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Solid ceramic proton conductors are a crucial component for hydrogen-based
energy devices, such as solid oxide fuel cells, electrolyzers, hydrogen separation
membranes, and novel electronic computing devices. I performed first-principles
computation to systematically investigate a wide range of perovskite and double
perovskite materials and to reveal the effects of different cations and their combinations
on the proton diffusion and hydrogen incorporation to rationally guide the future
development of these perovskite proton conductors. The high-throughput computation
discovered a number of layered double perovskite materials with good proton
incorporation capability and fast proton diffusion. The results provided the design

principles for the cation mixing in perovskite proton conductors and provided new
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research directions for novel double perovskite proton conductors for novel energy or
electronic devices.

I performed first-principles calculations to reveal the atomistic mechanisms of
proton insertion and diffusion in SrCoQO, 5 (SCO) brownmillerite structure that was
reported as a fast proton conductor than typical perovskite-based oxide proton
conductors. By studying the hydrogenated brownmillerite SCO in a range of H
concentrations, first-principles calculations revealed the proton diffusion mechanisms
in brownmillerite which give rise to faster proton diffusion than in perovskites proton
conductors. The understanding of fast proton conduction mechanisms in
brownmillerite provided insight into the future development and discovery of novel
proton conductor materials.

I performed a systematic first-principles computation study on a wide range of
ternary oxide materials to understand the role of cations and compositions on materials
stabilities and proton conduction in order to identify new proton conductor materials.
By analyzing a large set of computation data generated on a wide range of oxide
materials with different chemical compositions, our computation revealed how the
mole fraction and the species of cations affect water stabilities and hydrogen insertion.
By studying the proton diffusion in many different materials, our proton diffusion
analysis showed that oxide materials with connected BOs octahedra are optimal for fast
proton diffusion. Following our materials understanding, our high-throughput
computation identified a dozen oxide materials with good water stability, good proton

incorporation capability, and fast proton diffusion. This thesis provided a fundamental



understanding and design principles to develop oxide proton conductor materials with

good stabilities.
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Chapter 1. Introduction’

Fast proton conductor materials are essential components in hydrogen-based
energy devices, including proton-conducting solid oxide fuel cells (SOFCs), solid
oxide electrolyzer cells (SOECs), and hydrogen gas separation membranes.'™
Recently, proton-conducting materials have been utilized for novel electronic devices,
such as switchable optical devices, proton-gated transistors, and synaptic transistors for
neuromorphic computing, opening new opportunities for next-generation

9,10,19-23,11-18

computing. For SOFC/SOEC energy devices, increasing proton

conduction in electrolyte membranes and electrode materials can increase the power
output,>*?7 lower the operational temperature, and improve their efficiency.?®3
Current state-of-the-art proton conducting oxide materials are largely reported in a
small number of materials systems, such as perovskite, browmillerite, and Ruddlesden-
Popper.>**! However, only a small number of these materials, for example, Y-doped
BaZrOs3 and other substituted variant compositions, simultaneously exhibit the required
high ionic conductivity and good stabilities for the application in these energy devices
42746 These requirements on multiple materials properties greatly limit the available
choices of materials for different applications. Therefore, there is significant interest in

developing new solid-state ceramic materials that can exhibit high proton conduction

and meet other required properties such as stabilities.

T Some text of introduction is adapted from my published papers:
Islam, M. S.; Wang, S.; Nolan, A. M.; Mo, Y., “First-Principles Computational Design and Discovery
of Novel Double-Perovskite Proton Conductors”, Chem. Mater. (2021).
Islam, M. S.; Nolan, A. M.; Wang, S.; Bai, Q.; Mo, Y. “A Computational Study of Fast Proton Diffusion
in Brownmillerite Sr2C0205”, Chem. Mater. 32 (2020) (12), 5028-5035.
Islam, M. S.; Wang, S.; Alex T. Hall; Mo, Y., “First-Principles Computational Design and Discovery
of Solid-Oxide Proton Conductors”, In preparation, 2022.
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To achieve high proton conductivities, these proton-conductor materials should
have the capability to incorporate a high concentration of protons while maintaining a
a low energy barrier of proton migration. However, it has been challenging to
simultaneously achieve low migration energy barrier and high proton incorporation.
Current state-of-the-art perovskites proton conductors ABO3 (A-site = Sr**, Ba®*, B-
site = Zr*", Ce*, etc.) are substituted with aliovalent cations of Y**, Gd**, or Yb** to
create oxygen vacancies, which facilitate the incorporation of protons through the
dissociative adsorption of water.>*7% In this proton-incorporation mechanism, the
incorporated proton concentration is often limited to 0.2 H/f.u. by the dopant
concentrations and oxygen vacancy concentrations that can be achieved in the crystal
structures. While the aliovalent dopants facilitate the incorporation of protons, the
dopant cations trap protons near them, leading to increased energy barriers for proton
migration in the crystal structures, as shown in the experimental and computation

studies.>>¢!

This proton trapping effect holds for a wide range of perovskite
compositions, irrespective of acceptor dopants, increasing the energy barriers for
proton migration.>>7:60-65 Therefore, in the development of proton conductor

materials, a key challenge is to simultaneously achieve a large amount of hydrogen

incorporation and low energy barrier of proton migration.%¢-7

Perovskite materials without aliovalent cation substitutions or dopants are
reported with the capability to absorb a larger number of protons than the aliovalent-
substituted perovskites. For example, SmNiO3 and SrRuOs perovskites are reported to
absorb up to one hydrogen per formula unit without extrinsic dopant, thanks to the
multivalent cations Ni*?/Ni* and Ru™/Ru**, respectively.”’’? This high proton
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concentration allows the SmNi1O; material to achieve a high proton conductivity of 1
mS/cm at a significantly lower temperature range (300°C) without dopants.*’172 High
proton concentrations and the lack of proton trapping effects by acceptor-dopant enable
high proton conductivities. Therefore, a promising direction for developing fast proton
conductors is to discover and design materials with multivalent cations that can

incorporate a high concentration of protons.

In addition to having a high proton concentration, a good proton conductor
require low energy barriers for proton migration. Different cations in the crystal
structures of oxides are known to significantly affect the energy barriers of proton
migration. For example, computational studies reported different proton migration
energy barriers of 0.27 eV, 0.41 eV, and 0.54 ¢V in BaZrOs;, BaHfO3, and BaCeOs,
respectively.®73-7° In addition, perovskites with multiple cations mixed on either A-
site or B-site are shown good proton-conducting properties.’*° Ding et al. reported the
mixed-cation perovskite PrCoo.sNio.s03.5 with low activation energy barriers and high
proton conductivity.®® Among these mixed cation perovskites, double perovskites
A2B'B"O¢ with two types of B-site cations arranged in an ordered form are very
promising. The double perovskites SrMMoOs (M = Co, Ni, Mn, and Mg) are reported
as good proton conductor materials for SOFC.3!-82 Therefore, to guide the discovery of
new perovskite proton conductors, it is important to understand how different cations
and their mixture influence the proton diffusion in oxide materials.

Beyond perovskite materials, several other types of structures were developed
as proton conductors such as the oxygen-deficient cubic perovskite Ba,CeZnOs, the
Ruddlesden-Popper perovskite CasRuxO7, and brownmillerite BalnQ,s.3233-%
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Recently, Yu and co-workers demonstrated that brownmillerite Sr2Co,0s (SCO) could
form a highly hydronated stable phase,**! HSrCoO»s (HSCO), which has a high
proton concentration of one H per formula unit of SCO without extrinsic cation doping.
In addition, HSCO exhibits an exceptionally high proton conductivity of 0.33 S-cm™!
and a low activation barrier of 0.27 eV at 40 — 140 °C, which is superior to typical
perovskite oxide proton conductors. The high proton conductivity observed in the
HSCO structure has not been fully understood.’! Further investigation is needed to
reveal why this protonated brownmillerite-structured compound can achieve much
faster protonic conduction without extrinsic dopants compared to typical perovskite
proton conductors. This structural dependance of proton conduction requires the
understanding of how different crystal structural units such as cation-oxygen polyhedra
influence proton diffusion. For example, in the brownmillerite Sr2C020s, the layers of
Co0y4 tetrahedra layers have a higher proton migration energy barrier than the CoOg
octahedra layers.”®! High proton migration energy barriers around GaOj4 tetrahedra are
reported in the Lai.xBaixGaOsp structure.””> A study and understanding of how
different types of polyhedra influence proton conduction in the crystal structure may
help guide the design of proton conductors.

In addition to proton diffusion properties, the stabilities of proton conductor
materials are critical for their applications, such as in membranes and SOFC/SOEC
devices. Good phase stability after protonation and good stability with water in the
operational environment of these devices are required. The presence of certain cations
in the material's composition enables better water stability. For example, BaCeO3

exposed to boiled water decomposes into Ba(OH)> and CeO», while BaZrO3 remains



stable in the same environment.”® Doping Zr in BaCeQOs improves its water stability.3>4¢

Similarly, Ding et al. demonstrated that substitution of Ni in PrCoOs could significantly
improve water stability in the obtained PrNig sCoosO3 composition.®® To design proton-
conducting oxides with good water stability, it is important to understand how different
cations and compositions affect water stability in oxide materials.

First-principles computation is a powerful research approach to acquire a
fundamental understanding of materials and has been demonstrated in studying and
designing materials for a wide range of applications, including batteries, fuel-cells,

catalysts, photovoltaics, thermoelectric, and semiconductors.3->8-98-107,59,108-117.61,118-

122,70.75.94-97 First-principles computation are performed to study proton diffusion
mechanisms, including proton sites, proton migration pathways and energy barriers,
and the effect of dopant on proton migration, in a range of oxide materials.33-%113-
121,59,61,70,101,107.110-112 Ty addition, high-throughput computation analyses and materials
screening enable the analyses of the structure-property relationship over a wide range
of materials space of different cations, anions, compositions, structures, etc., providing

general understanding and guiding principles.®?26:109:123,97-100,102,103,106,108

In this thesis, I perform a systematic first-principles computation study to
investigate a wide range of oxide materials, to understand the role of cations,
compositions, and structures on the properties, such as proton diffusion, hydrogen
incorporation, and water stability, and to identify new proton conductor materials. I
provide an overview of first-principles computation methods in Chapter 2. I investigate
the effects of different cations and their combinations on proton diffusion and hydrogen

incorporation in a wide range of perovskite and double-perovskite materials (Chapter
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3). I study the atomistic mechanisms of proton diffusion in brownmillerite Sr2C0205
structure (Chapter 4). I systematically investigate a large number of oxide materials to
reveal the effects of cations, compositions, and structures on properties such as water
stability and proton incorporation, then predict a number of novel oxide systems for
proton conductors (Chapter 5). In chapter 6, I present the conclusions of the dissertation

and potential future research work.



Chapter 2. Computational Methods*

In this chapter, I discuss the computational methods used in this study to predict
proton conductor material's properties such as proton migration path, proton migration

energy barrier, chemical stability, and proton site energetics.6%68:120:124-127

2.1. Density Functional Theory (DFT) Calculations

All density functional theory (DFT) calculations were performed using the
Perdew—Burke—Ernzerhof (PBE)'?® generalized gradient approximation (GGA)
functional in Vienna Ab initio Simulation Package (VASP)!?. The static relaxations
and energy calculations of structures were performed using a force cutoff of 0.02 eV/A
and a plane-wave cutoff of 520 eV consistent with parameters used by the Materials
Project."*° The pseudopotential used were consistent with the Materials Project.'** A
I'-centered 1 x 2 % 2 k-point grid with grid density of 1000 points per atom was used

to sample the Brillouin zone.

2.2. Proton Site identification

The proton sites in the oxide structures were identified by evaluating and
comparing possible proton positions around oxygen (O). As protons typically bond to
O with a O-H bond length of ~1 A ** 32 positions for candidate proton sites were
generated with a distance of 1 A around each symmetrically distinctive O site. For each

candidate site, a supercell model with one hydrogen inserted into the generated

1 Part of this chapter has been published in
Islam, M. S.; Wang, S.; Nolan, A. M.; Mo, Y., “First-Principles Computational Design and Discovery
of Novel Double-Perovskite Proton Conductors”, Chem. Mater. (2021).
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positions was statically relaxed in DFT calculations until the proton relaxed into a local
equilibrium position. This process was repeated for all 32 positions and identified a
number of proton sites with local minimum energies around each oxygen site. The
procedure was performed on each distinctive oxygen site to identify all the distinct
proton sites in the perovskite structure.

For identifying the minimum energy structure including proton, 100 protonated
structures were generated for each composition from the identified proton sites using
the same scheme as in previous studies.”®”>*° For each of the composition materials,
10000 distinctive configurations of protonated structures were generated by randomly
sampling and placing the appropriate amount of protons from all the identified proton

sites in the structure using pymatgen.'?!

Among these structures, 100 lowest
electrostatic Ewald energy structures were selected for further structural relaxation in

DFT calculation, and eventually, the lowest energy structure was identified.!3%!3!

2.3. Energy of Hydrogen Insertion
The hydrogen insertion energy, i.e., the reaction energy AEhnydrogen for forming

H, A,B, 0,, was evaluated according to the reaction
A«B,0, + >H, - H,A,B,0, (1)

The reaction energy AFEhydrogen for a given amount y of hydrogen insertion was

calculated as

E (HyAxBy0;) - E (AxBy,0,) -y E,
y

2)

AEhydrogen =



where £ (A,B,0,) and E (H, A,B, 0,) are the energies of the structures before and
after hydrogen insertion, respectively. E, is the energy of hydrogen calculated as 0.5

Ey,o - 0.25 Eoa, where Eos is the energy of oxygen fitted by Wang et al.'3?

