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SrTiO; is a highly efficient photocatalyst for the overall water splitting reaction under UV irradiation.
However, an atomic-level understanding of the active surface sites responsible for the oxidation and reduc-
tion reactions is still lacking. Here we present a unified experimental and computational account of the
photocatalytic activity at the SrO and TiO, terminations of aqueous solvated [001] SrTiO3. Our experi-
mental findings show that the overall water-splitting reaction proceeds on the SrTiO; surface only when
the two terminations are simultaneously exposed to water. Our simulations explain this, showing that the
photogenerated hole-driven oxidation primarily occurs at SrO surfaces in a sequence of four single hole
transfer reactions, while the TiO, termination effects the crucial band alignment of the photocatalyst rela-
tive to the water oxidation potential. The present work elucidates the interdependence of the two chemical
terminations of SrTiO; surfaces, and has consequent implications for maximizing sustainable solar-driven

water splitting.
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I. INTRODUCTION

Photocatalytic water splitting is a promising route to
decrease our energy dependence on fossil fuels [1,2].
Redox-active oxides like TiO, are ideal material platforms
to study and optimize the heterogeneous oxidation and
reduction reactions to convert water into H, and O, using
solar photons as the sole source of energy [3—6]. Some of
the best photocatalysts are oxide materials [7,8] and specif-
ically perovskite oxides [9]. Perovskite oxide materials
have the ability to selectively separate the photogener-
ated electrons and holes and efficiently transfer them to
the semiconductor surfaces, where they can drive the two
redox half reactions [10].
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SrTiOs is a prototypical cubic perovskite and was first
proposed as a photocatalyst for water splitting to gener-
ate hydrogen in 1976 [11]. Despite having a band gap of
3.25 eV [12] that restricts the photons absorbed to the ultra-
violet range of the solar spectrum, SrTiO; is a well-studied
photoreactive material and serves as a platform for under-
standing photocatalytic water splitting in more complex
systems [11,13—25]. Many different factors influencing
the quantum efficiency of SrTiOs have been investigated.
These include, for example, the effects of doping [26-28],
the influence of different facets [14,29], and the effects
of the pH of the solution [30,31]. However, a complete
microscopic picture of the photocatalytic process, even in
this model system, is missing. A significant reason for
this is that many aspects of the process depend on the
details of the SrTiO; surface, and its aqueous interface.
Considerable work has been performed in recent years on
understanding the photocatalytic nature of these surfaces
[13,29,30,32,33], but far less is known about the atomistic
details of the oxidation mechanism at the aqueous inter-
face [34]. This is in part due to a lack of experimental data
obtained from samples designed with controlled surface
properties. Such information will be critical for integrating
theoretical models and experiments in a unified study [8].
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The oxidation reaction of water to molecular oxygen is
a complicated four-electron reaction, coupled to the reduc-
tion of water into molecular hydrogen. In heterogeneous
photocatalysis, the photogenerated holes drive the water
oxidation at the semiconductor surface:

2H20(aq) +4nt - Oz(g) + 4H?e_1q)' (D)

In an overall water-splitting material, the hydrogen pro-
duction or proton reduction also occurs at the surface:

2H(+aq) + 27 — Hz(g). (2)

The two half reactions need to proceed at the same rate,
as otherwise, the full redox reaction will be shut down by
charge accumulation. Therefore, among the factors limit-
ing the quantum efficiency, charge separation is a dominant
one [10,29,30,35]. This implies that the photogenerated
electron-hole pairs, which in SrTiOs usually exist in the
form of a self-trapped exciton or separated electron and
hole polarons [36], need to arrive at their corresponding
surface reaction active sites at similar rates in order to max-
imize the efficiency of the overall water-splitting reaction.
This idea has been proposed previously by Zhang et al.
[30], in their study of photochemical reactivity at different
SrTi0j3 surfaces.

In this work, we identify the explicit roles that sur-
face chemistry and termination have in the overall water-
splitting reaction in SrTiO3 [001] surfaces, using a com-
bination of experimental and computational approaches.
Crucially, our surface treatment techniques allow us to
deterministically produce samples with either only an SrO
termination, only a TiO, termination, or a mixture of both.

To experimentally evaluate the redox reaction, we
replace Eq. (2) by the reduction of an electron scavenger.
Specifically, we observe the reduction of Ag™" into metallic
Ag; thus, the detection of metallic Ag at the surface of the
semiconductor serves as a proxy for the evaluation of the
efficiency of the overall redox reaction [13,30,32]. These
experiments demonstrate that SrTiO; is only photocatalyt-
ically active if both SrO and TiO, terminations are present
on the surface. A microscopic explanation for this result
is given by ab initio molecular dynamics simulations of
water atop an SrTiO; slab with the two relevant surfaces
exposed to water. In addition to providing a clear atomistic
description of these interfaces, the simulation results allow
us to evaluate and propose a model for the oxidation reac-
tion at the surface that explains the experimental results.
Furthermore, the combined results provide information on
the nature of the photoexcited carriers, by identifying the
spatial correlation between the oxidation and reduction
sites at the surfaces.

