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Abstract. 
 
The interaction of oxygen with Ce-ZrO2 (Ce ions diluted in the Zirconia matrix) is a key aspect for 

many applications of this material. In this work, for the first time, an unusual reversible interaction 

of the O2 molecule with the surface of this solid is reported. The joint use of Electron Paramagnetic 

Resonance (EPR) and Density Functional Theory (DFT) calculations has allowed a full description of 

the reversible O2 adsorption phenomenon that involves a full electron transfer from Ce3+ centres to 

the adsorbed O2 forming the superoxide anion (O2
-). The process can be completely reversed by 

removing the O2 gas from the atmosphere as confirmed by the calculated values of both the 

adsorption energy (0.45 eV) and the activation energy (negligible) of the process. This behaviour is 

typical of a solid oxygen carrier. However, at variance of the reported cases of molecular and solid 

oxygen carriers that usually form ɳ1 end-on adducts, in the present case a side-on, ɳ2 Ce-O2 surface 

complex is observed. Comparison of structural data and DFT results also indicates that Ce doping 

occurs in the lattice of tetragonal Zirconia while this is not observed in the monoclinic phase. 

 
The Authors dedicate this paper to Prof. Michel Che (Universitè P. et M. Curie), a pioneer of the field 
of surface oxygen radicals who passed away on August 2019. 
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1. Introduction 
 

The redox couple Ce4+/Ce3+ plays a fundamental role in dictating the chemical and physical 

properties of Ce containing materials. In CeO2 for instance, this ion pair enables this oxide to mimic 

different biological processes such as the typical reaction of superoxide dismutase (SOD) or the 

radicals scavenging.1,2 In CeO2 and ZrO2-CeO2 mixed oxides it is also responsible for the high oxygen 
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storage capacity (OSC)3 which, in turn, is the basis of some important applications of these materials 

as in the three-way catalysts (TWC),4,5 carbon dioxide reforming of methane (CDRM),6,7 in water gas 

shift reaction (WGS)[8,9] and in the selective catalytic reduction (SCR) of NO.10,11  

Recently, investigating wide band gap semiconducting oxides doped with Ce ions, some of 

us have also shown that the redox couple Ce4+/Ce3+ is involved in the phenomenon of the reversible 

O2 adsorption, via superoxide (O2
•-) species formation,12,13 a process relevant in different research 

areas such as the oxygen transport in biological systems, the selective adsorption and separation of 

gas mixtures, or catalytic processes. This phenomenon is commonly reported for inorganic or 

biological compounds,14,15 but examples involving metal oxides are also known.16-18  

As far as Ce containing oxides are concerned, reversible oxygen adsorption has been observed for 

CeO2-TiO2 and Ce-doped ZrTiO4. As for the bare Cerium dioxide, the reversible formation of the 

superoxide species (O2
•-) was also reported in the past.19,20 This result, however, is not totally 

unambiguous. The observed phenomenon seems to concern only a fraction of the whole oxygen 

interaction and is not mentioned in successive work about the O2-CeO2 interaction.21 In the case of 

the two mixed oxides, CeO2-TiO2 and Ce-ZrTiO4, the origin of the reversible O2 adsorption is due to 

presence of Ce3+ centres. In the case of CeO2-TiO2 the mutual solubility of the two parent oxides is 

very low and the presence of Ce3+ is related to the formation of an interfacial Ce2Ti2O7 pyrochlore 

phase along the synthesis of the material.12 In the case of Ce-ZrTiO4 where the two parent oxides 

(CeO2 and ZrO2) form solid solutions, the Ce3+ ions responsible for the reversible O2 adsorption in 

the form of superoxide ion (O2
•-) are distributed in the oxide lattice.13  

Considering that in the above-mentioned applications the balance between the oxygen 

storage and release capacity represents a key aspect, any new insight concerning the O2 interaction 

with this kind of materials can contribute to better understand the involved catalytic mechanisms.  
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In this paper we report a description of the reversible adsorption of oxygen in form of 

superoxide anion on cerium centres at the surface of Ce-doped zirconium dioxide. The interaction 

has been monitored by Electron Paramagnetic Resonance, the reference technique to investigate 

surface oxygen paramagnetic species often not detectable by vibrational spectroscopies. Due to the 

peculiarity of this phenomenon (in most cases the superoxide is the initial step of a progressive 

reduction and incorporation of oxygen into the oxide lattice) a parallel computational investigation 

of the system is essential to validate the proposed model. We have therefore selected the case of 

Ce-ZrO2 (less complex than the two systems mentioned before12,13) to develop, in parallel to the 

experiments, advanced DFT calculations aimed at thoroughly describe the nature of this surface 

interaction.   

As it will be shown in the following, the synergies between EPR and DFT have been crucial to 

describe the features of a phenomenon whose importance is not only related to a specific and 

unusual type of surface to molecule bonding, but that could have also, in perspective, appealing 

applications in the area of oxygen transport and oxygen separation from gas mixtures. 

2. Materials and Methods 

2.1) Sample preparation. 

