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a b s t r a c t 

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 atten- 

tion has been paid to the fast oxygen ion conduction, the electronic conductivity and especially hole car- 

riers are not well understood, yet essential for the electrochemical stability, conduction kinetics and mi- 

crostructural evolution in YSZ. The present work uses first-principles calculations to illustrate the chem- 

ical 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 experi- 

mental observations are discussed. 

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Yttria stabilized zirconia (YSZ) is an important ceramic mate- 

ial, and it is widely used as a structural ceramic, thermal barrier 

oating, and as the electrolyte in oxygen sensors and solid oxide 

uel/electrolyzer cells (SOFC/SOEC). [1-3] For electrochemical ap- 

lications, cubic YSZ (e.g., 8 mol% yttria-stabilized zirconia with 

hemical formula Y 0.148 Zr 0.852 O 1.926 , abbreviated as 8YSZ) is well 

nown for its high oxygen ion conductivity σO 2 − at elevated tem- 

eratures, which combined with a large band gap, low electronic 

onductivity (including both electron conductivity σe and hole con- 

uctivity σh ) [4-6] and a stable microstructure (minimum grain 

rowth < 1200 °C, due to slow cation diffusion) [7-9] makes it a 

opular solid electrolyte for SOFC/SOEC operated at 60 0-10 0 0 °C. 

ts predominant ionic conduction is illustrated by the conductiv- 

ty data (at 800 °C) [4] in Fig. 1 a, where σO 2 − is > 1,0 0 0 times

igher than σe and σh over a wide range of oxygen potential 

O 2 
≡ μ�

O 2 
+ k B T ln P O 2 (i.e., the chemical potential of oxygen, with 

 B being the Boltzmann constant, T the absolute temperature, P O 2 

he oxygen partial pressure, and μ�
O 2 

the oxygen potential set as 

 eV at the standard state condition of P O 2 = 1 atm) from −5 eV

corresponding to P O 2 = 3.27 × 10 −24 atm) to 1 eV (correspond- 

ng to P O = 4.98 × 10 4 atm). While the celebrated O 

2 − conduc- 
2 

∗ Corresponding author. 

E-mail address: liju@mit.edu (J. Li). 

v

b

O

ttps://doi.org/10.1016/j.actamat.2020.116487 

359-6454/© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
ion has been extensively studied over decades by various exper- 

mental and simulation techniques [ 4 , 10-12 ], the electronic con- 

uctivity and the minority charge carriers of electrons and holes 

ave received much less attention in YSZ and in many other solid 

lectrolytes. Nevertheless, the significance of the minority elec- 

ronic current and electronic defects has recently been highlighted 

s critical for understanding (i) chemical equilibrium and degrada- 

ions of solid-electrolyte-based devices (e.g., oxygen bubble forma- 

ion inside solid electrolytes under SOEC operations) [13-20] , (ii) 

nhanced conductivity and transition from p-type to n-type behav- 

or under voltage bias and non-equilibrium conditions [21-23] , and 

iii) enhanced mass transport and microstructural evolution during 

eld-assisted processing [24-27] (e.g., flash sintering [27] ). 

In YSZ, Y 

3 + substitutions on Zr 4 + sites are charge-compensated 

y doubly charged oxygen vacancies, which using Kröger-Vink no- 

ation can be written as 

 2 O 3 = 2 Y 

′ 
Zr + V 

••
O + 3O 

×
O (1) 

Because of the heavy doping and large enthalpy penalties to re- 

uce/oxidize YSZ, the concentration of V 

••
O 

is extrinsically fixed and 

O 2 − remains constant over a large μO 2 
range as shown in Fig. 1 a, 

hus setting a large electrolytic window for YSZ electrolytes. While 

ery limited under most μO 2 
, reduction of YSZ can still take place 

y creating extra V 

••
O and electrons 

 

×
O = V 

••
O + 2e + 1 / 2 O 2 (2) 

https://doi.org/10.1016/j.actamat.2020.116487
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Fig. 1. (a) Conductivity data of 8YSZ at 800 °C. Spatial distributions of (b) μO 2 , (c) σO 2 − , σe , and σh inside a 10 μm YSZ electrolyte operated in SOEC mode under −1 A/cm 

2 

at 800 °C, with μ′ 
O 2 

= −4 . 26 eV at cathode/electrolyte interface and μ′′ 
O 2 

= 0 . 21 eV at anode/electrolyte interface. Shaded regions in red and blue denote the n- and p-type 

characteristics of the minor electronic conductivity, respectively. 
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nd oxidation can take place by filling in V 

••
O 

and creating holes 

 

••
O + 1 / 2 O 2 = O 

×
O + 2h (3) 

