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Understanding the electrode properties at the atomistic level is of great benefit to the evaluation of
electrode performance and design of better electrode materials in solid oxide fuel cells. In this work,
density functional theory (DFT) calculations are employed to investigate the formation and conducting
behaviors of oxygen vacancies and proton defects in Ruddlesden—Popper oxide SrEu,Fe,O, (SEFO),
which has been experimentally characterized as a promising cathode. The calculation results suggest
both oxygen vacancies and proton defects can be formed in SEFO, and especially, the formation of
these defects is largely dependent on oxygen sites in the special crystal structure with alternative
stacking of rock-salt layers and double-layered perovskite slabs. The oxygen vacancies within the
perovskite slabs have very low formation energies, but demonstrate high energy barriers for migration
and low hydration properties; while in the case of those in the rock salt layers, it's contrary. Interestingly,
protons have similar migration abilities in the perovskite slabs and rock salt layers. And therefore,

increasing the vacancy concentration of the rock salt layer is beneficial to increase the concentration of

iig:gé% 2129?: éif;ir:rbggzzgzo proton defects and to improve the proton conductivity. DFT calculations also indicate that substituting
Zn for Fe in SEFO can largely depress the oxygen vacancy formation energy, which helps to increase the

DOI-10.1039/d0ra080979 concentration of both defects. Importantly, the energy barriers for migration of both oxygen ions and
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Introduction

To guarantee energy security and solve climate change, devel-
oping renewable and sustainable energy conversion devices is
regarded as a promising means. Among various energy
conversion technologies, solid oxide fuel cells (SOFCs) are one
of the most attractive ones because of its high conversion effi-
ciency and low environmental impacts." Compared with tradi-
tional oxygen-ion conducting ones (O-SOFCs), proton
conducting SOFCs (P-SOFCs) based on proton conducting
electrolytes are more suitable for operating at low and inter-
mediate temperatures (IT) because of the low energy barriers for
proton conduction and proton involved electrode reactions, and
thus have attracted more attention recently.>* Unfortunately,
the lack of proper cathode materials makes P-SOFCs show very
a limited advantage on power output over O-SOFCs even at
intermediate temperatures.

In the cathode of P-SOFC, protons (OHy) that are formed at
the anode and transferred to the cathode via the electrolyte
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protons are barely enhanced, implying a negligible trapping effect of the Zn dopant.

react with oxygen gas to generate water molecules, which will
then be released to the atmosphere, as expressed in the Kroger—
Vink notation in eqn (1).

40H,, + O, + 4~ —2H,0 + 40 (1)

2V} + 0, + 4e” — 20} @)

Compared with the cathode reaction of O-SOFCs (expressed in
eqn (2)) which requires oxygen ion-electron mixed conduction,
great proton and electron conduction are clearly demanded to
efficiently accomplish the complex cathode reactions of P-
SOFCs. This finding suggests that proton-electron mixed
conductors should be promising cathode materials for P-
SOFCs, which could substantially extend the reaction zone
from typical triple phase boundaries (the interface between the
proton-conducting electrolyte and the cathode) to the whole
cathode surface and thus accelerate the reaction rate. Till now,
most claimed proton-electron mixed conductors are focused on
perovskite oxides (e.g. BaCog 4Fe( 4Zr 1Y(.10;) and Ruddlesden—
Popper (R-P) oxides (e.g. SrsFe,0,).*® Very recently, doped
SrEu,Fe,0- as a derivant of Sr;Fe,0O, was found to demonstrate
great stability and electrochemical performance under high
steam containing atmospheres, which made it a promising air
electrode for reversible solid oxide cells (RSOCs).® In spite of the
distinguished electrochemical performance of these mixed
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conductors, the evaluation of their proton conduction is still
complex experimentally due to the difficulty in determining
proton concentration and migration behaviors in operating
conditions.”

