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on to grain boundaries in BaZrO3

from first-principles free energy calculations

Anders Lindman, *a Tor S. Bjørheim b and Göran Wahnström a

Acceptor-doped BaZrO3 is currently the most promising ceramic proton conductor for application in

electrolyzers and reactor membranes. Its overall proton conductivity is, however, limited by space-

charge formation due to defect segregation to grain boundaries (GBs). In this contribution, we determine

the vibrational contribution to the free energy of GB formation and defect segregation in the symmetric

S3 (112)[�110] tilt GB in BaZrO3 in order to elaborate on the high temperature GB defect chemistry. We

consider segregation of several different defect species: oxygen vacancies ðvO��Þ, protons ðOH
�
OÞ and the

four trivalent acceptor dopants Sc, In, Y and Gd ðM 0
ZrÞ. The calculations reveal that the segregation free

energy of v
��
O decreases with temperature while it remains fairly constant for OH

�
O, which increase the

relative stability of vO
��

with respect to OH
�
O with increasing temperature. As a consequence the onset for

hydration of the GB core is shifted towards lower temperatures. For the dopants we find that both the

segregation energy and entropy correlate with the ionic radius, where they are positive for the smaller

dopants (Sc and In) while negative for the larger (Y, Gd). In turn, this leads to similar segregation free

energies for all species, which are close to zero, at high temperatures where dopants are mobile,

implying that dopant segregation is almost entirely driven by segregated positively charged defects.

Neglecting the phonon contribution erroneously leads to the conclusion that the thermodynamic driving

force for dopant segregation increases with increasing dopant radii, and it is therefore important to

consider free energies when predicting the high temperature defect chemistry of BaZrO3 GBs.
1 Introduction

Proton-conducting perovskite-structured oxides such as BaZrO3

have attracted considerable attention over the last decade due
to their high partial proton conductivity, and nd application as
electrolytes and membranes in electrochemical applications
such as solid oxide fuel cells, electrolyzers and chemical reac-
tors.1 Acceptor-doped BaZrO3 has emerged as the most prom-
ising proton-conducting oxide at intermediate temperatures
(400–700 �C) as it combines high bulk proton conductivity with
chemical stability towards CO2.2–4 Several recent advances in
this eld are based on ceramic cells that use derivatives of
BaZrO3 as the electrolyte,5–8 which emphasize the importance of
this material.

Polycrystalline BaZrO3, however, exhibits resistive grain
boundaries (GBs), which ultimately deteriorates the overall
performance of BaZrO3-based devices. This phenomenon has
been investigated intensively and it is generally accepted that
the high GB resistance is due to positively charged GB cores,
resulting in space-charge regions surrounding the cores which
y of Technology, SE-412 96 Gothenburg,

.se

technology, Department of Chemistry,

1, 0349 Oslo, Norway

hemistry 2017
are effectively depleted of protonic charge carriers.9–11 Theoret-
ical studies of a variety of different GBs,12–20 and also a recent
experiment using atom-probe tomography,21 have shown that
the charged GBs stem from accumulation of both doubly
charged oxygen vacancies ðvO��Þ and protons ðOH�

OÞ. None of
these theoretical studies, however, consider free energies of
defect segregation, but rather the energy at zero Kelvin thus
neglecting the temperature dependence and zero-point vibra-
tional contribution to defect segregation energies. The phonon
contribution to defect formation and segregation in BaZrO3 has
recently been determined for the bulk material,22–24 surfaces
and thin lms25,26 showing that vibrational contributions affect
the relative stability of vO

�� and OH�
O. One might therefore

suspect that such contributions may be important also for
prediction of GB defect chemistry, especially at the high
temperatures employed for preparation of polycrystalline
materials (typically above 1700 K).

Segregation of acceptor dopants ðM 0
ZrÞ to GBs has also been

observed experimentally, especially in samples prepared at high
temperatures.9,10,21,27–29 This phenomenon has not yet been
considered from a theoretical point of view and it is not clear
whether dopant segregation is driven only by the attractive
space-charge potential, or if dopants are thermodynamically
stabilized at the GB core in the same way as vO

�� and OH�
O. For

surfaces, yttrium dopants have been shown to favour the
J. Mater. Chem. A, 2017, 5, 13421–13429 | 13421
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surface plane BaZrO3 (ref. 30–32) and one may foresee that this
also is the case for GBs.