Following defect chemical analysis, the above reduction and ox- 

dation reactions can be shown to create minority electron and 

ole conductivities give by σe ∝ exp ( −μO 2 
/ 4 k B T ) ∝ P O 2 

−1 / 4 and 

h ∝ exp ( μO 2 
/ 4 k B T ) ∝ P O 2 

+1 / 4 in Fig. 1 a, provided the mobilities 

f electrons and holes are P O 2 -independent [4] . Therefore, in μO 2 
pace, the electron/hole contribution to the electronic conductiv- 

ty σeh = σe + σh defines an n-type region under more reducing 

onditions where σe > σh , a p-type region under more oxidizing 

onditions where σe < σh , and a p-n transition at an intermediate 

O 2 
where σe = σh . Such dependencies and V-shape σeh translate 

o a sharp p-n transition in real space, as YSZ electrolytes are typ- 

cally sandwiched between a highly reducing atmosphere at one 

lectrode and a highly oxidizing one at the other electrode (e.g., 

uel gas and air in SOFC/SOEC), so that the steepest μO 2 
drop oc- 

urs at the electronic conductivity minimum ( σeh ) min to maintain 

 spatially uniform electronic current. (If the electronic current 

 eh ( x ) is not uniform in 1D or divergence-free in 3D, there will

e a net redox reaction at that location, e.g., 2 O 

2 − → O 2 (g) + 4e ,

nd then the concentrations of ionic/neutral species cannot be at 

teady-state, the assumption in most situations.) One such example 

s shown in Fig. 1 b-c, where the spatial distributions of μO 2 
, σO 2 − , 

e , and σh inside a 10 μm thick YSZ membrane were calculated for 

 SOEC operated under −1 A/cm 

2 at 800 °C, with μ′ 
O 2 

= −4 . 26 eV

corresponding to P O 2 = 10 −20 atm) at the cathode/electrolyte in- 

erface and μ′′ 
O 2 

= 0 . 21 eV (corresponding to P O 2 = 10 atm) at the

node/electrolyte interface [15] . Such a sharp p-n transition in real 

pace has profound implications in practical applications: For ex- 

mple, in flash sintering, the dynamic conversion between elec- 

rons and holes at the p-n transition is proposed to be responsi- 

le for the observed electroluminescence [ 23 , 28 ]; in electric field- 

ssisted superplasticity of tetragonal zirconia [29] , the mass trans- 

ort and grain boundary sliding can be enhanced in the n-type re- 

ion but not in the p-type region [24-26] , thus leading to final frac-

ure at the p-n transition; in solid electrolyte-based devices such 

s SOFC/SOEC and all-solid-state batteries, the sharp p-n transi- 

ion sets a step-like chemical potential profile for the correspond- 

ng neutral species (e.g., O 2 for SOFC/SOEC and Li for lithium-ion 

atteries), thus subjecting the electrolyte to be influenced by the 

lectrode overpotentials that can drive degradation [16] . Therefore, 

oles constitute a significant part of the electronic conduction both 

n μO 2 
and in real space, and complete understandings of the elec- 

ronic disorder as well as the associated p-n transition are critical 

o the various problems in materials processing and service. How- 

ver, while the nature of electron states in reduced zirconia has 
2 
een investigated and discussed in the literature [30-32] , little at- 

ention was paid to the chemical nature of hole states and mobility 

echanisms. This sets the background of the present work, which 

eeks to use first-principles calculations to understand the chem- 

stry of anion redox and local structural features for oxygen hole 

tates in YSZ at an atomistic level. 

Outside YSZ and solid electrolytes, there are many investi- 

ations concerned with anion-redox processes in battery elec- 

rodes, especially in the so-called lithium-excess cathode materi- 

ls for lithium-ion batteries [33-36] . These are lithium-containing 

ransition-metal oxides that can be delithiated/lithiated reversibly 

t high voltages and the available transition-metal redox capacity 

s insufficient to fully compensate the charge of lithium removal 

o that oxygen redox reactions also participate. It turns out that 

he redox-active oxygen states come from extreme local structures, 

hich decrease the number of coordinating transition metal ions 

round some oxygen in a rock-salt structure framework thus cre- 

ting less hybridized and higher-energy oxygen 2 p states on top of 

he broad oxygen 2 p band [ 35 , 36 ]. It leads to localized hole states

n oxygen upon oxidation, producing oxidized oxygen ion O 

α− in- 

tead of the “standard” O 

2 − anion. Note here that 0 <α< 2 and it is 

ot necessarily an integer. Nevertheless, if one sticks to integer va- 

ences for simplicity, the oxidized oxygen ion can be treated as O 

−. 

his inspires us to study the correlation between local structures 

nd the electronic density of states (DOS) for oxygen ions in YSZ. 

s shall be described, three types of hole states—(i) delocalized 

ole states on oxygen ion O 

2 −, (ii) localized hole states on oxygen 

 

α− or (O 2 ) 
3 − complex with α= 1.5, and (iii) peroxide-group-like 

O 2 ) 
2 − with α= 1, all with distinct local structural features—have 

een identified in oxidized YSZ. The implications of the identified 

ole states shall be discussed. 