DFT is a powerful tool which can be used to understand the
micro-mechanism of SOFC-related electrochemical reactions,
and to establish suitable screening and modification schemes
to provide directions for the development of electrodes and
electrolyte materials.*® Many works have suggested that it is
useful to investigate the proton conduction in electrolytes and
proton/electron mixed conducting cathode materials by
revealing the proton uptake and migration energy barriers.***>

In this work, DFT simulation is used to investigate the
possible defects formation and conduction behaviors in ternary
double-layered Ruddlesden-Popper phases SrEu,Fe,0, (SEFO)
in which rare earth (Eu) and alkaline earth (Sr) atoms are
arranged orderly in the A sites, and the smaller Eu*" ion prefers
the smaller nine-coordinate sites in the rock salt layers rather
than the twelve-coordinate sites in the perovskite slabs,'® as
shown in Fig. 1a. The special orderly arrangements of the A-site
atoms can lead to inhomogeneity in the formation and
conduction of defects, and provide more information on

()
rock salt layer
EuO layer
FeO layer .
SrO layer perovskite slab
(b) (©)

&,m

150
.&,& 1

o&d?

&,,',&
EM A
.& (43
&‘&"&

°°OO.

Sr Eu FeZn O

Fig. 1 (a) SEFO bulk structure. The magnetic moment configurations
for (b) SEFO and (c) SEFZ.
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exploring novel materials. To further investigate the potential of
the SEFO scheme for proton involved reactions, the substitution
of Zn for Fe in SEFO is also discussed.

Computational method

Spin-polarized density functional theory (DFT) was employed
using the Vienna Ab initio Simulation Package (VASP).** The
electron exchange-correlation functional and the electron-ion
interaction were approximated by the Perdew-Burke-Ernzerhof
(PBE) version of the generalized gradient approximation (GGA)
and projector-augmented wave potentials, respectively.'>'® To
correct the large self-interaction error inherent in DFT-GGA for
mid-to-late first-row transition metal (TM) oxides, DFT+U
methods were used.” The on-site correction U.gs was applied to
Fe, with the effective U values equal to 5.3 eV. The choice of the
Ue¢r value had been used in the Sr;Fe,O; system.'®

All calculations used a kinetic energy cutoff of 450 eV for the
plane wave basis and Brillouin zone sampling based on the
Monkhorst-Pack (MP) scheme.” A 2 x 2 x 1 G-centered k-point
grid was built in 192-atom bulk cells (contains 16 formula units).
The electronic energy convergence was set to 10> €V, and the
residual force on each atom was smaller than 0.05 eV A"

Experimentally, the structure of SEFO was reported as
a tetragonal R-P structure in space group P4,/mnm with lattice
parameters @ = 5.507 A and ¢ = 19.876 A.>° Along the c-axis, it
can be seen to have a stacked structure of strontium oxygen,
iron oxygen, europium oxygen, and iron oxygen, as shown in
Fig. 1a.

The electronic structural features for each supercell model
and magnetic arrangement were analyzed. Topological analysis
of the electron density was carried out employing the Bader
approach.”

For proton-conducting perovskites, proton defects can form
in moist atmosphere, as expressed in eqn (3),

H,0 + V§ + 05 —20H;, (3)

Obviously, the formation energy of the oxygen vacancy is
a prerequisite for hydration. Thus we calculated the oxygen
vacancy formation energy (AE,,) first via eqn (4).

o] +0.5E[0x(g)] — Elper] (4)

Where, E[V{] is the total energy of the cell containing the oxygen
vacancy; E[per] is the total energy of the perfect SEFO and Zn
doped SEFO cell; E[O,(g)] is the total energy of the oxygen
molecule, but this is problematic since PBE is known to over-
bind the O, molecule, so here the E[O,(g)] is calculated by the
total energies of atoms and combined with experimental values
for the cohesive energies (—5.21 eV) which come from the
JANAF thermochemical tables.”” Then, the hydration energy
(AEpyq) was defined as eqn (5).

