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Yttria-stabilized zirconia (YSZ) has important electrochemical applications as a fast oxygen ion conductor
and is the state-of-the-art electrolyte material for solid oxide fuel/electrolyzer cells. While much attention has been paid to the fast oxygen ion conduction, the electronic conductivity and especially hole carriers are not well understood, yet essential for the electrochemical stability, conduction kinetics and microstructural evolution in YSZ. The present work uses ﬁrst-principles calculations to illustrate the chemical nature and local structural features of hole states in oxidized YSZ. Three types of hole states have
been identiﬁed, including delocalized hole states on normal oxygen ions, localized hole states on special
oxygen ions with extreme local structures, and peroxide-like groups. The implications on various experimental observations are discussed.
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1. Introduction
Yttria stabilized zirconia (YSZ) is an important ceramic material, and it is widely used as a structural ceramic, thermal barrier
coating, and as the electrolyte in oxygen sensors and solid oxide
fuel/electrolyzer cells (SOFC/SOEC). [1-3] For electrochemical applications, cubic YSZ (e.g., 8 mol% yttria-stabilized zirconia with
chemical formula Y0.148 Zr0.852 O1.926 , abbreviated as 8YSZ) is well
known for its high oxygen ion conductivity σO2− at elevated temperatures, which combined with a large band gap, low electronic
conductivity (including both electron conductivity σe and hole conductivity σh ) [4-6] and a stable microstructure (minimum grain
growth <1200°C, due to slow cation diffusion) [7-9] makes it a
popular solid electrolyte for SOFC/SOEC operated at 60 0-10 0 0°C.
Its predominant ionic conduction is illustrated by the conductivity data (at 800°C) [4] in Fig. 1a, where σO2− is >1,0 0 0 times
higher than σe and σh over a wide range of oxygen potential
μO 2 ≡ μ 
+ kB T ln P O2 (i.e., the chemical potential of oxygen, with
O
2

kB being the Boltzmann constant, T the absolute temperature, PO2
the oxygen partial pressure, and μ
the oxygen potential set as
O
2

0 eV at the standard state condition of PO2 =1 atm) from −5 eV
(corresponding to PO2 =3.27 × 10−24 atm) to 1 eV (corresponding to PO2 =4.98 × 104 atm). While the celebrated O2− conduc-
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tion has been extensively studied over decades by various experimental and simulation techniques [4,10-12], the electronic conductivity and the minority charge carriers of electrons and holes
have received much less attention in YSZ and in many other solid
electrolytes. Nevertheless, the signiﬁcance of the minority electronic current and electronic defects has recently been highlighted
as critical for understanding (i) chemical equilibrium and degradations of solid-electrolyte-based devices (e.g., oxygen bubble formation inside solid electrolytes under SOEC operations) [13-20], (ii)
enhanced conductivity and transition from p-type to n-type behavior under voltage bias and non-equilibrium conditions [21-23], and
(iii) enhanced mass transport and microstructural evolution during
ﬁeld-assisted processing [24-27] (e.g., ﬂash sintering [27]).
In YSZ, Y3+ substitutions on Zr4+ sites are charge-compensated
by doubly charged oxygen vacancies, which using Kröger-Vink notation can be written as
×
Y2 O3 = 2Y Zr + V••
O + 3OO

(1)

Because of the heavy doping and large enthalpy penalties to reduce/oxidize YSZ, the concentration of V••
is extrinsically ﬁxed and
O
σO2− remains constant over a large μO2 range as shown in Fig. 1a,
thus setting a large electrolytic window for YSZ electrolytes. While
very limited under most μO2 , reduction of YSZ can still take place
by creating extra V••
O and electrons
••
O×
O = VO + 2e + 1/2O2

(2)
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Fig. 1. (a) Conductivity data of 8YSZ at 800°C. Spatial distributions of (b) μO2 , (c)σO2− , σe , and σh inside a 10 μm YSZ electrolyte operated in SOEC mode under −1 A/cm2
at 800°C, with μO2 = −4.26eV at cathode/electrolyte interface and μO2 = 0.21eV at anode/electrolyte interface. Shaded regions in red and blue denote the n- and p-type
characteristics of the minor electronic conductivity, respectively.

