
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
0:

17
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
First principles c
aDepartment of Physics, Pondicherry Univer
bIndian Institute of Information Technolog

Andhra Pradesh 518002, India
cHelmholtz-Zentrum Dresden-Rossendorf, In

Research, Bautzner Landstrabe 400, 01328

hzdr.de

Cite this: RSC Adv., 2019, 9, 34158

Received 1st October 2019
Accepted 14th October 2019

DOI: 10.1039/c9ra07978e

rsc.li/rsc-advances

34158 | RSC Adv., 2019, 9, 34158–3416
alculations of the thermodynamic
stability of Ba, Zr, and O vacancies in BaZrO3

N. Raja,a D. Murali,b S. V. M. Satyanarayanaa and M. Posselt*c

The temperature dependence of the stability of bulk BaZrO3 (BZO) and of the vacancies in this material are

investigated by considering phonon contributions to the free energy. The stability diagram of BZO is

determined for different chemical environments. With increasing temperature the stability region

becomes smaller which is particularly caused by the strong temperature dependence of the chemical

potential of gaseous oxygen. The free formation energy of Ba, Zr, and O vacancies in BZO is calculated

for all possible charge states and for different atomic reservoirs. While the free formation energy of Zr

vacancies is strongly influenced by temperature a weaker dependence is found for Ba and O vacancies.

This also has an effect on the charge transition levels at different temperatures. The present results

demonstrate that O poor reservoir conditions and a Fermi level close to the valence band maximum

favour a high concentration of doubly positively charged O vacancies which is a prerequisite to get

a large number of protonic defects and good proton conductivity. In such a chemical environment the

number of Ba and Zr vacancies is low so that Ba and Zr deficiencies are not an important issue and BZO

remains sufficiently stable.
Introduction

BaZrO3 (BZO) is a prototypical perovskite-structured material
with oxygen-ion and proton conducting properties.1–3 BZO is
a candidate material for various applications such as solid oxide
fuel cells, gas sensors, and hydrogen pumps.4–8 It shows good
chemical and thermodynamic stability even at very high
temperature.9,10 BZO becomes proton conducting aer exposure
to humid conditions.10,11 The water from the gas phase disso-
ciates into a hydroxide ion and a proton, the hydroxide ion lls
a doubly positively charged oxygen vacancy, and the proton
forms a covalent bond with an oxygen atom of the perovskite
lattice. Finally, two positively charged protonic defects are
formed. In Kröger–Vink notation this reaction is given as11

H2Oþ V$$
O þOO/2OH$

O (1)

Oxygen vacancy concentration in BZO can be increased by
various techniques like strain engineering, doping, etc. Doping
of BZO with lower valence cations such as Y can essentially
improve the proton conductivity.12–14

First principles Density Functional Theory (DFT) calcula-
tions can contribute to the understanding of the promising
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properties of BZO. Recently, the stability of bulk BZO and of Ba,
Zr, and O vacancies at ground state has been extensively studied
by DFT methods.15 Since solid-state proton conductors such as
BZO operate at relatively high temperatures, it is also very
important to investigate the thermodynamic stability of the
differently charged vacancy defects in dependence on the
chemical environment. Sundell et al.16 used DFT to study the
neutral and fully charged Ba, Zr and O vacancies in the ground
state and determined the temperature dependence of the
formation of neutral and doubly positively charged O by ther-
modynamic modelling. In a previous DFT work we found that at
1000 K phonon contributions increase the migration barrier of
the doubly positively charged oxygen vacancy by 0.35 eV.17

Bjørheim et al. investigated the neutral and the doubly posi-
tively charged state of the O vacancy at nite temperatures and
found that near the conduction band minimum the phonon
contribution decreases the free formation energy of the neutral
vacancy by around 0.8 eV at 1000 K, but does not alter the free
formation energy of the doubly positively charged O vacancy.18