AE = E[V,

AEws = E[20H] - E[V5] — E[H,0(g)] (5)

And E[20H] is the total energy of the hydrogen interstitial cell;
E[H,0(g)] is the total energy of an isolated water molecule. The
transport energy barriers were obtained by using the climbing
image nudged elastic band (CI-NEB) method.*
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Results and discussion

The confirmation of the magnetic states of oxides helps to
accurately evaluate the electronic structure of the system. The
SEFO structures with different initial spin moments are con-
structed, and calculation results suggest that the structure that
is antiferromagnetic (AFM, shown in Fig. 1b) has lower energy
than that which is ferromagnetic (FM), indicating that the AFM
structure is more stable, consistent with the experimental
observations.> Similarly, the SrEu,Fe; sZn, ;0, (SEFZ) that is
AFM also demonstrates the most stable configuration, as shown
in Fig. 1c.

Structural features

Table 1 lists the optimized cell volumes and TM-O bond average
lengths. The small overestimation (~2.6%) of computed cell
volumes versus experimental values* should be ascribed to
a well-known shortcoming of the DFT-GGA+U method.

Compared with SEFO, the lattice volume of SEFZ expands
slightly, which should result from the relatively larger radius of
Zn”". Interestingly, the large Zn>" ions lead to a longer Zn-O
bond, yet simultaneously shorten the Fe-O bond to a certain
degree, which may lead to slight distortion of the octahedra and
impact the electronic structure of Fe in SEFZ (to be discussed in
the next section).

Electronic structure

Fig. 2a presents atom and angular-momentum-projected
densities of states (PDOS) for SEFO and SEFZ at the PBE+U
level of theory. Obviously, SEFO exhibits a typical half-metal
state density near the Fermi level. This feature is similar to
Sr;Fe,0;,. The broad weak hybridized state across the Fermi

Table1 The volumes (A® per f.u.)and TM—O bond lengths (A) for SEFO
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level due to the overlap between the TMs 3d and O 2p orbitals
indicates that electron conduction is possible for SEFO, sug-
gesting that SEFO should have adequate electronic conduction
as demanded for an electrode. It should be also noted that the
valence band around the Fermi energy level is mainly attributed
to the O p band, while the conduction band is mainly from the
TMs d band. This highlights the importance of the Fe-O
interaction to forming the electronic conductivity. The domi-
nating oxygen character around the Fermi level also suggests
that oxygen anions may play a major role in the electron
exchange with the reaction intermediates. And for SEFZ, a few
3d electronic states of the Fe which neighbors the Zn in the AB
plane appear in the spin-down band gap at 0.35 €eV.

The 3d magnetic moments and Bader atomic partial charges
of the TMs are summarized in Table 2. As expected, the charges
of the TMs and O deviate from their respective formal oxidation
states because of the mixed ionic-covalent character of the
TMs-0O bonds, and Zn exhibits a much lower oxidation state
than Fe. It should be noted that the Bader charges seem to
suggest no significant change before and after substituting Zn
in SEFO. Yet, the difference in charge density between SEFZ and
SEFO, as shown in Fig. 2b, suggests that Fe in SEFZ exhibits
a smaller charge density. The different charge density combined
with the variation of the Fe magnetic moment shown in Table 2
jointly indicate that the valence state of Fe in SEFZ is slightly
raised. This also explains why the volume expansion of the SEFZ
is not as large as expected.

Formation and migration of oxygen vacancy

Formation energy of oxygen vacancies is a key indicator to
evaluate the oxygen vacancy concentration in mixed conducting

Table 2 Bader charges (e) and magnetic moments (ug) for SEFO and
SEFZ

and SEFZ Bader
Mag
14 Fe-O Zn-O Fe n o Fe

SEFO 154.675 2.022 None SEFO 1.765 None —1.255 4.176
SEFZ 155.138 2.009 2.0785 SEFZ 1.762 1.309 —1.223 4.058
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Fig.2 (a) PDOS for Fe 3d (black) and O 2p (red) states in SEFO and SEFZ; (b) the difference electron densities in the (001) plane after Zn replaces

