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Summary

In this paper, the strain effects on the energy barrier of proton diffusion in

Y-doped BaCeO3 (BCY) and Y-doped BaZrO3 (BZY) are investigated by

detailed density functional theory calculations. The energy barrier of proton

rotation decreases when the tensile strain is applied. For intra-octahedral pro-

ton transfer, the energy barrier decreases when the tensile strain is applied

while for inter-octahedral proton transfer the energy barrier increases when

the tensile strain is applied. However, we found that for intra-octahedral pro-

ton transfer the energy barrier of BZY shows the opposite strain effect. To

understand the underlying mechanism behind this opposite trend we

decomposed proton diffusion into three elementary steps and the opposite

trend of the energy barrier of BCY and BZY during intra-octahedral proton

transfer is pinpointed to the opposite bond order change of the hydrogen bond.

In all, we explored the strain effects on the energy barrier of proton diffusion

in BCY and BZY from a microscopic perspective, showing the potential to tune

the energy barrier of proton transport in perovskite oxide with strain engineer-

ing and thus design novel proton conductors.
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1 | INTRODUCTION

Renewable intermittent energy like wind and solar
resources is not constantly available and predictable.
Therefore, battery technologies are currently getting

attention to store them for later use. Proton-conducting
solid oxide fuel cell (SOFC) and solid oxide electrolysis
cell (SOECs) technologies are highly promising for effi-
cient conversion of chemical energy of hydrogen into
electricity and vice versa without forming any air
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pollutants.1-3 Since the beginning of proton-conducting
SOFC/SOEC development, many acceptor-doped perov-
skite oxides have been used for its components.4-7 In par-
ticular, these with noticeable proton conductivity and
reasonable chemical and mechanical stability are excel-
lent candidates for electrolytes of both SOFCs and
SOECs.8-11 Discovering material with high proton con-
ductivity and understanding the mechanism behind
proton transport remains important goal for the proton-
conducting research community.

Proton cannot exist freely in perovskite oxide due to
its extremely high charge density. It always resides on a
host oxide ion to neutralize the charge density. In typical
perovskite oxides with a chemical formula of ABO3, pro-
ton either rotates around its host oxide ion or migrates
between different host oxide ions.9,12 When it transfers
between two neighboring oxide ions belonging to the
same BO6 octahedron, the process is called intra-
octahedral proton transfer while it transfers between two
oxide ions belonging to two neighboring BO6 octahe-
drons, the process is called inter-octahedral proton trans-
fer. The proton conductivity can be described as13:

σproton ¼ σ0
T
e�EA=kBT , ð1Þ

where EA is the activation energy of proton diffusion
(rotation and transfer). Both the rotation and transfer
processes lead to the proton diffusivity in perovskite
oxide and the low energy barrier of proton rotation and
transfer largely contributes to high proton conductivity in
perovskite oxide.

Strain engineering is a potential route for ion-
conducting tuning.14-16 Research interest arose on the
strain effect of proton conductivity17-21 since the low
energy barrier of proton conductors allows good ionic
conductivity at reduced operating temperatures.22 Among
all the proton-conducting acceptor-doped perovskite
oxides investigated, Y-doped BaCeO3 (BCY) and Y-doped
BaZrO3 (BZY) manifest excellent proton conductivity.22-25

However, there are considerable discrepancies in the
strain effect of BCY and BZY between experiments and
simulations. Larger EA (smaller σproton) is observed in
both BCY and BZY in experiments when compressive
isotropic pressure is applied,17-19 while a simulational
work on BZY forecast the opposite trend.20 Enhanced
proton conductivity in BZY is discovered in the experi-
ment when tensile biaxial stress is applied and it is
supported by a first principle molecular dynamic simula-
tion work,21 but it is in conflict with a reactive molecular
dynamic simulation work predicting maximum conduc-
tivity under an optimal compressive strain.20 The vari-
ance between experiments and simulations may attribute

to the lack of accuracy of simulation models. However, it
should also be noted that the experimental data are very
limited and the strain effect varies with the synthesis
method. To the best of our knowledge, very few studies
extend the investigation of the strain effect to BCY
and BZY.

