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ABSTRACT

Polar surfaces undergo polarity compensation, which can lead to significantly different surface chemistry from their nonpolar counter-
parts. This process in turn can substantially alter the binding of adsorbates on the surface. Here, we find that hydrogen binds much more
strongly to the polar (110) surface than the nonpolar (100) surface for a wide range of ABOs3 perovskites, forming a hydroxyl layer on
the O,* termination and a hydride layer on the ABO*" termination of the (110) surface. The stronger adsorption on the polar surfaces
can be explained by polarity compensation: hydrogen atoms can act as electron donors or acceptors to compensate for the polarity of
perovskite surfaces. The relative stability of the surface terminations is further compared under different gas environments and several per-
ovskites have been found to form stable surface hydride layers under oxygen-poor conditions. These results demonstrate the feasibility of
creating stable surface hydrides on perovskites by polarity compensation which might lead to new hydrogenation catalysts based on ABO3
perovskites.
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I. INTRODUCTION

Polar surfaces arise when crystals are cleaved to form layers
with a non-zero dipole moment. These layers experience a diverg-
ing electrostatic potential leading to an infinitely high surface energy
with layer thickness, also known as “polar catastrophe.”"” To coun-
teract this effect, surfaces undergo polarity compensation to cancel
the polarity, which can take the form of geometric reconstruction of
surface atoms, electronic/charge redistribution, and the adsorption
of foreign atoms or molecules.” '’ Consequently, the surface chem-
istry of polar surfaces may differ significantly from nonpolar ones,
presenting an opportunity to design surfaces which are stabilized by
the need for polarity compensation.

Complex oxides such as ABO; perovskites are technologically
important and frequently have polar surfaces. For example, SrTiO;
(STO), one of the most studied ABO3 perovskites, has a slightly
polar (100) surface and polar (110) and (111) surfaces. By modi-
fying the synthesis conditions, one can prepare STO nanoparticles
with predominantly (100) or (110) surfaces which show signifi-
cantly varying catalytic properties.' " The polar STO(110) surface
is prone to geometric reconstructions, as revealed from experimen-
tal and theoretical studies.”” ' Alternatively, surface adsorbates such
as H,O have been well-demonstrated to achieve polarity compen-
sation in lieu of geometric reconstruction in oxides such as MgO'®
and more specifically for perovskites such as KTaO3." But it is
unclear if other adsorbates could also accomplish the same effect in
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adsorbate-mediated polarity compensation on the perovskite (110)
surface.

Hydrogen is a ubiquitous adsorbate in catalysis.”’ >’ On metal
oxides, hydrogen can be found bound to oxygen as hydroxyl groups
but can also be found to adsorb on metal sites as hydrides.”
Hydrides can also replace lattice oxygen in perovskites to form
perovskite oxyhydrides.” "' The unique flexibility in the charge
state of the hydrogen allows it to be responsible for both electron
donation and withdrawal, which is accompanied by significant dif-
ferences in their chemistry. For example, hydrides are hypothesized
to play a crucial role in the exceptional catalytic activity present
in electrides and oxyhydrides for ammonia synthesis and selective
hydrogenation.”” ** Therefore, we are motivated to understand the
formation and stability of hydrides on the surfaces of ABO; per-
ovskites from the perspective of polarity compensation. We focus
on STO (110) and then extend to other perovskite (110) surfaces.
We show indeed that polarity compensation can be used to con-
trol the charge state of the hydrogen, leading to stable surface
hydrides which could be potentially used for hydrogenation cataly-
sis. Below we first explain the computational method and the surface
models.

Il. METHODS

Density functional theory (DFT) calculations were carried out
using the Vienna ab initio Simulation Package (VASP).””"’ The
Perdew-Burke-Ernzerhof (PBE)*! functional form of generalized-
gradient approximation (GGA) for electron exchange and corre-
lation energies were used with the D3 van der Waals correction
included.”” All calculations were performed with spin polariza-
tion. The projector-augmented wave method was used to describe
the electron-core interaction’"’ with a kinetic energy cutoff of
450 eV for the surface calculations. A 6 x 6 x 1 sampling of
Brillouin zone using a Monkhorst-Pack scheme was used for the
k-points.”* A convergence criterion of 10™* eV was used for elec-
tronic self-consistency of the total energy, and 107> eV/A was
used for ionic relaxation. A vacuum layer of 20 A was created
for the surface slabs; the slab contains a total of nine layers, with
the middle layer of the surface slab fixed in the calculations. The
remaining atoms in the slab were relaxed during geometry opti-
mization. Charge densities and isosurfaces were visualized using
VESTA.®

The hydrogen absorption energy (En) is calculated from the
equation En = Esufacern — (Epristine-surface + 1/2 EHZ)- The energy of
En, was computed by placing the H, adsorbate in a cubic cell with
a 15 A wide vacuum in each direction. The symmetric (110) slabs
used in this work are stochiometric with respect to the A and B
atoms, differing only by the O count, which allows for the surface
energy to be obtained as a function of ¢y and . For the (100)
slab, a non-symmetric stab with both TiO, and SrO terminations
is used, which yields an average surface energy for the two termi-
nations. We investigated the impact of strong electron localization
on transition metals via DFT+U calculations (using a U value of
4.45 obtained from a previous study’®) and found that the impact
of U on Ey is relatively minor (within 0.1 eV between GGA+U
and GGA).

