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Abstract

The atomic-scale picture of the proton conduction in Y-doped BaZrOs has theoretically
been investigated using first-principles calculations on the basis of the nudged elastic band (NEB)
method and the kinetic Monte Carlo (KMC) method. In this crystal, protons mainly reside around Y
dopants due to the electrostatic attractive interaction between dopants and protons, which is
well-known as proton trapping. In the case of the typical doping level x ~ 0.2 in BaZr1.xYxO3-5, the
existence of Y-Y-Y triplets with the triangular configuration is an origin of the strong
proton-trapping effect, in which protons are oscillatorily transferred between two adjacent sites. The
proton conduction behavior is however different from the conventional picture of trapping &
detrapping applicable only to the case of dilute doping. At the typical doping level with dense
dopants, protons preferentially migrate along the three-dimensional network of Y dopants
throughout the crystal without detrapping. The preferential conduction pathways moderate the
strong trapping effect by dense dopants, resulting in the minor reduction of the proton diffusivity

and mobility in highly-doped BaZrO:s.
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1. Introduction

Proton-conducting oxides have attracted attention due to their potential application to
electrolytes in various electrochemical devices, such as fuel cells and water electrolyzers [1-6].
Perovskite-type oxides are a promising class of proton-conducting oxides, among which
acceptor-doped barium zirconate BaZrOs with the cubic perovskite structure is a leading candidate
with both high proton conductivity and excellent chemical stability [7-11]. The reported proton
conductivity is greater than 1x102 S/cm at 873 K, indicating the possible application for
intermediate temperature fuel cells.

In general, protons are incorporated into oxide crystals as charge carriers by aliovalent
doping according to the charge compensation mechanism. Taking Y-doped BaZrOs for example, a
part of Zr*" ions are substituted by Y** ions, to form Y’z with negative charges. Interstitial protons
are possible defects to cancel out the negative charges of Y'z:, which are dominant under high water
vapor pressures at low temperatures [12-14]. The solubility of dopants in BaZrO3 is comparatively
high, e.g., x ~ 0.3 in BaZri«YxO3.s [15,16]. This is one of key factors for the high proton
conductivity, as well as the high proton mobility in the crystal [3,7,17].

On the other hand, such aliovalent dopants have a negative effect on the proton
conductivity, well known as proton trapping due to dopant-proton association [18]. Yamazaki et al.
addressed the quantitative evaluation of the proton trapping effect on the proton conductivity of
BaZr08Y0.203-5 by simply assuming two types of protons in the crystal, i.e., free and trapped protons.
In their report, the temperature dependence of the measured proton diffusivity was fitted on the
basis of the simple assumption, to divide the apparent activation energy of the diffusivity (Q ~ 45
kJ/mol = 0.47 eV) into two contributions, i.e., the potential barrier for the proton diffusivity without
trapping (Ea ~ 0.16 eV) and the association energy of dopants and protons (Eas ~ 0.29 eV).

Note that the simple assumption does not correctly describe the atomic-scale picture of
proton diffusion in the crystal, although it may be a good approximation in the case of dilute doping

[19-21]. In general, there are many types of proton sites in the crystal depending on the local
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configurations of adjacent dopants, even though all proton sites are crystallographically equivalent
in the dopant-free situation. At the typical doping level x ~ 0.2 in BaZri+Y:Os-s5 the dense Y
dopants should make a complicated situation with a few dozen proton sites at least, meaning that
the single Ea and Eas cannot be defined in the rigorous manner. It is thus difficult to quantitatively
evaluate the proton trapping from macroscopic information acquired by most of experiments.

Theoretical calculations are powerful tools for fundamental understanding of the proton
trapping in the atomic level. According to the literature based on first-principles calculations
[3,7,17,22-25], protons in the BaZrOs crystal reside around O ions with forming an OH bond, and
migrate over a long range by repeating the rotation around single O ions and hopping between
neighboring O ions (rotation and hopping mechanism). Figure 1 shows the reported potential
energy surface (PES) of a proton in the perfect BaZrOs crystal without dopants [26]. There are four
equivalent energy global minima around an O ion, which are connected by a single type of rotation
paths with a low potential barrier. In addition, these rotational orbits are overlapped with adjacent
orbits, corresponding to the hopping paths. The calculated potential barriers of the rotation and
hopping paths are reported to be 0.18 eV and 0.25 eV, respectively. The difference in the potential
barrier between the proton rotation and hopping means that the hopping path is the rate-determining
process for the proton diffusion in the perfect crystal.

The change in the proton PES by several types of dopants has also been evaluated
theoretically in a first-principles manner [22-25]. In the literature, the changes in the site energy and
the potential barriers of proton migration were evaluated in a supercell with a single or a few Zr
ions substituted by dopants. In the case of Y dopants, the calculated proton site energies are
different by ~ 0.2 eV depending on the Y local configuration, and the calculated potential barriers of
the rotation and hopping paths are largely scattering in the range of 0.1-1.0 eV. These results clearly
indicate that the aforementioned simple assumption is insufficient for quantitative evaluation of the

proton trapping in highly-doped BaZrO:s.