2.4. Nudge elastic band calculations

Nudged-elastic-band (NEB) calculations were performed to determine the
minimum energy path and the energy profile for the proton migration between proton
sites.5368:133 The initial migration path was constructed by placing images linearly
interpolated between the initial and final states of statically relaxed proton
configurations. Atomic positions in final NEB images were optimized until the residual
forces were less than 0.02 eV/A with an energy convergence of 10 eV/atom. The
migration energy barrier (E,) was calculated as the energy difference between the

highest and lowest energies from the converged migration pathway.



Chapter 3. First-Principles Computational Design and Discovery

of Novel Double-Perovskite Proton Conductors®

3.1. Introduction

First principles computation is a powerful approach to study proton diffusion
mechanism in these oxide materials including proton sites, proton migration pathways
and energy barriers, and the effect of dopant on proton migration,33-8:116-121,59.61.110-115
In this chapter, we aim to understand how different cations and their combinations
affect hydrogen incorporation and proton migration, in order to guide the development
of mixed-cation perovskites as proton conductors. We perform first-principles
computation to systematically investigate proton incorporation and proton diffusion in
a wide range of perovskites ABO; and double perovskites A2B'B”Og, and establish
guiding principles for selecting cations for perovskite proton conductors. We observe
that lower barrier of proton migration can be achieved with a lower oxidation state and
ionic radii of B-cation in perovskites. By studying the effect of B-cation ordering, we
find that the double perovskites with layered B-site ordering can simultaneously
achieve high proton incorporation and fast proton diffusion without a proton trapping

effect. Following this materials design strategy, we perform high-throughput

computation to generate a few hundred of candidate double-perovskite materials and

¥ This chapter has been published in
Islam, M. S.; Wang, S.; Nolan, A. M.; Mo, Y., “First-Principles Computational Design and Discovery
of Novel Double-Perovskite Proton Conductors”, Chem. Mater. (2021).

10



discover several layered double perovskite materials as good proton conductors with
good proton incorporation and fast proton diffusion. The results provide design
principles for perovskite proton conductors and offer new research directions for
exploring novel double perovskite proton conductors in novel energy and electronic

devices.

3.2. Methods

3.2.1. Selection of perovskite material structure

Perovskite oxides with structures in the Pm-3m space group with phase
stabilities of energy above hull (Enun) less than 100 meV/atom were selected from the
Material Project database.!3%134135 The materials list is provided in Table A.3. The
thermodynamic phase stability of a structure was quantified by the energy above hull
(Enuan), which was evaluated from the energy convex hull of the energy of all the
compounds in the compositional space obtained the Materials Project
database.!3%!134135 The double perovskite A>B'B”"Os with Fm-3m space group and rock-
salt B-site cation ordering were taken from Materials Project database (Supporting
Information). Then we rearranged the B-site cation to generate a double perovskite

structure with a layered B-site ordering.

The new candidate double perovskite structures were generated by substituting
half of the B-site element of 2 x 2 x 2-unit cell ABOs cubic perovskite structures of
space group Pm-3m. The combination of B-site cations (B'= Ag'*, AI**, Bi**, Cd*",
Ce*', Co?/Co’*", Cr**, Cu'/Cu?*, Dy*, Er**, Fe*'/Fe’*, Ga’*, Hg", Ho*", In**, La’"

Lu**, Mg?", Nd**, NiZ*/Ni**, Pd*", Pr**, S¢**, Sm**, Tb*", Tm?**, V3*, Y**, Yb ¥, Zn**

11



and B"= Ce*', Ge*', Hf*", Ir’"/Ir*", Mn*"/Mn*", Mo*'/Mo>"/Mo®", Nb>*, Pb*", Re*",
Ru**/Ru*’, Sn*", Ta>*, Te*", Ti*, W*/W> /W, Zr*") were chosen such a way that the
resultant material compositions were charge neutral after hydrogen incorporation. The
A-site cation was Ba and Sr (Supporting Information). The candidate double perovskite
materials were statically relaxed in the DFT calculation to achieve the lowest energy

structure.

3.3. Results

3.3.1. Proton Site and Migration in Perovskites

—~
QO
~
—
O
~
—
(2]
~

. 0.6
>
L
© 0.4
T
m
> 0.2
2
o
C
5 ). ; . 4.0 :
BaZrO, BaCeO, 1 2 3
Cubic perovskite Non-cubic perovskite Proton site

Figure 3.1. Proton site locations (white sphere) and proton migration paths (arrow) in
(a) cubic and (b) orthorhombic perovskite structures. (c) The proton migration energy
profile of proton rotation (site 1 to 2) and proton jump (site 2 to 3) mechanisms in the

perovskite structures of (a) and (b).

Using first-principles computation, we identify the proton sites, site energies,
and proton migration barriers in different perovskite phases, using the cubic BaZrO3
and orthorhombic BaCeOs3 as model systems. In the ABO3 perovskite crystal structure,

the A-site cation is coordinated with oxygen anions to form a 12-fold cuboctahedron,

12



and the B-site cation is coordinated with oxygen anions to form a BOs octahedron. 3137

Protons in the perovskites bond with the nearest-neighbor oxygen anion with a bond
length of approximately 1 A (O-H) and a hydrogen bond (O--H) with the next nearest
neighbor oxygen (Figure 3.1a,b). In the cubic perovskite structure (e.g. BaZrO3), all
the proton sites have identical surrounding environments of anion and cation (Figure
3.1a) and thus have identical site energies (Figure 3.1c). The same proton site energies
are also observed in other cubic perovskites such as BaTiO3; and SrTiOs, suggesting
easy proton migration in the crystal structure.’’-!3® Proton migrates among these sites
bonded to oxygens though jump (site 2 to 3) and rotation (site 1 to 2) (Figure 3.1a,b).
In general, the proton jump has a higher energy barrier than rotation (Figure 3.1c),
because the O-H covalent bond is broken and reformed during jumping, while only the
weaker hydrogen bond is broken during rotation.*!3* Therefore, the proton jump is the
rate-limiting step for proton migration in the perovskite materials. Our results for
proton site energies and proton migration energy profiles are in agreement with other

reported values in cubic perovskite materials.>>>7.140.141

In comparison, non-cubic orthorhombic or tetragonal perovskite structures such
as BaCeOs (Figure 3.1b) have reduced symmetry compared to the cubic perovskite. As
a result, proton sites have different site energies (Figure 3.1c) due to different anionic
or cationic distribution compared to cubic perovskites (Figure A.1). This different site
energies are reported in other non-cubic perovskites SrCeOs;, SrZrOsz, BaZrS; and
SrZrS3. 73113138142 The energy difference among proton sites adds to the migration
energy barrier in the proton migration process, as shown in the orthorhombic BaCeO3

(Figure 3.1c) and SrCeO; (Table A.1). In agreement with other reported results,’3143-

13



147 non-cubic perovskite structures have higher energy barriers for proton migration.
Therefore, cubic-structured perovskites are desired crystal structure for fast proton

conductors.>:148
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3.3.2. Factors Governing Proton Diffusion in Perovskite
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Figure 3.2. (a) Atomic structure of cubic ABO3 perovskite showing the distance from
proton and the nearest B-site cation (ds-n) and the O--H hydrogen bond length between
proton and the second nearest oxygen in the BOs octahedron (do--n) of the optimized
equilibrium structure. The energy barrier of proton jump as a function of (b) ds-u and
(c) do--u for different ABOs perovskites. The legends in (b) and (c) are the cations AB
of ABO3 compositions, and the B-site cations with oxidation state 4 and 5 are marked
in blue and red, respectively. (d) The energy barriers of proton jump as a function of

ionic radius of B-site cation (marker text) in perovskite compositions with different A-

site cations (shown in different colors and legend).
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Here we aim to understand the factors that affect the proton migration in order
to guide the development of perovskite oxide conductors with different cations.
Previous studies suggest that proton migration barrier linearly increase with the
increment of dopant ionic radius in doped BaZrOs, and the distance of oxygen-to-
oxygen was also proposed as a descriptor for proton jump migration barrier in BaCeOs,
BaZrOs, BaTi05.7%11%:125 In this chapter, we performed a systematic study on a larger
material list of all known cubic-phase perovskites over a wide range of materials
parameters. We calculated the energy barrier of a proton jump in all known cubic-phase
perovskite compounds with different cation combinations from the Materials Project
(Table A.4), and correlated the energy barrier of the proton jump to different structural
parameters such as ionic radius, lattice parameter, Goldschmidt factor, octahedral
distortion, bond length, and electronegativity (Figure A.2).'% We find that the energy
barrier of the proton jump is correlated with the oxidation state of the B-site cation,
ionic radius of the B-site cation, the H--O hydrogen bond length from proton to the
second nearest oxygen the BOs octahedron (do--n) and the distance from the proton to
the nearest B-site cation (dp-n) of the optimized equilibrium structures (Figure 3.2).
The perovskites with B-site cations with lower oxidation state, such as Fe*"/Fe**/Fe*",
Ni?*/Ni**/ Ni** and Co?*/Co**/Co*', show lower proton migration energies than the
perovskites with higher oxidation state elements such as Ta>", Nb>*, Bi**, and W>*
(Figure 3.2b). The perovskites with B-site cations with lower oxidation states in general
show lower proton migration barriers. The B-site cations with higher oxidation states
repel the proton, which also increases the ds-n. Similarly, a larger radius of the B-site

cation may also increase the distance between B and H. In general, a larger B-H
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distance dp-n is correlated with higher proton migration barrier (Figure 3.2b). We
further observe a short hydrogen bond length do-.u reduces the energy barrier as shown
in Figure 3.2c. In summary, B-site cation with a lower oxidation state and smaller
radius resulting a shorter distance to proton generally lead to a lower proton jump
barrier in cubic perovskite materials, which can guide the selection of B-site cations of

perovskite proton conductors.

3.3.3. Proton Incorporation in Perovskite
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Figure 3.3. Energy of hydrogen insertion (AH) (black lines and left y-axis) and energy
above hull (red lines and right y-axis) of (a) H:ABOs3 cubic perovskite, SrTiO3 and
SrFeOs, and (b) H:A2B'B"O¢ double-B perovskite Ba,GdMoOgs and Sr2FeTiOs as a

function of H concentration x.

To evaluate and compare the materials capability to absorb hydrogen, we
calculated the hydrogen insertion energy for different hydrogen concentrations (0.125,

0.5, 0.75, 1.0 H/fu.) in the perovskite materials (Methods). The relation of our
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hydrogen insertion energy to the hydration energy to incorporate hydrogen through the
dissociation of water is explained and analyzed in the Supplementary Information.
Perovskites with the same structure but different cations, such as SrFeO; and SrTiO;3,
show different capabilities for proton incorporation. Using static DFT energy of H»
molecules as the reference (Methods), SrFeO; has a negative energy of hydrogen
incorporation (AH) to form H,SrFeOs as hydrogen content x increases up to 1 H/f.u.
(Figure 3.3a), suggesting favorable hydrogen insertion. In contrast, the insertion of
hydrogen into SrTiO3 to form H,SrTiO3 is endothermic, corresponding to a positive
increase in hydrogen incorporation energy AH with increasing proton concentration x
(Figure 3.3a). Our computation results are in agreement with previous experiments that
undoped SrFeOs is a proton conductor and that SrTiO3 needs acceptor doping (e.g. Y,

150-152- Similar to SrFeOs, we also observe that

Sc) to exhibit proton conductivity.
perovskites with multivalent B-cations including BaFeOs, SrVOs;, RbBiO3 and SrCoO3
exhibit similar trends in incorporating hydrogen (Table A.5), suggesting these materials
are able to incorporate hydrogen without dopants. Therefore, as identified in our

computation, some of the multi-valent cations have the capability of incorporating

hydrogen in perovskites.

As a description of phase stability, we also evaluate the energy above hull (Enun)
for perovskites with varying ranges of incorporated hydrogen. Enu is defined as the
energy difference of the phase to the thermodynamic equilibria phase
combinations.’®!3 However, the phase stabilities of H,SrFeOs and H,SrTiOs decrease
(Enun increases) as x increases (Figure 3.3a), in agreement with the experimental

observation of the SrFeOs decomposition.! We also observe that perovskites with
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multivalent B-site cations including BaFeOs, SrVOs3, and SrCoOs3 exhibit similar trends
in decreasing phase stability as a result of hydrogenation (Figure 3.3a), consistent with
experimental observation,*!:6%70:154155 Compared to these materials, H,SrTiO3 has even
poorer phase stability with increasing proton content. The phase stability of the
materials with incorporated hydrogen is a limiting factor for achieving high hydrogen
concentration. A good proton conductor should maintain the phase stability with

hydrogen incorporated.

We evaluated the hydrogen incorporation in double perovskites with mixed B-
site cations, and found mixtures of B-site cations also led to different hydrogen
incorporation. For double perovskite materials such as Ba,GdMoOs, proton
incorporation is energetically favorable up to 1 H/f.u. (Figure 3.3b) but not further to
1.5 H/fu., which can be attributed to the valence change of Mo during hydrogen
insertion. The double perovskite material Sr2FeTiOg shows favorable protonation at 1
H/f.u. even up to 1.5 H/f.u., which can be attributed to the multi-valent Fe cation (Figure
3.3b). These results suggest that different combinations of cations in double perovskites
determine the hydrogen incorporation capability. Similar to single perovskites, the
double perovskites show decreasing phase stability as hydrogen concentration
increases. The double perovskites such as BaxGdMoOs and SroFeTiOg show better
phase stability with 1 H/f.u., compared to single perovskite at the same hydrogen
concentration (1 H/f.u.). In our calculation, HBa>xZrYOs shows good phase stability at
1 H/f.u. with reasonable phase stability (Enun = 35 meV/atom, Supporting Information),
in agreement with the report that proton conductor Y-doped BaZrOs has good stability

with incorporated hydrogen.'*® Therefore, double perovskites containing multivalent
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cations can incorporate a decent amount of hydrogen while maintaining good materials
stability, and these attributes of double perovskites make them promising candidates

for proton conductors.

