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ABSTRACT

CuWOy shows promise as a suitable material for solar-driven water splitting to aid progress towards sustainable and carbon-free energy
generation. In this work, we report a computational study of catalytic water splitting and hydrogen generation at CuWW Oy surfaces, employing
calculations based on the density functional theory with on-site Coulomb and long-range dispersion corrections (DFT+U-D3). We have
analyzed three potential thermodynamic and kinetic reaction profiles at the pristine CuWOy surface and one potential profile at the reduced
CuWO; surface, examining the structural and electronic properties of the intermediates, as well as the transition states along the different
pathways. Our findings reveal that along the pathway on the reduced surface, oxygen vacancies introduced in the surface led to under-
coordinated Cu and W atoms and localized excess electrons, which significantly enhance the hydrogen evolution reaction.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0283631

I. INTRODUCTION

Photo-catalytic and photo-electrochemical water splitting at
semiconductor surfaces offers a promising approach to directly con-
vert solar energy into chemical energy in the form of hydrogen, a
crucial component of a sustainable energy future. ° The process
begins with the absorption of photons, leading to the excitation of
electrons into the conduction band and the generation of holes in the
valence band. These photo-generated electrons and holes participate
in the hydrogen evolution reaction (HER, 2H" +2¢~ - H;) and
oxygen evolution reaction (OER, H,O +h* — 2H" + %Oz), result-
ing in the production of hydrogen and oxygen from water.”* To
efficiently utilize the visible spectrum of sunlight, the bandgap of
the semiconductor should ideally be around 2.0 eV.”"" Addition-
ally, the bandgap must align with the redox potentials of water
to enable both reduction and oxidation by the photo-generated
charge carriers. Specifically, the conduction band minimum of the

photo-catalyst should be more negative than 0 V (vs. the normal
hydrogen electrode, NHE), while the valence band maximum should
be more positive than 1.23 V (vs. NHE).!? Consequently, the mini-
mum bandgap required for water splitting is 1.23 eV, corresponding
to a wavelength of ~1000 nm.

Copper tungstate (CuWO,) has emerged as a promising
photo-catalyst and photo-electrocatalyst owing to its unique com-
bination of structural, electronic, and chemical properties that
could support efficient water splitting.'”™” Its optimal bandgap of
2.3-2.4 eV allows it to absorb a significant portion of the visible
spectrum, ensuring effective utilization of sunlight.'® The conduc-
tion band edge of CuWO;, is close to the hydrogen reduction
potential, enabling efficient electron transfer for hydrogen pro-
duction.”” Moreover, its excellent chemical and photo-chemical
stability in aqueous environments, particularly under oxidizing con-
ditions, minimizes the risk of photo-corrosion, ensuring long-term
functionality in water-splitting systems.'* Significant research has
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been conducted to optimize the material through approaches such
as doping,'” creating heterojunctions,'” and introducing oxygen
vacancies.”’

Recent experimental and theoretical studies have confirmed
that introducing oxygen vacancies into the surface can substan-
tially enhance the photocatalytic activity of CuWO4.”" > Xiang
et al. demonstrated that oxygen-deficient CuWO, exhibits sig-
nificantly improved charge transfer and reduced activation bar-
riers for water oxidation. Their DFT analysis showed that the
first and second O-H bond-breaking steps are energetically more
favorable on a reduced surface.”’ Similarly, Guo et al. reported
that oxygen-vacancy-rich CuWO4/CuBi,Oy4 heterostructures dis-
play superior visible-light-driven photocatalytic degradation due to
enhanced interfacial charge separation.”” Chen et al. showed that
vacancy-engineered CuWO, nanoparticles possess increased charge
carrier density, narrowed bandgaps, and higher surface reactivity,
all of which contribute to superior photocatalytic performance.”’
These findings affirm that oxygen vacancies can tune the electronic
structure and reactivity of CuWO,, making defect engineering a
promising route for improving water-splitting efficiency.

Our previous work has explored the structural, electronic, and
redox properties of CuWOQy, as well as its interactions with water
molecules.””*” However, the details of solar-driven water splitting
at the CuWOy, interface remain unclear. In this study, we have
employed calculations based on the density functional theory (DFT)
to first provide a detailed description of the mechanisms underly-
ing the thermally activated water splitting process at the CuWO,
surface. Three catalytic pathways applied over the pristine CuWO,
(010) surface, as well as one pathway applied over the reduced
CuWO4 (010) surface, have been analyzed in terms of water adsorp-
tion, dissociation, hydrogen generation, and desorption. We have
identified the thermodynamically and kinetically most favorable
intermediates and transition states for each pathway, with a pri-
mary focus on their structures, charge density transfers, and the
vibrational frequencies of the OH bond. Our findings offer valu-
able insights into the water splitting process at the CuWOy surface,
thereby helping to accelerate viable hydrogen production pathways
and advancing clean energy technologies.

