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A B S T R A C T   

Recently, CeO2 as well as other Rare-Earth Oxides (REOs) have become known as water repelling materials 
which enables their usage in glass industry. In this study, we investigate electronic, optical and wetting prop
erties of pure and doped CeO2 by first-principles calculations. It is established that introduction of tetravalent 
doping atoms (Zr, Ti, Sn and Si) significantly modifies the optical response of CeO2 in the visible range by shifting 
the absorption edge which also effects on the refractive index of the material. For these systems, the water 
contact angle has been computed through adsorption energy of water layers. We report the intrinsic hydro
philicity of the low-index surfaces of CeO2, which is enhanced by introduction of the impurity atom. Influence of 
the dopants on the oxygen vacancy formation energy Ef (VO) is considered and discussed with respect to its 
possible effect on the hydrophobic behavior of CeO2. It is found out that all the considered doping atoms reduce 
Ef (VO) , resulting in enhanced adsorption of the air hydrocarbons at the surface, which leads to an increased 
water contact angle. Based on the obtained results, an assessment on the applicability of doped CeO2 in glass 
industry is made. It is concluded that Zr-doped CeO2 possesses the most prominent properties among considered 
systems for the application as transparent layer.   

1. Introduction 

Cerium dioxide CeO2 (ceria) is a rare-earth metal oxide which found 
its application in different technological areas as catalytic [1–3], ionic 
conductive [4–6], and antimicrobial material [7,8]. Possessing fluorite 
crystal structure, CeO2 has a unique electronic configuration which al
lows its properties to be modified in a wide range by doping and Ce+4 

reduction [9,10]. It was shown previously that another application of 
CeO2 can be to use it as a hydrophobic material [11]. Due to its wetting 
behavior together with transparency to visible light, cerium dioxide is a 
fine candidate for robust inorganic hydrophobic coatings which can be 
applied for example in windows for cars and buildings [12,13]. In 
addition, CeO2 is potentially capable to be used as anti-soiling and 
self-cleaning coatings for decreasing maintenance costs for PV-systems 
[14,15], since a superhydrophobic condition with contact angle above 
150◦ can be achieved. The reasons for the hydrophobic properties for 
CeO2 still remain unclear. The original explanation was grounded on 
shield effect of cerium outer electrons, protecting Ce-4f valence states 
from interaction with water oxygen atoms [11,16]. The following 
studies showed controversial results, confirming dependence [17] and 

independence [18] of the wetting properties of magnetron sputtered 
CeO2 on O/Ce ratio at surface. It was later found that the as-prepared 
CeO2 showed a low contact angle that increased over time in atmo
sphere or low-vacuum systems [19]. This evolution of wetting properties 
was later attributed to adsorption of hydrocarbon molecules from the 
environment on the surface of CeO2. Moreover, the initial hydrophilicity 
of CeO2 can be restored by removal of the adsorbed species from the 
material surface, which has been confirmed in a number of different 
works [20–22]. 

One of the practical limitations of application of CeO2 in the glass 
industry is its high refractive index, which varies between 2.25 and 3.3 
in the visible light range [23–25], resulting in high reflection of light 
from the surface of the glass. The reflectivity of CeO2 can be tuned by 
doping which results in reduced refractive index and increased band 
gap. Impurities such as Zr [26–29], Ti [28], Y [30], Sn [31], Si [32], Mn 
[33] and various lanthanides [34,35] all have the potential to tune the 
optical parameters of CeO2. 

Theoretical considerations performed for doped systems have mostly 
focused on their application in catalytic or solid oxide fuel cells (SOFC) 
technologies and barely covered their effect on hydrophobicity. In a 

* Corresponding author. Department for Solar Energy, Institute for Energy Technology, 2027, Kjeller, Norway. 
E-mail address: damir.mamedov@ife.no (D. Mamedov).  

Contents lists available at ScienceDirect 

Journal of Physics and Chemistry of Solids 

journal homepage: www.elsevier.com/locate/jpcs 

https://doi.org/10.1016/j.jpcs.2022.110820 
Received 24 February 2022; Received in revised form 5 May 2022; Accepted 23 May 2022   

mailto:damir.mamedov@ife.no
www.sciencedirect.com/science/journal/00223697
https://www.elsevier.com/locate/jpcs
https://doi.org/10.1016/j.jpcs.2022.110820
https://doi.org/10.1016/j.jpcs.2022.110820
https://doi.org/10.1016/j.jpcs.2022.110820
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpcs.2022.110820&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Physics and Chemistry of Solids 168 (2022) 110820

2

recent paper [36], the influence of doping atoms on the water contact 
angle has been attributed to the change of atom-to-atom distance on the 
CeO2 surface, which defines the energetic outcome for the water mole
cules to be adsorbed [37]. However, such approach does not cover the 
effect of the electronic configuration near the surface on the wetting 
properties. Moreover, such doping influences the chemistry of oxygen 
vacancies, including their concentration at the surface. The intrinsic 
defects can be used by surrounding hydrocarbon molecules for the better 
attraction to the surface [38] which enhances hydrophobicity. 