3.2.4. Proton Diffusion in Double Perovskite
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Figure 3.4. Proton migration in double-B perovskites. In double perovskite
BaxMgWOs with B-site rock-salt ordering, (a) proton sites (white sphere) and proton
migration pathway (arrow), (b) proton site energies, and (¢) migration energy profile.
(d) Double perovskite BaxGdMoOs with B-site cation layered ordering with (e) proton

site energies and (f) migration energy in GdOs octahedron layer.

B-site cations in double perovskites generally exhibit either rock-salt or layered

157

ordering.””’ For example, double perovskite BaxaMgWOs has rock-salt B-site cation

ordering and BaxGdMoOs has layered B-site cation ordering.!%!% Using these double

20



perovskites as model systems, we calculated the proton sites and the proton migration
mechanism in the B-site rock-salt and layered ordered double-B perovskites (Figure
3.4). In the rock-salt-ordered double perovskite BaxMgWOg, the low-energy proton
sites locate closer to Mg, the B'-site cation of lower oxidation state, in agreement with
our identified trend of B-site cations in single perovskites (Figure 3.4a). These proton
sites have identical site energies (Figure 3.4b) but have two proton jump pathways. The
proton jump near Mg and within the same MgQOs octahedron has a low proton jump
barrier of 0.25 eV (Figure 3.4c), and the other jump pathway to a different MgOs
octahedron bypassing W, the B”-site cation of higher oxidation state, has a higher
proton jump energy barrier of 0.69 eV (Figure 3.4c). As shown in our calculation results
for several rock-salt double-B perovskites (Table A.6), double perovskites with lower
oxidation state B-site cations have lower proton jump energy barriers, in agreement
with the trend for single perovskites. Since both proton jump pathways are necessary
for percolated proton migration in the double perovskite structure, the cations with
higher oxidation state limit the overall proton conduction. Therefore, double
perovskites with rock-salt B-site ordering have a high overall activation energy for

proton diffusion.

In contrast, double perovskites with layered B-site cation ordering form
separate layers of B'Os octahedron and of B”"Og¢ octahedron (Figure 3.4d). The proton
sites (H1 and H2) in the B'O¢ octahedron layer with lower oxidation state B'-site cation
have lower site energies, whereas the proton sites (H4 and HS5) in B"O¢ octahedron
layer have higher site energies (Figure 3.4e). For the proton sites (H3) bonded to the

oxygen shared by two B'Og and B"”Og octahedron, the proton sites are attracted to B'-
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site cation with lower oxidation state, due to the lower repulsive forces (Figure 3.4e).
In other layered double-B perovskite materials we calculated (Table A.8), proton sites

are in the B'Og layer to have lower energy.

Because the protons are localized in the low oxidation state B'-site cation B'Og
octahedron layer, proton jump and rotation (Figure 3.4d) happen within the B'Og
octahedron layer. In the layered double-B perovskite BaGdMoOs, the proton jump in
the B'Os octahedron layer has an energy barrier of 0.27 eV, and proton rotation has an
even lower barrier of 0.11 eV (Figure 3.4f). Therefore, in the layered double perovskite,
the B'-site cations with lower oxidation state trap the protons and also have low barrier
for proton migration, and the B'Os octahedron layer provides fast continuous planar
proton diffusion, leading to fast overall proton migration in the layered double-B
perovskite materials. Similarly, recent computation studies also reported that high
concentration of dopant that form a connected layer can form fast proton diffusion
pathways in BaZrO3.°%1% The effect of oxygen vacancy on the proton diffusion is
analyzed in the Supporting Information, and may require further studies. In summary,
our computation proposes double perovskites with layered B-site cation ordering as
promising proton conductors that can have both good proton incorporation and fast

proton diffusion.
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3.4.5. Computation Prediction of New Double Perovskites with Layered B-Site
Ordering

In order to discover new double perovskites as proton conductors, I performed
computational screening for a wide range of cubic-structured double-B perovskite
compositions HBa;B'B”O¢ for a wide range of B’ and B"-site cations in the layered
ordering. The candidate HBa;B'B"Og materials are generated to have the B’-site cation
with the oxidation state +3 (or multivalence including +3) and the B”-site cation with
oxidation state of +4 or +5/+6 (Figure 3.5, data in the Supporting Information). As an
exploratory search of new materials, we include some combinations of B-site cations
that appear to be not charge balanced, because some double perovskites have B-site
cations which exist in non-common oxidation states.!3”-!6! Since the phase stability of
protonated materials is essential, we use the energy above hull for the materials with 1
H/f.u. to access the phase stability of the predicted candidate materials, as a number of
layered double-B perovskite materials show good phase stability with 1 H/f.u. in our
calculations (Section 3.2.3). In particular, the double perovskites with B’ as group III
or lanthanide group elements, and B” as Ce*", Hf*, Pb*", Sn**, Ta’", Ti*', and Zr*
show decent phase stability with proton incorporation. In addition, some of these B-

site cations with lower valence can be beneficial for proton migration.
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perovskite HBa;B'B”Os predicted by computation. The cations are arranged in

ascending order of ionic radius.
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Figure 3.6. Energy barrier of proton jump in the B'Os octahedron layer in layered
double-B perovskite HBaxB'B"Og structures. The materials are grouped by B”-site
cation (x axis, ionic radius increasing from left to right), and within each B” group, are
sorted by the ionic radii of B'-site cations. The color of the bar (more stable compounds

in darker green) represents the energy above hull of HBa>:B'B"Oe.

We evaluated the proton diffusion in the predicted layered double-B perovskite
HBa;B'B"O¢ with Enan below 60 meV/atom (Section 3.2.5). As shown in section 3.2.4,
the proton localizes and jump within the B'O¢ octahedron layer with low oxidation state
B’-site cation in layered double perovskites. The predicted double perovskite materials
with B'-site cations such as Sc, Y, Zn, Cd and lanthanide group elements generally
have low proton energy barriers of less than 0.4 eV. In particular, HBa>xYCeOs,

HBa;PrMoQOs, HBa>,ZnNbOs, HBa,CuTaO, HBaxZnTaOg, HBa;ScTiOg, HBa;ScZrOs,

HBa;ZnWOs, and HBa;YbWOg have low proton energy barriers of 0.2 eV or less. In

layered double-B perovskite Ba;B'B”Og, the energy barrier of proton jump in the B'Og
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octahedron (B’ =Zn, Sc, In, Lu, Tm Er, Y, Ho, Dy, Tb and Sm) layer increases as ionic
radius of B’ increases (Figure 3.6) with the exception of B” = Ti and Mo. The trend of
low proton migration barrier for smaller B'-site cation in layered double-B perovskite
structure is similar to the trend discussed in Section 3.2.2 for single perovskite
structure. This trend of fast proton diffusion for smaller B-site cations is a general

design principle for fast proton conductors.

In addition, many calculated double-B perovskites in hydrogenated states
HBa>B'B"”Os energetically prefer layered B-site cation ordering to rock-salt ordering
(Figure 3.6). These layered B-site cation ordering in double perovskites is beneficial to
achieve low proton migration energy barrier as opposed to rock-salt ordered structure
as shown in section 3.2.4. In conclusion, our first-principles computation predicts
multiple double-B perovskites with layered B-site cation ordering as potential proton

conductors.

3.4. Discussion and conclusion

In this chapter, I employ first-principles computation to systematically analyze
the hydrogen incorporation and proton diffusion in a large number of known or
predicted perovskite materials including single perovskites and double perovskites with
a wide range of B-site cations. The computation study reveals the key descriptors of B-

site cation on affecting proton migration.

Some B"-site cations such as Ce, Zr, Ta, Hf, Pb, Sn, and Mo in general maintain

good phase stability with decent amount of hydrogen incorporated. The layered-
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ordered double-B perovskites overcome the proton-trapping effect in current proton
conductors, such as Y-doped BaZrOs, in which the Y dopants trap protons than the Zr

cation in the B-site,>>%¢ and increases the proton migration energy.>>37:60-64

While many of the compounds evaluated here are computationally predicted
and are to be confirmed in experiments, the results offer useful guidance for the future
materials design of perovskite materials for fast proton conduction. For example, the
computation shows that dopants such as Y, In, and Sc in combination with Zr or Ce are
good B-site cation combinations, consistent with the well-known Y-, In-, or Sc-doped
BaZrO3 and BaCeOs. In addition, for proton migration, B-site cations with lower
valence and smaller radius in general leads to a lower energy barrier for proton jump.
Nevertheless, the work greatly broaden the potential materials space of proton
conducting perovskite materials, which can motivate further applications in novel
electronic computing devices.>!'%!192311-18 In particular, the newly discovered double
perovskite materials are of great potential for future devices relying on proton
conducting materials. In summary, the computation results provide systematically
understanding and guidance for the ration design of perovskites for proton insertion

and diffusion for novel energy and electronic devices.
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Chapter 4. A Computation Study of Fast Proton Diffusion in
Brownmillerite Sr2C0205**

4.1. Introduction

The goal of this thesis is understanding the fundamental mechanisms of proton
incorporation and fast proton diffusion in this new brownmillerite SCO material in
order to provide insight to the future research and development of novel proton-
conducting oxide materials. Computational studies can directly investigate the detailed
atomistic mechanism of proton diffusions including the site, bonding, energetics, and
hopping of protons in the brownmillerite structure of SCO and HSCO. While
computation studies reported the electronic structure of hydronated SCO°-192, the fast
proton diffusion in the HSCO structure observed in the experiments has not been fully
understood. Further investigation is needed to reveal why this protonated
brownmillerite-structured compound can achieve much higher protonic conduction
without extrinsic dopants than typical perovskite proton conductors that require a
significant amount of aliovalent cation doping.

In this chapter, I perform first-principles computation to investigate the proton
diffusion mechanism in brownmillerite SCO and its associated hydronated structures.
The calculations identify the site positions and energies of incorporated protons as a
function of hydrogen concentration, and evaluate the possible diffusion pathways for
fast proton conduction. I find the 1D proton diffusion pathway has a low barrier in the

brownmillerite structure with sluggish diffusion across the pyramid layers.

** This chapter has been published in
Islam, M. S., Nolan, A. M., Wang, S., Bai, Q., Mo, Y, “A Computational Study of Fast Proton Diffusion
in Brownmillerite Sr2C0205”, Chem. Mater. 32 (2020) 5028-5035.
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Furthermore, 1 explore other selected brownmillerite-structured compounds for
potential proton diffusion and compare to perovskite proton conductors. The results

provide insights into future design and discovery of fast proton conductors.

4.2. Methods

We used a supercell model with 32 formula units of SrCoO» .5 (SCO) with a size
of 15.745 A x 11.148 A x 10.939 A. The calculated lattice parameters from DFT
relaxation agrees with experiment (Table B.1).'% Similar approach to chapter 2 is
performed to identify all the distinct proton sites in the SCO structure (Figure 4.2a).

For the hydronated H.SrCoO: 5 (H,SCO) at higher H concentration x > 0.03125,
the structures with inserted protons were identified by evaluating a large number of
possible configurations of protons in the SCO structure using the same scheme as in
previous studies and chapter 2 *>°°. For each composition of H,SCO with different H
concentration (x = 0.125 to 1), similar approach to chapter 2 is performed to find the
lowest energy structure was used as the representative structure for each H,SCO

composition.
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4.3. Results

Figure 4.1. SrCoO; s brownmillerite structure. CoOs octahedra are connected into a 2D
layer, and CoO4 pyramids are connected into a 1D chain (top view shown in inset). The
oxygen Wyckoff sites O1, O2, and O3 were termed octahedral, interlayer, and pyramid,

respectively, according to their local cation environments.
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Figure 4.2. Proton sites and energies in StCoO» 5 from first-principles calculations. (a)
Positions of proton sites (white sphere). Identical sites are grouped, and colors indicate
their corresponding O sites, such as interlayer (orange), octahedral (blue), or pyramid

(pink) O sites. (b) Proton site energy referenced to the H1 site with lowest site energy.
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4.3.4. Proton sites in the brownmillerite structure

The SCO brownmillerite structure is comprised of alternating layers of CoOs
octahedra and CoO4pyramids (Figure 4.1).'91%4 The layer of CoOg octahedra is packed
similarly to that in the perovskite structure, and the layer of CoOs pyramids can be
considered as a layer of octahedra with one oxygen missing. Every other pyramid layer
is separated by an octahedral layer along the a axis and shifted in the b axis direction
by one octahedron. Within the pyramid layer, connected oxygen sites form a 1D chain
along the ¢ axis. The pyramid and octahedral layers share one oxygen, which is
regarded as the interlayer O2 site. The oxygen Wyckoff sites 8¢ O1, 8¢ O2, and 46 O3
are named in this chapter as the octahedral layer, interlayer, and pyramid layer oxygen
sites, respectively, according to their local coordination environments (Figure 4.1).

