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Oxygen ionic conductivity through zirconia (ZrO2) is essential to the performance of solid oxide fuel cells,
thermal barrier coatings, and zirconium alloys for nuclear fuel cladding. Since sulfur (S) atoms can replace
oxygen atoms at ZrO2 surface or even induce formation of homogeneous zirconium oxysulfide (ZrOS) struc-
ture at high S partial pressure, we study defect migration and formation in both cubic zirconia (c-ZrO2) and
ZrOS under different electron and element chemical potentials using density functional theory. Our calcula-
tions show that S addition to zirconia, either by doping or through gas diffusion, increases both the formation
energy and migration barrier of doubly positively charged oxygen vacancies. Since the charged oxygen va-
cancies play a vital role in the ionic and thermal conductivities, our results suggest that high S partial pres-
sures are expected to change the mechanisms of ionic and thermal conductivities of ZrO2-based materials.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the past decades, zirconia (ZrO2) has emerged as an important
material system for gas sensors [1], high-temperature electrolysis
[2], thermal barrier coatings [3], solid oxide fuel cells (SOFCs)
[4–7], etc. For instance, nanocrystalline ZrO2–CeO2 solid solutions
and Cu/CeO2/yttria doped zirconia (YDZ) are one of the most prom-
ising anode materials for SOFCs operating on hydrocarbon fuels[8,9].
It is well known that three zirconia polymorphs can exist at atmo-
spheric pressure, namely: monoclinic (m-ZrO2), tetragonal (t-ZrO2)
and cubic (c-ZrO2) [10–12]. In practice, it is more attractive to use
oxide-doped ZrO2 systems, since addition of yttria (Y2O3) to ZrO2 in-
creases the concentration of oxygen vacancies and, consequently,
significantly increases its ionic conductivity [13–15]. Despite this, a
number of recent publications report investigations of properties of
undoped zirconia polymorphs [10,12,16–29]. On the one hand,
such studies can provide information on the chemistry of pure zirco-
nia. On the other hand, most of the properties of yttria-doped zirco-
nia (b40 mol% Y2O3) can generally be considered as a superposition
of the properties of c-ZrO2 and Y4Zr3O12 domains [15,30,31], there-
fore such studies are the basis for understanding of YDZ properties.

Since defects, especially the lattice vacancies, have a major impact
on the performance of the ZrO2-based devices, a lot of theoretical re-
searches have been devoted to the investigation of their effects on the
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atomic and electronic structures of different zirconia phases
[9,11,15–28]. Several works have also been focused on the role of oxy-
gen vacancies in the stabilization of c-ZrO2 and t-ZrO2 structures at
low temperatures [14,15,30,32–36]. Nevertheless, all these studies
were limited to the investigation of pure ZrO2 systems or ZrO2 with a
low concentration of oxide additions (MgO, Y2O3, and CaO). In fact,
doped and undoped ZrO2 as well as oxidation (corrosion) of zirconium
(or zirconium alloys) can be affected by environmental conditions. For
instance, at high sulfur (S) partial pressure S atoms can replace oxygen
atoms at ZrO2 surface, or induce coexistence of ZrO2 and zirconiumoxy-
sulfide (ZrOS) structures or even formation of homogeneous ZrOS
structure (P213 space group, see Fig. 1a) [28,37,38]. Hence, it becomes
clear that transition between ZrO2 and ZrOS phases can change system
properties; however, no studies on this topic have been reported so far.
Therefore,we report density functional theory (DFT) calculations on the
migration of oxygen vacancies in c-ZrO2 and ZrOS and on the formation
of oxygen and zirconium vacancies in these structures under different
electron and element chemical potentials.