In this contribution, we assess the free energy of defect
segregation to the symmetric S3 (112)[�110] tilt GB in BaZrO3

through rst-principles phonon calculations. This GB displays
a low formation energy and can be represented in a fairly small
supercell,12,15 which makes it suitable for the present study due
to the demanding nature of free energy calculations. This
choice is further justied by the fact that the same GB has been
observed experimentally with high-resolution transmission
electron microscopy in cubic SrTiO3,33 which is structurally
similar to BaZrO3. In addition to vO

�� and OH�
O, we consider

segregation of four typical trivalent acceptor dopants with
different ionic radii: Sc, In, Y, and Gd. The segregation prop-
erties are evaluated in a thermodynamic space-charge model in
order to obtain equilibrium defect concentrations in the GB
core and the resulting potential barriers, at different
temperatures.
2 Methodology

Density functional theory (DFT) calculations have been carried
out using the projector augmented wave method34,35 as imple-
mented in VASP.36–39 The semi-local PBE40 functional was used
to describe exchange and correlation and the plane wave cutoff
energy was set to 500 eV. An 8� 8� 8 Monkhorst–Pack grid was
used for k-point sampling of the BaZrO3 primitive bulk cell,
which yields a lattice constant of a0 ¼ 4.236 Å. The smallest GB
supercell with sufficient GB separation, which we here on refer
to as the primitive GB cell, contains 90 atoms and the unrelaxed

cell dimensions are
ffiffiffi
3

p
a0 �

ffiffiffi
2

p
a0 � 3

ffiffiffi
6

p
a0, where the principal

axes are [11�1], [�110] and [112], respectively (see Fig. 1). Both this
primitive cell and a 1 � 2 � 1 supercell expansion (180 atoms)
were considered for calculating GB properties, while only the
larger supercell was considered for the defect calculations.
Initially, a 6 � 6 � 1 k-point grid was used for the primitive GB
cell, in accordance with grid size used for the bulk system.
Further convergence tests showed, however, that a 4 � 4 � 1
grid was sufficient and the corresponding k-point density was
later used in the defect calculations. The convergence criteria
Fig. 1 Atomic structure of the S3 (112)[�110] tilt GB. The vertical gray dott
mark the unrelaxed positions of the three protonic defect sites considere
and the two oxygen ions to which the protons form bonds are the sites co
VESTA.41

13422 | J. Mater. Chem. A, 2017, 5, 13421–13429
for electronic relaxation was set to 10�8 eV, and both ionic and
volume relaxations were performed until residual forces were

below 0.4 meV Å�1.
Segregation free energies were evaluated according to

DsegGdef(T) ¼ DfG
GB
def (T) � DfG

bulk
def (T), (1)

where DfG
GB
def and DfG

bulk
def are the formation free energies of the

defect22 at the GB and in the bulk region, respectively. The
segregation free energy can be decomposed into the electronic
contribution DsegE

el
def and a vibrational (phonon) part DsegF

vib
def

DsegGdef(T) ¼ DsegE
el
def + DsegF

vib
def(T) (2)

¼ DsegE
el
def + DfF

vib,GB
def (T) � DfF

vib,bulk
def (T), (3)

where the small contribution from the pV-term has been
neglected. A corresponding expression can be introduced for
the segregation entropy

DsegSdef(T) ¼ DfS
vib,GB
def (T) � DfS

vib,bulk
def (T). (4)

In the calculations all structures have been completely
relaxed (i.e. ionic positions, and cell volumes and shapes),
which implies that free energies are calculated at constant
pressure (zero pressure) conditions.22 Phonon calculations have
been performed using phonopy,42 where force constants have
been determined within the harmonic approximation using
nite displacements of 0.005 Å. The vibrational contribution to
the free energy and entropy is given by

F vib ¼
X
q;s

�
hnq;s

2
þ kT ln

�
1� e�hvq;s=kT�� (5)

Svib ¼ k
X
q;s

hnq;s
�
kT

ehvq;s=kT � 1
� ln

�
1� e�hvq;s=kT�" #

; (6)

where nq,s is the frequency of mode s with momentum q.
The segregation entropyDsegSdef is given by the change of the

frequencies nq,s between the conguration with the defect
located at the GB and in the bulk region. Differentiating the
ed line indicates the position of the GB plane. The protons in the figure
d here (where the two sites in the bulk region are denoted B1 and B2),
nsidered for oxygen vacancy formation. The figure was produced using