However, there are several concerns in these theoretical studies, in which small supercells
consisting of 3x3x3 or 2x2x2 unit cells were employed, and only a few local configurations of Y
dopants were taken into consideration. In addition, the dopant configuration is assumed to be
random in their subsequent diffusion simulations based on the kinetic Monte Carlo (KMC) method
[27], although the formation of Y-Y pairs is reported to be favorable energetically [28]. The proton
trapping effect is therefore revisited in the present study using larger supercells of 4x4x4 unit cells
with a variety of Y configurations. In the diffusion simulations based on the KMC method, much
larger supercells of 10x10x10 unit cells were used, in which Y dopants are randomly arranged in
the form of “single Y ions” or “Y-Y pairs” to confirm the effect of Y-Y association. These two

configurations are called “random configuration” and “adjacent configuration”, hereafter.

2. Computational procedures

The proton diffusivity and conductivity of Y-doped BaZrOs were evaluated by taking a
two-step approach in the present study. First, the energy profiles along the rotation and hopping
paths were evaluated in a first-principles manner based on the nudged elastic band (NEB) method
[29,30] for various local configurations of Y dopants on Zr sites around the paths. Then, the
diffusion simulations were performed on the basis of the KMC method using the mean jump
frequencies estimated from the calculated potential barriers of all paths at the first step.

The NEB calculations were performed using first-principles calculations on the basis of the
projector augmented wave (PAW) method as implemented in the VASP code [31-36]. The 5s, 5p, 6s
and 5d orbitals for Ba, 4s, 4p, 5s and 4d orbitals for Zr and Y, 2s and 2p orbitals for O, and 1s
orbital for H were treated as valence states in the PAW potentials. The generalized gradient
approximation (GGA) parameterized by Perdew, Burke, and Ernzerhof was used for the
exchange-correlation term [37]. The plane wave cutoff energy was set to 400 eV. A supercell
consisting of 4x4x4 unit cells of BaZrOs (320 atoms) was used with a single k-point sampling at the

I" point. A proton and several Y dopants were additionally introduced into the supercell as OH
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and Yér, respectively. A uniform background charge was introduced to neutralize the supercell in
case that there is a net charge of defect species.

Several adjacent Zr sites around the rotation and hopping paths were taken into
consideration for Y local configurations, as shown in Fig. 2. Specifically, two first-nearest-neighbor
(INN) Zr sites (R1 and R2) and four 2NN (R3-R6) are considered for the rotation path, and one
INN (H1), two 2NN (H2 and H3), and one 3NN (H4) are for the hopping path. The distances from
the rotation and hopping paths are here defined as those from the middle points of the two paths.
The total numbers of irreducible Y configurations are 24 and 12 for the rotation and hopping,
respectively (See Tables 1 and 2 for details). The initial and final states for each path were first
determined by structural optimizations, and the migration trajectory connecting the two states and
their energy profiles were then evaluated by the NEB method. The atomic positions were fully
optimized until the atomic forces (including the spring forces in the NEB calculations) were
converged to be less than 0.02 eV/A.

Proton diffusion simulations were subsequently performed on the basis of the KMC
method using all of the rotation and hopping paths with a variety of Y configurations. Based on the
transition state theory [38], the mean frequency of the proton jump along each path, v, is given by

v =1vo exp(—AE™¢/kgT), (1)
where 1o is the vibrational prefactor, AE™2 is the potential barrier for the proton jump, ks is the
Boltzmann constant, and 7 is the temperature. vo was set to 10 THz for all of the migration paths,
which is a typical value for ionic jumps in crystals [19-21,39,40]. A supercell consisting of
10x10%10 unit cells (1,000 Zr sites) was used for the KMC simulations, in which a part of Zr ions
were substituted by Y ions according to a given Y concentration xy (= x in BaZr1xYxO3.5,) in the
range 0-0.3. In the supercell, Zr ions were randomly substituted by single Y ions or Y-Y pairs to
evaluate the effect of Y-Y association on the proton diffusivity. The KMC simulations of a single
proton were repeatedly performed (1,000 times) at each temperature in the range 600—1000 K. The

proton diffusivity D was estimated by the definitional equation,
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D = limy—o <r?/6t5>, (2)
where r» and ¢, are the displacement vector and the time after n-times KMC steps, respectively, and
<> denotes the ensemble mean. The KMC step, n, was set by carefully checking the convergence
of the diffusivity at each temperature. The proton diffusivity at a given xy was estimated as the
average in 10 supercells with different Y configurations. The proton mobility, £, was then obtained
by the Nernst-Einstein equation, ¢ = eD/ksT, and the proton conductivity, o, was finally estimated

from the product of the charge, e, the concentration, ¢, and the mobility, s

3. Results and Discussion
3.1 Potential barriers for proton rotation and hopping

All the calculated AE™E of the rotation and hopping paths with various Y configurations
are listed in Tables 1 and 2. The calculated AE™# are widely scattering with reference to those in the
dopant-free situation (paths R0O-1 and HO-1). Specifically, the AE™# for proton rotation and hopping
are in the range of 0.08—1.08 eV and 0.02—-0.56 eV, respectively.