II. PHOTOCATALYSIS ON ENGINEERED SrTiO3
[001] SURFACES

The focus of this work is characterizing photocatalysis
on the [001] surfaces of SrTiO;z. Along the (001) direc-
tion the material can be viewed as a stack of alternating
TiO; and SrO planes, and [001] surfaces can be terminated
in either of these two planes. Practically, all substrates cut
from a crystal will have a small miscut angle so that the
surface will not be an exact [001] plane. In the absence of
further treatments, the surface of a substrate that has been
cut and polished will present a mixture of the two possi-
ble terminations. However, there are procedures to obtain
atomically flat surfaces with a well-defined step and ter-
race structure, typically used as preparation for the growth
of epitaxial thin films [37-39]. We leverage these tech-
niques to provide a controlled surface for the study of
photocatalysis.

The substrate vendor (Cyrstec) provided us with two
types of substrates: (i) untreated substrates, which are just
cut and polished and (ii) single termination substrates that
had been treated to achieve a TiO, termination [38,40,41].
Untreated substrates were subsequently etched, via high-
temperature high-pressure water etching [42]. The etching
process takes place within a microwave acid digestion
vessel (model 4782 from Parr), a machined polytetrafiu-
oroethylene cup sealed within a high-strength, microwave-
transparent polymer. The vessel is filled with 20 mL dis-
tilled water and the substrate and placed in a Panasonic
NN-SN651B inverter microwave oven at power level 3 of
10, for 4 min. Etching is followed by annealing in air inside
an insulating box on top a MeiVac 2.0 in. high-temperature
resistive substrate heater. The water etching method has
an advantage over treatments that involve buffered HF in
that it avoids F~ impurities that can be introduced by tra-
ditional buffered hydrofluoric acid etching [43]. The water
treatment leads to mostly pure TiO, surfaces with patches
of SrO. Subsequent annealing can then be used to modify
the SrO coverage of the substrates [44].

Photocatalytic activity on all surfaces is evaluated using
the Ag™ proxy reduction method for water splitting devel-
oped in Refs. [1,13,14,45]. Each sample is placed in 0.002
mol AgNO; solution and illuminated with a 100 W mer-
cury vapor lamp at a distance of 60 cm for 5 min. A UV
fused silica ground glass diffuser is placed in front of the
sample (Edmund Optics NT49-159). Upon UV illumina-
tion, water is oxidized to O, and H* [see Eq. (1)] while the
reduction of H [Eq. (2)] is replaced with the reduction of
Ag" ions, resulting in Ag deposited on the surface. The
photocatalytically deposited silver can then be observed
using atomic force microscopy (AFM). When this exper-
iment is performed on an untreated surface [left scan of
Fig. 1(a)], the silver appears to be deposited fairly uni-
formly [right scan of Fig. 1(a)], with no particular order
visible. The left scan of Fig. 1(b) shows a sample that
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FIG. 1. AFM topography scans of surfaces before (left) and
after (right) silver deposition. (a) SrTiO; surface that has been
cut and polished only, (b) surface that has been treated with a
procedure that only partially segregates the SrO on the surface,
(c) surface that has been treated such that SrO is segregated to
the step edges, (d) surface that has been treated to obtain SrO
termination by extending the duration of the high-temperature
anneal. Panel () shows (from left to right) artistic representations
of the termination arrangement corresponding to (a)—(d).

is treated using a high-pressure water etch, annealed at
650 °C for 24 h, retreated, and then annealed again for 24 h
at 750 °C. The step near-edges are now visible in the etched
sample, but are not very straight. The thermal treatment
of this sample has led to residual SrO starting to diffuse
towards the step edges. Photocatalyzed silver deposition
appears to be associated with the residual SrO, as observed
in the right scan of Fig. 1(b).

That Ag deposition indeed occurs in the vicinity of
SrO patches is more evident in our next treated sample
shown in Fig. 1(c). This sample is obtained after adding

an additional 2 h anneal at 900 °C. This results in the SrO
completing its diffusion along the TiO; step and collecting
on the step near-edge as a 1/2 unit-cell layer [left scan of
Fig. 1(c)]. This is most obvious in a line profile taken per-
pendicular to the step edges [Fig. 2(a)]. Here it can be seen
that there is a 0.6 nm jump at each step edge that corre-
sponds to 1.5 unit-cell steps; the change from SrO to TiO,
termination happens with a 0.2 nm drop that corresponds
to 0.5 unit-cell steps. The 0.5 unit-cell high region of SrO
termination has a finite spatial extent, as seen from the line
plot, its width extends to 20—50 nm from the beginning of
the terrace and so they are best thought of as “near-edge”
regions. The preference of SrO to segregate along the step
edges is a known property [46] and a similar surface was
previously achieved by Bachelet ef al., albeit with a dif-
ferent heat treatment [44,47]. After photoreactivity on this
surface, the silver is clearly found in the vicinity of the step
edges where the SrO has collected [see Figs. 1(c) and 2(a)].