Study of water contact angle for CeO2 has been addressed by first 
principles calculations for different configurations of the water mole
cule, showing high contact angle for ideal low-index surfaces in agree
ment with the initial idea of intrinsic hydrophobicity [36,39], but 
contradicting the above-mentioned experimental results. The reason for 
the discrepancy between the theoretical and experimental results is not 
clear and might be explained by surface imperfections, such as attached 
hydroxyl groups. They cause rearrangement of the neighboring atoms of 
CeO2, which affects the electronic structure and modifies the wetting 
behavior of the surface. Additionally, the hydroxyl groups on the surface 
could serve as pinpoints for airborne hydrocarbons to attach [38] which 
are responsible for gradual change of CeO2 hydrophobicity. However, 
the considered models imply a relatively high density of such defects, 
which is difficult to achieve in experiment with precise control of grains 
orientation. For instance, using atomic layer deposition (ALD) for syn
thesis of CeO2 thin films results in water contact angles of not more than 
53◦ regardless of the crystallographic indexes of the CeO2 surfaces 
investigated [40]. 

The current work aims to study electronic structure and optical 
properties of ideal and doped CeO2 by first principles calculations. 
Range separated parameter a has been estimated and the study of 
electronic and optical properties have been performed by using the 
calculated an as an input to the hybrid functional. The influence of the 
introduction of tetravalent doping atoms (Zr, Ti, Sn and Si) on the 
electronic structure, optics, oxygen vacancy formation energies and 
hydrophobicity of CeO2 has been investigated. For these systems, the 
water contact angle has been computed through adsorption energy of 
water layers. The applicability of different dopants for CeO2 in glass 
industry is evaluated based on the hydrophobic behavior of the systems 
as well as their optical response to visible light. 

2. Computational details 

2.1. Structural and optical properties 

Calculations were performed using Density Functional Theory (DFT) 
implemented in Vienna Ab Initio Simulation Package (VASP). The en
ergy of the ground state was obtained with Perdew–Burke–Ernzerhof 
(PBE) exchange-correlation potential. In order to represent core elec
trons, the projected augmented wave (PAW) potential was used with 
energy cutoff 500 eV. Ce atoms show strong localization of 4f-states 
which cannot be treated within pure DFT method. To overcome this, 4f- 
electrons were additionally described in terms of the Dudarev approach 
within DFT + U correction [41] with Hubbard parameter U = 4.5 eV, 
which was proposed before [36,42,43]. Cubic Fm 3 m crystal structure 
(225 space group) was used to represent atomic arrangement of fluorite 
CeO2. For the lattice and optical parameters calculation for the pure 
CeO2, a unit cell containing 12 atoms (4 Ce and 8 O atoms) was 
considered. 

The effect of different doping atoms on the electronic structure was 
considered for a (2 × 2 × 2) supercell. Atoms of Zr, Ti, Sn and Si were 
considered as extrinsic defects in CeO2 in an amount of 1 per supercell 
which gave the relation of doping to Ce atoms X/(Ce + X) (X – doping 
atom) equal to 3.1%. Following the DFT + U approach, d-electrons of Zr, 
Ti, Sn were represented respectively with U-values of 2.0 eV [26,44], 4.2 
eV [45], 4.0 eV [46,47], as implemented in previous theoretical works. 

Spin-polarization was enabled whenever it was necessary. 
For precise calculation of the optical parameters and the band 

structure, Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) approach 
was used with screening range parameter ω=0.2 Å− 1 [48]. For the 
adjustment of the potential, the DFT-HF mixing parameter amix was 
determined based on the static dielectric constant [49]: 

amix =
1

ε∞
, (1)  

where the dielectric constant ε∞ was computed within the PBE potential. 
Calculation was performed with 10 × 10 × 10 k-point mesh for the 

pure DFT potential and 5 × 5 × 5 for the hybrid potential, using the 
Monkhorst-Pack scheme [50]. Convergence threshold for the system 
energy was chosen as 10− 7 eV for the electronic steps and 10− 6 eV for 
the ionic steps. 

The imaginary part of the optical dielectric function ε2 has been 
derived from DFT results by summing the interband transitions from 
occupied to unoccupied states for energies much higher than those of 
phonons. The real part of the dielectric function ε1 is calculated using the 
Kramers-Kronig transformation. The knowledge of both the real and 
imaginary parts of the dielectric tensor allows one to calculate other 
optical parameters. In this paper, we present and analyze the reflectivity 
R(hν), the absorption coefficient α(hν), the refractive index n(hν), and 
the extinction coefficient k(hν). More details about the optical calcula
tions were discussed elsewhere [51,52]. 