In this paper, undoped c-ZrO2 (Fm3m, see Fig. 1b) was chosen for
the defect calculations in zirconia. It is noteworthy that formation ener-
gies of intrinsic vacancies in cubic, tetragonal, and monoclinic zirconia
polymorphs are close to each other [21,23,24,26,27,39]. Besides, since
the lowest migration barrier of oxygen vacancy in YDZ corresponds to
the configuration where oxygen vacancy is placed far away from yttri-
um ions [14,34,35,40,41],migration barrier of doubly positively charged
oxygen vacancy (VO

+2) in c-ZrO2 can be directly compared with that in
YDZ. Therefore, our study not only enhances current understanding of
sulfur poisoning of zirconia and SOFC anodematerials, but also provides
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Fig. 1. Structures of (a) ZrOS, (b) cubic ZrO2, and (c) ZrS2. The red spheres are O ions, green spheres are Zr ions, and yellow spheres are S ions.

Table 1
Lattice parameters (in Å) and formation heats (in eV) for c-ZrO2, ZrOS and ZrS2. Present
results are compared with experimental data.

Lattice parameters (in Å) Formation energies (in eV)

This work Experiment This work Experiment

c-ZrO2 5.106 5.090[16] −11.97 −11.12[62]
ZrOS 5.719 5.696[37] −8.55 −7.88[62]
ZrS2 3.680 3.662[46] −4.70 -

5.858 5.826[46]
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guidance for the development of new materials for gas sensing, high-
temperature electrolysis, thermal barrier coatings and SOFCs.

2. Methodology

The first-principles calculations were carried out within the DFT
framework using Perdew-Burke-Ernzerhof (PBE) functional [42] and
the plane-wave pseudopotential method as implemented in the
Quantum-Espresso package [43]. The ultrasoft pseudopotentials [44]
with 2s22p4, 3s23p4, 4s24p64d25s2 as the valence electron configurations
for the oxygen, sulfur and zirconium, respectively, were used for the de-
scription of electron–ion interactions. A Monkhorst-Pack mesh [45]
with 10×10×10 k-point sampling was employed for prediction of
equilibrium lattice constants of c-ZrO2, ZrOS, and ZrS2(P-3m1, see
Fig. 1c [46]) structures, while for defect calculations 4×4×4 k-point
sampling was used. Before any structure relaxation and property calcu-
lation the converging testswere performed fromwhich the plane–wave
kinetic energy and charge density cutoffs were set as 50 Ry and 600 Ry,
respectively, for all simulations reported here.

Point defect calculations in both c-ZrO2 and ZrOS structures were
performed in supercells containing 96 atoms. All atoms in the supercells
were relaxed without changing the lattice parameters by using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS)method until themaximum
force on each atom was less than 0.01 eV/Å. The formation energy of a
point defect (ΔHD,q) in charge state q was calculated by [47]

ΔHD;q Ef ; μ
� �

¼ ED;q−EH
� �

þ q EVBM þ Ef þ ΔV
� �

þ μ i ð1Þ

where ED,q is the total energy of the supercell containing the point de-
fect; EH is the total energy of the perfect system. The second term de-
scribes the dependence on the Fermi level (Ef) measured from the
valence band edge, EVBM is a position of the valence band maximum
(VBM) in the perfect system, and ΔV aligns the VBM in the defect and
perfect crystal supercells. The chemical potentials of the constituents
are given by the third term, where μi can be rewritten as μi=μiref+
Δμi. μiref was calculated for the reference materials including zirconium
(P63/mmc), sulfur (Fddd) and oxygen (isolated molecule stored in a
large box with dimensions 20×20×20 Å3). It should also be noted
that although the finite supercell size may contribute interaction be-
tween charged defect and its periodic images, we did not use Makov–
Payne model [48] for the correction of the total energy of the charged
systems, since this model significantly overestimates the correction
for image charge interactions in zirconia [27].

Calculations of migration barriers and predictions of the minimum
energy pathways of the vacancy hopping were carried out by using
the nudged elastic band (NEB)method [49,50]. Initial guesses of the va-
cancy migration pathways were generated by linear interpolations
(with nine images) between initial and final points of vacancy jumps.
Unlike the calculations of defect formation energies and DOS,migration
energies of defects are obtained by calculating the energy differences
between configurations (saddle point and lowest energy state) which
are structurally and electronically very similar. Therefore, this type of
calculations is less sensitive to errors, consequently, calculations of the
migration barriers were performed with less number of k-points
(2×2×2 k-point sampling). In thiswork,wedid not considermigration
of zirconium vacancies because we believe that they cannot provide
conduction in ZrO2-based materials. For the oxygen vacancies our cal-
culations have been limited to the study of the migration of VO+2 vacan-
cies, since this type of vacancies has the lowest migration barrier and
plays a central role in the ionic conductivity of both pure and oxide-
doped zirconia [14,24].

