV) 

FIG. 6. Ce 3d EELS spectra acquired from large 
areas of Rh-Ce  on AI203 (top) and SiO2 (bottom) after 
initial reduction and oxidation at 650°C for 4 hr. No 
shift was observed on AI203 , while a shift of 1.7 eV in 
white line energies was measured between the H 2 and 
02 treatments on SiO 2. 
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Pt oxide, PtO2. XPS shows that Pt +z can 
be stabilized by the presence of Ce, but Pt 
oxides volatilize more readily when there is 
no Ce present. This has been observed on 
both A1203 and SiO2 supports. Heating in O2 
at 400-500°C did not oxidize Pt as shown by 
XPS and did not volatilize Pt particles as 
seen in TEM. Pt volatilization requires high 
temperatures and will occur when Ce is 
present, but to a much lesser extent than 
samples with no Ce. Thus, Ce stabilizes Pt 
oxides against volatilization at high temper- 
atures. 

A volatile oxide, PtO2, forms upon heat- 
ing Pt wire or foil in air or 02 (24, 25). From 
measurements above l l00°C, the vapor 
pressure of PtO2 at 650°C is approximately 
10 -1° atm as determined by extrapolating 
reported partial pressures of PrO2 (26) using 
the Clausius-Clapeyron equation. This cor- 
responds to a maximum evaporation rate 
of -20  monolayers per hour assuming no 
redeposition, which is fast enough to ac- 
count for the observed loss of Pt. The vapor 
pressure of Pt metal at 650°C, also found by 
extrapolation of reported vapor pressures 
(27), is about 10 -24 atm, too low for any 
appreciable evaporation. The addition of Ce 
alters the vapor pressure of the platinum 
phase, probably by forming a compound be- 
tween Pt and Ce with oxygen, from which 
the evaporation rate is much lower than 
PtO2. 

Microstructure o f  Rh-Ce  

Unlike Pt-Ce, Rh-Ce behaves differently 
on the two supports. As shown in Fig. 3e, 
Rh203 spreads on SiO2 when Ce is present 
but remains as Rh203 particles on AI203 as 
shown in Fig. 2b. An important conse- 
quence of the difference between the two 
supports is that the final size of the Rh parti- 
cles on SiO2 can be altered. Since the disper- 
sion of Rh203 and subsequent sintering into 
Rh particles following reduction does not 
occur on AI?O3, the size of the particles is 
fixed by their original size and cannot be 
changed as easily as it can on SIO2. The 
differences observed in the microstructure 

on the two supports are probably due to 
stronger interactions between the Rh and 
Rh203 with A1203 than with SiO 2. 

Another significant difference in the be- 
havior of Rh-Ce on the two supports is 
the formation of Ce2Si207 on SiO 2, but the 
absence of CeA103 on AI203. The large 
gray area in Fig. 3f has been identified as 
Ce2Si20 v using high-resolution TEM and 
discussed elsewhere (8). Ce2Si207 does not 
form in regions of the TEM sample without 
Rh and is only seen adjacent to Rh parti- 
cles. Ce2Si20 v and CeA103 are both stable 
in air, so if CeA103 were formed, we should 
be able to see it with TEM, EELS, or 
XPS. We have never observed Ce *3 as 
either Ce203 or CeA103 on A1203 with Pt 
or Rh or alone. 

Oxidation and Reduction o f  Rh and Pt 

Rh remains metallic after heating in H 2 
and oxidizes to Rh203 when heated in 02 on 
either support. This agrees with our pre- 
viously reported observations of Rh-Ce on 
SiO 2 (8). XPS results give the same binding 
energies for Rh ° and Rh203 as previously 
reported (14). The same binding energies 
were found on A1203 as on SiO 2 . 

On SIO2, there is a clear shift in the bind- 
ing energy of Pt with Ce after heating in 02 
which indicates that there is oxidized Pt on 
the surface as well as metallic Pt, visible as 
shoulders. We believe that we have pro- 
duced an amorphous Pt +2 species, most 
likely a form of PtO, by heating Pt-Ce sam- 
ples in 02, but we cannot conclusively iden- 
tify the species because we are not able to 
distinguish between different phases of Pt +2 
since we observe no diffraction rings. The 
binding energy of the Pt 4f7/2 peak was 70.9 
eV after heating in H2, in agreement with 
reported values for Pt ° (15). The binding 
energy of the sample did not change after 
heating in 02 without Ce. However, when 
Ce was also deposited on the sample, there 
was a shift in the Pt peak to 72.3 eV. Pt is 
known to exist as Pt °, Pt +2, or Pt +4 corre- 
sponding to Pt metal, PtO, and PtO2. Litera- 
ture values for PtO include 72.2 eV (16), 
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72.3 eV (17, 18), 73.3, eV (19), and 74.4 eV 
(20). Literature values for PtO2 range from 
73.6 eV (18) to 74.5 eV (16). We did not 
observe any shift to Pt +4. The value re- 
ported by Kim would be 73.9 eV if scaled to 
284.6 eV for C ls since he used a different 
reference. The other references used agree 
with ours to within 0.1 eV. Hilaire was the 
only one who produced PtO by heating in 
02 and could only produce it when another 
metal was present. Hammond and Kim both 
prepared PtO electrochemically. Hecq pre- 
pared PtO by sputtering deposition and 
Fleisch studied reduction of PrO powder. 
Our value of 72.3 eV does not agree with the 
values of Kim and Fleisch, but does agree 
with the others. Hammond also reported a 
binding energy of 72.4 eV for Pt(OH)2 and a 
value of 72.3 eV for a surface Pt oxide spe- 
cies with a thickness of 8.0 .A or less and for 
the decomposition of PtO 2 . 