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 GB formation entropy (solid lines) and free energy g(T) (dashed
lines) calculated for different supercells and q-point sampling
schemes.
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expression for the entropy with respect to the frequency nq,s

yields

dSvib

dnq;s
¼ � k

nq;s

�
hnq;s

�
kT

�2
ehvq;s=kT

ðehvq;s=kT � 1Þ2
\0; (7)

which for all frequencies is less than zero. In the classical limit
(kT [ hnq,s) the expression simplies to �k/nq,s and becomes
independent of temperature. From eqn (7) we can deduce that
a blueshi (redshi) of a frequency will cause an decrease
(increase) in the entropy. Together with the thermodynamic
relation

dF vibðTÞ
dT

¼ �SvibðTÞ (8)

this implies that the free energy will increase (decrease) with
temperature if the frequencies are blueshied (redshied).
3 Results and discussion
3.1 Grain boundary properties

First, we consider the defect free symmetric S3 (112)[�110] GB. In
contrast to previous studies12,15 of this GB, where cell relaxation
only was permitted perpendicular to GB interface, here we
perform a full relaxation of the cell shape and structure. We nd
that the GB expansion is 0.17 Å per GB, which is slightly larger
than found previously,12,15 while the area of the GB is reduced by
0.2%. The GB expansion is more signicant than the GB area
reduction and the net effect of the GB formation is a volume
expansion of 0.4% per GB in the primitive GB cell.

The GB formation free energy is determined according to the
expression g(T) ¼ [GGB(T) � Gbulk(T)]/2A, where GGB and Gbulk

are the free energies of the GB and bulk systems, respectively,
and A is the GB area of the relaxed GB structure. An equivalent
expression is used for calculating the GB formation entropy
(interchange G with S). For the bulk system we use a supercell
with the same orientation and number of atoms as for the GB
system that allows us to perform phonon calculations at the
same q-points in both systems. At zero Kelvin we obtain g(0) ¼
52 meV Å�2, which is slightly higher than previously reported
values for this GB.12,15

The vibrational frequencies projected onto the ions in the GB
plane are subject to a redshi, while the frequencies associated
with the ions next to the interface are blueshied, especially
those for Ba and O. The overall effect is a blueshi and, hence,
a negative entropy and the free energy increases as function of
temperature (see Fig. 2).

The two considered system sizes, the GB primitive cell (1 � 1
� 1) and the 1� 2� 1 supercell expansion, yield very similar GB
formation entropies and free energies (see Fig. 2), which suggest
that the results are converged. Additionally, further conver-
gence tests were performed with the supercell in order to study
the effect of the q-point sampling scheme. Two different
schemes were considered: (1) using only the explicit q-points
resulting from the supercell expansion (q1¼ [0, 0, 0] and q2¼ [0,
1/2, 0]) and (2) using a mesh of q-points along the expanded
dimension with frequencies obtained through interpolation.
This journal is © The Royal Society of Chemistry 2017
The rather good agreement between the two (see Fig. 2) suggests
that using the explicit q-points in the present case is adequate
for obtaining free energies and entropies with sufficient
accuracy.
3.2 Defect segregation

Next, we consider segregation of defects to the GB starting with
v��O and OH�

O followed by the acceptor dopants Sc, In, Y and Gd.
All defect calculations are performed with the 1 � 2 � 1
supercell and phonons are only evaluated at the G point,
a choice that is justied by q-point convergence for the defect
free system (see Section 3.1).

The insertion of a defect into the GB supercell causes
a symmetry reduction, which gives rise to an increase in the
number of displacements required to compute the vibrational
frequencies for the defective system. This is most prominent for
a single proton, which requires 1086 displacements, as to be
compared with the 83 displacements required for the defect free
GB. However, since there are two identical GBs in the supercells
(due to the periodic boundary conditions), it is possible to
reduce the number of displacements by inserting two defects
symmetrically into the supercell and thereby preserving an
amount of symmetry in the system. In the present case this
operation reduced the number of displacements by a factor of
two for all defects. For this approach to be feasible the two
defects need to be far enough apart so that there is no inter-
action between them. We have considered both one and two
defects for vO

�� and OH�
O and, as will be shown in Fig. 4, this

approach works remarkably well with very similar segregation
entropies and free energies per defect for the supercells con-
taining one and two defects. We therefore only performed
phonon calculations with two defects in the supercell for the
acceptor dopants.