Fe, the color changing from red to blue indicates that the electron density decreases by —0.01 e A=3.
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oxides. The special layered structures of SEFO lead to five
distinct oxygen sites, which are labeled OI, OII, OIII, OIV and
OV, as shown in Fig. 3a, Here, OI is located in the SrO layer, OII
in the EuO layer, and OIII, OIV and OV all in the FeO layer
within the slightly tilted octahedra. Fig. 3c shows the formation
energies of the oxygen vacancies located at each distinct oxygen
site (OI-OV). Among all the five sites, OI has the lowest vacancy
formation energy of 1.2 eV, indicating that the oxygen vacancy
prefers mostly to be formed at the central site of the pseudo-
perovskite slabs. While OII has the highest vacancy formation
energy, which makes oxygen vacancies more difficult to be
formed than in the rock salt layer. This is similar to that
observed in (Sr,La);Fe,O, s the layered perovskites.* Such
commonality seems to suggest that the difference in the oxygen
vacancy formation energies of pseudo-perovskite slabs and the
rock salt layer is mainly due to the unique RP layer structure. It
should also be noted that oxygen sites in the FeO layer also
demonstrate different formation energies, which should be
attributed to the slant of the Fe-O octahedra. And the closer the
site (OIII) is to the rock salt layer, the larger the formation
energy observed.

The formation of an oxygen vacancy can be also viewed as
a process of the subsequent redistribution of the extra electrons
from the oxide ion into the lattice, which in turn impacts the
electronic structure. The ability of charge rearrangement may
be assessed in two aspects, the number of charge transfer paths
and the covalency of the charge transfer paths. It is believed that
the main interaction between O atoms and A-position ions is
the formation of ionic bonds, while the charge transfer mainly
occurs through the TMs-O bonds with covalent bonding
components. The oxygen in the rock salt layer can only form one
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TMs-O bond, while the oxygen in the perovskites layer can form
two TMs-O bonds, which benefits the charge rearrangement
and thus the low formation energy. Meanwhile, hybridization
characteristics between OI and Fe near the Fermi energy level
are much larger than between OII and Fe, as shown in Fig. 3d,
which favors the charge transfer between OI and Fe, and also
depresses the vacancy formation energy. Analysis on both the
bonding numbers and the bond hybridization indicates the
oxygen site in the rock salt layer should have high vacancy
formation energy which should be highly associated with the
special layer structure of RP oxides.

Another key factor to determine the oxygen ion conduction is
the energy barriers for oxygen ions via oxygen vacancies. Table 3
lists the calculated oxygen vacancy migration barriers in SEFO.
Interestingly, for the OI site, the most feasible site to form the
oxygen vacancy, the vacancy needs to overcome an energy
barrier of at least 0.84 eV to migrate away to other sites, yet only

Table 3 Energy barriers (eV) for oxygen vacancy migration

Initial to
Initial Final final Final to initial
SEFO Ol OIIl 1 0.65
Oo1v 0.88 0.22
oV 0.84 0.53
OII OIII 0.35 0.35
o1V 0.55 0.68
oV 0.23 0.26
oV OIIl 0.78 0.74
Oo1v 0.58 0.68
SEFZ Obl Oav 0.86 0.25

SEFO

SEFZ

PDOS(arb.units)

E — E¢ (eV)

Fig. 3 Oxygen atoms at specific sites in (a) SEFO and (b) SEFZ; (c) oxygen vacancy formation energies at different O-sites labeled in (a) and (b);

and (d) the PDOS between Fe and OI/OIl in SEFO and SEFZ.
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overcome a barrier of 0.53 eV to go back. While for OII, the
energy barrier is much lower for the vacancy to migrate away, for
which the lowest barrier is only 0.23 eV. These results highly
suggest that it is more difficult for an oxygen ion to incorporate
into the stable sites for oxygen vacancy. As indicated in Table 3,
it can be also found that the minimum energy path (MEP) of
vacancy transport is following OII-OV-OII with the barrier of
only 0.26 eV, which is much lower than those in many perov-
skites. Considering both the migration barrier and the defect
formation energy, the active energy for oxygen vacancy
conduction is about 1.82 eV when the vacancy is following the
MEPs.