However, in this study only the O poor chemical environment
was considered. The absorption of CO2 at high temperature was
investigated in pristine as well as Y doped BZO by Polfus et al.
and the role of Ba, Zr, and O vacancies was discussed.19 Recent
experimental studies clearly indicate that considerable Ba
deciency may occur at high temperatures.20 This leads to
a drastic decreases of proton conductivity21 and material
stability.22 Cation vacancy defects inuence the site occupancy
of foreign atoms and dopants.23,24 In this context, it is very
important to determine the properties of the Ba vacancy at high
This journal is © The Royal Society of Chemistry 2019
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Table 1 Calculated values of the ground state structural properties of
Ba, Zr, O, BaO, ZrO2 and BZO, compared with theoretical and
experimental data from literature. a: lattice constant, c/a: axial ratio
and r0: bond length

This work Theory Experiment

Ba (BCC)
a (Å) 5.039 4.770 (ref. 30) 5.020 (ref. 31)
Zr (HCP)
a (Å) 3.220 3.229 (ref. 32) 3.232 (ref. 27)
c/a 1.732 1.600 (ref. 25) 1.592 (ref. 27)
O (dimer)
r0 (Å) 1.215 1.22 (ref. 25) 1.21 (ref. 26)
BaO (cesium chloride)
a (Å) 5.515 5.576 (ref. 15) 5.539 (ref. 28)
ZrO2 (monoclinic)
a (Å) 5.194 5.217 (ref. 15) 5.151 (ref. 29)
c/a 1.039 1.034 (ref. 15) 1.032 (ref. 29)
BaZrO3 (cubic)
a (Å) 4.269 4.208 (ref. 15) 4.192 (ref. 30)
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temperatures. Also the Zr vacancies are responsible for the
electrochemical properties and the thermodynamic stability of
BZO. It is therefore important to study the temperature
dependence of the free formation energy of all the possible
vacancies in BZO, for different charge states and various atomic
reservoir conditions. To the best of our knowledge, such
comprehensive investigations have not been performed yet.

In this work, a systematic rst-principles study on the ther-
modynamic stability of Ba, Zr, and O vacancies in BZO is per-
formed. In the rst part, the thermodynamic stability of BZO is
determined in dependence on temperature and on the chemical
potentials of atomic reservoirs, which are in equilibrium with
BZO, i.e. on different conditions of BZO synthesis. The free
formation energy of neutral and charged Ba, Zr, and O vacancies
and the corresponding charge transition levels are calculated in
the second part, with particular emphasis on the inuence of
Fermi level, chemical environment, and temperature. In this
manner, conditions for the preferential formation of doubly
positively charged O vacancies and for the limitation of the
number of Ba and Zr vacancies can be identied. These
conditions are important prerequisites for achieving optimum
proton conductivity in BZO.

Computational details

DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) which employs plane wave basis
sets.25,26 The pseudopotentials are based on the projector
augmented wave (PAW) method with exchange and correlation
effects described by the generalized gradient approximation
(GGA-RPBE).27 Brillouin zone sampling is done using the
Monkhorst–Pack scheme.28 Ground state calculations are per-
formed in a 40 atom supercell with 4 � 4 � 4 k-points. A plane
wave basis cutoff of 500 eV is chosen for all calculations. Atomic
positions as well as cell shape and volume are allowed to relax
until the total stress/pressure on the supercell becomes zero. In
order to obtain accurate nal equilibrium geometries, thresh-
olds for total energy change and total force acting on each atom
are chosen as 10�8 eV and 10�6 eV Å�1, respectively. To model
charged defects, the appropriate number of electrons is
removed from or added to the supercell and charge compen-
sation is performed by a homogeneous jellium background
charge. For example, in the case of the doubly positively charged
oxygen vacancy two electrons are removed from the overall
supercell. In the VASP code an approach similar to Makov and
Payne is used in order to correct for the articial interactions
between charged defects.29

Table 1 demonstrates that the above mentioned choice of
VASP input data yields reasonable values for ground state
structural properties of solid Ba, Zr, BaO, ZrO2, and BZO, and
the O2 molecule.