and oxidation can take place by ﬁlling in V••
and creating holes
O
×
V••
O + 1/2O2 = OO + 2h

been investigated and discussed in the literature [30-32], little attention was paid to the chemical nature of hole states and mobility
mechanisms. This sets the background of the present work, which
seeks to use ﬁrst-principles calculations to understand the chemistry of anion redox and local structural features for oxygen hole
states in YSZ at an atomistic level.
Outside YSZ and solid electrolytes, there are many investigations concerned with anion-redox processes in battery electrodes, especially in the so-called lithium-excess cathode materials for lithium-ion batteries [33-36]. These are lithium-containing
transition-metal oxides that can be delithiated/lithiated reversibly
at high voltages and the available transition-metal redox capacity
is insuﬃcient to fully compensate the charge of lithium removal
so that oxygen redox reactions also participate. It turns out that
the redox-active oxygen states come from extreme local structures,
which decrease the number of coordinating transition metal ions
around some oxygen in a rock-salt structure framework thus creating less hybridized and higher-energy oxygen 2p states on top of
the broad oxygen 2p band [35,36]. It leads to localized hole states
on oxygen upon oxidation, producing oxidized oxygen ion Oα − instead of the “standard” O2− anion. Note here that 0<α <2 and it is
not necessarily an integer. Nevertheless, if one sticks to integer valences for simplicity, the oxidized oxygen ion can be treated as O− .
This inspires us to study the correlation between local structures
and the electronic density of states (DOS) for oxygen ions in YSZ.
As shall be described, three types of hole states—(i) delocalized
hole states on oxygen ion O2− , (ii) localized hole states on oxygen
Oα − or (O2 )3− complex with α =1.5, and (iii) peroxide-group-like
(O2 )2− with α =1, all with distinct local structural features—have
been identiﬁed in oxidized YSZ. The implications of the identiﬁed
hole states shall be discussed.

(3)

Following defect chemical analysis, the above reduction and oxidation reactions can be shown to create minority electron and
hole conductivities give by σe ∝ exp(−μO2 /4kB T ) ∝ P O2 −1/4 and

σh ∝ exp(μO2 /4kB T ) ∝ PO2 +1/4 in Fig. 1a, provided the mobilities
of electrons and holes are PO2 -independent [4]. Therefore, in μO2

space, the electron/hole contribution to the electronic conductivity σeh = σe + σh deﬁnes an n-type region under more reducing
conditions where σe > σh , a p-type region under more oxidizing
conditions where σe < σh , and a p-n transition at an intermediate
μO2 where σe = σh . Such dependencies and V-shape σeh translate
to a sharp p-n transition in real space, as YSZ electrolytes are typically sandwiched between a highly reducing atmosphere at one
electrode and a highly oxidizing one at the other electrode (e.g.,
fuel gas and air in SOFC/SOEC), so that the steepest μO2 drop occurs at the electronic conductivity minimum (σeh )min to maintain
a spatially uniform electronic current. (If the electronic current
Jeh (x) is not uniform in 1D or divergence-free in 3D, there will
be a net redox reaction at that location, e.g., 2O2− → O2 (g ) + 4e,
and then the concentrations of ionic/neutral species cannot be at
steady-state, the assumption in most situations.) One such example
is shown in Fig. 1b-c, where the spatial distributions of μO2 , σO2− ,
σe , and σh inside a 10 μm thick YSZ membrane were calculated for
a SOEC operated under −1 A/cm2 at 800°C, with μO = −4.26eV
2

(corresponding to PO2 =10−20 atm) at the cathode/electrolyte interface and μO = 0.21eV (corresponding to PO2 =10 atm) at the
2
anode/electrolyte interface [15]. Such a sharp p-n transition in real
space has profound implications in practical applications: For example, in ﬂash sintering, the dynamic conversion between electrons and holes at the p-n transition is proposed to be responsible for the observed electroluminescence [23,28]; in electric ﬁeldassisted superplasticity of tetragonal zirconia [29], the mass transport and grain boundary sliding can be enhanced in the n-type region but not in the p-type region [24-26], thus leading to ﬁnal fracture at the p-n transition; in solid electrolyte-based devices such
as SOFC/SOEC and all-solid-state batteries, the sharp p-n transition sets a step-like chemical potential proﬁle for the corresponding neutral species (e.g., O2 for SOFC/SOEC and Li for lithium-ion
batteries), thus subjecting the electrolyte to be inﬂuenced by the
electrode overpotentials that can drive degradation [16]. Therefore,
holes constitute a signiﬁcant part of the electronic conduction both
in μO2 and in real space, and complete understandings of the electronic disorder as well as the associated p-n transition are critical
to the various problems in materials processing and service. However, while the nature of electron states in reduced zirconia has

2. Methods
Spin-polarized ﬁrst-principles calculations were conducted using the Vienna ab initio simulation package (VASP) based on density functional theory (DFT) following the projector augmentedwave (PAW) method under Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA). [37-39] PAW potentials including 4s2 4p6 5s2 4d2 electrons for Zr, 4s2 4p6 5s2 4d1 electrons for
Y, and 2s2 2p4 electrons for O and a plane-wave cutoff energy of
400 eV were used. For 0 K calculations, the convergence was considered to be reached when the residual atomic forces were <0.05
eV/Å. To simulate cubic YSZ, we ﬁrst built a 2 × 2 × 2 supercell for cubic ZrO2 (containing 32 Zr and 64 O), then randomly
substituted six Zr with six Y and removed three O (i.e., creating three oxygen vacancies V••
). This created a Zr26 Y6 O61 superO
2
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Fig. 2. Atomic structures of (a) cubic ZrO2 and (b) cubic YSZ. Zr in green, Y in purple and O in red.