Il. METHODS

Here, we describe the computational setup used for the calcu-
lations and the creation of the surface model used to calculate the
catalytic pathways.

A. DFT calculations

In this work, we have performed first-principles calcula-
tions at the spin-polarized density functional theory (DFT) level
using the Vienna Ab initio Simulation Package (VASP).”*” The
Perdew-Burke-Ernzerhof (PBE) functional was employed to com-
pute the exchange-correlation term of the Kohn-Sham equation.”
The projected augmented wave method was used to model the
frozen core electrons, their kinetic energy densities, and their inter-
actions with the valence states.”” The 1s level of H, the 2s2p levels of
O, the 3d4s levels of Cu, and the 5s5p5d6s levels of W were treated
as valence states.

A periodic plane-wave basis set with a 400 eV cut-off energy
was used to expand the Kohn-Sham valence states. To account
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for the van der Waals interactions, the Grimme D3 method with
Becke-Johnson damping was applied.’”” To better simulate the
bandgap of CuWOy, we employed the DFT+U method to correct
the electronic self-interaction in the d-orbitals of the transition met-
als, which is inadequately addressed by pure GGA functionals.”’ The
on-site Coulomb term (Ueg) was tested in the range of 3-10 eV
for both Cu and W cations. Our optimization provided the best
agreement with experimental lattice parameters and band struc-
tures when U, was set to 7.5 eV for Cu. The results also indicated
that the U correction is unnecessary for W atoms as they lose all
their d-electrons upon the formation of CuWOy,. Although hybrid
functionals offer an alternative to accurately describe the electronic
properties of transition metals, they are highly system-dependent
and require significantly more computational resources for surface
models compared to the DFT+U method.””” We have therefore
adopted the DFT+U approach, whose accuracy in modeling CuWOy4
has been demonstrated in previous studies.”"*’

Bulk CuWOy, shown in Fig. 1(a), was modeled using a triclinic
primitive unit cell containing 12 atoms (Cu; W»Os), sampled with
a I-centered 4 x 3 x 4 k-point mesh.** Isolated H,, O,, and H,O

FIG. 1. (a) Polyhedral model of the triclinic CuWO, containing two formula units.
Cu, W, and O are colored in blue, gray, and red, respectively. (b) Morphology of
CuWOy under the conditions of water splitting (298 K).
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molecules were sampled only at the I' point in a 15 x 15 x 15 peri-
odic simulation cell to avoid the influence of images in adjacent
cells. The conjugate gradients algorithm was used to optimize the
geometries of the bulk, dry surfaces, hydrated systems, and reaction
intermediates. Optimization was deemed to be completed when the
Hellmann-Feynman forces on each atom were less than 107 eV A"
and the energy difference between consecutive self-consistent steps
was below 107 V. To increase the efficiency of the integration
in the reciprocal space, we introduced the tetrahedron method with
Blochl correction for the bulk and surfaces of CuWQO,4*° and Gaus-
sian smearing for the isolated Hy, O2, and H,O molecules.”” We have
also tested higher energy cutoffs and k-point grids, as well as lower
self-consistent energy thresholds, to ensure that the energies were
converged within 1 meV per atom.

The climbing image nudged elastic band (CI-NEB) method was
applied to generate transition states along the catalytic pathways.”*"”
Five images were implied between the initial (IS) and the final state
for the CI-NEB calculations.

The Bader charge of each atom was estimated by an improved
grid-based algorithm proposed by Henkelman and co-workers. """’
This method uses zero flux surfaces to divide molecules into atoms,
on which the charge density is the minimum perpendicular to the
surface.

B. Surface model

The surface was created from the bulk CaWQO4 material accord-
ing to the Tasker method”’ using the METADISE package,”’ and
the calculations were carried out on a non-dipolar and symmetri-
cal stoichiometric slab with Miller index (010). The surface slab was
composed of 16 formula units of CuWOy in eight cation-oxygen
mixed layers, where the four top-most layers were allowed to relax
explicitly, while the atoms in the four layers at the bottom of the
slab were kept fixed at their bulk-optimized positions. The exposed
area of the surface was 91.85 A%, and a 10 A vacuum was introduced
perpendicular to the slab to prevent the interaction between the peri-
odically repeated images of the CuWOy slab and to allow space to
adsorb the H,O molecules and follow the surface reactions. The
surface energy of the slab before and after relaxation is calculated
as

Eu—l’lEb
g = e 1
¥ 2A W
E,—nEb
r = — Yu 2
Ye= Ty @)

where E; and E, are the energies of the relaxed and unrelaxed slabs,
respectively, and Ey, is the energy of one formula unit of the bulk
material. A represents the area of the slab, and # is the number of
formula units in the slab.