A fully SrO-terminated surface can be obtained by
replacing the anneal after the second treatment with a
sustained high-temperature anneal (38 h at 900 °C). This
extended high-temperature anneal causes SrO to verti-
cally diffuse from the bulk of the sample [46] and pro-
duces a highly ordered single termination SrO surface [left
scan of Fig. 1(d)]. Of course, a prerequisite for obtain-
ing this highly ordered SrO surface is that prior to the
high-temperature anneal, the surface is actually single ter-
mination TiO; so that SrO can freely diffuse on the surface
towards the step edge. Further information showing some
of the intermediate steps in the treatment procedure can be
found in Fig. S10 within the Supplemental Material [48].
As shown in Fig. 2(b), this surface has single unit-cell tran-
sitions at the step edges. Remarkably, as observed in the
right scan of Fig. 1(d), very little silver is deposited on this
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FIG. 2. AFM line profiles perpendicular to step edges. (a) Line
profile of a surface that has been treated such that SrO is segre-
gated to the step edges. (b) Line profile of a surface that has been
treated to obtain SrO termination. Bottom figures illustrate the
distribution of SrO and TiO, planes corresponding to the line
profiles.
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FIG. 3. AFM topography scans of TiO,-terminated surfaces
after silver deposition on (a) a treated substrate and (b) a
deposited SrTiO; film.

surface, indicating that a pure SrO surface is not photo-
catalytically active. Most likely the small deposits of Ag
observed are associated with tiny regions of the surface
that have TiO, termination or are related to other structural
defects.

We also carry out the silver deposition procedure on two
TiO,-terminated surfaces. The first is on a TiO, substrate
treated by the vendor with a buffered HF etch and high-
temperature anneal. Here we observe some silver being
deposited [Fig. 3(a)], but there is no apparent correlation
between the deposition sites and the surface morphology
of the film. We associate this small amount of Ag deposited
to the presence of F~ impurities at the surface.

For the second surface, we grow SrTiO; thin films
using an off-axis rf magnetron sputtering on top of vendor-
SrTiO; substrates with TiO, termination. It is expected
that these films will maintain a TiO, termination. A 35
W power is applied to the 1.3 in. sputter gun. During the
growth an atmosphere of 0.24 mbar with an oxygen-to-
argon ratio of 7/16 is maintained and the sample is kept at
an elevated temperature of 560 °C. After performing a pho-
tocatalytic silver deposition, very few silver particles are
formed on these surfaces, even if we extend the exposure
time to 1 h, as shown in Fig. 3(b).

Hence, our experiments show that (i) single terminated
surfaces (SrO or TiO,) are not photocatalytically active,
and (ii) mixed terminated surfaces are active, and Ag is
deposited near SrO terminations.

III. ATOMISTIC STRUCTURE OF SOLVATED
SrTiO; (001) SURFACES

In order to obtain an atomistic picture of the photocat-
alytic process, we perform ab initio molecular dynamics
simulations of an SrTiO; slab in the presence of liquid
water. The slab is three unit cells along the (001) direc-
tion and 2+/2 x 2+/2 unit cells along the in-plane (110)
direction. The (bulk) lattice constant for the SrTiO; slab is
a =3.909 A. Since we choose to have the slab contain an
integer number of unit cells, it is necessarily terminated by
an SrO surface on one side, and a TiO, surface on the other.
This choice allows us to explore in one single simulation

the structure of the two different terminations. We add 64
water molecules between the periodically repeated slabs,
which are enough to screen the two different potential
offsets arising from this asymmetric slab.

A. DFT simulations and molecular dynamics

The density functional theory- (DFT) based ab initio
molecular dynamics simulations are performed using the
SIESTA code with a Generalized Gradient Approximate
(GGA) exchange-correlation functional. Specifically, the
vdW-BH functional is used, which includes dispersive cor-
rections for the van der Waals interactions in the system.
A double-zeta polarized basis set is used for the elec-
tronic wavefunctions of Sr and Ti, while the O orbitals are
described using a long-range quadruple-zeta basis set. The
size of the oxygen basis set is found to have a significant
effect on the band-edge positions as the valence band edge
mostly consists of O 2p bands; see Table S1 within the
Supplemental Material [48].