Similar analysis has also been made on SEFZ. In SEFZ, there
are 15 distinct oxygen sites. For simplicity, we only consider the
five oxygen sites around the Zn dopant in SEFO (labeled as ObI-
ObV) and another five sites (labeled as Oal-OaV) around the Fe
ions next to the Zn dopant, as shown in Fig. 3b. Compared with
those in SEFO, the vacancy formation energies of the corre-
sponding Fe-O octahedra in SEFZ are all reduced by 0.3-0.4 eV.
This indicates that Zn doping has a significant promotion effect
on the increase in oxygen vacancy concentration. The effective

Table 4 Bader charges (e) for SEFO and SEFZ before and after the Ol
vacancy formation
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average Bader charges of SEFO/SEFZ atoms before and after the
OI vacancy formation are summarized in Table 4. In SEFO, the
formation of an oxygen vacancy at the O1 site slightly reduces
the Bader charges of Fe. While in SEFZ, the extra charge left
behind by the loss of oxygen atoms is mainly distributed to the
oxygen while rarely localized to the iron atoms. This feature of
the Fe-O bond is conducive to the formation of vacancies,?”
which is favorable for the oxygen exchange and diffusion in the
SOFC cathode process. Strikingly, the migration energy barrier
for a vacancy to migrate away the Zn dopant (ObI — OaV) hardly
changes when compared with the corresponding one in SEFO
(01 — OV), implying a negligible trapping effect of the Zn
dopant. At the same time the corresponding migration barrier is
still smaller than the reported value of BaFeO,.*® Interestingly,
the migration energy barriers for a vacancy to migrate toward
the Zn dopant (OaV — ODbI) is only 0.25 eV, much lower than the
one in SEFO (OV — OI), suggesting that the Zn dopant benefits
the oxygen migration via vacancies.

Hydration and proton migration

Generally speaking, only a small proportion of vacancies can be
hydrated to OH, in mix-conductive perovskite oxides, unlike
acceptor-doped proton conductors, such as Y doped BaZrO;.>>*°
Therefore, assessing the hydration ability for all oxygen vacan-
cies is of great importance.

St Eu Fe Zn o Hydration energies at all five non-equivalent oxygen vacan-
cies in SEFO are evaluated, and in the case of the SEFZ system,
SEFO Free 1.580 1.836 1.765 None —1.255 Iv th . in th hed idered f
Vacancy 1.580 1.831 1.759 None _1.063 only the vacancy sites in the Zn-O octahedra are considered for
SEFZ Free 1.586 1.841 1.762 1.309 —1.224 simplicity. All the calculated hydration energies are shown in
Vacancy  1.584 1.836 1.762 1.298 —1.232  Fig. 4a. For SEFO, the oxygen vacancy at the EuO layer
(@ (b)
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Fig. 4 (a) Hydration energy of the corresponding oxygen vacancies in SEFO and SEFZ; (b) relative energies of the most stable configurations of

protons at each individual oxygen site in SEFO; and partial orientation and distribution of protons in (c) SEFO and (d) SEFZ.
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demonstrates a good hydration ability with the hydration
energy of —1.15 eV, much larger than that at the SrO layer
(—0.18 eV). Yet, this value is less negative than Sr;Fe,0, (—1.44
eV), which may account for the better stability of the SEFO
system in moist environments when used as an RSOC air elec-
trode. The other hydration energies are also shown in Fig. 4a.
Noticeably, it can be found that the hydration energies of the
oxygen sites in both SEFO and SEFZ are greatly dependent on
their relative sites instead of the existence of the Zn dopant.
That is to say, the Zn dopant has slight impact on the hydration
energies of the system, unlike those reported by Zohourian et al.
in which the Zn dopant can largely improve the hydration
energy of Ba,sSrysFeO; ;" This may also be rooted in the
special layered structure of the SEFO system, which has more
free space to relieve the stress caused by the interval proton.
Moreover, the better proton accommodation ability of rock-salt
layers seems to suggest the universality of double-layered P-R
oxides as potential proton involved mixed conducting oxides.
Especially, for each oxygen site, the higher the oxygen vacancy
formation energy is, the more negative the hydration energy is.
This observation clearly indicates the competition between
oxygen vacancy and proton defects when exposed to moist
conditions. It should also be noticed that although the Zn
dopant has less impact on the hydration energy due to the
smoothing effect of the layered structure, it can greatly depress
the oxygen vacancy formation energy. That means the Zn
dopant can largely improve the concentration of proton defects
by introducing more oxygen vacancies.

