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a b s t r a c t

Formation of charged (neutral) vacancies of bulk (surface) cubic-ZrO2 is calculated from density func-
tional theory, and compared with available experiments. Relationships among vacancy formation energy,
electron and element chemical potentials are established within a wide range of oxygen chemical poten-
tials. The +2 (−2) oxygen (zirconium) vacancy is predicted stable near the valence (conduction) band edge
ACS:
1.20.−b

eywords:
ubic-zirconia

of the bulk, and the neutral oxygen vacancy has the lowest formation energy on (1 0 0) O-terminated sur-
face without exhibiting a defect state within the band gap. Therefore, manipulation of oxygen vacancy
concentration becomes possible by optimizing growth surface and oxygen chemical potentials.

© 2010 Elsevier B.V. All rights reserved.
ntrinsic vacancy
ormation energy

. Introduction

Zirconia, ZrO2, is widely applied on catalyst [1], gas sensors
2], fuel cells [3–5], thermal barrier coating [6]. For instance,
anocrystalline ZrO2–CeO2 solid solutions showed excellent cat-
lytic properties and exhibited high performance as anode in fuel
ells because of the mixed ionic-electronic conduction in reduc-
ng atmosphere [5]. It is well known that defects play an important
ole for the properties of functional materials [7,8]. Previous studies
ocus mainly on the effects of oxygen vacancy to atomic structure,
lectronic properties, as well as oxygen ion mobility [9–17] in the
tabilized (by doping) cubic-ZrO2, few models were also reported
or defects in pure cubic- [10], monoclinic- [8] and tetragonal-ZrO2
9,18–20]. A relationship among defect stability, electron chemical
otential and element chemical potential is, however, not yet well
stablished for pure ZrO2. In addition, the cubic-zirconia (stabilized
ither by dopant or nano-scale effects [21]) has the most abundant

pplications among the three polymorphs. In this work we system-
tically investigated the formation and electron band structures
f intrinsic vacancies in pure bulk cubic-ZrO2 and its surface at a
ide range of electron and element chemical potentials of interest
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to real applications. The resultant model could be used to provide
guidance to the design of next generation ZrO2 based materials.

We first report a systematic study on the formation energy and
pinning energy of intrinsic vacancies in cubic-zirconia under differ-
ent electron and element chemical potentials, and then extend the
calculations to surfaces of practical interest to catalyst research.

2. Calculation method

All calculations were performed using WIEN2k [22] soft-
ware based on density functional theory (DFT) by utilizing the
augmented plane wave (APW). The transition metal d state was cal-
culated by the Augmented Plane Waves + local orbitals (APW + lo)
basic set and others by the Linearized Augmented Plane Wave
method (LAPW). The muffin tin radii (RMT) were 1.70 and 1.67 a.u.
for Zr and O, respectively. Inside the atomic spheres, the partial
waves were expanded up to lmax = 10. The number of plane waves
was limited by the cut off Rmt × Kmax = 7.00. The calculation was
iterated to self-consistency with the specified energy convergence
criterion 10−5 Ry and charge convergence criterion 10−4 e. Dur-
ing relaxation, equilibrium positions of atoms are evaluated by a

‘reverse-communication trust-region Quasi–Newton method’ and
the final forces on each atom is less than 1 mRy/a.u. The formation
energies of vacancies are obtained by employing supercells with 81
atoms (3 × 3 × 3 supercell), in which 4 × 4 × 4 k-points are selected
for supercells calculations. Three types of low-index surfaces:

dx.doi.org/10.1016/j.jallcom.2010.07.108
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Formation energy of oxygen/zirconium vacancies (Vq

O/Vq
Zr) under 3 chemical conditions.

Vacancy q (charge state) �E (eV) (zirconium-rich) �E (eV) (oxygen-rich) �E (eV) (H2/H2O mixture)

Vq
O

0 0.50 6.63 3.93
+1 −2.46 3.67 0.97
+2 −5.26 0.87 −1.83

−4 16.00 3.75 9.15
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−3 15.77
−2 15.74
−1 15.85

0 16.02

0 0 1) O-termination, (0 1 1) surface, and (1 1 1) O-termination are
nvestigated by using a periodic symmetric slab with 7 ZrO2-laysers
eparated by 11.8504 Å vacuum region, in which 6 × 6 × 1 k-points
re selected for supercells calculations. The size of the surface
odel is (1 × 1) for (0 0 1) O-termination and (0 1 1) surface, while

he size of (1 1 1) O-termination is (2 × 1) along the [1,−1,0] surface
ector. We also test a few functionals by calculations of bulk ZrO2
tructure parameters, and finally in all calculations we select the
GA(WC) (Wu-Cohen06) which reproduces well the lattice con-
tant (5.073 Å compare to the experiment value of 5.090 Å [23]). DFT
alculations typically underestimate the band gap. We, therefore,
ssumed the offset of the calculated band structure to be restricted
o the conduction band minimum (CBM) [23].

