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Unravelling the fundamentals of thermal and
chemical expansion of BaCeO3 from first
principles phonon calculations

Andreas Løken, Reidar Haugsrud and Tor S. Bjørheim*

Differentiating chemical and thermal expansion is virtually impossible to achieve experimentally. While

thermal expansion stems from a softening of the phonon spectra, chemical expansion depends on the

chemical composition of the material. In the present contribution, we, for the first time, completely

decouple thermal and chemical expansion through first principles phonon calculations on BaCeO3,

providing new fundamental insights to lattice expansion. We assess the influence of defects on thermal

expansion, and how this in turn affects the interpretation of chemical expansion and defect thermo-

dynamics. The calculations reveal that the linear thermal expansion coefficient is lowered by the

introduction of oxygen vacancies being 10.6 � 10�6 K�1 at 300 K relative to 12.2 � 10�6 K�1 for both the

protonated and defect-free bulk lattice. We further demonstrate that the chemical expansion coefficient

upon hydration varies with temperature, ranging from 0.070 to 0.115 per mole oxygen vacancy. Ultimately,

we find that, due to differences in the thermal expansion coefficients under dry and wet conditions, the

chemical expansion coefficients determined experimentally are grossly underestimated – around 55% lower

in the case of 10 mol% acceptor doped BaCeO3. Lastly, we evaluate the effect of these volume changes on

the vibrational thermodynamics.

1. Introduction

Mismatch between the functional components of a device as a
consequence of thermal and chemical expansion can be detri-
mental for the overall performance and durability, and a detailed
understanding of the origins of these expansion mechanisms is
thus essential. The linear chemical expansion coefficient, ei, of a
crystalline material along the a-, b- or c-axis can, for a given
defect i, be described by

ei ¼
1

di

liðTÞ � l0ðTÞ
l0ðTÞ

� �
(1)

where di is the defect concentration given as the number of
defects per formula unit, whereas li(T) and l0(T) are the dimen-
sions of the defective and perfect supercells, respectively. For
proton conductors such as acceptor doped BaZrO3 and BaCeO3,
these defects consist of protons (OH�O) and oxygen vacancies
(v��O ), where the hydration equilibrium

H2OðgÞ þ v��O þO�O Ð 2OH�O (2)

describes their relative dominance. In addition to a
chemical expansion stemming from variations in the defect

concentrations, materials are also subject to thermal
expansion;

ai ¼
1

l

@l

@T
(3)

where ai is the linear thermal expansion coefficient along one of
the unit cell axes. While chemical expansion depends on the
chemical composition of the material, thermal expansion originates
from a softening of the phonon spectra of the lattice. Together,
these two expansion processes, (1) and (3), comprise the thermo-
chemical expansion.

The two expansion coefficients (ei and ai) are usually deter-
mined simultaneously from structural measurements, e.g. X-ray
powder diffraction or dilatometry, followed by subsequent
measurements to determine the specific defect chemical
concentrations, e.g. thermogravimetry or coulometric titration.
This often entails assuming that ai is constant throughout the
temperature interval investigated, i.e. the thermal volume
expansion is independent of any chemical reactions occurring
(hydration in the case of proton conductors). Such an assump-
tion can obviously lead to an under- or overestimation of the
chemical expansion coefficient (ei) if ai itself is changing.
Recent experimental work on proton conducting BaCeY0.2O3�d

1

and BaCe0.2Zr0.7Y0.1O3�d
2 showed that the thermal expansion

coefficient is higher when the material is hydrated under wet
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relative to dry conditions, changing from 11.1 � 10�6 K to
9.9 � 10�6 K and 15.0 � 10�6 K to 12.7 � 10�6 K, respectively.
However, in both cases, these differences were neglected, and
chemical expansion coefficients were extracted assuming a
constant thermal expansion coefficient. Such an assumption
has also been employed for the chemical expansion due to
oxidation of several oxide ion conductors in recent work by
Marrocchelli et al.3–7 In the present contribution, we will through
quasiharmonic first principles phonon calculations, address the
validity and consequences of this assumption by decoupling
the thermal and chemical expansion mechanisms, ultimately
providing new fundamental insights to lattice expansion. This
will include assessing the effects of defects on the thermal
expansion and how this in turn may affect the interpretation
of chemical expansion and defect thermodynamics. We have
chosen to study the state of the art proton conducting perovskite
BaCeO3, which has already been studied extensively in terms of
hydration,8–14 thus serving as a good comparative basis for the
present work.