2.2. Defect formation energy 

The vacancy formation energy was evaluated with following 
expression [53]: 

Ef (Vq
O)=Etot(Vq

O) − Etot(bulk)+ μO + q(EF +EVBM) (2)  

where Etot(Vq
O) is the energy of the defect structure, Etot(bulk) is the en

ergy of the ideal structure, μO = − 4.93 eV is the oxygen chemical po
tential, which was taking for the O-rich environment [53], q is the 
charge value (in case of charged vacancy), EVBM is the valence band 
maximum (VBM) energy, and EF is the Fermi level (above VBM). 

2.3. Water contact angle 

According to the Young equation, the contact angle can be expressed 
through surface tensions of different interfacial pairs: 

cos θ=
γSG − γSL

γLG
(3)  

where γXY represents two-phases surface energy between solid, liquid or 
gas (S, L and G, respectively). Water and ice are interchangeable due to 
their similarity in terms of surface energy, while atmospheric gas can be 
replaced by vacuum for the same reason. Solid-liquid interface is rep
resented as adsorption of ice layers on a bare solid slab [36]: 

γSL = γSG +
Eice

ads

A  

and WCA is obtained in the form: 

cos θ= −
Eice

ads

AγLG
(4) 

Adsorption energy of the water bilayer in Eq. (4) can be rewritten in 
the form: 

Eice
ads =Etot −

(
ES, bulk + γSGA

)
− Eice, bulk (5)  

where Eice, bulk is the bulk energy for solid and ice. 
Another approach proposed [39] uses explicitly computed values for 

the surface tensions. For this, γSG and γLG are obtained from the energy 
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difference for the bulk and slab materials per area unit. Surface tension 
of the SL interface can be expressed from the total energy of the slab 
containing both phases: 

Etot = γSGA + γSLA + γLGA + ES, bulk + Eice, bulk (6)  

where A is the area of the considered supercell and ES, bulk and Eice, bulk are 
the bulk energies for solid and ice. 

Comparison of the two approaches described above gives that: 

cos θ1 = cos θ2 − 1 (7)  

where θ1 is obtained from Eq. (4) and θ2 from Eq. (6). This relation 
points out that the first approach tends to overestimate the value of WCA 
due to exclusion of the water surface energy from the consideration. 

Following previous studies on water adsorption on different surfaces 
[39], the water molecule configuration has been determined using the 
ab initio molecular dynamics method. Parameters of the molecular dy
namics simulation included an Andersen thermostat at 200 K with a 
timestep of 0.1 fs with total annealing time at 5 ps. The molecular dy
namics step was followed by a standard DFT-optimization until reaching 
convergence in order to achieve equilibrium for the system. 

3. Results and discussion 

3.1. Materials properties for bulk CeO2 

Using the experimentally determined lattice parameters as input, 
structural optimization has been performed for CeO2 within PBE, PBE +
U and hybrid functional calculations. The lattice parameter within PBE 
+ U potential equals to 5.495 Å for stoichiometric CeO2, which is in 
good agreement with previous calculations [53]. The computed value of 
the optimized mixing parameter for the hybrid potential is determined 
from Eq. (1) as amix = 0.151 and leads to a lattice constant of 5.417 Å for 
ideal crystal, which corresponds well with the experimentally derived 
value (aexp = 5.411 Å) [54]. Lattice parameters for the equilibrium 
lattices of M0.25Ce0⋅75O2 are presented in Table 1 together with the 
experimentally determined values. Analysis of Table 1 shows that de
viation of the calculated equilibrium volumes is <6.5% of the experi
mentally determined values, which suggests that the theoretical 
calculations are in agreement with experimental observations. 
Furthermore, the symmetry of the optimized lattices for CeO2 is found to 
be the same as that of the corresponding experimentally determined 
one. 

The band structure calculated with the hybrid potential is shown in 
Fig. 1. It displays high localization of the Ce-4f states with a narrow 
energy range that is in good agreement with results of Refs. [57,58]. A 
direct band gap of 3.07 eV corresponds to experimental values found in 
the range 3.03–3.57 eV [23,59–61] and is consistent with the previously 
reported range 3.0–3.25 eV for different hybrid potentials [62]. The 
fundamental band gap of 3.00 eV between X (0, ½, ½) and L (½, ½, ½) 
k-points points to an indirect band gap nature for CeO2. The small de
viation between indirect and direct band gaps is observed due to the 
strong localization of 4f states, which implies a high sensitivity of the 
final band structure to calculation parameters, including the number of 
k-points and the meshing scheme. Analysis shows that the conduction 

band is almost flat, so one can expect very small mobility of electron 
transport. Valence band is more dispersive, which means that the elec
trical current can be mostly transported by holes than by electrons. 

