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with the support to form CeAlO3 upon annealing at 1273 K in air. Heating CeO2/YSZ(100) in air at 1273 K
caused the ceria thin film to agglomerate into bar-shaped features which were re-dispersed by subsequent
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YSZ(100) and α-Al2O3(0001) 
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a Department of Chemical and Biomolecular Engineering, University of Pennsylvania, Philadelphia, PA 19104, USA 
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Abstract 

The morphology and reducibility of vapor-deposited ceria films supported on yttria-

stabilized zirconia (100) (YSZ(100)) and α-Al2O3(0001) single crystals were studied using X-ray 

photoelectron spectroscopy (XPS) and atomic force microscopy (AFM).  The results of this 

study show that the gas environment has a significant effect on the structure of the ceria films on 

both substrates.  CeO2 films on α-Al2O3(0001) were found to be stable in a reducing 

environment at temperatures up to 1000K, but underwent agglomeration and reaction with the 

support to form CeAlO3 upon annealing at 1273 K in air.  Heating CeO2/YSZ(100) in air at 1273 

K caused the ceria thin film to agglomerate into bar-shaped features which were re-dispersed by 

subsequent annealing in vacuum.  Interactions at the CeO2-YSZ interface were also found to 

dramatically enhance the reducibility of ceria films supported on YSZ(100). 

 

Keywords: Ceria, Zirconia, Al2O3; X-ray photoelectron spectroscopy; Atomic force microscopy. 
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1. Introduction 

Ceria is an important component in automotive emissions-control catalysis where its 

ability to store and release oxygen is used to compensate for changes in the partial pressure of 

oxygen and maintain the stoichiometric oxygen-to-fuel ratio which is required for optimal 

catalyst performance [1-8].  This so-called oxygen storage capacity (OSC) of ceria relies on the 

ability of the cerium cations to cycle between +4 and +3 oxidation states under oxidizing and 

reducing conditions.  These redox properties of ceria are known to be influenced by interactions 

with other metal oxides such as zirconia [1-3,9].  Indeed, ceria supported on zirconia and mixed 

oxides of ceria and zirconia have higher oxygen storage capacity than ceria alone [3,9-12].  The 

interest in interactions between ceria and zirconia also extends to solid oxide fuel cells where 

ceria is commonly used as an anode oxidation catalyst which is in contact with the oxygen, ion-

conducting electrolyte, yttria-stabilized zirconia (YSZ) [13-18].  Interactions between ceria and 

alumina are also important in automotive catalysts where it has been shown that ceria can help 

stabilize the surface area of the γ-Al2O3 support [19,20,21].  Several studies indicate that this 

stabilization results from the formation of cerium aluminate (CeAlO3) and that the extent of the 

stabilization depends on a variety of factors including ceria dispersion, temperature, and gas 

environment [19-23].  

 Due to the importance of ceria in these applications, the reactivity of model catalysts 

consisting of ceria films on single crystal YSZ and α-Al2O3 supports has been the subject of 

several previous studies [9,20,21,24-32].  When YSZ(100) and YSZ(110) are used as the 

substrate, vapor deposited ceria films have been shown to grow epitaxially.  In contrast, when the 

support is α-Al2O3(0001) polycrystalline films are produced [9,28,30].  These studies also 

suggest that interactions at the ceria-substrate interface can influence both the reducibility and 
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reactivity of the ceria.  For example, our previous TPD results have indicated that polycrystalline 

CeO2 films supported on α-Al2O3(0001) are stable in vacuum to temperatures in excess of 1000 

K  while, epitaxial CeO2 films supported on YSZ(100) partially reduce upon heating to only 750 

K [29].  It should be noted, however, that this conclusion was based on indirect evidence and 

XPS results where not completely consistent with this conclusion and indicated that CeO2 films 

on both YSZ(100) and  α-Al2O3(0001) were partially reduced upon heating to 750 K in vacuum 

with the extent of reduction being higher for CeO2/YSZ(100).  It was speculated that this 

discrepancy between the XPS and TPD results was due to prolonged exposure of the samples 

used in the XPS experiments to air, resulting in carbon contamination which may have acted as a 

reductant.  