3.2.1 Oxygen vacancies and proton interstitials. Segrega-
tion of vO

�� and OH�
O in the S3 (112)[�110] GB have been studied

previously and it is well established that the most favorable site
for both defects is located in the plane next to the GB plane12,15

(see Fig. 1). We therefore only consider this site here. As
J. Mater. Chem. A, 2017, 5, 13421–13429 | 13423
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Table 2 Segregation free energies DsegGdef(0) with respect to B1 at
0 K, O–H bond lengths and vibrational frequencies for the proton sites
in the GB supercell (see Fig. 1). O(1) and O(2) correspond to the nearest
and next nearest neighboring oxygen ions. n1 denote the O–H stretch
mode while n2 and n3 represent bend modes (perpendicular and
parallel to the Zr–O–Zr axis, respectively). Bond lengths and
frequencies for a 3 � 3 � 3 bulk supercell22 are also included for
comparison. Energies, bond lengths and frequencies are given in units
of eV, Å and cm�1

Site DsegGdef(0) O(1)–H O(2)–H n1 n2 n3

B1 0.00 0.98 2.09 3542 873 641–765
B2 �0.02 0.99 1.85 3302 943 963
GB �0.85 1.03 1.49 2610 887 1220
Bulk22 — 0.98 2.10 3547 869 642–759

Journal of Materials Chemistry A Paper
 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
a representation of the defects in bulk we consider the oxygen
site that is furthest away from the GB interface. There are,
however, two distinct proton sites at this oxygen ion due the
lower symmetry of the GB supercell and we refer to them as B1
and B2 (see Fig. 1).

The segregation energy of vO
�� is found to be �1.53 eV, while

for OH�
O it is �0.83 eV and �0.79 eV with the B1 and B2 sites as

bulk reference, respectively. A less negative segregation energy
using B2 implies that this conguration is lower in energy by
0.04 eV compared to B1. These segregation energies are all
slightly more negative than found previously for the same GB at
constant volume.12,15 Defect formation volumes have also been
determined, both in the bulk region and at the GB core. The
formation volumes are given in terms of the chemical expan-
sion coefficient, which is calculated as described in the work by
Jedvik et al.43 The expansion coefficients for defects in the bulk
region are in good agreement with the corresponding ones in
bulk supercells22,43 (see Table 1), which further indicates that
the present GB supercell size is sufficient. The expansion coef-
cient at the GB is similar compared to bulk for OH�

O but
signicantly more negative for vO

��, where the latter can be
explained by the removal of short O–O distances when forming
the vacancy in the GB core.

We now turn to the vibrational properties of the two defects.
When vO

�� segregate to the GB core there is a redshi in the
frequencies associated with Ba and O, while those for Zr are less
affected. The redshi stems from that the vacancy formation
relieves the system from the compressive strain that follows
from the short O–O distances at the GB core. For OH�

O it is the
high frequency OH-stretch and bend modes that are affected by
the presence of the GB. The corresponding frequencies vary
quite substantially at the different sites, even for B1 and B2
where the results for B1 agrees better with the corresponding
frequencies in a bulk supercell22 (see Table 2). Largest differ-
ences are seen for the stretch mode and the bend mode parallel
to the Zr–O–Zr axis, which are denoted n1 and n3 in Table 2,
respectively. The frequency of the former, which is signicantly
reduced at the GB, correlates with the distance between the
proton and the next nearest neighboring oxygen ion, where
a shorter distance weakens the O–H bond and reduce the
frequency. The bend mode frequency, on the other hand, is
increased at GB and this is due to that the distance to the
Table 1 Chemical expansion coefficients of defects in the bulk (bbulk)
and GB (bGB) regions of the GB supercell. Expansion coefficients for
defects in 2 � 2 � 2 (ref. 43) and 3 � 3 � 3 (ref. 22) bulk supercells are
also included for comparison

Defect bGB bbulk b2�2�2
bulk b3�3�3

bulk

VO
�� �0.319 �0.246 �0.230 �0.239

OH�
O ðB1Þ �0.052 �0.067 �0.066 �0.059

OH�
O ðB2Þ �0.073

Sc0Zr 0.129 0.121 0.096 —
In0

Zr 0.189 0.178 0.168 —
Y0
Zr 0.257 0.264 0.241 —

Gd0
Zr 0.292 0.312 — —

13424 | J. Mater. Chem. A, 2017, 5, 13421–13429
neighboring Zr ions is reduced. All modes at the three sites (B1,
B2 and GB) show local vibrational motion with distinct peaks
except for n3 at B1, which interacts with the oxygen band and
becomes dispersed over the frequency range 641–765 cm�1. The
zero-point vibrational energies stabilize both vO

�� and OH�
O at the

GB core by about 0.02 eV. They also stabilize B1 with respect to
B2, however, B2 is still more favorable (see Table 2).

