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Highlight: 
 Demonstration of the redox behaviour of the mixed ceria zirconia whereby 

reduction of zirconia is compensated by ceria with the consequence that ceria 
should be more easily reduced. 
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Abstract 

The redox behaviour modification following the addition of zirconia to ceria nanostructures 

supported on Rh(111) has been investigated using a combination of Low Energy Electron 

Diffraction (LEED) and X-ray Photoemission Electron Microscopy (XPEEM). Soft X-ray 

irradiation was employed to reduce ZrO2-x(111) supported on Rh(111) and, by introducing 

oxygen, the reoxidation process of the thin film was monitored. CeO2(111) was then 

deposited on zirconia/Rh(111) and, using XPEEM, we determined that the mixed metal oxide 

formed a phase-separated structure with CeO2(111) nanoparticles on top of the zirconia. 

Upon exposure of CeO2-x/ZrO2-x/Rh(111) to X-ray illumination, the zirconia no longer 

undergoes any observable reduction while at the same time the ceria is reduced.  Our results 

indicate a synergy between the zirconia and ceria in the phase-separated system expected in 

the working catalyst, with oxygen transfer between the metal oxides. This sheds light on the 

mechanism of the enhancement of catalytic properties seen with the addition of zirconia to 

ceria and highlights the oxygen storage and release ability of ceria.  

 

 

Keywords: ceria-zirconia; redox; x-ray photoelectron microscopy; oxygen transfer 
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Introduction 

Ceria and ceria-based mixed metal oxides have been widely studied due to their use in 

applications including heterogeneous catalysis[1], organic synthesis[2], chemical sensing[3] 

and fuel cells[4]. These applications stem from ceria’s readily available and easily 

interconvertible Ce
3+

 and Ce
4+

 oxidation states as well as its high oxygen storage 

capacity[1,5]. One important technological area in which ceria is employed is in three-way 

catalytic converters[6]. These are typically made up of three components, namely a noble 

metal such as rhodium or platinum, ceria or a ceria-based material and also a support, usually 

Al2O3[7]. The interaction between noble metals and ceria is also of relevance to understand 

its catalysis of CO oxidation in the water-gas shift (WGS) reaction. This has been studied 

previously on so-called inverse model catalysts, where ultrathin films of ceria were prepared 

on the desired noble metal surface [8–13].  

 

The addition of zirconia to ceria leads to the formation of a mixed metal oxide, CexZr1-xO2. 

This has been shown to enhance the catalytic performance of ceria by increasing the 

reducibility of the oxide. It results in a greater number of oxygen vacancies, the key 

component thought to be responsible for the catalytic activity [14]. Addition of zirconia also 

improves the resistance towards sintering, with the optimal composition for catalytic 

performance being Ce0.5Zr0.5O2 [15]. The mixed oxide has previously been studied 

experimentally by STM and XPS in conjunction with computational modelling[16–18]. As 

for ZrO2(111), this has been studied extensively using STM, LEED and other surface 

sensitive techniques including resonant photoemission spectroscopy[19–24]. 

 

In this work we focus on the influence of zirconia on the redox behaviour of ceria. We 

employ micro-focused soft X-rays from a third generation light source to probe and modify 

the oxidation states of the ceria-zirconia system. The reduction of ultrathin metal oxide films 
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by an X-ray beam is a methodology that has been extensively studied [11,14,25–30]. We 

compare the behaviour of the individual metal oxides with that of the mixed metal oxide, 

making use of previous studies that have investigated the reduction and reoxidation of ceria 

ultrathin films[26]. 

 

Experimental  

Synchrotron radiation measurements were carried out using the Elmitec LEEM III 

spectroscopic photoemission and low-energy electron microscope (SPLEEM) at the 

Nanoscience soft X-ray beamline (I06) at Diamond Light Source. Here we employed Near-

edge X-ray Absorption Fine Structure (NEXAFS) alongside secondary electron XPEEM and 

µ-X-ray Photoelectron Spectroscopy (µ-XPS).  

