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ABSTRACT: Successful synthesis of some perovskite oxyhydrides and their
unique catalytic properties have recently attracted researchers’ attention.
However, their surface structure remains unclear. Here we identify stable
surface terminations of a prototypical perovskite oxyhydride, BaTiO, Hj,
under catalytically relevant temperatures and pressures by using first-
principles thermodynamics based on density functional theory. Five low-
index facets, including (100), (010), (210), (011), and (211), and their
various terminations for a total of 47 different surfaces have been examined
for relative stability at different temperatures (700, 500, 300 K) and gas
environments (107 < Py, < 1 atm, 107" < Py, < 100 atm). The most
stable ones are found to be (010)-Ba,0,, (210)-Ti,O,, and (211)-Ba,O,H

(010) Ba,0,

(211) Ba,0,H

surface terminations. These polar surfaces are stabilized by charge
compensation. This work provides important insights into the stable surfaces of perovskite oxyhydrides for future studies of their

catalytic properties.

1. INTRODUCTION

Perovskite oxyhydrides are a new class of mixed anion materials
derived from the extensively explored perovskite oxides of the
formula ABOj;. The larger A cations are typically Ca, Sr, Ba, Na,
K, Pb, La, Nd, Pr, and Ce, while the smaller B cations are
typically early 3d or 4d transition metals.' The perovskite
structure can also incorporate nonoxide anions such as H™, and
recently, it was found that the substitution of hydride anions for
oxide in the BaTiOj; perovskite can be successfully carried out,
yielding the BaTiO; H, perovskite oxyhydride solid with x <
0.60.” These solids are interesting materials due to their labile
hydrides within the solid framework®™® and electronic
conductivity.””*

The newly discovered BaTiO;_H, perovskite oxyhydride has
found many applications in catalysis. In ammonia synthesis,”"’
BaTiO,_H, is a more efficient support than its parent oxide,
BaTiO;, for the Ru metal catalyst. It is suspected that the
material’s labile hydrides provide a spillover pathway for the
incoming H, required for NH; conversion, thus preventing the
Ru metal catalyst from being poisoned.'” The same Ru/
BaTiO; H, catalyst is also promising in CO, methanation."’
Furthermore, BaTiO;_ H, alone is active for ammonia synthesis
as well.” Although some of the hydrides become replaced by
nitrides, the presence of remaining labile hydrides is sufficient to
continue the reaction. Likewise, the mixed oxyhydride—nitride
BaCeO; N, H, itself acts as a catalyst for ammonia synthesis.">
Interestingly, the BaCeO; ,N,H, catalyst can synthesize
ammonia in comparable amounts to BaTiO;_ H, at the same
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temperature but a fifth of the pressure. This implies that a change
in the B cation can have an effect on the activity of the catalyst.

The mobile hydrides within the oxyhydride framework have
also been shown to be synthetically effective in the production of
mixed anion material. Previously, the synthesis of Ba-
TiO,5,No,; from BaTiOj; required a temperature of 950 °C
under a flow of NH;."> But when BaTiO, ,H, ¢ was used as a
precursor, lower temperature ranges of 375—550 °C was found
to be sufficient for the formation of BaTiO; N,,/; with x <
0.60."" At even lower temperatures of 150 °C, the BaTiO, ¢H
material can undergo F~/H™ exchange to form Ba-
TiO, sFgsHo,s "¢ In contrast, prior work reports the synthesis
of BaTiO,F, from reaction of BaO,, BaF,, TiO,, and Ti
requiring a temperature of 1300 °C."”

While the recent discovery of perovskite oxyhydrides and
their applications in catalysis have been exciting, the surface
structure underlying their interaction with the metal catalyst and
its role in catalysis are unclear. A fundamental understanding of
the surface structure of perovskite oxyhydrides is therefore much
needed. To the best of our knowledge, single crystals of cubic
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Figure 1. Models of bulk BaTiO, jH 5 with orange planes representing the studied cleavage direction.

ATiO; H,type perovskite oxyhydrides are not available yet.
While this prevents an experimental surface-science approach to
examining their surface structure, a first-principles approach can
nicely fill this gap and shed some light.