The proton sites in the SCO brownmillerite structure were identified by DFT
calculations. Similar to the proton in perovskite oxides,>**!% the protons in
brownmillerite bond to an O ion forming a covalent O-H bond with a bond length of
approximately 1 A. Each bond is aligned towards another neighboring oxygen ion
forming a hydrogen bond (Figure 4.2a), except for proton site H7 on the pyramid layer
oxygen. On each oxygen, there are multiple proton sites with different orientations
(Figure 4.2a). Here, we categorize proton sites based on the position of their bonded
oxygen as interlayer, octahedral, and pyramid. The calculated low-energy sites (Figure
4.2) in general agree with the previous study (Table B.2), and we have identified
additional sites, such as H3 and H5.'%? For a single dilute proton in SCO, the H1 site
on the interlayer oxygen has the lowest energy among all proton sites, and the H2 site

on the same interlayer oxygen has a slightly higher energy of 0.06 eV. Proton sites H4
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and H5 on octahedral O1 oxygens have a higher site energy of 0.14 eV and 0.3 eV
respectively, and the H3 site has a significantly higher energy of 0.48 eV. The H7 site
on pyramid O3 oxygen has an even higher energy of 0.56 eV. This difference in the
strong site preference may be caused by different local bonding environment of oxygen
and proton interactions with other cations and oxygen ions.? For example, the A-site Sr
cations may have an effect on the H site energy preferences due to different distances
with H sites in different O layers and their electrostatic repulsions with protons (Figure
B.2). The effect of Van der Waals interactions on H site energies and site positions was
evaluated and found to be small (Supporting Information). According to the predicted
proton site energy, protons are expected to occupy the interlayer sites in SCO at low H

concentration.
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4.3.5. Hydrogen insertion in Brownmillerite.
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Figure 4.3. The energy and structure of hydrogen insertion in brownmillerite. a) The
reaction energy of hydrogen insertion in H,SCO for different H concentration x. The
black line represents the convex hull of the minimum energies from the calculated
structures. b) Lowest energy structures of Ho.sSCO and HSCO. The reaction energy of
hydrogen insertion in H:SCO as a function of H concentration in the c) pyramid layer
and d) octahedral layer. Each line represents a different H concentration x in H,SCO
and each point represents the structure with the minimum energy at the given H

concentration in the corresponding oxygen layer.

The structures of hydronated H,SCO at higher H concentrations were generated
using the calculated proton sites. The calculated reaction energy of hydrogen insertion

in H:SCO decreases upon an increase of H concentration (Figure 4.3a), suggesting
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energetically favorable insertion of hydrogen into SCO at conditions of dilute
hydrogen. However, the energy above hull (Enu) of H.SCO increases with increasing
H concentration x to 65 meV/atom for HSCO at x = 1. The structural stability of H,.SCO
in first-principles calculations is consistent with previous experimental observations of
HSCO material.’! Using Bader charge analysis,'®® we quantified the Bader charge
around Co ions in HxSCO structures at different H concentrations and showed the

valence of Co reduces upon H insertion (Figure B.3), in consistent with a prior

167 2+/3+

computation study.'®’ Therefore, the multivalence of Co accounts for the charge
compensation of hydrogen insertion.

In the H.SCO structures at high H concentration x, the configuration and
energies of the proton sublattice are affected by the energetic preference of proton sites
as identified in section 4.3.1. The energies of H,SCO are investigated by varying the H
concentration among different proton sites on the oxygen of octahedral, inter-, and
pyramid layers at a given H concentration x (Figure 4.3). For the entire range of H
concentration in H.SCO, increasing proton concentration in the pyramid layer increases
the reaction energy (Figure 4.3¢). Thus, the proton sites in the pyramid layer are still
highly unfavorable in H:SCO at high H concentration, consistent with proton site
preference in SCO with dilute H. Indeed, the pyramid layer is empty of protons in all
lowest energy structures across the range of H concentration. At non-dilute H
concentration in H,SCO, the proton sublattice occupies a fraction of octahedral and
interlayer sites, as shown by the representative lowest energy structure of H.SCO at x

=0.5 and 1 (Figure 4.3b). To investigate the proton site preferences in H,SCO at high

H concentration x, we varied the H concentration in the interlayer and octahedral layer,
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and found that the change in the energy of H,.SCO (Figure 4.3d) is small for a wide
range of H concentrations in these layers. Therefore, in H,SCO at high H concentration,
protons are distributed among interlayer and octahedral layer sites. This lack of the
proton preference among interlayer and octahedral layers in H:SCO compared to dilute
H in SCO may be caused by the increased H-H interactions and the valence change of
the Co cation, which reduce the small site energy difference of less than 0.3 eV between
proton sites (H1-H5) in the octahedral layer and interlayer.'®” The small energetic
preference of proton sites among interlayer and octahedral layers in H,SCO is greatly
beneficial for proton transport. In H:SCO, a significant fraction of proton sites in the
octahedral layer and interlayer are available for proton hopping, and small energy
changes during the transition of proton sublattice suggest a low energy barrier for

proton migration,”7-108,168,169
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4.3.6 Proton diffusion
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Figure 4.4. Proton migration in the brownmillerite structure. (a, b) The pathways for
proton migration marked by arrows. Energy profiles of proton migration within the

octahedral layer (path 3) and interlayer to octahedral layer (paths 1 and 2) in (c, d)
SrCo0O:> 5 and (e, f) HSrCoOx 5.

As shown in previous studies,**>319 proton migration in solid oxides, such as
perovskites, consists of two elementary steps: a proton jump and a proton rotation. A
proton jump is the hop of a proton from one oxygen to another by breaking and
reforming the O-H bond, and a proton rotation is the reorientation of the O-H bond on
the same oxygen site. For proton transportation to percolate throughout the oxide
structure, protons must undergo both jumps and rotations. We used nudged-elastic band
(NEB) calculations to investigate proton migration, including jumps and rotations, for

a variety of pathways among predicted proton sites in SCO and HSCO (Figure 4.4).
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Since the proton sites on pyramid layers have high site energies, proton
migration through the pyramid layer is expected to have a high barrier. Indeed, a proton
jump to the pyramid layer from the interlayer (path 6 in Figure 4.4) was found to have
a high energy barrier of 0.42 — 0.66 eV among all pathways considered (Table B.3).
Thus, the pyramid layer may impede the proton diffusion along the a direction,
consistent with experiments,®! and confine the proton migration within the 2D planes
of the interlayer and octahedral layers.

Given the large number of proton sites in the interlayer and octahedral layers,
there are many possible pathways for proton hopping among them (Figure 4.4). We
evaluated proton migration along many of these pathways in SCO and HSCO and found
most of these pathways have low migration barriers. In particular, the proton jumps
along the pathway in the octahedral layer (path 3 in Figure 4.4b) along the ¢ axis has
an energy barrier of 0.18 eV. For proton jumps between interlayer and octahedral
layers, path 1, between H1 and H4 sites, has an energy barrier of 0.21 — 0.25 eV, and
path 2, between H2 and H6, has a barrier of 0.4 — 0.46 eV. In addition, the energy
barrier of proton rotation (Figure 4.4) is low as 0.13 — 0.26 eV for paths 4 and 5. From
the calculated proton barriers, the percolation of proton migration through the SCO
brownmillerite structures may consist of the jumps of paths 1 and 3 with rotations of
path 4 and 5. Hydronated brownmillerite HSCO exhibits a similar proton migration
mechanism and energy barriers, such as 0.13 — 0.3 eV for path 1, 0.37 — 0.49 eV for
path 2, and 0.135 — 0.18 eV for path 3 (Figure 4.4). The proton migration energy
barriers are similar at other hydrogen concentrations of H.SCO (x = 0.25, 0.5, 0.75).

For paths 1, 2 and 3, the energy barriers are in the ranges of 0.17 - 0.3 eV, 0.37 — 0.45
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eV and 0.14 — 0.23 eV, respectively (Table B.3). The overall activation energy for
H.SCO, considering this range of proton migration pathways, is in good agreement
with the experimental activation energy of 0.27 eV. In addition, we evaluated the local
charge on Co cations near the proton, and found that the local charge on Co changes
and transfers to other Co during the proton migration (Figure B.4). Given the charge
on Co tends to trap protons, preventing them from migrating, this cation charge transfer
may facilitate proton jumping between different Co-O polyhedra.'%%!7%-172 Therefore,

the multivalence of Co?™3*

and this charge transfer alleviate the proton trapping effect
observed in aliovalent B-site doped perovskites such as Y-doped BaZrOs. In summary,

our calculations reveal fast proton diffusion in SCO and HSCO in between the

octahedral layers and interlayers with particularly fast 1D channels along the c¢ axis.
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Figure 4.5. a) The pathway of cooperative migration of two protons in HSCO and b)

energy profile of the cooperative migration.

We further investigated the cooperative jump of multiple protons, such as
Grotthuss mechanism,!”® in brownmillerite HSCO. From NEB calculations, the

cooperative jump of two protons (Figure 4.5) shows a low barrier energy of 0.3 eV.
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This low barrier suggests the cooperative migration of protons may be activated for
proton transport in brownmillerite H,SCO. Such low-barrier cooperative proton
migration may be explained by the similar energies for a wide range of configurations
in the proton sublattice in H,SCO as shown in section 4.3.2, suggesting the frustration
of the proton sublattice and cooperative transition between these different
configurations.!%®1%174 In summary, our calculations reveal fast proton diffusion in
between the octahedral layers and interlayers of SCO and HSCO over a range of H

concentrations, with particularly fast 1D channels along the ¢ axis.

4.3.7. New brownmillerite compounds

To understand whether brownmillerite structures are generally good for proton
conduction, we evaluated the proton transport in a number of compounds in
brownmillerite-structure generated by substituting cations in the A or B sites. First, we
investigated MgCoO».5, CaCo0O2.5, and BaCoOx 5 to establish the effect of the A-site
cation on proton diffusion. MgCoO: s is found to be highly unstable with an Enun of 183
meV/atom, which is reflected by the significant distortion of CoOg octahedra in the
relaxed structure. This distortion in the CoOs octahedra also leads to an anisotropic,
higher migration energy barrier for the path 1 proton jump, which is also observed for
proton migration in perovskites.'*®!”> In CaCoQys, the path 1 proton jump exhibits
barriers of 0.22 eV and 0.42 eV. BaCoO: s shows a good stability (Enui of 0 eV/atom)
and no octahedral distortion but shows a high barrier of 0.5 eV for the path 1 proton
jump. Therefore, other A cations do not lead to improvement of proton diffusion in

brownmillerite SCO and HSCO.
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For brownmillerite structures SrXO»s with other B-site cations (X = Ni, Cr,
Mn, Fe, Ti), SrXO2.s with X = Ni, Cr, Mn show higher energy barriers of 0.39, 0.4, and
0.45 eV (Table B.4), respectively, for the path 1 proton jump. By contrast, StXO, s with
X = Fe, Ti are potential proton conductors comparable to SCO with lower barriers of
0.32 and 0.21 eV, respectively, for the path 1 proton jumps between interlayer and
octahedral layers (Figure B.5). Although SrTiO> .5 shows a low proton-jump barrier, its
hydrogenated phase (Ho.125SrTi025) shows poor stability with an energy above hull
Enar of 120 meV/atom much higher than that of Ho.125SrC00O25 (Enut =19 meV). In
comparison, SrFeO,. 5 (SFO) shows a low proton migration barrier of 0.32 eV and good
stability (Ho.125StFeO>s with Ewai = 17 meV) comparable to the stability of
Ho.125SrC00> 5. Brownmillerite SFO may be a promising proton conductor similar to

SCO.

4.4. Discussion

The computational study revealed the proton diffusion mechanism in the
brownmillerite SCO structure, which consists of alternating octahedral and pyramid
layers. The proton diffusion across the pyramid layer is sluggish due to the high energy
of proton bonding with oxygens in the pyramid layer. The fast proton diffusion is
mostly through proton jumping and rotation among the oxygen sites on the octahedral

layers and interlayers, with a fast 1D diffusion channel along the tetrahedral chain.
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Table 4.1. Phase stability comparison of H,SrFeO 5 and H.SrFeO3

X Enut (H:SrFeOy.5) Enun (H:SrFeOs)
meV/atom meV/atom
0 0 0
0.125 17 35
0.5 38 76
1 54 138

Given that the brownmillerite structure can be considered as a perovskite
structure with half of the oxygens missing from every other octahedral layer, a
comparison between brownmillerite and perovskite may provide insight to why
brownmillerites provide fast proton diffusion. In the brownmillerite structure, the fast
proton diffusion occurs through the oxygens in octahedral layers and the interlayer,
similar to that in perovskites. The pyramid layers, which only exist in the
brownmillerite structure, do not provide proton diffusion pathways due to their high
energy for proton occupancy.

Compared to perovskites, a key advantage of brownmillerite SCO is the ability
to incorporate a large number of protons without any dopants. As shown in the
computation and previous experiments, brownmillerite SCO can incorporate a large
amount of H, up to 1H/f.u., to form HSCO, and maintain good structural stability. This
large proton incorporation is compensated by the valence change of B-site transition
metals, such as Co. As predicted by the computation, the H incorporation capability of
SCO was observed for other brownmillerite-structured compounds, such as SrFeO, s,
which also showed good stability as HSrFeO.s. However, this high level of H
incorporation is not possible in the cubic perovskites SrCoO3; and SrFeOs. In the

calculations, incorporation of a small amount of H (x = 0.125) on the relaxed sites on
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the octahedral oxygen is enough to raise the Enun of SrCoOs to 35 meV/atom, and the
same H incorporation in SrFeOx s raises the Enuito 17 meV/atom. The incorporation of
1 H/f.u. in the perovskites SrFeO3; and HSrFeOx 5 raises the Enuito 138 meV/atom and
54 meV/atom, respectively. In addition to the cubic perovskites, orthorhombic
perovskites such as SmNiO3 and SrRuOs are experimentally reported to have good
hydrogen insertion capability without doping. For these two materials, first principles
calculations using the same scheme also show negative hydrogen incorporation energy
with increasing proton concentration up to 1H/f.u. (Figure B.6), consistent with prior
experiments.’!7>17¢ These results confirm that B-site cations with the capability to
change valence may facilitate hydrogen incorporation. However, the calculations also
revealed the thermodynamic phase stability of these perovskite materials decreases
with increasing hydrogen concentration (Figure B.6), in agreement with the
experimental observation of the phase instability of H,SrRuOs.”> In summary,
compared to single perovskites, the brownmillerite SCO shows good phase stability
even at high hydrogen concentration.