 

The Rh(111) single crystal (SPL) was prepared by repeated cycles of Ar+ sputtering and 

annealing to 1100 K in UHV and 800 K in 1 x 10
-6

 mbar O2, followed by a final flash anneal 

at 1500 K in UHV. This resulted in a well-ordered surface as monitored by LEED, with no 

contamination seen with XPS, Auger Electron Spectroscopy (AES) (see Supplementary 

Information) or X-ray Absorption Spectroscopy (XAS). An epitaxial ZrO2-x(111) film was 

prepared by depositing Zr (99.2%, Goodfellow) onto Rh(111) from an electron-beam 

evaporator (Focus EFM-3). This was carried out with the sample at 1200 K in 5 x 10
-7

 mbar 

O2 and was followed by further heating for 5 mins and subsequent cooling in oxygen. 

Epitaxial Ce0.4Zr0.6O2-x was prepared by first depositing Ce (99.9%, Goodfellow) followed by 

Zr (99.2%, Goodfellow) onto the previously grown ZrO2(111). This was again carried out 

with the sample at 1200 K in 5 x 10
-7

 mbar O2 and was followed by further heating for 5 mins 

and subsequent cooling in oxygen. The coverages of the oxides were determined using a 

calibration of the evaporator using ex-situ atomic force microscopy. 
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The photon energies employed for XPS were as follows: Zr 3d: 250 eV, Ce 4f (on-resonance 

for 4d-4f excitation): 120.8 eV. Binding energies are referenced to the Fermi level of the Rh 

(111) substrate. The electron kinetic energy (KE) in the SPLEEM instrument is controlled by 

applying a potential to bias the sample, namely the start voltage (S.V.). The kinetic energy of 

the emitted/scattered electrons is given by KE = S.V. - , where  is the difference in 

workfunction between the sample and the instrument and is of the order of a few eV. -XPS 

spectra were acquired by imaging the exit slit of the analyser. This probes a 4 m
2
 area of the 

sample, corresponding to an energy window of approximately 12 eV and has the advantage 

of very fast acquisition times (~ 1 second per spectrum). 

 

Results and Discussion 

 

3.1 Redox behaviour of a zirconia thin film 

 

ZrO2-x(111) on Rh(111) was studied initially to examine its photo-reduction and subsequent 

re-oxidation. Figure 1a shows the LEED pattern obtained from a 61 monolayer equivalent 

(MLE) zirconia film on Rh(111), where one monolayer is defined by a single ZrO2 trilayer 

unit. First order Rh(111)-(1  1) beams are highlighted in red in the inset. The ZrO2-x(111) 

lattice is aligned with the substrate, with the (1x1) beams highlighted with black circles in the 

inset corresponding to a real space unit cell 1.4x larger than the substrate. A 2x2 supercell is 

also observed, as indicated by the green spots in the inset. These observations, as well as the 

additional beams from the ZrO2-x(111)/Rh(111) interface, are similar to those described by 

Maurice et. al[22]. Note that in contrast to this earlier work, we use the periodicity notation 

that has been employed in the more recent and extensive work on CeO2(111) ultrathin films. 

Figure 1b is a secondary electron XPEEM image obtained at the Zr M2 edge. Here a uniform 

brightness is observed, suggesting an essentially complete and uniform coverage of ZrO2-
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x(111) on Rh(111). XAS was used to confirm the presence of Zr as shown in the Supporting 

Information. 

 

 

 

 

Figure 2a shows successive plots of the Zr 3d XPS region, which evidence the Zr redox 

behaviour as it undergoes photo-induced reduction as monitored by -XPS. Figure 2b 

highlights the spectra obtained at various periods of X-ray exposure.  In the initial oxidised 

form (red spectrum), we can see the dominant peak of the Zr
4+

 3d5/2 component (~ 182.7 eV 

Binding Energy (BE)). As we expose the surface to 250 eV soft X-rays for 140 s (blue 

spectrum), 350 s (green spectrum) and 500 s (black spectrum), we see a decrease in the Zr 

3d5/2 peak associated with Zr
4+

.
 