The frozen phonon approach and the harmonic approxi-
mation33,34 are applied to determine the vibrational frequencies
which are used to investigate the effect of temperature on the
materials properties. In these calculations, ground state atomic
positions are slightly displaced (by 0.015 Å) in positive and
negative x-, y- and z-directions to obtain the respective force
This journal is © The Royal Society of Chemistry 2019
derivatives for the dynamical matrix. The symmetry of the
underlying supercell is used to reduce the number of atomic
displacements and thus computational costs. The diagonaliza-
tion of the dynamical matrix yields all vibrational frequencies ui

of the supercell. All the calculations are performed for the
gamma point in the space of the phonon wave vectors. At
a given temperature T the phonon or vibrational contribution
Gvib(T) to the Gibbs free energy of a system of N atoms is dened
by

GvibðTÞ ¼
X3N�3

i¼1

�
1

2
ħui þ kBT ln

�
1� e

�ħui

kBT

��
(2)

where ħ and kB are the Planck's and Boltzmann's constants,
respectively.
Gibbs free energy of formation of BZO, BaO and ZrO2

At ground state the energy of formation of a compound is
dened as the difference between the energy of the compound
and the sum of energies of the elemental constituents. In the
case of BZO, BaO and ZrO2 the energy of formation per formula
unit is given by:35–38

DfHBaZrO3
¼ EBaZrO3

� EBabcc � EZrhcp � 3
1

2
EO2

(3)

DfHBaO ¼ EBaO � EBabcc �
1

2
EO2

(4)

DfHZrO2
¼ EZrO2

� EZrhcp
� EO2

(5)

where, EBaZrO3
, EBaO, EZrO2

, EBabcc, EZrhcp and EO2
are the ground

state energies of BZO, BaO, ZrO2, Ba, Zr, and the O2 molecule,
respectively.

While DFT is able to determine rather precise values for the
ground state energies of BZO, BaO, ZrO2, Ba, and Zr, this method
yields poor data for the ground state energy of the O2 molecule.
Wang et al.39 attributed this to the over binding caused by
RSC Adv., 2019, 9, 34158–34165 | 34159
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treatment of exchange and correlation effects by the GGA. These
authors also found that this issue leads to a difference of about
1.36 eV (per O2 molecule) between theoretical and experimental
data for the oxidation energy of many metal oxides. Therefore, in
the present work this value is added to the DFT value for EO2

which corresponds to the procedure proposed by Wang et al.39

This correction was also used by Bjørheim et al. in the calculation
of the free formation energy of the oxygen vacancy.18

The data obtained for the formation energy of BZO, BaO and
ZrO2 are�18.46 eV,�4.98 eV and�11.03 eV, respectively. These
data are slightly different to previously reported ground state
DFT results of �16.73 eV (ref. 16) and �17.82 eV (ref. 15) for
BZO, �5.17 eV (ref. 16) and �5.55 eV (ref. 15) for BaO, and
�10.25 eV (ref. 16) and �10.27 eV (ref. 15) for ZrO2, since in
these papers the O2 correction was not taken into account.

The vibrational contribution to the Gibbs free energy of
formation per formula unit is given by

DfG
vib
BaZrO3

ðTÞ ¼ Gvib
BaZrO3

ðTÞ � Gvib
Babcc

ðTÞ � Gvib
Zrhcp

ðTÞ � 3
1

2
Gvib

O2
ðTÞ
(6)

DfG
vib
BaOðTÞ ¼ Gvib

BaOðTÞ � Gvib
Babcc

ðTÞ � 1

2
Gvib

O2
ðTÞ (7)

DfG
vib
ZrO2

ðTÞ ¼ Gvib
ZrO2

ðTÞ � Gvib
Zrhcp

ðTÞ � Gvib
O2
ðTÞ (8)

where Gvib are the respective vibrational free energies at
temperature T, see eqn (2). The total Gibbs free energy of
Fig. 1 Gibbs free energy of formation of BaO, ZrO2 and BZO per
formula unit, in comparison with reported data obtained from exper-
iments and thermodynamic modelling.40–42

34160 | RSC Adv., 2019, 9, 34158–34165
formation of BZO (DfGBaZrO3
), BaO (DfGBaO), and ZrO2 (DfGZrO2