The interfacial properties and structure of aqueous
SrTiO; surfaces are analyzed with the help of DFT-based
molecular dynamics (MD) simulations. Unlike the case of
SrTiO;/vacuum symmetric interfaces, in the fully solvated
SrTiO3/H,0 system, water makes contact with two dif-
ferent chemical terminations (SrO/H,0O and TiO,/H,0) at
once; see Fig. 4(a). In our MD simulations of the solvated
SrTiO; system, the SrTiO; slab comprised three layers
each of SrO and TiO,. The SrO and TiO, terminations
are separated by about an 18 A region of water. Based on
the (planar-averaged) macroscopic electrostatic potential
of the solvated system, it is confirmed that the water region
screens the two asymmetric-terminated surfaces and that
there is no net charge transfer from one surface to the other;
see Fig. S3 within the Supplemental Material [48].

At the beginning of the MD simulation, the surfaces
are nonhydroxylated (no water dissociation). A GGA-type
vdW-BH functional is used in SIESTA to perform a 20-ps-
long MD simulation with a time step of 0.5 fs. During
this MD, the hydrated slab is annealed to a temperature of
T = 330 K using a velocity rescaling thermostat, and water
interacts with the TiO, surface on one side and SrO on
the other, giving different amounts of dissociation on both
sides. Figure 4 shows a snapshot of the simulated system.
The two surfaces quickly dissociate water and achieve an
equilibrium state within 10 ps of simulation. Experimen-
tally, the presence of OH™ at the [001] SrTiO; surface has
been thoroughly studied by Domingo et al. [49].

As seen in Fig. 4(c), the two surface terminations are
active in dissociating water into OH™ (which binds to
Sr or Ti depending on the surface termination) and H*
(which always binds to surface O atoms). However, the
SrO-terminated surface is more effective than TiO, in this
task. Of the water molecules adsorbed at SrO, 35% are
dissociated, versus only 25% dissociation of the adsorbed
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FIG. 4. An equilibrated molecular dynamics simulation for (a)
(001) SrTiO;3 surfaces—TiO; (left, in blue) and SrO (right, in
green)—interacting with a box of 64 water molecules. The num-
ber density distribution along the vertical z direction for (b) H,O
molecules and (c) dissociated OH™ species. The positions of the
TiO, and SrO surfaces with respect to the box of water are shown
with blue and green dashed lines, respectively.

water molecules seen at TiO,, implying a higher dissocia-
tion event count on SrO. In addition, we observe secondary
dissociation events at the SrO surface, which cause the
additional peak shoulder in Fig. 4(c) (right). These are
transient proton transfer reactions between surface OH™
and nearby H,O molecules, indicating that this surface has
a lower pKa or higher surface acidity [50] than a TiO,
termination.

IV. ELECTRONIC STRUCTURE AND BAND
ALIGNMENT

Among the many factors that control the photocat-
alytic efficiency of a semiconductor surface, the relative
alignment of the semiconductor band edge and the cor-
responding redox level in water determines whether the
photoexcited carriers can carry the oxidation and reduc-
tion reactions. In our case, the reduction half reaction is
bypassed by the reduction of Ag® and we seek to under-
stand the oxidation reaction, and in particular, its depen-
dence on the semiconductor surface termination. To this
end, we must obtain the alignment of the valence band

edge (VBE) with respect to the electrochemical water oxi-
dation potential [34,51] for each surface termination. In
oxide perovskites (ABOj3), the work function difference
between the AO- and BO,-terminated (001) surfaces is
theoretically predicted to be on the scale of a few electron-
volts [52,53]. While the specific case of pure SrTiO; has
been studied in detail using DFT-based methods [54-56],
the aqueous interface band alignment remains unexplored.
Here we evaluate the electronic structure on samples of the
previously described SrTiOs slab, after dissociation at the
two water exposed surfaces reaches equilibrium.

In the procedure proposed by Kharche et al. [51], the
alignment with respect to vacuum for the solvated slab
is done using the 1b; level of the bulk water region of
the simulated system as a reference. This level is itself
aligned with the 15, level obtained from an independent
water-vacuum slab calculation. In Fig. 5, we present the
vacuum-aligned band-edge positions of a fully solvated
asymmetric SrTiOj; slab using a hybrid functional HSE06
[57,58]. The first two columns show the band edges of
pure SrO- and TiO,-terminated surfaces with respect to
vacuum, as reported by Ma et al. [54], which we use as
a reference for nonsolvated systems. Additional calcula-
tions and discussion about the dependence of the results on
the choice of the exchange and correlation functional are
presented in Appendix A and the Supplemental Material
[48]. The water redox potentials are shown as red dotted
lines. As seen in this figure, a pure SrO surface is not favor-
able for water splitting, given that the corresponding VBE
is less positive (that is, closer to vacuum) than the water
oxidation potential by about 1.5 eV. On the other hand,
pure TiO, surfaces present a VBE sufficiently positive to
catalyze the water oxidation reaction, albeit with a small,
about 0.3 eV, overpotential [54].

