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ABSTRACT: Although the a-SnWO, material has recently been considered as a new
good candidate for visible-light-driven photo(electro)chemical water splitting, the
performance is still low and requires further improvement. Here, we present a deep
fundamental work on the influence of the various possible facets exposed on this material
for oxygen and hydrogen evolution reactions using hybrid density functional theory. The
energetic, electronic, water redox, and charge carrier transport features of the four
possible (100), (010), (001), and (110) facets (low-Miller index surfaces) are
investigated, and significant anisotropic nature is revealed. The relevant properties of
each facet to the water oxidation/reduction reactions are correlated with the surface W
coordination number. Taking into account the stability and combining optoelectronic and water redox features together of each
surface, our work demonstrates that the (110) facet is photocatalytically the best candidate for the OER, while the (100) facet is the
best candidate for the HER. Their transport characteristics are found to be much better than those obtained for the three major
(121), (210), and (111) facets of synthesized a-SnWO, samples. Substitutional Ge at the Sn site and Mo at the W site on the two
(110) and (100) facets are expected to increase the rates of the water oxidation/reduction reactions. An analysis of the reaction
mechanism for the OER in (110)-oriented a-SnWO, reveals a promising performance of this facet for electrocatalytic water
oxidation. These outcomes will greatly motivate experimentalists for carefully designing (110)- and (100)-oriented a-SnWO,
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samples to enhance the photo(electro)catalytic OER and photocatalytic HER performances.

Bl INTRODUCTION

Solar water splitting for hydrogen production by photo-
(electro)catalysis using a semiconductor-based heterogeneous
catalyst is one of the promising technologies for a clean energy
future and a sustainable green environment at low cost.'®
Considerable efforts have been made on developing an
operating and ideal photocatalyst by monitoring its funda-
mental characteristics to acquire both O, and H, evolution
reactions, HER and OER, and to achieve high conversion
efficiency. The photogenerated holes and electrons involved in
water-splitting reactions are placed at the valence band
maximum and conduction band minimum of the photocatalyst
(VBM and CBM). Appropriate VBM and CBM energy
positions should lie below O,/H,O and above H*/H,
potentials, respectively, to drive the holes and electrons for
oxidizing water and reducing protons.”® The well-delocalized
involved orbitals in the VBM/CBM electronic states are vital
to secure good hole/electron mobility throughout the material
crystal lattice to the surface.”"” To enhance the photocatalytic
properties, various strategies have been outlined either by
introducing co-catalysts on the electrode surfaces to improve
the kinetics of holes and electron transfers to the electrolyte or
by fabricating heterojunctions."*™"” Among them, exposed
facet engineering has been reviewed as a promising way to tune
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the material characteristics and improve the photocatalytic
activity results.'® ™'

Previously, several oxide- and (oxy)nitride-based photo-
catalysts have been shown as appropriate candidates for solar
water splitting.””*">” a-SnWO, has recently been considered
as a new good candidate due to its small band gap in the 1.6—
2.1 eV range and an onset potential in the —0.14 to 0.05 V
range vs RHE.”*** Unfortunately, the different photo-
electrodes prepared so far for a-SnWO, have given poor
performance because of the low carrier transport to the
surface.””*"*” Therefore, there is a crucial need for a deep
investigation of the optoelectronic and redox characteristics of
a-SnWO, as they can strongly affect its photoelectrochemical
performance. Various synthesis protocols of a-SnWO, samples
led to various morphologies and then diverse photocatalytic
results.”*™* To help for easier charge separation and higher
efficiency, careful synthesis approaches for a-SnWO, with
particular exposed facets are thus indispensable.
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A few theoretical studies appeared on the bulk features of a-
SaWQ,,***"*%% whereas no work was done on the character-
istics of its surfaces. A deep investigation of the various
possible surfaces together with the relevant properties of each
surface to photoredox reactions is required to identify the main
factors limiting its performance and then the discrepancy in the
photocatalytic features. In previous computational reports, we
studied key bulk properties of various photocatalysts including
a-SnWO,”'**?¥7% by means of the density functional
theory (DFT) with the hybrid Hyed—Scuseria—Ernzerhof
(HSE06) exchange-correlation functional.**** Their exper-
imental band gap and relative band alignment to water-splitting
limits were accurately reproduced, giving a good reliability of
this method.”~'¥%°7 74 Following this methodology, we
recently identified the ideal facets for the OER and HER of
the largely used TiO, and Ta;Nj photocatalysts.**® We also
showed a strong influence of the major experimental exposed
facets acquired for the common BiVO, photocatalyst on its
water-splitting performance.”’