3.2. Intrinsic point defects 

Intrinsic defects in CeO2 are mostly represented by oxygen vacancies 
due to the relatively low formation energy that governs the defect 
equilibrium concentration at non-zero temperature. In order to inves
tigate the influence of the oxygen vacancy on the electronic structure of 
CeO2, a vacancy has been created in the 2 × 2 × 2 supercell of CeO2. The 
ideal supercell contains 96 atoms and the oxygen vacancy pushes the 
system to non-stoichiometric CeO2-δ, where δ ≈ 0.031. For the charged 
defects, we assume charge delocalization and exclude the formation of 
the polarons from the consideration, even though they show slightly 
reduced formation energies for the pure system [53]. The dependence of 
the formation energy for the different charge states of the oxygen va
cancy (VO) on the Fermi level is plotted in Fig. 2. The analysis shows that 
VO
+2 occurs to be more stable at a Fermi level range of 1.26–1.7 eV and 

0.14–1.7 eV for oxygen poor and oxygen rich conditions, respectively. 
The (+2/0) transition at 1.7 eV indicates the vacancy induced deep state 

Table 1 
‒ Lattice parameters for the doped M0.25Ce0⋅75O2 and pure CeO2 systems.  

Doping atom Zr Sn Ti Si Pure 
CeO2 

Lattice 
parameter, 
Å 

DFT, PBE + U 5.405 5.425 5.348 5.320 5.495 
DFT, Hybrid 5.338 5.350 5.284 5.245 5.440 
Experimental 5.352a 5.388a 5.396a 5.406b 5.411c  

a Ref. [55]. 
b Ref. [56]. 
c Ref. [54]. 

Fig. 1. Band structure of CeO2 calculated with hybrid potential (a = 0.151). 
Valence band maximum (VBM) is placed to 0 eV. 

Fig. 2. Dependence of formation energy for differently charged oxygen va
cancy on Fermi level in undoped CeO2 (O-rich condition). Labels near the lines 
indicate charge of the vacancy. Vertical dashed line represents band gap. 
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levels in the band gap which behave as negative-U center. It suggests 
that it is preferable for the oxygen vacancy to release/accept two elec
trons at the same time rather than one electron. Since CeO2 is an insu
lator, probability of accepting two electrons at the same time is too 
small. Thus, one cannot expect enhanced recombination activity 
through the anion vacancy. If synthesize of CeO2 possessing p-type 
electrical conductivity would become possible, one can expect 
enhancement of certain functionalities such as, eg., photocatalytic 
properties. 

It should be noticed also that the situation with Ef
v(O) < 0 for posi

tively charged vacancies leads to violation of the electroneutrality 
principle because negatively charged point defects cannot be created in 
enough quantities to compensate them. Singly charged vacancy does not 
appear as the most stable condition at any Fermi level. 

3.3. Extrinsic defects 

Table 2 shows the defect formation energy Edef
f , M − O bond length, 

and O2p-Ce4f band gap calculated within DFT + U approach in the 
current study. Introduction of the impurity cation into the fluorite 
structure causes strong crystal distortion around the defect with local 
rearrangement of the neighboring atoms. This change can be charac
terized qualitatively by the defect formation energy. Analysis of the 
doped structures shows a shift of the neighboring oxygen atoms towards 
the defect site where the Ce cation should be in an ideal lattice. The shift 
is caused by the smaller ionic radius compared to the Ce4+ cation. Due to 
the ability of Zr to form fluorite-arranged bounds with oxygen (imple
mented in cubic zirconia [63]), the local atomic arrangement around the 
solute keeps the fluorite symmetry of the ideal crystal even for the 
heavily doped systems [64]. This consistency of the lattices leads to a 
low defect formation energy Edef

f for the Zr-atom. The following reduc
tion of the atomic radius for the impurities causes increased defect 
formation energies. Moreover, the different Me–O chemical bonds co
ordination for the doping atom oxides (6-, 6-, and 4-coordinated in TiO2, 
SnO2 and SiO2 respectively) causes rearrangement of the electronic 
structure that additionally increases value of Edop

f . 
Fig. 3 displays the partial density of states (PDOS) for O 2p, Ce 4f, Ce 

5d states corresponding to CeO2 and Ce1-xMxO2 systems (M = Zr, Ti, Sn, 
Si; x = 0.031). Using the DFT + U approach, we reproduce the general 
conclusions on the effect of doping atoms in CeO2. The high density of 
states located 2–3 eV above VBM is caused by strong localized 4f-states 
which remain unoccupied in the defect-free condition. Incorporation of 
the doping atom in the lattice modifies the states configuration [Fig. 3, 
b-e]. All the considered extrinsic defects form additional deep levels in 
the gap between the O 2p -Ce 5d levels (black peaks in the plots), which 
are attributed to d-states in Zr- and Ti-doped systems, and to s-states in 
Sn- and Si-doped CeO2. Another effect of the extrinsic defects is the 
slight shrinking of the O 2p-Ce 4f band gap, as shown in Table 2. It 
should be noted that generation of the new levels in the band gap occurs 
between Ce 4f - Ce 5d states for all considered dopants [Fig. 3, b-e] and 
between O 2p-Ce 4f for Sn-doped system [Fig. 3, d]. The dopant levels 
stand deep inside the band gap that excludes their occupation by ther
mally excited electrons from VBM with increasing the electronic con
ductivity. Low density of states for the extrinsic defect and their high 
localization encounter a minimal effect on the light absorption by the 