In this study, our goal is to use first-principles density
functional theory to compare various surfaces and terminations
of the prototypical perovskite oxyhydride, BaTiO,Hys to
determine the stable surface structures relevant to catalytic
conditions. These results will lay a foundation for future studies
of surface chemistry and catalysis on the BaTiO, sH, 5 perovskite
oxyhydride itself as well as on BaTiO,sH,s-supported metal
catalysts. Below, we first describe our computational methods
and structural models for various surfaces and terminations of
BaTiO, sHys.

2. METHODS

Density functional theory (DFT) calculations were Iperformed
with Vienna ab initio simulation package (VASP)."*" Electron
exchange and correlation was treated at the general-gradient
approximation (GGA) level using the Perdew—Burke—
Ernzerhof (PBE) functional.”® The electron—core interactions
were described by the projector augmented-wave (PAW)
potentials.”’ The plane wave basis set kinetic cutoff energy
was set to 450 eV. All calculations were performed with spin
polarization. All models were optimized until the interatomic
forces were less than 0.03 eV/A and the total energy converged
to within 107> eV. Bader charge analysis was used to obtain the
partial atomic charges within the bulk and slab models.”

2.1. BaTiO,;sHy5s (BTOH) Bulk Model. All surface
structures studied were cleaved from the BTOH bulk. It was
modeled from a 2 X 1 X 1 supercell of cubic BaTiO; perovskite
with a hydrogen atom replacing the central oxygen bridging
between the two cubic BaTiO; unit cells. Although bulk BaTiO;
is only cubic at higher temperatures but tetragonal below 400
K,”® BaTiO, H, of higher hydride concentrations (~x = 0.6) is
in the cubic phase at room temperature.” So it is expected that
BaTiO, sH, s bulk would still be in the cubic phase. This is why
we used cubic BaTiO; unit cells to construct the unit cell for the
BaTiO,H,s (BTOH) bulk. The bulk structure and the five
cleavage planes of focus are shown in Figure 1. The optimized
lattice parameters of BTOH based on the double-cubic unit cell
are a = 8.06 A, b = ¢ = 4.03 A, in excellent agreement with the
experimental values of a = b = ¢ = 4.03 A for BTOH based on a
single cubic cell.'®

2.2. Slab Models. A slab with two symmetrical terminations
was used to model the semi-infinite surface structures of BTOH.
Five low-Miller-index surfaces, including (100), (010), (210),
(011), and (211), were examined (Figure 1; visualized by the
VESTA program™*). Each surface consists of a set of neutrally
charged stoichiometric or nonstoichiometric terminations (see
Figures S1—SS in the Supporting Information for details). A
total of 47 slab models were initially built with seven layers in
each slab and, later, thicker layers were also considered for
thickness-dependence; the central three layers of each slab were
kept fixed to simulate the bulk region while the remaining outer

layers were relaxed. Each model was constructed with a 20 A
vacuum along the z-direction. A Monkhorst—Pack scheme™
was used to sample the Brillouin zones: k-mesh of 3 X 6 X 6 for
the bulk; k-meshes of 2 X 5 X 1,5X2X 1,4 X2 X 1,and 2 X 4 X
1 for the (100), (010), (210), and (011)/(211) surfaces,
respectively.

2.3. Surface Grand Potential. Upon cleaving the bulk,
exposed surface terminations can be stabilized when in contact
with an environment.”® The resulting free energy from this
interaction is quantified as the surface grand potential (SGP).”
The SGP is plotted as a function of the surrounding gas phase’s
chemical potential (in our case, H, and O,). Following previous
work by Wang et al.,** the SGP of a BTOH surface termination
can be written as

|
w; = E[Eslab + PV TS - NBaluBa - NTi'uTi - Noﬂo

= Nypyl (1)

Since DFT calculations are at 0 K and the PV term is small at
reservoir pressures below 100 atm,”” eq 1 can be rewritten as

w; = E[Eslab - NBa/"Ba - NTi/"Ti - NO”O - NH/"H]