2. Methodology
Thermodynamic formalism

Vibrational thermodynamics and thermal properties of solids
can be calculated by evaluating their phonon density of states.
In the harmonic approximation and under constant volume, the
phonon contributions to the Helmholtz energy, Fvib, are given by;

Fvib ¼
X
q;n

�hoðq; nÞ
2

þ kBT
X
q;n

ln 1� exp ��hoðq; nÞ=kBTð Þð Þ

(4)

where q and n are the wave vector and band index, respectively
while o(q,n) is the phonon frequency at the specific q and n.

As an approach to include anharmonic effects, we here adopt the
quasiharmonic approximation,15,16 hereafter referred to as QHA.
The Gibbs free energy, G(T,p), is taken as the unique minimum of
the sum of the total electronic energy, Eel(V), the Helmholtz vibra-
tional energy, Fvib, and pV work with respect to volume given by:

GðT ; pÞ ¼ min
V

EelðVÞ þ FvibðT ;VÞ þ pV
� �

(5)

It should be noted that for each p and V, the function inside the
square brackets of (5) is minimised with respect to volume.
Fvib is assumed to only be a function of temperature at each
specific volume. By fitting the thermodynamic functions on the
right hand side of (5) to the third order Birch–Murnaghan
isothermal equation of state (B–M EoS),17 Gibbs free energies at
finite temperatures are obtained allowing the evaluation of all
thermal properties as a function of temperature and pressure.
The fitting procedure is demonstrated in Fig. 1 for bulk BaCeO3

where a fully isotropic expansion has been chosen. The calcu-
lated values of Eel(V) + Fvib(T;V) are plotted as a function of the
unit cell volume at 100 K intervals between 0 and 1000 K. The
solid lines represent the fits from the B–M EoS. Corresponding
equilibrium volumes and isothermal bulk moduli are obtained
simultaneously from this fitting procedure. The entropy (S) and

heat capacity at constant pressure (Cp) are then given by the
first and second order partial derivatives of G(T,p) with respect
to T, respectively.

The free energy of defect formation (DFFdefect or DFGdefect) is
given by;

DFGdefect ¼ DEtot
defect þ DFG

vib
defect

�
X
i

DnimiðT ; pÞ þ qi ef þ Deð Þ þ pDFVdefect

(6)

where DEtot
defect denotes the total electronic energy difference

between the defective and pristine supercell, while DFGvib
defect (or

DFFvib
defect) is the vibrational (phonon) contribution to the free

energy of formation. Dni is the change in the number of defects i
with chemical potential, mi, while qi is the effective charge of the
defect and ef is the Fermi level. De is the shift in the core potentials
of the perfect and defective supercell to correct for shifts in the
band edges due to the jellium background charge while pDFVdefect

represents the contributions from the pressure and defect forma-
tion volume under zero/constant pressure conditions. Further,
the chemical potential of gaseous species, i, is defined by:

mi T ; pið Þ ¼ m�i þH
zpe
i þH

�
i ðTÞ � TS

�
i ðTÞ þ kBT ln

pi

p
�

� �
(7)

where m�i is set to the total electronic energy of the isolated
i-molecule as determined by DFT. Hzpe

i is the zero-point energy
obtained from experimental vibrational frequencies, while

H
�
i ðTÞ and S

�
i ðTÞ are taken from the HSC 8.2.0 database.18 pi is

the partial pressure of i while p1 is the standard pressure (1 bar).