. Results and discussion

For a stable ZrO2 we have �Zr + 2�O = �ZrO2 and �reference
Zr +

�reference
O + �HZrO2 = �reference

ZrO2
[24], where �i is the chemical

otential of component i; �reference
i is, respectively, the chemical

otential at reference state (gas for oxygen and bulk for zirconia
Fm3m) and zirconium (P63/mmc)); �HZrO2 is the formation heat
f ZrO2 (calculated as −12.25 eV). To suspend the formation of bulk
r and oxygen gas, �Zr ≤ �bulk

Zr and �O ≤ �gas
O have to be conserved,

herefore ZrO2 is stable in the range of �bulk
ZrO2

− �bulk
Zr ≤ 2�O ≤

bulk
ZrO2

− �bulk
Zr − �HZrO2 (or 1/2�HZrO2 ≤ ��O ≤ 0), where ��O is

he excess potential of oxygen. Besides the two extreme condi-
ions we also consider the condition in equilibrium with H2/H2O

ixtures (at ��O equal to −2.7 eV at 0 K [25]) to understand the
edox properties of zirconia under representative environment of
pplications.

The formation energy of a defect in a charge state q is given

y [26]: �HD,q(EF, �) = (ED,q − EH) +
∑

˛

n˛�˛ + q(Ev + EF), where
D,q and EH are the total energy of the defected supercell in the
harged state q and perfect supercell, respectively; The chemical
otentials of the constituents are given by the second term, �˛ is
he absolute value of the chemical potential of atom ˛, and n˛ is the
umber of type ˛ defect; The last term describes the energy change

Fig. 1. Variation of vacancy formation energy with Fermi levels under 3 chemical con
3.52 8.92
3.49 8.89
3.60 9.00
3.78 9.18

due to exchange of electrons and holes with carrier reservoirs, Ev

represents the energy at the valence band maximum (VBM) of the
defect free system, and EF is the Fermi energy relative to the Ev.
The calculated vacancy formation energy is shown in Table 1 and
Fig. 1 as a function of Fermi levels at three studied oxygen chemical
potentials.

Due to the large formation enthalpy of ZrO2, the vacancy forma-
tion energies depend strongly on oxygen chemical potentials. The
Fermi level is called a pinning energy, εpin [27] if the vacancy forma-
tion energy changes signs (from positive to negative) at this Fermi
level. In Fig. 1(a), below the p-type pinning energy εp

pin, V2+
O are

spontaneously formed which act as hole killers to negate the intro-
duced acceptors. Therefore, it is very difficult to realize p-type ZrO2.
Similarly, n-doping by donors will be neutralized by the sponta-
neous formation of V4−

Zr who act as native electron killers above εn
pin

(n-type pinning energy). V2+
O is the most stable vacancy near VBM

at all three chemical potentials, and its formation is exothermic
and spontaneous in both oxygen-poor (Fig. 1(a)) and in equilibrium
with H2/H2O (Fig. 1(c)). This is consistent with the experiment in
which the lattice oxygen of zirconia could be removed (to form an
oxygen vacancy) even at 300 ◦C thus additional oxygen atoms could
participate in the bi-functional catalyst reactions [28]. At VBM,
The formation of oxygen vacancy is spontaneous under oxygen-
poor conditions, but not for the zirconium one even at a favored
zirconium-poor condition. Therefore, a large population of VZr is
unlikely in pure zirconia. This is also in line with experiments where
VZr is observed at high temperature and along the grain boundary
only [29].

In addition to the bulk, vacancy on surface is also of
critical importance in practical applications. There are six
types of low-index surfaces: (0 0 1) O-termination, (0 0 1) Zr-
termination, nonpolar-(0 1 1) surface, nonpolar-(1 1 1) surface,
(1 1 1) O-termination, and (1 1 1) Zr-termination. We believe the
oxygen vacancy exposed on surface is the most important to

the redox properties of zirconia, therefore three experimen-
tally reported surfaces ((1 0 0), (1 1 0) and (1 1 1)) [30], (0 0 1)
O-termination, (0 1 1) surface, and (1 1 1) O-termination, were
investigated to understand the redox properties of zirconia. The
respective calculated formation energy (at �def = 1/2 [18]) is lower

ditions; (a) oxygen-poor, (b) oxygen-rich, and (c) in equilibrium with H2/H2O
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Table 2
Structure relaxation of ions NN to the vacancies and corresponding relaxation energy (in bulk: ‘−’/‘+’ means inward/outward displacement to the vacancy).