),
is then determined by the sum of the corresponding quantities
in eqn (3)–(8). The temperature dependence of the (total) Gibbs
free energy of formation is presented in Fig. 1 along with ther-
mochemical reference data.40–42

For all three compounds the absolute value of the Gibbs free
energy of formation decreases if the temperature increases.
There is a very good agreement between calculated and exper-
imental data at lower temperatures. The discrepancy arising at
high temperatures may be explained by anharmonic effects that
are not taken into account in the calculation. The contribution
of zero-point vibrations to the Gibbs free energy of formation is
�0.16 eV, �0.67 eV and �0.53 eV for BZO, BaO and ZrO2

respectively. Therefore, at 0 K the Gibbs free energy of formation
is �18.62 eV (BZO), �5.65 eV (BaO), and �11.56 eV (ZrO2),
which is in good agreement with the thermochemical reference
data of�18.27 eV (ref. 40),�5.68 eV (ref. 41), and�11.41 eV (ref.
42) for BZO, BaO and ZrO2, respectively. This also demonstrates
that the correction of the ground state energy EO2

(see above)
leads to consistent results.

The Gibbs free energy of formation of BZO (per formula unit)
from BaO and ZrO2 is dened similarly to eqn (3)–(8)

DfGBaZrO3
ðTÞ ¼ EBaZrO3

þ Gvib
BaZrO3

ðTÞ � EBaO � Gvib
BaOðTÞ � EZrO2

� Gvib
ZrO2

ðTÞ
(9)

Fig. 2 shows that the absolute value of this quantity
decreases with temperature, i.e. the probability of dissociation
of BZO into BaO and ZrO2 increases. This trend is in agreement
with experimental results.43 The quantitative difference at
higher temperature may be due to anharmonic effects, which
are not considered in the present work. The difference between
the ground state value of DfGBaZrO3

and that for 300 K is
�1.34 eV, which is in good agreement with the experimental
values of �1.33 eV and �1.19 eV at 300 K.43,44
Fig. 2 Gibbs free energy of formation of BZO (per formula unit) from
BaO and ZrO2 as a function of temperature.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 and 2 clearly demonstrate the importance of vibra-
tional effects on the thermodynamic stability of BZO, BaO and
ZrO2.

Chemical stability of BZO

The chemical stability of BZO can be determined from the
constraints that give valid chemical potentials of atomic reser-
voirs in equilibrium with BZO. The chemical potential of an
atom species i is dened as

mi ¼ mi
0 + Dmi (10)

Here, the quantities mi
0 are the chemical potentials of Ba, Zr,

and O atoms in their standard solid (Ba, Zr) and gaseous
(oxygen) reference states.

The stability of BZO is investigated by imposing constraints
onDmi. For example, the set of constraints that do not allow BZO
to decompose into elements Ba, Zr and O2 is given by

DmBa # 0, DmZr # 0 and DmO # 0 (11)

Further, constraints that do not allow BZO to decompose
into binary oxides BaO and ZrO2 are governed by

DfGBaO $ DmBa + DmO (12)

DfGZrO2
$ DmZr + 2DmO (13)

These constraints together with the following equation allow
us to compute the stability diagram, where the suitable chem-
ical environment for the formation of BZO can be determined.

DfGBaZrO3
¼ DmBa + DmZr + 3DmO (14)

Fig. 3 represents the stability diagram of BZO with the
competing binary oxides BaO and ZrO2. Points A, B, C, D and X
represent ve different chemical potential conditions at 0 K.
Fig. 3 The area of chemical stability of BZO for different temperature,
from 0 K to 1500 K. At 0 K the points A, B, C, 0 and D are the corners of
the stability region, whereas at 1000 K BZO is stable within the area
limited by A0, B0, C0, 0, and D0. The first, second, and third coordinates
denote the values of Dmi for Ba, Zr, and O, respectively.

This journal is © The Royal Society of Chemistry 2019
These conditions are obtained from eqn (10)–(14) and using the
corresponding values for the Gibbs free energy of formation at
0 K. Points A and B correspond to O rich conditions with the
chemical potential value DmO ¼ 0 eV. At point C the environ-
ment is Zr rich, at point D, Ba rich. The condition of extreme
reduction can be obtained at point C, where the chemical
potential of oxygen is most negative: DmO ¼ �5.78 eV. Point X is
in the intermediate stability region of BZO between oxidation
and reduction conditions.