C. Vibrational frequency calculations

We calculated the vibrational frequencies for the isolated H,O
molecule and the reaction intermediates for each step in the mecha-
nistic pathways. The finite difference approach was applied, and the
harmonic vibrational frequency was generated based on the second
derivative of the potential energy with respect to the atomic position
in the vicinity of the minimum of the well. A displacement of 0.015 A
was set for each ion to calculate the Hessian matrix. To compare with
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TABLE I. Bond distance (d), bond angle ( <), stretching mode for H, (v), asymmetri-
cal stretching mode (va), symmetrical stretching mode (vs), as well as bending mode
(6) for H,O.

H2 HzO
Properties Calculation Experiment  Calculation  Experiment
d(A) 0.74 0.75% 0.97 0.96°
z - - 104.4°  104.5°%°
v(em™) 4315 4401  wvy(em™) 3683  3756°
vs(em™!) 3642  3657°!
S(em™) 1522 1595%

the experimental results, which were estimated between v = 0 and
v =1 vibrational energy levels of an anharmonic potential energy
surface, a correction was introduced to the harmonic vibrational
frequency through a scaling factor, which is defined as follows:** "’

all h all th 2
€0r eX] eor
A= w0, P/Z(wi ) > (3)
i=1 i=1

where w!Mer

frequency and experimental fundamental frequency (in cm™),
respectively.

and vaP are the ith calculated harmonic vibrational
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H,0 . H,0 _., H---OH
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O Cu O O Cu O O cu o
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¥
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FIG. 2. (a) Proposed mechanism and (b) calculated reaction profile of pathway
1 on the CuWO, (010) surface.

J. Chem. Phys. 163, 084712 (2025); doi: 10.1063/5.0283631
© Author(s) 2025

163, 084712-3

02:2€:€1 G202 Jequisides zo


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

D. Thermodynamic and kinetic profiles

The energy (AE;) of the intermediates and the transition states
along the thermodynamic and kinetic profiles with respect to the
energy of the pristine (010) surface (Eg,;,) were calculated according
to the following equation:

AE; = Esystem — nEn,0 — Eglab + lEHz +mkEo,, (4)

where Egystem is the energy of the system with adsorbates; En,0, En,»
and Eo, are the energies of the isolated H,O, H3, and O, molecules
in vacuum, respectively; n represents the number of adsorbed H,O;
and [ and m are the number of H, and O, released from the surface
system, respectively.

ARTICLE pubs.aip.org/aipl/jcp

The activation energy (Ea;) is calculated from the energy dif-
ference of the transition state i (AE;) and intermediate i — 1 (AE;_1).
It is worth noting that we have omitted the zero-point energy and
vibrational contribution to the entropy since they have a negligible
impact on the results, as tested in previous work.”*

I1l. RESULTS AND DISCUSSION
A. Isolated molecules

The isolated hydrogen and water molecules in the gas phase
were simulated in a 15 x 15 x 15 simulation cell to avoid the influ-
ence of the adjacent cells, where only the I point was sampled. The
structural and electronic properties of bond distances, bond angles,

FIG. 3. Top and side views of the structures of the intermediates and transition states along pathway 1 on the pristine CuWO, (010) surface. The Cu, W, and O atoms of
the surface are shown in blue, gray, and red, respectively. The O and H atoms of the water molecule are shown in cyan and white, respectively, and hydrogen-bonds are

shown as dotted lines.
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and harmonic vibrational frequencies of both hydrogen and water
are listed in Table I. Our calculated equilibrium bond distances and
bond angles for H, and H,O are in good agreement with experiment.
The simulated vibrational frequency of H, and the H,O red shift are
within 100 cm™ of the experimental values, with the discrepancies
due to the underestimation of the second derivative of energy with
respect to atomic displacement by the PBE functional.