The two AE™¢ of forward and backward migrations (AEin_l)ifg and AEfTig) are basically

different when the initial and final sites are inequivalent. Figure 3 shows the differences in potential
barrier between the forward and backward migrations (AEir,n_i)g}, - AE fr,n_i)gi,) only for the paths having

inequivalent initial and final states. In this figure, the initial state i' (or final state f') is redefined as
the state surrounded by more (or less) Y dopants. In the case of the rotation path, sites R1 and R2
are equivalent for both initial and final states, while sites “R3 and R4” and “R5 and R6” are
respectively close to the original initial and final states 1 and f. Therefore, the difference in the
number of Y dopants between the “R3 and R4” vs. the “R5 and R6” determines the redefined initial
and final states i' and f'. In the same manner, the difference in the number of Y dopants at “H2” vs.
“H3” determines the states i' and f' for the proton hopping. According to the simple trapping picture,
more Y dopants should more stabilize protons due to the electrostatic attractive interaction between

dopants and protons, resulting in the positive value in Fig. 3. Actually, all paths except a few

6



hopping paths have a positive value, meaning that the simple trapping picture is qualitatively
reasonable. The two exceptions imply that the proton site energies are not governed only by the
number of adjacent Y dopants and the distances from the dopants. For example, the potential energy
of a proton at the 1NN proton site from a Y dopant is reported to be slightly higher than that at the
2NN site [28], leading to the exception of path H1-2. The opposite trend is furthermore enhanced
when the site H1 is additionally occupied by a Y dopant (path H2-1). The large distortion and tilting
of YOs octahedral units can be another key factor determining the proton site energy. Fig. 4 shows
the local structures around proton sites in the initial and final states (i' and f') of path H2-1. Protons
in the crystal form a single OH bond, which basically directs toward the middle point between the
two 2NN O ions in BaZrOs. However, some of them largely tilt toward either of the two 2NN O
ions to form a strong OH-O bond. The final state f' of path H2-1 is a typical example of the OH-O
bond formation, where the proton is more stabilized than that in the initial state i', leading to an
exception against the simple trapping picture based on the electrostatic interaction.

Although the AE™ for the proton rotation and hopping with several Y configurations were
calculated by first-principles calculations in the previous theoretical studies [24,25], only a small
part of Y configurations in Tables 1 and 2 were taken into account. For example, the AE™2 of three
rotation paths and two hopping paths were calculated in Ref. [24], corresponding to RO-1, R1-1,
R1-2, HO-1, and H1-1. Ref. [25] took a bit more Y configurations into account, i.e., three rotations
and five hoppings (RO-1, R1-1, R2-1, HO-1, HI-1, H1-2, H2-1, and H3-2). Figure 5 shows the
classification of all paths in Tables 1 and 2 into the eight paths in Ref. [25] on the basis of the Y
local configurations. Specifically, the AE™e of the rotation path in Ref. [25] is given by a function
of the Y configuration only at the two INN sites (R1 and R2), while it is expressed as a function of
the Y configuration at the six sites (R1-R6) in the present study. The classification of the rotation
paths in Fig. 5 is the projection from the six-dimensional function in the present study onto the
two-dimensional function in Ref. [25]. The hopping paths are also classified in the same manner.
Note that the paths HI-2 and H2-1 have two AE™¢ for the forward and backward migrations,
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leading to ten groups in total. The classified AE™? are scattering in each group, indicating that more
Y configurations should have been necessary to evaluate the effect of Y dopants on the proton
diffusivity in the literature. In addition, the reported AE™# of paths H2-1 and H3-2 are considerably
overestimated in comparison with our results, probably due to the smaller supercell of 2x2x2 unit
cells in Ref. [25]. The structural relaxation during the proton migration could be excessively

restricted in the small supercell with the periodic boundary condition.

3.2 Proton diffusivity and conductivity

Using all information on the rotation and hopping paths with various Y configurations, the
proton diffusion simulations were performed on the basis of the KMC method. Figure 6 shows the
estimated diffusion coefficients as a function of inverse temperature, where single Y ions or Y-Y
pairs are randomly arranged in a large supercell of 10x10%10 unit cells (random and adjacent
configurations, respectively). The black line with the solid circles in each figure shows the
diffusivity without Y dopants, and therefore the deviation from the black line directly indicates the
proton trapping effect by Y dopants. The proton diffusivity decreases with increasing the Y
concentration, qualitatively meaning stronger proton trapping by more Y dopants. In addition, the
trapping effect is rather stronger in the adjacent configuration of Y dopants than that in the random
configuration, particularly at low Y concentration. These trends are consistent with the previous
report on the trapping of point defects (oxygen vacancies and proton interstitials) in BaZrOs [41]. In
their report, more Y-Y pairs exist in the crystal with higher Y concentration, which cause larger
distortion of the local structure in the crystal, leading to stronger proton trapping. However, the
decrease in the proton diffusivity is moderate for proceeding Y-dopant clustering, e.g., one order of
magnitude at most even at the highest doping level and the lowest temperature.