Fig. 3 can be compared with the results obtained by Abbas
et al.15 They calculated the stability diagram for the ground state
using all electron calculation (WIEN2k code) and did not
include the O2 correction (see above). Comparison of our
ground state chemical potential values of Ba, Zr, and O with the
literature data may helpful to understand the signicance of O2

correction. For example, at point C, O poor/Zr rich conditions,
the atomic chemical potential values for the ground state ob-
tained from our calculation is �1.96 (DmBa), 0.00 (DmZr) and
�5.50 (DmO), which is slightly different from the literature
values of �2.423 (ref. 15), 0.000 (ref. 15) and �5.134 (ref. 15) for
DmBa, DmZr, and DmO respectively. The deviations are mainly due
to the inclusion of the O2 correction, but certainly also due to
the use of a pseudopotential in the VASP calculations. At other
points of the stability diagram similar differences between our
ground state values of the chemical potential and the corre-
sponding data of Abbas et al.15 occur.

As the temperature increases, the region of chemical stability
of BZO becomes smaller. This is due to the temperature
dependence of the Gibbs free energies of formation DfGBaZrO3

,
DfGBaO, and DfGZrO2

. At 1000 K the stability region of BZO is
limited by the points A0, B0, C0, 0, and D0. At points D0 and C0 the
chemical potential of oxygen is �4.83 eV and �4.98 eV,
respectively. This drastic change compared to 0 K is due to the
high entropy of the gaseous O2 molecule, which leads to
a relatively fast decrease of the absolute value of the corre-
sponding free energy if temperature increases. The strong
temperature dependence of DmO is also the cause for the loss of
the stability of BZO as well as BaO and ZrO2 by the release of
oxygen, which occurs in regions that correspond to strong
oxidation conditions at 0 K. Point X0 in the intermediate
stability region is obtained by shiing point X towards point 0,
by a distance corresponding to the difference between A and A0

or B and B0. On the other hand, the boundaries between the
stability regions of BZO and BaO and those of BZO and ZrO2

change relatively weakly if the temperature is increased.
It should be mentioned that the relation between the

chemical potential mi and the atomic concentration Ci is given
by

Ci ¼ exp

�
mi

kBT

�
(15)

The partial oxygen pressure pO2
can be obtained from the

chemical potential mO using

mO

�
T ; pO2

	 ¼ mO
0
�
T ; pO

	þ 1

2
kBT ln

�
pO2

pO

�
(16)
RSC Adv., 2019, 9, 34158–34165 | 34161

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra07978e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
0:

17
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where pO denotes the standard or reference pressure. The
quantity mO

0 is equal to the half of the free energy of the O2

molecule at standard pressure (see e.g. ref. 18). In this manner,
the stability of BZO may be also represented in dependence on
concentration and partial pressure.
Gibbs free formation energy of Ba, Zr and O vacancies in BZO

In solid compounds like BZO, BaO, or ZrO2 the vacancy
formation is inuenced by the chemical potential of the indi-
vidual atom species, which constitute the material. Further-
more, the vacancy may have different charge states. The ground
state formation energy of a vacancy in a charge state q is dened
as (see e.g. ref. 15)

DEf(Vi
q) ¼ Etot(Vi

q) � Etot(bulk) + q(EVBM + Ef) + mi (17)

where Etot(Vi
q) and Etot(bulk) are the total energy of the supercell

with and without the vacancy, respectively. mi is the ground state
chemical potential of the atom which was removed in order to
form the vacancy. EVBM is the valence band maximum and EF is
the Fermi level of the system. By denition EF is set to zero at
VBM. The formation energy was calculated for different charge
states of Ba, Zr and O vacancies in BZO, (Ba vacancy: 0, �1, �2;
Zr vacancy: 0, �1, �2, �3, �4; O vacancy: 0, +1, +2). Our DFT
calculations yield a band gap value of 3.20 eV. It is well known
that the GGA used in DFT underestimates the band gap.45

Therefore, in this work the experimental value of 5.33 eV is used
in eqn (17).46 It should be mentioned that the so-called over
binding problem (oxygen energy see third section of this work)
by the RPBE exchange-correlation functional as well as the
underestimation of the band gap by this procedure might be
overcome using the Heyd–Scuseria–Ernzerhof (HSE) func-
tional47–49 as well as other sophisticated approaches.50 However,
this would increase the computational costs and was therefore
not considered in this work.