In the present work, we focus on the strain effect on
the activation energy of proton diffusion in BCY and
BZY. We first calculate the energy barrier of proton diffu-
sion for BCY and BZY under strain, and then by studying
the transition states in the transition path, we propose
the elementary steps underlying proton diffusion to
obtain microscopic insight on the proton diffusion, as is
previously used in References 26. Finally, based on the
elementary steps, we analyze the reasons behind the
strain effect on the activation energy of proton diffusion
in BCY and BZY.

2 | COMPUTATIONAL DETAILS

The density functional theory (DFT) calculations are per-
formed with the Vienna Ab initio simulation package27-29

using the projector augmented wave method.29 The
Perdew–Burke–Ernzerhof30 exchange-correlation func-
tional is utilized and the cutoff energy for the plane-wave
basis set is set to 500 eV. In geometry optimization, all
atoms are relaxed using the conjugate gradient method
until the forces on each atom are less than 0.02 eV/Å.
The climbing image nudged elastic band (CI-NEB)
method31 is used to find the minimum energy path con-
necting the initial and final configuration of proton rota-
tion and transfer. The energy barrier along the path is
thus derived. The bond order between atoms is computed
by density-derived electrostatic and chemical (DDEC6)
technique.32

The unit cell of BaCeO3 and BaZrO3 are optimized
using a 6 � 6 � 6 Monkhorst-Pack k-points mesh. The
lattice constants of BaCeO3 and BaZrO3 are determined
to be 6.250 and 4.223 Angstrom, respectively, which are
consistent with previous calculations.33 Then, a
2 � 2 � 2 supercell and 3 � 3 � 3 supercells are con-
structed based on the optimized unit cell for BaCeO3 and
BaZrO3, respectively. Next, two B-site ions are substituted
with two dopants ions. The preferred positions of the two
dopants ions are chosen by locating the two dopants ions
at different atomic sites and comparing the total energies
of the system. The lattice constants of the optimized Y-
doped BaCeO3 and Y-doped BaZrO3 are determined to be
6.246 and 4.238 Angstrom, respectively. Finally, two pro-
tons are introduced to the supercell. Again, the preferred
positions of the two protons are chosen by locating the
two protons at different atomic sites and comparing the
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total energies of the system. The lattice constants of the
optimized hydrated BCY and BZY are determined to be
6.268 and 4.236 Angstrom, respectively. The optimized
hydrated BCY and BZY systems are shown in Figure 1A,
B. In all calculations below, only one proton's motion is
taken into account while the second proton is bonded to
the initial oxygen and relaxed freely.

3 | RESULTS

3.1 | Energy barrier of proton rotation
and transfer under strain

The energy barriers of proton rotation and transfer are
calculated for both BCY and BZY under a tensile or com-
pressive strain up to ±6% with the CI-NEB method, as
shown in Figure 2. The energy barrier of proton rotation
and transfer of BZY under strain are compared with a
previous DFT work21 of undoped BaZrO3 for verification
in Table 1. From Table 1, the two works show the same
descending trend for the energy barrier of proton rotation
and the same increasing trend for the energy barrier of
proton transfer when strain is increased. The difference
between the two works may attribute to the presence of
Y dopants in our system. In Figure 2, for both BCY and
BZY, the energy barrier of proton rotation decreases
when the tensile strain is applied. The trend of the energy
barrier of intra-octahedral proton transfer is rather

