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Strontium titanate (SrTiOsz or STO) is one of the promising photocatalysts for sustainable energy
applications. Using the density functional theory (DFT) calculations, we herein study the structural and
electronic factors contributing to its high photocatalytic activity and facet dependence. The constrained
DFT method revealed that the hole polarons in bulk and surface STO are localized primarily on oxygen
atoms. In contrast, electron polarons in bulk STO tend to delocalize over oxygen atoms unless stabilized
by oxygen vacancies. The stability of hole polarons is higher at the surface O site of the (110) surface
compared to the (001) surfaces. In addition, the oxygen vacancy is stable specifically at the TiO,-
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polaron stability and facet dependence of photocatalysis, paving the way for the design of more efficient
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1. Introduction

Photocatalysis is one of the promising technologies for sustain-
able energy production, offering a potential alternative to fossil
fuels and nuclear energy. For example, Al-doped SrTiO; (STO)
photocatalyst, combined with the cocatalysts Rh/Cr,O; and
CoOOH, has recently been developed and demonstrated nearly
100% quantum efficiency for water splitting," which involves
breaking down water (H,O) into hydrogen (H,) and oxygen (O,).
This example illustrates that STO is commonly utilized in
photocatalysis, not only for water splitting but also for CO,
conversion® and other applications.”® While the precise design
of catalysts is crucial to enhancing a photocatalytic activity,
understanding the underlying reaction mechanism remains a
key challenge in further improving photocatalyst performance.
One of the major obstacles lies in the difficulty of accurately
controlling and measuring the microscopic surface structure
and the facet-dependent photocatalytic activity in experimental
conditions.

In photocatalysts, the catalytic activity varies significantly
across different crystal facets."”””® Controlling these facets is
therefore crucial for optimizing photocatalyst performance. In
the experiment of STO," it was observed that a hole polaron that
is employed in the oxygen-evolution reaction (OER) migrates to
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the (110) surface, whereas an electron polaron that is employed
in hydrogen-evolution reaction (HER) migrates to the (001)
surface. This highlights the significance of the stability of
electron and hole polarons at the surface in understanding
the photocatalytic activity of STO.

Density functional theory (DFT) calculations have been
widely employed to clarify the physical properties of STO,”"°
such as the surface structures of the catalysts."’*® STO has
various facets, such as SrO-terminated (001) facet,'” with vary-
ing stabilities depending on the experimental conditions.'”"*8
Therefore, elucidating the facet dependence, which has been
shown to be important for various photocatalysts,”'?° is
crucial to further improve the photocatalytic performance.
However, the intricate relationship between the surface struc-
ture and the reaction mechanism—particularly the stability of
polarons—remains poorly understood.

This study aims to elucidate the stability of polarons and its
facet dependence to better understand the reaction mechanism
behind the high photocatalytic activity in STO. Our study
begins with an analysis of the bulk structure in STO, focusing
on the behaviour of hole and electron polarons as well as
oxygen vacancies. To simulate the localization of these polarons
and the dynamics of polaron transfer, we applied the con-
strained DFT (CDFT) method*'* to charge-transfer reactions
based on first-principles calculations.”*>*® The transmission
coefficient is also calculated to account for the dynamical
effects on the polaron transfer. We then explore the structure
of the (001) and (110) surfaces and the facet-dependence
stability of polarons to better understand the reaction
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mechanism of STO photocatalysts. The adsorption of a water
molecule and influence of OH group at the STO surface are also
considered, given the potential impact on the charge transfer.

The remainder of this paper is structured as follows: Section
2 details the computational and parameters employed for the
DFT calculations. In Section 3, we present and discuss the
computational results, including the bulk and surface struc-
tures, polaron stability, transmission coefficient, and adsorp-
tion of a water molecule, with a focus on understanding the
facet-dependent photocatalytic activity. Finally, Section 4 sum-
marizes the key findings of the study.

2. Computational conditions

We performed DFT calculations using the cp2k program
package.”” The Goedecker-Teter-Hutter pseudopotentials®®*°
and a double-{ valence plus polarization (DZVP-MOLOPT-SR-
GTH?°) Gaussian basis set for the orbitals were used. We
employed the auxiliary augmented matrix method (ADMM),**
which approximates the exchange integrals to improve the
speed of Hartree-Fock (HF) exchange calculations, with the
ADMM basis sets (cFIT10 for Ti and Sr atoms and cFIT3 for O
and H atoms). The cutoff associated with mapping gaussians
onto multi-grid was 60 Ry and planewave cutoff for the finest
level of the multi-grid was 400 Ry. Only the I' point was
employed for k-point sampling. The self-consistent field cycle
is converged to an electronic gradient tolerance of egcp = 107>
using the orbital transformation method.** To examine the
electronic structure, the density of states (DOS) was also
calculated as a function of energy which was shifted so that
the Fermi level in the neutral state of STO is zero.