Pure ZrO2 and Ce doped ZrO2 samples, with a nominal loading of 0.5, 1, 8 and 10 Ce molar 

percentage were prepared via hydrolysis of zirconium propoxide. The samples are identified by the 

abbreviation CeXZ where X indicates the cerium loading (05 is for 0.5). In a typical synthesis the 

zirconium propoxide (70% w/w in 1-propanol) were previously diluted in an equal volume of alcohol 

(2-propanol) and then hydrolysed with water using a volume ratio, between zirconium propoxide 

and water, equal to 2.9. In the case Ce-doped ZrO2, CeCl3•7H2O was employed as dopant source and 

beforehand dispersed in the water employed for the synthesis. The obtained solids were dried at 

343 K and finally calcined at 973 K for one hours.  
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2.2) Sample characterization. 

Powder X-ray diffraction (XRD) patterns were recorded with a PANalytical PW3040/60 X'Pert PRO 

MPD diffractometer using a copper Kα radiation source and the X'Pert High-Score software was used 

for data handling. Diffraction patterns were refined with Rietveld method using MAUD (Material 

Analysis Using Diffraction) program.22,23 Continuous Wave Electron Paramagnetic Resonance (CW-

EPR) experiments were performed with a Bruker EMX spectrometer operating at X-band (9.5 GHz), 

equipped with a cylindrical cavity operating at 100 kHz field modulation. Spectra at 77K were 

obtained keeping the sample in liquid nitrogen using a finger Dewar set in the EPR cavity. 

2.3) O2 adsorption. 

All the O2 adsorption experiments were performed in EPR cells that can be connected to 

conventional high-vacuum apparatus (residual pressure < 10−4 mbar). O2 absorption was carried out 

after an activation process performed in order to get rid of all contaminants adsorbed on the surface 

according to the following procedure. An initial thermal annealing in vacuum at 773K for 30 minutes 

was followed by an oxidation step again at 773K for 60 minutes under 20 mbar of O2. 

For all the experiments 2 mbar of oxygen was dosed in the EPR cell at room temperature and then 

the temperature was lowered to 77K by immersion in liquid nitrogen. For the isotopically enriched 

oxygen, 17O2 (90% atoms) was employed. The EPR spectra, except otherwise indicated, were 

recorded at 77K. 

2.4) Computational details. 

We performed calculations at the DFT level using the Plane Wave Code VASP.24-27 Projector 

Augmented Wave (PAW)28 pseudopotentials have been adopted, and the calculations account for 

spin polarization. The Perdew-Burke-Ehrnzerof (PBE) exchange-correlation functional has been 

adopted.29 The energy basis cutoff was set to 400 eV, and the optimizations were performed using 

the conjugate gradient scheme until the change in total energy between successive steps was less 
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than 10-5 eV and residual forces were below 0.01 eV/Å. The Ce 4f states are described according to 

the DFT+U30 approach by setting the U parameter for Ce 4f states to 4 eV.31-33 The same value, U = 4 

eV, is also applied to Zr 3d states.34 The sampling in the reciprocal space has been restricted to 

Gamma (𝝘) point due to the cells size. 

We simulated clean and Ce-doped tetragonal and monoclinic ZrO2 bulk phases. The lattice 

parameters and ionic coordinates determined experimentally35,36 have been adopted to build up 

the supercells in order to have a realistic doping ratio. We adopted a 3x3x3 expansion of tetragonal 

ZrO2, and 3x2x2 of the monoclinic phase. Both models contain a comparable number of atoms, 

made by (ZrO2)54 and (ZrO2)48 units, respectively. We fully optimized both the lattice and the atomic 

coordinates. The results of the pristine and doped models, with one or two substitutional Ce atoms, 

are reported in Table 1.  

In a second step, in order to investigate the O2 interaction with the surface of the Ce doped materials, 

we simulate a model made by the (101) surface of tetragonal ZrO2, starting from previous work.34 

The model is made by (ZrO2)60 units, and the cell vectors a and b are 11.048 Å and 12.855 Å, 

respectively. We added a vacuum region of roughly 20 Å to ensure that negligible interaction occurs 

between periodic replica of the system around the non-crystallographic direction. Dispersion 

interactions have been accounted in the model by employing the D2’ scheme.37  

3. Results 

3.1. Structural characterization 

Ce-ZrO2 samples show the presence of two zirconia polymorphs, the monoclinic and the tetragonal 

phase respectively (Table 1, experimental data). It is worth to mention that the strong similarity 

between the diffraction patterns of the tetragonal and the cubic phases as well as  the broadening 

of the observed diffraction peaks usually makes it difficult to clearly establish, based on visual 
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analysis, whether the second phase is actually tetragonal or cubic.38,39 However a Rietveld 

refinement of the experimental patterns indicates the presence, beside monoclinic zirconia, of the 

tetragonal one.7,40 The absence of any evidence of CeO2 diffraction peaks even in the case of high 

loading materials confirms that a solid solution containing cerium ions in the cation sub-lattice is 

formed (Figure 1).  