)

where @; is the SGP for termination i; Ny, Np;, N, and Ny; are
the number of Ba, Ti, O, and H atoms in the slab model; pg,, pir,
Mo, and pyy are the chemical potentials of Ba, Ti, O, and H atoms,
and S is the surface area of termination i. The factor of '/, is
included to give the SGP per termination of the symmetric-
surface slab model. The relation between the chemical potential
of the bulk phase, pproy, and the chemical potential of each
constituent element is

bulk
Hyron = Epron = Hp, + Hy; + 2.505 + 054y 3)

The chemical potential term can vary with respect to the
computed reference chemical potential (E)*° as listed in
Equations 4—7

Apg, = py, — B *

Apgy = gy — B s)
_ 1 s

AP'O - ﬂo - EEOZ (6)

.

where E5"F and E2* are the electronic energies per atom from
the optimized bulk Ba and Ti; Efi; and E§; are the ground state

electronic energies of an isolated H, and O, molecule,
respectively. Substituting eqs 3—7 into eq 2 yields the SGP
equation
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Figure 2. Relative stabilities of most stable BaTiO, ;H, s terminations at 700 K: (a) under increasing oxidation condition, with Py, = 107" atm and
107" £ Po, < 1 atm; (b) under increasing reducing condition, with Py, = 107'* atm and 107" < Py, < 100 atm.
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Figure 3. Side and top views of the nine most stable surface terminations of BaTiO, sH, s after geometry optimization. Stoichiometric terminations are

marked with an asterisk.

1
w; = — E[(NB;\ — Npy)Apy, + (No — 2.5Np;) Apg

+ (N — 0.5Np;)Apy,]

where

¢ =
(8)

1. bulk
—|Egy;, — Nn.E -
28 lab Ti”BTOH

bulk
(NBa - NTi)EBa

1 1
- (Ny — Z.SNTi)EEéz - (Ny — O.SNTi)EEEf‘;
©)

Values of Ay and Apg corresponding to pressure ranges of
107" < Py, < 100 atm and 107 < Py, < 1 atm were
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Figure 4. Relative stabilities of most stable BaTiO, ;H, s terminations at different temperatures: (a) 500 K and under increasing oxidation condition

(Pyp =107"% atm); (b) 300 K and under increasing oxidation condition

(Pyp =107"* atm); (c) 500 K and under increasing reducing condition (P, =

107" atm); (d) 300 K and under increasing reducing condition (Pg, = 107" atm).

considered for temperatures of 700, 500, and 300 K. In egs 8 and
9, Apr; has been eliminated and the remaining variable, Ay, is
set to —S5 eV. This value was determined by setting a series of
thermodynamic boundary conditions prohibiting the precip-
itation of other Ba-, Ti-, O-, and/or H-containing compounds on
the BTOH surface. Details in calculating Apg,, Apy, and Apg
values are explained in the Supporting Information.

Because Ti has localized 3d electrons, SGP calculations
including the Hubbard U parameter (3.3 eV for Ti 3d) were also
tested. We found that the relative surface stability trends were
the same with or without the U parameter, most likely because
the electrons in BaTiO; ,H, form a delocalized bandstate” and
give rise to metallic conductivity at room temperature for large
enough x (>0.3).° Therefore, we present only the results
without the U parameter for BaTiO, sH, s surfaces.

As mentioned previously, the TS term in Equation 1 was
ignored when calculating the SGPs for BaTiO, sH, 5 surface at 0
K. To account for the vibrational energy and entropy
contributions at finite temperatures, we estimated the effect of
including the lattice vibrational energy and entropy contribu-
tions in the computation of SGPs using the harmonic
approximation.”’ As shown in Figure S6 in the Supporting
Information, the most stable surface terminations remain the
same with or without vibrational contributions. Thus, for the

purpose of this study, finite-temperature vibrational contribu-
tions are negligible.