We employ the CDFT method in this study to localize
polarons. Some previous studies have used geometric coordi-
nates as reaction coordinates to calculate energy profiles in
polaron transfer by interpolating the coordinates between
reactant and product states.>> However, this approach is lim-
ited to energetics and can hardly be applied to molecular
dynamics. In contrast, the CDFT method can utilize energy-gap
coordinates (defined in eqn (1) below),>*® which enables sam-
pling of intermediate states in molecular dynamics simulations.
The thermal fluctuations in MD simulations can influence
charge transfer processes, such as polaron transfer. For example,
at the TiO, surface, polarons can transfer among various surface
sites in MD simulations at finite temperatures,® indicating the
thermal fluctuations of polaron stability. The thermal fluctua-
tions are also crucial when discussing free energies in charge-
transfer reactions. For instance, in the proton transfer of
aqueous silicic acid, the calculated reaction free energy is
13.9 kecal mol~'—significantly lower than the enthalpy of reac-
tion (29.3 kcal mol™") in the absence of solvent-induced
fluctuations.®® In addition, this capability enables the calcula-
tion of the transmission coefficient, as described below.

In the CDFT calculations, the atomic radii of the Becke
density partitioning method®*>* were 1.85 A for Sr, 1.36 A for
Ti, 0.63 A for O, 0.32 A for H from ref. 36. The convergence
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threshold of the charge constraint is 10> electrons. The snap-
shots were drawn with VESTA.*’

2.1 Bulk

2.1.1 Cell length. The Perdew-Burke-Ernzerhof (PBE)*®
exchange-correlation functional was employed. To localize a
polaron, which can be impossible with the generalized gradient
approximation, 10.5% HF exchange that reproduces the band
gap of anatase TiO,”’® was included. To discuss the functional
dependence on the structure, we also used the revPBE*®**°
functional and D3 dispersion correction® that is known to
reproduce the liquid properties of water’>*" and so on. Only in
the calculations of cell length, do we employ the three (PBE,
hybrid PBE, and revPBE-D3) functionals mentioned above
unless otherwise noted to determine the one that best matches
the experimental cell lengths. Aside from the calculations of
cell length, only the hybrid PBE functional is used. It is noted
that the suitability of the hybrid functional was studied in ref. 8
for TiO,. While we limit our discussion to the three functionals
mentioned above, the dependence on the choice of functional
is important because there are various approaches for polaron
localization, such as hybrid functionals® and DFT+U method;**
however, the study of functional dependence lies beyond the
scope of the present work.

The initial bulk geometry of cubic perovskite STO was based
on the experimental cell length of 3.8996 A.**> A supercell was
constructed by expanding the unit cell threefold along a, b, and
¢ axes. The resulting supercell consists of 27 units of SrTiO;
(135 atoms in total). Both the atomic positions and cell lengths
were optimized in geometry optimizations. In the following
calculations, the cell length of supercell was fixed to the
optimized cell length.

2.1.2 Polaron transfer. In the simulation of a hole polaron,
we added an excess positive charge (+1) to the systems, and the
hole was localized on an O atom by the CDFT method. In the
CDFT calculations, the constrained magnetization of an oxygen
atom with the Becke density partitioning method>* was varied
by starting from 0.46 to 0.52 in increments of 0.1. The value of
magnetization depends on the catalysts and the sites to which a
polaron is localized. For example, in TiO,, this varied approxi-
mately from 0.4 to 0.7 at bulk sites”® and from 0.7 to 0.9 at
surface sites.” Thus, the value of magnetization was varied from
0.46 to 0.52, because the potential energy surface exhibited a
minimum in this range as discussed in Section 3.1.2. In the
simulation of an electron polaron, we added an excess electron
to the systems, and the excess electron was localized on a
titanium atom by the CDFT method. Under these conditions,
the geometry of all atoms in the system was optimized.

2.1.3 Transmission coefficient. The transmission coeffi-
cient in the hole polaron transfer was evaluated through
molecular dynamics (MD) simulations of bulk STO using the
computational procedure shown in Fig. 1. For this specific
calculation, we employed the smaller supercell constructed by
expanding the unit cell twofold along all crystal directions to
reduce the computational cost of CDFT MD simulations. The
normal ab initio MD (AIMD) simulation without the CDFT
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Fig. 1 Computational procedure for the equilibrium and production runs
in ab initio MD (AIMD) simulations. The trajectory is denoted with a solid
black line, and the initial AIMD was performed for a neutral simulation cell
while the subsequent CDFT AIMD was performed for simulation cell with
an excess positive charge (+1).

method was performed for 1 ps as an equilibration run in the
NVT ensemble for a neutral simulation cell. In the MD simula-
tions, the simulation time step was 2.0 fs. The time constant of
thermostat®™° is 1 ps. A production run followed for 5 ps,
during which snapshots of coordinates and velocities were
stored every 1 ps, resulting in five initial conditions.

Subsequently, an excess positive charge (+1) was added to
the systems, and CDFT MD simulations started from the above-
mentioned five snapshots and performed for 1 ps in the NVT
ensemble as an equilibration run. During these simulations,
the magnetization constraint of 0.48 (as detailed in Section
3.1.2) was applied to a single oxygen atom. Following equili-
bration, 5 ps diabatic MD simulation with the CDFT method
was performed, resulting in the total simulation time of 25 ps (5
initial conditions x 5 ps each).

To calculate the transmission coefficient, we employed the
energy-gap coordinate. The vertical energy-gap coordinate for
the CDFT method with nuclear configuration R was by*>°

s=Ex (R) — B (R), &

in which Ey and Ep denote the total potential energies of the
reactant (R) and product (P) diabatic states.