Concurrently we observe an increase at ~ 180 eV BE, which 

is indicative of a reduced species, or sub-oxide, being formed. Peak fitting of the sub-oxide 

region, Figure 2c, shows there are two components, namely sub-oxide A (Zr 3d5/2 centered on 

180.7 eV BE) and B (Zr 3d5/2 centered on 179.2 eV BE). There is some debate over the exact 

assignment of these species[24,31]. Nevertheless, as they increase upon photo-induced 

reduction and they appear at a lower binding energy than for the Zr
4+

, they are assigned here 

simply to a reduced oxide. The transition from Zr
4+

 to lower oxidation states can be followed 

through the variation with photon dose of the intensity profile of Zr
4+

 3d5/2 and that for the 

Figure 1: Structure and morphology of a 61 MLE ZrO2-x(111) ultrathin film on Rh(111). (a) LEED pattern 

(88.6 eV) of ZrO2-x(111)/Rh(111). The beams arising from ZrO2-x(111)-(1x1) are highlighted with black 

circles, p(2x2) are highlighted in green, with substrate spots in red. (b) Secondary electron XPEEM image at 

the Zr M2 edge (FOV = 10 m, h = 349.5 eV). 
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Figure 2: a) -XPS Zr 3d spectra (h = 250 eV, FOV = 2 m) of 61 MLE ZrO2-x on Rh(111) as a function of 

exposure to the soft X-ray beam. At 0 seconds, the beam was moved to a fresh area which is oxidised and then 

XPS spectra of 11 eV width centered on the Zr 3d orbitals were obtained over 520 seconds. Data have been 

corrected for a minor bandbending shift of the Zr 3d peaks, which can be observed in the background. b) 

Snapshots of the XPS spectra obtained after 0, 140, 350 and 500 seconds of photon exposure. c) -XPS of the 

Zr 3d region recorded after 450 s. Deconvolution of the spectra was performed using Gaussian-Lorentzian 

lineshapes, after subtraction of a Shirley type background with the full width at half maximum (FWHM) 

constrained to be equal. d) The evolution with time of the Zr (sub-oxide) and Zr
4+

 3d5/2 peaks. 

3d5/2 component of the more intense sub-oxide (A) (see Figure 2d). The efficient reduction 

observed for the zirconia at a photon energy of 250 eV is likely due to the large X-ray 

absorption cross-section at the M3,4 delayed onset[32], assuming a Knotek-Feibelman type 

mechanism for the photon stimulated desorption of oxygen[33,34]. 

 

 

The reoxidation of the reduced film by oxygen was investigated in order to test the 

reversibility of the x-ray reduction process. The resulting Zr 3d spectra are displayed in 

Figure 3, showing the effect of ramping the oxygen pressure from 1 x 10
-8

 mbar up to 1 x 10
-7

 

mbar. At the start of the experiment, in UHV, the spectrum has major Zr
4+

 components at 
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Figure 3: a) -XPS Zr 3d spectra (h = 250 eV, FOV = 2 m) of 61 MLE ZrO2-x on Rh(111) that monitor the 

reoxidation of a partially reduced zirconia thin film as the pO2 is increased from 1 x 10
-8

 mbar to 1 x 10
-7

 mbar, 

showing near complete reoxidation of zirconia at 300 K. b) Selected spectra correspond to the initial reduced thin 

film (red spectrum), pO2 at 2 x 10
-8

 mbar (blue spectrum), 1 x 10
-7

 mbar (green spectrum) and once oxygen has 

been pumped out to 1 x 10
-10

 mbar (black spectrum). c) A line profile showing the change in intensity of the Zr
4+

 

3d5/2 XPS signal over the range of pO2. 

 

182.7 eV BE and 185.1 eV BE but also contains some minor components associated with 

sub-oxides.  At 2 x 10
-8

 mbar, a reversal of the reduction begins with a decrease in the 

amount of sub-oxide species and an increase in the Zr
4+

 component. By 5 x 10
-8

 mbar, there 

is a complete reversal of the reduction. Upon removal of the oxygen, immediate reduction is 

observed to begin again, as shown in Figure 3c.  