Here, we present the impact of the various possible exposed
facets on the a-SnWO,, photo(electro)catalyst performance for
water-splitting reactions in the framework of a deep
fundamental work based on the DFT-HSE06 computational
methodology. We carried out calculations for the energetic,
electronic, water redox, and charge carrier transport features of
the four possible (100), (010), and (001), and (110) facets
(low-Miller index surfaces). Then, we predicted the best facet
candidates for the OER and HER by taking into account the
stability and combining water redox, electronic structure, and
charge carrier transport features of each surface. Moreover, we
partially modified the best facets by replacing the active sites
with the nearest-neighbor isoelectronic elements. A great
enhancement in the orbital hybridization characters of the
VBM/CBM electronic states with the corresponding OER/
HER active sites was revealed. In addition, we compared the
results of the best facets with those obtained for the three
major (121), (210), and (111) ones of synthesized samples,
and relevant information was found. Finally, for those most
promising facets, supporting calculations on the mechanism for
the electrochemical water oxidation and proton reduction
reactions were also shown, with a particular interest in the
effect of dopants on the electrocatalytic performances. As a
consequence, these findings will encourage experimentalists to
adopt a careful design of active a-SnWO, samples with
particular exposed facets for enhancing the photo(electro)-
catalytic water-splitting performance toward the OER and
HER.

B METHODOLOGY

The four possible (100), (010), and (001), and (110) low-
Miller index a-SnWO, exposed facets as well as the three
predominated (121), (210), and (111) facets obtained
experimentally for this material were constructed based on
the commonly bulk orthorhombic crystal lattice shown in
Figure 1.”*7** The unit cell model consisting of four functional
units, Sn,W,0 4 or 24 atoms, was taken here as the starting
material for generating the different surfaces. Accordingly, the
slab models were acquired by cleaving the bulk along the
corresponding Miller (hkl) crystallographic plane. Each slab
has several layers chosen adequately for surface modeling in
which the center region exhibits the corresponding bulklike
structure. Various possible surface terminations were explored
for each slab to find the most stable one by maintaining the
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Figure 1. Crystal structure depiction of bulk a-SnWO, on the basis of
the 2 X 1 X 2 supercell together with the four possible <110>, <100>,
<010>, and <001> crystallographic orientations. O is in red, W in
green, and Sn in blue.

stoichiometry and by keeping the equivalent top and bottom
layer sides. Constructed symmetric slabs were possible for all
of the explored facets except for (010), where an asymmetric
slab was the only way to keep the stoichiometry due to the
particular atomic repartition along this crystallographic
orientation, revealing WOy layers stacked in the ac plane and
connected between each other with Sn species. The vacuum
width for all slabs was set at 15 A to avoid periodic interactions
between the top and bottom sides of the surface. Benchmark
tests were performed with different thicknesses to ensure the
optimum required thickness and sufficient convergence of
electronic properties of each slab, similarly as recently reported
for TiO,, Ta;Ns, and BiVO, surfaces.”” ™ For the (110) slab
model, six layers or 72 atoms were needed with a thickness of
15 A. Five atomic layers or 60 atoms were required for
describing the (100) slab model with a thickness of 12 A. For
the (010) slab model, five layers or 60 atoms were needed with
a thickness of 27 A. Seven layers expended on a thickness of 17
A with 84 atoms were necessary for describing the (001) slab
model. For the (121) slab model, seven atomic layers or 96
atoms were required with a thickness of 12 A. Seven layers or
96 atoms were needed with 10 A thickness for describing the
(210) slab model. For the (111) slab model, seven atomic
layers expended on a thickness of 14 A with 96 atoms were
necessary.