We next computed the time-correlation function (TCF) of
the time derivative of the energy-gap coordinate,

() = (3(0)5(2)), (2)

were calculated for each trajectory and averaged to obtain
smooth spectra. The Fourier transform of TCF provides the
dynamic analysis of vibrational couplings to the polaron trans-
fer reaction. The method is related to the steepest-descent
reaction path analysis with the projection of the coupled many
degrees of freedom to the energy-gap reaction coordinate vector
(see ref. 46-49 for details).

To minimize the sampling noise arising from the limited
simulation time of the MD simulations, we multiplied the
Gaussian window function of exp(—#*/c*) with t = 0.5 ps to
the TCF. The TCF was truncated to 2048 steps (equivalent to
4.096 ps). To assign the vibrational modes in the spectral
density, we also performed the normal mode analysis using
the optimized geometry. In this calculation, the increment to
be used to construct the Hessian with finite difference method
was set to 0.01 bohr.
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The transmission coefficient was evaluated by®
2Pz
K=—— 3
1+ Pz ( )

Here, P;; is the Landau-Zener probability given by
Prz =1 —exp(—2nC? /iQ\/2kgT7). Here, C is the coupling
constant computed by the CDFT method and / is the reorga-
nization energy evaluated from the potential energy surface (see
Fig. 5a). kg is the Boltzmann constant and T is the room
temperature of 298.15 K (25 °C). Q is the effective frequency
that includes the frictional effect evaluated from the spectral
density (Fig. 6).%¢7*°

2.2 Surface

We examined the following surfaces that have low surface
energies and high surface stability: the SrO and TiO termina-
tions of (001) surfaces, and the O termination of (110) surface."
For these studies, 3D periodic boundary conditions were
employed, with the cell dimensions set to 11.839 x 11.839 x
30.786 A® and 11.162 x 11.839 x 28.953 A® for the STO (001)
and (110) surfaces, respectively. The slab supercells of STO
surfaces were constructed by replicating a unit cell of each
surface so that a polaron can be stabilized in a large supercell.
The slab models of the surfaces were separated by a vacuum
layer of 15 A thickness. Along the surface normal direction, the
numbers of layers are nine and eleven for the STO (001) and
(110) surfaces, respectively. During geometry optimization, all
atomic positions were relaxed.

Because the (001) surfaces are not stoichiometric, the non-
standard formula was required to calculate the surface energy.
To calculate the surface energy of the (001) surfaces, the
unrelaxed cleavage energy surface was calculated as follows:">

E(4) = 5 [ESR (510) + ESm(Ti0y) — v, (@)
where A represents the type of terminations, such as SrO or
TiO,. In addition, Eg,p and Epy,x denote the energies of a slab
and bulk STO, respectively. x, which represents the number of
bulk unit cells in the SrO- and TiO,-terminated (001) slabs, was
81. The total energy was divided by four, because the SrO- and
TiO,-terminated (001) slabs contain four surfaces in total. The
unrelaxed cleavage energy disregards structural relaxation, and
therefore we next calculate the relaxation energy

1 T nr
Ewa(4) = 3| EG (1) + EG) (). (5)

Finally, the surface energy was calculated by summing the
unrelaxed cleavage energy and relaxation energy

Esurf(A) = EgLLll?fr)(A) + Erel(A)' (6)

In contrast, the surface energy at the (110) surface was
computed by a standard formula

1
Esurf = E[Eslab - nsurfEbulk]y (7)

because the O-terminated (110) surface is stoichiometric. The

This journal is © the Owner Societies 2025
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energy difference was divided by two because the slab has two
surfaces, and ng,r = 36 is the number of bulk unit cell. These
surface energies were computed in the unit of eV per unit cell.

2.3 Adsorption

To calculate the adsorption strength, the adsorption energy was
computed by the following definition:

E.qs = E(substrate + adsorbate) — E(substrate) — E(adsorbate),

(8)

Here, E(substrate + adsorbate), E(substrate), and E(adsor-
bate) are the energies of the substrate and adsorbate, substrate
and adsorbate, respectively. In this work, the substrate was the
STO slab, and the adsorbate was a water molecule.

3. Results
3.1 Bulk

3.1.1 Cell length. Fig. 2a shows the optimized structure of
neutral bulk STO, and Table 1 summarizes the optimized lattice
constants (L) and band gap (Eg) using various DFT functionals.
Among these, the agreement with the experimental cell length
of 3.8996 A at 296 K** is the best for the hybrid PBE functional.
It is noted that, if the supercell is expanded to 4 x 4 x 4 unit
cell (64(SrTiO3) with 320 atoms), the cell length changes slightly
to 3.943 (hybrid PBE), 3.942 (PBE), 3.959 (revPBE-D3) A, demon-
strating the supercell’s accuracy (the error is less than 0.03 A) in
this study.

The experimentally measured indirect band gap energy is
3.25 eV, while the direct band gap energy is 3.75 eV.>' The
agreement with the experimental band gap is also the best for
the hybrid PBE functional (Table 1). These results indicate that
the inclusion of HF exchange improves the agreement with the
experimental physical properties. The smaller computed band
gaps without HF exchange have been observed in the previous
calculations using the local density approximation, where the
indirect and the direct band gap energies of STO determined
from the band structure calculations are 1.89 and 2.22 eV.>*

o
G

DOS / arbitrary unit

~100 1 1 L L 1

2 \

Fig. 2 (a) Optimized structure of bulk STO using the hybrid PBE func-
tional. Black lines represent the boundary of a simulation cell. (b) Projected
density of states (PDOS) as a function of energy E. In panel (b), the energy
axis (ordinate) is shifted such that the Fermi level in the neutral state is zero.
The positive and negative DOS represent the contributions from the alpha
and beta spins. Colour code: green: Sr, red: O, and light blue: Ti.
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Table 1 Optimized cell length L (in A) and band gap E4 (in eV) for various
DFT functionals in STO

Functional L Eg

Hybrid PBE 3.946 3.12
PBE 3.968 2.79
revPBE-D3 3.960 2.81

3.900° 3.25 (indirect)?