Fig. 1 Eel(V) + Fvib(T;V) as a function of the unit cell volume for 0–1000 K
with temperature intervals of 100 K of bulk BaCeO3 where a fully isotropic
expansion has been chosen. The points denote calculated values of
Eel(V) + Fvib(T;V) while the solid lines are fitted by the Birch–Murnaghan
third order equation of state.
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Computational methodology

All first principles calculations in this work have been performed
within the Density Functional Theory (DFT) formalism as imple-
mented in the VASP code.19 Both the LDA20 and GGA-PBE21

functionals have been used and the core potentials were treated
using the projector-augmented wave (PAW) method.22 The elec-
tronic wave functions were expanded using a set of plane waves
with a constant cut-off energy of 500 eV. The defect calculations
were performed using both 2 � 1 � 2 (80 atoms) and 2 � 2 � 2
(160 atoms) supercell expansions of the experimentally deter-
mined orthorhombic Pnma BaCeO3 20 atom unit cell.23 Electro-
nic integrations over the Brillouin zone were performed using a
4� 4� 4 Monkhorst–Pack k-mesh for the unit cell,24 and reduced
accordingly for larger supercells. To ensure sufficient convergence
of the calculated forces, all calculations were performed with ionic
and electronic convergence criteria of 10�4 eV Å�1 and 10�8 eV,
respectively.

Orthorhombic BaCeO3 exhibits two structurally inequivalent
oxygen sites; an apical oxygen site occupying Wyckoff position
4c and an equatorial site occupying the Wyckoff position 8d.
Previous work8,14 has demonstrated that both protons and oxygen
vacancies are most stable at the 4c site, and we have therefore only
considered this site for both defects. For all charged defects, the
total charge of the supercells was adjusted to simulate the desired
charge state, by the standard means of charge-compensation with
a homogenous jellium charge. Note that we have explicitly not
included any acceptors in the supercells due to the large com-
putational demand that would impose. While this is perfectly
reasonable in a dilute limit with few defects, thermodynamics and
thermal properties may be influenced by the type and amount of
acceptor at higher doping levels (Z10 mol%).8,25–27 Further work
is needed to assess such dopant effects.

The phonon frequencies were obtained from the Hellmann–
Feynman forces acting on all ions within the harmonic (HA)
and quasiharmonic approximations (QHA) using finite displace-
ments of �0.01 Å as implemented in the Phonopy code.15,16,28

For the QHA calculations, lattice parameters were varied iso-
tropically up to �4% using up to 20 volume points. For the
defective cells, the phonon spectra are only evaluated at the
G-point due to the large size of the supercells.

3. Results and discussion
Thermal and chemical expansion of orthorhombic BaCeO3

The heat capacities at constant pressure, Cp, and constant
volume, CV, for isotropic defect-free bulk BaCeO3 as a function
of temperature are displayed in Fig. 2 along with experimental
values for Cp.29–31 The heat capacities for bulk BaCeO3 are in
good agreement with the experimental values from literature
obeying the classical Debye law at the lowest temperatures where
the heat capacities exhibit a T3-dependency.32 At higher tem-
peratures (above 400 K), CV approaches a constant value of 3N �
R (B125 J K�1 mol�1) as per the Dulong–Petit law, where N is the
number of atoms per formula unit (5 for BaCeO3). The calculated
Cp maintains a positive slope and starts deviating from the

literature values at T B 600 K with values being higher than those
reported from experiments. The difference between the calculated
and experimentally determined Cp-values could stem from the fact
that BaCeO3 undergoes several phase changes in the temperature
range measured,9,33,34 and may as such display different Cp values
than the orthorhombic Pnma phase used for the DFT calculations.
This is also in accordance with work by Ligny and Richet35 on
SrZrO3 in which the high temperature cubic polymorph (Pm%3m)
was shown to exhibit an apparent lower heat capacity than its low
temperature orthorhombic ground state structure.