. Methods 

Spin-polarized first-principles calculations were conducted us- 

ng the Vienna ab initio simulation package (VASP) based on den- 

ity functional theory (DFT) following the projector augmented- 

ave (PAW) method under Perdew-Burke-Ernzerhof (PBE) gener- 

lized gradient approximation (GGA). [37-39] PAW potentials in- 

luding 4 s 2 4 p 6 5 s 2 4 d 2 electrons for Zr, 4 s 2 4 p 6 5 s 2 4 d 1 electrons for

, and 2 s 2 2 p 4 electrons for O and a plane-wave cutoff energy of 

00 eV were used. For 0 K calculations, the convergence was con- 

idered to be reached when the residual atomic forces were < 0.05 

V/ ̊A. To simulate cubic YSZ, we first built a 2 × 2 × 2 super- 

ell for cubic ZrO 2 (containing 32 Zr and 64 O), then randomly 

ubstituted six Zr with six Y and removed three O (i.e., creat- 

ng three oxygen vacancies V 

••). This created a Zr 26 Y 6 O 61 super- 

O 
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Fig. 2. Atomic structures of (a) cubic ZrO 2 and (b) cubic YSZ. Zr in green, Y in purple and O in red. 
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ell with a composition of Y 0.188 Zr 0.813 O 1.906 close to that of 8YSZ. 

ince there are strong Y / Zr − V 

••
O interactions and the distribution 

f V 

••
O is not random ( V 

••
O prefers to be the first nearest neighbor

f Zr 4 + [40] and the second nearest neighbor of Y 

3 + [ 12 , 41 ]), to

chieve more “realistic” configurations in a consistent manner, we 

onducted first-principles molecular dynamics calculations to an- 

eal the as-built atomic structures at high temperatures (at 1200 

, 900 K, 600 K and 300 K, each for 1.5 ps) and then relaxed the

tructures at 0 K. Such a treatment tries to mimic the behavior 

hat in real YSZ samples, the sluggish cation diffusion renders the 

uasi-random Zr/Y distribution in the bulk, while the oxygen ion 

nd V 

••
O 

are allowed to relax their spatial distributions at a faster 

ime scale. To simulate oxidized cubic YSZ, using the annealed and 

elaxed YSZ supercell, we either (i) filled in one V 

••
O 

by a neutral 

xygen atom to build a Zr 26 Y 6 O 62 supercell, or (ii) filled in two

 

••
O by two neutral oxygen atoms to build a Zr 26 Y 6 O 63 supercell. 

ote (i-ii) follow oxidation reaction Eq. (3) and the supercells are 

harge-neutral. The as-built supercells for oxidized cubic YSZ were 

imilarly annealed by first-principles molecular dynamics calcula- 

ions (at 1200 K, 900 K, 600 K and 300 K, each for 1.5 ps), followed

y 0 K relaxation. The above procedures were repeated for three 

imes to obtain three sets of individually simulated results in the 

r 26 Y 6 O 61 supercell for the reference un-oxidized cubic YSZ and 

n the Zr 26 Y 6 O 62 and Zr 26 Y 6 O 63 supercells for the oxidized cubic

SZ. Throughout the study, the Brillouin zone was sampled using 

onhorst-Pack scheme with a 3 × 3 × 3 k -point mesh for 0 K 

alculations and with a 1 × 1 × 1 k -point mesh for first-principles 

olecular dynamics calculations. The atomic structures and charge 

ensity distributions were visualized and plotted using software 

ESTA [42] . 

. Results 

Cubic ZrO 2 ( Fig. 2 a) has a fluorite structure with space group 

m ̄3 m . In the perfect structure, simple-cubic-packed oxygen ions 

ll have the same local structure, occupying the tetrahedral site 

urrounded by four coordinating Zr cations, while the Zr cations 

ccupy half of the cubes formed by eight coordinating O anions. 

n comparison, the atomic structure of cubic YSZ is quite defective 

 Fig. 2 b), with distortions at all lattice sites due to the large con-

entrations of Y 

′ 
Zr and V 

••. This breaks down the cubic symme- 

O 

3 
ry in the local structure and creates various local environments 

or different Y, Zr and O, even though a “global” cubic symmetry 

an still be observed by diffraction techniques on a larger length 

cale. The fluctuations in local structures also result in localized 

ole states in oxidized YSZ, as shall be discussed. Regarding the 

lectronic structure, as shown by the density of states (DOS) in 

ig. 3 a, cubic YSZ (simulated by a Zr 26 Y 6 O 61 supercell) has a va-

ence band composed mainly of O 2 p orbitals (hybridized with Zr/Y 

 d orbitals), a conduction band composed mainly of Zr/Y 4 d or- 

itals (hybridized with O 2 p orbitals), and a well-defined bandgap 

ithout any gap states. There is no net magnetic moment for the 

imulated Zr 26 Y 6 O 61 supercell, as also can be seen from the sym- 

etric spin-up (positive) and spin-down (negative) states in the 

OS in Fig. 3 a. 

We next simulated an oxidized cubic YSZ with a Zr 26 Y 6 O 62 su- 

ercell by adding one neutral O atom (i.e., adding one O 

2 − and 

wo holes) to the reference Zr 26 Y 6 O 61 supercell, followed by an- 

ealing and relaxation as described in Section II . As shown by 

OS in Fig. 3 b, while there are only minor changes in the valence

and and conduction band, two unoccupied gap states emerge on 

op of the valence band maximum (VBM), and their peak posi- 

ions lie at E 1 = 0.22 eV and E 2 = 0.69 eV above the Fermi level E F 
set as 0 eV). Note both states have little dispersion in energy and 

re mainly contributed by oxygen 2 p orbitals, suggesting they are 

robably two localized hole states on oxygen with minimal hy- 

ridization with the cations. To figure out what the “oxidized” oxy- 

en ions with localized hole states are, we calculated the Bader 

harges [43] for all the oxygen ions in the Zr 26 Y 6 O 62 supercell. 