cell with a composition of Y0.188 Zr0.813 O1.906 close to that of 8YSZ.
Since there are strong Y/Zr − V••
O interactions and the distribution
•• prefers to be the ﬁrst nearest neighbor
of V••
is
not
random
(
V
O
O
of Zr4+ [40] and the second nearest neighbor of Y3+ [12,41]), to
achieve more “realistic” conﬁgurations in a consistent manner, we
conducted ﬁrst-principles molecular dynamics calculations to anneal the as-built atomic structures at high temperatures (at 1200
K, 900 K, 600 K and 300 K, each for 1.5 ps) and then relaxed the
structures at 0 K. Such a treatment tries to mimic the behavior
that in real YSZ samples, the sluggish cation diffusion renders the
quasi-random Zr/Y distribution in the bulk, while the oxygen ion
and V••
are allowed to relax their spatial distributions at a faster
O
time scale. To simulate oxidized cubic YSZ, using the annealed and
relaxed YSZ supercell, we either (i) ﬁlled in one V••
by a neutral
O
oxygen atom to build a Zr26 Y6 O62 supercell, or (ii) ﬁlled in two
V••
O by two neutral oxygen atoms to build a Zr26 Y6 O63 supercell.
Note (i-ii) follow oxidation reaction Eq. (3) and the supercells are
charge-neutral. The as-built supercells for oxidized cubic YSZ were
similarly annealed by ﬁrst-principles molecular dynamics calculations (at 1200 K, 900 K, 600 K and 300 K, each for 1.5 ps), followed
by 0 K relaxation. The above procedures were repeated for three
times to obtain three sets of individually simulated results in the
Zr26 Y6 O61 supercell for the reference un-oxidized cubic YSZ and
in the Zr26 Y6 O62 and Zr26 Y6 O63 supercells for the oxidized cubic
YSZ. Throughout the study, the Brillouin zone was sampled using
Monhorst-Pack scheme with a 3 × 3 × 3 k-point mesh for 0 K
calculations and with a 1 × 1 × 1 k-point mesh for ﬁrst-principles
molecular dynamics calculations. The atomic structures and charge
density distributions were visualized and plotted using software
VESTA [42].

try in the local structure and creates various local environments
for different Y, Zr and O, even though a “global” cubic symmetry
can still be observed by diffraction techniques on a larger length
scale. The ﬂuctuations in local structures also result in localized
hole states in oxidized YSZ, as shall be discussed. Regarding the
electronic structure, as shown by the density of states (DOS) in
Fig. 3a, cubic YSZ (simulated by a Zr26 Y6 O61 supercell) has a valence band composed mainly of O 2p orbitals (hybridized with Zr/Y
4d orbitals), a conduction band composed mainly of Zr/Y 4d orbitals (hybridized with O 2p orbitals), and a well-deﬁned bandgap
without any gap states. There is no net magnetic moment for the
simulated Zr26 Y6 O61 supercell, as also can be seen from the symmetric spin-up (positive) and spin-down (negative) states in the
DOS in Fig. 3a.
We next simulated an oxidized cubic YSZ with a Zr26 Y6 O62 supercell by adding one neutral O atom (i.e., adding one O2− and
two holes) to the reference Zr26 Y6 O61 supercell, followed by annealing and relaxation as described in Section II. As shown by
DOS in Fig. 3b, while there are only minor changes in the valence
band and conduction band, two unoccupied gap states emerge on
top of the valence band maximum (VBM), and their peak positions lie at E1 =0.22 eV and E2 =0.69 eV above the Fermi level EF
(set as 0 eV). Note both states have little dispersion in energy and
are mainly contributed by oxygen 2p orbitals, suggesting they are
probably two localized hole states on oxygen with minimal hybridization with the cations. To ﬁgure out what the “oxidized” oxygen ions with localized hole states are, we calculated the Bader
charges [43] for all the oxygen ions in the Zr26 Y6 O62 supercell.
(Bader charge analysis uses 2D zero-ﬂux surface of valence electron density ρ (x) to divide atoms, where ρ (x) reaches minimum
perpendicular to the surface, n(x)•∇ρ (x)=0. The charge enclosed
within the dividing surfaces is called Bader charge, which is typically used to approximate the total electronic charge of an atom in
atomistic calculations.) While most oxygen ions (58 out of 62) have
Bader charges of 7.31±0.02e similar to the ones in the reference
unoxidized YSZ (7.31±0.03e for 61 O in the Zr26 Y6 O61 supercell)
and such “normal” oxygen ions can be treated as O2− , we note four
“special” oxygen ions with less Bader charges of 7.04±0.06e, indicating localized hole states on them. We also noted that “normal”
O2− occupies the tetrahedral site with four coordinating cations
(inset of Fig. 4a) and have no DOS (Fig. 4a) within the band gap