 In a recent letter we have reported the initial results of an atomic force microcopy (AFM) 

study that showed that the structure of ceria films on YSZ(100) is dependent on both gas 

environment and temperature [33].  Annealing a 4 nm thick, epitaxial CeO2 film on YSZ(100) in 

air at 1273 K resulted in agglomeration of the ceria into well-defined, bar-shaped islands.  

Subsequent annealing in reducing atmospheres caused the ceria islands to partially redistribute 

over the surface of the YSZ(100) support.  In the work reported here we provide a more detailed 

description of our studies of the effect of temperature and gas environments on the structure and 

stability of ceria films on YSZ(100) and have expanded these studies to include ceria films 

supported on α-Al2O3(0001).  XPS results obtained using more carefully controlled conditions 

than in our previous study are also presented and provide a definitive answer to the question of 

the thermal stability of CeO2 films on YSZ(100) and  α-Al2O3(0001) in vacuum.  
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2. Experimental Methods 

Ceria films, 4 nm in thickness, were grown on YSZ(100) and α-Al2O3(0001) substrates 

(MTI Corporation) by initially depositing a layer of cerium metal using an evaporative cerium 

source followed by annealing in oxygen or air.  A quartz crystal film thickness monitor was used 

to determine the film thickness during growth.  Two separate vacuum chambers were used for 

ceria film deposition.  One chamber consisted of a multi-technique, ultra-high vacuum (UHV) 

surface analysis system with a base pressure of 1x10-10 Torr that was equipped with an 

evaporative Ce source, a film thickness monitor (Maxtek), ion sputter gun (Physical Electronics), 

X-ray source (VGMicrotech), and hemispherical electron energy analyzer (Leybold–Heraeus). 

This chamber was also equipped with a load-lock for rapid introduction of samples into the 

system.  The other chamber was used exclusively for film deposition and was equipped with an 

evaporative cerium source and a film thickness monitor (Maxtek) and had a base pressure of 

1x10-8 Torr.  

In the UHV system, the YSZ(100) and α-Al2O3(0001) substrates were cleaned using 

cycles of sputtering with 2 kV Ar+ ions for 30 min followed by annealing at 750 K for 60 min, 

until the surface was free of impurities as determined by XPS.  For both substrates cerium metal 

was deposited using the evaporative cerium source with the sample held at room temperature.  

The sample was then annealed in 1x10-7 Torr of O2 at 450 K for 15 min.  This oxidation 

treatment produced fully oxidized CeO2 films as judged by XPS.  One of the CeO2/YSZ(100) 

samples was prepared in the dedicated film growth chamber.  For this sample, a previously 

cleaned YSZ(100) support was initially annealed at 973 K in order to desorb water and other 

adsorbed species.  A cerium film was then deposited using the evaporative cerium source with 
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the sample held at room temperature.  This sample was then removed from vacuum and annealed 

in air at 773 K in order to insure that the CeO2 layer was fully oxidized.  

The binding energy scale in the XPS spectra was referenced to the O(1s) photoemission 

peak which was set at 529.6 eV.  Atomic force microscopy (AFM) was used to characterize the 

morphology of the ceria films as a function of pretreatment conditions.  All AFM experiments 

were performed in air using a Digital Instruments Nanoscope operated in the tapping mode. 

 

3. Results 

3.1. XPS 

3.1.1. CeO2/YSZ(100) 

Ce(3d) XP spectra obtained from a CeO2/YSZ(100) sample that was prepared in the 

UHV system as a function of sample pre-treatment conditions are displayed in Figure 1.  As 

described in the experimental section, the 4 nm ceria film was grown by depositing cerium metal 

followed by annealing in 10-7 Torr of O2 at 450 K for 15 min.  Spectrum A in the figure was 

obtained after heating the as-grown ceria film to 600 K.  This spectrum is consistent with that 

reported in the literature for Ce+4 [34-39].  The peaks corresponding to the 3d3/2 and 3d5/2 states 

are labeled u and v, respectively.  The u´´´/v´´´ doublet is due to the primary photoemission 

process, while the u/v and u´´/v´´ doublets are shakedown features resulting from transfer of one 

or two electrons from the filled O(2p) orbital to an empty Ce(4f) orbital during photoemission 

[34-39].   