The black broken line in each figure shows the reported proton diffusivity in
BaZrosY0.20s3.5 measured by the AC impedance spectroscopy [18]. The estimated diffusivity in the

present study is one order of magnitude higher than the reported bulk diffusivity, although the slight
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convex upward is well reproduced. A possible origin of the difference between the estimated and
measured diffusivities is a given vibrational prefactor, which could be lower than the typical value
(10 THz) in this crystal. Another possible origin is the existence of other defect species, such as O
and Ba vacancies. These two defects could have proton blocking and trapping effects, respectively,
to decrease the proton diffusivity. Note that the reported experimental values are also scattering
depending on the procedures of sample preparations. For example, the grain-boundary-free thin film
of Y-doped BaZrOs prepared by the pulsed laser deposition (PLD) is reported to exhibit one order
of magnitude higher proton conductivity than the typical bulk conductivity of poly-crystal samples
at the same doping level [9]. Thus, the estimated proton diffusivity in the present study is in
reasonable agreement with the experimental values in light of the dispersion of experimental values
and the difference between the computational model and the actual situation.

The single Ea and Eas can be extracted from the estimated diffusivity curves in the present
study by fitting the curves in the same manner as in Ref. [18]. In the case of xy = 0.2, the Ea and Fas
are 0.28 and 0.14 eV in the random configuration, and 0.21 and 0.22 eV in the adjacent
configuration, respectively, while the reported Ea and Eas are ~ 0.16 eV and ~ 0.29 eV, respectively.
Although the relatively lower Eas seems to indicate underestimation of the trapping effect in the
present study, this only means the steeper slope and less curvature of the estimated diffusivities in
the same temperature range. Thus, the single Ea and Eas have no physical meaning, nothing but the
fitting parameter in this case.

Figure 7 shows the estimated proton conductivities at 600 and 1000 K as a function of Y
concentration (See Figs. S1 and S2 in the ESI for the detailed information). The blue and red lines
correspond to the ideal and actual cases, in which the hydration degree is exactly equal to 1 and
depends on the temperature due to the dehydration at high temperatures, respectively. The measured
hydration degree by the Karl Fischer titration method in the literature [16] was here used in the
actual case. At 600 K, the measured hydration degree is close to 1, leading to the comparable

conductivities between the ideal and actual cases. By contrast, at 1000 K, the conductivities in the
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actual case are much lower than that in the ideal case due to the remarkable dehydration. As for the
dependence on Y concentration, the proton conductivity monotonically increases with the Y
concentration at 1000 K, meaning that the increase of the carrier concentration exceeds the decrease
of the proton diffusivity by Y doping. On the other hand, the estimated conductivity has a maximum
around xy = 0.25 at 600 K. The similar trend can be seen in the reported bulk conductivity of
Y-doped BaZrOs at 573 K measured by impedance spectroscopy [16], in which the maximum point

is around xy = 0.2.

3.3 Proton-trapping sites

In this subsection, the atomic-scale picture of the proton conduction in Y-doped BaZrOs is
clarified on the basis of the existence probability of a proton in the crystal during the KMC
simulations. Particularly, the key Y configuration reducing the proton diffusivity and conductivity is
identified in the case of the typical doping level xy = 0.2. In addition, the origin of the difference in
the proton diffusivity between the random and adjacent configurations of Y dopants is discussed.

Prior to understanding the atomic-scale picture of the proton conduction, 12,000 proton
sites in a KMC simulation cell (10x10x%10 unit cells) are classified by the local configurations of Y
dopants. Specifically, since a proton site is connected to two rotation paths and two hopping paths
as shown in Fig. 8(a), all proton sites are classified by the combination of these four paths, i.e., by
the Y local configuration at the two 1NN, two 2NN, and four 3NN Zr sites from the proton site,
leading to 84 types of proton sites in total. Here, they are numbered in the ascending order of the
total number of Y dopants around the four paths, which is detailed in Table S1 in the ESI.

Because of stronger trapping effect at lower temperatures in principle, the KMC
simulations at the lowest temperature (600 K) are focused on hereafter. Figure 8(b) shows the
fraction of each type of proton sites in the KMC simulation cells rsite (blue bars) and the existence
probability of a proton at each site pu” (red bars) during the KMC simulations at xy = 0.2 in the

random configuration of Y dopants. The rsite profile is totally different from the pu* profile in Fig.
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8(b), indicating the site selectivity of protons in the migrating proton. Note that the proton hardly
occupies the sites surrounded by few Y dopants in spite of their high rsite. This clearly indicates that
the simple picture of proton trapping and detrapping is not applicable to the highly-doped situation,
in which the proton mainly resides around Y dopants and preferentially migrates along the
three-dimensional network of Y dopants throughout the crystal. The preferential conduction
pathways moderate the strong trapping effect by dense dopants, resulting in the minor reduction of
the proton diffusivity and mobility in the highly-doped BaZrO:s.