Experiment
3.75 (direct)?

@ Ref. 42. P Ref. 51.

Because the hybrid PBE functional more accurately repro-
duces the experimental physical properties, it was used for all
subsequent calculations. In addition, the cell length of super-
cell was fixed to the optimized cell length in the following
calculations.

Fig. 2b shows the projected density of states (PDOS) of bulk
STO using the hybrid PBE functional. Most of the electronic
states in the valence band originate from orbitals of oxygen,
while most of the electronic states in the conduction band are
derived from orbitals of titanium. No significant contribution
from orbitals of strontium and titanium is observed near the
Fermi energy.

3.1.2 Hole polaron transfer. We next set the total charge of
the system to +1 for the bulk STO discussed in the previous
section and applied the constraints to the magnetization of one
O atom, labelled as Op, (D: donor) in Fig. 3a during geometry
optimization. The value of magnetization was varied from 0.46
to 0.52. Fig. 3b shows the potential energy surface as a function
of the constrained magnetization. Among the tested con-
straints, the constraint with magnetization of 0.48 corresponds
to the lowest energy. Consequently, in the following we adopt
this constraint to localize a hole polaron. The Hirshfeld spin
density for the O atom is 0.50, which is close to the applied
constraint value. It is worth noting that the Hirshfeld spin
density and the value of constraint slightly differ because their
computational methods differ. We also note that when the
constraint was removed and the geometry was optimized, the
Hirshfeld spin density for the O atom remained at 0.49,
indicating the presence of a stable hole polaron.

0.0015

0.001

Energy / eV

0.0005

0 L
046 047 048 049 05 051 052
Constrained magnetization of an O atom

Fig. 3 (a) Optimized structure of bulk STO using the hybrid PBE functional
and the magnetization constraint of 0.48. A hole polaron is localized on an
oxygen atom. Black lines represent the supercell of simulation. The yellow
lobes represent the spin density distribution. The yellow lobes were
displayed with the isosurface level of 0.0047. (b) Dependence of energy
on the constrained magnetization of an Op atom, marked in panel (a).
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Fig. 3a also shows the (yellow) isosurface of spin density of
the localized hole. While primarily localized on the specified
oxygen atom, the hole extends also to four neighbouring oxygen
atoms, each exhibiting the smaller Hirshfeld spin density of
0.10. This indicates that, in STO, a hole tends to be slightly
more delocalized compared to in anatase TiO,,” in which the
Hirshfeld spin density of a localized hole on an O atom typically
exceeds 0.8. It is noted that if the hybrid PBE functional is
changed to the PBE functional, a hole delocalizes as shown in
Fig. S2a (ESIf), indicating the necessity of HF exchange for
polaron localization. In addition, using the revPBE functional
with 10.5% HF exchange localized a hole as shown in Fig. S2b
(ESIt) and yields the magnetization of 0.51 on an O atom by
Hirshfeld analysis. This shows that the different generalized
gradient approximation functionals with the same fraction of
HF exchange can give similar magnetizations for hole polarons,
showing the robustness of a stable hole polaron in bulk SrTiO;
within the DFT functionals employed in this work.

The distance between the donor and acceptor oxygen atoms
slightly decreases from 2.79 A in the neutral state to 2.73 A
when the polaron is localized on the donor oxygen atom to
stabilize the positive charge of a polaron. On the other hand,
both Sr- and Ti-Op, bond lengths respectively increase on average
from 2.79 and 1.98 A (neutral state) to 2.83 and 2.06 A (polaron-
localized state), because the positive charge of a polaron repels
Sr and Ti cations. (Detailed bond lengths are provided in
Fig. S1a, ESL.t) These structural adjustments promote the stabili-
zation of the localized positive charge on the oxygen atom.
Similar structural changes have also been observed in TiO,.*

The PDOS in the hole-polaron-stabilized state is shown in
Fig. 4. A mid-gap state associated with a hole on the Op atom
appears within the band gap, positioned slightly above the
valence band maximum (VBM) at 0.69 eV. The contributions
from the other atoms are close to those in Fig. 2b, indicating
that the electronic structure of atoms, aside from the Op, atom,
is largely unaffected by localization of a polaron.