 

 

3.2 Redox behaviour of Zirconia/Ceria Mixed Oxide System 

 

Figure 4 shows the LEED pattern after Ce/Zr reactive deposition onto 61 MLE  

ZrO2-x/Rh(111) followed by annealing to form the model mixed oxide inverse catalyst. 

Assuming that this additional coverage of oxide remains distinct, the stoichiometry is 
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Ce0.4Zr0.6O2-x. The zirconia spots are still visible, with the (1x1) beams overlapping the CeO2-

x(111)1x1 beams at a spacing of (1.4  1.4) with respect to the Rh(111)-(1x1) substrate[35]. 

The interface beams are no longer visible, which is consistent with the formation of a thicker 

oxide overlayer. 

 

 

 

 

 

 

 

 

In order to examine microscopically the morphology of the mixed metal oxide, secondary 

electron XPEEM was employed to obtain images at the Ce M4 and Zr M2 absorption edges 

(902 eV and 349.5 eV, respectively). Selected 5 m snapshots from large-scale (FOV = 10 

m) images are shown in Figure 5a (Ce M4) and Figure 5b (Zr M2). In Figure 5a, the ceria 

nanoparticles are characterised as bright features against a dark background. A number of 

nanoparticles are highlighted to allow comparisons to other images.  In Figure 5b a uniform 

Figure 4: LEED (84.6 eV) pattern of Ce0.4Zr0.6O2-x/6±1 MLE ZrO2-x/Rh(111). The spots corresponding to the 

zirconia are highlighted in green, ceria in blue and the substrate in red. The only apparent difference between 

this pattern and that in Figure 1 is the addition of intensity to the beams marked in blue, which lie on top of 

ZrO2-x (111)-(1x1) beams. 
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brightness is observed with no discernible preference for the highlighted areas of the ceria 

nanoparticles. What fine structure there is can be ascribed to a spatial variation of detector  

 

 

 

 

 

 

efficiency. This suggests that the morphology of zirconia layer covering the substrate is 

largely unchanged by the decoration with ceria nanoparticles.  

 

Figure 5c shows XAS spectra at the Ce M5 edge, recorded from a sample of ceria 

nanoparticles along with areas away from the nanoparticles. Both the M4 and M5 edges were 

probed showing similar intensities and yield similar oxidation state information. Here we can 

see the preference for cerium within the nanoparticles compared to the background. By 

comparison of the two, and by reference to model data[26] we see that cerium is more 

oxidised within the nanoparticles. Comparing XAS spectra taken at the Zr M2,3 edge shows 

no difference between spectra taken on the ceria nanoparticles compared to off the 

nanoparticles. This is consistent with lack of contrast in the Figure 5b XPEEM image.   

 

Figure 5: XPEEM identification of Ce0.4Zr0.6O2-x after depositing Ce/Zr on top of ZrO2(111) whilst annealing in 

oxygen at 1200 K. 5 µm selected snapshots taken from images recorded with a 10 µm field of view and 2 V 

start voltage; the images were recorded at the same location at a photon energy of (a) 902 eV and (b) 349.5 eV, 

which correspond to the Ce M4 and Zr M2 edges, respectively. The outlines highlight representative ceria 

nanoparticles in (a) and their respective location in (b). (c) Ce M5 edge X-ray absorption spectra on and off the 

ceria nanoparticles. 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 11 

The XPEEM image in Figure 5a is consistent with a 13% area coverage of the surface. This 

is also the coverage obtained from ex-situ AFM measurements, where the height of the 

islands is measured to be about 11 nm. This corresponds to approximately thirty five CeO2 

trilayers. This majority phase-separated structure agrees with previous studies and what has 

been predicted theoretically for active conditions [36]. It was not possible to carry out a 

complete resonance photoemission spectroscopy experiment to determine the cerium 

oxidation state of the mixed oxide, but by comparison of the island O 2p/Ce 4f photoemission 

spectrum to previous work we identify the Ce/O stoichiometry as approximately CeO1.65 [25].  