different for BCY and BZY. For BCY the energy barrier
decreases when the tensile strain is applied while for
BZY the energy barrier increases. For the inter-
octahedral proton transfer energy barrier of BCY, it
increases when the tensile strain is applied. That for BZY
is unlikely to happen due to the local structure as shown
in Figure 1D. For BCY, the proton is close to both intra-
and inter-octahedral oxygen (see Figure 1C) while for
BZY the proton is only close to intra-octahedral oxygen
(see Figure 1D). From Figure 2, we can also find all three
energy barrier curves of BCY are not monotonous and
take local minima when strain equals to zero. This is
attributed to the local structure of BCY that the proton is
close to inter-octahedral oxygen (see Figure 1C). When
strain is applied, the distance between the proton and
inter-octahedral oxygen is altered. Therefore, for either
proton rotation, intra-octahedral proton transfer or inter-
octahedral proton transfer, the inter-octahedral oxygen
reorientates due to the hydrogen bond interaction. There-
fore, the energy barrier is enlarged. However, when the
strain equals to zero, the inter-octahedral oxygen is stable
and does not reorientate. For BZY the proton is not close
to inter-octahedral oxygen, therefore the inter-octahedral
oxygen does not reorientate as the strain is applied due to
the lack of hydrogen bond interaction. Thus, the local
minima are not observed in the energy barrier curves
of BZY.

To understand the reasons behind the same or oppo-
site trends of the strain effect for BCY and BZY we

FIGURE 1 Optimized hydrated

(A) BCY and (B) BZY systems and the

local structures of (C) BCY and (D) BZY

within the systems
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further decompose proton diffusion into elementary steps
and investigate the strain effect on each elementary step.
Details of the decomposition and the strain effect on the
elementary steps are discussed Sections 3.2 and 3.3,
respectively.

3.2 | Elementary steps underlying the
proton rotation and transfer

To understand the mechanism of proton rotation and
transfer, we investigated the initial and saddle configura-
tions (the configuration with maximum energy barrier)
in the NEB calculations and proposed the elementary
steps underlying proton rotation and transfer. In our pre-
vious work, we have shown the elementary steps for
BZY26 and in this work, we focused on the elementary
steps for BCY. The elementary steps for proton rotation
and transfer do not change under a tensile or compres-
sive strain up to ±6% based on our calculations and the
cases with no strain are used as example to explain the
detailed elementary steps.

First, we characterized three elementary steps of pro-
ton rotation of BCY: (a) outward O-B-O bending. The
hydrogen bond H O2 is therefore weakened and the

proton is allowed to rotate in the OA plane, (b) proton
rotation in the OA plane. The proton rotates out of the
original OB plane toward the new OB plane, and
(c) lattice relaxation. The proton reorientates in the new
OB plane and the system evolves to a lower energy state.
The relative energy of these three elementary steps is
plotted in Figure 3A–C. Figure 3A displays the relative
energy against the O-B-O angle (see ∠O1BO2 of inset of
Figure 3A). The energy barrier of this elementary step is
0.219 eV. Figure 3B shows the relative energy of proton
rotation in the OA plane. The relative energy increases
and arrives at the maximum when the proton is in the
middle of O1 and A ion (see the inset of Figure 3B), and
then decreases as the proton ion further rotates to a new
favorable orientation. The energy barrier of this elemen-
tary step is 0.042 eV. Figure 3C reveals the relative energy
against the O-B-O angle (see ∠O1BO2 of inset of
Figure 3C) during lattice relaxation. No energy barrier is
associated with the lattice relaxation process. The system
gradually evolves to a lower energy state as the O-B-O
angle recovers. A new hydrogen bond H O3 is then
formed in the new OB plane. The summation of the
energy barriers of the first two elementary steps is
0.261 eV, which matches well with the NEB calculation
of 0.259 eV. This suggests that our way decompose the

FIGURE 2 Energy barrier

of proton rotation and transfer

for BCY and BZY under strain

TABLE 1 Comparison of one previous DFT work21 of undoped BaZrO3 with our DFT results of BZY

Strain �6% �5% �4% �2% 0 2% 4% 5% 6%

Proton rotation

Reference 21 0.539 0.339 0.246 0.185 0.172

This work 0.249 0.225 0.211 0.186 0.189 0.175 0.171

Proton transfer

Reference 21 0.009 0.038 0.093 0.314

This work 0.110 0.130 0.156 0.177 0.228 0.269 0.310
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total energy barrier provides insights into the proton rota-
tion in BCY.