ARTICLE pubs.aip.org/aipl/jcp

I1l. RESULTS AND DISCUSSION

We first examine in detail H adsorption on STO (100) and (110)
surfaces. From the adsorption energetics, geometry, and electronic
structure, we reveal the chemical nature of the interaction of H with
different surfaces that we then extend to other ABO3 perovskites.

A. H adsorption on STO (100) and (110)

The bulk STO has a cubic structure [Fig. 1(a)] and is a semicon-
ductor [Fig. 1(b)]. The (100) and (110) surfaces are two common
low-index terminations which can be cleaved from the bulk ABO3
perovskite [Fig. 1(a)]. (100) and (110) surfaces of cubic STO both
have two distinct terminations. For (100) the terminations contain
either an SrO layer or a TiO, layer on the surface, whereas for
(110) the terminations contain an SrTiO** layer or an O,*” layer
[Figs. 1(c) and 1(d)]. Based on formal charges, SrO and TiO, are
neutral (with the cations in the oxidation states Sr** and Ti*"), so
the (100) surface is considered a formally nonpolar surface. Mean-
while, STO(110) SrTiO** and 024_ terminations are formally polar
surfaces. We note that the actual partial charges (obtained from a
particular charge partition scheme such as Bader charges) of the SrO
and TiO; layers are not zero and (100) terminations are in reality
slightly polar surfaces."*” Nonetheless the (100) and (110) surfaces
are sufficiently different in electronic structure and chemistry such
that a broad distinction in terms of their polarity can still be made,
as we will illustrate below.

We start by comparing hydrogen adsorption energies between
the (100) and (110) surfaces at 100% coverage of surface sites in
Fig. 2. On the (100) SrO termination, hydrogen has only one adsorp-
tion site available at the lattice oxygen site, with a binding energy of
-0.15 eV relative to 1/2 Hy [Fig. 2(b)]. The (110) 0,* termination is
also characterized by having the lattice oxygen as the only adsorp-
tion site, but with an unusually high binding energy of —2.56 eV
[Fig. 2(d)]. On the (100) TiO; termination, hydrogen can adsorb on
the O or Ti site with a strong preference to O. On the (110) SrTio**
termination, the trend is reversed: hydrogen strongly prefers the
Ti site instead of the O site with a favorable energy of —0.46 eV
[Fig. 2(¢)]. To compare the Ti-H binding between (100) and (110),
we also computed the H adsorption energy on the Ti site of the
(100) TiO; termination which was found to be highly unfavorable
[+2.10 eV, Fig. 2(a)] than on the O site of the (100) TiO, (0.65 eV).
In addition, we evaluated dipole correction on the STO(100) sur-
face to account for the slightly polar nature of the surface and found
that its impact on H adsorption energy is minimal (within 0.01 eV).
We see quite clearly that on the (110) terminations, Ti-H and O-H
bindings are stronger than their (100) counterparts to an unusually
high degree, both by roughly 2.5 eV: —0.46 eV vs +2.10 eV for H-Ti;
-2.56 eV vs —0.15 eV for H-O.

To understand the energetic difference between STO (100) and
(110) toward H adsorption, we next examine the density of states
(DOS) of each termination before and after H adsorption. On the
STO(100) TiO; termination, Ti-H bonding is characterized by a
negligible degree of charge transfer from the H to Ti. As a result,
the DOS is largely unchanged before and after adsorption [Fig. 2(a)],
with the surface maintaining its electronic band gap similar to that
of the bulk [Fig. 1(b)]. On the STO(100) SrO termination, the O-H
bonding is characterized by an unfavorable reduction of the STO;
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FIG. 1. (a) Atomistic model of the model perovskite SrTiO3 and the (110) cleavage plane on the SrTiO** termination. (b) Density of states of bulk SrTiOs. (c) Side-view
of the (110) SrTiO**-terminated surface. (d) Side-view of the (110) O,*~-terminated surface. (e) Side-view of the (100) SrO-terminated surface. (f) Side-view of the (100)
TiO,-terminated surface. Ti, gray; O, red; Sr, green.
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FIG. 2. Atomistic models and density of states before (red) and after (blue) hydrogen adsorption: (a) on Ti of the (100) TiO, termination; (b) on O of the (100) SrO termination;
(c) on Ti of the (110) SrTiO** termination; (d) on O of the (110) O*~ termination. Ti, gray; O, red; Sr, green; H, white.
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FIG. 3. Charge density difference between hydrogen adsorption on the surface and isolated H and the clean surface: (a) on (110) SrTiO** termination; (b) on (110) Oy*~

termination. Blue, electron accumulation; red, electron depletion.