At temperature T the Gibbs free formation energy of
a vacancy is dened similarly to eqn (17)

DGf(Vi
q,T) ¼ Gtot(Vi

q,T) � Gtot(bulk,T)

+ q(EVBM + EF) + mi(T) (18)

Where Gtot(Vi
q,T) and Gtot(bulk,T) are the total free energies of

the system with and without the vacancy, respectively. These
quantities correspond to the sum of the ground state energy and
the respective vibrational contribution as given by eqn (2). The
value of mi(T) is determined according to eqn (10). It should be
mentioned the temperature dependence of the difference
Gtot(Vi

q,T) � Gtot(bulk,T) was also calculated by Bjørheim et al.
for the neutral and the doubly positively charged O vacancy.18

Our results agree well with those of ref. 18 and 45.
The solid lines in Fig. 4 depict the free formation energies of

vacancies at 0 K for reservoir conditions corresponding to
points A, B, C, D and X of the stability diagram (Fig. 3), whereas
the dashed lines are the data for 1000 K and for points A0, B0, C0,
D0, and X0. In dependence on the Fermi energy neutral or
charged vacancies are energetically favored. In the case of
points A and A0 the charge transitions are illustrated in detail in
34162 | RSC Adv., 2019, 9, 34158–34165
Fig. 4b. Because of eqn (17), the Fermi level at which the charge
transitions occur is independent of reservoir conditions, but the
transition level depends on temperature. It should be noticed
that for a given Fermi energy the diagrams show only values for
the lowest free formation energy among all the possible charge
states. Close to the VBM the O vacancy has the lowest free
formation energy while the free formation energy of Ba and Zr
vacancies is highest. The opposite behavior is found near the
conduction band minimum (CBM). The values of the free
formation energy strongly depend on the reservoir conditions.
At points C and C0 as well as at D and D0 (oxygen poor condi-
tions) the most stable defect is the O vacancy in the +2 charge
state if the Fermi level is closer to VBM than to CBM. For other
values of EF the negatively charged Ba and Zr vacancies are more
stable. Under O rich conditions (points A and A0, B and B0) Ba
and Zr vacancies are more stable than the O vacancy, for all
possible values of the Fermi energy. Near VBM these vacancies
are preferentially neutral, towards the CBM they are negatively
charged. In the case of the Ba and the O vacancy the difference
between the data obtained for 0 and 1000 K is dependent on the
value of EF, in contrast to the Zr vacancy where such a depen-
dence is not signicant while the absolute value of the differ-
ence is higher.

For O poor/Zr rich conditions, i.e. at point C, the ground
state formation energy obtained from our calculation is 5.39 eV
(VBa

0), 14.56 (VZr
0), and �3.43 (VO

2+), whereas Abbas et al.15 ob-
tained is 5.66 eV, 16.30 eV and �1.84 eV for VBa

0, VZr
0 and VO

2+

respectively. Again, the differences are mainly due to the O2

energy correction applied in this work (see above).
Fig. 5 summarizes the data of the free formation energy of