The valence and conduction band edge energy positions of
the material were calculated by ali§ning the electronic structure
to a reference scale of energy.”*>” Starting from the electronic
structure calculation of the optimized slab, the absolute energy
of the band edges was obtained. Then, the vacuum energy was
computed from the local potential profile in the vacuum
direction. Then, the difference between the band energies of
the slab and the vacuum energy led to the band positions
relative to vacuum. More details about this protocol are
reported in refs 11, 12, 37, 45—47.

The hole and electron transport features were judged from
the electronic population analysis and visualized by the partial
charge density maps at the band edges. Delocalized and
hybridized orbitals over the crystal lattice of the material going
from bulk to the surface can guarantee a smooth charge carrier
migration to the surface reaching the co-catalysts. More details
about this protocol are given in refs 9—13, 42.

Finally, the mechanisms for the electrochemical water
oxidation, ie, 2H,0 = O, + 4H" + 4e7, and proton
reduction, i.e., H" + e~ = 1/2H,, were studied in the
framework of the proton-coupled electron transfer (PCET)
approach.®® In this sense, the oxygen evolution reaction
(OER) was modeled following the reaction mechanism steps:
(i) * + H,0 = *OH + H* + e7; (ii) *OH = *O + H" + e7;
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Figure 2. Lowest-energy structures (top views) of the (110), (100), (010), and (001) a-SnWO, facets. O is in red, W in green, and Sn in blue. The

coordination numbers are indicated for the elements on each facet.

(iii) *O + H,0 = *O0OH + H* + ¢7; (iv) *OOH = * + O, +
H* + e7, where “*” denotes the chemical surface.

B COMPUTATIONAL DETAILS

DFT calculations with periodic boundary conditions were
carried out using the Vienna Ab initio Simulation Package
(VASP)**™*7 with the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation potential.”® The core electrons were
sketched by projector-augmented wave (PAW) potentials,”
with 5325p , 5d*6s?, 2322p A 4524p , and 4d*Ss’> valence
electrons treated explicitly in the plane wave descriptions for
Sn, W, O, Ge, and Mo, respectively. A kinetic cutoff energy of
400 eV was consistently used in our calculations for electron
wave function expansion. The atomic positions were fully
relaxed with the conjugate gradient procedure until the
residual forces vanished within 0.01 eV/A and the electronic
convergence for each supercell was below 107° eV. Upon
several tests evaluating the accuracy of the calculations, the
Monkhorst—Pack k-point mesh® for sampling the Brillion
zone was set at 3 X 5 X 1 for (110), S X 3 X 1 for (100), 5 X §
x 1 for (010), 3 X 5 X 1 for (001), 5 X 3 X 1 for (121),1 X 7
X 1 for (210), and 3 X § X 1 for (111) slabs.

Based on the optimized geometries obtained with the PBE
functional, the electronic structure calculations were conducted
at the level of the more expensive screened Coulomb hybrid
Heyd—Scuseria—Ernzerhof (HSE06)*»** functional using
VASP. This method has been proven to provide higher
band-gap accuracy of semiconductors compared to the
standard GGA functional.”~"****7~** The electronic property
analysis covered the density of states (DOS) along with the
orbital density maps for the band edges in terms of each
element contribution.

By means of the local potential profile going from the bulk
to a region away from the surface computed using the HSE06
functional, the vacuum energy was acquired. The dipole
corrections perpendicularly to the surface were applied to
alleviate errors in the periodic boundary conditions.”’ More
detailed information about this procedure has been previously
reported in refs 11, 12, 37, 45—47.