Bader charge analysis uses 2D zero-flux surface of valence elec- 

ron density ρ( x ) to divide atoms, where ρ( x ) reaches minimum 

erpendicular to the surface, n ( x ) •∇ρ( x ) = 0. The charge enclosed

ithin the dividing surfaces is called Bader charge, which is typi- 

ally used to approximate the total electronic charge of an atom in 

tomistic calculations.) While most oxygen ions (58 out of 62) have 

ader charges of 7.31 ±0.02 e similar to the ones in the reference 

noxidized YSZ (7.31 ±0.03 e for 61 O in the Zr 26 Y 6 O 61 supercell)

nd such “normal” oxygen ions can be treated as O 

2 −, we note four 

special” oxygen ions with less Bader charges of 7.04 ±0.06 e , indi- 

ating localized hole states on them. We also noted that “normal”

 

2 − occupies the tetrahedral site with four coordinating cations 

inset of Fig. 4 a) and have no DOS ( Fig. 4 a) within the band gap
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Fig. 3. Calculated total DOS, and projected DOS for O 2 p , Zr 4 d , and Y 4 d orbitals for (a) a Zr 26 Y 6 O 61 supercell, (b) a Zr 26 Y 6 O 62 supercell, and (c) a Zr 26 Y 6 O 63 supercell. For 

y -axis, positive values denote spin-up states and negative values denote spin-down states. For x -axis, E F is set as 0 eV. 

Fig. 4. Projected DOS of (a) O 2 − , and (b-d) four “special” O in a Zr 26 Y 6 O 62 supercell. Inset of (a): local structure of O 2 − . 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 /Bohr 3 within the energy range of 0.0-1.0 eV vs. E F . 
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etween 0 eV and ~3.4 eV. In contrast, the four special oxygen 

ons have distinct features in their local structures and DOS: They 

re displaced further away from their lattice sites (tetrahedral site 

ormed by four cations) and sit in the center of the triangle formed 

y three coordinating cations (insets of Fig. 4 b and 4 d), where the

riangular planar configuration is enabled by an V 

••
O in the neigh- 

oring tetrahedral site. The severe displacement is clearly shown 

y the appearance of a special oxygen ion in the two-dimensional 

2D) slice of charge density distribution for a (100) plane cutting 

cross the cation layer ( Fig. 5 a), while other (100) planes typi- 

ally cut thought cations only ( Fig. 5 b). Meanwhile, the four spe- 

ial oxygen ions form two coordinating O-O pairs: The two oxy- 

en ions plotted in the inset of Fig. 4 b have an O-O bond length

f 2.17 Å, Bader charges of 7.03 e and 7.06 e , and unoccupied pro-

ected DOS peaked at E 2 ; the two oxygen ions plotted in the in-

et of Fig. 4 d have an O-O bond length of 2.41 Å, Bader charges

f 6.97 e and 7.12 e , and unoccupied projected DOS peaked at E 1 .

e further confirmed these are indeed the localized hole states 

n oxygen by plotting band decomposed charge densities within 

he respective energy ranges, which are shown by the dumbbell- 

hape iso-charge-density-surfaces (in yellow) around the four oxy- 

en ions in the insets of Fig. 4 b (the gap state peaked at E 2 )

nd Fig. 4 d (the gap state peaked at E 1 ). Therefore, the four spe-

ial oxygen ions are oxidized oxygen ion O 

α− with localized hole 

tates, and because a hole state is shared by a coordinating O-O 

air, they can be referred as an (O 2 ) 
3 − complex, with “oxidation 

rogress variable” α= 1.5. (Since an V 

•• is involved, it can also be 

O 

4 
xpressed as a ( O 

•
O 

· O 

×
O 

· V 

••
O 

) complex using Kröger-Vink notation. 

t also clearly differs from conventional peroxide group (O 2 ) 
2 − and 

uperoxide group (O 2 ) 
− in terms of atomic and electronic struc- 

ures.) It is well-known that Bader charge analysis from DFT gives 

onic charges less than the Kröger-Vink style formal charges. For 

xample, for the standard O 

2 −, the Bader charge analysis gives 

.31 e − 6 e = 1.31 e , a factor of 1.53 × from its formal charge of α= 2.

hus, a Bader charge assignment 7.04 e − 6 e = 1.04 e should not 

e taken to mean peroxide ( α= 1), but rather, if multiplying the 

ame factor 1.53 ×, would be 1.59 e after correction, and close to 

he α= 1.5 formal assignment we have given above for the (O 2 ) 
3 −

omplex. One can also interpret the (O 2 ) 
3 − complex as oscillat- 

ng between two resonant states in ( O 

•
O 

· O 

×
O 

· V 

••
O 

) . Finally, as one 

O 2 ) 
3 − has an unpaired electron, it creates a magnetic moment of 

 μB . Accordingly, the simulated Zr 26 Y 6 O 62 supercell containing 

 × (O 2 ) 
3 − complexes would have a net magnetic moment of 2 

B , which we confirmed in our first-principles calculations. 