In comparison to the brownmillerite SCO, a fundamentally different proton
incorporation mechanism in common perovskite proton conductors, such as BaZrOs
and BaCeOs, requires aliovalent B-site doping, e.g. Y-doped BaZrO3 and Yb-doped
BaCeO:s, to create oxygen vacancies for proton incorporation.>'77-17 As a result, the
proton concentration in perovskites is limited by the number of B-site dopants. In
addition, these aliovalent dopants bind with protons and induce a proton trapping effect,
leading to higher activation energy of proton transportation and lower proton

conductivity,3>%62113.127 Tn contrast, the brownmillerite structure can incorporate
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hydrogen without dopants. In brownmillerite SCO, the B-site cations, such as Co and
Fe, can change valence and enable the structure to take in a high concentration of H
without dopants. In addition, another brownmillerite, BalnO s, can also incorporate a
large amount of hydrogen without dopants through water dissociation, but the proton
migration mechanisms in this structure should be more similar to perovskites.®
Moreover, in brownmillerite SCO, the proton sites in MOg octahedra have similar
energies, reducing the potential energy surface for proton hopping. In addition, the Co
cations with mixed oxidation states can also transfer charge within the structure and
may alleviate the proton trapping effect. At high H concentration, proton sublattices
exhibit similar energies over a wide variety of proton configurations, leading to a highly
disordered proton sublattice. The highly disordered mobile-ion sublattice can result in
fast ion conduction through correlated migration mechanisms, leading to low activation
energy and high ionic conductivity.?”-16%174180.181 Simjlar mechanisms have been shown
in fast lithium-ion conductors exhibiting a high lithium ionic conductivity of greater
than 1mS/cm at room temperature (RT).!82-184

My understanding of the fast proton transport mechanism in the brownmillerite
structure suggests future directions in developing new proton-conducting materials. In
order to achieve significantly higher proton conductivity than current perovskite
oxides, the candidate materials should eliminate the proton trapping effects caused by
the aliovalent doping for hydrogen incorporation. The candidate materials should be
able to incorporate a large amount of hydrogen while maintaining structural stability,
and these incorporated protons should have similar site energies. In addition, a

significant fraction of proton sites should be vacant for proton hopping, and a highly
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disordered proton sublattice is desired. Recently, Li super-ionic conductors were found
to exhibit such features and were demonstrated with a high lithium ionic conductivity
of greater than 1mS/cm at RT,””135181 and computational studies discovered multiple
novel Li-ion conductors with high ionic conductivity.®”-!%185 Novel proton conductors
can be developed and discovered by activating a similar fast proton diffusion

mechanism as in brownmillerite SCO.
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Chapter 5. First-Principles Computational Design and Discovery

of Solid-Oxide Proton Conductors’™

5.1. Introduction

First-principles computation is a powerful approach for studying fundamental
materials mechanisms and for materials discovery and
design,37-3%:110,119,122,126,186,65,68,70,75,101,107-109 Ty this study, we perform a systematic first-
principles computation study on a wide range of ternary oxide materials to understand
the role of cations and compositions on the proton conduction and the material
stabilities, and also to identify new proton conductor materials. According to our
computation results, the cations and their mole fractions significantly affect water
stability, and high concentrations of hydrogen incorporation can be achieved with
multivalent B-cations in oxide materials. By studying the proton diffusion in many
different materials, we find that oxide materials with connected BOg¢ octahedra are
optimal for fast proton diffusion. Following these materials analyses, our high-
throughput computation identifies twelve candidates with good water stability, good
capability of hydrogen incorporation, and fast proton diffusion. Our results provide
general design principles for oxide proton conductors and offer new research directions

for novel proton conducting materials.

T This chapter will be published
Islam, M. S.; Wang, S.; Alex T. Hall; Mo, Y., “First-Principles Computational Design and Discovery
of Solid-Oxide Proton Conductors”, submitted.
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5.2. Methods
5.2.1. Water Stability

To evaluate water stability, we calculated the reaction energies of A,B, 0,
materials with H>O using the energies of existing entries in the Materials Project (MP)
database. These reactions with H,O were analyzed by treating the reactants as a pseudo-
binary

Cpseudo—binary (CAxBon: Chz0, a) = (1—-a) " Ca,B,0, +a" Cu,o (5.1)
where C AxBonand Cy,o are the compositions of A,B, 0, and H>O normalized to one
atom per formula unit, respectively, and a is the mole fraction of the H>O in the pseudo-
binary. This pseudo-binary is the reactants with the energy
Ereactant = (1-a) Ea,B,0, T @ En,o (5.2)

where E AyB,0, are the DFT energies of A, B, 0, materials from the MP database. Eyy, o
is the DFT energy of H,O from the MP database. The phase equilibria of the pseudo-
binary mixture of A,B, 0, and H>O were then determined by constructing the convex
energy hull with all relevant phases using the DFT energies from the MP database.”%!34
The reaction products were the phase equilibria with the minimum energy Ep,oquct-
For those materials that were stable with water at the original value of Ey, 0, a high
value of Ey,o would be used so phase equilibria could still be identified as the reaction

products. To describe the water stability of a material, the reaction energy AEn20 with

H>0O was calculated as

AEw0 = EProduct* EReactant (5'3)

46



and was normalized to one atom of total formula unit of the reactant. For those materials
that were stable with water at the original Ey, ¢, the values of reaction energies AEn20
would be positive, allowing the comparison of the relative stabilities among different

materials.

5.2.2. Energy above hull

The energy above the hull of the H, A, B, 0, composition was calculated by

constructing the convex energy hull using the DFT energies from the MP database.

5.2.3. Proton Diffusion

In this chapter, I only evaluated proton jump energy barriers, which is known
to be the rate-limiting step of proton migration.>37:6373.187.188 The NEB calculations
were performed in a supercell with lattice parameter of 8 A or larger with a single
proton. The proton migration paths were identified by selecting the set of equivalent
oxygen atoms in the structure. By taking one of the oxygen atoms from each set, the
proton migration paths were identified between the oxygen atom and the first nearest
neighbor oxygens within a 4 A cutoff distance. The calculated migration energy
barriers of these identified proton migration paths were then used to generate proton
migration paths around other equivalent oxygen atoms, enabling the evaluation of the
lowest migration energy barrier of the material. We used three-image NEB calculations
to obtain the energy barriers as the first screening step for proton diffusion. For those

materials with a low proton migration energy barrier of less than 0.5 eV, NEB
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calculations with five images along the pathway were performed to obtain more

accurate energy profiles and barriers for proton migration.
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5.3. Results

5.3.1. High-throughput Computation of Proton Conducting Oxides

a)
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Sr,Co,0, CuFeO,
9)
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materials —_—> —> insertion —>
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Figure 5.1. Crystal structures of a) BiobMo0QOs, b) ZnMoOs4, ¢) Sr3Fe07, d) BaCeOs, ¢)
Sr2C020s, and f) CuFeO> as examples from the formula classes ABOs, A:BOs4,
AB>07, ABO;, A:B2Os, ABO, respectively. g) High-throughput computation

workflow for studying proton conductor materials.
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From all the oxide materials in the Materials Project (MP) database,'’° we
selected 5270 materials with the general formula A,B,O., where B = Fe, Co, Bi, Ni,
Mn, Mo, Cu, V, Cr, Y, Yb, Nb, Ti, Zr, Ce, Hf and A = any element except F, Cl, Br, I,
and S. These multivalent B-cations, such as Fe, Co, Ni, Mn, Mo, Cu, V, and Cr,
compensate the change of charge upon hydrogen incorporation, as shown in previous
studies.”!7>1%* Most of the candidate materials can be categorized into six formula
classes, A:BOs, A:BO4, A;B207, ABO3, A:B2Os, and A:BO», each with a wide range
of A- and B-cation combinations in different crystal structures, including perovskites,
brownmillerite, and Ruddlesden-Popper (Examples are illustrated in Figure 5.1a-f). A
computation workflow is performed to evaluate the water stability, hydrogen
incorporation, and proton diffusion in these materials (Figure 5.1g). To evaluate the
water stability, we calculate the water reaction energies of these materials (Methods),
and the materials with decent water stability with water reaction energy AEm20 > 0
meV/atom (section 5.2.2) are further investigated for hydrogen incorporation. The
hydrogen incorporation capability of the materials is evaluated (section 5.2.3) by
calculating the hydrogen insertion energies of the hydrogenated structures with a
hydrogen concentration of 1 H per B-cation generated by computation (Methods). In
addition, given that the hydrogenated structures should also maintain good phase
stability, we select the materials that have calculated energy above the hull Enu < 100
meV/atom at the hydrogenated structures. For studying proton diffusion (section 5.2.4),
we perform nudged-elastic-band (NEB) calculations for the distinct proton migration
pathways in the materials and identified the lowest energy migration path (Methods).

The materials with migration energy barriers less than 0.5 eV are identified as potential
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proton conductor materials (section 5.2.5), which also have good water stability and
the capability for incorporating hydrogen. In the following sections, we analyze and
summarize the results of the materials for each computation step, which may provide

general guidance for future design and selection of proton conductor materials.

51



5.3.2.
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Figure 5.2. a) The reaction energies of the pseudo-binary mixture of BaCeO3; and H>O

as a function of the mixing fraction. b) Water reaction energies (AEn20) of NasFe,O; as

a function of Na mole fraction (Xna). Water reaction energies as a function of the mole

fraction of A-cation in ¢) AxCo,0; and d) A.Cu,O: (A=Na, K, Sr, Ba, Al, Y)

We evaluate the water stability of the materials by calculating the water reaction

energies of the materials with HoO (Methods). For instance, the reaction energies of the

pseudo-binary mixture of BaCeOs; and H>O (Figure 5.2a) show that BaCeOs can

favorably react with HoO to form Ba(OH), and CeO», in good agreement with

experimental observations.'3°71% We calculate and compare water reaction energies for

a wide range of A.B,O. materials. In general, the materials with a high mole fraction
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of A-cation exhibit poor water stability. For example, NaFe,O. compositions with
increasing Na mole fraction exhibit a more negative water reaction energy, i.e., poorer
stability with water (Figure 5.2b). Similar trends are observed among A.Co,0.,
A,Cu,)O; (Figure 5.2c-d) and other formula classes (Figure C.1).

Among the compounds within each formula class, the water stabilities vary with
the cations in the compositions. In particular, the A-cation plays a critical role in
determining water stability (Figure 5.2c,d). The A-cations with the oxidation states of
1+, such as Li, K, Na, and 2+, such as Ca, Sr, and Ba, generally lead to poorer stability
with H>O, as a result of the energetically favorable formation of these alkaline or
alkaline earth metal hydroxides. In contrast, the materials with A-cations of oxidation-
state of 3+, such as Al, Ga, In, Sc, Y and Lanthanum group elements La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, show less negative water reaction energies (Figure
5.2c-d, Figure C.1), i.e., better stabilities with H>O. These results suggest the
compounds having A-cations with a high oxidation state and a low mole fraction for
good water stability.

Our plot of the water reaction energies for a wide range of oxide compositions
also show the significant effect of B cations on water stability (Figure 5.3a-d, Figure
C.2 and Supporting Information). For ABO; (Figure 5.3a), Ce, Co, and Ti-based
compounds are less stable with water (more negative water reaction energies) than

189-192 5ur scheme also

those containing Ni, V, or Zr. In agreement with experiments,
shows that BaZrOs exhibits good water stability while BaCeOs does not. The

Ruddlesden—Popper ProNiOy is reported to slowly decompose in an H,O containing

environment,*61% which agrees with our calculation results (Figure 5.3b). Our
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calculations show that PrNiOsz is more stable than PrCoOs (Figure 5.3a), in good
agreement with the experiments by Ding et al. that demonstrated PrNig5Co00.503 with
significantly improved water stability than PrCo03.%% Therefore, the results of the
cation trends on water stability can be used to guide the cation substitution for
improving water stability. In general, good water stabilities are observed for several B-
cation compositions, including AMnOs, AmoOs, A>Mo0Os, A2Mo0Os, A3zMoOeg,
AoMn207, A2V207, AosVOs3, and ACuOs. To guide the cation selection for designing
oxides with good water stability, we plot the water reaction energies for a wide range

of oxide compositions (Figure 5.3a-d, Figure C.2).
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oxidation states from left to right.
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5.3.3. Hydrogen Incorporation in Oxide Materials
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Figure 5.4. a) The lowest energy structure of H>Sr2Co.Os after the hydrogen
incorporation of Sr2Co0,0s. b) The energy above hull Ena as a function of hydrogen
insertion energies for inserting 1 H per B-cation in A,BO; (B-cation = Ni, Co).
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We evaluate hydrogen incorporation in materials with good water stability having
AEw0 > 0 meV/atom (Methods). The hydrogen insertion energies are assessed in the
materials with inserted hydrogen concentration of 1 H per B-cation. For example, the
brownmillerite Sr2C0205 to form HoSr2Co,0s after inserting 1 H per Co-cation has a
negative hydrogen insertion energy (Figure 5.4a), in agreement with the previous
experimental studies that showed favorable hydrogen incorporation to the same
concentration.*’" In contrast, the perovskite BaCeOs exhibits a positive hydrogen
insertion energy (3.12 eV/H), in agreement with the fact that acceptor dopants are
required in BaCeOs; for incorporating hydrogen.>#1:21:93:.145.146 1n this way, our
computation approach identifies the materials that can incorporate hydrogen directly
without aliovalent doping.