The fully solvated SrTiO; slab used to compute the
alignment in Fig. 5 has one of each, i.e., SrO and TiO,
surfaces exposed to water. Hence we refer to this system
as a 50% mixed surface slab. Although in vacuum each
surface has a different work function, in aqueous solution,
the surface water screens completely and within a very
short distance (less than 5 10\) the surface dipole due to the
other termination, as further discussed in the Supplemen-
tal Material [48]. As a result of the screening that takes
place through both dissociation and structural orientation,
the band bending at the two surfaces results in more pos-
itive VBEs, placing them both about 0.85 eV below the
water oxidation potential.

These results indicate that water dissociation, which
induces a negative dipole moment (i.e., pointing into the
surface), helps with the favorable level alignment for
the overall water oxidation reaction at SrTiO; surfaces.
However, the computed energy alignment upon solvation,
which places the VBE of the solvated 50% termination slab
2.3 eV below that of the pure SrO unsolvated slab cannot
be explained by the induced water screening dipole alone.
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FIG. 5. Band alignments for symmetric SrO-terminated and
symmetric TiO,-terminated SrTiO;/vacuum as reported in
Ref. [54], and fully solvated SrTiOs;/H,O slabs using DFT
HSEO06. The red dotted lines indicate the water redox potentials
referenced to the vacuum level (Ey+y, = —4.44 €V, Eo,/m,0 =
—5.67 V).

It was previously observed in Ref. [51] that this screening
could account for an energy lowering of at most 0.5—1.0
eV. In order to achieve an energy alignment sufficient to
drive the oxidation reaction, it is also necessary for both
terminations to be present at the surface. This is because
the surface dipole of SrO-terminated surfaces is coupled to
the corresponding dipole of TiO, terminations. The overall
VBE lowering will depend on the ratio of one termina-
tion to another. Our simulation results are obtained for a
50% ratio, but for different ratios, some bowing should
be expected [59]. This is why pure SrO surfaces cannot
drive the oxidation reaction and hence no Ag deposition
is observed in the experiments. However, these results are
still not adequate to explain why pure TiO; surfaces are not
photocatalytically active, nor do they explain why Ag is
deposited at or near SrO terminations. To this end, we aug-
ment our theoretical study with additional insights about
the water oxidation reaction.

V. PHOTOCATALYTIC WATER OXIDATION
REACTIONS

Water oxidation on semiconducting surfaces can occur
via a sequential four-step proton-coupled electron trans-
fer (PCET) mechanism [34,60]. Here we compute the
free energy changes of four PCET reactions both at the
SrO/water and TiO,/water interfaces. The proposed cycle

intermediates match the homogeneous reactions for water
oxidation in aqueous solutions. At each of these steps,
an incident UV photon generates an electron-hole pair.
The resulting hole participates in the oxidation of water
at an active surface site. These reactions are coupled to
the reduction of four Ag" ions at the surface by the
corresponding electrons.

Our proposed four-step PCET cycle for water oxidation
at the SrTiO;z /water interface is shown in Fig. 6(a), where
(iHv) represent relaxed structures obtained after removing
a proton coupled with an electron. The reaction intermedi-
ates in the proposed PCET mechanism are identified as:
(i) OH™ (adsorbed at a surface Sr or Ti), (ii) O°*~ (oxy-
gen anion radical), (iii) OOH™ (hydroperoxyl radical), (iv)
O3~ (superoxide ion), and (v) OH™. Upon removing a pro-
ton and an electron from OH™, an oxygen anion radical
is formed in the first step; see Fig. 6(a), (1)—(ii). Since
there is no longer a proton available at the active species,
a neighboring hydrogen-bonded water molecule is chosen
and its proton and electron are removed in the second step,
(i1)—(iii). A geometric relaxation leads to a spontaneous
O—O bond formation resulting in a OOH™ species at the
site. In the third step (iii)—(iv), an electron and proton are
removed from the intermediate OOH™, which gives rise
to a superoxide ion (O3~) with a shorter O—O bond dis-
tance. As shown in Fig. 6(a)(iv), the superoxide ion does
not immediately dissociate from the surface. Thus, in the
final step (iv)—(v), a concerted electron-proton transfer
from yet another neighboring water molecule results in
an OH™. This newly formed OH™ attacks the active site
and replaces the superoxide ion that now leaves its surface
position as O;.

We have computed the standard Gibbs free energy
changes and the standard one-electron reduction potentials
(E°) for two active sites on SrO and three on TiO, ter-
minations; see Tables S1 and S2 within the Supplemental
Material [48]. Table I shows a comparison of the mean E°
for the water oxidation pathway on the two surfaces. The
mean distance between the interacting oxygens (doo) in
any given reaction intermediate is also reported. On the
SrO-terminated surface, the first step that entails the con-
version of OH™ to O°~ is rate limiting and requires the
maximum reduction potential (about 2.1 eV). In photo-
catalytic oxidation, the overpotential is the excess energy
carried by the hole. This energy is supplied by the pho-
togenerated holes that carry excess energy supplied from
the absorbed photon. This is often taken as the energy of
the valence band edge versus the NHE water oxidation
potential at pH = 0. As previously shown, our calculations
report this energy to be about 0.85 eV for a solvated SrTiO;
slab with 50% TiO,/SrO terminations. This is not suffi-
cient for the reaction to proceed. However, the expected
overpotential increases with the proportion of TiO; at the
surface. This explains the experimentally observed major-
ity of surface TiO, composition in the photocatalytically
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(a)

FIG. 6.