We then considered further oxidation of cubic YSZ and simu- 

ated a Zr 26 Y 6 O 63 supercell by adding two neutral O atoms (i.e., 

dding two O 

2 − and four holes) to the reference Zr 26 Y 6 O 61 su- 

ercell, followed by the same annealing-relaxation process. Three 

istinct features are shown by DOS in Fig. 3 c: (i) The Fermi level

 F enters the valence band and lies at ~0.23 eV below the VBM. 

he unoccupied DOS between E F and VBM is mainly contributed 

y O 2 p orbitals and has slightly more spin-down states than spin- 

p ones. (ii) There is a spin-down gap state above VBM at 0.54 

V (vs. E ), with similar characteristics to the gap states identified 
F 
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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 Zr 26 Y 6 O 62 supercell. 

Fig. 6. Projected DOS of (a) O 2 − , (b-c) two O in (O 2 ) 
3 − complex, and (e-f) two O in (O 2 ) 

2 − in a Zr 26 Y 6 O 63 supercell. Inset of (a): local structure of O 2 − . Inset of (b): local 

structures of (O 2 ) 
3 − complex whose projected DOS is shown in (b-c). Inset of (d): local structures of (O 2 ) 

2 − whose projected DOS is shown in (d-e). 
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n the Zr 26 Y 6 O 62 supercell discussed above. (iii) There are spin- 

ero states below the conduction band minimum (CBM) at 3.50 eV 

nd spin-zero states below the valence band at −6.26 eV, which 

s shall be explained, correspond to the anti-bonding orbital σ 2 p 
∗

nd the bonding orbital σ 2 p of the peroxide group (O 2 ) 
2 −, respec- 

ively. When we analyzed the Bader charge and projected DOS 

f oxygen ions in the Zr 26 Y 6 O 63 supercell, three groups of O can

e assigned to the above features. (i) Out of 63 O in total, 59 O

ave Bader charges of 7.30 ±0.02 e that are slightly smaller than the 

ader charges of O 

2 − in the Zr 26 Y 6 O 61 (7.31 ±0.03 e ) and Zr 26 Y 6 O 62 

7.31 ±0.02 e ) supercells calculated above. We found these are tetra- 

edral O (inset of Fig. 6 a) and the projected DOS of one such O is

hown in Fig. 6 a, which is similar to that of O 

2 − in Fig. 4 a except

or a lowered E F below VBM. These can be treated as O 

2 − with a

elocalized hole state, which is responsible for the feature (i) in 

ig. 3 c. Even though individually the charge deficiency contribu- 

ion is small (~0.01 e ), because of the numerous number of oxy- 

en involved (59), this delocalized hole state occupies non-neglible 

eight in the total charge accounting for the supercell. (ii) Two O 

ave Bader charges of 7.01 e and 7.08 e , respectively, and they form 

n O-O bond with a bond length of 2.43 Å. Regarding their local 

tructures (inset of Fig. 6 b), they are again displaced away from 

nion sublattice sites, with one O halfway between two neigh- 

oring Zr ions (enabled by an V 

••
O 

in the neighboring anion site) 
5 
nd the other O in the center of a Zr-Zr-Y triangle (enabled by 

n V 

••
O in the neighboring tetrahedral site). (The first O can also 

e viewed as sitting in the middle of two anion sublattice sites, 

hich now become vacant as denoted by the shaded squares in 

he inset of Fig. 6 b.) This local structure can be vividly seen by 

ntervening O in the 2D slice of charge density distribution for a 

100) plane cutting across the cation layer ( Fig. 7 a), which is more 

xtreme than the case in Fig. 5 a. Regarding the electronic struc- 

ure, the projected DOS in Fig. 4 b- 4 c shows that the two O share

he unoccupied gap state peaked at 0.54 eV. Therefore, it can be 

imilarly treated as (O 2 ) 
3 − complex as discussed before, which is 

esponsible for the feature (ii) in Fig. 3 c. (iii) The remaining two 

 have Bader charges of 6.70 e and 6.72 e , respectively, and they 

orm an O-O dimer with a very short bond length of 1.50 Å and

 strong chemical bond (as indicated by the intense electron-cloud 

haring in Fig. 7 b, a 2D slice of charge density distribution for a 

100) plane cutting across the oxygen layer). Regarding the local 

tructure, the O-O dimer sits in the center of a Zr-Zr-Zr-Y tetrahe- 

ron (inset of Fig. 6 d). A Bader charge accounting 6.71 e −6 e = 0.71 e

ould give 1.08 e after the correction factor 1.53 ×, which is close 

o a formal charge assignment of α= 1. These characteristics sug- 

est a peroxide-group-like (O 2 ) 
2 −, which is further supported by 

he projected DOS in Fig. 6 d- 6 e. Recall that for an isolated peroxide

roup (O 2 ) 
2 −, the molecular orbital theory describes an electron 
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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 Zr 26 Y 6 O 63 

supercell. 

Fig. 8. (a-c) Three sets of Bader charge distributions for O in Zr 26 Y 6 O 61 (black diamond), Zr 26 Y 6 O 62 (blue cycle), and Zr 26 Y 6 O 63 (red triangle). Shaded regions in blue and in 

red are schematic energy ranges for O α− and (O 2 ) 
2 − , respectively. 

Table 1 

Average values and standard deviations of Bader charges for three types of O in three sets of individually simulated Zr 26 Y 6 O 61 , 

Zr 26 Y 6 O 62 , and Zr 26 Y 6 O 63 supercells. 