B. Pathways on the pristine CuwoO,, (010) surface

In previous work, we have investigated the redox properties
of the low Miller index surfaces of CuWOQ,, where the surface
phase diagrams were reported as a function of partial pressure of
oxygenated species and temperature.”” The equilibrium crystal mor-
phology of CuWOy, derived from the phase diagrams under the
conditions of mixtures of H,O/H>, suggests that the pristine (010)
surface is the predominant facet in the morphology at 298 K [see
Fig. 1(b)].*” Further analysis of water adsorption confirmed that
a H,0 molecule can adsorb onto the perfect (010) surface with
an exothermic adsorption energy of —-0.89 eV. Additionally, the
bandgap at each coverage of H,O on CuWOy, remains greater than
1.23 eV, thus satisfying the minimum requirement of the bandgap
for the water splitting reaction.”* Consequently, in this work, we
have selected the (010) surface for the mechanistic study of the water
splitting reaction catalyzed by CuWOs.

1. Pathway 1

The reaction profile of proposed mechanism 1 for the onset
of water splitting is shown in Fig. 2. Only one water molecule is
involved in this mechanism, corresponding to a surface coverage of
0.125 monolayers (ML). It is worth noting that in previous work,
we had defined a full ML as eight H,O molecules hydrating all four
Cu atoms in the top-most layer of the surface.”* A water molecule
(HzOl) was first adsorbed on Cu' in the top-most layer at 2.03 A,
generating four non-equivalent types of Cu ions, as shown in state
intermediate 1 (I1) of Fig. 3. Two hydrogen bonds were formed
between H' and H? and the O atoms in the surface (Ogyface) at dis-
tances of 2.15 and 2.21 A, respectively. The process is exothermic

ARTICLE pubs.aip.org/aipl/jcp

with AE; calculated at —0.89 eV with respect to the pristine surface
(reference system). The charge analysis of I1 indicates that an overall
charge of 0.10 e~ was transferred from the adsorbate to the surface,
mainly distributed along the Cu;Oy + bond, as shown in Fig. 4.
The asymmetrical (vss) and symmetrical stretching modes (vs) of the
water underwent a red shift after adsorption with respect to the iso-
lated molecule in the gas phase (see Fig. 5), suggesting weakening of
the OH bond, which is consistent with the charge migration from
the adsorbate to the surface.

The next step is the dissociation of the adsorbed water
molecule, which is an endothermic process with an AE; of 0.77 eV
and an activation energy Ea; of 0.86 eV, as shown in stage 12 in
Fig. 2. As shown in Fig. 5, a stretching mode (v) of the Oy o1 Ha
group has disappeared, whereas a stretching mode of an Ogyface Ha
group was observed at 3260 cm™, supporting the dissociation of
the water molecule. The vibrational stretching mode of the Oy 1 H'
group exhibited a blue shift compared to the previous adsorption
step, indicating a strengthening of the O-H bond after complete dis-
sociation. The Oy +H' group is coordinated to Cu; at a distance

of 1.97 A, whereas the dissociated H* atom is bound to the surface
at 0.99 A (see Fig. 3). More charge has migrated to the surface with
respect to the previous stage. As shown in Fig. 4, a total charge den-
sity of 0.47 ™ has been transferred from the adsorbate to the surface,
mainly located along the Culonol and Ogyface H bonds. A charge
density of 0.52 ¢~ was gained by the surface, mostly contributed by
H? due to the dissociation of the water molecule, resulting in a more
chemically reactive surface.

The following step involves the dissociation of the OH201H1
group. Formation of I3 is again an endothermic process with an acti-
vation energy Ea, of 1.25 eV and a reaction energy AE3 of 0.85 eV
(see Fig. 2). The stretching mode of OHZOIHI has disappeared, but

an OgyrfaceH' stretching mode has appeared at 3518 cm™, Fig. 5,
supporting the dissociation of the OHZO]H1 group. The stretching
mode of OHZOIHI exhibited a red shift with respect to the previous
step, suggesting a weaker O-H bond after dissociation. However, the
stretching mode of the Osurface H? group is blue-shifted by 197 cm™!
with respect to the previous step, indicating a strengthened OH

FIG. 4. Charge density differences for each stage of the water splitting process along pathway 1 on the CuWOy4 (010) surface. The blue regions represent charge gain,

whereas the yellow regions represent charge depletion.
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FIG. 5. Simulated IR spectra of the OH' (left panel) and OH? (right panel) bonds along the water splitting pathway 1 on the (010) surface. The spectra of isolated gas phase
water and |1, 12, and I3 are colored in black, red, orange, and pink, respectively. v are the stretching modes of the OH group for each intermediate, which are noted in the
figure. vas and vs represent the asymmetrical and symmetrical stretching modes of molecular water, respectively.