Case V0
O,bulk

V2+
O,bulk

V0
Zr,bulk

V2−
Zr,bulk

V0
O,(1 0 0)

V0
O,(1 1 0)

V0
O,(1 1 1)

Relaxation size (Å)
NN O −0.084 −0.27 +0.154 +0.156 0.20 0.18 0.093
NN Zr −0.020 +0.16 −0.052 −0.054 0.12 0.43 0.12
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Fig. 2. Partial DOS of Zr- a

han the one in the bulk at all considered oxygen chemical poten-
ials; i.e. −1.48, 5.12 and 5.98 eV under O2-rich condition (<6.63 eV
n bulk), −7.18, −0.58 and 0.28 eV under Zr-rich condition (<0.50 eV
n bulk), and −4.18, 2.42 and 3.28 eV under H2/H2O-mixture con-
ition (<3.93 eV in bulk). Furthermore, the oxygen vacancy is
redicted more stable on the polar (1 0 0) surface than on the
onpolar (1 1 1) and (1 1 0) ones. Consequently, the (1 0 0) surface
ould be reconstructed evidently through the removal of a large
umber of oxygen-ions, while such reconstruction is expected min-

mum on (1 1 1) surface whose vacancy formation energy is close to
hat in the bulk. Therefore it is possible to experimentally control
he oxygen vacancy concentrations by applying different epitaxial
rowth surface and oxygen chemical potentials.

Details of the atomistic displacements surrounding the vacancy
n the bulk and surfaces are shown in Table 2, in which NN Zr (or
N O) is the displacement (with reference to the perfect crystal)
f the zirconium (or oxygen) atom occupying the nearest-neighbor
osition to the vacancy. Our calculations are inline with available
eported data, for instance NN Zr for V2+

O and V0
O, i.e. 0.16 and 0.02 Å,

s respectively close to ∼0.18 Å of YSZ [31] and 0.03–0.06 Å of [32].
2−
n the bulk, ionization of V0

Zr to VZr does not show evident changes
n both NN Zr (0.002 Å) and NN O (0.002 Å) while the change is
ignificant for V0

O to V2+
O . Such different ionization behavior may

ontribute to the fact that the excess electrons is less strongly local-
zed around V2−

Zr than V2+
O . To reveal the difference in structural
ion neighboring vacancy.

relaxation among the bulk and the 3 surfaces, we compile their cor-
responding NN O, NN Zr data for V0

O only, where NN O and NN Zr
reaches a maximum value (0.20 Å at (1 1 0) and 0.43 Å at (1 1 0)),
respectively.

Similarly we discuss vacancy stability via the electronic struc-
tures of V0

O in the bulk and the three surfaces shown in Fig. 2. The O
2s and Zr 3p states are located far below the Fermi level in a perfect
cell, however, with V0

O these states not only contribute significantly
to the VBM and CBM but also strongly hybridized with the O 2p and
Zr 4d states. In the bulk, V0

O would induce a defect state (color cen-
ter) in the band gap, however, no electronic traps are presented in
V2+

O case because of the large inward relaxation (0.27 Å) of NN O-
ions that generates a Madelung field which prevents the formation
of a deep state in the gap [10]. In addition, all zirconium vacancies
do not induce any additional state in the band gap. For the surfaces,
all V0

O except the one on (1 0 0) induce the defect state composed
of Zr 3p/4d and O 2s/2p. The lack of this defect state for V0

O on the
(1 0 0) surface may stabilize the vacancy accordingly.

4. Conclusions
In conclusion, formation of intrinsic vacancies in pure zirconia
had been systematically investigated by first-principles calcula-
tions. It suggested that V2+

O is the most stable vacancy near VBM
in pure bulk zirconia under a wide range of oxygen chemical
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otentials. At VBM, the formation of oxygen vacancy is sponta-
eous under oxygen-poor conditions, but not for the zirconium
ne even at a favored zirconium-poor condition. Vacancy forma-
ion energy of the oxygen (zirconium) increases (decreases) along
ith an increase in Fermi level. Stability of neutral oxygen vacancy
ot only depends on the dimension of the structure (higher on sur-

ace than in the bulk) but also the polarity nature of surface (higher
n polar surface than the nonpolar ones). Additionally we demon-
trate that the lack of a defect state in the band gap of the (1 0 0)
urface may be the signature electronic structure for high vacancy
tability. Therefore, manipulation of oxygen vacancy concentration
ecomes possible by applying the optimized growth surface and
xygen chemical potentials.
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