In addition, we calculate the energy above the hull Enai of these protonated
structures to evaluate the phase stability of the hydrogenated materials.”%-98:134.135,199,200
The Enun values of the protonated structures generally remain low in the materials with
more negative hydrogen insertion energies AEhnydrogen (Figure 5.4b and C.3). These
materials with low Ena may retain good phase stability during hydrogenation. A range
of candidate materials containing A-cations including K, Na, Rb, Sr, or Ba, and B-
cation including Cu, Co, Fe, Mn, or Ni show negative hydrogen insertion energies
(Figure 5.4c-d) and good phase stability with Ena < 100 meV/atom. Notably, many
compositions in A;BOg, A:B207, and A:BO4 with B=Mo (A =Y, Dy, Sm, Pr, La, Eu,
Nb, Tb, or Cr) demonstrate good capability for hydrogen incorporation. Therefore, our
computation identifies many materials with multivalent cations that can incorporate a

high concentration of hydrogen.
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5.3.4. Proton Diffusion in Oxide Materials
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Figure 5.5. a) Proton sites and migration pathways and b) the energy profile of the

proton migration in Sr2Co020s. The energy barrier of proton migration as a function of

hydrogen bond length du -0 for different pathways in a range of materials in ¢) A,BOs,
d) A:BOy4, e) A:B2O7, and f) A.BO; formula classes.

58



We evaluate proton diffusion in the materials with good water stability and
hydrogen incorporation capability (Table 5.1). In oxides, protons bond with their
nearest-neighbor oxygen anions with a bond length of approximately 1 A (O—H)
(Figure 5.5a). The proton diffusion consists of proton jumps between two neighboring
oxygens and proton rotations around an oxygen anion. The proton jumps are known to

3.57.68.73.187.188 and are often rate-

have higher energy barriers than the proton rotations,
limiting. Here we only evaluate the proton jumps for screening proton-conductors. We
analyze all proton jump pathways among the oxygens in different B-cation
coordination environments, such as BOs tetrahedra, BOs pentahedra, and BOg
octahedra, in the candidate oxide materials. For example, the Sr2C0,0s5 brownmillerite
structure contains CoOs octahedra and CoOs tetrahedra (Figure 5.5a), which form a
network of proton migration pathways (Figure 5.5a). As shown by the NEB
calculations, the energy barriers of proton jump migrations along the edges of CoOg
octahedra are significantly lower than those along the edge of CoOs tetrahedra (Figure
5.5b).

By analyzing the proton migration energy barriers in these candidate materials,
we observe that the energy barriers for proton jump migration along BOs octahedra are
generally lower than other types of BO, polyhedra (Figure 5.5¢-f). The energy barrier
of proton jump migration can be understood by the breaking and reforming of an O-H
covalent bond with the nearest-neighbor oxygen and a hydrogen bond (H:--O) with the
next nearest-neighbor oxygen, which becomes the new O—H covalent bond after proton

jump (Figure 5.5a). We observe that in general shorter hydrogen bond distances (du---0)

are correlated with lower energy barriers (Figure 5.5¢-f). Since shorter hydrogen bond
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lengths (du---0) are observed for the protons bonded to BOs octahedra, the BOs
octahedra are generally more beneficial for proton migration. This observation may
explain why perovskites with 3D-connected BOs octahedra are generally good proton
conductors and why brownmillerites form fast proton conduction in the octahedra

layer.”%!
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Table 5.1. Proton conductors identified by computation.

Water Enun at 1 Hydrogen
Material ICSD- Space reaction H/B- insertion Energy
.. MP-ID energy cation energy Barrier
composition ID group AEwm0 (meV/atO AEhydrogen (eV)
(meV/atom) m) (eV/H)
YbFeOs 27284 mp-19793 Pnma 70 59 -2.46 0.13
AcFeOs3 - mp-861502 Pm3m 37 101 -1.12 0.16
MoPOs - mp-26372 Pnma 28 26 -0.61 0.3
Sr2C0205 162239  mp-645208 Pnma 6 66 -1.19 0.32
YbCoOs 172051  mp-687081 Pnma 49 93 -1.78 0.32
Mn2TeOs - mp-1210598  P42/mnm 26 62 -1.54 0.35
NbMoOs - mp-1220430 Cmmm 39 101 -2.20 0.35
TbaM0207 159771 mp-19200 Fd3m 1 99 -0.62 0.38
CaFeOs 92330 mp-19115 R3c 4 91 -1.61 0.40
CrMoO4 - mp-1213733 Cmmm 137 69 -2.80 0.42
EusMoO7 - mp-1213342 P2:2,2; 89 94 -0.25 0.45
SrMnO; 157936  mp-559975 C222, 13 81 -1.25 0.47
Nd:Mo07 291030 mp-33803 Fd3m 6 97 -0.33 0.52
YDbNiO; 189293 mp-19249 Pnma 40 71 -2.05 0.59
EuMnOs3 95492 mp-20614 Pnma 58 77 -0.72 0.69
Ni(BiO3)2 - mp-1101457  P42/mnm 38 68 -1.70 0.85
HgMoO4 2533 mp-19363 C2/c 37 84 -1.29 0.93
CaMoOs 172790 mp-19012 Pnma 6 98 -0.42 0.97
MnMoO4 78328 mp-19081 C2/m 62 96 -0.69 0.98
UMnO4 - mp-19173 Imma 0 32 -0.52 1.12
CoWO4 15851 mp-19092 P2/c 59 64 -0.65 1.21
TaFeOa - mp-755628 P2/c 9 41 -1.13 1.35
Mn(PO:s)2 412558  mp-542139 C2/c 2 89 0.06 1.36
FeWOs 26811 mp-19421 P2/c 61 47 -0.69 1.42
MnWOs 67910 mp-19407 P2/c 76 18 -0.88 1.42
Co(BiOs)2 - mp-765403 P321 2 75 -1.81 1.69
NiWO4 16685 mp-21179 P2/c 31 93 -0.74 1.91
Mn,CdO4 24258 mp-18720 I41/amd 22 98 -0.90 1.92
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5.3.5. New Proton Conductor Materials

. CE y
. 1 \'- ﬁ
¢ oY
YbCoO, (Pnma) SrMnO, (C222) Tb,Mo,0, (Fd3m)
b) d) f)
-1 -1 = 1
S 04]7 2 S 04 - 3 04173
3 3 --- 4 3
> > >
5 0.2 5 0.2 0.2
c c (0]
w A w T
0.0 0.0 0.0
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Reaction Coordinate Reaction Coordinate Reaction Coordinate
g) i) k) I
h) CrMoO, (Cmmm) ) MoPO, (Pnma) ) Eu,Mo0, (P2,2,2))
J
=1 =1
] — . -
< 0.4 < 04 S 0.4
2 ) K
> > >
2 0.21 0.2 20.21
2 ) 2
L I w
0.0 0.0 0.0

1 2 3 4 5 1 2 3 4 5 2 3 4 5
Reaction Coordinate Reaction Coordinate Reaction Coordinate

—_

Figure 5.6. Low energy proton migration pathways and the energy profiles in
representative proton conductor materials a-b) perovskite YbCoOs3, c-d) StMnOs, e-f)

TboMo0207, g-h) CrMo0O4, 1-j) MoPOs, and k-1) EusMoO.
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Our high-throughput computation workflow identifies 12 materials with good
water stability, good capability of hydrogen incorporation, and fast proton diffusion
with a proton migration energy barrier of less than 0.5 eV (Table 5.1). Many of these
materials are A\BO3 (AcFeOs, YbCoOs, YbFeOs, CaFeOs) and A:B>O7 (TboM0207),
as theses crystal structures consist of 3D-connected BOs octahedra for low-energy
proton migration pathways (Figure 5.6). Other identified proton conductors, such as
EusMo0O7, Sr:Co020s5, Mn2TeOs, NbMoO4, and CrMoOs, have connected BOg
octahedra forming 2D layers in the crystal structures for fast proton diffusion (Figure
5.6). These results agree with our finding (section 5.2.4) that the proton migrations are
generally easier among BOg octahedra. In summary, our computation study on a wide
range of materials identifies a number of potential proton conductor oxides and

provides related materials design guidelines.

5.4. Discussion and Conclusions

This study employs the first-principles computations to systematically analyze
a wide range of ternary oxide materials with a large variety of cation combinations for
their hydrogen incorporation, proton diffusion, and water stability, which are relevant
for the applications of these materials. Our computational results reveal the impact of
cations on stabilities and proton conduction, offering guidelines for future materials
design.

Our computation study on a large number of materials identifies that connected
BOg octahedra in the oxide crystal structures are generally beneficial for fast proton

diffusion. This result explains that many well-known proton conductors are
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perovskites, which feature 3D-connected BOs octahedra. The brownmillerite
S12C020s, a newly reported fast proton conductor, exhibits faster proton diffusion in
the layer with 2D connected CoOs octahedra, in agreement with a previous
computational study.” Among the computation-identified proton conductor materials,
many contain connected BOs octahedra polyhedra, including perovskite AFeOs,
AoMo0,07, and AMoOs, and exhibit low energy barriers of proton migration. The
connectivity of cation-oxygen octahedra may serve as a simple feature to identify good

proton conductors.
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Chapter 6. Conclusions and Future Work**

6.1. Conclusions

I employed first-principles computation to systematically analyze the hydrogen
incorporation and proton diffusion in a large number of known or predicted perovskite
materials, including single and double perovskites with a wide range of B-site cations.
The double perovskites can be optimized for hydrogen incorporation and diffusion
using appropriate cation combinations by having two different B-site cations. I found
that if these B'-site cations form layered ordering or connect through corner-sharing
B'Os octahedra, good proton migration pathways with low barrier would form among
these B'O¢ octahedra layers. The provided chart for the phase stability of hydrogen
incorporated double-B perovskites with different B-site cation combinations might
guide the selection of the B-site cations and dopants for designing phase-stable proton-
conducting materials. In addition, the calculations showed that the layered B-site cation
ordering may be energetically favorable in several hydrogen incorporated phases.
Therefore, the proposed double perovskites with two B-site cations provided a
promising direction for the future development of the proton conduction materials.

I revealed the atomistic mechanism of proton diffusion in brownmillerite

SrCo0. .5, which is promising because of the exceptionally high proton conductivity at

' Some text of introduction is adapted from my published papers:

Islam, M. S.; Wang, S.; Nolan, A. M.; Mo, Y., “First-Principles Computational Design and Discovery
of Novel Double-Perovskite Proton Conductors”, Chem. Mater. (2021).

Islam, M. S.; Nolan, A. M.; Wang, S.; Bai, Q.; Mo, Y. “A Computational Study of Fast Proton Diffusion
in Brownmillerite Sr2C0205”, Chem. Mater. 32 (2020) (12), 5028-5035.

Islam, M. S.; Wang, S.; Alex T. Hall; Mo, Y., “First-Principles Computational Design and Discovery
of Solid-Oxide Proton Conductors”, submitted, 2022.
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the hydronated phase (HSrCoO.s). The calculation suggested that multivalent Co
enables SCO to take in 1 H per formula unit to form HSCO without any dopants. The
proton sublattices and their energetics were studied in different H concentrations,
suggesting a proton sublattice favorable for fast proton diffusion. I systematically
studied proton diffusion pathways in the brownmillerite structures, identified sluggish
proton diffusion across the CoOs pyramid layers, and confirmed the fast diffusion
within CoOs octahedral layers. I concluded the good structural stability and fast proton
diffusion in this brownmillerite compound.

Finally, I employed the first-principles computations to systematically analyze
a wide range of ternary oxide materials with a large variety of cation combinations for
their hydrogen incorporation, proton diffusion, and water stability, which are relevant
for the applications of these materials. The computational results revealed that the
connected BOg octahedra in the oxide crystal structures are generally beneficial for fast
proton diffusion. The high-throughput screening identified multiple AxBO3, A:BOs,
and A.B207 compounds including AcFeOs;, YbCoOs, YbFeOs;, CaFeOs, and
TboMo0207, as promising proton conductors. In addition, the computation provided a
general understanding of how the cations affect the water stability of the oxide
materials. The calculated chart of water stabilities (Figure 5.3 and Figure C.2) with
different cation combinations can be used to guide the selection of cations and dopants
for designing the oxides with improved water stabilities. In summary, this thesis offered
fundamental understanding and proposed design principles to develop oxide proton

conductor materials with fast proton conduction and good stabilities.

66



6.2. Future work

This thesis offers several computationally predicted proton conductor oxide
materials with fast proton diffusion, high proton incorporation, and good water stability.
Further experimental studies are needed to confirm our computationally predicted new
materials. In the experimental synthesis of these materials, the actual compositions may
form nonoptimal cationic rearrangement for the proton conduction, which we did not
consider in computation. Additionally, while this thesis contains several fundamental
studies on proton diffusion in the bulk crystal structure, it did not consider the solid-
solid interfaces, including grain boundaries, and how they affect the proton diffusion
in the materials. In addition, these predicted materials can be further optimized for
hydrogen incorporation and water stability by substituting favorable cations. This is a
promising direction to further optimize the candidate materials identified in our
computation for their applications in the next-generation energy devices such as SOFCs

and SOECs.
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Appendices

Appendix A
Appendix A provides supplementary materials for the chapter 3, including radial
distribution analysis, proton migration barrier, correlation between proton migration

barrier and structural features, the energy of hydrogen insertion, and predicted new

materials.
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Figure A.1. Radial distribution function g(r) of proton from different hydrogen sites to
Ba sites (center) in a) cubic BaZrOs; perovskite and b) orthorhombic BaCeOs

perovskite.

69



Table A.1. Comparison of our calculated proton jump energy barriers in different

perovskite structures with reported values.

Composition This work  Energy barrier (computation)  Energy barrier
[eV] [eV] (Experimental)
[eV]
BaYbo25Ceo2505 0.56 0.22-0.58 [73] 0.54 (Nd doped) [
SrYbo25Ceo.7503  0.648 0.67 0.63 (Yb doped) [+
BaYo.25Z10.7503 0.35 0.25-0.29 431 0.43-0.48 (Y doped) 57!
SrTiOs 0.36 0.3-0.7 1 0.41 (Sc doped) 1121

Table A.2. Comparison of energy barriers of proton jump and rotation in perovskite

materials.