Ba, Zr, and O vacancies at 0 and 1000 K for the case that the
Fermi level is at the VBM. The stability of the Ba vacancy is
highest at points B and B0 i.e. at O rich conditions, and the
neutral charge state is most favored. On the other hand, at
points D and D0, i.e. at Zr rich conditions, the free formation
energy of the Ba vacancy is highest. The Zr vacancy shows
a behavior similar to that of the Ba vacancy but has its
minimum free formation energy at points A and A0. The stability
of the Zr vacancy increases signicantly with temperature: while
at 0 K the most probable state (points A and A0) has a positive
free formation energy (1.00 eV) this quantity is negative at 1000
K (�0.88 eV). Neither the Ba nor the O vacancy shows such
a strong T dependence since in these cases the vibrational
contributions to the free formation energy are lower. At and
near the VBM the oxygen vacancy is most stable at points C and
C0 as well as at points D and D0 whereby the doubly positively
charged state is preferred. This condition favors the production
of protonic defects according to reaction (1). The results
depicted in Fig. 4 and 5 clearly show that the reservoir condi-
tions at points C (C0) and D (D0) favor a high concentration of
doubly positively charged O vacancies and a low concentration
of Ba and Zr vacancies. This is an optimum prerequisite in order
to achieve high proton conductivity in BZO while avoiding
much Ba and Zr deciencies. As shown in a previous work17

phonon contributions increase the migration barrier of the
doubly positively charged O vacancy. This contributes to the
high-temperature stability of BZO observed in experiments.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Gibbs free formation energies of Ba (green), Zr (blue) and O (red) vacancies at 0 K (solid line) and 1000 K (dashed line), as function of Fermi
energy, for different chemical environments (see Fig. 3).

Fig. 5 Free formation energy of Ba, Zr and O vacancies at the valence band maximum (VBM), for different points of the stability diagram (see
Fig. 3). Data for 0 K and 1000 K data are shown by solid and dashed lines, respectively.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 34158–34165 | 34163
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Fig. 6 Charge transitions of Ba, Zr and O vacancies at 0 K and 1000 K.
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As already mentioned above, the charge state of Ba, Zr, and O
vacancies changes with increasing Fermi energy. A diagram
representing all possible charge transitions of Ba, Zr and O
vacancies calculated at 0 K and 1000 K is given in Fig. 6. As the
Fermi level increases the Ba vacancy undergoes a charge tran-
sition from 0 to �1 to �2, whereas the Zr vacancy exhibits
a transition from 0 to �1 to �2 to �3 to �4, and the O vacancy
undergoes transitions from +2 to +1 to 0. At 1000 K the charge
transitions occur at lower values of EF than at 0 K. The inuence
of temperature on the Fermi level of the charge transition is
highest for the Zr vacancy. In this case at 1000 K the range of
charge state�1 is extended compared to 0 K whereas the charge
state �2 is not stable so that a direct transition between �1 and
�3 takes place. For O vacancies, transition levels were found
closer to CBM than for the other vacancies. At 0 K the (0/+) and
the (+/2+) transitions occur at a distance of 0.46 and 1.43 eV
from CBM, respectively. On the other hand, at 1000 K the rst
and the second transition takes place at 1.15 eV and 1.77 eV,
respectively, i.e. the range where the doubly positively charged O
vacancy is stable is slightly smaller than at 0 K.
Conclusions

A systematic DFT study on the thermodynamic stability of BZO
and of Ba, Zr, and O vacancies in this material was performed.
In contrast to previous investigations, which were focused on
the ground state, in the present work the stability diagram of
BZO was calculated for a wide range of temperatures and for
different atomic reservoir conditions. With increasing temper-
ature, the stability region shrinks. This is mainly due to the
strong temperature dependence of the chemical potential of
gaseous oxygen. The temperature dependence of the free
formation energy of Ba, Zr, and O vacancies in BZO was deter-
mined for all possible charge states and for the different
chemical environments. To the best of our knowledge, such
34164 | RSC Adv., 2019, 9, 34158–34165
a comprehensive analysis has not been done yet. The free
formation energy of Zr vacancies depends strongly on temper-
ature whereas this dependence is weaker for Ba and O vacan-
cies. Accordingly, the charge transition levels are differently
inuenced by temperature. While at 0 K transitions between
neutral, �1, �2, �3, and �4 states are found for the Zr vacancy,
the �2 state disappears at 1000 K so that a direct transition
between �1 and �3 takes place. Compared to 0 K at 1000 K the
charge transition levels of the O vacancy are shied towards the
valence band maximum. Present rst-principle investigations
also indicate how an optimum proton conductivity in BZO can
be achieved: the results clearly show that O poor reservoir
conditions and a Fermi level close to the valence band
maximum favor a high concentration of doubly positively
charged O vacancies which is required to form many protonic
defects. On the other hand, under these conditions the
concentration of Ba and Zr vacancies is rather low so that Ba
and Zr deciencies can be avoided.
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24 R. Sažinas, M. F. Sunding, A. Thøgersen, I. Sakaguchi,
T. Norby, T. Grande and J. M. Polfus, J. Mater. Chem. A,
2019, 7, 3848–3856.