The migrating proton particularly prefers the three proton sites (site ID: 60, 61, and 63),
around which the local Y configurations are shown in Figs. 9(a)-(c). These proton sites have a
common Y configuration, triangular configuration of three Y dopants shown in Fig. 9(d). Note that
the extremely low potential barrier of a hopping path between two adjacent proton sites, 0.05 eV.
The potential barriers of the other paths connecting to the two proton sites are higher than 0.3 eV,
resulting in the oscillatory proton transfer between the two sites. Thus, the Y-Y-Y triplet in the
triangular configuration is a crucial Y configuration reducing the proton diffusivity and
conductivity.

In the adjacent configuration of Y dopants, a few other sites also have some contribution to
the proton trapping. Figure 8(c) shows the rsiee and the pu" during the KMC simulations at 600 K
and xy = 0.2 in the adjacent configuration. The additional trapping sites (site ID: 82, 83, and 84) are
surrounded by more Y dopants, which are connected to a type of hopping paths (H4-1) and two
types of rotation paths (R5-2 and R6-1). The potential barriers of proton migration from these sites
are comparatively high, resulting in the proton’s spending a lot of time at the three sites. The
existence of the additional trapping sites is thus the major origin of the stronger proton trapping in
the adjacent configuration than that in the random configuration. In real samples of Y-doped
BaZrOs sintered at high temperatures, the Y configuration can be an intermediate state between the
random and adjacent configurations. This suggests that the random distribution of Y dopants

without clustering is a possible strategy to improve the proton conductivity, although the expected
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increase is a few tenths at most as is clear from the difference in the estimated conductivity between

the two configurations in Fig. 7.

4. Conclusions

In the present study, the proton trapping effect by dopants in Y-doped BaZrOs was
theoretically revisited in the first-principles manner. The 24 rotation and 12 hopping paths with a
variety of Y local configurations were evaluated by the NEB calculations, whose potential barriers
are scattering in the range of 0.08-1.08 eV and 0.02-0.56 eV, respectively. Except for a few
hopping paths, protons are more stabilized at sites surrounded by more Y dopants, which
qualitatively agrees with the picture based on the electrostatic attractive interaction between dopants
and protons. The proton diffusivity estimated by the KMC simulations decreases with the Y
concentration in the simulation cell, indicating that the trapping effect tends to be enhanced by more
Y dopants. The estimated proton conductivity monotonically increases with the Y concentration at
high temperatures, while the conductivity at low temperatures has a maximum point around xy =
0.25. The trend is in reasonable agreement with the reported bulk conductivity at 573 K, although
the estimated values were somewhat overestimated. The proton trapping effect is furthermore
enhanced in the case of the adjacent configuration of Y dopants, in comparison with the random
configuration. The Y-Y-Y triplet in the triangular configuration is identified to be the key
proton-trapping configuration, in which protons are oscillatory transferred between two proton sites.
In addition, other proton sites surrounded by more Y dopants also have some contribution to the
proton trapping sites in the adjacent configuration. The proton conduction behavior is totally
different from the conventional picture of trapping and detrapping. At the typical doping level with
dense dopants, protons preferentially migrate along the three-dimensional network of Y dopants

throughout the crystal.
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Table and Figure captions

Table 1. The calculated potential barriers of proton rotation with various configurations of Y

dopants on Zr sites. Only the three configurations in the gray columns were calculated in Ref. [25].

Table 2. The calculated potential barriers of proton hopping with various configurations of Y

dopants on Zr sites. Only the five configurations in the gray columns were calculated in Ref. [25].

Fig. 1. The calculated PES of a proton in the perfect BaZrO3 crystal [26]. Only the regions with a
low potential energy below 0.3 eV with reference to the most stable site are shown. The black
spheres are the global energy minima corresponding to the most stable proton sites. The white and

blue spheres are the rotation and hopping paths identified by the NEB method.

Fig. 2. (a) The employed supercell of 4x4x4 unit cells for evaluating the potential barriers of proton
migrations. (b)(c) The adjacent Zr sites around the proton rotation and hopping paths, which were
taken into consideration for Y local configuration. Protons on sites i and f in the rotation path form
an OH bond with the same O ion between R1 and R2. The site i is located on the plane through “R1,
R2, R3, and R4”, while the site f is on the plane through “R1, R2, R5, and R6”. In the hopping path,
sites 1 and f are located on the same plane as H1, H2, H3, and H4, forming an OH bond with the

different O ions between “H1 and H2” and “H1 and H3”, respectively.
Fig. 3. The differences in potential barrier between the forward and backward migrations
(AEir,n_i)‘c’;,—AE fr,n_i)‘cf,) only for the paths having inequivalent initial and final states. The initial state i’ (or

final state /) is here redefined as the state surrounded by more (or less) Y dopants.
Fig. 4. The local structures around proton sites in the initial and final states (i' and f') of path H2-1.

Fig. 5. The calculated potential barriers of all paths in Tables 1 and 2 classified into the eight paths

in Ref. [25]. The paths H1-2 and H2-1 have two AE™? for the forward and backward migrations.