Composition Jump energy barrier Rotation energy barrier
[eV] [eV]

BaFeO; 0.21 0.20

BaTiOs 0.18,110.29 0.16, 1810.31

BaZrO; 0.27, 181.0.30 0.1,1%10.18

SrCeO:s 0.55 0.28

SrFeO; 0.23 0.23

SrTiOs 0.33, 1810.36 0.16, 1810.18

SrZrOs 0.80, 181 0.50 0.22, 1810.43
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Table A.3. Structural parameters for analyzing the correlation with proton migration

energy barrier.

Parameter Description
oxiA Oxidation state of A-site cation
oxiB Oxidation state of B-site cation
A lonic radius of A-site cation
B Tonic radius of B-site cation
a Lattice constant of pristine unit cell
t Goldschmidt factor
do-o The oxygen-to-oxygen distance within the same BOs octahedron
du-o The bond length of the H-O covalent bond between proton to the nearest oxygen
dn-o The H--O hydrogen bond length from proton to the second nearest oxygen
dB-n The distance from the proton to the nearest B-site cation
ds-o The distance of oxygen to B cation in the BOs octahedron
dan The distance from the proton to the nearest A-site cation
doo « Oxygen-oxygen distance within the same .Bos.octahedron at the transition state of
- proton migration
dio . The distance from proton to the; nearest oxygen withip thq same BOs octahedron at
- the transition state of proton migration
dio s Hydrogen bond (O--H) length of migr.ating. proton at the transition state of proton
- migration
dot The distance from the proton to the nearest B-.site cation at the transition state of
- proton migration
doo The distance of oxygen to B cation in the .Boa.octahedron at the transition state of
- proton migration
dast « The distance from the proton to the nearest ATsite cation at the transition state of
- proton migration
C Stretching parameter of the BOs octahedron bonding with proton!4%]
A Mean stretching parameter of the BOs octahedron bonding with protont4°]
)y Angular distortion parameter of the BOs octahedron bonding with protont4°]
(S Torsional distortion parameter of the BOs octahedron bonding with proton!!4”]
Free_vol Free volume (unit cell volume — lattice volume)
Edagon Ewald energy of hydrogenated structure
Xa Electronegativity of A-site cation
X Electronegativity of B-site cation
AH Energy of hydrogen insertion at 0.125 H/f.u.
Volume ratio of supercell structure before and after hydrogen insertion into the
Volaso/ason

structure

Analyzing the correlation of proton migration energy barrier with crystal structural

parameters. We have performed linear regression analysis to find the correlation of

proton jump migration energy barrier (£.) with a range of structural parameters listed

in Table A.3. To quantify the correlation, we perform linear regression of with proton

migration energy barrier with two parameters (Figure A.2). The correlation score (R?)
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greater than 0.6 is observed for the parameters du--o or ds-u, which are good descriptors

of proton migration energy barrier in cubic perovskite structure.
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Table A.4. Structural parameters and proton migration barrier of cubic perovskite

materials.
Composition  ra B 2a do-o duo duo dsn dso dan EaleV]
[Al  [Al [A]l (A [A] [A] [A]  [A] [A]
KTaOs 1.64 0.64 8.12 2.71 098 2.19 245 214 234 0.39
RbBiO3 1.72 0.76 8.54 2.76 099 2.17 2.51 225 251 037
BaZrOs 1.61 0.72 8.50 2.85 099 2.17 239 224 262 027
BaNbOs3 1.61 0.68 8.34 2.83 098 2.10 2.28 2.21 2.50 0.35
BaSnOs 1.61 0.69 8.38 2.76 099 2.12 240 219 254 037
BaHfOs 1.61 0.71 8.42 2.81 098 2.11 234 2.21 2.54  0.39
SrTiOs 1.44 0.61 7.90 2.71 099 2.00 226 212 245 0.36
KNbO;3 1.64 0.64 8.20 2.74 098 2.16 248 2.18 235 0.33
BaTiOs 1.61 0.61 8.07 2.72 098 197 223 2.16 244 0.29
CsBiOs 1.88 0.76  8.73 2.87 098 228 257 232 258 0.51
BaTaOs3 1.61 0.68 8.22 2.82 098 2.09 227 2.18 247 0.36
KH{fO3 1.64 0.71 8.38 2.78 098 2.19 245 220 245 0.39
SrvVOs 1.44 0.58 7.80 2.63 099 1.82 2.10 207 242 022
NaNbOs3 1.39 0.64 7.95 2.74 1.00 241 271 2.19 223  0.68
RbIrOs 1.72 0.57 7.94 2.60 098 2.01 2.38 2.11 2.32  0.39
SrAlOs 1.44 0.54 7.61 2.55 099 1.70 2.00 204 231 0.15
RbTaOs 1.72 0.78 8.06 2.75 098 2.17 243 2.18 234 047
KWO3 1.64 0.62 8.03 2.73 098 220 242 208 232 049
RbNbLO3 1.72 0.64 8.23 2.78 097 2.16 246 220 237 046
RbOsO3 1.72 0.58 7.88 2.65 097 2.11 237 2.09 227 0.39
BaOsOs3 1.61 0.63 8.10 2.61 098 190 230 2.14 242 0.23
RbSbO3 1.72 0.60 8.08 2.68 098 2.11 240 2.14 235 0.39
SrFeOs 1.44 0.58 7.74 2.64 098 195 2.19 206 240 0.23
BaFeOs 1.61 0.58 8.06 2.74 098 190 2.17 233 244 0.23
SrNiOs 1.44 048 7.72 2.57 099 174 2.04 204 238 0.15
SrCoOs 1.44 0.53 7.64 2.75 098 2.18 232 203 240 0.37
BaCuOs3 1.61 0.54 8.07 2.68 099 1.80 2.11 225 246 0.21
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Figure A.2. Correlation score (color bar) of the linear regression proton migration
energy barriers to any combinations of two structural parameters of cubic perovskite

compositions listed in Table A.4.
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Relation between hydrogen insertion reaction and hydration reaction

(a)

(b)

Hydrogen insertion reaction 0.05 y,
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Figure A.3. (a) Schematic of the relation between hydrogen insertion reaction and
hydration reaction. (b) Hydration energy as a function of difference between the energy

of hydrogen insertion and formation energy of oxygen vacancy.

In this thesis, the energy of inserting x amount of hydrogen in ABO3 perovskite

structure was evaluated according to the reaction

ABO; + ~H, - ABO;H, (1)

The reaction energy AH(x) for incorporating x amount of hydrogen in the structure
(hydrogen insertion energy) was calculated as
AH(x) = E(ABO3;H,) — E(ABO3) — xpuy (2)

where, iy is the H chemical potential, and E(ABO3) and E(ABO3H,) are the energy

of pristine ABO3 and protonated ABOsHj, respectively.

The hydration reaction of the material with g amount of oxygen vacancy ABO,_x was
2

evaluated according to the reaction
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ABO,_x + ~H,0 — ABO;H, (3)

The hydration reaction energy AEy,q for incorporating x amount of hydrogen in

ABO,_x through hydration was calculated as
2

AEyyq = E(ABO3H,) — E (ABO3_§) ~ 20 (4)

where iy, is the chemical potential of H>O.
The oxygen vacancy formation in ABO; perovskite structure was evaluated using
reaction

ABO; — ABO,_x + ~0, (5)

The formation energy of oxygen vacancy AEy, (ABO3, g) was calculated as

AEyo(ABOs,%) = E (ABO3_§) — E(ABO3) + 2 1o, (6)
Where i, is the chemical potential of O,. The chemical potential of Oz, Hz, and H.O

are related as

~H, +20, - ~H,0 (7)

EUHZO = XUy + %Hoz (8)
By combining equation (2), (4), (6) and (8), we can find the energy of hydrogen

insertion and hydration energy are related as follows

x
AEnyq = AH(x) + E(ABO,) — E (AB03_§) — 5 ity + XMy
X\ X x
= AH(x) — AEy, (ABO3'§) ~ 5 M0 T3 Ho, T XHy

X
= AH(X) - AEVO(ABO3,§)
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AEyya = AH(x) — AEy,(ABO3,2) (9)
Therefore, the hydration energy is equivalent to the hydrogen insertion energy plus the
formation energy of oxygen vacancy given the chemical potential of O, H, and H>O
follows the relation in Eq. (9) (Figure A3.a). We also confirm this relation using the
DFT calculated energies using several example materials such as SrNiOs, SrFeOs,
SrCo0Os; and BaFeOs (Figure A.3b). These analyses show that the energy of hydrogen

insertion is related to the hydration energy and is a good quantity to describe the

materials capability to absorb hydrogen.
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Table A.5. Energy of hydrogen insertion (AH in eV/f.u.) and energy above hull (Enun

in meV/atom) of H{ABOs cubic perovskite compositions at different x.

Composi ?H _ AH AH AH fhu“ _ Ena Enun Enun
tion 0.125 x=05 x=075 x=1 0.125 x=05 x=075 x=1
CsBiO3 -0.13  -0.69 -0.97 -1.25 8 21 29 37
KHfO3 -0.14  -0.65 -0.96 -1.21 40 37 40 53
RbBiO; -0.13  -0.58 -0.83 -1.02 0 1 10 29
BaFeOs3 -0.20  -0.46 -0.55 -0.73 16 43 76 88
SrCoO3 -0.32 -045 -0.56 -0.67 35 96 120 139
SrFeOs -0.14  -0.30 -0.43 -0.50 18 76 107 138
SrAlIO3 -0.06 -0.29 -0.44 -0.58 65 113 143 172
RbSbO3  -0.09 -0.22 -0.26 -0.33 126 132 131 122
RbIrO; -0.07  -0.17 -0.16 -0.27 79 157 216 252
SrNiO3 0.25 -0.05 -0.29 -0.46 64 100 113 135
RbOsOs  -0.02 0.23 0.40 0.68 138 206 244 296
KWOs3 -0.08 0.30 0.60 0.94 49 99 138 179
SrVO3 0.07 0.36 0.63 0.90 15 43 68 89
RbNbO3  0.02 0.44 0.86 1.28 56 79 117 152
KNbO3 0.12 0.59 1.01 1.60 6 40 80 144
SrTiO3 -0.19  0.64 1.25 1.75 22 119 187 230
NaNbO;  0.21 0.66 1.16 1.55 31 58 109 138
BaSnO3 0.17 0.74 0.87 1.06 27 115 123 141
BaOsOs  0.22 0.81 0.80 1.18 140 258 257 322
RbTaOs:  0.14 0.84 1.44 1.96 81 151 216 262
KTaOs 0.22 0.99 1.57 2.13 28 115 178 231
BaTaOs3 0.47 1.00 1.08 1.26 114 162 135 127
BaZrOs 0.43 1.06 1.67 1.78 56 116 184 162
BaHfO3 0.45 1.20 1.68 2.09 61 142 186 214
BaNbO;  0.35 1.28 1.62 2.12 42 161 180 225
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Table A.6. Proton migration energy barrier in selected rock-salt double B perovskites.
Ep and Ep" represents proton migration energy barrier near lower (B') and higher (B"”)

oxidation state cation respectively.

Composition  MPID Tolerance factor Ep Epr

(Ba;B'B"0s) ) [eV] [eV]
BaxLi0sOgs mp-10584 1.04 0.28 0.95
Ba>YOsOs mp-1078303 1.00 0.44 1.29
Ba;DyReOs  mp-13932 0.99 0.40 0.48
Ba;TmReOs  mp-13934 1.00 0.33 0.41
BaxMgWOs  mp-18986 1.03 0.25 0.69
Ba:NiWOs mp-504723 1.04 0.22 0.74
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Table A.7. Site energy differences between site 1 and site 2 (shown in Figure 4d) at
the low cationic layer B'O; plane (AE1-2) in double-B layered A>B'B"”Og¢ perovskites.