With the phonon spectra, we can now consider entropies
and free energies. The formation entropies of vO

�� and OH�
O are

given by a difference between two systems with different
number of vibrational modes and will therefore not approach
a temperature independent value at high temperatures.44,45 The
formation entropy in the bulk region for vO

�� and OH�
O is shown

in Fig. 3. For OH�
O at the B1 site and for vO

�� it agrees very well
with the bulk supercell counterpart,22 which suggests that the
supercell is sufficiently large for the purpose of studying defect
segregation. The entropy at B2, on the other hand, is slightly
different, which can be explained by the frequencies of the local
proton vibrational modes (see Table 2). The largest contribution
to the entropy is given by the lowest frequency, which is similar
for B1 and the bulk supercell and correspond to the n3 mode.
For B2, however, the frequency of the samemode is increased by
Fig. 3 Phonon contribution to the formation entropies of the oxygen
vacancy ðvO��Þ and the proton ðOH�

OÞ in the bulk region of the GB
supercell (solid lines) as well as in a bulk supercell (dashed lines), where
data for the latter is taken from ref. 22.

This journal is © The Royal Society of Chemistry 2017
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about 200 cm�1 and the entropy therefore decreases. The
difference in entropy between B1 and B2 affects the relative
stability of the two sites and above 300 K the free energy of B1
becomes lower. As all practical applications using acceptor-
doped BaZrO3 operate above room temperature B1 will be
considered as the bulk reference site from here on. This choice
is further motivated by the fact that both the vibrational prop-
erties and the chemical expansion for B1 are in better agree-
ment with calculations for bulk supercells (see Tables 1 and 2).

The segregation entropy for vO
�� is found to be positive and

converges to a value of about 0.2 meV K�1 at around 400 K
(Fig. 4). As a result, the free energy decreases with increasing
temperature from �1.6 eV at 0 K to about �1.9 eV at 2000 K
(Fig. 4). The positive segregation entropy is a result of the
aforementioned redshi, where the vibrational motion of the
oxygen ions stands for the largest contribution. The proton
segregation entropy is found to be negative and becomes fairly
constant above 700 K, at a value of about �0.04 meV K�1. This
small negative entropy leads to a segregation free energy that
increases slightly with temperature and is fairly constant in the
regime where protons enter the material. Similarly to the
formation entropies, the negative segregation entropy is due to
that n3 is increased at the GB (see Table 2).

As outlined previously, the segregation entropy and free
energy per defect were calculated with both one and two defects
in the supercell, where the latter was considered in order to
reduce the number of displacements in the phonon calcula-
tions. The difference is found to be quite small (see Fig. 4) and
Fig. 4 Segregation entropy (top panel) and free energy (bottom panel)
per defect for the oxygen vacancy ðvO��Þ and the proton ðOH

�
OÞ at

constant pressure. Solid lines represent calculations with one defect in
the supercell while the dashed lines are obtained using the scheme
with two defects in the supercell, as described in the text.

This journal is © The Royal Society of Chemistry 2017
this justies the choice of considering two defects in the
supercell (later to be used for the acceptor dopants) and thereby
decreasing the computational cost by a factor of two.

The vibrational contribution to vO
�� and OH�

O segregation has
previously been calculated for the ZrO2-terminated [001] surface
in BaZrO3.25 In contrast to the results we present here, the
segregation entropies were found to be positive for both defects
and the corresponding magnitudes were found to be larger.
This surface thus behaves qualitatively different for OH�

O

compared to the GB considered here. Both systems, however,
share the property that the magnitude of segregation entropy is
less pronounced for OH�

O than vO
��, which indicates that proton

segregation is already quite well described at zero Kelvin.
3.2.2 Acceptor dopants. GB segregation of acceptor

dopants has not been considered previously and we therefore
begin with calculating the segregation energy DsegE

el
def at all

zirconium sites in the GB supercell, where the site furthest away
from the GB plane serves as bulk reference. The result for four
different trivalent dopants is presented in Fig. 5, all with ionic
radii larger than tetravalent Zr. For the two larger dopant ions, Y
and Gd, the lowest energy site is located in the GB plane and is
associated with segregation energies of �0.32 and �0.51 eV,
respectively. Sc and In, on the other hand, behave differently
with positive segregation energies at the same site, and only
with a slight tendency for segregation to the second plane from
the GB plane for In. Furthermore, the segregation energies are
correlated with the dopant ionic radius, where the energies
decrease when the radius increases.

Chemical expansion coefficients have also been determined
for the dopants, which are all positive and become larger with
increasing ionic radius (see Table 1). The dopants that display
positive segregation energies (Sc and In) have slightly larger
chemical expansion coefficients in the GB plane compared to
bulk while the opposite holds for Y and Gd, but the differences
are quite small.