The insertion of Ce ions in the ZrO2 bulk induces a significant modification of the lattice parameters 

of the oxide proportional to the Ce loading. This occurs, however, in the case of the tetragonal 

polymorph only, while the monoclinic structure seems unaffected (Figure 2). The presence of cerium 

also modifies the ratio between the two polymorphs increasing the percentage of the tetragonal 

phase according to an evidence already reported in the literature.41   

 
 

Sample 
Ce 

(%mol) 
Polymorph 

Abund. 

(%w/w) 
a(Å)/(∆%) b( Å)/(∆%) c(Å)/(∆%) 

Ex
p

er
im

en
ta

l 

ZrO2 0 
Tetr. 36 3.6043/(0.0) 3.6043/(0.0) 5.1772/(0.0) 

Mon. 64 5.1633/(0.0) 5.2006/(0.0) 5.3244/(0.0) 

Ce05Z 0.5 
Tetr. 41 3.6073/(0.08) 3.6073/(0.08) 5.1834/(0.12) 

Mon. 59 5.1587/(-0.09) 5.2051/(0.09) 5.3261/(0.03) 

Ce1Z 1 
Tetr. 38 3.6134/(0.25) 3.6134/(0.25) 5.1910/(0.27) 

Mon. 62 5.1598/(-0.07) 5.2054/(0.09) 5.3266/(0.04) 

Ce8Z 8 
Tetr. 70 3.6327/(0.79) 3.6327/(0.79) 5.2176/(0.78) 

Mon. 30 5.1557/(-0.15) 5.2039/(0.06) 5.3319/(0.14) 

Ce10Z 10 
Tetr. 82 3.6331/(0.80) 3.6331/(0.80) 5.2161/(0.75) 

Mon. 18 5.1593/(-0.08) 5.2108/(0.20) 5.3265/(0.04) 

C
al

cu
la

te
d

 

ZrO2 

Tetr. 3.6300/(0.0) 3.6300/(0.0) 5.1679/(0.0) 

Mon. 5.1914/(0.0) 5.2752/(0.0) 5.3325/(0.0) 

Ceb-ZrO2 
Tetr. 3.6334/(0.09) 3.6334/(0.09) 5.1678/(0.0) 

Mon. 5.1994/(0.15) 5.2799/(0.09) 5.3385/(0.11) 

Cebb-ZrO2 
Tetr. 3.6371/(0.19) 3.6371/(0.19) 5.1722/(0.08) 

Mon. 5.2047/(0.26) 5.2870/(0.22) 5.3382/(0.11) 

Table 1: The experimental section reports the abbreviations, phase composition and lattice parameters obtained via Rietveld 
refinement of the XRD patterns of the ZrO2 and Ce-ZrO2 materials.  The computational section reports lattice parameters of ZrO2 
and Ce-ZrO2. Ceb-ZrO2 is for Ce-doped model with both one atomic dopant, Cebb-ZrO2 is for Ce-doped model with two atomic 
dopants. Real samples are instead labelled as Z for pristine material, and X for Ce-doped with X% dopant concentration. Values in 
parenthesis are the % deviations (∆%) with respect to pure models/samples. 

 

Table 1 reports the calculated lattice parameters of tetragonal and monoclinic ZrO2 for the bare and 

doped oxides at the DFT level. Two different models of Ce-doped ZrO2 have been considered, 
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involving one or two Ce ions in the supercell, roughly corresponding to a molar fraction of about 2% 

and 4%, respectively. In the case of the tetragonal phase the calculated lattice vectors of the pristine 

ZrO2 crystal are in good agreement with the experimental values, being the deviations 0.8% and 

0.2% for a and c directions, respectively. In the case of doped materials, considering a dopant 

concentration of 1% (C1Z), the experimental lattice parameters are larger by 0.25% and 0.27% than 

those of the unperturbed oxide, while for a dopant loading one order of magnitude higher (C10Z), 

the two values increase by 0.80% and 0.75%.  The calculated model is in quite good agreement with 

the previous data. Indeed, at various Ce concentrations (one or two Ce atoms in the supercell) a 

lattice expansion of 0.09% and 0.0% (one Ce), and 0.19% and 0.08% (two Ce), respectively, has been 

observed.  

Moving to monoclinic ZrO2, the experimental and calculated lattice parameters of the undoped 

material are very similar, with deviations equal to 0.5 %, 1.4%, and 1.3%, for a, b, and c respectively. 

Differently from the previous case of the tetragonal phase, however, the significant deviations from 

the unperturbed lattice parameters forecast by theoretical calculations (even more pronounced 

than in the case of the tetragonal phase) are not observed by X-ray diffraction data. In fact, the 

experimental lattice parameters of monoclinic doped samples (Table 1) are almost insensitive to Ce 

loading. This result may be rationalized by assuming that, in real samples, Ce doping selectively 

occurs for the tetragonal phase only. 
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Figure 1: XRD patterns of bare and Ce containing ZrO2 samples. a) ZrO2, b) Ce05Z, c) Ce1Z, d) Ce8Z and e) Ce10Z. In the lower part 
of the figure the red and blue patterns indicate the XRD reflections for the tetragonal and monoclinic structure respectively. 