All energy calculations for the study of the reaction
mechanisms for the OER and HER were performed using
the PBE functional. Vibrational frequencies were calculated
over the I point to obtain zero-point energies (ZPEs), thermal
corrections, and entropy contributions. At this step, explicit
dispersion correction terms to the free energy were also
employed through the use of the D3 method with the standard
parameters programmed by Grimme and co-workers.””** In
this sense, once optimized the clean surfaces, all intermediate
states were optimized by applying structural constraints to the
inner layers. Specifically, only the atoms of the last two (most
exposed) surfaces were set free, while the rest of the atoms
were frozen during optimization and frequency calculations.

Bl RESULTS AND DISCUSSION

Structural, Energetic, Electronic, and Water Redox
Characteristics of the (100), (010), (001), and (110) a-
SnWO, Surface Planes. Bulk a-SnWO, possesses an
orthorhombic crystal structure (space group Pnna) composed
of 2D sheets of distorted corner-sharing WOy octahedra and
separated by layers of 4-fold coordinated edge-sharing Sn**
ions through O (Figure 1). Our PBE-based optimized lattice
parameters (a=5.59 A, b=11.63 A, c=498 A anda=f=y
= 90°) were found in excellent agreement with the
experimental values (a = 5.62 A, b = 11.74 A, ¢ = 498 A,
and @ = ff = y = 90°).”**33235 Inside the crystal lattice of the
bulk material, four possible <100>, <010>, <001>, and <110>
crystallographic directions exist; thus, four possible (100),
(010), (001), and (110) facets (low-Miller index surfaces) are
present on top of this crystalline material (Figure 2). The
(110) facet reveals three-coordinated Sn with four- and six-
coordinated W, while the (100) facet reveals three-coordinated
Sn with only four-coordinated W. For the (010) facet, the top
layer is only made of three-coordinated Sn with W species
presented in sublayers, whereas the (001) facet reveals four-
coordinated Sn with four-coordinated W. The calculated
surface energies for the four (110), (100), (010), and (001)
facets were 0.57, 0.31, 0.85, and 1.06 J/m?, respectively. Note
that the (010) surface energy is 0.3—0.5 J/m” higher than that
obtained for (110) and (100). The (001) surface energy is
0.5—0.7 J/m? higher than that obtained for (110) and (100).
This makes the two (110) and (100) facets thermodynamically
more stable than the (010) and (001). The less stability of the
two (010) and (001) facets come from the absence of W at the
top layer of the (010) facet and the presence of four-
coordinated Sn on the top layer of the (001) facet. Despite the
lower stability of (010) and (001) facets compared to that
obtained for (110) and (100), we considered them for further
discussion and deeper analysis as they might be stabilized by
specific controllable preparation methods.

For the bulk counterpart, our predicted band gap (1.5 eV)
was found to be in good agreement with the reported
measured ones (from 1.6 to 1.9 €V).**** Our HSE06-based
computed value revealed much higher accuracy compared to
the PBE-based one (0.8 eV).”®** The CBM states are made
by empty W Sd orbitals. The VBM states are made by
occupied O 2p and Sn Ss orbitals, in line with the X-ray
absorption spectroscopy results.”> The hybridization character
between O 2p and Sn Ss orbitals at the VBM is originated from
the SnO, tetrahedra distortion, in accordance with the X-ray
absorption spectroscopy data.’® Similar contributions of
orbitals at the CBM/VBM electronic states are also found in
(110), (100), (010), and (001) @-SnWO, slabs. If we compare
with the bulk material, the band gaps are 0.2—0.6 eV larger or
0.4 eV smaller. The (110) slab gives 1.8 eV, while the (100)
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Figure 3. Band energy levels of the (110)-, (100)-, (010)-, and (001)-oriented a-SnWO, slabs vs vacuum.