The linear thermal expansion of BaCeO3 and the resulting
linear thermal expansion coefficients, ai, given by (3), are shown
in Fig. 3(a) and (b), respectively. Note that all linear thermal

expansion coefficients are given by
1

l

@l

@T
where l ¼ V

1
3, i.e. we

only evaluate a single average coefficient for each expansion.
We also assess the effect of an oxygen vacancy and a proton on the
thermal expansion. As the figure demonstrates, the linear thermal
expansion coefficient, ai, for the pristine and defective BaCeO3 cells
becomes increasingly positive with temperature. All coefficients at
lower temperatures (300–600 K) are in reasonable agreement with
literature values on undoped and acceptor doped BaCeO3 deter-
mined by dilatometry and XRD; 8–14 � 10�6 K�1.1,2,36–40 At higher
temperatures (600–1000 K), the calculated thermal expansion
coefficients vary from 13 to 27 � 10�6 K�1, and are somewhat
higher than corresponding values from literature. This difference is
likely to stem from phase transitions to other high temperature
polymorphs as for instance dilatometry measurements on
BaCe0.8�xZrxY0.2O3�d (x r 0.4) have been shown to yield
different ai-values above and below B600 1C.39,40 Computa-
tional studies on other oxides such as CeO2 and SrTiO3 have
also shown that the GGA functional tends to overestimate the
thermal expansion coefficient.35,41,42

Interestingly, the supercells containing defects both display
lower a-values compared to bulk BaCeO3, which arguably stems
from a blue shift of the phonon spectra due to their negative
formation volumes (�20.4 and �6.8 Å3 for v��O and OH�O,
respectively). There is also a significant difference in the
thermal expansion coefficients between the cells containing
v��O and OH�O demonstrating that BaCeO3 may thermally expand

Fig. 2 Heat capacity at constant pressure, Cp (red solid), and volume,
CV (red dotted), as a function of temperature along with experimental
values for Cp

29–31 (black).
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differently depending on the water vapour partial pressure
employed. This is also in good correspondence with recent work
on similar compositions.1,2,43 Drawing any overall conclusions
regarding the effect of ionic defects on thermal expansion is
difficult based on the present work alone, but there appears to be
a correlation between the defect formation volume (or defect
chemical expansion coefficient) and the change in the thermal
expansion coefficient. For instance, the cell containing a proton
or an oxygen vacancy, which both display negative formation
volumes, also exhibit lower thermal expansion coefficients than
that of the pristine system. This could suggest that defects with
positive formation volumes, such as large acceptor dopants44 or
neutral oxygen vacancies,45 may increase the thermal expansion
coefficient. This opens up for the possibility of altering the
thermal expansion of a material system simply by changing its
defect structure, and may help in limiting thermal mismatch in
device fabrication.

The chemical expansion coefficient due to hydration per mole
oxygen vacancy, ehydr, is given by the relative difference of the
chemical expansion coefficients for the formation of an oxygen
vacancy and a proton, ev��

O
and eOH�O

, respectively:

ehydr ¼ 2eOH�
O
� ev��

O
(8)

Thus, ehydr is calculated with respect to the defect-free lattice,
while experimental determination of ehydr uses the volume
differences between the hydrated and dry lattice i.e. relative
to the defective lattice. To assess the effect of such differences,
we calculate ehydr in three separate ways;

ehydr;1 ¼
2

OH�O
� � 2VOH�O

� Vv��
O
� Vbulk

Vbulk

� �
(9)

ehydr;2 ¼
2

OH�O
� � VOH�O

� Vbulk

� �
þ VOH�O

� Vv��
O

� �
Vv��

O

0
@

1
A (10)

ehydr;3 ¼
2

OH�O
� � V2OH�

O
� Vv��

O

Vv��
O

 !
(11)

where VOH�O
;Vv��

O
and V2OH�O

denote the equilibrium supercell

volumes with a proton, oxygen vacancy, and 2 protons in the
same supercell, respectively, while Vbulk represents the volume
of the pristine lattice. In all three cases, ehydr was determined to
be virtually identical yielding a maximum difference of a mere
2% suggesting that all calculated chemical expansion coeffi-
cients, regardless of calculation method, should be comparable
to experiments. Fig. 4 displays ev��

O
and eOH�O

, and the resulting

chemical expansion coefficient upon hydration calculated by (9),
ehydr, as a function of temperature. Note that we have chosen to
plot the individual contributions to ehydr, i.e. 2eOH�O

and � ev��
O

.