Set Composition Bader charge for O 2 − ( e ) Bader charge for O α− in (O 2 ) 
3 − ( e ) Bader charge for O − in (O 2 ) 

2 − ( e ) 

1 Zr 26 Y 6 O 61 7.31 ±0.03 / / 

Zr 26 Y 6 O 62 7.31 ±0.02 7.04 ±0.06 / 

Zr 26 Y 6 O 63 7.30 ±0.02 7.05 ±0.05 6.71 ±0.02 

2 Zr 26 Y 6 O 61 7.31 ±0.02 / / 

Zr 26 Y 6 O 62 7.31 ±0.02 7.04 ±0.13 / 

Zr 26 Y 6 O 63 7.30 ±0.03 7.04 ±0.01 6.67 ±0.07 

3 Zr 26 Y 6 O 61 7.31 ±0.03 / / 

Zr 26 Y 6 O 62 7.30 ±0.02 7.06 ±0.04 / 

Zr 26 Y 6 O 63 7.30 ±0.02 / 6.71 ±0.02 
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s

onfiguration of ( σ 2 p ) 
2 ( π2 p ) 

4 ( π2 p 
∗) 4 ( σ 2 p 

∗) 0 . Using such informa-

ion, in Fig. 6 d- 6 e, the unoccupied states peaked at 3.50 eV can be

reated as σ 2 p 
∗, the occupied states peaked at −5.01 eV and −5.26 

V can be treated as π2 p , and the occupied states peaked at −6.26 

V can be treated as σ 2 p for peroxide-group (O 2 ) 
2 −. Note in the 

rystal structure of cubic YSZ, the two π2 p orbitals are split under 

he tetrahedral field, and the π2 p 
∗ orbitals are strongly hybridized 

he Zr/Y 3 d orbitals and become more distributed. Such peroxide- 

roup-like (O 2 ) 
2 − is responsible for the feature (iii) in Fig. 3 c. As

i) the delocalized hole state has partially symmetric spin-up/down 

OS, (ii) the (O 2 ) 
3 − has one unpaired electron, and (iii) the (O 2 ) 

2 −

as zero unpaired electron, the simulated Zr 26 Y 6 O 63 supercell con- 

aining one delocalized hole state, one (O ) 3 − complex and one 
2 

6 
O 2 ) 
2 − group has a net magnetic moment of μB < 1.14 μB < 2 μB .

herefore, the three types of hole states in Fig. 3 c can all be dis-

inguished. 

Lastly, we seek to justify the general applicability of the above 

ndings by providing more examples. In Fig. 8 a, we plotted the 

ader charge distributions for O in the first set of simulated 

r 26 Y 6 O 61 (black diamond), Zr 26 Y 6 O 62 (blue cycle), and Zr 26 Y 6 O 63 

red triangle) supercells, whose atomic and electronic structures 

ave been described above. Three types of O can be classified ac- 

ording to our discussions in the above: O 

2 − with Bader charge 

 7.2 e , O 

α− in (O 2 ) 
3 − complex with Bader charge between 6.9 e and

.2 e , and O 

− in (O 2 ) 
2 − group with Bader charge < 6.75 e . These clas-

ifications also apply to other two sets of individually simulated 
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r 26 Y 6 O 61 , Zr 26 Y 6 O 62 , and Zr 26 Y 6 O 63 supercells, as illustrated by

he Bader charge distributions for O in Fig. 8 b and 8 c and detailed

tatistics summarized in Table 1 . Interestingly, only O 

α− in (O 2 ) 
3 −

omplex can be observed in Zr 26 Y 6 O 62 (i.e., the “dilute” limit of our 

rst-principles calculations), (O 2 ) 
2 − group can always be observed 

r 26 Y 6 O 63 , and the delocalized hole states are always accompanied 

ith the formation of (O 2 ) 
2 − group. Therefore, we conclude our 

esults are general for YSZ with different atomic arrangements. 

. Discussions 

Our results above have identified three types of hole states in 

xidized YSZ, including (i) delocalized hole states, (ii) localized 

ole states on oxygen O 

α− as part of (O 2 ) 
3 − complex, with α= 1.5,

nd (iii) peroxide-group-like (O 2 ) 
2 −, which have different implica- 

ions on the functioning and stability of YSZ electrolytes. For (i), 

he band-like delocalized hole states mean greatly enhanced hole 

obility/conductivity and a potential metal-insulator transition in 

ver-oxidized YSZ, which if formed could enable novel applications 

s mixed ionic and electronic conductors, catalysts and memristors. 

Over-oxidation of YSZ may be possible under large anodic polar- 

zations, for example, in high-current-density SOEC and electro- 

atalysis.) Unfortunately, our simulation results found that the for- 

ation of delocalized hole states is always accompanied by the 

ormation of peroxide-group-like (O 2 ) 
2 −, the latter of which com- 

etes with the former and leads to oxygen gas evolution and elec- 

rolyte degradation as shall be discussed. This is despite the fact 

hat DFT method tends to over-delocalize electrons. Therefore, in 

eal materials, the formation of peroxide-group-like (O 2 ) 
2 − should 

e more favorable than the formation of delocalized hole states, 

hich would pin the Fermi level at the top of oxygen 2 p band

nd suppress the more conductive delocalized hole states in over- 

xidized YSZ. Nevertheless, some exceptions may be possible at 

ow temperatures, where the reaction kinetics of (O 2 ) 
2 − dispropor- 

ionation and oxygen gas evolution become sluggish. 