 
Figure 2: Lattice parameters obtained via Rietveld refinement of the XRD patterns of the ZrO2 samples. Panel A: Lattice parameters 
(a and c) of the tetragonal phase. Panel B: Lattice parameters (a, b and c) of the monoclinic phase. 
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3.2. EPR Evidence of reversible O2 adsorption as O2
•- superoxide ion 

The as-prepared materials, prior the activation via thermal treatment as described above, do not 

react with molecular oxygen. After the activation treatment, the EPR spectrum of Ce-doped 

materials is nearly flat except for a weak signal due to a tiny amount of bulk Zr3+ intrinsic defects 

(Fig. 3A spectrum a). Contacting the activated materials with O2, the formation of a paramagnetic 

species occurs whose EPR spectrum (Fig. 3A spectrum b) is assigned to a superoxide species 

adsorbed on tetravalent Ce ions (Ce4+-O2
•- adduct) as definitely indicated by the observed g values 

(see Table 2). Such EPR signal is strictly similar to that observed in the case of the Ce-ZrTiO4 and 

CeO2-TiO2 systems12,13 and definitely differs from that reported in the case of superoxide ions 

generated on pure cerium dioxide which is characterized by a higher gzz value.12 

The easy formation of a paramagnetic species on a solid that underwent an oxidative treatment at 

the end of the activation process can be explained assuming that reduced centres are still present 

in the solid despite the mentioned oxidation. Since the superoxide anion forms on top of Ce4+ ions 

the reaction occurring at the surface can be written as: 

Ce3+ + O2  Ce4+ + O2
•-           (1) 

We thus assume (see discussion Section) that trivalent cerium ions are present at the surface of 

activated Ce-ZrO2. 

 The stability of the O2
•- species on Ce-ZrO2 is strictly dependent on the O2 pressure as shown in 

Figure 3A and 3B, that refer to the C10Z material. The O2
•- EPR signal, in fact, disappears after O2 

outgassing at room temperature (Fig 3A spectrum c). Dosing again O2, the superoxide species is 

restored (Fig. 3A spectrum d) and again it vanishes by outgassing (spectrum e). Figure 3B reports 

the intensity of the superoxide species, obtained via double integration of the related EPR signals, 

as a function of the O2 partial pressure. Such a dependence can be tested only for a limited range of 

O2 pressure (0-8 mbar) because the dipolar broadening effects occurring at higher O2 pressure 
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(molecular oxygen is a S=1 spin system) affects the intensity of the superoxide signal. Figure 3B 

indicates that the EPR signal intensity is proportional to the amount of O2 dosed in the experiment. 

The reversibility of the O2 adsorption process is also observed at temperatures lower than RT even 

though, in these conditions, the desorption rate upon outgassing decreases. The O2 outgassing 

performed for 15 minutes at about 150K (figure 3A spectrum f) in fact induces a significant decrease 

of the O2
•- EPR intensity (always measured at 77K for the sake of comparison). The observed 

abundant desorption upon pumping off at 150K therefore indicates that the activation energy for 

the desorption process is very low in agreement with the computational output (see section 3.5.1).  

 

Figure 3: A) EPR spectra recorded at 77K showing the reversible formation of the superoxide species on Ce10Z. a) material under 

vacuum, b) in presence of 2 mbar of O2, c) after outgassing at RT,  d) after re-adsorption of 2 mbar of O2, e) again outgassed at RT, 

f) outgassed at 150K for 15 minutes. B) Pressure dependence of the EPR intensity of the superoxide species detected via EPR).  
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3.3. EPR parameters, geometry and spin density of adsorbed superoxide 

 

The EPR signal obtained dosing 17O enriched O2 (90% enrichment) in the same conditions of Fig. 3 

produces the spectrum of Fig. 4, whose rich hyperfine structure (17O, I=5/2) is essentially based on 

a set of 11 equi-separated lines with intensity ratio 1:2:3:4:5:6:5:4:3:2:1 centred on the gyy 

component. This set of 11 lines is due to the 17O-17O isotopomer and firmly indicates the magnetic 

(hence structural) equivalence of the two oxygen atoms of the superoxide species, which suggests 

a 2 side-on structure with the radical anion symmetrically adsorbed on top of the Ce ion.  

The spectra in Fig. 3 and 4 allow to determine the principal values of both g and A(17O) tensors of 

the superoxide species. These are reported in Table 2 where we have adopted the convention, used 

in similar cases, gzz>gyy>gxx. The species here described differ from the large majority of the surface 

superoxide ions adsorbed on oxides42 that usually follow an ionic model described years ago in a 

seminal paper by Kanzig and Cohen.43 The differences are two: a) all three principal values of the g 

tensor are higher than the free spin value, ge=2.0023 (gzz>gyy>gxx>ge) while in the ionic model 

gzz>gyy>gxx=ge is the expected sequence; b) the largest 17O hyperfine coupling is along the y direction 

(we assume here as reasonable the coincidence of the g and A principal axis) while in the ionic case 

it is along the x axis of the tensor.  