Fig. 5a shows the diabatic potential energy surface (PES)
calculated via the CDFT method for the hole polaron transfer
from a donor oxygen atom (Op) to an acceptor oxygen atom
(Oa). Fig. 5b and c respectively show the optimized bulk STO

DOS / arbitrary unit

-100 1 1 1 1 1
EleV

Fig. 4 PDOS of bulk STO in the presence of a hole polaron as shown in

Fig. 3a. The positive and negative DOS correspond to the alpha and beta

spin states. The DOS projected on the donor O atom is magnified by ten
times and marked in red filled area.
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Ep

tn &
Adiabatic

Energy / eV
o
w
T

-0.01 0

1
0.01 0.02

Energy gap s = Eg — Ep/ eV

Fig. 5 (a) Diabatic (Er and Ep) and adiabatic potential energy surface in the
hole polaron transfer calculated using the CDFT method and the hybrid
PBE functional. Optimized structures of the (b) TS and (c) product states. In
(b), the donor (D) and acceptor (A) O atoms are also labelled. The yellow
lobes represent the spin density. The yellow lobes were displayed with the
isosurface levels of (b) 0.0047 and (c) 0.0050.

and the localized polaron at the transition state (TS) and
product state. To calculate the diabatic potential energy sur-
face, we adopted the following mapping potential according to
the linear mixing scheme®>*®

E,=(1 — a)Eg + aEp. 9)

By varying the perturbation parameter « from 0 (reactant)
to 1 (product) in constant increments of A«, we can generate
the diabatic states. The midpoint value, o = 0.5, corresponds
to the TS of the reaction. The orbital in the adiabatic state was
obtained by calculating the Kohn-Sham orbital using the
optimized geometry through the CDFT method.

The calculated electronic coupling of polaron transfer in the
bulk phase is 0.20 eV by the CDFT method. This value slightly
exceeds the barrier height of 0.15 eV in the diabatic PES of
Fig. 5a. In contrast, the barrier height in the adiabatic PES, also
shown in Fig. 5a, is 0.05 eV. The barrier height is comparable to
the thermal energy of kg7 = 0.03 eV at 298.15 K. This low
activation energy is close to the experimental activation energy
of 0.06-0.10 eV in N ion implanted SrTiO;** and 0.10 eV in
degraded crystal of SrTiO;.>* In the calculation of the adiabatic
PES, we adopted the geometry optimized with the mapping
potential and obtained the Kohn-Sham orbital after removing
the constraint on the magnetization. We note that quantitative
comparison with experimental results is challenging for the
activation energy due to differences between experiments and
calculations. For instance, SrTiO; employed in experiments
contains dopants and defects that can influence polaron trans-
fer, while our calculations employed pristine SrTiO;. In addition,

This journal is © the Owner Societies 2025
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using the linear-interpolation method,** the activation energy
increases to 0.11 eV, which is higher than that of 0.05 eV in the
adiabatic PES using the CDFT method. The lower activation
energy by the CDFT method arises from the geometry relaxation
at the TS.

The spin density at TS, shown in Fig. 5b, reveals that the
hole is delocalized over the two oxygen atoms of the donor (D)
and acceptor (A). The distance between the two O atoms of the
donor and acceptor slightly increases from 2.73 A (polaron on the
donor O atom) to 2.77 A (TS) due to repulsion between the
polarons. Meanwhile, both Sr-Op, and Ti-Op, bond lengths change
from 2.83 and 2.06 A (reactant state) to 2.83 and 2.02 A (TS) on
average, respectively. These structural changes arise from the
repulsion between the positively charged polaron and the Sr and
Ti cations. (Individual bond lengths are provided in Fig. S1a, ESL7)

3.1.3 Transmission coefficient. Using the calculated
energy-gap coordinate in the CDFT MD simulations, we next
calculated the transmission coefficient to examine the dynamical
effects in polaron transfer. First, we calculated the spectral density
shown in Fig. 6 for the polaron transfer in bulk STO. The
spectrum mainly consists of a peak with a centre of 419 cm ™.
Minor contributions in the lower and higher frequencies can also
be found, including small sub-peaks approximately at 208 and
688 cm ', Using the calculated spectrum, we calculated the
transmission coefficient. In this calculation, the reorganization
energy was estimated from the PES in Fig. 5a as 4 = 0.54 eV. The
calculated transmission coefficient is 1.00, mainly due to the large
electronic coupling of 0.20 eV, as discussed earlier. This high
value indicates the hole polaron transfer occurs via an adiabatic
charge transfer mechanism.

Normal mode analysis was conducted to assign the vibrational
modes (see Fig. S3 for the illustrations, ESIt) by selecting the
normal modes, the frequencies of which are the closest to the
above-mentioned three peaks in Fig. 6. The lowest-frequency
mode is assigned to the vibrations of the neighbouring Sr and
Ti atoms, with a normal mode frequency of 205 cm™*. The
middle- and high-frequency modes are primarily associated with
the O motions in the two neighbouring TiOg clusters and one TiOg
cluster, with the normal mode frequencies of 420 and 697 cm ™,
respectively. These findings suggest that the collective vibrational

10 T T T T

Spectral density

001 1 1 1 1
0 200 400 600 800

Frequency / cm™1

1000

Fig. 6 Fourier transform of the time correlation function (egn (2)) of the
time derivative of the energy-gap coordinate for the hole polaron transfer
in bulk STO using the hybrid PBE functional. The ordinate is plotted as a
logarithmic scale.
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modes of oxygen, which modulates the neighbouring OO distance
and O-Ti-O angles, are strongly coupled to the polaron transfer
dynamics.