Second, the elementary steps underlying intra-
octahedral proton transfer are proposed: (a) inward
O-B-O bending. The distance between proton and O2 is
therefore decreased and the attraction between the pro-
ton and O2 is increased, (b) proton transfer to a new host
oxide ion, and (c) recovery of O-B-O bending.
Figure 3D-F plotted the relative energy of the three ele-
mentary steps. Figure 3D displays the relative energy
against the O-B-O angle (see ∠O1BO2 of inset of

Figure 3D) and the energy barrier of this elementary
step is 0.349 eV. Figure 3E shows the relative energy of
proton transfer to the new host oxide ion. The relative
energy increases and arrives at the maximum as the pro-
ton is in the middle of O1 and O2 ion (see the inset of
Figure 3E), and then decreases as the proton ion resides
on O2. The energy barrier of this movement is 0.097 eV.
Figure 3F shows the relative energy against the O-B-O
angle (see ∠O1BO2 of inset of Figure 3F) during the
recovery of O-B-O bending. The summation of the
energy barriers of the first two elementary steps is

FIGURE 3 Energy barrier of elementary steps during proton rotation and transfer for BCY
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0.446 eV, which matches well with the NEB calculation
of 0.442 eV.

Last, the elementary steps underlying inter-octahedral
proton transfer are suggested: (a) O-O approaching. The
distance between proton and O2 is therefore decreased
and the attraction between the proton and O2 is
increased, (b) proton transfer to a new host oxide ion,
and (c) lattice relaxation. Figure 3G-I plotted the relative
energy of the three elementary steps. Figure 3G displays
the relative energy against the O-O distance (see O1-O2 of
inset of Figure 3G) and the energy barrier of this elemen-
tary step is 0.130 eV. Figure 3H shows the relative energy
of proton transfer to the new host oxide ion. The relative
energy increases and arrives at the maximum as the pro-
ton is in the middle of O1 and O2 ion (see the inset of
Figure 3H), and then decreases as the proton ion resides
on O2. The energy barrier of this elementary step is
0.021 eV. Figure 3I reveals the relative energy against the
O-O distance (see O1-O2 of inset of Figure 3I) during the
recovery of O-B-O bending. The summation of the energy
barriers of the first two elementary steps is 0.151 eV,
which matches well with the NEB calculation of
0.145 eV.

To confirm if the proton rotation and transfer of BCY
are also composed of the proposed elementary steps

under strain, the decomposed energy barriers are also cal-
culated for the cases under tensile or compressive strain.
The summations of decomposed energy barriers under
tensile or compressive strain are also consistent with
NEB calculation as shown in Figure 4. Finally, to further
understand the mechanism of the strain effect on the
energy barrier, the strain effect on each elementary step
is discussedin Section 3.3.

3.3 | Strain effect on the elementary
steps

From Figure 4, we can see that the effect of strain on the
barrier is mainly dominated by the effect of strain on the
first element step. Thus, the effect of strain on the first
elementary step is first studied.

For proton rotation of both BCY and BZY, the first
elementary step is outward O-B-O bending. To study the
strain effect on the energy barrier of this elementary step,
the bond order between atoms is computed by the
DDEC6 technique. We calculated the bond order changes
of the hydrogen bond of initial and final configurations
of the first elementary step, as shown in Table 2A. For
BCY, hydrogen bond shows descending bond order

FIGURE 4 Energy barrier of proton rotation/transfer and their elementary steps for BCY and BZY under strain
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change as tensile strain is applied, which corresponds to
the decreasing energy barrier of the first elementary step
as tensile strain is applied. For BZY, the hydrogen bond
also shows descending bond order changes as tensile
strain is applied. The energy barrier of the first elemen-
tary step of BZY also decreases as the tensile strain is
applied and it shows the same mechanism as BCY.