Heating the CeO2/YSZ(100) sample to 750 K (spectrum B) did not produce any 

significant changes in Ce(3d) spectrum, which was still indicative of Ce+4.  Heating to 825 K, 

however (spectrum C), resulted in the appearance of two new sets of doublets which are labeled 
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u´/v´, u0/v0 in the figure.  These peaks are in positions consistent with those reported in the 

literature for Ce3+ cations [34-39].  The u´/v´ doublet is due to the primary photoemission 

process while the u0/v0 doublet is a shakedown feature.  The appearance of these peaks 

demonstrates that partial reduction of the ceria layer occurs upon heating to 825 K in vacuum.  

Heating the sample to 900 K caused more substantial reduction of the ceria film.  The XP 

spectrum obtained after heating to this temperature (spectrum D) is dominated by the peaks due 

to Ce3+.  These XPS results are consistent with those reported previously by Ferrizz et al. [29] 

and show that CeO2 films supported on YSZ(100) undergo reduction to Ce2O3 upon heating to 

900 K in vacuum.   

Ce(3d) XP spectra obtained from a CeO2/YSZ(100) sample that was annealed in air, 

rather than vacuum, have been reported previously  [33].  In this earlier study it was found that 

the Ce(3d) spectrum of a freshly prepared CeO2/YSZ(100) sample that was annealed in air at 773 

K for 12 hrs was nearly identical to that obtained from the ceria film annealed in 10-7 Torr of O2 

at 450 K for 15 min shown in Figure 1.  As shown in Table 1, which lists the Ce(3d)/Zr(3d) peak 

area ratio for this sample as a function of pretreatment conditions, annealing this sample in air at 

1273 K for 12 hrs, however, produced a decrease in the Ce(3d)/Zr(3d) peak area ratio from 20.6 

to 2.3.  This result suggests a change in the morphology of the ceria film upon heating to 1273 K 

in air.  The AFM results presented below confirm this and show that the ceria film agglomerates 

into particles upon annealing in air at high temperatures.  

Heating the CeO2/YSZ(100) sample that had previously been annealed in air at 1273 K to 

873 K in vacuum for 2 hrs caused complete reduction of the CeO2 film to Ce2O3 [33] but had 

little effect on the Ce(3d)/Zr(3d) peak area ratio(Table 1).  This result is consistent with the data 

shown in Figure 1 for the sample that was annealed in 10-7 Torr of O2 and again demonstrates the 
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reduction of the YSZ-supported ceria films upon heating to temperatures in excess of 873 K in 

vacuum.  Further annealing of this sample in vacuum at 973 K for 4 hours resulted in an increase 

in the Ce(3d)/Zr(3d) peak area ratio from 2.2 to 4.1.  This observation suggests further changes 

in the morphology the ceria layer.  The AFM results presented below demonstrate that re-

dispersion of the ceria layer occurs upon heating in vacuum.   

 

3.1.2. CeO2/α-Al2O3(0001) 

 XPS was also used to characterize ceria films supported on α-Al2O3(0001).  Figure 2 

shows Ce(3d) XP spectra as a function of annealing temperature obtained from a CeO2/α-

Al2O3(0001) sample that was prepared in the UHV chamber.  Spectrum A in this figure 

corresponds to a freshly prepared CeO2/α-Al2O3(0001) sample that had been briefly heated to 

550 K.  This spectrum contains the u´´´/v´´´, u´´/v´´, and u/v doublets for Ce+4 indicating a fully 

oxidized ceria layer.  In contrast to the CeO2/YSZ(100) sample, heating the CeO2/α-Al2O3(0001) 

sample to 900 K in vacuum did not result in the reduction of the ceria layer and the spectrum (D) 

obtained after heating to this temperature was still indicative of Ce+4.  Furthermore, even after 

heating the CeO2/α-Al2O3(0001) sample to 1000 K in vacuum, the XP spectrum (E) still showed 

primarily Ce+4.  Heating in vacuum also did not cause a change in the Ce(3d)/Al(2p) peak area 

ratio for this sample.  As noted in the introduction, in a previous study it was observed that some 

reduction of a CeO2 film on α-Al2O3(0001) occurred upon heating in vacuum to only 750 K . It 

was thought, however, that this result may have been due to surface carbon contamination.  The 

results presented here, therefore, provide a more definitive answer to the question of the 

reducibility of CeO2 films on α-Al2O3(0001) upon heating in vacuum and show that CeO2/α-