here the electrons are transferred from the hydrogen to the anti-
bonding states of the surface which can be observed by an upshift
of the Fermi level to the conduction band [Fig. 2(b)].”* In con-
trast, the situation is markedly different for STO(110): H on the
0,% termination (via formation of H-O bond) donates its elec-
tron to fill the valence band [Fig. 2(d)]; H on the (110) SITiO*"
termination (via the H-Ti bonding) accepts or depletes the elec-
tron from the conduction band by the transfer and localization of
excess charge onto the hydrogen to form hydrides [Fig. 2(c)]. Both
charge transfer processes for O-H and Ti-H bonding on STO (110)
are favorable and return the surface to a semiconducting bulk-like
state, which explains the much stronger binding energy of hydrogen
on these surfaces. Bader charges and the charge density difference
plot (Fig. 3) agree with this observation: H atoms are negatively
charged at —0.56 e on the (110) SrTiO*" termination [Fig. 3(a)]
and positively charged at 0.56 e on the (110) O,*" termination
[Fig. 3(b)].

B. Effect of gas environment on the surface stability

The results above have focused on a full coverage of H on
the surfaces and the corresponding H adsorption energies. It is
more informative to compare their stability by using first princi-
ples thermodynamics to evaluate the surface energy with varying gas
environments. The surface energy of the ABO3 perovskite (y defined
in this work is calculated from the equation:

1 1 1
W T.p) = E[Eslub — NaEpui + (3Na — NO)EEOZ - Nu EEHZ

+ (3Na — No)uo - NHHH],

where Sy is the surface area of the slab, Eg,;, the energy of the slab;
Na, Nu, No the numbers of A, H, and O atoms in the slab; Epyc
the energy of bulk ABOs; Eo, the energy of an O, molecule; y,
piy the chemical potentials of O, H atoms, respectively. Figure 4
shows the surface energies of the pristine and H-covered (100) and
(110) surfaces at various po and a fixed yy corresponding to ~1
atm H, partial pressure at 400 K. One can see that the H-covered
(110) 0,*" terminated surface has the lowest surface energy; in

0.30
& 025f — _
<S( — p,=-0.2eV
o 020r << (110) SITI0
= — ~——(110) SrTiO-H
o T ]——(110) SITiO-H,
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8 005} § (110) O,H,
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5 ooof l——(100) SrO-H
» ——(100) TiO,H
-0.05 | |
010 1 1 1 1 1
30 25 20 -15 -10 -05 00

b, (V)

FIG. 4. Surface energy as a function of oxygen chemical potential (where
o = —0.3 eV corresponds to ~1 atm O, partial pressure at 300 K) at constant
temperature and hydrogen chemical potential (uy = —0.2 eV, corresponding to
~1 atm H, partial pressure at 300 K) for different terminations of pristine and
adsorbed STO (100) and (110) surfaces. The (110) O surface refers to a
termination with half the oxygen sites being vacant.

other words, polarity compensation by H adsorption greatly stabi-
lizes the STO(110) O,*" termination than the other (110) and (100)
terminations.

C. Generalization to (110) surfaces of other
perovskites

Hydrogen-adsorption-induced polarity compensation on a
polar surface is a novel finding from the present work. To see
how general this finding is, we have examined H adsorption on
the (110) surface of a diverse set of 26 other stable ABO; per-
ovskites, including cubic and orthorhombic structures, different
oxidation states, and varying electronic structure from insulating to
metallic. While these perovskites are just a subset of possible sta-
ble perovskites, it amply represents a broad sampling of different
possible chemical compositions and properties. Figure 5(a) com-
pares the pristine ABO and O, terminations of the ABO; (110)
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FIG. 5. Surface energies of ABO; perovskite (110) ABO** termination vs O,*~ termination: (a) pristine terminations (uo = —3 eV, uy = —0.2 eV); (b) H-adsorbed terminations
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red triangles, perovskites which have a band gap. See Table S1 for the values in (a) and Fig. S1(a) for the full labels in (b) in the supplementary material.
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termination at various O chemical potentials and fixed uy = —0.2 eV. Gray region:
ABO** termination more stable; white region: O,*~ termination more stable. See
Fig. S1(b) and Table S2 in the supplementary material for the full labels and values.