Fig. 6. The estimated proton diffusivities as a function of inverse temperature by the KMC

simulations in the range of 0 <xy < 0.3. A part of Zr sites were randomly substituted by (a) single Y

16



ions and (b) Y-Y pairs, corresponding to the random and adjacent configurations, respectively. The
black broken line in each figure is the reported proton diffusivity in BaZrosY0.203.5 measured by

the impedance spectroscopy [18].

Fig. 7. The estimated proton conductivities at 600 and 1000 K as a function of Y concentration. The
blue and red lines correspond to the ideal and actual cases, where the hydration degree is equal to 1
and depends on the temperature due to the dehydration at high temperatures, respectively. In the
actual case, the proton concentrations were estimated from the experimental hydration degree
measured by the Karl Fischer titration method in the literature [16]. The solid and open circles

correspond to the random and adjacent configuration of Y dopants, respectively.

Fig. 8. (a) Proton sites connecting to two rotation paths and two hopping paths, which are classified
into 84 proton sites in total. These proton sites are numbered in the ascending order of the total
number of Y dopants around the four paths. See Table S1 in the ESI for the detailed classification.
(b)(c) The fraction of each type of proton sites in the KMC simulation cells 7site (blue bars) and the
existence probabilities of a proton at each site pu* (red bars) during the KMC simulations at 600 K

in the random and adjacent configurations of Y dopants.

Fig. 9. (a)-(c) The local configurations of Y ions around sites 60, 61, and 63. (d) The common Y
configuration in the sites 60, 61, and 63, i.e., the Y-Y-Y triplet in the triangular configuration. The
calculated potential barriers of the migration paths connecting to the two proton sites are also shown

in the figure.
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Table 1. The calculated potential barriers of proton rotation with various configurations of Y

dopants on Zr sites. Only the three configurations in the gray columns were calculated in Ref. [25].

Zr and Y configuration in B sites AE™E /oy AE™E oy
#of Y PathID | R1 : R2 | R3 | R4 | R5 | Ré6 i-f ind
0 RO-1 Zr : Zr Zr : Zr : Zr : Zr 0.17 0.17
| R1-1 Y | Zr | Zr | Zr | Zr | It 0.18 0.18
R1-2 Zr | Zr | Zr  Zr Y | Zr 0.11 0.25
R2-1 Y Y Zr : Zr : Zr : Zr 0.25 0.25
R22 | Zr | Zr | Zr | Zr | Y Y 0.09 0.31
R2-3 Zr | ZIr Y | Zt Y | Zr 0.20 0.20
2 RA4 |zt | Zr | ze LY LY | zZr 0.17 0.17
R2-5 Y |zt | Zx | Ze | Y | Zr 0.08 0.29
R2-6 Y | Zr | Zr @ Zr | Zr Y 0.11 0.22
R3-1 Zr  Zr | Y 1 Zr Y 1Y 0.20 0.32
R3-2 Y [ Zr | Y | Ze Y | Zr 0.20 0.20
R3-3 Y | Ze | Zr LY Zr Y 0.20 0.20
3 R34 | Y |zt | zx iz Y |y 0.24 0.49
R3-5 Y |z | zr i Y LY | Zr 0.08 0.37
R3-6 Y | Y | zr i Ze Y | Zr 0.13 0.33
R4-1 Zr  Zv | Y Y Y Y 0.17 0.17
R4-2 Y Y | Y ! Y | Zt | Z 021 0.11
R4-3 Y | Y | zr LY | zr Y 0.40 0.40
4 R4-4 Y Y Y Zr | Zr Y 0.30 0.30
R4-5 Zr Y | Y Y | Zr 1Y 0.48 0.34
R4&-6 | Zr | Y | Y | Y | Y | Zr 0.45 0.22
5 R5-1 Zr LY |[Y Y [ Y Y 0.17 0.17
R5-2 Y | Y | Y I Y ! zZr Y 0.54 0.34
6 R6-1 Y | Y | Y I Y Y Y 1.08 1.08
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Table 2. The calculated potential barriers of proton hopping with various configurations of Y

dopants on Zr sites. Only the five configurations in the gray columns were calculated in Ref. [25].

Zr and Y configuration in B sites mig mig
FofY |PatniD | H1 | m2 | w3 | ma | OB [eV | BB eV
0 | HO-l | zr | zZr | Zr | Zr 0.25 0.25
Hi1-1 Y Zr | Zr Zr 0.21 0.21
| HI2 | zr | zr | Y Zr 0.19 0.17
HI-3 | Zr | Zr | Zr Y 0.42 0.42
H2-1 Y Zr Y Zr 0.15 0.02
, | m2 | Y Zr 7w | Y 0.41 0.41
H2-3 | Zr Zr Y Y 0.24 0.34
H24 | Zr Y | Y Zr 0.13 0.13
H3-1 Y Zr Y Y 0.24 0.38
3 H32 | Y Y | Y Zr 0.0 0.05
H3-3 | Zr Y Y Y 0.56 0.56
4 H4-1 Y Y Y Y 0.45 0.45
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0.3 eV