 

 

 

 

 

 

Figure 7: a) -XPS Zr 3d spectra (h = 250 eV, FOV = 2 m) of Ce0.4Zr0.6O2-x(111)/6±1 MLE ZrO2-

x/Rh(111) as a function of photo-reduction by exposure to the soft X-ray beam. At 0 seconds, the beam was 

moved to a fresh, unexposed area of the sample which is still fully-oxidised and then XPS spectra were 

obtained over the next 1000 seconds. Data have been corrected for minor bandbending of the Zr 3d peaks, 

which can be observed in the background. b) Snapshots of the XPS spectra obtained after 0, 280, 630 and 

980 seconds of photon exposure. c) Time evolution of the normalised Zr 3d5/2 intensity for both ZrO2 (red) 

and Ce0.4Zr0.6O2-x (black). 
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Figure 7 shows successive plots investigating the Zr redox behaviour within Ce0.4Zr0.6O2-x as 

it undergoes photo-induced reduction, along with a comparison with pure ZrO2-x/Rh(111). 

Focussing on the spectra obtained at selected lengths of X-ray exposure (Figure 7b), we see 

much less reduction than observed for zirconia. A comparison of the reduction of Zr within 

Ce0.4Zr0.6O2-x to what was seen in ZrO2 is shown in Figure 7c. A steady-state is reached much 

earlier for the former, after approximately 210 s, with only a 10% reduction in the Zr
4+

 3d5/2 

in Ce0.4Zr0.6O2-x. This compares with 50% for ZrO2 , which only reaches a steady state after 

500 s. This was repeated up to 2000 s to test for further reduction in the mixed oxide, none 

being observed.  By comparing this to ceria reduction as probed by resonant XPS of the Ce 4f 

contribution to the valence band (see Figure 8) we see that ceria undergoes similar redox 

behaviour to that seen in previous studies [25,26]. By moving to a freshly oxidised area, 

Figure 8a shows successive VB spectra at a photon energy of 120.8 eV (on resonance for 

Ce
3+

) versus photon exposure with selected spectra shown in Figure 8b. The results in Figure 

8c highlight the immediate reduction towards Ce
3+ 

upon removal of oxygen and the 

reoxidation with the introduction of oxygen. This observation that ceria continues to undergo 

reduction while the reduction of zirconium appears inhibited provides some explanation for 

the synergy evidenced in reaction studies [37–40], with oxygen transfer occurring between 

the ceria and zirconia. 
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Summary 

A model mixed metal oxide of CeO2-x(111) and ZrO2-x(111) supported on Rh(111) has been 

prepared to probe the redox behaviour of the mixture. Soft X-ray irradiation was used to 

reduce zirconia with reoxidation occurring upon the introduction of oxygen at 300 K. Upon 

the addition of ceria, the zirconia no longer undergoes an observable beam-induced 

reduction, indicating a synergy between the zirconia and ceria with oxygen transfer occurring 

between the two. Ceria within the mixed oxide was seen to undergo the same redox 

behaviour as seen in previous studies of ceria ultrathin films. This provides some explanation 

of the effects of adding zirconia to ceria in order to enhance its catalytic role in such 

processes as the water gas shift reaction.  

 

 

 

 

Figure 8: a) -XPS valence band spectra of Ce0.4Zr0.6O2-x(111)/6±1 MLE ZrO2-x/Rh(111) recorded on the 

Ce
3+

 4f resonance investigating the effect of illumination with soft X-rays (h = 120.8 eV, FOV = 2 m). 

Upon moving to a freshly oxidised area, oxygen is removed, leading to ceria being reduced, followed by the 

introduction of oxygen to 1 x 10
-7

 mbar where ceria begins to reoxidise. b) Selected spectra for the initial 

oxidised film (red), the reduced film (green) and the reoxidised film (black). c) Time evolution of the Ce
3+

 4f 

normalised intensity. 
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