material. Levels below Ce 4f states for the Sn-doped ceria [Fig. 3, d] can 
work as trapping sites for the photoexcited electrons, with prolonged of 
lifetime for electron-hole pairs [65]. This effect, besides the shrinking of 
the band gap, stimulates the photocatalytic activity of the doped ma
terial [66]. 

3.4. Optical properties 

Fig. 4 displays the calculated optical spectra for different doped 
systems. Besides using the PBE + U approach we performed calculations 
within the hybrid potential which gives a reasonable estimation for the 
absorption edge value. To determine the influence of different extrinsic 
defects on the optical properties of CeO2, optical band gaps were esti
mated with Tauc plot reconstructed from the theoretically obtained 
spectra [Table 3]. To save computational cost, the DFT + HF method 
was used for the single unit cell which corresponds to a high concen
tration of the dopants, i.e., 25% of all cations. It is seen from Table 3 that 
the PBE + U approach underestimates the optical band gap due to lack of 
the exact exchange in the description of the electrons behavior [33]. 
Dependence of the refractive index on the absorption coefficient through 
the Kramers-Kronig relation also predicts the analogous shift for the 
refractive index peak towards higher photon energies. It is clearly seen 
from [Fig. 4 (a, c, e, g)] that change the potential from PBE + U to hybrid 
is followed by the main peak migration for refractive index from energy 
~2.6 eV–~3.25 eV for pure and doped ceria. It should be noted that for 
the determination of the optical spectrum, excitation process involving 
electron-hole interaction can be also considered by Bethe-Salpeter 
equation or Time-Depended DFT [67,68]. 

Control of the optical properties remains one of the possible methods 
to enhance the practical usage of the material. The calculated optical 
properties of showed in Fig. 4 suggest the practical applications where 
such doping can be used to enhance the efficiency of ceria as functional 
material. Presence of Zr atoms in CeO2 increases the optical band gap 
and reduces the refractive index in the visible part of the electromag
netic spectrum, according to both DFT + U and hybrid potential calcu
lations [Fig. 4 (a-b)]. This is consistent with the previously reported 
results within the DFT + U framework [26] and is confirmed by ex
periments [28]. The increased band gap of the doped system compared 
to pure CeO2, implies lower absorbance in the visible part of the elec
tromagnetic spectrum while lower refractive index indicates less 
reflectance of visible light from the interface of the material with air. 
Zr-doped CeO2 thus possesses higher transmittance than CeO2, which is 
beneficial for transparent optical coatings. 

Incorporation of Ti atoms into CeO2 causes red shift of the absorption 
edge towards lower photon energies and reduces the refractive index, 
which enhances suppression of light reflection according to optical 
spectra obtained with the hybrid potential [Fig. 4 (c-d)]. This contradicts 
the results within the DFT + U approach that suggests increasing of the 
refractive index in the visible part of the electromagnetic spectrum [28]. 
Based on the DFT + U approach, incorporation of Sn or Si doping atoms 
in CeO2 leads to continuous reduction of the absorption edge energy 
while keeping the refractive index around that corresponding to undo
ped CeO2 in case of doping with Sn [Fig. 4 (e-f)] or slightly increasing it 
for the visible light in case of doping with Si [Fig. 4 (g-h)]. This con
tradicts to the results coming out from the calculations within the hybrid 
potential demonstrating a decrease of the refraction index over the 
visible part of the electromagnetic spectrum for Sn. Band gap change 
reduction for doping with Sn [31] and Si [32] qualitatively corresponds 
well with experimental observations. The theoretical analysis of the 
optical properties suggests enhancement of the visible and UV-light 
absorption of CeO2 doped by Ti, Si and Sn. Such improvement in the 
light harvesting properties can be relevant for application in photo
catalytic processes. 

Table 2 
Formation energy, impurity-O bond length, and energy gap for the Ce1-xMxO2 
system (M = Zr, Ti, Sn, Si, x = 0.031).  

Impurity Undoped 
CeO2 

Zr Ti Sn Si 

Defect formation energy Edop
f , 

eV 
— 0.06 4.69 4.91 6.92 

Me–O bond length, Å 2.38 2.29- 2.24 2.26 2.16 
O2p-Ce4f band gap, eV 2.38 2.18 2.10 2.09 1.95  
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3.5. Vacancy-impurity complex 

To investigate the effect of different tetravalent doping atoms on 
oxygen vacancy formation energy, an oxygen vacancy was introduced to 
the 2 × 2 × 2 doped supercell with doping level at 3.1%. Due to 
inequality of the different anions around the extrinsic defect, it is 
necessary to consider vacancy at 4 different nearest neighbors’ positions 
[Fig. 5] [69]. 