3.1.4 Electron polaron. To simulate an electron polaron,
we added an excess electron to the system and optimized the
geometry. We initially localized an excess electron to a single Ti
atom using the CDFT method with the constraint of 0.48.
Afterwards, the CDFT constraint was removed, and the geome-
try was optimized. We found that an electron polaron could not
be localized to a single Ti atom in pristine bulk STO even using
the same computational procedure to localize the hole in the
previous sections. This contrasts with the hole polaron that
remained localized as discussed in Section 3.1.2. Furthermore,
even when the HF exchange in the hybrid PBE functional is
increased to 25%, which should enhance the localization of
polaron,” the electron polaron remains delocalized. As shown
in Fig. 7a, the spin density is distributed across a single Ti layer
composed of nine Ti atoms (see Fig. S4 for the views from
different angles, ESIt). The average Ti-O bond length in the
presence of a small polaron is 1.98 A, identical to that in neutral
pristine SrTiO; without an electron polaron. Additionally, the
Hirshfeld charge of the Ti atoms shows minimal change,
decreasing only slightly from 0.72 in the neutral state to 0.70
with an electron polaron. Such delocalization of electron
polaron has also been observed both theoretically and experi-
mentally in anatase TiO,.5>”* It is noted that even using the
higher constraint values of 0.66 and 1.00 did not yield a
localized electron in the final optimization without the CDFT
constraint. Fig. 7c shows the PDOS in bulk STO with the
delocalized electron polaron. In this state, a mid-gap state in
the band gap slightly below the conduction band minimum
(CBM) exists around at 2.6 eV. Except for the O atoms with
electron polaron, the contributions from the other atoms are
close to those in Fig. 2b.

We then optimized the geometry of bulk STO with one
oxygen vacancy and one excess electron, because an O vacancy
can induce an electron localization as observed in TiO,.*®
Fig. 7b shows the spin density of localized electrons. In contrast
to the hole localized on O atoms, the electron polaron in part
localized to the O vacancy site yet the other spin densities
uniformly delocalize over the surrounding Ti atoms next to the
oxygen vacancy. The magnetization of Ti atoms next to the
oxygen vacancy ranges from —0.269 (down spin) to 0.241 (up
spin). Fig. 7d shows the calculated DOS. The electron trapped
state lies around 2.7 eV. Since an electron polaron does not
localize in the same manner as a hole polaron and the oxygen
vacancy seems to cause the localization, the stability of oxygen
defects is investigated in the following surface calculations.
Fig. 7e and f show the TiOs clusters next to O vacancy in the
neutral state and the electron-polaron-localized state, respec-
tively. Upon electron localization, the Ti-O bond lengths adja-
cent to O vacancy increase by 0.01-0.09 A due to charge
repulsion between the electron polaron and oxygen anions,
while the Hirshfeld charge of Ti atoms next to O vacancy
decreases by 0.08-0.12. This electron localization near O
vacancy is facilitated by the high local structural flexibility of
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Fig. 7 Optimized structure of bulk STO (a) without oxygen vacancy (Vo)
and (b) with oxygen vacancy using the hybrid PBE functional. Black lines
represent the boundary of a simulation cell. The yellow lobes represent the
spin density and blue ones represent the spin density with the opposite
spin. The yellow lobes were displayed with the isosurface levels of (a)
0.0020 and (b) 0.0035-DOS (c) without oxygen vacancy and (d) with
oxygen vacancy. The DOSs in panels (c) and (d) projected on the Ti atoms
on which electron polaron is delocalized are respectively magnified by
three and ten times for clarity and marked in blue. TiOs clusters next to Vo
in the (e) neutral state and the (f) electron-polaron-localized state. The
bond lengths in A are also shown, and the values in italics denote the
Hirshfeld charges of Ti atoms.
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the lattice around O vacancy, as well as a more adaptable
charge environment, which are more difficult in pristine SrTiO;
without O vacancy as mentioned above.

3.2 Surface

3.2.1 Surface energy. Fig. 8 shows the optimized surfaces
obtained from DFT calculations. At the SrO-terminated (001)
surface shown in Fig. 8a, the Sr1-O1 bond length (d[Sr1-01] =
2.80 A) along the surface parallel direction in the surface-top
layer remains close to the Sr-O bond length in bulk (2.79 A),
while d[Sr1-02] decreases to 2.63 A (see Fig. 8 for the atomic
labels). On the other hand, d[Ti1-O1] elongates from its bulk
value of 1.98 to 2.03 A, and the O1 atom protrudes slightly
toward the surface normal direction. To counterbalance the
shrinkage of d[Sr1-02], d[Sr2-02] increases to 2.84 A.

The TiO,-terminated (001) surface and the O-terminated
(110) surface also exhibit the similar changes of bond lengths.
At the TiO,-terminated (001) surface in Fig. 8b, d[Sr1-O1] = 2.65 A
is also smaller than that in bulk (2.79 A). In contrast, d[Ti1-02] is
1.83 A, which is smaller than that in the bulk value of 1.98 A.

In contrast to the (001) surfaces, the (110) surface has
asymmetry due to the presence of a surface-top O atom. The
(110) surface has two types of surface O atoms (Fig. 8c): O1,
which protrudes from the surface SrTiO layer, and O2, which is
in the surface SrTiO layer. The Sr1-O1 bond length of 2.56 A is
much smaller than that in the bulk value of 2.79 A. The (110)
surface exhibits the lowest coordination number of three (two
by Sr atoms and one by a Ti atom) for the surface O atoms
among the three surfaces examined in this work. This is in
contrast to the SrO-terminated (001) surface, where the coordi-
nation number is five (four by Sr atoms and one by a Ti atom),

‘_‘\ % :
\1/\.1/
0w

%

S

[P NP,

-

RN

Fig. 8 Top and side views of the (a) SrO- and (b) TiO,-terminated (001)
and (c) STO (110) relaxed surfaces using the hybrid PBE functional. Black
lines represent the simulation cell. The lower panels include the enlarge-
ment view of the surface.
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and the TiO,-terminated (001) surface, where it is four (two by
Sr atoms and two by Ti atoms).