These two peculiar features suggest that the Ce-O2
- interaction is affected by some degree of 

covalency even though the high value of the spin-orbit coupling constant for Ce could be also 

responsible of the deviation described at point a). Covalent interaction has been observed in several 

cases of oxygen adducts on transition metal ions [16, and references therein] which exhibit, 

however, an 1 structure end-on bonded to the metal centre. The present case looks somehow 

analogous to that described by Pietrzyk et al.44 concerning the Ni-superoxide adduct in MFI zeolites 

that shows a symmetric side-on structure and an essentially covalent interaction as indicated, inter 

alia, by the high deviations of all the element of the g tensor from the free electron value (gii  = gii 
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–ge).  In the present case, this difference is much less pronounced indicating a lower level of covalent 

interaction, as also suggested by the small binding energy revealed by the reversibility of the 

adsorption.  

Simulation of the 17O hyperfine structure (Fig. 4) allows to obtain the full hyperfine matrix (Table 1). 

The signs of the three diagonal elements have been chosen in agreement with similar cases.43-45 The 

non-negligible uncertainty on the two smaller components of the hyperfine tensor (Table 1) limits 

the exact decomposition of the matrix in the various contributions as done for instance in ref. 45. 

However, comparing the approximate experimental aiso and b values with the corresponding atomic 

values (A°=166.0 mT, B°= 5.15 mT), the spin density (ρ) on the adsorbed superoxide ion can be 

evaluated to be higher than 0.9, in agreement with the idea of a nearly complete surface-to-

molecule electron transfer as well as with the computational output (see Section 3.5.1.)  

 
Figure 4: Experimental and simulated EPR spectra of Ce05-ZT sample contacted with 17O2 (90% atoms). 
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To resume, oxygen adsorption spontaneously occurs on activated Ce-ZrO2 materials without the 

need of a preliminary generation of excess electrons in the solid, for instance via thermal annealing 

in vacuum. O2 is adsorbed under the form of superoxide ion with an effective degree of surface-to-

oxygen electron transfer mitigated by some relatively minor degree of covalent interaction. The 

adsorption is pressure dependent and the solid system thus behaves as a heterogeneous (i.e. non 

molecular) oxygen carrier even if the structure of the adduct is symmetric (2 side-on).  Molecular46 

or heterogeneous16 oxygen carriers in fact usually exhibit an end-on 1 structure.  The side-on 

structure is typical of many ionic superoxide adducts observed at the surface of metal oxides that, 

however, are usually strongly bound to the surface and are stable upon pumping at room 

temperature or further react at higher temperature. The Ce-ZrO2 system, together with the 

analogous Ce-ZrTiO4, represents, to the best of our knowledge, the first example of heterogeneous 

oxygen carrier with 2 side-on structure. 

 

3.4.  Role of the Ce oxidation state on the reversible O2 adsorption  

The amount of adsorbed superoxide species monitored, in the present work, strictly depends on the 

Ce loading and on the reduction state of the solids. Figure 5A compares the EPR spectra obtained, 

on Ce05Z and Ce10Z samples, via O2 contact in the same conditions of Fig. 2. The signal is higher in 

the case of Ce10Z indicating that the O2
•- amount is proportional to the Ce loading. Figure 5B shows 

the EPR signal of the O2
•- species still generated on Ce10Z in the case of the activated materials 

substrate gzz gyy gxx 17O Azz 

(mT) 

17O Ayy 

(mT) 

17O Axx 

(mT) 

ref. 

Ce-ZrO2 2.026 2.022 2.013 0.8±0.2 -7.5±0.05 1.6±0.4 This work 

Ce-ZrTiO4 2.026 2.03 2.013  0 7.6  0 13 

CeO2-TiO2 2.025 2.021 2.013 unresol. 7.5 unresol. 12 

CeO2-TiO2 2.026 2.021 2.013 unresol. 7.6 unresol. 12 

Table 2: Spin Hamiltonian parameters of the superoxide species obtained on Ce-ZrO2 compared with those obtained on other 
Cerium containing materials.    
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(signal a, black spectrum) and after thermal reductive annealing in vacuum for 60 minutes at 373K 

and 473K (spectra c and d, respectively). Data obtained by double integration of the spectra (inset 

in figure 5B) clearly indicate that, after annealing, the amount of O2
•- species generated via O2 

adsorption increases. Such behaviour can be explained considering that upon annealing at high 

temperature the oxide matrix (ZrO2) loses oxygen leaving excess electrons in the solid. The 

electrons, in turn, reduce the Ce ions from +4 to +3 causing the observed phenomenon (reaction 1).  

 
Figure 5: Panel A, O2

•- species formed via contact of 2 mbar of O2 on a) Ce05Z and b) Ce10Z. Spectra recorded at 77K. Panel B, O2
•- 

species formed via contact of 2 mbar of O2 on Ce10Z (spectrum b, same of panel A) and after progressive thermal annealing at 

373K (c) and 473K (d) for 1h. Panel C, O2
•- species formed via contact of 2 mbar of O2 on Ce10Z previously annealed at 673K 

(spectrum e) and after outgassing the oxygen reversible fraction (spectrum f). The inset in Panel B reports the EPR intensity 

obtained by double integration of the spectra b, c, d and e. 