3. Results and discussion

3.1. Atomic structures, stability diagram and elemental chemical potentials

First, we perform analysis of c-ZrO2, ZrOS, and ZrS2 structures. On
the one hand, it can provide information on different types of oxygen
vacancies existing in c-ZrO2 and ZrOS structures. On the other hand,
in order to derive defect formation energies (ΔHD,q), the thermody-
namic conditions (ΔμO, ΔμS and ΔμZr) need to be defined. The calculat-
ed structural parameters of c-ZrO2, ZrOS, and ZrS2 structures, listed in
Table 1, agree well with experimental data, but show the small con-
sistent overestimations common for GGA. Unlike m-ZrO2, where
two types of oxygen atoms exist (fourfold and threefold coordinated ox-
ygen) [23], only one type of oxygen ions exists in c-ZrO2 and ZrOS struc-
tures (for more details see [16,37]). The predicted band gap of c-ZrO2 is
3.3 eV, it is smaller than the experimental values (5.4 eV - 5.7 eV) [51],
but agrees with other first-principles studies [21,26–28,39,52,53]. For
ZrOS structure the predicted band gap is 2.5 eV, which also agrees well
with that calculated by using Wien2k software.[28]

Predictions of the thermodynamic conditions (ΔμO,ΔμS, andΔμZr)were
carriedout byusingwell definedmethodology [10,21,26,27,47,54–57]. For
c-ZrO2 at the thermodynamic equilibrium (at the low sulfur partial pres-
sure), its chemical potential can be calculated from

μс−ZrO2
¼ μbulk

Zr þ 2μgas
O þ ΔHc−ZrO2

ð2Þ

whereΔHc-ZrO2
is the formationheat of c-ZrO2 calculated fromDFT calcula-

tions (in this work ΔHc-ZrO2
=−11.97 eV). In addition, to suspend the



Table 2
Structure relaxation of ions neighboring the vacancy site (only information for nearest
neighbors (NN) is shown)(‘−’/‘+’means inward/outward displacement to the vacancy).

VO
0 VO

+1 VO
+2 VZr

0 VZr
−1 VZr

−2 VZr
−3 VZr

−4

For ZrO2

NNO −0.083 −0.251 −0.241 0.141 0.146 0.153 0.157 0.163
NNZr −0.028 0.194 0.196 −0.068 −0.075 −0.077 −0.082 −0.084

For ZrOS
NNO 0.028 0.044 0.064 0.138 0.133 0.127 0.123 0.120
NNZr 0.044 0.174 0.322 −0.050 −0.054 −0.059 −0.066 −0.086
NNS −0.108 −0.166 −0.282 −0.006 0.013 0.020 0.036 0.078
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formation of bulk zirconium and oxygen gas condition (3) has to be con-
served (otherwise the oxide is unstable).

ΔμZr ¼ μZr−μbulk
Zr ≤ 0 andΔμO ¼ μO−EOgas

2
=2≤0 ð3Þ

For the thermodynamically stable ZrOS, the variations of elemen-
tal chemical potentials (Δμi) are restricted by Eq.(4) and formation of
competing phases such as c-ZrO2 or ZrS2 according to Eqs. (5), (6)