(a) A sequence of four PCET events reveal the pathway for conversion of (i) OH 4 4.4 to (v) O; at the SrO surface via

three reaction intermediates: (ii) oxygen anion radical (O°7), (iii) hydroperoxyl radical (OOH™), (iv) superoxide ion (O5™). The proton
removed at each stage of the PCET mechanism is highlighted in gray. Spin density (in yellow) corresponding to O®*~ species formed
at (b) SrO-terminated and (c) TiO,-terminated aqueous SrTiOj; surfaces.

active samples. The second step on the SrO surface fol-
lows an energetically downhill path, so the formation of
OOH™ does not require any energy from the hole. This also
suggests that the two-electron process that takes OH™ —
OOH™ directly could be more favorable than the sequen-
tial one-electron processes. Interestingly, the presence of
the intermediate species proposed here has been observed
experimentally in these surfaces, albeit without enough
information to identify the two different possible termi-
nations [49]. Table I shows that the net potential for a
simultaneous two-electron process is about 1 eV, which
makes it energetically accessible for an SrO surface to
drive the catalytic cycle with a lower photohole potential.
If we consider the same PCET-based water oxidation
mechanism on the TiO, surface, the results are rather dif-
ferent. The first step requires a lower potential than the
corresponding step on the SrO side. However, the conse-
quent step, that is, the conversion of O*~ to OOH ™, is not
supported on the TiO, surface. As seen in Table I and in
the Supplemental Material [48], this second PCET reac-
tion does not result in an O—O bond (the relaxed O—O
distance is 2.3 A). The reason for the inadequacy of this
surface to catalyze the oxidation of the oxygen anion rad-
ical is not obvious. Figures 6(b) and 6(c) show the spin
density of the radical O*~ state [Fig. 6(a)(ii)] on the SrO (b)
and TiO; (c) surfaces. While this p,-like orbital is highly

localized and perpendicular to the SrO surface, on TiO,,
the orbital is parallel to the surface and much more delo-
calized within the surface oxygens. Hence, this is a far
less reactive species, given that the nearest H;O molecule
needed for the following PCET reaction is oriented along
the nodal plane of the O*~ radical electron.

The lack of formation of a crucial intermediate in the
PCET mechanism points to an inability of the TiO, termi-
nation to catalyze the oxidation process. This also explains
the lack of reactivity observed on a pure TiO, termination
by AFM experiments, and further supports the observation
that an SrO surface is necessary in conjunction with TiO,
for the photocatalytic oxidation of water. Our theoretical
results clearly indicate that the oxidation reaction pro-
ceeds only in SrO-terminated surfaces. Our experiments
also show that Ag™ is reduced at or in the vicinity of
these surfaces. Taken together, these results provide indi-
rect information about the nature and localization of the
photoexcited carriers. They indicate that both the reduction
and oxidation reactions happen in close spatial proxim-
ity, and, hence, the exciton does not break before reaching
the surface. This is consistent with a previously computed
exciton radius of about 5 Bohr radii and a binding energy
of 330 eV [61].

It is also worthwhile to comment on the connection to
the reduction reaction. While our work does not directly
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TABLE I. Calculated standard one- and two-electron reduction potentials for PCET steps at the SrO- and TiO,-terminated aqueous
SrTiO; interface. The values are reported with respect to the normal hydrogen electrode (NHE) scale. Roman numerals next to each
compound refer to the labeling in Fig. 6. Entries superscripted with a dagger () indicate the values for a loosely bound O — OH™ as

the hydroperoxyl radical is not formed in this case.

SrO plane TiO, plane
Step Reaction on SrTiO; termination E° (eV) doo (A) E° (eV) doo (A)
1 (ii) *O*~ + H" ¢~ — (i) *OH™ 2.123 £ 0.028 (i1) 2.64 £ 0.01 1.85+0.11 (ii) 2.56 £ 0.04
2 (iii) *OOH™ + HY +e¢~ — (ii) *O*~ + H,0 —0.011 +0.008 (iii) 1.483 £0.007 1.934+0.02"  (iii) 2.3 £ 01%
3 (iv) *O;~ + Ht +e™ —> (iii) *OOH™ 0.585+0.107  (iv) 1.353 +0.003 e
4 (V)*OH™ 4+ O, +Ht +e~ — (iv)*O5~ + H,O0  0.797 £0.184  (v) 1.248 £ 0.003
1+2 *OOH™ +2H" +2¢~ — (i) *OH™ + H,O 1.049 £ 0.007
3+4 0, +*OH™ +2H" +2¢~ — *OOH™ + H,0 0.67 £ 0.01