For intra-octahedral proton transfer of both BCY and
BZY, the first elementary step is inward O-B-O bending.
We calculated the bond order changes of the hydrogen
bond of initial and final configurations of the first ele-
mentary step, as shown in Table 2B. For BCY, as tensile

strain is applied, the bond order change of the hydrogen
bond is decreasing, which corresponds to the decreasing
energy barrier of the first elementary step. For BZY, how-
ever, hydrogen bond shows increasing bond order
changes as tensile strain is applied, due to the different
local structure as shown in Figure 1C,D. The energy bar-
rier of the first elementary step of BZY increases as ten-
sile strain is applied. Thus, for intra-octahedral proton
transfer, the opposite trend of the energy barrier of the
first elementary step of BCY and BZY is attributed to the
opposite strain effect on the bond order change of the
hydrogen bond.

Finally, for inter-octahedral proton transfer of BCY,
the first elementary step is O-O approaching. We calcu-
lated the bond order changes of the hydrogen bond of
initial and final configurations of the first elementary
step, as shown in Table 2C. Hydrogen bond shows
increasing bond order changes as tensile strain is
applied, which corresponds to the increasing energy bar-
rier of the first elementary step as tensile strain is
applied.

From Figure 3, we can also observe that the energy
barrier of the second elementary step has a limited strain
effect. We further investigated the electronic density dis-
tribution (see Figure 5) during the intra-octahedral pro-
ton transfer of BCY as an example to confirm this
observation. At the initial state (see the first row of
Figure 5) of the second elementary step, both the hydrox-
ide ion bond length and hydrogen bond length remain
almost unchanged from �6% to 6% strain. At the saddle
point (see the second row of Figure 5), the bond length of
the hydroxide ion and the hydrogen bond is about equal
and stay almost unchanged from �6% to 6% strain. We

TABLE 2 Bond order changes and energy barriers BCY and

BZY under strain during the first elementary step

(A) Proton rotation

Δhydrogen bond

�
�

�
� Energy barrier (eV)

BCY (�6%) 0.16 0.28

BCY (+6%) 0.09# 0.19#
BZY (�6%) 0.05 0.16

BZY (+6) 0.02# 0.11#
(B) Intra-octahedral proton transfer

BCY (�6%) 0.16 0.43

BCY (+6%) 0.09# 0.33#
BZY (�6%) 0.08 0.05

BZY (+6%) 0.18" 0.20"
(C) Inter-octahedral proton transfer

BCY (�6%) 0.13 0.08

BCY (+6%) 0.17" 0.16"

FIGURE 5 Electronic

density distribution for BCY

under strain during intra-

octahedral proton transfer
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therefore confirmed the second elementary step has a
limited strain effect.

4 | CONCLUDING REMARKS

In this paper, the strain effect on proton diffusion in BCY
and BZY is investigated using detailed DFT calculations.
For both BCY and BZY, the energy barrier of proton rota-
tion decreases when the tensile strain is applied. The
trend of the energy barrier of intra-octahedral proton
transfer is rather different for BCY and BZY. For BCY the
energy barrier decreases when the tensile strain is
applied while for BZY the energy barrier increases. For
the inter-octahedral proton transfer energy barrier of
BCY, it increases when the tensile strain is applied.

We proposed elementary steps underlying proton dif-
fusion in BCY to provide an atomic-level understanding
of the strain effect. For proton rotation in BCY, outward
O-B-O bending weakens the hydrogen bond and then the
proton is allowed to rotate in the OA plane. Hydrogen
bond shows descending bond order changes as tensile
strain is applied, which results in the decreasing energy
barrier of the first elementary step as tensile strain is
applied. For intra-octahedral proton transfer in BCY,
inward O-B-O bending shortens the distance of the pro-
ton and new host oxide ion thus facilitating intra-
octahedral proton transfer. For BCY, as tensile strain is
applied, the bond order change of the hydrogen bond is
decreasing. For BZY, hydrogen bond shows increasing
bond order changes as tensile strain is applied and the
energy barrier of the first elementary step increases as
the tensile strain is applied. Therefore, for intra-
octahedral proton transfer, the opposite trend of the
energy barrier of the first elementary step of BCY and
BZY is attributed to the different strain effects on the
bond order change of the hydrogen bond. For inter-
octahedral proton transfer in BCY, the distance between
the old host oxide ion and the new host oxide ion is
shortened, hence promoting inter-octahedral proton
transfer. Hydrogen bond shows increasing bond order
changes as tensile strain is applied, which corresponds to
the increasing energy barrier of the first elementary step
as tensile strain is applied. The current study provides a
systematic understanding of the strain effect on proton
diffusion in both BCY and BZY, showing the potential to
tune the energy barrier with strain engineering.