 

Even in the cases of the sample annealed at 373K and 473K the O2 outgassing causes the 

disappearing of the O2
•- species. A different behaviour is instead observed after annealing at higher 

temperature. Increasing the temperature up to 673K induces the formation of a higher amount of 

O2
•- species as expected, but in this case, evacuation of reversibly adsorbed O2 evidences the 
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presence of a new stable signal which does not vanish upon prolonged outgassing (spectrum f in 

Figure 5C). The new signal is characterized by the following g values, g1=2.032, g2=2.010 and 

g3=2.003 and correspond to a O2
•- species, in this case adsorbed on Zr4+ ions as commonly observed 

for ZrO2.47 

 

3.5. O2 adsorption via theoretical calculations 

We modelled the Ce doped samples by including in the ZrO2 lattice two substitutional Ce atoms, 

both having a formal oxidation state +4. Then, we generated reduced Ce species by creating a 

specific point defect in our model, an oxygen vacancy in the bulk of the structure. In the optimized 

system, the two excess electrons associated to the O vacancy reduce the two Ce dopants according 

to the process Ce4+ + e-  Ce3+. 

In ZrO2 (101) models we have therefore two Ce3+ ions that originate from the creation of one oxygen 

vacancy in the supercell. We investigated three different models, all having one Ce3+ buried in the 

bulk, and the second Ce3+ species (1) in a surface layer, (2) in a bulk-like layer, and (3) in a subsurface 

layer, which represent an intermediate situation between (1) and (2). Comparing the three models, 

the Ce dopant is energetically favored when replaces a Zr ion on the surface layer. This configuration 

is 1.2 eV more stable than those with Ce3+ in the sub-surface and bulk layers of the slab, that are 

almost isoenergetic (E = 0.04 eV). This suggests that during calcination migration of Ce ions from 

the bulk to the surface can occur. The spin density on each dopant is almost equal to one (0.98 and 

0.96).  

3.5.1. O2 adsorption: Ce3+ species in the bulk and in the surface layer of tetragonal ZrO2 (101) 

Two stable adducts, with a total energy below that of separated moieties, are formed (the minus 

sign indicates a bound system). In the first adduct O2 is physisorbed with a binding energy of -0.27 

eV, while the second one corresponds to the chemisorption of O2 on top of the surface. This state 
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has a binding energy of -0.45 eV. The chemisorption of O2 induces an electron transfer from Ce3+ to 

O2 according to reaction 1. 

Figure 6 shows the one-dimensional potential energy profile as a function of the Ce-O2 distance. For 

each point we optimized the atomic coordinates by keeping fixed the z-atomic coordinates of Ce 

and O2. Starting from long distances we recognize a typical long-range attractive region that reaches 

a local minimum at 3.10 Å, corresponding to a physisorption state, in which both molecular oxygen 

and Ce3+ retain their geometric and electronic structures. Indeed, the O-O distance is 1.27 Å to be 

compared with 1.25 Å for isolated O2. Moving to shorter distances, the physisorption adduct is 

separated from the chemisorption one (at -0.45 eV) by an energy barrier. This state is associated to 

an effective charge transfer between Ce3+ and O2. The height of the barrier is about 0.30 eV. This 

rather high value, compared to the adsorption energy of the physisorbed species, is also due to the 

geometrical constrains enforced to the oxygen molecule in this one-dimensional scheme: namely, 

at each point of the plot the energy is calculated by keeping the Z coordinate of O2 fixed, thus forcing 

the molecule in a perfectly flat arrangement. Local relaxation effects may indeed reduce the energy 

barrier separating physisorbed and chemisorbed species. 

The formation of a superoxide ion on top of the surface induces an increase of the O-O bond length, 

that moves from 1.25 Å to 1.33 Å. At the same time, the surface Ce atom reduces its spin population 

from 0.98 to 0.04. The electron is transferred to O2, and the total spin of the resulting O2
•- ion is 0.86, 

very close to the ideal value 1 and in perfect agreement with the experimental evidence (Section 

3.3). Both oxygen atoms are magnetically equivalent. Moreover, the configuration of the oxygen 

atoms is that of a side-on arrangement on the surface Ce species. These results reproduce well the 

experimental evidences. The calculated properties of O2
- on top of the surface Ce dopant are also 

in agreement with previous calculations on O2
- on top of CeO2 (O-O distance 1.33 Å, to be compared 

with 1.34 Å of Ref. 48, and total spin on O2
- 0.86 to be compared with 0.85 of Ref. 48).  
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Figure 6: Potential energy profile as a function of the Ce-O2 distance, in Å. Energies are in eV. The zero in energy has been set at 
separated Ce-doped ZrO2 and O2 units. The global minimum corresponds to the state where an electron transfer occurred, leading 
to Ce4+ and O2

-. The local minimum corresponds to O2 physisorption to the surface. Magenta: Ce; red: O; blue: Zr. 

 

Figure 7 reports the structure of the most stable adduct associated to the formation of the 

superoxide ion. One can see that the interaction with O2 causes a shift by 0.5 Å of the Ce4+ ion 

outward the atomic layer associated to surface Zr4+ ions.  