bond. As shown in Fig. 3, the H' atom is bound to Ogyrface at a dis-
tance of 0.98 A, forming a hydrogen-bond with Op, o' at 2.01 A

The H? atom binds to Ogynee at a distance of 0.98 A, forming a
hydrogen-bond with Oy o1 at 1.96 A. A total charge of 0.40 ¢~ is
transferred from the water to the surface, mainly localized along the
Culonol, WlOHzol, and Ogyrface H bonds, as shown in Fig. 4. The
H' and H? atoms have contributed a charge density of 0.88 ¢~ when
bonding to Ogyrface> Whereas Op,o! gained 0.49 e~ from coordination

to the Cu; and W atoms. Less charge was lost by the H? atom with
respect to the previous step, which is consistent with the blue shift
of the stretching mode of the Osurface H group and increased bond
strength.

Further steps involved the formation and desorption of H, and
O,, which requires energy to overcome activation barriers as well as
the binding energy that keeps them attached to the surface. A reac-
tion energy AE4 of 4.59 eV with respect to the previous step indicates
that the formation and desorption of one H, molecule from this
surface at low water coverage is not thermodynamically feasible.

2. Pathway 2

In pathway 1, we found that the bond strength of the Ogyrface H
group weakens at stages I1, 12, and I3 due to more charge density
migrating to the surface after adsorption and dissociation. Increas-
ing the surface coverage of water stabilizes the intermediates and
facilitates the formation and desorption of hydrogen molecules.

In pathway 2, as shown in Fig. 6, an additional water molecule
was introduced to the system after stage I3 of pathway 1, corre-
sponding to a surface coverage of 0.25 ML. A reaction energy of
0.12 eV with respect to the reference system of the pristine sur-
face was observed at stage I4, which is 0.62 eV lower than stage 13,

(@ 14 TS3 15
H O H H_ HOHHOH __ H O H H OH
+
O Cu O Cu OCu O OCu OCu O OCu
,/
”
16 TS4
HOHHOH___HOHH O-H
OCuO OCuO OCuO OCuO
(b)
TS4

Water splitting coordinate

FIG. 6. (a) Proposed mechanism and (b) calculated reaction profile of pathway
2 on the CuWOy (010) surface.
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FIG. 7. Top and side views of the structures of the intermediates and transition states along pathway 2 on the CuWQO, (010) surface. The Cu, W, and O atoms on the surface
are in blue, gray, and red, respectively. The O and H atoms of the water are in cyan and white, respectively, and hydrogen-bonds are shown as dotted lines.

FIG. 8. Charge density difference plots of the different stages along pathway 2 of the water adsorption process on CuWO, (010) surface 2. Blue regions represent charge
gain, whereas yellow regions represent charge depletion.

J. Chem. Phys. 163, 084712 (2025); doi: 10.1063/5.0283631 163, 084712-7
© Author(s) 2025

02:2€:€1 G20Z Jequisydes z0


https://pubs.aip.org/aip/jcp

The Journal

ARTICLE pubs.aip.org/aipl/jcp

of Chemical Physics

compared to the previous step, because the adsorption of the addi-
tional water molecule caused more charge to be lost by the H atoms
to the surface.

indicating that the adsorption of a second water molecule is exother-
mic. As shown in Fig. 7, the second adsorbed water (HZOZ) located

on Cu, at 2.10 A formed hydrogen-bonds with Ogyrface at 2.08 A and
2.16. A total amount of 0.46 e migrated from the adsorbates to the
surface, mostly distributed along the Cu-On,0 and Ogysface-H bonds
(see Fig. 8). OHZOl lost 0.39 e to the surface, i.e., only 0.02 e~ less
compared to the previous step I13. However, an additional charge
density of 0.07 e” migrated from the Oy (> to the surface, resulting
in the system becoming chemically more reactive. The symmetrical
and asymmetrical stretching modes of the adsorbed water molecule
were calculated at 3601.5 and 3523.2 cm™}, respectively, as shown
in Fig. 9, which exhibited a red shift with respect to the isolated
water molecule, indicating weaker OH bonds. The stretching modes
of OH! and OH? are red shifted to 3417 and 3425 cm™!, respectively,