The calculated surface energies of the optimized SrO- and
TiO,-(001) and (110) surfaces using the hybrid PBE functional
are 1.22, 1.23, and 1.25 eV per surface unit cell. Our computa-
tional results are consistent with trends observed in the pre-
vious study using the B3PW functional,'” where the order of the
surface energy is reproduced as 1.15 eV (SrO-terminated (001)
surface) <1.23 eV (TiO,-terminated (001) surface) <1.54 eV
(O-terminated (110) surface) though the differences among the
facets are larger than our results, probably due to the different
computational conditions. The small difference in surface
energies may not be experimentally resolvable. However, both
(001) and (110) surfaces have been observed in experiments,"
indicating that these surfaces can coexist in STO. In real
photocatalytic processes, which occur in aqueous environ-
ments, the stability of different facets may vary. While investi-
gating this aspect is important, it lies beyond the scope of this
study. Consequently, as all facets are plausible, this study
considers all three surfaces in the subsequent discussions.

3.2.2 Adsorption energy of water. To examine the absorp-
tion of a water molecule, we calculated the adsorption energy,
because the presence of hydroxyl (OH) group at surface can play
a crucial role for polaron transfer, as observed in materials like
TiO,.” Table 2 summarizes the adsorption energies of a water
molecule on the STO surfaces shown in Fig. 9. At all surfaces,
the dissociative adsorption is energetically favoured, indicating
that a water molecule prefers to split into H and OH species.

At the SrO-terminated (001) surface, a molecular adsorption is
more stable than on the other surfaces, with an Sr-O bond length is
2.72 A. The H atoms in the adsorbed water molecule point toward
the surface normal direction. For dissociative adsorption, a water
molecule splits to an H atom, which bonds to the surface O atom,
and an OH group, which bridges the neighbouring surface Sr atoms
with the Sr-O bond lengths of 2.55 and 2.62 A. The computed
adsorption energy for molecular adsorption closely matches the
previous calculations ranging from —0.67 to —1.1 eV, while that for
dissociative adsorption is smaller than the previous calculations
ranging from —0.78 to —1.1 €V by various DFT functionals."

For molecular adsorption at the TiO,-terminated (001) sur-
face, the O atom of a water molecule adsorbs to the surface Ti
atom. Unlike at the SrO-terminated (001) surface, the H atoms
in an adsorbed water molecule points toward the surface
parallel direction. For dissociative adsorption, a water molecule
splits to an OH group on the surface Ti atom and H atom on the
neighbouring surface O atom. The computed adsorption ener-
gies in our DFT calculations are similar to the previous DFT

Table 2 Adsorption energy E,gs (in eV) for dissociative and molecular
adsorptions of a water molecule computed in this study at the (001) and
(110) surfaces of STO using the hybrid PBE functional

Surface Molecular Dissociative
SrO-(001) —0.89 —1.44
Ti0,-(001) —0.77 —0.98
(110) —0.70 -1.71
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Fig. 9 Molecular and dissociative adsorptions of a water molecule
adsorbed on the (a) SrO- and (b) TiO,-terminated STO (001) and (c)
(110) surfaces using the hybrid PBE functional. The enlarged views for
the region enclosed by dashed lines are also shown, including the bond
lengths in A. Both molecular and dissociative adsorptions are shown. In
panel (a), the definition of the depth coordinate for Fig. 10-12 is also
displayed. Colour code: green: Sr, red: O, light blue: Ti, and white: H.

calculations, ranging from —0.64 to —1.0 eV for molecular
adsorption and ranging from —0.61 to —0.87 eV for dissociative
adsorption using various DFT functionals.™

At the (110) surface, molecular adsorption can also be found
on Sr atom. The adsorption energy for molecular adsorption is
much larger than the dissociative case, and a water molecule
strongly prefers to split on the surface. The Sr-O bond is not
completely along the surface-normal direction due to the
presence of the surface-top O atom. For dissociative adsorption,
the dissociated proton bonds to the surface O atom, while the
OH group bridges two Sr and Ti atoms. The stronger adsorption
for dissociative adsorption was also reported previously.'*
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3.2.3 Hole polaron transfer. Fig. 10a shows the potential
energy surface of a hole at the SrO and TiO,-terminated STO
(001) surfaces, as well as the STO (110) surfaces. In the
calculations at surfaces, the geometry was optimized using
the CDFT method and the computed energy was employed.
For the SrO-terminated STO (001) surface, the energy rises to
the maximum at the sub-surface O atom, and the energy
difference is 0.40 eV between the bulk and surface O sites.
For the TiO,-terminated STO (001) surface, on the other hand, a
hole can transfer to the sub-surface site, and also to the surface
site with a stabilization energy of 0.32 eV. For the O-terminated
STO (110) surface, a hole can transfer readily to the sub-surface
and surface O sites with a stabilization energy of 0.37 eV. This
indicates that a hole can readily transfer to the STO (110)
surface. This is consistent with the experimental findings that
a hole transfers to the (110) surface to induce the OER
reactions.”