One can then look at the energetics of O2
- adsorbed on different sites, surface Ce dopant, or Zr4+ 

ions. In the latter case the adduct has a binding energy of -0.65 eV, lower than -0.45 eV found for 

surface Ce3+ species. A possible explanation for this result is that upon formation at room 

temperature of the adduct and consequent cooling, a significant energy barrier is present for the 

migration of O2
- from surface Ce4+ ions to Zr4+ ones, since the separation of O2 from Ce is an activated 

process (Figure 6).    
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Figure 7: Optimized model of Ce-doped (101) ZrO2 surface interacting with O2. The dashed lines indicate the non-crystallographic 
“z” coordinated of surface layer Zr4+ and Ce4+ ions. Magenta: Ce; blue: Zr; red: O. 

 

3.5.2) O2 adsorption: two Ce3+ species in the bulk of tetragonal ZrO2 (101) 

This case, and the one discussed in the next session, can be considered hypothetical and are 

presented here for completeness. In fact, we discuss below what happens if the Ce3+ dopant is not 

on the surface of zirconia, but it lies in the inner layers. The calculations have shown that Ce prefers 

to stay on the surface of the zirconia particles, and given the high thermal treatment their 

concentration should be significantly higher than that of bulk Ce3+ ions.  

Here we consider the case where two Ce3+ are buried in the bulk of ZrO2 (101). The interaction of O2 

shows significant differences with respect to the previous case (Ce3+ species on the surface). Also 

here we observe the formation of a superoxide radical ion, but of course this is adsorbed on top of 

a surface Zr4+ ion.  

This adduct has a binding energy of -0.72 eV. We also found another, less stable, chemisorption state 

with a binding energy of -0.55 eV (Figure 8c). Both chemisorption adducts are associated to an 

electron transfer, according to reaction 1. 

The most stable adduct is associated to a bent configuration with an O-O-Zr angle of 76°, and Zr-O 

distances of 2.13 Å and 2.24 Å, Figure 8b. The O-O distance is 1.36 Å, compatible with O2
- 

configuration, and slightly larger than that reported in previous section for the side-on adduct (1.33 

Å). The two oxygen atoms are magnetically non-equivalent, although the difference is small. The 
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binding energy of this Zr4+-O2
- adduct (-0.72 eV) is very similar to the case where one Ce3+ is on the 

surface but the complex forms on a surface Zr4+ ion (-0.65 eV).  

The different adsorption mode of O2
- on the Zr4+ ion, Figure 8, compared to the case discussed 

above of direct bonding to a surface Ce4+ ion can be explained with a different extension of the Zr 

4d orbitals compared to the Ce 4f orbitals. This allows a better overlap of the Zr 4d states with the 

O2 2* MO, resulting in a partial covalent and directional bond that results in the tilt angle. 

The second adduct, less stable (binding energy –0.55 eV), is very different from the previous one. 

First, it assumes a bent structure on a Zr4+ ion, Figure 8c, in which the oxygen atoms are magnetically 

non-equivalent, contributing with spin populations 0.45 and 0.67, for a total of 1.12. The O-O-Zr 

angle of the bent structure is 121°, with a Zr-O distance of 2.31 Å. Moreover, also the O-O distance 

is different, being 1.29 Å. The lower value of the O-O distance indicates that the electron transfer is 

not complete and that the bonding has a significant covalent character.  

An important difference between the case where Ce3+ dopants are at the surface or in the bulk of 

the zirconia particles is related to the mechanism of the charge transfer. In the first case, the direct, 

although weak overlap of the Ce and O2 wave functions justifies the occurrence of the electron 

transfer. In the second case, the large distance between the O2 molecule and the dopant implies that 

a different mechanism must be invoked in order to observe the charge transfer. The DFT calculations, 

related to the ground state of the system at zero Kelvin, only provide the thermodynamically most 

favorable configuration, but cannot predict how the electron migrates from a bulk Ce3+ ion to the 

surface (hopping, thermal diffusion, etc.). One cannot exclude that only surface Ce3+ ions are 

effective in determining the charge transfer. This would also explain why only symmetric EPR signals 

are seen for the two O atoms of the molecule, as this is the preferred configuration assumed in this 

case.  

3.5.3) O2 adsorption: Ce3+ species in the bulk and on the subsurface layer of tetragonal ZrO2 (101).  
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We now move to the last model, a Ce3+ species buried in an inner (bulk) slab, and a second Ce3+ 

dopant in the subsurface layer of ZrO2 (101). This model is an intermediate case between those 

discussed above. The overall picture is very similar to that of two Ce3+ ions in the bulk; in fact, the 

chemisorption of O2 leads to a bent structure bound to a surface Zr4+ ion, Fig. 8b. The binding energy 

is -0.54 eV (-0.72 eV in the model with two bulk Ce3+ ions). Thus, both models displaying a bent 

structure have larger binding energy (-0.54 eV and -0.72 eV), than the side-on configuration on 

surface Ce3+ ion (-0.45 eV). The bent structure (not reported) is almost the same as in the previous 

case (Figure 8b), O-O-Zr 76°, O-O distance is 1.36 Å.  