Al2O3(0001) is stable to temperatures in excess of 1000 K.   
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 The effect of annealing a CeO2/α-Al2O3(0001) sample in air was also studied. Figure 3 

displays XP spectra obtained from a CeO2/α-Al2O3(0001) sample annealed in air at temperatures 

up to 1273 K.  Spectrum A in this figure corresponds to a freshly prepared sample that was 

annealed in air at 773 K.  This spectrum is indicative of Ce+4 demonstrating that that the ceria 

film is fully oxidized.  Annealing this sample in air at 973 K for 12 hrs produced a large decrease 

in the intensity of 3d peaks from Ce+4 as shown by spectrum B in Figure 3.  Table 2 lists the ratio 

of the area of the Ce(3d) peak to that of the Al(2p) peak from the substrate for the samples in 

Figure 4.  Note that the Ce(3d)/Al(2p) ratio decreased from 97 to 7 upon increasing the annealing 

temperature from 773 to 1273 K.  As was also the case for the CeO2/YSZ(100) sample, this 

result indicates a change in the morphology of the ceria film.   

Annealing the CeO2/α-Al2O3(0001) sample in air to higher temperatures resulted in 

reduction of a significant fraction of the Ce cations from +4 to +3 and relatively small changes in 

the Ce(3d)/Al(2p) ratio.  Spectrum C was obtained after annealing in air at 1273 K for 12 hrs and 

contains peaks for both oxidation states. Furthermore, heating this sample in vacuum to 873 K 

resulted in further reduction of the ceria (spectrum D).  The most likely explanation for these 

results is that under oxidizing conditions ceria and alumina react at temperatures near 1073 K to 

form CeAlO3.  Note that the results in Figure 3 show that this reaction does not occur when a 

CeO2/α-Al2O3(0001) sample is heated to 1000 K in vacuum.  Thus, the oxidizing environment 

plays a role in promoting the formation of the cerium aluminate.   

 

3.2 – AFM 

AFM was used to characterize the structure of the ceria films on the YSZ(100) and α-

Al2O3(0001) substrates as a function of the pretreatment conditions.  Figure 4 displays 1 μm x 1 
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μm AFM images of the CeO2/YSZ(100) sample.  Panel A in this figure corresponds to a freshly 

prepared CeO2/YSZ(100) sample that was annealed in air at 773 K.  The image shows a fairly 

smooth surface, with a rms roughness of 0.7 nm which is similar to that of the clean YSZ(100) 

surface prior to ceria deposition and indicates that the ceria film completely covers the surface.  

This result is consistent with previous studies that show that vapor-deposited ceria films grow 

epitaxially on YSZ(100) [9,28,30].   

The AFM image of the CeO2/YSZ(100) sample after annealing at 1273 K in air is 

displayed in Figure 4-B.  This image shows that the heat treatment caused the ceria to 

agglomerate into well-defined bar-shaped structures that are aligned with several distinct 

crystallographic directions suggesting that the bars maintain an epitaxial arrangement with the 

YSZ substrate.  Agglomeration of the ceria film is consistent with the decrease in the 

Ce(3d)/Zr(3d) peak area ratio in the XPS spectra upon heating a CeO2/YSZ(100) in air (Table 1).  

Analysis of the AFM image reveals that the agglomerates have a relatively uniform height (~18 

nm) and width.  We have previously shown that the volume occupied by the bar-shaped features 

roughly corresponds to the amount of ceria deposited on the substrate and that these features can 

be dissolved in nitric acid [33].  Based on these observations it was concluded that the bar-

shaped features are composed of ceria rather than a mixed oxide of ceria and zirconia.  