ΔHZrOS ¼ ΔμZr þ ΔμO þ ΔμS ð4Þ

ΔHс−ZrO2
¼ ΔμZr þ 2ΔμO ð5Þ

ΔHZrS2
¼ ΔμZr þ 2ΔμS ð6Þ

where ΔHZrOS, and ΔHZrS2 are calculated formation heats of ZrOS
(−8.55 eV), and ZrS2 (−4.70 eV), respectively. These conditions de-
termine the phase diagram shown in Fig. 2. It can be seen that
undoped zirconia is thermodynamically stable over a wide range of
chemical potentials. However, the combination of low oxygen and
high sulfur partial pressures may result in the stabilization of ZrOS.
In Fig. 2 the gray shaded area represents the chemical stability
range of ZrOS. It should be noted that line through points C and D
(calculated by using Eqs. 4 and 6) corresponds to coexistence condi-
tions of ZrOS and ZrS2 structures. Whereas, line through points A
and B (calculated by using Eqs. 4, and 5) corresponds to the coexis-
tence conditions of c-ZrO2 and ZrOS structures. Based on these re-
sults, the defect calculations have been performed for two extreme
conditions: oxygen-rich limit (point A, ΔμO=−3.42 eV) and
oxygen-poor limit (point B, ΔμO=−5.99 eV). This range of oxygen
chemical potential (ΔμO) is different from that for c-ZrO2 at low sulfur
partial pressure (0 eV>ΔμO>Hc-ZrO2

/2), therefore our results under
oxygen-rich limit cannot be compared with previously reported data.

3.2. Formation of zirconium and oxygen vacancies in ZrOS
and c-ZrO2 structures

Details of the atomistic displacements (with reference to the per-
fect crystals) surrounding different vacancies in both bulk c-ZrO2 and
ZrOS are shown in Table 2, where NNZr (NNO, and NNS) is the
Fig. 2. Stability diagram for ZrOS as determined from DFT calculations. The area con-
fined between points A (ΔμO=−3.42 eV, ΔμZr=−5.13 eV, ΔμS=0 eV), B(ΔμO=
−5.99 eV, ΔμZr=0 eV, ΔμS=−2.56 eV), C (ΔμO=−6.20 eV, ΔμZr =0 eV, ΔμS=
−2.35 eV), and D (ΔμO=−3.75 eV, ΔμZr=−4.70 eV, ΔμS=0 eV) is the chemical sta-
bility range of ZrOS. The line through points C and B corresponds to the maximally
zirconium-rich conditions (ΔμZr=0 eV). Along lines parallel to C–B the zirconium
chemical potential is constant.
displacements of the zirconium (oxygen, and sulfur) atoms occupying
the nearest-neighbor (NN) sites to the vacancy. For c-ZrO2, it is
shown that formation of the neutral oxygen vacancy (VO

0) causes
small (0.083 Å for O, and 0.028 Å for Zr) inward displacements of
the neighboring zirconium and oxygen ions. Whereas, for positively
charged oxygen vacancies (VO

+1, and VO
+2) the Zr ions near the vacan-

cy displace outwards by 0.194–0.196 Å, this strong relaxation is
caused by the fact that the neighboring Zr ions lose part of the screen-
ing effect provided by electrons in the neutral vacancy case. Forma-
tion of neutral zirconium vacancy (VZr

0 ) results in the repulsion felt
by the oxygen ions and strong outward displacement (0.141 Å) of
the neighboring oxygen ions. These results agree well with those
reported for m-ZrO2.[23] For ZrOS, the directions of atomistic dis-
placement are the same with those for c-ZrO2, but the absolute values
of displacements are somewhat different. For instance, for VO

+2 in
ZrOS Zr ions surrounding the vacancy displace outwards by 0.322 Å,
which is 0.126 Å higher than that for c-ZrO2.

The formation energies of oxygen and zirconium vacancies in c-
ZrO2 and ZrOS structures for two limiting values of oxygen chemical
potentials (oxygen-rich limit (ΔμO=−3.42 eV) and oxygen-poor
limit (ΔμO=−5.99 eV)) are shown in two forms: 1) at VBM (Ef=0)
(see Table 3); 2) as a function of the Fermi level (Ef) (see Fig. 3). In
Fig. 3 the lowest limit of the Fermi level (Ef) represents the VBM,
whereas the upper limit of Ef corresponds to the bottom of the calcu-
lated conduction band (BCCB). Only the vacancies among the lowest
formation energies are shown. Due to the large formation heats of
c-ZrO2 and ZrOS structures defect formation energies strongly vary
between the points A and B of the phase diagram (see Fig. 3). In
both systems defect formation energies (ΔHD,q) become negative at
some Ef which determines pinning energy(εpin) [58].