3. Results
Cubic ZrO2 (Fig. 2a) has a ﬂuorite structure with space group
Fm3̄m. In the perfect structure, simple-cubic-packed oxygen ions
all have the same local structure, occupying the tetrahedral site
surrounded by four coordinating Zr cations, while the Zr cations
occupy half of the cubes formed by eight coordinating O anions.
In comparison, the atomic structure of cubic YSZ is quite defective
(Fig. 2b), with distortions at all lattice sites due to the large concentrations of Y Zr and V••
. This breaks down the cubic symmeO
3

Y. Dong, Y. Huang, D. Ding et al.

Acta Materialia 203 (2021) 116487

Fig. 3. Calculated total DOS, and projected DOS for O 2p, Zr 4d, and Y 4d orbitals for (a) a Zr26 Y6 O61 supercell, (b) a Zr26 Y6 O62 supercell, and (c) a Zr26 Y6 O63 supercell. For
y-axis, positive values denote spin-up states and negative values denote spin-down states. For x-axis, EF is set as 0 eV.

Fig. 4. Projected DOS of (a) O2− , and (b-d) four “special” O in a Zr26 Y6 O62 supercell. Inset of (a): local structure of O2− . Inset of (b): local structures of two “special” O whose
projected DOS is shown in (b-c). Inset of (d): local structures of two “special” O whose projected DOS is shown in (d-e). The iso-charge-density-surface drawn in insets of
(b) and (d) is set as 0.01 e/Bohr3 within the energy range of 0.0-1.0 eV vs. EF .

expressed as a (O•O · O×
· V••
) complex using Kröger-Vink notation.
O
O
It also clearly differs from conventional peroxide group (O2 )2− and
superoxide group (O2 )− in terms of atomic and electronic structures.) It is well-known that Bader charge analysis from DFT gives
ionic charges less than the Kröger-Vink style formal charges. For
example, for the standard O2− , the Bader charge analysis gives
7.31e − 6e = 1.31e, a factor of 1.53× from its formal charge of α =2.
Thus, a Bader charge assignment 7.04e − 6e = 1.04e should not
be taken to mean peroxide (α =1), but rather, if multiplying the
same factor 1.53×, would be 1.59e after correction, and close to
the α =1.5 formal assignment we have given above for the (O2 )3−
complex. One can also interpret the (O2 )3− complex as oscillating between two resonant states in (O•O · O×
· V••
). Finally, as one
O
O
(O2 )3− has an unpaired electron, it creates a magnetic moment of
1 μB . Accordingly, the simulated Zr26 Y6 O62 supercell containing
2 × (O2 )3− complexes would have a net magnetic moment of 2
μB , which we conﬁrmed in our ﬁrst-principles calculations.
We then considered further oxidation of cubic YSZ and simulated a Zr26 Y6 O63 supercell by adding two neutral O atoms (i.e.,
adding two O2− and four holes) to the reference Zr26 Y6 O61 supercell, followed by the same annealing-relaxation process. Three
distinct features are shown by DOS in Fig. 3c: (i) The Fermi level
EF enters the valence band and lies at ~0.23 eV below the VBM.
The unoccupied DOS between EF and VBM is mainly contributed
by O 2p orbitals and has slightly more spin-down states than spinup ones. (ii) There is a spin-down gap state above VBM at 0.54
eV (vs. EF ), with similar characteristics to the gap states identiﬁed

between 0 eV and ~3.4 eV. In contrast, the four special oxygen
ions have distinct features in their local structures and DOS: They
are displaced further away from their lattice sites (tetrahedral site
formed by four cations) and sit in the center of the triangle formed
by three coordinating cations (insets of Fig. 4b and 4d), where the
triangular planar conﬁguration is enabled by an V••
O in the neighboring tetrahedral site. The severe displacement is clearly shown
by the appearance of a special oxygen ion in the two-dimensional
(2D) slice of charge density distribution for a (100) plane cutting
across the cation layer (Fig. 5a), while other (100) planes typically cut thought cations only (Fig. 5b). Meanwhile, the four special oxygen ions form two coordinating O-O pairs: The two oxygen ions plotted in the inset of Fig. 4b have an O-O bond length
of 2.17 Å, Bader charges of 7.03e and 7.06e, and unoccupied projected DOS peaked at E2 ; the two oxygen ions plotted in the inset of Fig. 4d have an O-O bond length of 2.41 Å, Bader charges
of 6.97e and 7.12e, and unoccupied projected DOS peaked at E1 .
We further conﬁrmed these are indeed the localized hole states
on oxygen by plotting band decomposed charge densities within
the respective energy ranges, which are shown by the dumbbellshape iso-charge-density-surfaces (in yellow) around the four oxygen ions in the insets of Fig. 4b (the gap state peaked at E2 )
and Fig. 4d (the gap state peaked at E1 ). Therefore, the four special oxygen ions are oxidized oxygen ion Oα − with localized hole
states, and because a hole state is shared by a coordinating O-O
pair, they can be referred as an (O2 )3− complex, with “oxidation
progress variable” α =1.5. (Since an V••
is involved, it can also be
O
4
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Fig. 5. 2D slice of charge density distributions for (100) planes across the cation layer (a) with and (b) without an intervening “special” O in a Zr26 Y6 O62 supercell.