The next step to I5 involved the dissociation of OH202> with an
endothermic energy AEs of 0.81 eV with respect to the previous step
with an activation energy Exs of 1.01 eV (see Fig. 6). A stretching
vibrational mode of 2994 cm ™" of the Ogyrface Ha group supports the
dissociation of the water molecule (see Fig. 9). Compared to 14, the
stretching mode of the Ogyrface Ha group is red-shifted, indicating
weakening of the OH bond. The stretching mode of the OH202H3
group was calculated at 3737 cm ™", which is blue-shifted with respect
to the previous stage (molecular water), indicating that the OH?
bond was strengthened after dissociation, whereas blue shifts of the
stretching modes of OH' and OH” were negligible compared to
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FIG. 9. Simulated IR spectra of OH' (left top panel), OH? (right top panel), OH? (left bottom panel), and OH* (right bottom panel) groups of pathway 2 on the (010) surface.
The spectra of 14, 15, and 16 are colored in green, blue, and purple, respectively. v is the stretching mode of the OH group for each intermediate, which is noted in the figure.
vas and vs represent the asymmetrical and symmetrical stretching modes of molecular water, respectively.
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stage 14. As shown in Fig. 7, the H* hydrogen bound to the sur-
face at 1.01 A forms hydrogen-bonds with Oy, 0. at 2.05 A and with
Osurface at 1.68 A. The OH202H3 group situated over Cu, at a dis-

tance of 1.95 A forms a hydrogen-bond with Ogyface at 2.19 A. The
charge analysis indicates that a charge of 0.64 e~ was transferred
from the adsorbates to the surface, contributing to the formation of
CuOn,0 bonds, a WOn,0 bond, and Ogyace H bonds (see Fig. 8).
OH201 lost 0.40 e” to the surface, which is identical to the previous
step. An extra charge density of 0.24 ¢~ was lost by Oy 2, thereby
mainly contributing to the dissociation of the water molecule. The
OH202H3 group gained 0.27 e”, resulting in the blue shift of the
stretching vibrational mode and a stronger OH bond, whereas
H* contributed 0.51 ¢~ to the surface, which is consistent with the
red shift of the stretching mode of the OH* group and weakening of
the OH bond.

The Oy, H? group became dissociated at stage 16 (see Fig. 6),
with a positive reaction energy of AEs of 0.77 eV with respect to the
previous step and an activation energy Eas of 1.69 eV, indicating that
the step to form I6 is endothermic. As shown in Fig. 9, we obtained
a stretching mode of the Ouurface H group at 3483 cm™!, whereas the
stretching mode of the Oy H? group vanished, supporting the dis-
sociation of the OH group. The stretching modes of OH* and OH*
exhibited a red shift with respect to the previous stage I5, indicat-
ing weakening of the OH bonds. The structure of the intermediate
16 system is shown in Fig. 7. The proton H® is bound to the surface
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at a distance of 0.98 A, and a hydrogen-bond was formed between
H® and OH;OZ at 1.90 A, whereas the rest of the atoms stayed in
the same positions as in the previous stage. Charge analysis indi-
cates that a charge density of 0.89 e~ was transferred from the
adsorbates to the surface (see Fig. 8). Specifically, OHz o contributed
0.45 e~ to the surface, whereas Oy (> lost 0.44 e~ to the surface.
The extra charge density transferred to the surface with respect to
the previous stage I5 came mainly from the H?, H?, and H* atoms,
which is consistent with the red shift of the stretching modes of the
OH bonds.

We evaluated the generation of a hydrogen molecule using
H' and H?, as well as H> and H*, based on the I6 structure, but the
calculated energies AE; with respect to the previous step to generate
such a single hydrogen molecule were 3.63 and 3.66 eV, respectively.
These results indicate that hydrogen gas generation via pathway 2 is
both kinetically and thermodynamically unfavorable. However, it is
more favorable than pathway 1 as the greater charge transfer from
the adsorbates to the surface weakens the OH bonds and enhances
the chemical reactivity of the surface.

We also examined water splitting and hydrogen generation
under conditions of higher surface coverage by water. In this case,
the activation energy for the dissociation of the OH group increased
due to the occupation of more surface sites, which impeded the water
splitting. Therefore, an alternative mechanism involving greater
charge density migration is required to lower the energy of the
intermediates and the activation energies for hydrogen generation.
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FIG. 10. (a) Proposed mechanism and
(b) calculated reaction profile of pathway
3 on the CuWO, (010) surface.
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3. Pathway 3

Inspired by work that mentions the formation of a hydroper-
oxyl group in the water splitting reaction,” we have calculated the
formation of an « OOH group via pathway 3, where the first five
intermediates of pathway 3 are identical to pathway 2.