0eV
Fig. 1. The calculated PES of a proton in the perfect BaZrO; crystal [26]. Only the regions with a

low potential energy below 0.3 eV with reference to the most stable site are shown. The black
spheres are the global energy minima corresponding to the most stable proton sites. The white and
blue spheres are the rotation and hopping paths identified by the NEB method.
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(a) 4x4x4 unit cells

Fig. 2. (a) The employed supercell of 4x4x4 unit cells for evaluating the potential barriers of proton
migrations. (b)(c) The adjacent Zr sites around the proton rotation and hopping paths, which were
taken into consideration for Y local configuration. Protons on sites i and f in the rotation path form
an OH bond with the same O ion between R1 and R2. The site i is located on the plane through “R1,
R2, R3, and R4”, while the site f is on the plane through “R1, R2, R5, and R6”. In the hopping path,
sites 1 and f are located on the same plane as H1, H2, H3, and H4, forming an OH bond with the
different O ions between “H1 and H2” and “H1 and H3”, respectively.
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Fig. 3. The differences in potential barrier between the forward and backward migrations
(AE;:%,—AE frf:gi,) only for the paths having inequivalent initial and final states. The initial state i’ (or

final state /) is here redefined as the state surrounded by more (or less) Y dopants.
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(@) Initial state i’ (= f) (b) Final state ' (=1)

Fig. 4. The local structures around proton sites in the initial and final states (i' and f') of path H2-1.
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Fig. 5. The calculated potential barriers of all paths in Tables 1 and 2 classified into the eight paths
in Ref. [25]. The paths H1-2 and H2-1 have two AE™E for the forward and backward migrations.
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Fig. 6. The estimated proton diffusivities as a function of inverse temperature by the KMC
simulations in the range of 0 < xy < 0.3. A part of Zr sites were randomly substituted by (a) single Y
ions and (b) Y-Y pairs, corresponding to the random and adjacent configurations, respectively. The
black broken line in each figure is the reported proton diffusivity in BaZrosY0.203.5 measured by
the impedance spectroscopy [18].
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Fig. 7. The estimated proton conductivities at 600 and 1000 K as a function of Y concentration. The
blue and red lines correspond to the ideal and actual cases, where the hydration degree is equal to 1
and depends on the temperature due to the dehydration at high temperatures, respectively. In the
actual case, the proton concentrations were estimated from the experimental hydration degree
measured by the Karl Fischer titration method in the literature [16]. The solid and open circles

correspond to the random and adjacent configuration of Y dopants, respectively.
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Fig. 8. (a) Proton sites connecting to two rotation paths and two hopping paths, which are classified
into 84 proton sites in total. These proton sites are numbered in the ascending order of the total
number of Y dopants around the four paths. See Table S1 in the ESI for the detailed classification.
(b)(c) The fraction of each type of proton sites in the KMC simulation cells rsite (blue bars) and the
existence probabilities of a proton at each site pu" (red bars) during the KMC simulations at 600 K

in the random and adjacent configurations of Y dopants.

27



(a) Site 60 (b) Site 61

(c) Site 63

D AE™s = 0.05 eV
@ AE™e=0.38 eV
@ AEms > 0.3 eV

Fig. 9. (a)-(c) The local configurations of Y ions around sites 60, 61, and 63. (d) The common Y
configuration in the sites 60, 61, and 63, i.e., the Y-Y-Y triplet in the triangular configuration. The
calculated potential barriers of the migration paths connecting to the two proton sites are also shown

in the figure.
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Supplementary Information

Preferential Proton Conduction along Three-Dimensional Dopant Network

in Yttrium-Doped Barium Zirconate: A First-Principles Study

Kazuaki Toyoura,* Weijie Meng, Donglin Han, and Tetsuya Uda

Department of Materials Science and Engineering, Kyoto University,
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Fig. S1. The estimated proton conductivities in the range of 600 and 1000 K as a function of Y

concentration. The blue and red lines correspond to the fully and partially hydrated crystals,

respectively. In the partially-hydrated situation, the proton concentrations were estimated from the

actual proton concentrations measured by the Karl Fischer titration method in the literature [16].

The solid and open circles correspond to the random and adjacent configuration of Y dopants,

respectively.
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Fig. S2. The estimated proton conductivities as a function of inverse temperature in the range of 0 <
Xy < 0.3 with the (a) random and (b) adjacent configurations of Y dopants. The proton
concentrations were estimated from the actual proton concentrations measured by the Karl Fischer
titration method in the literature [16].



Table S1. All proton sites in Y-doped BaZrOs classified by the types of proton rotation and hopping
paths from the individual proton site. “a” and “b” in path ID mean the forward and backward

migrations, respectively. #Y is the total number of Y dopants around the four paths.