A-site B’ element  lonic B” element  lonic Ar (re-rg)  AE12[eV]
element radius of B’ radius  of [A]
re [A] B"
re [A]

Ba In 0.62 Zr 0.72 0.10 0.00
Ba Yb 0.87 Sb 0.76 -0.11 0.01
Ba Dy 0.91 Mo 0.65 -0.26 0.01
Ba Yb 0.87 Ta 0.68 -0.19 0.02
Sr Fe 0.65 Ti 0.61 -0.04 0.02
Sr Zn 0.74 Mo 0.65 -0.09 0.02
Ba Ca 1.00 Bi 1.03 0.03 0.03
Ba Y 0.90 Zr 0.72 -0.18 0.03
Ba Lu 0.86 Mo 0.65 -0.21 0.04
Ba Zn 0.74 Mo 0.65 -0.09 0.04
Ba Zn 0.74 P 0.38 -0.36 0.06
Ba Tb 0.92 Sn 0.69 -0.23 0.10
Sr Fe 0.65 Ru 0.57 -0.08 0.10
Ba Tb 0.92 Mo 0.65 -0.27 0.12
Sr Fe 0.65 Co 0.53 -0.12 0.12
Ba Y 0.90 Mo 0.65 -0.25 0.13
Ba Ho 0.90 Mo 0.65 -0.25 0.14
Ba Yb 0.87 Sb 0.76 -0.11 0.14
Sr Zn 0.74 4 0.62 -0.12 0.15
Ba Yb 0.87 U 0.89 0.02 0.16
Ba Fe 0.65 Ta 0.68 0.04 0.16
Ba Mg 0.72 U 0.76 0.04 0.18
Ba Zn 0.74 Y 0.62 -0.12 0.19
Ba Tm 0.88 Mo 0.65 -0.23 0.19
Ba Er 0.89 Mo 0.65 -0.24 0.20
Sr Mn 0.65 Zr 0.72 0.08 0.29
Ba Nd 0.98 Mo 0.65 -0.33 0.29
Sr Fe 0.65 Hf 0.71 0.07 0.29
Ba Co 0.53 Mo 0.65 0.12 0.32
Ba Zn 0.74 Os 0.58 -0.17 0.33
Sr Fe 0.55 Mo 0.65 0.10 0.35
Ba Cr 0.55 Mo 0.65 0.10 0.42
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Bn+4 Bn+5/B"+6 Bn+5/Bn+6

GeSiMn Ti Ir ReSn Hf Zr Ru MoW NbTa Pu U MoW Nb Tg
I Co-13‘7 151 6I8 7i 1i9 1319 sé | 9|1 6§ 7I7 1(;2 7‘5 8(IJ -16‘5 Cu-126 154 8 78
;E Ni-151203 94 65 74 . 96 77 74 124 147 83 82 -201 Mg - 61 58 78
EQ Cr-144 231 104 65 148 158 96 101 90 85 119 99 131109 133  Zn- 53 E 77 63
‘:2‘\ V- 193 106.210 142 69 52 158. 83 59 124 57 126 %;JAg— 178
m
Fe-134 195 72 . 81 129133 139 60 60 116 74 66 130 119  Hg- 188 222 107
Mo - 78 73 [280 86 213 91 140 Cd-77 124 64 81
Al- 232108 91 99 157 87 94 93 141 106 166 169
Ga- 213 93 71 98 135 78 85 93 129 121 170 96 213
Sn-158164 107838 250 223 218 167 %61 129
Sc- 1641704l o0 104 [46]57  [47 106103168 225 350
Sb -118 211 122 114. 227 130 109
In- 157 96 71 147 71 64 73 136 133 257 300
Lu- 160 135 52 129 117 227 1 :E\
o Yb- 135 . 147 71 80 70 102 250 %
MNTm- 154 120 99 57 115 98 188 57 196 >
Er- 126 104 159 75 144 104 159 158 200 GEJ
Y- 155119 E 134 174 83 101 81 159 113 196 61 204 =
Ho- 154 108 231 58 168 107 192 59 115 2
Dy- 152 97 . 86 126 111 167 170 150 %
Tb -154 159 126 |53 136 165 93 107 125 86 139 125 172 62 . <
Sm- 151 93 212 104 166 145 166 78 92 100 s
Nd- 153 132 197 115 136 109 180 84 175 'g
Pr-152 144 101 134 203 89 133122 89 142 114 173 88 178 50 W

cell]l o [l waBEal] B
La- 223 224252 136201 189

Figure A.4. The calculated energy above hull Ewui (color bar) of layered double-B
perovskite HSrB'B”"Os predicted by computation. The cations are arranged in
ascending order of ionic radius (data in the Excel sheet of the full materials list in

Supporting Information).
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Table A.8. Newly predicted double-B layered perovskite composition, energy above

hull (Enan) and jump energy barrier (£.) as shown in Figure 3.6.

A-site element B’ element B” element Ehun Ea(eV)
of A2B'B"O¢ H
[meV/atom]

Ba In Ce 49 0.29
Ba Pr Ce 56 -

Ba Tb Ce 48 -

Ba Y Ce 48 -

Ba Sc Hf 40 0.25
Ba In Hf 34 0.34
Ba Y Hf 39 0.43
Ba Mo Hf 53 0.55
Ba Tb Hf 44 -

Ba La Mo 53 0.07
Ba Pr Mo 45 0.16
Ba Ho Mo 27 0.22
Ba Er Mo 28 0.22
Ba Tb Mo 22 0.23
Ba Tm Mo 29 0.23
Ba Dy Mo 18 0.39
Ba Cr Mo 58 0.64
Ba In Mo 19 -

Ba Yb Nb 50 0.13
Ba Sc Sn 34 0.25
Ba Tb Sn 31 0.48
Ba Y Sn 32 0.80
Ba In Sn 41 -

Ba Yb Ta 50 0.32
Ba Sc Ti 47 0.20
Ba \% Ti 47 0.26
Ba Mo Ti 58 0.50
Ba In Ti 56 -

Ba Yb U 39 -

Ba In U 43 -

Ba Yb W 60 0.19
Ba Sc Zr 38 0.14
Ba In Zr 29 0.28
Ba Mo /r 52 0.30
Ba Y Zr 32 0.46
Ba \% Zr 48 0.92
Ba Tb Zr 35 -

Ba Fe Hf 47 0.17
Ba Mn Hf 46 0.22
Ba Yb Ir 58 0.39
Ba Ce Mn 50 0.42
Ba Sn Mn 48 -

Ba Y Mo 22 0.19
Ba Lu Mo 40 0.20
Ba Tb Mo 22 0.21
Ba Fe Mo 59 0.28
Ba Sm Mo 55 0.28
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Effect of oxygen vacancy on proton diffusion in layered double-B perovskite

(a) (b) (c)
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Figure A.5. (a) Proton migration path (black arrow) in layered double-B perovskite in
HA,B"**B"*'O¢ with different oxygen vacancy positions (marked by number). Proton
migration energy barrier for (b) Ho.sBaxScZrOs (¢) Ho.sBaxYZrOs at different oxygen

vacancy position shown in (a).

Table A.9. Relative energy with the oxygen vacancy at different positions.

Single oxygen vacancy Two oxygen vacancy
Relative Relative
Vacancy position energy Vacancy position energy
(meV/flu.) (meV/fu.)
4 0 13 0
lor2 82 4,4 2
3 88 1,1 37

To understand oxygen vacancy distribution and their effect on proton migration
in layered double-B perovskite structure, we randomly remove one or two oxygen and
twice the amount hydrogen atoms from the supercell of A2B'B”"OgH. For each
composition or oxygen concentration of A>B'B""OgH, a total of 2000 distinct
configurations of oxygen vacancy and hydrogen are sampled using pymatgen.'?!
Among these structures, 20 structures with the lowest electrostatic Ewald energy were
selected to perform DFT calculations and the lowest energy structure was identified
(Figure A.5a). From our calculated structures, we find an oxygen vacancy is
energetically favorable at the position 4 between the B" layer (with higher oxidation

state). For two oxygen vacancies, the most favorable positions are (1, 3) and (4, 4). For
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these different positions of oxygen vacancies, we calculate the proton migration energy
barrier on the dominant proton migration path (Figure A.5a). We find that the position
of the oxygen vacancy would affect the proton migration energy especially when it’s

close to the proton migration path.

The H:O energy and the correction scheme

In this study, we set the energy of H,O as follows.”” We considered the

hydration reaction of metal oxides
AO(s)+ H20(g) 2 A(OH)x(s)

and the hydration energy AEy, o is calculated as
AEy,0(AO) = E(A(OH);) — E(AO) — En,o

where E(A(OH),) and E(AO) are the formation energy of alkaline earth metal
hydroxide and alkaline earth metal oxide, respectively, and Ey, ¢ is the energy of H2O.
The DFT calculated AEy,(AO) is fitted to the experimental hydration energies of
MgO, CaO, SrO, and BaO at standard conditions (1 atm pressure and 20°C) from NIST-
JANAF thermochemical tables.?°! As a result, a constant shift of -0.787 eV/H»O to the

DFT energy is included in Ey, o to reproduce the experimental values of hydration

energy.
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Appendix B

Appendix B provides supplementary materials for the chapter 4, including crystal
structural details, Bader charge analysis, proton migration barrier, predicted new
materials, and the effect of van der Waals interactions.

Table B.1. Comparison of parameters between DFT relaxed structure and experimental

structure.'63

Parameter Experimental structure ' This study

Sr-Sr distance parallel to

CoOs octahedral plane (A) 3.838 3.80
Sr-Sr distance normal to CoOs

octahedral plane (A) 4.369 4.44

Co-Co distance in octahedral 3.90 303
layer (A)

Co-Co distance in pyramid 3.446 47
layer (A)

Volume (A%) 480.03 484.34
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Figure B.1. SCO structure with 32 initial marked positions around each distinct oxygen

site. Sr ions are not shown for clarity.
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O3 Pyramid

02 Interlayer

01 Octahedral

Figure B.2. Illustration of A-site Sr (green) and hydrogen sites (white) with CoOg
octahedron and CoOg4 tetrahedron in the SCO structure. The distances of A-site Sr
cations to interlayer oxygen (02), octahedral oxygen (O1) and pyramid layer oxygen
(03) are compared. Since the interlayer O2 is off-centered in the bc plane, Sr-O2 has a
larger distance of 3.09 A along the direction of H1 site, whereas Sr-O2 is a much
smaller distance of 2.56 A along the direction of H3 site. This indicates more space for
proton at H1 site and less electrostatic repulsion with Sr?* cations, whereas H3 has less
space and more electrostatic repulsion with Sr**. Similarly, Sr-O3, along the direction
of H7 site, also has a short distance of 2.47 A, which explains its high site energy.
Therefore, the A-site Sr cations may play a significant effect on the H site energy

preferences.
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Table B.2. Comparison of site energy with previously reported analysis'®?.

Site Previous study ' (eV) This study
Interlayer, site 1 0 0
Interlayer, site 2 0.04 0.06
Octahedral, site 4 0.15 0.14
Octahedral, site 6 0.19 0.2
Pyramid, site 7 0.58, 0.46 0.56

1.64 === Pyramid Co

& == Octahedral Co
<> Co in Perovskite

—
(&)
I

-
>
i

Bader Charge of Co ion
y o

-t
—
A

Perovskite  X=0 X=0.5 X=1
H concentration in HXSCO

Figure B.3. Bader charge of Co in H,SCO. Bader charge of Co in perovskite SrCoO3
is higher than those in SCO and H,SCO. The Bader charge of Co decreases with

increasing H concentration.
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Figure B.4. The change of local Bader charge of Co (indicated by arrow) during a)
proton jumps within same Col octahedral between O1 oxygen and b) proton rotation
from Col octahedra to Co2 octahedra. The charge density is evaluated using hybrid
exchange functional (HSE06)?°2. For proton jump in a), the Col as the first nearest
neighbor for proton does not change, and the electron charge on Co2 transfers to Co3.

For the proton rotation in b), the electron charge transfer from Col to Co2.

Table B.3. Energy barrier of different proton migration pathways in H,SCO (x=0.125,
0.25,0.5,0.75, 1).

Type Path SCO (eV) SCO Ho2s SCO Hoso SCO Ho;s HSCO

(eV) (eV) (eV) (eV)
1 021,025 03 03.017 025023 013,031
04, 041, 037 037 0.45 0.37. 0.45,
Octahedra 2 0.46 0.49
'I/n (erlayer 018,021 023 0.14 0.18 0.135,0.18
4 013,026 - ] ] 0.1,025
5 0.24 ; ; ; 0.26
6 0.42, 0.66 - - 8:‘9‘6’ 0.65,
Itoryer 7 0.44 ' : ' 0
8 0.65 } } } 0.67
9 ] ; ; ; 0.43
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Table B.4. The energy barrier of proton migration at path 1 and phase stability of
Ho.12sABO 5.

Substitution .
element on Energy barrier Enhun
A/B site of pathl (eV) (meV/atom)
Mg - 183
ACo00235s Ca 0.22,0.42 5
Ba 0.5 34
Cr 0.40 119
Mn 0.45 30
SrBO2s Ni 0.39 66
Fe 0.32 17
Ti 0.21 120
S 0.4
L
§ 0.3+
[}
5 0.24
ko)
£ 0.1
[$)
om
0.0+

1 2 3 4 5 6 7
Number of Image
Figure B.5. Energy barrier of proton migration path 1 from interlayer H1 to octahedral

H4 site in SrX0a.5 (X=Ni, Ti, Fe).
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Figure B.6. Energy above hull (black) and formation energy of hydrogen insertion
(blue) in a) SmNiO3 and b) SrRuOs.
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Effects of Van der Waals interactions on proton sites

To evaluate the effect of Van der Waals interactions on O--H bond and H site energies
in hydrogenated SCO, we used the semiempirical correction functional DFT-D2 and
DFT-D3 from Grimme.?”® This method captures the local atomic interaction from
predetermined constants.?**?%> We found the H site energies may change by 10 to 40
meV after including dispersion interactions (Table B.5), and the bond length of O--H
shortens slightly by less than 0.05 A for most H sites. We may conclude VdW
correction has little effect on site energy and bond distances compared with GGA
results.

Table B.5. Comparison of proton site energy and O--H bond length calculated using
GGA, DFT-D2 and DFT-D3 method.

GGA DFT-D2 DFT-D3
Site Relative site dOi-s-tlz;lnce Relative site dOi-s-tlz;lnce Relative site dOi-s-tlz;lnce
energy A) energy A) energy A)
H1 0.00 2.19 0 2.17 0 2.12
H2 0.06 2.10 0.04 2.05 0.05 2.04
H3 0.48 2.14 0.51 2.15 0.44 2.09
H4 0.14 1.73 0.12 1.72 0.16 1.69
H5 0.30 1.59 0.29 1.59 0.32 1.56
H6 0.21 1.73 0.23 1.71 0.23 1.70
H7 0.56 1.86 0.52 1.91 0.53 1.84
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Appendix C

Appendix C provides supplementary materials for the chapter 5.
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Figure C.1. Water reaction energies as a function of the mole fraction of A-cation in
a) A,BOs, b) A:BO4, ¢) A:BOgs, d) AB20Os, €) A:B>O7, and f) A:BO» formula classes.

Each point represents water reaction energy of a composition.
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Figure C.2. Water reaction energies (AEn20) for the materials in a) AB3Os, b) AB204,
c) ABO2 d) A2BOs, €) A3BOg f) A3B207 g) AosBOs, and h) A;BO; formula classes. A-

cations are arranged in ascending order of oxidation states from left to right.
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