At stage 16, the OHZOz H3 group migrated from Cu, to Cu; with
a AEg of 0.77 eV with respect to the reference system and an activa-
tion energy Eas 0f 2.30 eV, as shown in Fig. 10. A stretching mode of
958 cm™! and a bending mode of 485 cm™" for the Cu; Oy, group,
together with the vanishing of the stretching mode, support the
migration of the hydroxyl group. Further focusing on the stretching
mode of the OH group of I6 (see Fig. 13), we note negligible changes
in the stretching modes of the OH', OH?, and OH’ groups with
respect to stage I5. However, the stretching mode of OH* exhibited
a red shift by 882 cm™ compared to stage I5, indicating weaken-
ing of the OH bond. The structure of I6 is shown in Fig. 11 with the
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Oy, H? group binding to Cu, at a distance of 1.91 A. The Cu; Oy, 2
bond lengthened to 2.59 A due to the Coulomb attraction of Oy, 02>
whereas the rest of the atoms stayed at the same position as in
stage I5. Charge analysis shows that 0.68 e~ was transferred from the
water molecules to the surface, mostly located along the Culonol
bond, CulOHZOz bond, WOHZO‘ bond, and Ogyfce H bonds, as

shown in Fig. 12. H,O' contributed 0.51 e~ to the surface, whereas
H,0% lost 0.17 e~. We found that OHZOZ gained 0.22 e, mostly from

Cu; and W, whereas hardly any charge was lost from the H', H?, and
H> atoms to the surface compared to stage I5, which is consistent
with the negligible differences in the stretching modes. However, an
extra charge density of 0.11 ¢~ was transferred from H* to the sur-
face, which agrees with the red shift of the stretching mode and a
weaker OH* bond.

The next step involved the formation of a hydroperoxyl group
(see stage I7 in Fig. 10), with a reaction energy AE; of 0.95 eV and

FIG. 11. Top and side view of the structures of the intermediates and transition states along pathway 3 on the CuWO, (010) surface. The Cu, W, and O atoms on the surface
are in blue, gray, and red, respectively. The O and H atoms of the water are in cyan and white, respectively, and hydrogen-bonds are shown as dotted lines.
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FIG. 12. Charge density difference plots for the different stages along the water
splitting process via pathway 3 on the CuWO,4 (010) surface. Blue regions
represent charge gain, whereas yellow regions represent charge depletion.

an activation energy Eas of 2.04 eV from the previous step. We cal-
culated the stretching mode of the Oy 51Oy (> group at 845 cm™,
shown in Fig. 14, supporting the formation of a hydroperoxyl group.
Further vibrational information shows a red shift of the stretching
modes of the OH', OH?, and OH’ groups with respect to the pre-
vious stage, indicating weakening of the OH bonds. The stretching
mode of the OH* group changed only negligibly compared to I6.
The OH202H3 group was located on top of Oy  at 1.48 A, form-
ing the OOH group (see Fig. 11). The angle « OOH was 98.83°,
which is smaller than the conventional angle of an ROO group due
to the hydrogen-bond between H> and Oy, bending the structure.

H' was bound to the surface at 1.00 A, forming hydrogen-bonds
with the OOH group at 1.68 and 2.06 A. H” and H” stayed in the
same position on the surface as in 16. Charge analysis indicates that
acharge of 1.52 ¢~ was transferred from the adsorbates to the surface
(see Fig. 12). Compared to 16, an extra charge of 0.84 ¢” migrated to
the surface when the hydroperoxyl group was formed. The H', H?,
and H* atoms lost a total charge density of 1.74 e, which is consis-
tent with the weakening of the OH bonds. Oy > provided 0.38 e~
to form the OOH group, which led to the red shift of the stretching
mode of the Oy H? group and a weaker OH bond. Oy, o' gained
0.21 ¢” mostly from Oy 1 and Cuy, corresponding to the formation
of the OOH group.

At stage 18, H' interacted with H*, leading to the formation of
a hydrogen molecule (see Fig. 10). The reaction energy AEs with
respect to the previous step was calculated at 1.11 eV, showing
that this step is endothermic, with a calculated activation energy
Eag of 1.13 eV. A stretching mode of 4225 cm™" of the H'H* bond,
which is consistent with experimental data,” supports the forma-
tion of a hydrogen molecule (see Fig. 13). The stretching mode of
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the Oy 510y » bond was blue-shifted, as shown in Fig. 14, indi-
cating a stronger OO bond compared to stage I7. Red shifts of the
stretching modes of the OH? and OH groups were observed, indi-
cating that the OH bonds are weaker. The structure of I8 is shown
in Fig. 11. The length of the H'H* bond is 0.75 A, which is in agree-
ment with the bond length of a conventional hydrogen molecule.*’
The hydroperoxyl group was bent toward the surface, interacting
via hydrogen-bonds with Oy 1 and the surface at 1.89 and 1.88 A,

respectively. The H* atom located on top of the surface forms a
short hydrogen-bond with Oy 1 at 1.74 A. The hydrogen molecule

is 2.62 A away from the surface, ie., only weakly interacting
with the system. Charge analysis indicates that the adsorbates lost
0.19 e~ to the surface (see Fig. 12). The H? atom lost 0.48 ¢~, which
is consistent with the red shift of the stretching mode and the weaker
OH bond. A charge density of 0.28 e~ was transferred to Oy i and
Oy, 02> resulting in a stronger OO bond compared to the previous
stage.