3. RESULTS AND DISCUSSION

3.1. Surface Stability under Varying Oxidation and
Reduction Conditions at 700 K. The catalytic applications of
BTOH are often at high temperatures, such as around 700 K for
ammonia synthesis.”'’ We first evaluate the surface grand
potentials (SGP) at 700 K under the varying oxidation
condition: 107" < Py, < 1 atm at constant Py, = 107" atm.
A total of 47 terminations belonging to the five surfaces [(100),
(010), (210), (011), and (211)] were examined and each
termination was modeled by a seven-layered slab initially. The
terminations with the lowest SGPs (that is, the most stable)
from each surface set were remodeled with nine to 13 layers, as
described in the next section, for a more accurate and converged
SGP. Figure 2a plots the SGPs of these stable surface
terminations to identify the overall most stable surface
termination under the conditions of 700 K, Py, = 107! atm,
and 107 < Py, <1 atm. One can see that for Py, < 10~* atm,
the (210)-Ti,O, termination is the most stable, and for Pg, >
10™* atm, the (010)-Ba,O, termination is the most stable. We
then evaluated the SGPs at 700 K under varying reducing

18560 https://dx.doi.org/10.1021/acs.jpcc.0c03956
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Figure S. Surface diagrams of BaTiO, sH, as a function of O, and H, pressure (atm): (a) 300 K; (b) 500 K; (c) 700 K with Ayg, = —5 eV. It shows
that within the given pressure boundary conditions, only the (210)-Ti,0, and (010)-Ba,0, surface terminations are stable at 300 K. The (210)-Ti,0,,
(010)-Ba,0,, and (211)-Ba,0,H surface terminations are stable at 500 and 700 K.

conditions: 10™"% < Py, < 100 atm at constant P, = 107'5 atm.
As shown in Figure 2b, the (210)-Ti,0, termination is the most
stable under all H, pressures considered.

3.2. Structure of Stable Surface Terminations. To
further confirm the surface stability, the seven-layered slabs from
the most stable terminations as determined from Figure 2 were
remodeled with additional layers to reach a more accurate and
converged SGP.”” As a result, we found that while nine layers
were sufficient for most of the slabs, the (100)-Ti,O, surface
termination required 11 layers and (211)-Ti,O, required 13
layers to reach SGP convergence within 0.003 eV/A” The side
and top views of the most stable, relaxed nine surface
terminations with their converged number of layers are depicted
in Figure 3. The surface relaxation of each slab model in Figure 3
is summarized in Table S1 of the Supporting Information.

The two most stable surface terminations from Figure 2 are
(210)-Ti,O, and (010)-Ba,0,. The relaxed (210)-Ti,0,
termination is a vicinal surface with a triangular-wave-like
surface corrugation: the top of the triangle is a row of TiO, and
the unit cell has two such rows, hence the Ti,O, name; below
one surface Ti atom, there are two subsurface O atoms, while
below the other surface Ti atom, there is one subsurface O and
one subsurface H atom. These subsurface atoms should be
accessible to small adsorbates approaching the troughs of the
triangular-wave-like surface corrugation of the (210)-Ti,O,
termination. The (010)-Ba,O, termination has a rather flat
surface, resembling the common A-termination of the (100)
surface of a cubic ABOj3; the hydride is in the subsurface but not
directly accessible to gas phase reactants, unless there is a surface
oxygen vacancy for H to diffuse out to the surface.

3.3. Temperature Effects. We next examine the temper-
ature effect on the stability under oxidation conditions. As
shown in Figure 4a, the crossover from (210)-Ti,O, to (010)-
Ba,0, in terms of stability takes place now at a much lower O,
pressure at 500 K; in other words, lowering the temperature
makes (010)-Ba,O, more stable over a wider range of O,
pressures. When the temperature is further lowered to 300 K,
now the (010)-Ba,0, termination becomes the most stable
surface over the whole O, pressure range considered (Figure
4b).

In the reducing condition, and when temperature is lowered
to 500 K (Figure 4c), we found that the (211)-Ba,0,H
termination becomes the most stable when the H, pressure is
high enough (>107> atm). When temperature is further lowered
to 300 K (Figure 4d), the (010)-Ba,O, termination replaces the
(210)-Ti,O, termination as the most stable at lower H,

pressures (<1077 atm). As shown in Figure 3, the relaxed
surface of (211)-Ba,O,H is flat and exposes Ba, O, and H on the
surface.