Figure 4. Orbital density maps for VBM (shown in blue) of (110) and (010) a-SnWO, slabs and for CBM (in green) of (100) and (001) a-

SnWO, slabs.

slab gives 2.1 eV. For (010) and (001) slabs, band-gap values
of 1.1 and 1.7 eV were obtained (Figure 3). Note that the
average band gap for the four explored facets reveals better
agreement with the experimental value than the bulk obtained
one. These results highlight a significant impact of the exposed
facets on the band gap of synthesized a-SnWO, samples.
The energy levels of the (110), (100), (010), and (001) a-
SnWO, slabs were then defined with respect to vacuum. The
VBM energies for the two (110) and (010) slabs are 1.0 and
0.4 eV below the O,/H,0 level and the CBM energies are 0.4
and 0.5 eV below the H*/H, level, respectively (Figure 3).
Since their CBM level is not correctly placed vs the H/H,
level, the excited electrons will not be able to reduce protons.
Therefore, these facets are suitable for the OER only. The
CBM energies for the (100) and (001) slabs are 0.9 and 0.5 eV
higher than the H*/H, level, respectively, while their VBM
energy is placed at the O,/H,0 level (see Figure 3). Due to
their wrong VBM level with respect to the O,/H,O level, the
generated holes will not be able to oxidize water.
Consequently, these two facets are only suitable for the
HER. A similar trend in the redox properties between (100)
and (001) can be recognized by the presence of four-
coordinated W at the two facets. The radical downward shift in
the band energies of (110) compared to those acquired for
(100) and (001) originates from the presence of six-
coordinated W at this facet (Figure 3). The strong
modification in the redox signature of (010) with respect to
(110), (100), and (001) can be understood by the appearance
of only three-coordinated Sn without W species present in
sublayers (Figure 3). These results highlight a strong
anisotropic nature for the redox characteristics of the a-
SnWO, photocatalyst as a function of the exposed facet.
Charge Carrier Transport Features toward the (100),
(010), (001), and (110) a-SnWO, Surface Planes. We
display in Figure 4 the partial charge density maps for VBM
states of (110) and (010) a-SnWO, slabs as well as for CBM
states of (100) and (001) a-SnWO, slabs. For the (100) and

(001) slabs, the density maps for the CBM states are well
delocalized on all W Sd orbitals located in the lattice (see
Figure 4). The W 5d orbital distribution over all W species is
clear in both cases. These results lead to a smooth electron
migration from bulk to (100) and (001) surfaces. With respect
to the (110) slab, the partial density of the VBM state is well
distributed over Sn Ss and O 2p orbitals, giving such hole
mobility to the (110) surface (see Figure 4). Contrarily, the
density for the VBM state of the (010) facet is localized
strongly on the Sn Ss orbitals situated in the bulk (Figure 4).
The density for the VBM state of (110) exhibits much more
delocalization over all Sn toward the three-coordinated surface
Sn (Figure 4). These results strongly limit the hole migration
to the (010) facet and predict much better mobility of holes to
the (110) facet against the (010) one. The similarities in the
electron transport to (100) and (001) facets could be
understood by the similar W species arrangement in the
(100)- and (001)-oriented slab geometries (Figure 4). The
drastic change in the hole transport to the (110) and (010)
facets could also be explained by the appearance of Sn species
over atomic planes almost perpendicular to the (110) facet and
parallel to the (010) facet (Figure 4). These results also
highlight a strong anisotropic nature for the optoelectronic
characteristics of the a-SnWO, photocatalyst as a function of
the exposed facet identity.