The vibrational properties are also affected by the ionic
radius. The phonon contribution to the dopant formation
entropies have been calculated both with the dopants situated
Fig. 5 Segregation energy of trivalent acceptor dopant ions (left panel)
and the corresponding segregation energies at the GB plane with
respect to ionic radii (right panel), where the vertical dotted line
represents the ionic radius of tetravalent Zr.

J. Mater. Chem. A, 2017, 5, 13421–13429 | 13425
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Fig. 6 Phonon contribution to the formation entropy at constant
pressure of trivalent acceptor dopant ions in the bulk (solid lines) and
GB (dashed lines) regions of the GB supercell.

Fig. 7 Segregation entropy at constant pressure of trivalent acceptor
dopant ions (left panel) and the corresponding high temperature
segregation entropies with respect to ionic radii (right panel), where
the vertical dotted line represents the ionic radius of tetravalent Zr.

Fig. 8 Segregation free energy of trivalent acceptor dopants at
constant pressure.
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in the bulk region and at the GB plane and all entropies are
found to be positive and to attain a constant value at around
room temperature (Fig. 6). For each individual site the magni-
tude of the entropy increases with the ionic radius and the effect
is more prominent at the bulk site with entropies ranging from
0.22 meV K�1 for Sc to 0.85 meV K�1 for Gd. The corresponding
interval in the GB plane is 0.30 meV K�1 to 0.60 meV K�1. The
major contribution to the formation entropies stems not from
the dopant itself but from the vibrational motion of O followed
by that of Ba, which both experience a redshi due to the
dopant induced distortion. This explains why the dopant ionic
radius, which is related to the amount of strain the dopant
exerts on its environment, rather than the mass of the dopant
correlates with the formation entropies. Furthermore, the
smaller spread in the entropies at the GB is due to that the
contributions from O and Ba are more similar in this case
compared with when the dopants are located in the bulk region.
This indicates that the GB is less sensitive to size of the dopant
and this is likely due to the GB expansion, which results in less
compressive strain upon dopant formation compared with the
bulk. One might suspect that the same mechanism is behind
the segregation energies, i.e., that the dopant formation ener-
gies are more sensitive to the dopant species in the bulk
compared to the GB region.

Since the range of formation entropies in the GB plane lies
within the corresponding interval in bulk it follows that the
formation entropy increases at the GB for Sc and In while it
decreases for Y and Gd. This leads to dopant segregation
entropies that become positive for Sc and In while negative for Y
and Gd (Fig. 7). The segregation entropies display an almost
linear correlation with the ionic radius, similar to that of the
segregation energies (see Fig. 5). As a consequence of that the
segregation energy and entropy depend on the ionic radius in
a similar fashion, the two properties compensate each other in
the free energy (see Fig. 8). This leads to segregation free
energies that are almost zero for all dopants above 1700 K,
which is where dopants become mobile. Noticeable dopant
segregation should therefore occur only if driven by other defect
species.
13426 | J. Mater. Chem. A, 2017, 5, 13421–13429
On a nal note, the results presented here strongly suggest
that the difference in dopant segregation energies and entro-
pies for the different species is mainly a consequence of
differences in the bulk phase rather than in the GB region.
Hence, it is reasonable to assume that these properties are less
sensitive the choice of GB and the results presented here con-
cerning dopants may therefore transfer to other GBs in
acceptor-doped BaZrO3 systems.

3.3 Space-charge modelling

Finally, we assess the defect chemistry of the S3 (112)[�110] GB
from the calculated free energies of defect segregation using
a space-charge model. The same GB has previously been studied
using space-charge modelling in the work by Helgee et al.15

Here, however, we only consider segregation to the site with the
lowest energy. Helgee et al.15 considered several sites, also those
with less negative segregation energies. The present treatment
will therefore reduce the number of available segregation sites.