Fig. 6. Projected DOS of (a) O2− , (b-c) two O in (O2 )3− complex, and (e-f) two O in (O2 )2− in a Zr26 Y6 O63 supercell. Inset of (a): local structure of O2− . Inset of (b): local
structures of (O2 )3− complex whose projected DOS is shown in (b-c). Inset of (d): local structures of (O2 )2− whose projected DOS is shown in (d-e).

in the Zr26 Y6 O62 supercell discussed above. (iii) There are spinzero states below the conduction band minimum (CBM) at 3.50 eV
and spin-zero states below the valence band at −6.26 eV, which
as shall be explained, correspond to the anti-bonding orbital σ 2 p ∗
and the bonding orbital σ 2 p of the peroxide group (O2 )2− , respectively. When we analyzed the Bader charge and projected DOS
of oxygen ions in the Zr26 Y6 O63 supercell, three groups of O can
be assigned to the above features. (i) Out of 63 O in total, 59 O
have Bader charges of 7.30±0.02e that are slightly smaller than the
Bader charges of O2− in the Zr26 Y6 O61 (7.31±0.03e) and Zr26 Y6 O62
(7.31±0.02e) supercells calculated above. We found these are tetrahedral O (inset of Fig. 6a) and the projected DOS of one such O is
shown in Fig. 6a, which is similar to that of O2− in Fig. 4a except
for a lowered EF below VBM. These can be treated as O2− with a
delocalized hole state, which is responsible for the feature (i) in
Fig. 3c. Even though individually the charge deﬁciency contribution is small (~0.01e), because of the numerous number of oxygen involved (59), this delocalized hole state occupies non-neglible
weight in the total charge accounting for the supercell. (ii) Two O
have Bader charges of 7.01e and 7.08e, respectively, and they form
an O-O bond with a bond length of 2.43 Å. Regarding their local
structures (inset of Fig. 6b), they are again displaced away from
anion sublattice sites, with one O halfway between two neighboring Zr ions (enabled by an V••
in the neighboring anion site)
O

and the other O in the center of a Zr-Zr-Y triangle (enabled by
an V••
O in the neighboring tetrahedral site). (The ﬁrst O can also
be viewed as sitting in the middle of two anion sublattice sites,
which now become vacant as denoted by the shaded squares in
the inset of Fig. 6b.) This local structure can be vividly seen by
intervening O in the 2D slice of charge density distribution for a
(100) plane cutting across the cation layer (Fig. 7a), which is more
extreme than the case in Fig. 5a. Regarding the electronic structure, the projected DOS in Fig. 4b-4c shows that the two O share
the unoccupied gap state peaked at 0.54 eV. Therefore, it can be
similarly treated as (O2 )3− complex as discussed before, which is
responsible for the feature (ii) in Fig. 3c. (iii) The remaining two
O have Bader charges of 6.70e and 6.72e, respectively, and they
form an O-O dimer with a very short bond length of 1.50 Å and
a strong chemical bond (as indicated by the intense electron-cloud
sharing in Fig. 7b, a 2D slice of charge density distribution for a
(100) plane cutting across the oxygen layer). Regarding the local
structure, the O-O dimer sits in the center of a Zr-Zr-Zr-Y tetrahedron (inset of Fig. 6d). A Bader charge accounting 6.71e−6e=0.71e
would give 1.08e after the correction factor 1.53 ×, which is close
to a formal charge assignment of α =1. These characteristics suggest a peroxide-group-like (O2 )2− , which is further supported by
the projected DOS in Fig. 6d-6e. Recall that for an isolated peroxide
group (O2 )2− , the molecular orbital theory describes an electron
5
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Fig. 7. 2D slice of charge density distributions for (100) planes (a) with an intervening O across the cation layer and (b) an O-O dimer across the oxygen layer in a Zr26 Y6 O63
supercell.