25 G. Kresse and J. Furthmüller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11–169.

26 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter Mater.
Phys., 1999, 59, 1758.

27 B. Hammer, L. B. Hansen and J. K. Nørskov, Phys. Rev. B:
Condens. Matter Mater. Phys., 1999, 59, 7413.

28 H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Condens. Matter
Mater. Phys., 1976, 13, 5188.

29 G. Makov and M. C. Payne, Phys. Rev. B: Condens. Matter
Mater. Phys., 1995, 51, 4014.

30 P. Erhart and K. Albe, J. Appl. Phys., 2007, 102, 084111.
31 C. Kittel, Introduction to Solid State Physics, Wiley, New York,

8 edn, 2004.
32 Y. Nie and Y. Xie, Phys. Rev. B: Condens. Matter Mater. Phys.,

2007, 75, 174117.
This journal is © The Royal Society of Chemistry 2019
33 C. Wolverton, V. Ozolin and M. Asta, Phys. Rev. B: Condens.
Matter Mater. Phys., 2004, 69, 144109.

34 S. Huang, D. L. Worthington, M. Asta, V. Ozolins, G. Ghosh
and P. K. Liaw, Acta Mater., 2010, 58, 1982–1993.

35 C. G. V. d. Walle and J. Neugebauer, J. Appl. Phys., 2004, 95,
3851–3879.

36 P. Erhart and K. Albe, J. Appl. Phys., 2007, 102, 084111.
37 T. Tanaka, K. Matsunaga, Y. Ikuhara and T. Yamamoto, Phys.

Rev. B: Condens. Matter Mater. Phys., 2003, 68, 205213.
38 H. Raebiger, S. Lany and A. Zunger, Phys. Rev. B: Condens.

Matter Mater. Phys., 2007, 76, 045209.
39 L. Wang, T. Maxisch and G. Ceder, Phys. Rev. B: Condens.

Matter Mater. Phys., 2006, 73, 195107.
40 M. Chase, J. Phys. Chem. Ref. Data, 1996, 25, 551–603.
41 J. A. Dean, Lange's handbook of chemistry, McGraw-Hill, New

York, London, 1999.
42 E. Cordfunke and R. Konings, Thermochim. Acta, 1989, 156,

45–51.
43 K. T. Jacob and Y. Waseda, Metall. Mater. Trans. B, 1995, 26,

775.
44 M. D. Gonçalves, P. S. Maram, R. Muccillo and A. Navrotsky,

J. Mater. Chem. A, 2014, 2, 17840–17847.
45 J. M. Polfus, M.-L. Fontaine, A. Thøgersen, M. Riktor,

T. Norby and R. Bredesen, J. Mater. Chem. A, 2016, 4, 8105–
8112.

46 J. Robertson, J. Vac. Sci. Technol., B: Microelectron. Nanometer
Struct.–Process., Meas., Phenom., 2000, 18, 1785.

47 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207–8215.

48 J. Heyd and G. E. Scuseria, J. Chem. Phys., 2004, 121, 1187–
1192.

49 J. Heyd and G. E. Scuseria, J. Chem. Phys., 2006, 124, 219906.
50 A. Lindman, P. Erhart and G. Wahnström, Metall. Mater.

Trans. B, 2015, 91, 245114.
RSC Adv., 2019, 9, 34158–34165 | 34165

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra07978e

	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3

	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3
	First principles calculations of the thermodynamic stability of Ba, Zr, and O vacancies in BaZrO3