As the figure demonstrates, the chemical expansion coefficient
for the supercells containing v��O and OH�O becomes increasingly
negative with increasing temperature. The resulting chemical
expansion coefficient due to hydration varies to a much smaller
extent, ranging from 0.070 to 0.115 in the temperature range
presented. This is in reasonable agreement with other experi-
mental and computational work.1,12,38

Given that ehydr varies with temperature, distinctly different
volume expansions are expected when hydrating acceptor doped
BaCeO3 isothermally at different temperatures; 0.35 to 0.58% for
10 mol%. The results presented here can thus partially explain
the large scatter in chemical expansion coefficients due to
hydration found experimentally. For instance, the difference

Fig. 3 (a) Linear thermal expansion of bulk BaCeO3 with or without any defects and (b) the resulting thermal expansion coefficients determined by
quasiharmonic first principles phonon calculations. For the defective systems, a single oxygen vacancy, v��O , or proton, OH�O has been investigated.

All lattice parameters have been varied isotropically and linear thermal expansion coefficients are given by
1

l

@l

@T
where l ¼ V

1
3.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

1/
08

/2
01

7 
09

:1
6:

43
. 

 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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c6cp05710a


31300 | Phys. Chem. Chem. Phys., 2016, 18, 31296--31303 This journal is© the Owner Societies 2016

in ehydr of 20 mol% acceptor doped BaCeO3 determined by
Yamaguchi and Yamada38 and Andersson et al.1 (0.096 and
0.151, respectively) could stem from the differences in the water
vapour partial pressures (pH2O) used during heating and cooling.
While Yamaguchi and Yamada38 humidified the gas with a
constant pH2O of B0.03 atm, Andersson et al.1 were not able to
monitor or control pH2O but estimated it to be around 10�4 atm
based on the volume expansion/contraction onset and the
material’s hydration thermodynamics. Such a large difference
in pH2O means that the material will hydrate (or dehydrate) in
different temperature intervals, and the corresponding difference
in lattice expansion will thus be affected due to the temperature
dependency of ehydr. Consequently, careful attention to the
experimental conditions is needed when comparing specific
chemical expansion coefficients extracted.

By combining the expressions for the thermal and chemical
expansion coefficient, (3) and (1), respectively, a full description
of the thermochemical lattice expansion of BaCeO3 as a function
of temperature can be obtained. This requires an expression for
the proton concentration as a function of temperature. For that
purpose, we will firstly assume that the effectively negative
charged acceptors, Acc0, are fully charge compensated by oxygen
vacancies and/or protons i.e. all other defects are considered to
have negligible concentrations:

Acc0½ � ¼ OH�O
� �

þ 2 v��O
� �

(12)

Secondly, the oxygen site restriction for perovskites is imposed:

3 ¼ O�O
� �

þ OH�O
� �

þ v��O
� �

(13)

The proton concentration is then determined by a combination
of (12) and (13) along with the hydration equilibrium constant,

Khydr, for reaction (2), for undoped BaCeO3. For any further
information regarding the hydration thermodynamics, the reader
is referred to work by Bjørheim et al.12 The volumetric thermal
expansion coefficient upon hydration, a, is assumed to change
linearly from the thermal expansion coefficient of the oxygen
vacancy, av��

O
, to that of the proton, aOH�O

:

a ¼ av��
O

Acc0½ � � OH�O
� �� 	

Acc0½ � þ
OH�O
� �
Acc0½ � aOH�O

(14)

The linear relationship in (14) is from the simple rule of
mixtures, often used in predicting thermal and mechanical
properties of composite materials. It assumes that the physical
properties of each phase are not influenced by each other’s
presence in the mixture.46,47 By combining the expressions for
the thermal and chemical expansion coefficient upon hydration
(cf. Fig. 4), the thermochemical expansion of the BaCeO3 unit cell
can now be determined where the unit cell volume at tempera-
ture Tf, Vf, is given by:

Vf ¼ Vi þ a Tf � Tið ÞVi þ
1

2
e0hydr OH�O

� �
f
� OH�O
� �

i

� 	
Vi (15)