Formation energies of the oxygen vacancy for the different doped 
systems are calculated [Table 4]. The results for Zr-, Ti-, and Sn-doped 
systems are consistent with previous theoretical results and follow the 
general trend of different doping atoms to reduce Ef

v for the NN1 position 
[69]. According to the Boltzmann law, this reduction of the formation 
energies facilitates vacancies creation. The increased impurity concen
tration stimulates ionic conductivity of such systems, except for Si, 
which is confirmed experimentally [70,71]. Analysis of the different 
positions for the vacancies (Table 4) points out the preferable creation of 
the oxygen vacancies near the doping atom. This position of the vacancy 
allows to minimize the strain energy caused by the incorporated 
extrinsic defect. It should be also noted that growing of the oxygen va
cancy concentration as a result of the lower formation energy is 
accompanied with increased concentration of Ce3+ due to reduction of 
Ce4+. The reduced Ce3+ specie possesses larger ionic size then its 
oxidized form, and in experiment the oxygen deficiency in ceria attri
butes the increased lattice parameter [72]. It is clearly seen from Ta
bles 1 and 4 that the mismatch between calculated and experimental 
lattice parameters grows with decreasing of Efv (O) that suggests a 
significant role of the oxygen vacancies in the modification of the crystal 
structure. 

Negative values for the formation energies of Si-doped CeO2 points to 

strong rearrangement of the nearest impurity neighbors due to high 
mismatch in the atomic radii and different coordination of Me–O bounds 
in CeO2 and SiO2 [73]. The change of the local atomic structure causes 
interruption in the lattice order and produces heterogeneous inclusion 
which can be considered as a nucleus of a secondary phase. Negative 
formation energies thus can be interpreted as a sign of a low solubility of 
the atom in the host lattice. Represented as an additional obstacle for 
oxygen ions to migrate, the Si-based secondary phases in CeO2 reduce 
the ionic conductivity of CeO2 [74]. 

Dependence of the O-vacancy formation energy on Fermi level for 
the doped CeO2 is depicted in Fig. 6. Doped CeO2 possesses negative-U 
center behavior for the oxygen vacancy which is described as preferable 
formation of the neutral defect over the single charged one. The tran
sition between +2 and neutral charge states for the vacancy occurs at the 
levels 0.30 eV, 0.97 eV, 0.31 eV, 0.34 eV above VBM for Zr-, Ti-, Sn- and 
Si-doped systems, respectively. These transition energies indicate a po
sition of the double deep level within the 2p-4f bandgap. 

3.6. Wettability 

For the current study, low index surfaces (100, 110 and 111) of pure 
and doped CeO2 were considered. In order to obtain water contact angle 
for the specific surface, total energy has been computed for a CeO2 slab 
with water molecules on it [Fig. 7]. The CeO2 slabs terminated by ox
ygen atoms were constructed from fluorite CeO2 by its cleavage along 
specific crystallographic planes. The obtained slab was expanded with 
formation of a supercell (2 × 2) along axes parallel to the surface for a 
better fit of the water molecules and three unit cells in depth. Impurity 
atoms for doped systems were placed in the surface layer to maximize 
their effect on surface energy and water molecules configuration. Water 

Fig. 3. –PDOS for O2p, Ce4f and Ce5e states for CeO2 and Ce1-xMxO2 systems (M = Zr, Ti, Sn, Si; x = 0.0312). The black curves in the doped system graphs (b–e) 
demonstrate formation of new levels in the band gap. 
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slab in the form of ice crystal consisted of double bilayer that fully 
covered the surface of CeO2. The number of water molecules in a layer 
for the proposed model corresponded to the number of the closest cation 
atoms in the CeO2 slab, which caused significant distortion in the ice 
structure. For the ideal hexagonal ice structure on undoped-CeO2 the 
total change in the water molecule density was 9.9%, − 154.0% and 
22.3% for (100), (110) and (111) surfaces, respectively (negative value 

indicates crystal expansion). 
Calculated contact angles for the pure ceria are summarized in 

Table 5 as compared with results of Refs. [36,39,40]. The analysis shows 
that the approach based on adsorption energy (Eq. (4)) provides better 
agreement with previously reported values for calculated WCA [36,39] 
and suggests a hydrophobic behavior of CeO2 for (100) and (111) 
planes. It should be clarified that the original work presenting explicit 