As shown in Fig. 10b, when a hole is at the outermost O
atom of the SrO-terminated STO (001) surface, the Ti-O bond
length slightly decreases by 8% as the Ti atom moves toward
the surface, while Sr-O bond length remains almost the same.
For the TiO,-terminated STO (001) surface as shown in Fig. 10c,
Ti-O bond length increases by 5%, and the protrusion of O
atom along the surface normal direction is pronounced. When
a hole is localized on the surface O atom at the STO (110)
surface, Ti- and Sr-O bond lengths respectively increase from
1.74 and 2.56 A to 1.84 (6% increase) and 2.73 A (7% increase),
as shown in Fig. 10d. Such structural changes in terms of bond
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® o01f
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(c) TiO, (001) (d) (110)

Fig. 10 (a) Potential energy surface of hole polaron transfer and (b)—-(d)
polaron holes localized at the surface O atoms at the SrO- and TiO,-
terminated STO (001) and (110) surfaces using the hybrid PBE functional.
The energy at the bulk site that is the most distant from the surface was set
to zero. The definition of the depth coordinate is displayed in Fig. 9a. The
yellow lobes were displayed with the isosurface levels of (b) 0.0030, (c)
0.0033, and (d) 0.0031.
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Fig. 11 Same as Fig. 10a, yet OH group is attached the surfaces from
water adsorption using the hybrid PBE functional.

lengths upon localization of a hole were also observed in bulk
discussed in Section 3.1.2. The most stable polaron at the STO
(110) surface may be related with the flexibility of surface O
atom. In fact, the surface O atom of the STO (110) surface has
the lowest coordination number of three as discussed in
Section 3.2.1, and therefore is thought to be the most flexible
among the three surfaces considered in this study.

To investigate the impact of hydroxylation, we computed the
potential energy profile as a function of polaron position at the
STO surfaces on which one water molecule split into OH and H
(see the Section 3.2.2 for the adsorption structures). The energy
profile in Fig. 11 remains largely unchanged from that at the
pristine surfaces, except at the surface OH site. At the TiO,-
terminated (001) surface, however, the energy at the surface
oxygen site decreases compared to the pristine surface.
However, the polaron transfer from the surface O site to the
OH group is energetically unfavourable with an increase of
0.13 eV. At the SrO-terminated (001) surface, a polaron on the
OH group is the most stable among the OH groups at the three
surfaces studied in this work. Nevertheless, the polaron trans-
fer should be highly unlikely due to the instability of polaron at
the surface O site. In the case of the (110) surface, the energy
rises to 0.14 eV at the OH site. This suggests that the hole
transfer proceeds through the surface oxygen site rather than
an OH group during oxidation reactions. This contrasts with
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Fig. 12 Potential energy surface for various positions of oxygen vacancies
at the STO surfaces using the hybrid PBE functional.
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the case of anatase TiO,,” where the presence of OH group
stabilizes a hole polaron.

We further computed the potential energy surface for various
positions of oxygen vacancies at the STO surfaces, as shown in
Fig. 12. At all surfaces, the energy drops at the surface O sites. This
would be because the structural changes at surface are easier than
in bulk. The TiOyterminated (001) surface exhibits the more
pronounced energy drop than the other surfaces. This indicates
that O vacancy can be formed more readily at the TiO,-terminated
(001) surface. A higher concentration of O vacancies at the TiO,-
terminated (001) surface implies more trapping sites for electron
polaron, consistent with the experimental findings that an electron
polaron transfers to the (001) surface to induce the HER reactions."

4. Conclusions

This study provides insights into the photocatalytic activity of
SrTiO; (STO), particularly focusing on its facet-dependent per-
formance in photocatalysis. By employing density functional
theory (DFT) calculations, including constrained DFT (CDFT)
methods, we simulated the localization and transfer of hole
and electron polarons in bulk STO and on its various surfaces.

Our investigation into the bulk STO structure revealed that
the hybrid PBE functional closely more accurately reproduces
experimental physical properties of STO, particularly in terms of
cell length and band gap energy, making it a reliable choice for
subsequent calculations. The simulation of hole polaron transfer
demonstrated that the process in bulk STO has a low activation
barrier, with a calculated barrier height close to the thermal
energy at room temperature. In bulk STO, a hole polaron
localizes on O atoms, while an electron polaron can localize
with the existence of an oxygen vacancy. The dynamical effects of
polaron transfer were also examined through by computing the
transmission coefficient, and the hole polaron transfer occurs
through an adiabatic charge transfer mechanism.

When exploring the surface properties, we considered both SrO
and TiOyterminated (001) surfaces and the O-terminated (110)
surface, which are known for their stability. The calculations of
surface energies and adsorption energies provided a quantitative
understanding of the surface stability and the interaction with a
water molecule and the STO surface. The dissociative adsorption of
a water molecule is energetically favoured, and the computed
adsorption energies are consistent with the previous DFT studies.
At the STO surfaces, a hole is localized on the surface O atom of the
(110) surface most stably, and an OH group the surface does not
enhance the stability. In contrast, the oxygen vacancy is most stable
on the TiO,terminated (001) surface. The insights gained from this
study can inform future efforts in developing advanced STO photo-
catalysts for sustainable energy applications.
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