The two OER/HER co-catalysts must be placed on the best
surface candidates to help for the hole/electron transfer
kinetics to water. Taking into account the stability and
combining optoelectronic and water redox features together of
each facet, our work demonstrates that the (110) facet is
photocatalytically the best candidate for the OER, while the
(100) facet is the best candidate for the HER. The (010) facet
is an inappropriate candidate neither for the HER nor for the
OER. Based on that, the co-catalyst for the OER needs to be
selectively anchored on the (110) facet of @-SnWO, and the
co-catalyst for the HER on the (100) facet.
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Here, the predicted results could provide the fundamental
origin behind the poor photoelectrochemical water-splitting
performance of this material.>”*"** Overcoming this limitation
requests a selective deposition of the co-catalyst for the HER
on the (100) facet and that for the OER on the (110) facet.
The four-coordinated W present on the (100) facet is the
active site for the HER. The three-coordinated Sn present on
the (110) facet would be the active site for the OER. Although
the strong anisotropic nature of redox and carrier transport
features of the various possible surfaces makes water splitting
more complex, the presented concept will greatly guide the
experimentalists for the choice of the most suitable deposition
of the two HER and OER co-catalysts.

Ge-Doped (110) and Mo-Doped (100) a-ShWO,
Surfaces for Enhanced Charge Carrier Accumulation.
To enhance further the orbital hybridization characteristics of
the VBM/CBM electronic states for the (110)/(100) a-
SnWO, facets with the corresponding OER/HER active sites,
we partially modified the two facets by replacing the active sites
with the nearest-neighbor isoelectronic elements having a
similar atomic radius to not perturb their chemical environ-
ment by the formation of such vacancies. The three-
coordinated Sn present on the (110) facet was substituted
by Ge and the four-coordinated W on the (100) facet by Mo.
These two surface models led to the following stoichiometry:
a-Sn(,_,)Ge, WO, with x = 0.083 for (110) and a-
SnW(,_yMo,0, with y = 0.1 for (100). After structural
optimization, Ge and Mo species maintained the same
coordination numbers as obtained for Sn and W in the
unmodified surfaces (Figure 5). The energy costs for
substituting surface Sn by Ge on the (110) facet and surface
W by Mo on the (100) facet were investigated using these
expressions

Egom(110) = E[a — Sn(,_,Ge,WO,] — E[a — SaWO,]
+ x-E[Sn] — x-E[Ge] (1)
Egy(100) = E[a — SnW[;_,M0,0,] — E[a — SnWO,]
+ y-E[W] — y-E[Mo] (2)

They include the electronic energies of (110) a-SnWO,,
(110) a-Sn(;_,)Ge,WO,, (100) a-SnWO,, and (100) a-
SnW(;_,yMo,0, slabs as well as the electronic energies of
pure Sn, Ge, W, and Mo solids in their most stable crystal
phases. Very slightly positive values of +0.02 and +0.08 eV
were found for the reactions associated with expressions eqs 1
and 2, respectively. As the energy cost values are almost
negligible, this confirms thermodynamically the possible
modification of the two (110) and (100) facets by Ge and
Mo, respectively. A minimal impact of substitutional Ge at the
Sn site and Mo at the W site on the redox characteristics of
(110) and (100) a-SnWO, facets was found (Figures 3 and S).
A relatively small downward shift in the VBM/CBM levels of
(110) by 0.2 eV and a small downward shift in the CBM level
of (100) by 0.1 eV were obtained. However, a positive effect of
the presence of Ge and Mo on the charge carrier transport
toward the (110) and (100) a-SnWO, surfaces was found
(Figures 4 and S). A great enhancement in the orbital
hybridization characters of the VBM/CBM electronic states
with the corresponding Ge 4s/Mo 4d for OER/HER active
sites was obtained. This is expected to increase the amount of
photogenerated holes/electrons on top of (110)/(100)

(110) (100)
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Figure S. Atomic structures (top views), band levels vs NHE, and
orbital density maps for the VBM state (in blue) and for the CBM
state (in green) of (110) a-Sn(;_)Ge, WO, (x = 0.083) and (100) a-
SnW(;_;)Mo,0, (y = 0.1) surfaces. O is in red, Sn in blue, W in green,
Ge in yellow, and Mo in orange.

surfaces and, therefore, the rates of the water oxidation/
reduction reactions. The fundamental results obtained for the
two (110) and (100) facets will encourage the experimentalists
to synthesize and utilize these surfaces for the OER and HER.