Fig. 4. Calculated optical properties spectra for Me0⋅25Ce0⋅75O2 systems: (a, c, e, g) – refractive index; (b, d, f, h) – absorption coefficient for Me = Zr, Ti, Sn, Si, 
respectively. 
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approach (Eq. (6)) [39] reported relatively close values for WCA to that 
obtained previously from Eq. (4) [36], despite the significant difference 
in two methods represented by Eq. (7). Following the approach 
described by Eq. (6), we revealed the hydrophilic behavior of CeO2 
regardless the plane index. Experimental results for an atomically flat 
surface of CeO2 with different indexes [40] show good correspondence 
of the approach for (111) plane, while for (110) and (100) the theo
retically determined CA tends to be underestimated. Such mismatch can 
be partly explained by fast deposition of airborne hydrocarbons which 
rapidly increase hydrophobicity of rare-earth oxides during exposure to 
atmospheric air and in vacuum systems. Multiple studies show the 
ability of CeO2 to reverse the wetting properties after annealing [21] or 
plasma treatment [19] which confirms the idea of hydrocarbons 
depositing onto the surface when exposed to air. 

To estimate the effect of different dopants on the wetting properties 
of CeO2, one of the cations in the solid slab was replaced by an extrinsic 
defect. The position of the doping atom was chosen in the surface layer. 
Water contact angles were computed the for Ce1-xMexO2 (111) plane 
with one replaced atom, i.e., with surface concentration of the doping 
atom at 25% (at.). The results obtained are summarized in Table 6. 

The analysis shows that doping reduces WCA for CeO2. Tuning of the 

wettability originating from the geometry of the surface was previously 
reported and attributed to the mismatch between the ice and CeO2 lat
tices [36]. According to that, the ice bilayer experiences slight squeezing 
during adsorption on the surface which leads to the minimization of the 
interaction energy. Further reduction of the metal-to-metal distance is 
expected to enhance the mismatch between oxide surface and water 
layer and to increase WCA. Besides the metal-to metal distance, an 
important characteristic which governs the wetting behavior, is distor
tion of the oxygen sublattice close to the doping atom. Doping with the 
metal impurity causes local rearrangement of the oxide anions by 
changing the metal-to-oxygen distance. Such rearrangement creates a 
local deviation from the flat condition [Fig. 8, a], which influences the 
water molecules from the first bilayer. The larger deviation in the 
metal-oxygen length dMe-O for the doped system from Ce–O bond in pure 
CeO2 implies creation of a bigger roughness in the atomic scale and 
tighter connection between water and oxide surface. Assuming the same 
type of chemical bond between impurity and oxygen as for Ce, it is found 
that the metal-oxygen length dMe-O depends on the atomic radius of the 
impurity atom. This allows to see the correlation between doping 
tetravalent atom in the CeO2 surface and intrinsic wetting properties of 
such system [Fig. 8, b]. It should be noted that the surface energy, i.e., 
the relaxation energy of the surface atoms over the area unit, can vary 
between 0.51 J/m2 for the pure CeO2 and 2.21 J/m2 for the Sn-doped 
CeO2 [Table 6]. This change, however, is not reflected much in the 
variation of WCA values, assuming lower dependence of this parameter 
on the tension characteristic of the surface in the absence of water. 

The predicted intrinsic hydrophilicity of CeO2 remains fair only in 
absence of adsorbed species on the materials surface. During exposure to 
air, water contact angle for CeO2 increases up to 115◦ for the flat sur
faces, which was attributed to adsorption of airborne hydrocarbons 
[19]. The change in wetting properties caused by organic molecules 
depends on the ability of the surface to attract the organic molecules. 
The reason why one material possesses a higher hydrocarbon content on 
its surface after air exposure compared to another material still remains 
unclear. The possible explanation for CeO2 might be that its surface 
turns out to be more attractive to hydrocarbons due to a decreased 
adsorption energy for the organic molecules. The proof of this statement 
requires a systematic experimental and theoretical consideration of the 
adsorption ability of CeO2 and hydrophilic oxides (for example, Al2O3) 
for different types of organic substances. The main requirement for the 
higher concentration of hydrocarbon molecules on the surface implies 
the abundance of vacant positions where those molecules can be 
adsorbed. Such places on the surface might be represented by, for 
example, oxygen vacancies or adsorbed hydroxyl groups [38]. In this 
work, the higher oxygen vacancy concentration was predicted due to 
decreased formation energy for that defect in the doped system. Oxygen 
vacancies on the surface are attributed to the ability to dissociate water 
[75]. The OH− -groups formed by that process then become adsorbed on 
the surface by filling the vacancy sites. These groups can be used for the 
attraction of different hydrocarbon molecules and their derivatives, 
which are present in air or in low-vacuum systems, switching the ma
terial to a hydrophobic state [76,77]. Absence of the oxygen vacancies in 
the doped CeO2 thus can provide additional spots for the organic mol
ecules to be adsorbed on the surface, resulting in an increased repelling 
of the water molecules. 