For (ii), the localized hole states on oxygen O 

α− suggest a 

mall polaron mechanism, where a hole can be localized on two 

eighboring O for the (O 2 ) 
3 − complex. It is consistent with the 

arge activation energy of 1.05 eV for the hole mobility reported 

n 8YSZ at 800-1050 °C. [4] As hole localization requires oxygen 

ons with extreme local structures and excessive lattice relaxation, 
ig. 9. Conductivity data of (a) GDC and (b) LSGM at 800 °C. Shaded regions in red and 

espectively. 

7 
ole migration is coupled with oxygen ion dynamics. This ex- 

lains why the O 

2 − mobility has a smaller activation energy of 

.79 eV than that of the hole (both measured by the same study 

t the same temperature range [4] ) in 8YSZ, because the former 

nly requires an exchange between an V 

••
O and a neighboring O 

2 −

hile the latter requires collective relaxation of multiple oxygen 

ons and V 

••
O 

. Indeed, the activation energy for the hole mobil- 

ty is similar to that of O 

2 − at low temperatures < 500 °C, where

 

2 − movement becomes sluggish and collective with larger ac- 

ivation energy of 1.0-1.2 eV. [ 44 , 45 ] From this perspective, one 

ay argue that a softer anion sublattice not only gives rise to 

igher σO 2 − , but also higher σh because it offers many shallow 

nergy traps for localized hole states with small migration barri- 

rs. This argument is supported by the conductivity data in YSZ 

 Fig. 1 a) and another two fast O 

2 − conductors Ce 0.9 Gd 0.1 O 1.95 −δ

GDC, Fig. 9 a; it has a fluorite structure similar to YSZ) [46] and

a 0.9 Sr 0.1 Ga 0.8 Mg 0.2 O 3 −δ (LSGM, Fig. 9 b; it has a perovskite struc- 

ure) [47] , and we note both σO 2 − and σh follow the same rank- 

ng of YSZ < GDC < LSGM at 800 °C. In the literature, a similar argu-

ent has also been pointed out by West et al. [ 21 , 22 ]. They re-

orted enhanced p-type conductivity in an oxidizing atmosphere 

nd/or under a DC bias in acceptor-doped oxides with fluorite 

YSZ) or perovskite structure (Ba(Ti 1 −x Ca x )O 3 −x , Sr(Ti 1 −x Mg x )O 3 −x , 

a(Ti 1 −x Mg x )O 3 −x , and (Bi 1 −x Ca x )FeO 3 −x /2 ) with defective anion 

ublattices, and proposed that the holes localize on “under-bonded 

 

2 −” to form O 

−. While being consistent with their proposal, our 

esults suggest such under-bonded O 

2 − has a dynamic nature and 

he extreme local structure may only be created upon oxidiza- 

ion and may not exist in the ground-state un-oxidized struc- 

ure. Furthermore, the under-bonded O 

2 − must form in pairs to 

chieve one effective hole localization, i.e., forming a (O 2 ) 
3 − com- 

lex. Back to YSZ, our results identified that the hole states in ox- 

dized YSZ are mainly constituted by O 

α− ( α= 1.5) up to a com- 

osition of Zr 0.8125 Y 0.1875 O 1.9375 (i.e., Zr 26 Y 6 O 62 ). This corresponds 

o an over-stoichiometry of δ= 0.03125 to the reference composi- 

ion of Zr 0.8125 Y 0.1875 O 1.90625 (i.e., Zr 26 Y 6 O 61 ). Even though it is the

ost “dilute” situation for the simulated supercell, one should note 

hat the defect concentration is already very high and may only be 

eached under a highly oxidizing condition. (While there are non- 

toichiometric data available for reduced YSZ at low oxygen pres- 

ures [48] , there are no such data reported for oxidized YSZ at high 
blue denote the n- and p-type characteristics of the minor electronic conductivity, 
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xygen pressures, which makes it difficult to quantify δ at a given 

ondition at the present stage.) Lastly, because the localized hole 

tates on oxygen O 

α− form complexes with lattice oxygen ion as 

ell as with V 

••
O 

, the migration of holes and oxygen ions/vacancies 

ay again become correlated. It indicates a coupling between the 

onic and electronic fluxes, especially under extremely oxidizing 

onditions. This possibility has been treated in Ref. [15] , where O 

−

onduction is included to resolve the discrepancy between simu- 

ated and experimentally measured μO 2 
profiles in thick YSZ elec- 

rolytes. 