Comparison with the Main Facets of Synthesized a-
SnWO, Samples. Very recently,’* we examined the
fundamental characteristics of the five main (210), (121),
(040), (200), and (111) facets obtained in synthesized a-
SnWO, samples.”*** The two experimental (040) and (200)
facets are identical to the (010) and (100) ones. The two
(210) and (121) facets are made of three-coordinated Sn with
four- and five-coordinated W, respectively. They are different
from the case of (110), where four- and six-coordinated W is
present on top of the surface. The (111) facet is composed of
three-coordinated Sn and four-coordinated W similarly as
acquired in the (100) and (001) cases. The calculated surface
energies of (121), (210), and (111) facets are 0.51, 0.48, and
0.55 J/m? respectively. As these values are very similar to
those obtained for (110) and (100), those facets are
competitive between each other in terms of chemical stability.
Details on the DFT-based most stable surface atomic
structures, band alignments, and charge density maps of the
(121), (210), and (111) a-SnWO, are given in Figures S1—S3
in the Supporting Information.

Interestingly, the similar behavior in the W exposed species
coordination number between the (111), (100), and (001)
facets as well as in the exposed W coordination number
between (121) and (210) facets led to a similarity in the
electronic and redox characteristics. Moreover, the difference
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Figure 6. Free energy profiles for OER (left) and HER (right) mechanisms, catalyzed by (110) and (100) facets of @-SnWO,, respectively. The
doping of Ge in (110) and Mo in (100) facets was also examined. For the OER, pH = 7 and applied potential of U = 0.817 V were considered. For
the HER, pH = 0 and U = 0 V. H is in white, O in red, Sn in blue, W in green, Ge in yellow, and Mo in orange.

in the exposed W coordination number on the (110) facet
compared to (121) or (210) facets led to different electronic
and redox characteristics. The (111) facet is predicted in terms
of correct CBM position vs H"/H, potential to be a suitable
candidate only for the HER as acquired for (110) and (001).
However, the (121) and (210) facets are predicted in terms of
correct CBM and VBM positions vs H/H, and O,/H,0
potentials to be appropriate candidates for the OER and HER,
differently from the case of (110).

Although the redox features of (111), (100), and (001)
facets as well as of (121) and (210) are similar, their charge
carrier transport features are different because of the
discrepancy in the Sn and W structural arrangements
throughout the bulk toward these surfaces. Compared to
those for (100) and (001) facets, the densities for the CBM
states of the (121), (210), and (111) slabs clearly exhibit much
less pronounced delocalization of W 5d orbitals throughout the
lattice to the four- and five-coordinated surface W. These
results predict an easier electron migration to (100) and (001)
surfaces rather than to (121), (210), or (111) ones. Compared
to that for the (110) facet, the partial charge densities for VBM
states of the (121) and (210) slabs clearly reveal much less
pronounced Sn Ss orbital delocalization throughout the lattice
toward the three-coordinated surface Sn. These results predict
an easier hole migration to the (110) facet against (121) or
(210) ones. Note that the highest surface energy found for the

(l001) facet compared to all other facets indicates the least
stability of this surface and explains the reason why (001) was
not reported experimentally. However, such a kinetic effect
present in controllable preparation methods might stabilize this
surface. The interesting fundamental results obtained for the
(001) facet will certainly motivate the experimentalists to
target, stabilize, and test it for the HER.