ACKNOWLEDGEMENTS
This work is supported by the National Science Founda-
tion under grant # 1545907, the National Center for
Supercomputing Applications (NCSA), the NSF of China
under Grant No. 12172112, 11932005, and 11974091, and

the International Postdoctoral Exchange Fellowship Pro-
gram of China under Grant No. 20140016.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Hongwei Niu https://orcid.org/0000-0001-5451-4961

REFERENCES
1. Schober T. Applications of oxidic high-temperature proton con-

ductors. Solid State Ionics. 2003;162:277-281. doi:10.1016/
S0167-2738(03)00241-8

2. Li H, Chen X, Chen S, Wu Y, Xie K. Composite manganate
oxygen electrode enhanced with iron oxide nanocatalyst for
high temperature steam electrolysis in a proton-conducting
solid oxide electrolyzer. Int J Hydrog Energy. 2015;40(25):7920-
7931. doi:10.1016/j.ijhydene.2015.04.067

3. Fabbri E, Bi L, Pergolesi D, Traversa E. Towards the next gen-
eration of solid oxide fuel cells operating below 600� C with
chemically stable proton-conducting electrolytes. Adv Mater.
2012;24(2):195-208. doi:10.1002/adma.201103102

4. Iwahara H, Uchida H, Tanaka S. High temperature type proton
conductor based on SrCeO3 and its application to solid electro-
lyte fuel cells. Solid State Ionics. 1983;9:1021-1025. doi:
10.1016/0167-2738(83)90125-X

5. Iwahara H, Uchida H, Ono K, Ogaki K. Proton conduction in
sintered oxides based on BaCeO3. J Electrochem Soc. 1988;
135(2):529-533. doi:10.1149/1.2095649

6. Bohn HG, Schober T. Electrical conductivity of the high-
temperature proton conductor BaZr0. 9Y0. 1O2. 95. J Am
Ceram Soc. 2000;83(4):768-772. doi:10.1111/j.1151-2916.2000.
tb01272.x

7. Kreuer KD, Münch W, Fuchs A, et al. Proton conducting alka-
line earth zirconates and titanates for high drain electrochemi-
cal applications. Solid State Ionics. 2001;145(1–4):295-306. doi:
10.1016/S0167-2738(01)00953-5

8. Brett DJL, Atkinson A, Brandon NP, Skinner SJ. Intermediate
temperature solid oxide fuel cells. Chem Soc Rev. 2008;37(8):
1568-1578. doi:10.1039/B612060C

9. Kreuer KD. Proton-conducting oxides. Annu Rev Mater Res.
2003;33(1):333-359. doi:10.1146/annurev.
matsci.33.022802.091825

10. Bi L, Boulfrad S, Traversa E. Steam electrolysis by solid oxide
electrolysis cells (SOECs) with proton-conducting oxides. Chem
Soc Rev. 2014;43(24):8255-8270. doi:10.1039/C4CS00194J

11. Slodczyk A, Colomban P, André G, et al. Structural modifica-
tions induced by free protons in proton conducting perovskite
zirconate membrane. Solid State Ionics. 2012;225:214-218. doi:
10.1016/j.ssi.2012.01.023

12. Kreuer KD. Aspects of the formation and mobility of protonic
charge carriers and the stability of perovskite-type oxides. Solid
State Ionics. 1999;125(1–4):285-302. doi:10.1016/S0167-2738(99)
00188-5