Heating the sample containing ceria agglomerates in vacuum at 973 K caused partial re-

dispersion of the ceria, as shown in Figure 4-C.  This AFM image shows that the morphology of 

the surface features has dramatically changed, with the bar-shaped agglomerates becoming 

broader and much more irregular in shape.  This is consistent with the XPS data presented in 

Table 1 which showed an increase in the Ce(3d)/Zr(3d) ratio after heating the sample in vacuum. 
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Figure 5 displays 1 μm x 1μm AFM images of the CeO2/α-Al2O3(0001) sample after 

several different pre-treatments.  The AFM image obtained after ceria deposition and oxidation 

in air at 773 K shows that the surface is covered with round features approximately 40 nm in 

diameter.  These features were absent in images obtained form the clean α-Al2O3(0001) substrate 

indicating that they are due to the ceria layer.  The observation that the ceria film does not grow 

in a layer-by-layer fashion is consistent with the fact that vapor-deposited ceria films α-

Al2O3(0001) are polycrystalline [9,28,30]. 

An AFM image obtained after annealing the CeO2/α-Al2O3(0001) sample at 1273 K in 

air for 12 hrs is shown in Figure 5-B.  The round, ceria features observed after annealing at lower 

temperatures have coalesced to form a fewer number of larger features with a similar shape.  

Relatively large triangular pyramid shaped features have also appeared that have a lateral 

dimension of ~0.25 μm.  As noted above, the XPS results show that annealing the CeO2/α-

Al2O3(0001) sample in air at 1273 K induces the reduction of a significant fraction of the ceria 

cations from +4 to +3 suggesting the formation of CeAlO3.  Cerium aluminate has a cubic 

perovskite structure.  Growth of CeAlO3 particles with the (111) plane parallel to the (0001) 

surface of the α-Al2O3(0001) would be expected to produce triangular pyramid shaped features 

(i.e. the corners of a cube coming out from the surface).  Thus, one interpretation of this image is 

that the round shaped features are composed of either CeO2 or CeAl1-xO3-x (x ≤ 1) and the 

pyramids are composed of CeAlO3.   

Heating the CeO2/α-Al2O3(0001) sample that was previously annealed in air that 

contained the pyramid shaped features in vacuum to 973 K caused additional changes in the 

morphology of the ceria film.  In addition to the pyramids, long triangular bar-shaped features 

have emerged.  Since the XPS results show that this sample contains primarily Ce+3, these bar-
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shaped features are also likely to be composed of CeAlO3.  The XPS results also suggest that the 

round features cannot be composed of CeO2.  While a sub oxide of ceria such as Ce2O3 is a 

possibility this assignment is not consistent with the XPS results in Figure 2 that show that CeO2 

films on α-Al2O3(0001) do not undergo reduction upon heating to 973 K in vacuum.  While 

additional study is needed in order to obtain a definitive assignment, the data suggests that the 

round features in image C are composed of CeAl1-xO3-x (x ≤ 1). 

 

4. Discussion 

 The results obtained in this study provide considerable insight into the structure and 

thermal stability of ceria films supported on both YSZ(100) and α-Al2O3(0001).  The AFM 

studies show that vapor deposition of cerium metal followed by oxidation under relatively mild 

conditions produces a continuous CeO2 film on YSZ(100).  This result is consistent with 

previous X-ray diffraction [28]and TEM [9] studies that have shown that vapor-deposited CeO2 

forms an epitaxial overlayer on YSZ(100).  Epitaxial growth is facilitated by the fact that YSZ 

and ceria both have cubic fluorite structures and a relatively small lattice mismatch of 5.5 % 

[28].  In contrast to CeO2/YSZ(100), vapor-deposited ceria films on α-Al2O3(0001) were 

composed of round ceria islands.  This result is also consistent with previous studies that have 

shown that vapor deposition produces polycrystalline CeO2 films on α-Al2O3(0001) [9]. 