Vi represents the unit cell volume of the dehydrated system at Ti,
while OH�O

� �
f

and OH�O
� �

i
denote the proton concentration at Tf

and Ti, respectively. Note that we have chosen to use a constant
value for the chemical expansion coefficient, e0

hydr, which differs
from ehydr, given in (8), in that it is entirely temperature inde-
pendent stemming from the equilibrium volumes of all super-
cells calculated at 0 K and excludes all zero-point energy
contributions (0.078). This is intentionally done to avoid double
counting the temperature dependencies of the equilibrium
volumes, which is already implemented in the thermal expan-
sion coefficient in (14). Fig. 5a displays the change in the unit
cell volume as a function of temperature for different acceptor
dopant concentrations (5–20 mol%) under humid conditions,
pH2O = 0.025 atm, while Fig. 5b gives the unit cell volume for

20 mol% doped BaCeO3 where pH2O is varied from 0.025 to 1 atm.
Fig. 5a demonstrates that the volume increases to a larger extent
upon hydration with increasing doping concentrations reflecting
higher proton concentrations. While the unit cell volume only
changes gradually upon hydration (or dehydration) for the lower
doping concentrations (5–15 mol%), the volume change for
20 mol% doped BaCeO3 is more abrupt, and the volume is
almost constant in a small temperature interval for 20 mol%
doped BaCeO3. In Fig. 5b, protons are retained to higher tem-
peratures for pH2O = 1 atm and further heating is therefore needed
for the volume to decrease compared to the corresponding unit
cell volume at pH2O = 0.025 atm. Fig. 5b shows an additional
interesting feature where the volume of the unit cell is not the
same at lower temperatures (o600 K) when the water vapour
partial pressure is changed. This stems from the difference in the
thermal expansion coefficients upon hydration (cf. Fig. 3) where
the unit cell at pH2O = 1 atm is thermally contracting to a larger
extent than the corresponding unit cell at 0.025 atm.

As both the chemical and thermal expansion coefficients
change as a function of temperature, and the two processes

Fig. 4 Chemical expansion coefficient due to hydration, ehydr, and its
individual contributions �ev��

O
and 2eOH�

O
, as calculated by quasiharmonic

phonon calculations as a function of temperature.
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are interrelated, their accurate determination through experi-
ments may be difficult. Through the present DFT calculations,
we are able to decouple the expansion mechanisms, demonstrat-
ing that experimental work may easily over- or underestimate the
chemical expansion coefficient. Since a for a protonated cell
is higher than the corresponding cell with an oxygen vacancy
(Fig. 3), the lattice will in fact thermally contract to a larger extent
upon cooling for a hydrated material. This, in turn, means that
the chemical expansion coefficient determined experimentally
will be grossly underestimated, as it is often assumed that the
difference in the volume under wet and dry conditions at lower
temperatures is only given by chemical expansion. For 20 mol%
acceptor doped BaCeO3, this results in an apparent chemical
expansion coefficient of 0.056 at 300 K whereas the actual
coefficient is far higher (0.078) i.e. an underestimation of 27%.
This discrepancy increases with decreasing acceptor concentra-
tions yielding an underestimation of 55% at 300 K for 10 mol%.
This underestimation can for instance help explain the large

scatter in the chemical expansion coefficients determined experi-
mentally, which for acceptor doped BaCeO3, vary between 0.030
and 0.151.1,38

Defect thermodynamics of bulk BaCeO3

The thermochemical expansion of BaCeO3 will undoubtedly
affect the defect thermodynamics due to changes it will impose on
the phonon spectra. While most of the defect thermodynamics
have already been treated in our previous contribution using
the harmonic approximation (HA),12 this work assumed that the
defects themselves did not affect thermal expansion. We are, thus,
only determining the effect of anharmonicity on the thermo-
dynamics by using the QHA, and the reader is referred to ref. 12
for further details on the thermodynamic formalism and defect
thermodynamics of BaCeO3 and other perovskite oxides. As the
results herein were obtained using 2� 1� 2 supercells (80 atoms),
we first assess the effect of the supercell size on the thermo-
dynamics. Fig. 6 shows (a) the calculated vibrational formation

Fig. 5 Unit cell volume of BaCeO3 calculated using the quasiharmonic approximation as a function of temperature for (a) different acceptor
concentrations (5–20 mol%) for pH2O = 0.025 atm and (b) 20 mol% acceptor doped BaCeO3 under different water vapour partial pressures (0.025–1 atm).