3.7. Assessment of doping strategies for the glass industry applications 

In this section we would like to articulate ideas regarding practical 
usage of CeO2 doped by tetravalent atoms such as Zr, Ti, Sn and Si in the 
glass industry applications, based on the results presented in this work. 
As mentioned in the introduction, one of the limiting factors towards 
using CeO2 as a transparent layer remains its high refractive index and 
small band gap, which causes a reduction of the sunlight transmittance. 
The introduction of Zr in CeO2 reduces absorption and reflection of the 
visible light making such doped system more attractive for using as 

Table 3 
Optical band gaps for the doped systems Ce0.75M0.25O2 obtained from the 
calculated absorption spectra.  

Doping atom Optical band gap Eg
opt (eV) 

PBE + U HSE06 Experiment 

Zr 2.4 3.15 3.30a 

Sn 1.0 2.8 2.72b 

Ti 2.3 2.75 3.00a 

Si 0 2.5 2.61c 

Pure CeO2 2.3 3.05 3.03–3.57d  

a Ref. [28]. 
b Ref. [31]. 
c Ref. [32]. 
d Refs. [23,59–61]. 

Fig. 5. Nearest neighbors’ position of anions for the cation doping atom.  

Table 4 
Oxygen vacancy formation energy in neutral state for oxygen-rich conditions for 
doped CeO2 with different impurities.   

Ef
v (O), eV 

Zr Si Sn Ti Pure CeO2 

NN1 2.08 − 2.16 1.92 1.17 3.12 
NN2 3.17 − 0.63 3.44 2.94 
NN3 3.07 − 0.21 3.47 3.05 
NN4 3.08 − 1.45 2.61 2.32  
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transparent layer. The ability of Zr to construct 8-coordinated fluorite- 
type chemical bonds with O-atoms and atomic radius closer to that for 
Ce [Fig. 8 (b)] imply high solubility of ZrO2 in CeO2 without breaking 

the crystal symmetry [64]. This results in the lowest degradation in 
hydrophobicity of CeO2 [Table 6]. These factors define Zr as the pref
erable doping agent for CeO2 for applications in the glass industry. The 
high-level atomic rearrangement around solute for Ti-, Sn-, and Si-doped 
systems leads to a significant change in the intrinsic wetting behavior of 
the CeO2 surface towards higher hydrophilicity. This also results in 
increased light absorption by the material in the visible part of the 
electromagnetic spectrum [Fig. 4]. That suggests the practical applica
tion of such solid solution as light-harvesting material which is capable 
of absorbing a wider range of photon energies than non-doped CeO2. 
The higher hydrophilicity, which causes lower WCAs, makes this group 
of dopants preferable for applications requiring attraction of water 
molecules to the surface. 

4. Conclusion 

In this work we have considered the electronic structure of CeO2 
doped with different atoms. With using the PBE + U and hybrid po
tential, different properties were considered, including total density of 
states, refractive index, absorption, oxygen formation energy as well as 
hydrophobicity by means of water contact angle. The results suggest 
that CeO2 is a semiconductor with a fundamental band gap at 3.00 eV. It 
possesses intrinsic hydrophilic behavior of low-index surfaces which was 

Fig. 6. Dependence of formation energy for differently charged oxygen vacancies on Fermi level for doped CeO2 (O-rich condition). Labels near the lines indicate 
charge of the vacancy. Vertical dashed line represents band gap for the undoped CeO2. 

Fig. 7. CeO2-water slabs after relaxation for different low-index surfaces of ceria: (a) – (100); (b) – (110); (c) – (111).  

Table 5 
Calculated water contact angles for low-index CeO2 planes.  

Plane 
index 

Computed WCA, ◦

Current study Fronzi et al. 
[39] 

Carchini et al. 
[36] 

Experiment 
[40] 

Eq.  
(6) 

Eq. (4) 

(100) 19.36 93.24 93.91 — 36.5 
(110) 0 65.10 64.09 — 41.1 
(111) 52.71 113.21 112.53 99.9 57.1  

Table 6 
WCA for doped CeO2 terminated by (111) surface.  

Doping atom Undoped CeO2 Zr Ti Sn Si 

WCA (Eq. (4)), ◦ 113.21 108.48 101.73 107.01 88.24 
WCA (Eq. (6)), ◦ 52.71 46.92 37.14 44.98 0 
dMe-O, Å 2.375 2.175 1.953 2.121 1.695 
Surface energy, J/m2 0.51 0.63 1.47 2.21 1.53  
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showed with simulation of CeO2-water slabs. Doping of CeO2 with 
tetravalent atoms (Zr, Ti, Sn and Si) modifies the electronic and optical 
properties in different ways, implying various possible applications of 
such doped systems. The solute atoms reduce the oxygen-formation 
energy and significantly change the configuration of the deep levels 
within the bandgap. It was shown that doping of CeO2 leads to the 
enhancement of the intrinsic hydrophilicity. Based on the theoretical 
approach, we conclude that Zr-doped CeO2 appears to be most prom
ising candidate material for use in the glass industry. 
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