surfaces by plotting their surface energies. For perovskites which
are conductive [that is, having a non-zero electronic density of
states at the Fermi level; black squares in Fig. 5(a)], there is an
apparent inverse correlation between the surface energies of ABO**
and 0,*" terminations: surfaces with the most stable ABO** ter-
mination tend to have the least stable O,*" termination, and vice
versa. The perovskites which have a band gap [red triangles in
Fig. 5(a)], however, follow a different trend: their ABO*' termi-
nations vary greatly in surface energy, but their O,*~ terminations
all have a similar, high surface energy. Figure 5(b) shows the rela-
tive stability of the ABO** vs O,*" termination after H adsorption.
Moving to the hydrogen-covered (110) surfaces reveals an overall
reduction in surface energies compared to the pristine (110) sur-
face, demonstrating the general effect of hydrogen-mediated polarity

compensation across the perovskites. In most cases, the reduction
in surface energy from hydrogen adsorption is greatest on surfaces
which have the highest surface energy in the pristine form, with
the insulating perovskites in particular exhibiting this phenomenon
(LaAlO;, BaHfOs3;, KTaOs;, SrTiOs;, LaGaOs;, CaTiOs, BaTiOs,
and SrSnQO3).

D. Hydride-forming ABO3z(110) surfaces

Figure 5 above demonstrated polarity compensation from H
adsorption in stabilizing especially the O,"~ termination via form-
ing the OH groups on the ABO3(110) surfaces at the conditions
of po = -3 eV and pg = —0.2 eV. We have further examined the
effect of varying O chemical potentials on the relative stability of
H-adsorbed ABO3(110) terminations, to search for stable surface
hydride-forming perovskites. As shown in Fig. 6, the hydrogen-
covered O,*” termination is most stable under oxygen-rich con-
ditions where po = -2 eV (red circles), and the hydride-covered
ABO" termination is most stable under oxygen-poor conditions
where {lo = —4 eV (blue triangles). This switch in surface termi-
nation preference is particularly relevant for catalysis which span
a wide range of po depending on the reaction conditions. Our
search across the perovskites also reveals a number of candidates
(BaOsO3, SrIrOs, SrNiO3;, KOsOs, SrCoQO3) which exhibit more
stable hydride-forming ABO*' terminations than the hydroxyl-
covered 0,* terminations under reducing conditions at 300 K
where po < -3 eV for their (110) surfaces. Table I shows that H
adsorption is indeed very favorable on the ABO** terminations of
the (110) surfaces of those perovskites. In other words, we pre-
dict that the perovskites in Table I will have more stable H-covered
ABO** terminations (via surface hydride or H-Ti bond formation)
than the H-covered O,*~ terminations for the (110) surfaces under
oxygen-poor conditions.

We note that the present findings are based on the DFT-PBE
results for mainly the (110) surfaces of ABO3 perovskites. Although
we found that the PBE + U method gives the same trends as the cor-
rections to the surface energies and adsorption energies are within
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TABLE 1. Hydrogen adsorption energies (Eaqs) on the ABO** terminations of the
(110) surfaces of likely hydride-forming perovskites, based on the criterion that
hydride-forming ABO** terminations are stable than the hydroxyl-covered 0,*~
terminations under reducing conditions (uo < —3 eV at 300 K).

Perovskite Eags (eV)
BaOsO3 -0.68
SrirO; -1.41
SrNiOs3 -2.35
KOsOs3 -0.95
SrCo0Os3 -1.99

0.10 eV, such corrections to account for the strongly localized states
and other factors such as spin-orbit coupling might lead to larger
energetic variations that could impact the applicability of the present
conclusions to more complex oxides and their surface terminations.
Further studies are warranted.

IV. SUMMARY AND CONCLUSIONS

We have examined H adsorption on the different termina-
tions of the polar (110) surfaces of ABOs perovskites with density
functional theory. We found that polarity compensation strongly
influences H adsorption, leading to a hydroxyl layer on the O,*" ter-
mination by filling holes in the valence band and a hydride layer on
the ABO*" termination by removal of electrons in the conduction
band on the ABO** termination. Under the relatively oxidizing con-
ditions, the H-covered O,*~ termination is more stable, while under
more reducing conditions, the ABO** termination with a surface
hydride layer is more stable. Perovskites with the greatest tendency
to form surface hydrides on the (110) ABO*" termination have been
identified. Our findings reveal the potential of creating stable surface
hydrides on ABO3 perovskites for catalysis.

SUPPLEMENTARY MATERIAL

See the supplementary material for surface energies of clean
and hydrogen-covered terminations of various ABO3(110) surfaces.
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