Next we analyze stability of oxygen and zirconium vacancies in
c-ZrO2. For oxygen-poor conditions, oxygen vacancy in doubly positively
charged state (VO+2) is stable at Efbεpin+ . While increase of the Fermi
level (Ef) to BCCB makes neutral oxygen vacancy the dominant defect.
For these conditions formation of zirconium vacancies is unlikely due
to high defect formation energy. Increasing the oxygen chemical poten-
tial reduces the stability of oxygen vacancies (increases their formation
energy) and increases stability of zirconium vacancies (decreases their
formation energies): VO+2 still can form spontaneously near VBM, but
for the higher Fermi level (Ef>εpin- ) zirconium vacancies (VZr−4) are sta-
ble. It should also benoted that oxygen vacancies in c-ZrO2 showa “neg-
ative-U” behavior, in other words, VO

+1 is not stable against
disproportionation into VO and VO

+2. For ZrOS structure, VO+2 is also
themost stable type of vacancies at VBM (see Table 3), and it can spon-
taneously form under oxygen-poor conditions (see Fig. 3). But, under
oxygen-poor limit VO

+1 is stable in ZrOS structure at 0.46 eV≥
Ef≥1.50 eV, while in c-ZrO2 it is the metastable defect (see Fig. 3b).
This suggests that the “negative-U” behavior is not typical for oxygen
vacancies (VO0, VO+1, and VO

+2) in ZrOS. Similar to the c-ZrO2, increasing
the oxygen chemical potential canmake VZr−4 stable close to BCCB. Anal-
ysis of Fig. 3 can also provide some information on the nature of oxygen
and zirconium vacancies in c-ZrO2 and ZrOS structures. For both struc-
tures, formation energy of oxygen vacancies increases with increasing
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Table 3
Formation energies (ΔHD,q) of oxygen and zirconium vacancies in c-ZrO2 and ZrOS at oxygen-rich oxygen-poor limits at valence band maximum (Ef=0).

Defect Charge of
defect

ΔHD,q in c-ZrO2(eV) ΔHD,q in ZrOS (eV)

point A point B ref [26] point A point B

ΔμO=−3.42 eV ΔμO=−5.99 eV ΔμO=ΔHc-ZrO2
/2 ΔμO=−3.42 eV ΔμO=−5.99 eV

ΔμZr=−5.13 eV ΔμZr=0 eV ΔμZr=0 eV ΔμZr=−5.13 eV ΔμZr=0 eV

ΔμS=0 eV ΔμS=−2.56 eV ΔμS=0 eV ΔμS=−2.56 eV

VO
0 0 3.16 0.59 0.50 3.12 0.55

VO
+1 +1 0.11 −2.46 −2.46 1.07 −1.50

VO
+2 +2 −3.19 −5.76 −5.26 0.61 −1.96

VZr
0 0 11.00 16.14 16.00 7.35 12.49

VZr
−1 −1 10.98 16.12 15.77 7.34 12.48

VZr
−2 −2 10.89 16.03 15.74 8.36 13.50

VZr
−3 −3 11.05 16.19 15.85 7.04 12.18

VZr
−4 −4 11.34 16.48 16.02 6.23 11.37
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Ef indicating that the oxygen vacancies behave as donors making them
likely compensating centers in the case of acceptor doping. Whereas,
formation energy of zirconium vacancies decreases with increasing
the Fermi level (Ef) suggesting that VZr−4 vacancies act as acceptors and
play a vital role in donor compensation.