13. Perovskite oxide for solid oxide fuel cells. New York, NY:
Springer; 2009. doi:10.1007/978-0-387-77708-5

NIU ET AL. 7823

https://orcid.org/0000-0001-5451-4961
https://orcid.org/0000-0001-5451-4961
info:doi/10.1016/S0167-2738(03)00241-8
info:doi/10.1016/S0167-2738(03)00241-8
info:doi/10.1016/j.ijhydene.2015.04.067
info:doi/10.1002/adma.201103102
info:doi/10.1016/0167-2738(83)90125-X
info:doi/10.1149/1.2095649
info:doi/10.1111/j.1151-2916.2000.tb01272.x
info:doi/10.1111/j.1151-2916.2000.tb01272.x
info:doi/10.1016/S0167-2738(01)00953-5
info:doi/10.1039/B612060C
info:doi/10.1146/annurev.matsci.33.022802.091825
info:doi/10.1146/annurev.matsci.33.022802.091825
info:doi/10.1039/C4CS00194J
info:doi/10.1016/j.ssi.2012.01.023
info:doi/10.1016/S0167-2738(99)00188-5
info:doi/10.1016/S0167-2738(99)00188-5
info:doi/10.1007/978-0-387-77708-5


14. Yildiz B. “Stretching” the energy landscape of oxides—effects
on electrocatalysis and diffusion. MRS Bull. 2014;39(2):147-156.
doi:10.1557/mrs.2014.8

15. Aydin H, Korte C, Rohnke M, Janek J. Oxygen tracer diffusion
along interfaces of strained Y 2 O 3/YSZ multilayers. Phys
Chem Chem Phys. 2013;15(6):1944-1955. doi:10.1039/
C2CP43231E

16. Fluri A, Pergolesi D, Roddatis V, Wokaun A, Lippert T. In situ
stress observation in oxide films and how tensile stress influ-
ences oxygen ion conduction. Nat Commun. 2016;7(1):1-9. doi:
10.1038/ncomms10692

17. Kreuer KD. On the complexity of proton conduction phenom-
ena. Solid State Ionics. 2000;136:149-160. doi:10.1016/S0167-
2738(00)00301-5

18. Chen Q, Braun A, Ovalle A, Savaniu CD, Graule T,
Bagdassarov N. Hydrostatic pressure decreases the proton
mobility in the hydrated BaZr 0.9 Y 0.1 O 3 proton conductor.
Appl Phys Lett. 2010;97(4):041902. doi:10.1063/1.3464162

19. Chen Q, Braun A, Yoon S, Bagdassarov N, Graule T. Effect of
lattice volume and compressive strain on the conductivity of
BaCeY-oxide ceramic proton conductors. J Eur Ceram Soc.
2011;31(14):2657-2661. doi:10.1016/j.jeurceramsoc.2011.02.014

20. Ottochian A, Dezanneau G, Gilles C, Raiteri P, Knight C,
Gale JD. Influence of isotropic and biaxial strain on proton
conduction in Y-doped BaZrO 3: a reactive molecular dynamics
study. J Mater Chem A. 2014;2(9):3127-3133. doi:10.1039/
C3TA12800H

21. Fluri A, Marcolongo A, Roddatis V, et al. Enhanced proton
conductivity in Y-doped BaZrO3 via strain engineering. Adv
Sci. 2017;4(12):1700467. doi:10.1002/advs.201700467

22. Fabbri E, Magras�o A, Pergolesi D. Low-temperature solid-oxide
fuel cells based on proton-conducting electrolytes. MRS Bull.
2014;39(9):792-797. doi:10.1557/mrs.2014.191

23. Iwahara H. Technological challenges in the application of pro-
ton conducting ceramics. Solid State Ionics. 1995;77:289-298.
doi:10.1016/0167-2738(95)00051-7

24. Coors WG, Readey DW. Proton conductivity measurements in
yttrium barium cerate by impedance spectroscopy. J Am Ceram
Soc. 2002;85(11):2637-2640. doi:10.1111/j.1151-2916.2002.
tb00507.x