The presence of Ce with Pt is essential to 
produce a Pt chemical shift. This must be 
because Ce either stabilizes Pt oxide or cata- 
lyzes the oxidation of Pt. Others observed 
that Pt would remain metallic when alone 
and heated in 02, but could oxidize if a suf- 
ficient amount of Pd, Ru, or Ir were present 
(17), They did not examine the effect of Ce, 
but our observation is consistent with theirs. 
Apparently, the presence of another metal 
which is more easily oxidized, including Ce, 
can facilitate oxidation of Pt. Others pro- 
posed oxidation of Pt on Pt-Ce/A1203 cata- 
lysts but did not show any direct evidence 
to confirm this conclusion (28). Summers 
and Ausen concluded that Ce promotes the 
oxidation of Pt based on infrared spectro- 
scopic investigations of CO chemisorption 
over Pt and Pt-Ce/AI203 catalysts, but they 
did not present direct evidence of Pt oxida- 
tion, nor did they discuss the nature of the 
resulting oxide (1). Others have used Raman 
spectroscopy to confirm the existence of 
PrO (29) and concluded that highly dis- 
persed Pt supported on  "y-Al203 is present 
as an amorphous oxide after calcination 
(30), but these catalysts did not contain Ce. 
A study of Pt/CeO 2 catalysts showed the 

formation of Pt +2 by heating in O2 at 373°K 
and reduction of the oxide by heating in 
vacuum at 800°K (3l), but this was for a 
CeO2 support, not  AI203 or SiO 2. 

Oxidation and Reduction of  Ce 

The major difference in the behavior of 
Ce on the two supports was that Ce formed 
an amorphous Ce +3 species following heat- 
ing in H 2 on SiO 2 while it was always ob- 
served as crystalline CeO 2 on  A1203. This 
does not rule out the possibility of Ce being 
effective for oxygen storage since CeO 2 
could have reduced in H 2 and reoxidized in 
ambient air and since only a small fraction, 
about 1-2%, is active in oxygen storage, 
even in the presence of Pt or Rh (32). 

Others have shown that Ce can form 
Ce203 on  AI203 following heating in H 2 (3). 
Our observations are not necessarily incon- 
sistent with these because we believe that 
Ce203 was probably formed in our samples 
upon heating in H 2 and oxidized after expo- 
sure to air at room temperature. The fact 
that we observe Ce203 on  SiO 2 after heating 
in U 2 and exposure to air shows that Ce203 
does not oxidize as easily on S iQ  as it does 
on AI203 . 

Others have observed CeAIO 3 on CeO2/ 
A1203 samples by heating in H 2 at tempera- 
tures higher than 600°C (9). They state that 
Ce203 would not form because it is less ther- 
modynamically stable than CeA103 and that 
CeA103 shows thermal stability in air up to 
600°C. Since we did not observe CeA103 in 
our samples after heating in H2 at 650°C and 
exposure to ambient air, we conclude that 
we did not form significant CeAIO 3 . This is 
consistent with their observations for CeO 2 
particles, which they state would not form 
CeA103 at reduction temperatures below 
800°C. We have not studied this system at 
temperatures over 800°C where they were 
able to observe reduction of CeO2 particles 
to CeAIO 3 . 

SUMMARY 

Pt oxidizes in the presence of Ce to Pt +2 

when heated in 02. The presence of Cesta-  
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bilizes the Pt oxide formed so that the loss 
of Pt due to volatilization of the oxide is 
slowed by the presence of Ce. Similar be- 
havior is seen on both A1203 and SiO2. 

Unlike Rh-Ce/SiO 2 , there is no redisper- 
sion of Rh203 on AI203 when heated in 02 
in the presence of Ce. Rh and Rh203 are 
much less mobile on A1203, making redis- 
persion and sintering between particles im- 
possible. However, on SiOz, Rh203 spreads 
on the surface as a film. This allows for 
redispersion of Rh particles after heating in 
H2 at low temperatures and sintering of Rh 
particles following heating at high tempera- 
tures. 

Another difference between Rh-Ce/SiO2 
and Rh-Ce/AIzO 3 is the formation of 
Ce2Si207 on SiO 2 and the absence of CeA103 
on A1203 for comparable treatments. On 
SiO2, Ce forms Ce203 following heating in 
H 2 which remains as Ce203 after exposure 
to air. On A1203, Ce probably forms Ce203 
when heated in H2, but oxidizes to CeO 2 
upon exposure to ambient air. Ce will form 
CeO2 following heating in 02 on either 
support. 
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