Fig. 8. (a-c) Three sets of Bader charge distributions for O in Zr26 Y6 O61 (black diamond), Zr26 Y6 O62 (blue cycle), and Zr26 Y6 O63 (red triangle). Shaded regions in blue and in
red are schematic energy ranges for Oα − and (O2 )2− , respectively.
Table 1
Average values and standard deviations of Bader charges for three types of O in three sets of individually simulated Zr26 Y6 O61 ,
Zr26 Y6 O62 , and Zr26 Y6 O63 supercells.
Set

Composition

Bader charge for O2− (e)

Bader charge for Oα − in (O2 )3− (e)

Bader charge for O− in (O2 )2− (e)

1

Zr26 Y6 O61
Zr26 Y6 O62
Zr26 Y6 O63
Zr26 Y6 O61
Zr26 Y6 O62
Zr26 Y6 O63
Zr26 Y6 O61
Zr26 Y6 O62
Zr26 Y6 O63

7.31±0.03
7.31±0.02
7.30±0.02
7.31±0.02
7.31±0.02
7.30±0.03
7.31±0.03
7.30±0.02
7.30±0.02

/
7.04±0.06
7.05±0.05
/
7.04±0.13
7.04±0.01
/
7.06±0.04
/

/
/
6.71±0.02
/
/
6.67±0.07
/
/
6.71±0.02

2

3

conﬁguration of (σ 2 p )2 (π 2 p )4 (π 2 p ∗ )4 (σ 2 p ∗ )0 . Using such information, in Fig. 6d-6e, the unoccupied states peaked at 3.50 eV can be
treated as σ 2 p ∗ , the occupied states peaked at −5.01 eV and −5.26
eV can be treated as π 2 p , and the occupied states peaked at −6.26
eV can be treated as σ 2 p for peroxide-group (O2 )2− . Note in the
crystal structure of cubic YSZ, the two π 2 p orbitals are split under
the tetrahedral ﬁeld, and the π 2 p ∗ orbitals are strongly hybridized
the Zr/Y 3d orbitals and become more distributed. Such peroxidegroup-like (O2 )2− is responsible for the feature (iii) in Fig. 3c. As
(i) the delocalized hole state has partially symmetric spin-up/down
DOS, (ii) the (O2 )3− has one unpaired electron, and (iii) the (O2 )2−
has zero unpaired electron, the simulated Zr26 Y6 O63 supercell containing one delocalized hole state, one (O2 )3− complex and one

(O2 )2− group has a net magnetic moment of μB <1.14μB <2μB .
Therefore, the three types of hole states in Fig. 3c can all be distinguished.
Lastly, we seek to justify the general applicability of the above
ﬁndings by providing more examples. In Fig. 8a, we plotted the
Bader charge distributions for O in the ﬁrst set of simulated
Zr26 Y6 O61 (black diamond), Zr26 Y6 O62 (blue cycle), and Zr26 Y6 O63
(red triangle) supercells, whose atomic and electronic structures
have been described above. Three types of O can be classiﬁed according to our discussions in the above: O2− with Bader charge
>7.2e, Oα − in (O2 )3− complex with Bader charge between 6.9e and
7.2e, and O− in (O2 )2− group with Bader charge <6.75e. These classiﬁcations also apply to other two sets of individually simulated
6
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Zr26 Y6 O61 , Zr26 Y6 O62 , and Zr26 Y6 O63 supercells, as illustrated by
the Bader charge distributions for O in Fig. 8b and 8c and detailed
statistics summarized in Table 1. Interestingly, only Oα − in (O2 )3−
complex can be observed in Zr26 Y6 O62 (i.e., the “dilute” limit of our
ﬁrst-principles calculations), (O2 )2− group can always be observed
Zr26 Y6 O63 , and the delocalized hole states are always accompanied
with the formation of (O2 )2− group. Therefore, we conclude our
results are general for YSZ with different atomic arrangements.