To understand how ZrO2-ZrOS phase transition can change the
stability of oxygen and zirconium vacancies, we compare formation
energies of these defects in c-ZrO2 and ZrOS structures. Formation en-
ergy of neutral oxygen vacancies in both structures are within 0.04 eV
of each other indicating that ZrO2-ZrOS phase transition hardly
changes the stability of neutral oxygen vacancies. However, forma-
tion energy of VO

+2 vacancies in ZrOS is 3.80 eV higher than that in
Fig. 3. Calculated formation energies of oxygen and zirconium vacancies in c-ZrO2 and ZrOS a
oxygen-poor limit (ΔμO=−5.99 eV). Only the vacancies among the lowest formation energie
theminimum of conduction band (EC). The changes in slope indicate a transition between charg
c-ZrO2. Therefore, spontaneous formation of oxygen vacancies in
ZrOS is unlikely under oxygen-rich conditions (see Fig. 3a). In con-
trast, since Zr–S bonds are weaker than Zr-O bonds (this is even
clear from the comparisons of formation heats of ZrS2 and c-ZrO2),
formation energies of zirconium vacancies in ZrOS are significantly
smaller than that for c-ZrO2 (see Fig. 3 and Table 3). For instance, at
the oxygen-poor limit formation energy of VZr

0 is 12.49 eV, while
for c-ZrO2 it is 16.14 eV. Since formation energy of the charged
oxygen vacancies in c-ZrO2 is lower than that for ZrOS, it is clear
that equilibrium concentration of charged oxygen vacancies in
c-ZrO2 is higher than that in ZrOS, while population of Zr vacancies
in c-ZrO2 structure is lower than in ZrOS. Fig. 3 also suggests that
s a function of the Fermi level (Ef) under (a) oxygen-rich limit (ΔμO=−3.43 eV) and (b)
s are shown. The zero of the Ef is set to the top of the valence band and its upper limit is
e states. Pinning energy (εpin) is Ef at which the vacancy formation energy changes its sign.
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Fig. 4. a) Oxygen vacancy hopping along b100>(red color direction, Path 1),
b110>(green color direction, Path 2) and b111>(blue color direction, Path 3) directions
in c-ZrO2; b)Oxygen vacancy hopping along Path 1 (red color direction) and Path 2 (green
color direction) directions in ZrOS. The red spheres are O ions, green spheres are Zr ions
and yellow spheres are S ions. White spheres are oxygen vacancies.
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different types of vacancies can be stable at different range of Fermi
level (Ef). However, Ef is not a free parameter and can be determined
by the condition of charge neutrality (see Eq. 7, in other words,
charged defects should compensate each other or should be com-
pensated by doping)

∑
i
qiCi ¼ 0 ð7Þ

where C is a defect concentration that is related to defect formation
energy (ΔHD,q) through the equation

C Ef ; μ; T
� �

¼ N exp �
ΔHD;q Ef ; μ

� �
kBT

0
@

1
A ð8Þ

where N is a concentration of possible defect sites; T is temperature, kB
is the Boltzmann constant.

3.3. Migration of oxygen vacancies in ZrOS and c-ZrO2 structures

Ionic conductivity (σ) of materials depends on defect concentration,
defect formation energy (ΔHD,q), and migration barrier (Em). It can be
Fig. 5. Energy profiles duringmigration of doubly positively charged oxygen vacancies betw
migration distance. Initial and final positions of oxygen vacancy are referred as 0 and 1, res
c-ZrO2 and ZrOS)) are shown.
expressed as an exponential function of the activation energy for defect
diffusion (Ea) according to [59]

σ ¼ σ0=T exp − Ea
kBT

� �
ð9Þ

where σ0 is a temperature-independent prefactor. For low concen-
tration of oxygen vacancies the activation energy is equal to the
sum of the defect formation energy and the migration barrier
(Ea=ΔHD,q+Em).

Next, we compare migration barriers of doubly positively oxygen
vacancies (VO

+2) in c-ZrO2 and ZrOS. For undoped c-ZrO2, three possi-
ble migration pathways of oxygen vacancy exist (see Fig. 4a): oxygen
vacancy hopping along b100> (Path 1), b110> (Path 2), and
b111>(Path 3) directions. For Path 1, oxygen ion (vacancy) passing
through a dumbbell of two zirconium cations in the middle of two
tetrahedral oxygen sites. Analysis of the configuration for the saddle
point (see Fig. 5) suggests that inter-atomic distance between the
hopping oxygen ion and the zirconium ions is 1.967 Å (for c-ZrO2

the equilibrium Zr-O is 2.211 Å), therefore for Path 1 migration barri-
er is determined by strong Coulombic attraction and large steric re-
pulsion. Whereas, when oxygen ion hops via cation-anion pair (Path
2) or large interstitial space (Path 3), local electrostatic repulsion by
surrounding anions leads to an increase in the migration barrier of
the oxygen vacancy. Therefore, the lowest migration barrier of VO