For (iii), the peroxide-group-like (O 2 ) 
2 − has been detected by 

aman spectroscopy in YSZ powders treated in 30 vol% H 2 O 2 

olution at 5 °C and dried at room temperature. [49] However, 

eroxide group is not stable and prone to disproportionation. 

ote our first-principles calculations were conducted as a closed 

ystem and the disproportionation reaction 2(O 2 ) 
2 −→ 2O 

2 −+ O 2 ↑ 

ith oxygen gas evolution was not treated. Therefore, in high- 

emperature applications of YSZ, the peroxide-group-like (O 2 ) 
2 −

nce formed may react with more holes to generate oxygen bub- 

les, most likely at grain boundaries that are preferential sites for 

ubble nucleation and growth. The formation of oxygen bubbles 

as been observed in high-current-density SOEC both at the oxy- 

en electrode/electrolyte interface and at the grain boundaries in- 

ide YSZ electrolyte, which leads to subsequent electrode delami- 

ation and electrolyte cracking. [ 3 , 18 , 50 ] To resolve such a prob-

em, one should promote the formation and migration of (ii) the 

ocalized hole states on oxygen O 

α− ( α= 1.5) inside the electrolyte 

efore reaching the thermodynamic threshold to form (O 2 ) 
2 −. The 

nhanced σh also provides additional benefits to lower the elec- 

rode overpotential. Practically speaking, as σh is more challeng- 

ng to measure and less are known, a high σO 2 − can be used 

s a descriptor to screen and select materials and dopants based 

n the σO 2 − - σh -soft anion sublattice correlation discussed above. 

n fact, a buffering layer of GDC (which has higher σO 2 − and 

h than YSZ) between YSZ electrolyte and oxygen electrode is 

nown to suppress oxygen bubble formation, which agrees with 

ur predictions. Yet it raises additional delamination problem at 

DC/YSZ bi-layer interface. Therefore, we believe a single-phase 

SZ electrolyte with a chemically engineered “soft” anion sublat- 

ice close to the oxygen electrode is a better approach to solve the 

roblem. 

Finally, we note that a hole can be effectively localized on an 

xygen ion to form O 

− in the lithium-excess cathode materials 

or lithium-ion batteries, while it requires two neighboring oxygen 

ons to form (O 2 ) 
3 − complex in YSZ. This is because in the lithium-

xcess cathode materials, the cation sublattice contains two kinds 

f cations with dramatically different bonding states with the oxy- 

en ions—Li with little hybridization and transition metal ions with 

trong hybridization. As a result, the fluctuations in local chem- 

cal compositions are able to render some oxygen ions with ex- 

ess Li-O bonds even without much distortions on anion sublattice. 

ore specifically, a Li-O-Li configuration for an octahedral O is ef- 

ective to increase the energy of an O 2 p orbital on top of the O

 p band and realizes a localized hole. In contrast, in YSZ, Zr and Y

ave similar bonding states with the oxygen ions, so there are no 

uctuations in local chemical compositions of oxygen ions so to 

peak. Accordingly, the degenerate O 2 p orbital can only be real- 

zed by displacing oxygen ions from their lattice sites, and even so, 

he relaxations are insufficient to achieve one hole localization per 

xygen ion. Instead, the underbonded oxygen ions must be formed 

n pairs to successfully localize one hole, namely an (O 2 ) 
3 − com- 

lex discussed above. To approach a situation similar to that in the 

ithium-excess cathode materials, main-group dopants such as Ca 

nd Mg can be used to replace Y in YSZ, which may result in bet-

er hole localization as well as a decoupling in the anion-hole dy- 

amics. 
8 
. Conclusions 

1) The chemical and structural natures of hole states in oxidized 

YSZ have been simulated by first-principles calculations and an- 

alyzed. Three types of hole states with distinct local structural 

features have been identified, including delocalized hole states, 

localized hole states on oxygen O 

α− ( α= 1.5) and peroxide- 

group-like (O 2 ) 
2 −. 

2) The delocalized hole states are shared by tetrahedral-site oxy- 

gen ion O 

2 − with Bader charges > 7.2 e . In the electronic struc- 

ture, the Fermi level E F 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 mech- 

anism of forming (O 2 ) 
2 − and generating oxygen gas. 

3) The localized hole states on oxygen O 

α− form (O 2 ) 
3 − complexes 

with Bader charge between 6.9 e and 7.2 e 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 (O 2 ) 
2 − contains chemically bonded O- 

O dimer with a short bond distance of ~1.5 Å, with Bader 

charge < 6.75 e . Its electronic structure is similar to that of an 

isolated peroxide group (O 2 ) 
2 −, with fully occupied σ 2 p , π2 p 

and π2 p 
∗ orbitals and an empty σ 2 p 

∗ orbital. 

5) In the dilute limit, the localized hole states on oxygen O 

α− with 

α= 1.5 ((O 2 ) 
3 − complexes) dominate in oxidized YSZ, which 

is responsible for the experimentally observed thermally acti- 

vated hole conductivity. Its concentration and correspondingly 

the hole conductivity can be enhanced under low P O 2 atmo- 

sphere and/or anodic polarization. Under more extreme oxidiz- 

ing conditions, the formation of the peroxide-group-like (O 2 ) 
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 (O 2 ) 
2 − and subsequent disproportion- 

ation and oxygen gas evolution may also pin the Fermi level on 

top of the O 2 p band and suppress the more conductive delo- 

calized hole state to form in YSZ. 

6) The hole localization in YSZ relies on relaxations of anion sub- 

lattice, which couples the dynamics of oxygen ions and holes. 

A “softer” anion sublattice is expected to enhance both σO 2 −
and σh , which could help to mitigate electrolyte degradations 

in SOEC operations. 
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