Path ID Path ID
Site | #Y Rotation Hopping Site | #Y Rotation Hopping

1 0 RO-1a RO-la HO-la HO-la | 43 10 | R2-2b R4-la H2-3a H2-3a
2 1 R1-2a RO-la HO-la HO-la | 44 | 10 | R3-6a R3-6a H2-1b H2-1b
3 2 RO-la R2-2a HO-la HO-la | 45 10 | R3-3a R3-3a H2-2a H2-4a
4 2 R1-2a R1-2a HO-la HO-la | 46 | 10 | R3-2a R3-2a H2-la H2-3b
5 3 R1-2a R2-2a HO-la HO-la | 47 | 10 | R2-1a R4-2b H2-1b H2-1b
6 4 | R1-2b RI1-2b HI1-2a HIl-3a | 48 10 | R2-5b R4-5b H2-la H2-3b
7 4 R1-1a Rl-la HI-la HI-2b | 49 11 R3-6a R4-2b H2-1b H2-1b
8 4 R2-2a R2-2a HO-la HO-la | 50 | 11 R3-2a R4-5b H2-la H2-3b
9 5 R1-la R2-5a HIl-la HI-2b| 51 11 R3-5b R4-5b H2-la H2-3b
10 5 R1-2b R2-4a H1-2a H1-3a | 52 11 R3-3a R4-6b H2-2a H2-4a
11 5 R1-2b R2-3a H1-2a H1-3a | 53 11 R3-5a R4-6b H2-2a H2-4a
12 5 Rl1-la R2-6a HI-la HI-2b| 54 11 R4-1a R3-1b H2-3a H2-3a
13 6 R2-6a R2-6a HIl-la HI-2b| 55 12 | R4-la R4-la H2-3a H2-3a
14 6 R1-2b R3-la HI1-2a H1-3a| 56 | 12 | R4-6b R4-6b H2-2a H2-4a
15 6 R1-la R3-4a HI-la HI-2b| 57 | 12 | R4-2b R4-2b H2-1b H2-1b
16 6 R2-4a R2-4a HI1-2a H1-3a | 58 12 | R3-4b R3-4b H3-la H3-3a
17 6 R2-5a R2-6a HI-la HI-2b| 59 | 12 | R4-5b R4-5b H2-la H2-3b
18 6 R2-3a R2-4a HI-2a HI1-3a | 60 12 | R3-6b R3-6b H3-1b H3-2a
19 6 R2-5a R2-5a HI-la HI-2b| 61 13 | R3-6b R4-3a H3-1b H3-2a
20 6 R2-3a R2-3a HI-2a HIl1-3a| 62 | 13 | R3-4b R4-5a H3-la H3-3a
21 7 R2-3a R3-la HIl-2a HI1-3a | 63 13 R4-4a R3-6b H3-1b H3-2a
22 7 R2-5a R3-4a HI-la HI-2b| 64 | 13 | R3-4b R4-6a H3-la H3-3a
23 7 R2-6a R3-4a Hl-la HI-2b| 65 14 | R4-4a R4-4a H3-1b H3-2a
24 7 R2-4a R3-la HI-2a HIl-3a | 66 | 14 | R4-5a R4-5a H3-la H3-3a
25 8 R2-5b R2-5b H2-la H2-3b | 67 | 14 | R4-3a R4-3a H3-1b H3-2a
26 8 R2-6b R2-6b H2-2a H2-4a | 68 14 | R3-6b R5-2b H3-1b H3-2a
27 8 R2-2b R2-2b H2-3a H2-3a| 69 | 14 | R3-4b R5-la H3-la H3-3a
28 8 R3-1a R3-la HIl-2a HI1-3a | 70 | 14 | R4-5a R4-6a H3-la H3-3a
29 8 R3-4a R3-4a HI-la HI-2b| 71 14 | R4-4a R4-3a H3-1b H3-2a
30 8 R2-1a R2-la H2-1b H2-1b| 72 | 14 | R4-6a R4-6a H3-la H3-3a
31 9 | R2-6b R3-3a H2-2a H2-4a | 73 | 15 | R4-6a R5-la H3-la H3-3a
32 9 R2-5b R3-2a H2-la H2-3b| 74 | 15 R4-3a  R5-2b H3-1b H3-2a
33 9 R2-2b R3-1b H2-3a H2-3a | 75 15 R4-4a R5-2b H3-1b H3-2a
34 9 R2-1a R3-6a H2-1b H2-1b| 76 | 15 R4-5a R5-la H3-la H3-3a
35 9 R2-5b R3-5b H2-la H2-3b| 77 | 16 | R5-1a R5-la H3-la H3-3a
36 9 R2-6b R3-5a H2-2a H2-4a | 78 16 | R4-2a R4-2a H4-la H4-la
37 10 | R3-5a R3-5a H2-2a H2-4a| 79 | 16 | R5-2b R5-2b H3-1b H3-2a
38 10 | R3-1a R3-5a H2-2a H2-4a| 80 | 17 | R4-2a R5-2a H4-la H4-la
39 10 | R2-6b R4-6b H2-2a H2-4a | 81 18 | R4-2a R6-la H4-la H4-la
40 10 | R3-2a R3-5b H2-la H2-3b| 82 | 18 | R5-2a R5-2a H4-la H4-la
41 10 | R3-1b R3-1b H2-3a H2-3a| &3 19 | R5-2a R6-la H4-la H4-la

N
\S)
—_
o

R3-5b R3-5b H2-1a H2-3b | 84 | 20 | R6-la R6-la  H4-la H4-la
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