Electrocatalytic Performances of Ge-Doped (110) and
Mo-Doped (100) for the OER and HER. Having into
consideration the good performances of (110) and (100)
facets for the photocatalytically promoted OER and HER, we
also examined their surface chemistry and their role in the
electrocatalytic water oxidation and proton reduction mecha-
nisms. Thus, the (110) facet is characterized by the exposure of
Sn species, being the only active sites capable of retaining the
intermediate species during the OER process. Electrochemical
water oxidation, consisting of the four successive elementary
reactions detailed in Figure 6 (left, red profile), seems to be
highly ineflicient given the very high overpotential that this
material demands. Specifically, the first oxidation elementary
step, ¥ + H,O = *OH + H" + e7, exhibits a thermodynamic
impediment of 3.11 eV at neutral pH and an applied potential
of 0.817 V vs SHE. This, representing the rate-determining
step (RDS) of the whole electrochemical process, indicates the
low O-philicity that surface Sn exhibits. These results heavily
contrast with the ones observed for the Ge-doped (110) facet,
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whose free energy profile is displayed in blue in Figure 6 (left).
At the same conditions of pH = 7 and applied U = 0.817 V,
both oxidation of H,O into *OH and oxidation of *OH into
*O are slightly nonspontaneous reactions. The third
elementary oxidation step, comprising *O + H,0 = *OOH
+ H' + e7, represents the rate-determining step for the Ge-
doped case with an OER overpotential of 0.82 V. This simple
substitution of Sn by Ge turns this material into a promising
OER catalyst, decreasing the RDS in 2.29 eV. For the case of
the HER (Figure 6, right), the substitution of W by Mo in
(100) surface entails a decrease from 1.46 eV (red) to 1.02 eV
(blue) for the H + e~ = *H elementary reaction. This reveals
a greater stability of the —MoOH moiety with respect to the
—WOH in the nondoped surface, specifically 0.44 eV for pH =
0 and when there is no applied potential (U = 0 V). Despite
this improvement, the production of H, via proton reduction
seems to be somehow an energy-expensive process. Un-
doubtedly, the good performance of the OER in the Ge-doped
(110) surface should get all of the attention from the
experimental community for the development of efficient
OER electrocatalysts.

B CONCLUSIONS

We have presented a deep fundamental work on the impact of
the various possible facets exposed on the a-SnWO,
photo(electro)catalyst material for oxygen and hydrogen
evolution reactions using hybrid density functional theory.
The energetic, electronic, water redox, and charge carrier
transport features of the four possible (100), (010), (001), and
(110) facets (low-Miller index surfaces) were investigated, and
significant anisotropic nature was revealed. The relevant
properties of each facet to the water oxidation/reduction
reactions were linked to the coordination number of surface W.

By taking into account the stability and combining water
redox and optoelectronic features of each facet, our work
demonstrated that the (110) facet is photocatalytically the best
candidate for the OER and (100) facet for the HER. Their
charge carrier transport characteristics were found to be much
better than those obtained for the three major (121), (210),
and (111) facets of synthesized a-SnWO, samples.

Substitutional Ge at the Sn site and Mo at the W site on the
two (110) and (100) facets revealed a great enhancement in
the orbital hybridization characters of the VBM/CBM
electronic states with the corresponding Ge 4s/Mo 4d for
OER/HER active sites. This is expected to amplify the amount
of generated holes/electrons on top of (110)/(100) facets.
Therefore, the rates of the water oxidation and reduction
reactions are expected to be greatly enhanced.

The results obtained from this work could give the
fundamental explanations behind the poor photoelectrochem-
ical water-splitting performance of this material. A rational way
was proposed to overcome this limitation based on depositing
the OER co-catalyst on the (110) facet and the HER co-
catalyst on the (100) facet.

The analysis of the surface chemistry in (110)- and (100)-
oriented a-SnWO, samples and the doping of these surfaces
with Ge and Mo atoms, in each case, revealed a promising
performance of the Ge-doped (110) surface as an electro-
catalyst for the OER, calculating a theoretical overpotential of
just 0.82 V vs H,0/0,.

The useful concept described here will efficiently motivate/
guide experimentalists toward enhancing the photo(electro)-
chemical OER and photochemical HER performances by

following a careful design of (110)- and (100)-oriented a-
SnWO, samples.
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