For both CeO2/YSZ(100) and CeO2/α-Al2O3(0001) the structure of the ceria layer was 

found to be influenced by annealing under oxidizing and reducing environments.  Annealing a 

CeO2/YSZ(100) sample in air at 1273 K caused the ceria film to agglomerate into bar-shaped 

structures that are aligned with distinct crystallographic directions of the YSZ(100) support.  As 

noted in a previous letter [33], the fact that the ceria film undergoes some structural 
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modifications upon annealing in air is not particularly surprising.  The extent of the structural 

changes and the temperature range in which they occur, however, is unusual. Given that CeO2 

has a melting temperature of 2875 K one would expect a high degree of structural stability for a 

ceria film under oxidizing conditions.  The AFM results show that this is not the case and that 

the CeO2 film on YSZ(100) undergoes agglomeration into oriented bar shaped features upon 

annealing in air at only 1273 K.  Furthermore, this agglomeration is at least partially reversible 

by annealing in vacuum at temperatures as low as 873 K.  These results may have implications 

for catalytic applications which make use of ceria-zirconia interfaces.  For example, in 

automotive emissions control systems the air-to-fuel ratio in the engine exhaust undergoes 

transients from the desired stoichiometric value required for complete combustion of residual 

hydrocarbons and CO into both fuel rich (i.e. reducing) and fuel lean (i.e. oxidizing) conditions.  

The results of this study suggest that these oscillations in the air-to-fuel ratio may be 

accompanied by changes in the structure of the ceria/zirconia component of the catalyst.  

The AFM results obtained in this study also show that CeO2 films on α-Al2O3(0001) 

undergo restructuring upon annealing in air at 1273 K resulting in the formation of large ceria 

clusters and triangular pyramidal and long triangular bar-shaped features.  The fact that XPS 

showed that annealing in air was accompanied by reduction of a significant fraction of the Ce 

cations from +4 to +3 suggests that reaction of the ceria with the alumina substrate to form 

CeAlO3 is the driving force for this agglomeration process.  This conclusion is consistent with 

previous studies of the interaction of ceria with high surface area γ-Al2O3 [20,21,40].  For 

example Damyanova et al. [20] and Shyu et al. [21] report that calcining samples consisting of 

low loadings of CeO2 (<6 wt.%) on γ-Al2O3 in air at 1073 K results in partial reduction of the 

ceria.  This was attributed to a strong interaction between the ceria and the alumina support and 
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the formation of a cerium aluminate “precursor” which is easily converted to CeAlO3 upon 

reduction in H2 at temperatures above 800 K [20,21].  This latter observation is also consistent 

with the results presented here.  The XPS spectrum of the air-annealed CeO2/α-Al2O3(0001) 

sample contained both Ce+3 and Ce+4, while only Ce+3 was observed after annealing this sample 

in vacuum at 873 K.  It is interesting that in spite of the fact that the cerium cations undergo 

reduction, an oxidizing environment appears to be necessary in order to initiate the formation of 

CeAlO3 from CeO2 films supported on alumina.  Note that the XPS data in Figure 2 shows that 

CeO2/α-Al2O3(0001) samples that have not been previously annealed in air (or oxygen) at 

temperatures above 450 K are stable upon heating to 1000 K in vacuum.   

Finally, this study serves to further demonstrate that interactions between ceria and an 

oxide support can dramatically influence the reducibility of the ceria. CeO2 films supported on 

α-Al2O3(0001) were found to be stable upon heating to 1000 K in vacuum and XP spectra of a 

sample treated in this manner contained predominantly Ce+4.  This is in contrast to epitaxial 

CeO2 films on YSZ(100) which were found to be reduced upon heating to temperatures in excess 

of 825 K in vacuum [29,33].    In the present study, oriented CeO2 particles supported on 

YSZ(100), which were formed by annealing a CeO2/YSZ(100) sample in air at 1273 K, were 

also found to undergo reduction to Ce2O3 upon heating to only 873 K in vacuum.  

 The observation of the reduction of CeO2 supported on YSZ(100) at relatively low 

temperatures is quite surprising in light of the fact that bulk thermodynamics predicts that CeO2 

should be stable under the conditions used in our experiments.  For example, based on the 

equilibrium constant for the reduction of CeO2 to CeO1.83 [41-43] the onset of reduction of CeO2 

at 825 K should occur at an oxygen partial pressure of ~10-28 atm.  This is well below the PO2 in 

our UHV system, which was estimated to be ~10-15 atm via mass spectrometry.  For this PO2 
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equilibrium calculations predict that the onset of reduction of CeO2 should occur near 1200 K.  