3.4. Surface Phase Diagram at Different Temper-
atures. Extending our stability evaluations for any given H,/O,
pressures at a specific temperature, we can determine the most
stable surface termination at such conditions and plot the surface
diagram. Figure S shows such surface diagrams at 300, 500, and
700 K. One can see that at 700 and 500 K there are three stable
terminations: (010)-Ba,0,, (210)-Ti,O,, and (211)-Ba,O,H.
At 300 K, there are two: (010)-Ba,O, and (211)-Ba,O,H.
Figure S provides a useful guide to tell the most likely surface
structure of BaTiO, jH 5 at given temperatures and pressures of
H, and O,. For example, Kobayashi et al. synthesized ammonia
using BTOH’ under 5 MPa of flowing N,/H, with O, in ppt
amounts at 673 K. Figure Sc predicts that the (210)-Ti,O,
termination would be the most probable surface under such
conditions. The present work aims to identify the stable surface
terminations of BaTiO,H,s under varying temperature and
pressure conditions. One can further build upon the present
work’s findings to investigate the BaTiO,sH,s crystal
morphology based on the Gibbs-Wulff theorem. Such study
would be a useful one and is warranted.

3.5. Charge Compensation. Since many of the BTOH
surfaces shown in Figure 3 are polar, the symmetric slabs are
used to cancel the surface dipole in the supercell.”” Here we
examine the charge redistribution among the different regions of
the slabs to understand the charge compensation. Equation 10
represents the general charge compensation criterion for a slab

zm: o= — 6m+1
/ 2
j=1 (10)

where m is the number of relaxed outer layers each of which has a
charge of o;, while 6,,,,, is the charge of the central three layers of
the slab (in our case) that resemble the bulk. Therefore, eq 10
states that the total charge of the m outer layers (2,5;) must
equal to negative half of the total charge of the central three bulk-
like layers (6,,,,) for the surface to be stabilized through charge
compensation. Table 1 compares these two quantities for each
slab model. One can see that all the surfaces are polar but overall

the charge compensation is well maintained.

4. CONCLUSIONS

We have identified stable terminations of BaTiO, (H, 5 surfaces
under catalytically relevant temperature and pressure conditions
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Table 1. Sum of Bader Charges (lel) for the Top m Layers
(Z,06;) Compared with That of the Central Three Bulk-like
Layers (6,,,,) for the Nine Slab Models (See Figure 3)

(surface) termination — S,
m o O i1 2
(100) Ti,O, 4 0.34 -0.72 0.36
(010) Ba,O, 3 032 —0.65 033
(010) Ti,0;H 3 —028 0.60 —030
(210) Ti,O, 3 2.03 —4.02 2.01
(011) Ba, 3 241 —4.74 237
(011) O, 3 232 459 -2.30
(011) Ti,OH 3 2.39 —48 2.40
(211) Ba,0,H 3 -1.93 3.88 —1.94
(211) Ti,O, 5 1.78 -3.52 1.76

(300—700K, 107" < Py, < 1 atm, 1075 < Py, < 100 atm) from
first-principles DFT. By computing the surface grand potential,
we compared 47 different terminations of BaTiO, Hy
belonging to five different facets: (100), (010), (210), (011),
and (211). We then constructed surface phase diagrams for
different temperatures. The diagrams show that (010)-Ba,0,,
(210)-Ti,0,, and (211)-Ba,O,H are the most stable at 700 and
500 K and that (010)-Ba,0, and (211)-Ba,O,H are the most
stable at 300 K. While (010)-Ba,O, and (211)-Ba,O,H are flat,
(210)-Ti,0, is vicinal. (211)-Ba,O4H exposes surface hydride
and (210)-Ti,0, exposes subsurface hydride, but the hydride in
(010)-Ba,0, is not accessible. We found that charge
compensation is well maintained for all of these polar surfaces.
The present work has laid a foundation to further explore surface
chemistry and catalysis on the surfaces of BaTiO,Hj
perovskite oxyhydride.
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