For both vO
�� and OH�

O the site with the lowest energy is
located in the plane next to the GB plane and there is an
equivalent site on the opposite side of the GB plane (see Fig. 1).
The formation of an vO

�� at this site leads to that the oxygen ion
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Oxygen vacancy ðv��
O Þ and proton ðOH

�
OÞ core concentration

and the corresponding space-charge potential, calculated both with
(solid lines) and without (dashed lines) the vibrational free energy
contribution, at a constant dopant concentration of 10 mol%.
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on the opposite side relaxes into the GB plane. It is thus very
likely that segregation to the second oxygen site becomes
considerably less favorable when the rst site becomes occu-
pied by a defect. Correspondingly, if an OH�

O forms at the
segregation site the oxygen ion on the opposite side forms an
hydrogen bond with the proton and also in this case the
segregation to the second site is likely to become less favorable.
These two segregation sites are therefore treated as a single site
in present space-charge modelling, which was not the case in
the study by Helgee et al.15 This leads to a GB core site
concentration of 2 per GB unit for both vO

�� and OH�
O. For the

acceptor dopants we only consider the Zr site in the GB plane.
For Y and Gd that is the segregation site with lowest energy.
Segregation of dopants were not considered by Helgee et al.15

A description of the specic core-space-charge model used
here can be found in ref. 25 and 31. The bulk hydration enthalpy
and entropy were taken as �0.74 eV and �0.93 meV K�1,
respectively,22 and assumed to be temperature independent. In
the work of Helgee et al.15 �0.82 eV and �0.92 meV K�1 were
used. The relative permittivity was taken as 75 and we consid-
ered a wet atmosphere with pH2O ¼ 0.03 atm. The potential and
concentration proles were solved iteratively until global elec-
troneutrality was achieved.

We rst consider a xed dopant concentration of 10 mol% at
1073 K (Fig. 9). At this temperature, the bulk oxide is mostly
dehydrated such that vO

�� is the dominating positive defect. The
GB core becomes positively charged primarily due to segrega-
tion of vO

��, which almost completely saturates the GB core lattice
site. Accounting for the phonon contribution increases the core
concentration of vO

�� and thus the potential, leading to smaller
core concentration of OH�

O and a more pronounced depletion of
vO
�� and OH�

O in the space-charge region.
To further elaborate, the GB core concentrations and space-

charge potential were calculated for the temperature interval
350–1800 K (Fig. 10). The GB core is dominated by OH�

O at low
temperatures, while vO

�� constitutes the vast majority of segre-
gated defects at higher temperatures. Throughout the consid-
ered temperature interval, inclusion of the phonon contribution
increases the core concentration of vO

�� and thereby also the
Fig. 9 Space-charge profiles at 1073 K calculated both with (solid
lines) and without (dashed lines) the vibrational free energy
contribution.

This journal is © The Royal Society of Chemistry 2017
space-charge potential. The effect on OH�
O is less pronounced

and the core concentration is only noticeably smaller when
including phonons at the lowest temperatures within the
considered range. The larger entropy of vO

�� compared to OH�
O

shis the onset for when the core becomes hydrated to lower
temperatures. Furthermore, the reduction in the potential at
lower temperatures, which is not observed for the same GB in
the work of Helgee et al.,15 is due to that the GB becomes
saturated as there are fewer available segregation sites in the
present model (see discussion in the beginning of this section).
The segregation of OH�

O then occurs at the expense of vO
�� and

thereby reducing the core charge and the potential. The
maximum space-charge potential F ¼ 0.59 V is obtained at
about 800 K.

The free energy treatment becomes important when
considering segregation of the dopants to the GB core, at
synthesis temperatures around 1800 K (see Table 3). When
excluding the phonon contribution the dopant core concen-
trations vary considerably (due to the different segregation
energies), with Gd almost completely saturating the lattice site
while the core concentration of Sc barely is enhanced compared
Table 3 Core concentrations and space-charge potentials at 1800 K
from space-charge modeling with mobile dopants, calculated both
with (upper segment) and without (lower segment) the vibrational free
energy contribution, at a bulk dopant concentration of 10 mol%.
Concentrations and potentials are given in units of mole fractions
and V, respectively

Dopant (M) ½v��O � ½OH�
O� ½M 0

Zr� F

Sc 1.95 0.0012 0.31 0.32
In 1.93 0.0010 0.44 0.31
Y 1.95 0.0012 0.42 0.31
Gd 1.95 0.0010 0.46 0.31
Sc 1.73 0.0088 0.14 0.30
In 1.75 0.0082 0.26 0.29
Y 1.83 0.0160 0.81 0.26
Gd 1.85 0.0068 0.93 0.25
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to the bulk concentration. The space-charge potential does not
display the same variation, which is due to that the dopant
segregation is accompanied by additional segregation of vO

�� that
compensates the negative charge of the acceptor dopants. By
accounting for the phonon contribution, however, the free
energies of segregation of the dopants are more similar (Fig. 8)
and the dopant dependency on the defect core concentrations
diminishes. The potential is slightly higher here due to that
phonons stabilize vO

�� in the core. Furthermore, since the
potential is positive there is in both cases also an accumulation
of dopants in the space-charge region next to the GB core.