address it, we can conclude that, in principle, this reaction
should occur exclusively at TiO, terminations. The bottom
of the conduction band is mostly composed of Ti 3d orbital
states (seen in Figs. S3, S4, and S6 within the Supple-
mental Material [48]); hence, the photoexcited electrons
are localized at Ti sites. There is also experimental evi-
dence for the electron migration to these surfaces [62—65].
In our experiments, Ag is deposited on top of the regions of
TiO, termination, in proximity to regions of SrO termina-
tion. This observation supports the picture of a cooperative
interaction between the two terminations, such that the
exciton has a compact spatial extension on SrTiO3 [001]
surfaces.

VI. CONCLUSIONS

In conclusion, we have presented a combined experi-
mental and computational study of photocatalytical water-
splitting activity at SrTiO3 [001] surfaces. Using the proxy
reaction of Ag™ to Ag reduction, we have shown that
pure SrO or TiO, terminations are not photoactive. Ag
is only deposited when mixed terminations are present at
the surface and deposition occurs near SrO terminations.
Our first-principles simulations explain these findings and
unambiguously show that water oxidation can only occur
at SrO surfaces, which efficiently catalyze a four-hole
oxidation cycle. TiO, terminations are needed to pro-
vide the correct band-energy alignment, but they are unfit
to catalyze the necessary surface reactions. These results
have important implications for understanding the inter-
play between surface chemistry and band alignment in
semiconductor materials for photocatalytic water splitting.
They highlight the importance of achieving a particu-
lar surface nanostructure, ideally through bulk synthesis
routes or simple chemical-thermal treatments such as those
presented in this work. We plan to investigate whether this
result can be generalized to other perovskite oxide materi-
als, for which ferroelectricity might provide an additional
surface alignment and control handle.
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APPENDIX A: BAND ALIGNMENT

Our current work focuses on a qualitative understand-
ing of the energy level alignment for different (001)
SrTiO; surface terminations in conjunction with vacuum
and water. All calculations are spin polarized, and the
GGA + U computations included a Hubbard U correction
term of 4.45 eV for the Ti 3d states [55]. The (001) SrTiO3
surface calculations are performed with 13 layer surface
slabs for both the vacuum-interfacing symmetric SrO- and
TiO,-terminated structures, as shown in Fig. S5 within
the Supplemental Material [48]. A vacuum region of 15
A (along the z axis) is found to be sufficient to separate
the two nonpolar surfaces of a symmetric SrTiOs slab.
The structures used for determining the band-edge posi-
tions in Fig. 5 are geometrically relaxed until the remnant
forces in the system are less than 0.01 eV/A. While a
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large set of simulations in this work are performed with a
computationally efficient GGA-type exchange-correlation
functional, the sensitivity of band-related properties to
the hierarchy of functional [66] used is widely recog-
nized [51,54]. Hence, we estimate the band-edge positions
using a range-separated hybrid functional, HSE06 [57,58],
as implemented in VASP [67]. A plane-wave cutoff of
500 eV is used with the projector augmented-wave (PAW)
method of potentials [68] in VASP and the reciprocal space
is sampled with a single k£ point at I'. This allows for a
more accurate quantitative comparison of the energy lev-
els. Extended results obtained with DFT + U are presented
in the Supplemental Material [48] (see Fig. S4). These
results also include level alignments for slabs solvated with
a single monolayer of water.

The band edges for SrTiOs/vacuum slabs are deter-
mined using a surface-vacuum alignment technique in
which the VBE is given by the difference between the vac-
uum level derived from the electrostatic potential of the
slab model and the highest occupied level (HOMO) in the
system. Similarly, the conduction band edge is given by
the difference between the vacuum level and the lowest
unoccupied energy level (LUMO) of the slab. The band
alignments for the symmetric terminations of SrO/vacuum
and TiO, /vacuum are given in Sec. S2 of the Supplemental
Material [48].

For the fully solvated SrTiO3/H,0 interfaces, we obtain
the position of the 15; peak, which marks the highest occu-
pied state in the bulk region of water and reference it to the
vacuum obtained from a pure water-slab calculation. This
amounts to an energy shift of the kind (E15, puic) sto/water —
(E1p, )water slab- The band-edge energy (HOMO and LUMO)
levels of the full SrTiO3/H,0 system are then aligned with
respect to the 1b; level of water. In the absence of an exact
“vacuum level” in the case of solvated SrTiOj5 surfaces, the
15, level serves as a natural datum against which the band
energies can be compared. A detailed account of the band
alignment in SrTiO3/water surfaces is given in Sec. S4 of
the Supplemental Material [48].