hole migration is coupled with oxygen ion dynamics. This explains why the O2− mobility has a smaller activation energy of
0.79 eV than that of the hole (both measured by the same study
at the same temperature range [4]) in 8YSZ, because the former
2−
only requires an exchange between an V••
O and a neighboring O
while the latter requires collective relaxation of multiple oxygen
ions and V••
. Indeed, the activation energy for the hole mobilO
ity is similar to that of O2− at low temperatures <500°C, where
O2− movement becomes sluggish and collective with larger activation energy of 1.0-1.2 eV. [44,45] From this perspective, one
may argue that a softer anion sublattice not only gives rise to
higher σO2− , but also higher σh because it offers many shallow
energy traps for localized hole states with small migration barriers. This argument is supported by the conductivity data in YSZ
(Fig. 1a) and another two fast O2− conductors Ce0.9 Gd0.1 O1.95− δ
(GDC, Fig. 9a; it has a ﬂuorite structure similar to YSZ) [46] and
La0.9 Sr0.1 Ga0.8 Mg0.2 O3− δ (LSGM, Fig. 9b; it has a perovskite structure) [47], and we note both σO2− and σh follow the same ranking of YSZ<GDC<LSGM at 800°C. In the literature, a similar argument has also been pointed out by West et al. [21,22]. They reported enhanced p-type conductivity in an oxidizing atmosphere
and/or under a DC bias in acceptor-doped oxides with ﬂuorite
(YSZ) or perovskite structure (Ba(Ti1− x Cax )O3− x , Sr(Ti1− x Mgx )O3− x ,
Ca(Ti1− x Mgx )O3− x , and (Bi1− x Cax )FeO3− x /2 ) with defective anion
sublattices, and proposed that the holes localize on “under-bonded
O2− ” to form O− . While being consistent with their proposal, our
results suggest such under-bonded O2− has a dynamic nature and
the extreme local structure may only be created upon oxidization and may not exist in the ground-state un-oxidized structure. Furthermore, the under-bonded O2− must form in pairs to
achieve one effective hole localization, i.e., forming a (O2 )3− complex. Back to YSZ, our results identiﬁed that the hole states in oxidized YSZ are mainly constituted by Oα − (α =1.5) up to a composition of Zr0.8125 Y0.1875 O1.9375 (i.e., Zr26 Y6 O62 ). This corresponds
to an over-stoichiometry of δ =0.03125 to the reference composition of Zr0.8125 Y0.1875 O1.90625 (i.e., Zr26 Y6 O61 ). Even though it is the
most “dilute” situation for the simulated supercell, one should note
that the defect concentration is already very high and may only be
reached under a highly oxidizing condition. (While there are nonstoichiometric data available for reduced YSZ at low oxygen pressures [48], there are no such data reported for oxidized YSZ at high

4. Discussions
Our results above have identiﬁed three types of hole states in
oxidized YSZ, including (i) delocalized hole states, (ii) localized
hole states on oxygen Oα − as part of (O2 )3− complex, with α =1.5,
and (iii) peroxide-group-like (O2 )2− , which have different implications on the functioning and stability of YSZ electrolytes. For (i),
the band-like delocalized hole states mean greatly enhanced hole
mobility/conductivity and a potential metal-insulator transition in
over-oxidized YSZ, which if formed could enable novel applications
as mixed ionic and electronic conductors, catalysts and memristors.
(Over-oxidation of YSZ may be possible under large anodic polarizations, for example, in high-current-density SOEC and electrocatalysis.) Unfortunately, our simulation results found that the formation of delocalized hole states is always accompanied by the
formation of peroxide-group-like (O2 )2− , the latter of which competes with the former and leads to oxygen gas evolution and electrolyte degradation as shall be discussed. This is despite the fact
that DFT method tends to over-delocalize electrons. Therefore, in
real materials, the formation of peroxide-group-like (O2 )2− should
be more favorable than the formation of delocalized hole states,
which would pin the Fermi level at the top of oxygen 2p band
and suppress the more conductive delocalized hole states in overoxidized YSZ. Nevertheless, some exceptions may be possible at
low temperatures, where the reaction kinetics of (O2 )2− disproportionation and oxygen gas evolution become sluggish.
For (ii), the localized hole states on oxygen Oα − suggest a
small polaron mechanism, where a hole can be localized on two
neighboring O for the (O2 )3− complex. It is consistent with the
large activation energy of 1.05 eV for the hole mobility reported
in 8YSZ at 800-1050°C. [4] As hole localization requires oxygen
ions with extreme local structures and excessive lattice relaxation,