Due to dopant segregation the space-charge potential is
reduced by 0.2 V, from 0.50 V to 0.31 V at 1800 K. This is
consistent with the increase of the conductivity seen for the
annealed samples in ref. 28; the activation barrier for the GB
conductivity is decreased by a about 0.3 eV. Furthermore, our
nding that the dopant core concentration is similar for
different dopants is also in qualitative agreement with experi-
mental results, where Y and Gd10/Sc28 were found to segregate
to the GB core in similar amounts. The actual dopant concen-
trations obtained here are, however, higher compared to the
experimental results, where the dopant concentrations were
found to be between 1.2 and 2.8 times larger at the core
compared to the bulk.9,10,21,27–29 Larger core concentrations
(above 2 times the bulk concentration) were found in samples
that were annealed for a longer time at higher temperatures,28,29

which should more closely resemble equilibrium conditions
and are thus more comparable to our results.

The overestimation of core concentrations can be related to
the neglect of strain interactions since the space-charge model
treats defect–defect interactions in a purely electrostatic
manner. This should be most prominent for vO

�� since the core
concentration is almost saturated for this species (see Table 3).
Including strain interactions between vO

�� will most likely lead to
less negative segregation energies at high concentrations that in
turn would limit the overall accumulation of vO

�� in the core.
Consequently, the resulting space-charge potential will be
smaller and fewer acceptor dopants will therefore segregate.
The inuence of vacancy–dopant interactions is probably
weaker since they appear both at the GB and in bulk and the
effect on the segregation energies would therefore be small.
Nevertheless, our results are in general agreement with experi-
mental studies on acceptor-doped BaZrO3, which indicate that
dopants accumulate in the GB and space-charge layers.

4 Conclusions

In this contribution we have determined the thermodynamics
of the S3 (112)[�110] GB in BaZrO3 and the free energy of defect
segregation to its core from rst-principles calculations. The
calculations reveal that the GB free energy is 52 meV Å�2 at zero
Kelvin. The free energy increase with temperature due to
a negative formation entropy and the GB thereby becomes less
stable at high temperatures.

The GB exhibits vO
�� and OH�

O segregation energies of �1.53
and �0.83 eV, respectively, which are in line with previous
theoretical studies. By including zero-point contributions both
13428 | J. Mater. Chem. A, 2017, 5, 13421–13429
defects are slightly stabilized at the GB core with segregation
enthalpies of �1.55 and �0.85 eV. The segregation free energy
of vO

�� is further reduced when the temperature is increased to
a value of about �1.90 eV at 2000 K, while it for OH�

O remains
more or less unchanged over the same temperature interval.
This can be understood from the segregation entropies, which
are 0.2 and �0.04 meV K�1 in the high temperature limit for vO

��

and OH�
O, respectively. The positive segregation entropy of vO

�� is
explained by the signicant lattice relaxations it induces in the
GB and the following redshi of the phonon spectrum. Space-
charge modelling reveals that inclusion of phonons shis the
temperature onset of hydration of the GB core to lower
temperatures due to stabilization of vO

��, but also affects the
predicted core concentrations and the space-charge potential
becomes slightly higher.

Furthermore, the considered acceptor dopants (Sc, In, Y and
Gd) exhibit segregation energies to the GB plane ranging from
0.22 eV for Sc to�0.51 eV for Gd, where a larger ionic radius yields
a more favorable segregation energy. The dopants also exhibit
distinctly different segregation entropies, which for Gd and Y are
negative while being positive for In and Sc, and these correlate
with the ionic radii in the same way as the segregation energies.
Hence, at temperatures above 1700 K where dopant are mobile,
which correspond to synthesis conditions, their segregation free
energies are nearly the same and close to zero. As a consequence,
dopants only segregate due to attraction with segregated posi-
tively charged defects (in this case vO

��). In the space-charge
modelling this leads to very similar defect core concentrations
and space-charge potentials for all dopants, as opposed to when
the phonon contribution is not taken into account and the results
vary considerably for the different species. The predicted dopant
segregation reduces the space-charge potential with about 0.2 V,
in line with experimental ndings.

To conclude, this study shows the importance of using free
energies in accurate prediction of defect chemistry and space-
charge formation in GBs in acceptor-doped BaZrO3. This espe-
cially concerns dopant segregation, which becomes important
at the high temperatures where the material is being fabricated.
The results presented here will thus be of value in the further
development of BaZrO3-based materials and devices.
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