In addition to the hydration energy, the migration energy
barriers for protons should also be investigated. As shown in
Fig. 4c, migration energy barriers for protons should differ a lot
with their locating sites and approaching sites due to the
asymmetrical crystal structure. Moreover, unlike the direct
migration mechanism of oxygen ions, migration of protons
undergoes a hopping mechanism, which includes reorientation
(R) and transfer (T) processes. And thus, the migration energy
barriers for each proton defect should start from the respective
oxygen site, undergoing the reorientation process and/or the
transferring process, approaching the other specified oxygen
site. It is worth noticing that the stability of the proton of each
site has different values rooted in the different orientation
states of proton defects relative to neighboring ions and the
energies of the most stable proton configurations at the
different oxygen sites relative to the 1r configuration are shown
in Fig. 4b, which indicates 1r and 2r have better stability than
the others. Considering the low stability of protons in the FeO

Table 5 Energy barriers (eV) for proton hopping

SEFO [110] 1r-R-11 11-T-11 11-R-1r 1r-T-1r
0.43 0.43 0.21 0.1
[110] 2r-R-21 21-T-21 21-R-2r 2r-T-2r
0.49 0.23 0.21 0.39
SEFZ [110] 1r-T-1r 1r'-T-1r
0.16 0.08
[110] 2l-T-2 21121
0.20 0.26

This journal is © The Royal Society of Chemistry 2020
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layer and the difficulty to cross to the rock salt layer (as shown in
Fig. 4b), we mainly consider the protons located at 1r and 2r to
migrate within the SrO and EuO layers here. Table 5 shows the
relative hopping styles and barriers for the studied protons. The
calculated energy barriers for proton migration are also below
0.5 eV, close to the reported activation energy of proton
migration.*” These results indicate great proton diffusion ability
in the AB plane. For SEFZ, the proton transfer barriers between
1r < 1r' and 2r < 2r' are evaluated. Compared to that in SEFO
(as shown in Table 5, 1r-T-1r and 2r-T-2r), the proton transfer in
SEFZ is slightly lower, implying a very weak trapping effect in
SEFZ due to Zn doping.

Conclusion

In summary, the formation and migration properties of oxygen
vacancies and protons in the SEFO system were investigated by
DFT calculations. Compared with the experimental and
computational results of Sr;Fe,O, and BaFeO;, SEFZ has similar
oxygen vacancy formation energies and migration potentials,
while its more negative hydration energies and lower proton
migration potentials indicate its possible proton-conducting
ability. Combined with the electronic state density results, we
propose that SEFZ has the possibility of oxygen ion-proton-
electron triple conductivity.

The formation and migration behavior of defects in SEFO are
closely related to its unique layer structure. Oxygen vacancies
are more difficult to form in the rock salt layer than in the
perovskite slab, yet the larger free space in the rock salt layer
facilitates the conduction of oxygen vacancies. Moreover, when
compared with those in the perovskite slab, the oxygen vacan-
cies in the rock salt layer exhibit very good hydration ability.
Great proton migration along the [110] direction with very low
energy barriers (0.43 eV) is also confirmed in SEFO.

For Zn-doped SEFO, it was found that the Zn dopant could
significantly improve the vacancy concentration by depressing
the oxygen vacancy formation energies while hardly impacting
the hydration ability, which contributes to the increase in proton
concentration. Meanwhile, the Zn dopant demonstrated a trap-
ping effect on the proton conduction. All these imply that SEFZ
should have better proton conduction than SEFO because of its
higher proton concentration and close migration energy barrier.

Our investigations of SEFO and SEFZ seem to suggest that
the fantastic crystal structure of two-layered R-P oxide plays
a decisive role in the formation and migration of oxygen
vacancies and proton defects. This finding may contribute to
the intensive exploration of new proton-involved mixed
conductors.
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