+2

(0.282 eV) corresponds to Path 1 (see Fig. 5a). For the other pathways
the VO

+2 migration barriers are significantly higher (see Table 4).
These results agree well with the results predicted for CeO2[60],
where it has been predicted that Path 1 has the lowest migration bar-
rier. The lowest migration barrier predicted for c-ZrO2 is within
0.05 eV of that for t-ZrO2[14].

For ZrOS, also several paths for the migration of oxygen ion exist
(see Fig. 4b), however in all cases the oxygen vacancy migrates not
through the Zr–Zr cation pair (which is the case for c-ZrO2). Instead,
it goes through the Zr–S pair (or even S-S pair). Therefore the lowest
VO
+2 migration barrier (3.896 eV) is significantly higher than that for

c-ZrO2 (see Fig. 5b). Because of this and since equilibrium concentra-
tion of the charged oxygen vacancies in ZrOS is lower than that for
c-ZrO2, it becomes obvious that transition between ZrO2 and ZrOS
structures is accompanied by a decrease of the oxygen ionic conduc-
tivity. Moreover, it is well known that oxygen vacancies provide pho-
non scattering in ZrO2-based materials [3,61], which is necessary for
een two oxygen sites (a) in c-ZrO2 and (b) in ZrOS, horizontal axis refers to projected
pectively. Only pathways for the lowest migration barriers (Path 1 (see Fig. 4 for both
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Table 4
Calculated barriers (in eV) for the migration of doubly positively charged oxygen va-
cancies between different oxygen sites in pure c-ZrO2 and ZrOS.

Structure Diffusion/migration barriers (in eV)

Path 1 Path 2 Path 3

c-ZrO2 0.282 0.497 0.62
ZrOS 3.896 4.796 –
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low thermal conductivity. Consequently, reduction of concentration
of charged oxygen vacancies suggests that sulfur additions to zirconia
may modify the thermal conduction of zirconia-based materials. Usu-
ally, under low sulfur partial pressure or extremely high oxygen pres-
sure the effect of sulfur addition on vacancy formation and migration
is small, since ZrOS is metastable. But the combination of the low ox-
ygen and the high sulfur partial pressure may significantly limit the
application of ZrO2-based materials.

4. Conclusions

Based on density functional theory calculations, it has been shown
that variation of the elemental chemical potentials can lead not only
to the transition between zirconia (ZrO2) and zirconium oxysulfide
(ZrOS) phases, but also affect the stability and migration of intrinsic
point defects. Analysis of defect formation energies in ZrOS and c-ZrO2

shows that ZrO2–ZrOS phases transition can significantly increase for-
mation energy of doubly positively charged oxygen vacancies (VO+2)
from −3.19 eV (for c-ZrO2) to 0.61 eV (for ZrOS). This suggests that
ZrOS is less prone to the formation of the charged oxygen vacancies
than c-ZrO2 under the same oxygen chemical potential conditions, but
it is more prone to the formation of zirconium vacancies. Analysis of
the defect mobility suggests that the lowest VO+2 migration barrier is
3.614 eV higher in ZrOS structure than that in c-ZrO2. Since oxygen va-
cancies play an important role in the ionic and thermal conductivities,
these results indicate that sulfur additions to zirconia, either by doping
or through gas diffusion, can change the conduction mechanisms of
ZrO2-based materials. This can significantly limit the possible applica-
tions of ZrO2-based materials under high sulfur pressure, for instance,
for nuclear reactors and SOFCs. Also, it can be stated that controlling
the sulfur content in zirconia could change the conductivity of zirconia
polymorphs. The computational schemes developed in this paper can
also be used as a framework for evaluating the effect of different impu-
rities on the stability of point defects in ceramic compounds.
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