APPENDIX B: MODELING OF
PHOTOCATALYTIC WATER OXIDATION

We consider several SrO- and TiO,-terminated water
oxidation sites and the associated redox potentials are
reported in Tables S1 and S2 within the Supplemental
Material [48]. In our ab initio simulations, we do not
explicitly model a photon adsorption event or the photo-
generated charge carrier separation. We assume that the
hole, while being generated in the bulk of the catalyst
(SrTiO3), becomes available at the top of the valence
band to oxidize water and release oxygen. At each step
of our proposed water oxidation mechanism, one is given
to understand that an electron is removed from the active
site region (in our case, the SrTiOj; slab) filling a photohole

generated in the aqueous reservoir. While the charge trans-
fer phenomenon at the intersection of the SrTiO; slab and
physisorbed water is of primary interest, we find that the
interaction between surface-dissociated water species and
the remainder bulk solvent plays a crucial mechanistic role
too. Hence, in this study, we go beyond the implicit-solvent
model of Shen et al. [34] and explicitly consider all of the
water molecules in the solvated SrTiO; system. The pres-
ence of bulk water beyond the first adsorbed monolayer at
the catalyst surface acts as a reservoir for coupling the loss
of a proton with an oxidation event.

From a single equilibrated MD trajectory, we select a
snapshot such as Fig. 6(a)(i), and evaluate the comple-
tion of the proposed cycle. Following this, at each PCET
step, a proton and an electron (that is, a hydrogen atom)
are removed from either a hydroxide ion dissociated on
the SrTiO; surface or a water molecule that is hydrogen
bonded to the target surface intermediate. As the geomet-
ric optimization of each intermediate structure is carried
out at 7= 0 K, the temperature effects are not considered
explicitly; however, the initial structure of a PCET cycle
is always derived from a thermostated parent trajectory.
Apart from considering a fully solvated periodic system,
our calculations of free energy changes and standard reduc-
tion potentials follow a similar procedure as outlined in a
previous work by Shen et al. [34].

In addition, we allow for a complete relaxation of the
solvent in the system, and after each proton removal, we
observe that the water molecules near the active site rear-
range to initiate the following reaction in the cycle. We also
note that, despite using a semilocal exchange and correla-
tion (XC) potential, namely vdW BH [69], the localization
of the photohole on the initial reaction species is, in fact,
independent of the XC potential [70]. We also confirmed
that systems (i) and (iii) in Fig. 6(a) are singlets and
systems (ii) and (iv) are electronic doublets.

1. Gibbs free energy and standard reduction potentials

The standard redox potentials are computed with respect
to the NHE. As a photocatalyst, SrTiO; supplies an over-
potential defined in this case as the difference between
VBE and NHE [71,72]. The standard free energy for
the one-electron hydrogen oxidation reaction at NHE is
given by

Gg(Hy)

AGNI-IE = GS(H+) + Gg(e_) - > 5

GS(H+) = Gg(H+) + AGsolv.(H+)a

(BD)

where G, (H;) = —31.386 €V is the standard free energy
of a gas-phase H, molecule computed using methods
consistent with the other calculations in this work. The
standard free energy G,(H;) also contains the contribu-
tion of vibrational zero-point energies (ZPEs) [73]. The
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standard free energy of a gas-phase electron, Gg(e™) =
—0.0376 eV, is obtained using the Fermi-Dirac statis-
tics [74]. The standard free energy of a solvated proton,
Gs(HT) = —11.719 eV, is computed using the free energy
of a gas-phase proton G(H"), and the experimental sol-
vation energy of the proton AGsuy (HY) [75,76]. Thus,
using Eq. (B1), we obtain the standard oxidation potential
of the NHE, E{y;; = —AGnue = —3.936 eV. The Gibbs
free energy change computed at each step of the PCET
cycle (AGy) includes the ZPEs of the respective reaction
intermediates. On the absolute scale,

AGyps,1 = G(ii) — G(i) — Ezpe(OH™)
+ G,(H") + Ggle),

AGypsp = G(iii) — G(ii) + Ezpe (OOH™) — Ezpe (H20)
+ G,(H") + Gg(e),

AGaps3 = G(iv) — G(iii) + Ezpe(03 ) — Ezpe(OOH™)
+ G,(H") 4+ Gg(e),

AGapss = G(v) — G(iv) + Ezpg(OH™) + E7zpr(03)
— Ezpe(057) — Ezpe(H,0) + G(H™)

+ Gg(e), (B2)

where the successive PCET steps differ in one pro-
ton and electron (H* + e™) pair, and the second and
fourth steps borrow a H;O molecule from the interacting
bulk water reservoir. On the physical (NHE) scale, the
Gibbs free energy changes and the standard one-electron
reduction potentials translate to AG; = E° = AGypss —
AGnge. A detailed description of the water oxidation
PCET mechanism and the band alignment at the inter-
face of SrTiO;/water can be found in the Supplemental
Material [48] and Ref. [77].

Input files and Jupyter notebooks outlining various cal-
culations are provided in a data repository associated with
this manuscript [78].
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