This prediction is consistent with the results obtained here for CeO2/α-Al2O3(0001) which 

remained fully oxidized upon heating to 1000 K in UHV and with a previous study that showed 

that the onset of O2 desorption from a CeO2(111) single crystal in UHV indeed occurs near 1200 

K [44].  

 

5. Conclusions 

The results of this study provide insight into the effect of temperature and gas 

environments on the structure of ceria films supported on YSZ(100) and α-Al2O3(0001).  Vapor-

deposited ceria films on YSZ(100) form epitaxial overlayers that are stable in oxidizing 

environments at temperatures up to 825 K.  At higher temperatures, under oxidizing conditions 

YSZ(100)-supported ceria undergoes agglomeration forming oriented, bar shaped structures.  

Subsequent annealing in vacuum at 973 K causes partial redistribution of the ceria film over the 

YSZ(100) surface.  Polycrystalline ceria films on α-Al2O3(0001) were also found to agglomerate 

upon annealing in air at 973 K.  Annealing at higher temperatures (1273 K) in air caused a 

reaction between the ceria and the alumina substrate to produce CeAlO3.  

Significant differences in the reducibility of ceria films on YSZ(100) and α-Al2O3(0001) 

were also observed.  α-Al2O3(0001) supported CeO2 remained fully oxidized upon heating to 

1000 K in vacuum, while YSZ(100) supported CeO2 was reduced to Ce2O3 upon heating to only 

825 K in vacuum.  
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Pre-treatment Ce(3d)/Zr(3d)
Annealed in air at 773 K 20.6 
Annealed in air at 1273 K 2.3 

Annealed in vacuum at 873 K 2.2 
Annealed in vacuum at 973 K 4.1 

 
Table 1. 

Ratio of the areas of the Ce(3d) and Zr(3d) peaks for the CeO2/YSZ(100) sample as a function of 
pretreatment conditions.  

 
 
 
 
 
 
 
 
 
 
 
 

Pre-treatment Ce(3d)/Al(2p)
Annealed in air at 773 K 97 
Annealed in air at 1273 K 7 

Annealed in vacuum at 873 K 12 
Annealed in vacuum at 973 K 16 

 
 Table 2. 

Ratio of the areas of the Ce(3d) and Al(2p) peaks for the CeO2/α-Al2O3(0001) sample as a 
function of pretreatment conditions.  
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Figure Captions 
 
Figure 1.  XP spectra of the Ce(3d) region of (A) CeO2/YSZ(100) sample after heating in 

vacuum to 450 K, (B) after annealing sample (A) in vacuum at 750 K, (C) after 
annealing sample (B) in vacuum at 825 K, (D) after annealing sample (C) in vacuum 
at 900 K. 

 
Figure 2. XP spectra of the Ce(3d) region of (A) CeO2/Al2O3(0001) sample after heating in 

vacuum at 550 K, (B) after annealing sample (A) in vacuum at 750 K, (C) after 
annealing sample (B) in vacuum at 825 K, (D) after annealing sample (C) in vacuum 
at 900 K, (E) after annealing sample (D) in vacuum at 1000 K. 

 
Figure 3. XP spectra of the Ce(3d) region of (A) CeO2/Al2O3(0001) sample after oxidation in 

air at 773 K for 12 hrs, (B) after annealing sample (A) in air at 973 K for 12 hrs, (C) 
after annealing sample (A) in air at 1273 K for 12 hrs, (D) after heating sample (C) in 
vacuum at 873 K for 2 hrs. 

 
Figure 4. AFM images CeO2/YSZ(100) sample (A) after deposition and calcination in air at 

773 K,(B) after annealing sample (A) in air at 1273 K, and (C) after annealing sample 
(B) in vacuum at 973 K. 

 
Figure 5. AFM images of CeO2/Al2O3(0001) sample (A) after deposition and calcination in air 

at 773 K, (B) after annealing sample (A) in air at 1273 K, and (C) after annealing 
sample (B) in vacuum at 973 K. 
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