Fig. 9. Conductivity data of (a) GDC and (b) LSGM at 800°C. Shaded regions in red and blue denote the n- and p-type characteristics of the minor electronic conductivity,
respectively.
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oxygen pressures, which makes it diﬃcult to quantify δ at a given
condition at the present stage.) Lastly, because the localized hole
states on oxygen Oα − form complexes with lattice oxygen ion as
well as with V••
, the migration of holes and oxygen ions/vacancies
O
may again become correlated. It indicates a coupling between the
ionic and electronic ﬂuxes, especially under extremely oxidizing
conditions. This possibility has been treated in Ref. [15], where O−
conduction is included to resolve the discrepancy between simulated and experimentally measured μO2 proﬁles in thick YSZ electrolytes.
For (iii), the peroxide-group-like (O2 )2− has been detected by
Raman spectroscopy in YSZ powders treated in 30 vol% H2 O2
solution at 5°C and dried at room temperature. [49] However,
peroxide group is not stable and prone to disproportionation.
Note our ﬁrst-principles calculations were conducted as a closed
system and the disproportionation reaction 2(O2 )2− →2O2− +O2 ↑
with oxygen gas evolution was not treated. Therefore, in hightemperature applications of YSZ, the peroxide-group-like (O2 )2−
once formed may react with more holes to generate oxygen bubbles, most likely at grain boundaries that are preferential sites for
bubble nucleation and growth. The formation of oxygen bubbles
has been observed in high-current-density SOEC both at the oxygen electrode/electrolyte interface and at the grain boundaries inside YSZ electrolyte, which leads to subsequent electrode delamination and electrolyte cracking. [3,18,50] To resolve such a problem, one should promote the formation and migration of (ii) the
localized hole states on oxygen Oα − (α =1.5) inside the electrolyte
before reaching the thermodynamic threshold to form (O2 )2− . The
enhanced σh also provides additional beneﬁts to lower the electrode overpotential. Practically speaking, as σh is more challenging to measure and less are known, a high σO2− can be used
as a descriptor to screen and select materials and dopants based
on the σO2− -σh -soft anion sublattice correlation discussed above.
In fact, a buffering layer of GDC (which has higher σO2− and
σh than YSZ) between YSZ electrolyte and oxygen electrode is
known to suppress oxygen bubble formation, which agrees with
our predictions. Yet it raises additional delamination problem at
GDC/YSZ bi-layer interface. Therefore, we believe a single-phase
YSZ electrolyte with a chemically engineered “soft” anion sublattice close to the oxygen electrode is a better approach to solve the
problem.
Finally, we note that a hole can be effectively localized on an
oxygen ion to form O− in the lithium-excess cathode materials
for lithium-ion batteries, while it requires two neighboring oxygen
ions to form (O2 )3− complex in YSZ. This is because in the lithiumexcess cathode materials, the cation sublattice contains two kinds
of cations with dramatically different bonding states with the oxygen ions—Li with little hybridization and transition metal ions with
strong hybridization. As a result, the ﬂuctuations in local chemical compositions are able to render some oxygen ions with excess Li-O bonds even without much distortions on anion sublattice.
More speciﬁcally, a Li-O-Li conﬁguration for an octahedral O is effective to increase the energy of an O 2p orbital on top of the O
2p band and realizes a localized hole. In contrast, in YSZ, Zr and Y
have similar bonding states with the oxygen ions, so there are no
ﬂuctuations in local chemical compositions of oxygen ions so to
speak. Accordingly, the degenerate O 2p orbital can only be realized by displacing oxygen ions from their lattice sites, and even so,
the relaxations are insuﬃcient to achieve one hole localization per
oxygen ion. Instead, the underbonded oxygen ions must be formed
in pairs to successfully localize one hole, namely an (O2 )3− complex discussed above. To approach a situation similar to that in the
lithium-excess cathode materials, main-group dopants such as Ca
and Mg can be used to replace Y in YSZ, which may result in better hole localization as well as a decoupling in the anion-hole dynamics.

5. Conclusions
(1) The chemical and structural natures of hole states in oxidized
YSZ have been simulated by ﬁrst-principles calculations and analyzed. Three types of hole states with distinct local structural
features have been identiﬁed, including delocalized hole states,
localized hole states on oxygen Oα − (α =1.5) and peroxidegroup-like (O2 )2− .
(2) The delocalized hole states are shared by tetrahedral-site oxygen ion O2− with Bader charges >7.2e. In the electronic structure, the Fermi level EF enters the top of the conduction band.
The band-like feature suggests greatly enhanced hole mobility
and conductivity and a potential metal-insulator transition for
YSZ under highly oxidizing conditions. However, its formation
may be suppressed in real applications by the competing mechanism of forming (O2 )2− and generating oxygen gas.
(3) The localized hole states on oxygen Oα − form (O2 )3− complexes
with Bader charge between 6.9e and 7.2e per oxygen, involving
under-bonded oxygen ions in pairs that are severely displaced
away from the lattice sites as well as a neighboring oxygen
vacancy. The localized hole state has an energy level slightly
above the VBM and follows a small polaron mechanism.
(4) The peroxide-group-like (O2 )2− contains chemically bonded OO dimer with a short bond distance of ~1.5 Å, with Bader
charge <6.75e. Its electronic structure is similar to that of an
isolated peroxide group (O2 )2− , with fully occupied σ 2 p , π 2 p
and π 2 p ∗ orbitals and an empty σ 2 p ∗ orbital.
(5) In the dilute limit, the localized hole states on oxygen Oα − with
α =1.5 ((O2 )3− complexes) dominate in oxidized YSZ, which
is responsible for the experimentally observed thermally activated hole conductivity. Its concentration and correspondingly
the hole conductivity can be enhanced under low PO2 atmosphere and/or anodic polarization. Under more extreme oxidizing conditions, the formation of the peroxide-group-like (O2 )2−
could take over and its disproportionation reaction is related
to the formation of oxygen bubbles at YSZ grain boundaries
in high-current-density operation and/or long-time service of
SOEC. The formation of (O2 )2− and subsequent disproportionation and oxygen gas evolution may also pin the Fermi level on
top of the O 2p band and suppress the more conductive delocalized hole state to form in YSZ.
(6) The hole localization in YSZ relies on relaxations of anion sublattice, which couples the dynamics of oxygen ions and holes.
A “softer” anion sublattice is expected to enhance both σO2−
and σh , which could help to mitigate electrolyte degradations
in SOEC operations.
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