Fig. 6 (a) Vibrational formation entropy for an oxygen vacancy and proton and (b) the resulting hydration entropy determined by harmonic phonon
calculations for BaCeO3 with different supercell sizes and functionals.
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entropies of an oxygen vacancy and proton while (b) shows the
resulting hydration entropies using the LDA and PBE func-
tional and 2 � 1 � 2 and 2 � 2 � 2 supercells from phonon
calculations within the harmonic approximation as a function
of temperature. Both functionals and supercells yield similar
values with the entropies generally being slightly more negative
for larger supercells and with the PBE functional.

Fig. 7 displays the vibrational formation entropy for an oxygen
vacancy and proton, along with the resulting hydration entropy
for BaCeO3, as a function of temperature calculated by the HA
and the QHA where the latter accounts for the volume depen-
dency of the phonons. While there is virtually no difference in
the proton formation entropy calculated by the two approxi-
mations, the oxygen vacancy formation entropy differs by almost
35 J K�1 mol�1 at 1000 K. This difference could among other
things stem from assuming, in the HA, that the partial derivative

of the entropy with respect to volume,
@S

@V

� �
, does not change

upon defect formation;12,41,48–51

@S

@V

� �
def

¼ @S

@V

� �
bulk

(16)

Under constant pressure,
@S

@V

� �
is further given by

@S

@V

� �
p

¼ aVbT (17)

where aV and bT are the volumetric thermal expansion coefficient
and isothermal bulk modulus, respectively. Thus, for this assump-
tion to be valid, the product aVbT should not change upon defect
formation. However, through the present work using the QHA, the
thermal expansion coefficient has been shown to change signi-
ficantly when defects are introduced, especially in the case of
oxygen vacancies, relative to the pristine system (Fig. 3). This
could thus explain the difference in the oxygen vacancy formation
entropies calculated using the two approximations. Whether
one could alleviate the differences between the approximations
by using larger supercells in the calculations, i.e. more dilute
defect concentrations, remains unkown but more work is
needed to address these aspects further. Interestingly, for the

hydration entropy, which is calculated by subtracting the defect

formation entropies through DSvib
hydr ¼ DSvib

v��
O
� DSvib

OH�O
� S�H2O

, the

difference between the approximations again only stems from the
oxygen vacancy formation entropy reaching a maximum difference
of about 35 J K�1 mol�1 at higher temperatures. Ultimately, we
find that most of the vibrational thermodynamics are appro-
priately described by the HA as anharmonic effects appear to be
of a minor concern.

4. Conclusions

In the present contribution we have investigated the thermal and
chemical expansion of BaCeO3 from first principles phonon
calculations. This has allowed us, for the first time, to decouple
these expansion processes providing fundamental insights to
lattice expansion. The calculations reveal that the formation of
defects such as oxygen vacancies or protons can play a significant
role in thermal expansion displaying lower thermal expansion
coefficients compared to that of the defect-free bulk. Further, due
to the differences in the thermal expansion coefficients between
the dry and protonated unit cell, we demonstrate that experi-
mentally determined chemical expansion coefficients due to
hydration can be grossly underestimated being around 55% lower
in the case of 10 mol% acceptor doped BaCeO3. The chemical
expansion coefficient is also found to change with temperature
ranging between 0.070 and 0.115 per mole oxygen vacancy thus
demonstrating that different experimental conditions can signifi-
cantly change the chemical expansion of the lattice. Overall, our
results rationalise the large scatter in the chemical expansion
coefficients determined experimentally, which for acceptor doped
BaCeO3 varies from 0.030 to 0.151 per mole oxygen vacancy.
Lastly, we have assessed how thermochemical expansion may
influence the defect thermodynamics by including the volume
dependency of the phonon spectra.
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