 

Figure 8: Optimized models obtained by interaction of Ce-doped (101) ZrO2 surface with O2. (a) One dopant is located in the bulk 
and the second one is located in the surface layer. (b) and (c) bent configurations of O2 interacting with ZrO2 with two Ce doping 
species in the bulk of the model. Magenta: Ce; blue: Zr; red: O. 

 

4. Discussion and conclusive remarks 
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XRD characterization indicates that a solid solution of Ce ions in ZrO2 has been obtained in the range 

of molar concentration between 0.5% and 10%. Evidence of CeO2 segregation was not observed in 

the XRD patterns (Fig. 1). In the case of lower loading, even though the identification in the XRD 

patterns of tiny amount of CeO2 phase could be difficult, the observed change of the lattice 

parameters proportional to Ce loading further confirms the formation of a solid solution. Parallel 

modifications of the lattice parameters are also predicted by the computational study. The DFT 

results however clearly shows that such a change of lattice parameters should occurs for both the 

ZrO2 polymorphs (tetragonal and monocline), while the experimental evidence indicates a 

significant expansion in the case of the tetragonal structure only, while the lattice of the monoclinic 

one remains almost unaltered. This suggests that Ce ions are distributed only in the lattice of the 

tetragonal phase of the synthesized samples and that they are not present in the monoclinic lattice.  

It is also worth to mention that this different distribution of Ce ions between the two 

polymorphs can entail some inhomogeneity in the prepared samples making difficult to establish 

the real concentration of the dopant in the single polymorph. Such an inhomogeneity can contribute 

to justify the difference in the percentage of deviations of the lattice parameters (∆% in Table 1), 

between the prepared samples and the calculated models, which is higher in the case of the real 

samples.  

The agreement between theoretical outputs and experimental evidence about the effect of O2 

adsorption on the surface of Ce-doped ZrO2 is also convincing. Oxygen adsorption on the activated 

(oxidized) Ce-ZrO2 sample leads to an interaction with surface Ce3+ ions (reaction 1) leading to the 

formation of superoxide species adsorbed side-on on top of Ce4+ ions (Fig.s 3 and 4). The described 

electron transfer is almost complete being the total spin density on the O2 molecule about 0.9, in 

agreement with theoretical predictions. The presence of paramagnetic Ce3+ ions cannot be directly 

monitored by EPR because they are EPR silent in the temperature range covered by our 
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experiments. However, the presence of trivalent cerium in Ce-ZrO2 is well-established not only as a 

consequence of the experiments of superoxide formation here reported but also on the basis of XPS 

measurements.7,11,40 In the present work, moreover, the presence of trivalent cerium species at the 

surface is supported by the theoretical calculations that find a higher stability for this configuration 

compared to having the dopants in the bulk. 

The original feature of the reported phenomenon is its pressure dependence at room temperature 

(and even at lower temperatures) indicating a reversible behaviour of the adsorption, typical of a 

so-called oxygen carrier. This implies the onset of a relatively weak interaction between the 

molecule and the adsorbing centre. Interestingly, the structure of the oxygen adduct is 2 (side-on) 

whereas in most cases of oxygen carriers the structure is end-on. Also these two features are 

consistent with the DFT calculations that indicate a binding energy of -0.45 eV for a symmetric side-

on superoxide. The binding energy (equivalent to about 42 kJ/mol) and the activation energy of 

desorption are, in fact, typical of reversible chemisorptive phenomena, with relatively fast kinetics 

of the adsorption-desorption processes49.  

The calculations show that when the Ce3+ ions are in subsurface lattice sites the electron transfer 

and surface electron scavenging by O2 also occurs, and the superoxide stabilisation takes place at a 

Zr4+ site with stronger interaction energy and slightly asymmetric geometry. This behaviour recalls 

what observed in the case of thermal annealing at high temperature where a fraction of the 

superoxide anion is irreversibly bind to surface Zr4+ ions. For a high level of reduction of the oxide 

matrix, in fact, it is reasonable to imagine that the transfer of electrons originally formed in the bulk 

to the oxygen molecule also occurs through zirconium ions at the surface. The 17O spectrum of such 

species (not reported for sake of brevity) shows again a structure compatible with a symmetric side-

on structure or, at least, with a tiny non-equivalence of the two oxygen atoms as indicated by the 

calculations. 
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To conclude, the present work, reports a thorough description of the phenomenon of reversible O2 

adsorption occurring at room temperature and at lower temperature on the surface of Ce-doped 

ZrO2.  Such a phenomenon is strictly related to the presence of reduced Ce3+ ions on the surface of 

the solid which spontaneously transfer the electron spin density on the oxygen when the molecule 

is in the proximity of the surface. The so formed Ce4+-O2
- adduct can be easily broken by raising the 

temperature or pumping gaseous oxygen from the atmosphere. The observed behaviour is the same 

as in the case of oxygen transport systems. Systematic quantitative experiments are planned to 

verify the possibility of practical application of the described system in the field of gas mixture 

separations.  

Supporting Information 

Optimized structure of Ce doped ZrO2 and charge modification, before and after O2 adsorption, obtained via 

Bader analysis. Rietveld refinement of the XRD data. 
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