25. Fabbri E, Pergolesi D, Traversa E. Materials challenges toward
proton-conducting oxide fuel cells: a critical review. Chem Soc
Rev. 2010;39(11):4355-4369. doi:10.1039/B902343G

26. Jing Y, Aluru NR. The role of A-site ion on proton diffusion in
perovskite oxides (ABO3). J Power Sources. 2020;445:227327.
doi:10.1016/j.jpowsour.2019.227327

27. Kresse G, Furthmüller J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave
basis set. Comput Mater Sci. 1996;6(1):15-50. doi:10.1016/0927-
0256(96)00008-0

28. Kresse G, Joubert D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys Rev B. 1999;59(3):
1758-1775. doi:10.1103/PhysRevB.59.1758

29. Kresse G, Furthmüller J. Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set.
Phys Rev B. 1996;54(16):11169–11186. doi:10.1103/Phys
RevB.54.11169

30. Perdew JP, Burke K, Ernzerhof M. Generalized gradient
approximation made simple. Phys Rev Lett. 1996;77(18):3865-
3868. doi:10.1103/PhysRevLett.77.3865

31. Henkelman G, Uberuaga BP, J�onsson H. A climbing image
nudged elastic band method for finding saddle points and mini-
mum energy paths. J Chem Phys. 2000;113(22):9901-9904. doi:
10.1063/1.1329672

32. Manz TA. Introducing DDEC6 atomic population analysis: part
3. Comprehensive method to compute bond orders. RSC Adv.
2017;7(72):45552–45581. doi:10.1039/C7RA07400J

33. Jain A, Ong SP, Hautier G, et al. Commentary: the materials
project: a materials genome approach to accelerating materials
innovation. APL Mater. 2013;1(1):011002. doi:10.1063/1.48
12323

How to cite this article: Niu H, Jing Y, Sun Y,
et al. Strain-induced tunable energy barrier of
proton diffusion in Y-doped BaCeO3 and Y-doped
BaZrO3. Int J Energy Res. 2022;46(6):7816-7824.
doi:10.1002/er.7682

7824 NIU ET AL.

info:doi/10.1557/mrs.2014.8
info:doi/10.1039/C2CP43231E
info:doi/10.1039/C2CP43231E
info:doi/10.1038/ncomms10692
info:doi/10.1016/S0167-2738(00)00301-5
info:doi/10.1016/S0167-2738(00)00301-5
info:doi/10.1063/1.3464162
info:doi/10.1016/j.jeurceramsoc.2011.02.014
info:doi/10.1039/C3TA12800H
info:doi/10.1039/C3TA12800H
info:doi/10.1002/advs.201700467
info:doi/10.1557/mrs.2014.191
info:doi/10.1016/0167-2738(95)00051-7
info:doi/10.1111/j.1151-2916.2002.tb00507.x
info:doi/10.1111/j.1151-2916.2002.tb00507.x
info:doi/10.1039/B902343G
info:doi/10.1016/j.jpowsour.2019.227327
info:doi/10.1016/0927-0256(96)00008-0
info:doi/10.1016/0927-0256(96)00008-0
info:doi/10.1103/PhysRevB.59.1758
info:doi/10.1103/PhysRevB.54.11169
info:doi/10.1103/PhysRevB.54.11169
info:doi/10.1103/PhysRevLett.77.3865
info:doi/10.1063/1.1329672
info:doi/10.1039/C7RA07400J
info:doi/10.1063/1.4812323
info:doi/10.1063/1.4812323
info:doi/10.1002/er.7682

	Strain-induced tunable energy barrier of proton diffusion in Y-doped BaCeO3 and Y-doped BaZrO3
	1  INTRODUCTION
	2  COMPUTATIONAL DETAILS
	3  RESULTS
	3.1  Energy barrier of proton rotation and transfer under strain
	3.2  Elementary steps underlying the proton rotation and transfer
	3.3  Strain effect on the elementary steps

	4  CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