We further tested the desorption of the hydrogen molecule
(see stage 19 in Fig. 10). The energy was calculated at 3.30 eV with
respect to the reference system (pristine surface), which is a mere
0.09 eV higher than the previous step and therefore easily achievable.
This result is consistent with the weak interaction of the hydrogen
with the surface. Only negligible changes in the structure and energy
of the system were observed.

The activation energies Eas and Eas for the formation of the
hydroperoxide group and hydrogen were both greater than 2 eV,
which is unlikely to be achievable under moderate conditions. How-
ever, the energy barrier for hydrogen generation was significantly
reduced compared to pathways 1 and 2, as more charge density
was transferred from the adsorbates to the surface, which weakened
the OH bonds and increased the chemical reactivity of the surface.
Our results suggest that pathway 3 represents a promising mech-
anism for hydrogen generation and desorption via photo- and/or
electro-chemical water splitting.

C. Pathway on the reduced CuwoO, (010) surface

Several studies have shown that the oxygen-vacancy-rich (010)
surface of CuWOy can be used in photocatalytic and photoelectronic
catalytic processes.” " To investigate improvements in the cat-
alytic performance of the CuWOy surface, we have investigated the
reduced (010) surface by incorporating oxygen vacancies (Oy) and
evaluated its activity toward water splitting and hydrogen evolution.

1. Reduced (010) surface

A single oxygen atom was removed from the pristine surface
containing four formula units. Among the possible vacancy config-
urations, the most thermodynamically stable structure was obtained
by removing the bridging oxygen atom between Cu and W atoms
in the topmost layer. The resulting reduced surface slab was then
doubled along the [001] and [100] directions to construct a larger
supercell. The topmost layer then contained four oxygen vacan-
cies per simulation cell, corresponding to a surface coverage of
0.5 ML. This coverage was selected based on the thermodynamic
analysis of the CuWOy (010) surface under water-splitting con-
ditions. In previous work, we tested both possible single-vacancy
configurations and constructed a surface phase diagram to assess
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FIG. 13. Simulated IR spectra of the OH'
(left top panel), OH? (right top panel),
OH?® (left bottom panel), and OH* (right
bottom panel) groups on the (010) sur-
face via pathway 3. The spectra of 6,
I7, and 18 are colored in red, orange,
and light blue, respectively, whereas the
spectra of 19, 110, and 11 are colored in
green, purple, and gold, respectively. v is
the stretching mode of the OH group for
each intermediate, which is noted in the
figure.
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their relative stabilities at 298 K. The results showed that the sur-
face is thermodynamically capable of losing one surface oxygen atom
(per unit cell), corresponding to a 0.5 ML vacancy coverage under
realistic reaction conditions.”

We acquired the scanning tunneling microscopy (STM) image
of the reduced (010) surface at a distance (d) of 1.28 A from the tip
and a density of 0.05 ¢ A~ [see Fig. 15(a)]. The Cu atoms and the
O atoms in the sub-layer are shown as dark spots, whereas the coor-
dinated O atoms on the top layer are represented by bright spots.
The W atoms are shielded by the terminal O, which are therefore
not observed in the STM image. The oxygen vacancies are repre-
sented by the dashed circles, which provide the potential adsorption
sites for H,O molecules. A negligible structural change was observed
in the reduced surface with respect to the pristine (010) surface.
The reduced surface is terminated by three-fold Cu and five-fold
W atoms, whereas the O atoms stayed in the positions they occupied
in the CuO¢ and WOg octahedral structures of the bulk phase [see
Fig. 15(b)]. The distance between Cu and W adjacent to the oxygen
vacancy of the reduced surface was 4.14 A, as listed in Table I1.

02:/€:€1 G202 Jeaquialdas 2o

FIG. 14. Simulated IR spectra of the OO group on the (010) surface formed via
pathway 3. Spectra 17 and 18 are colored in orange and light blue, respectively.
v is the stretching mode of the OH group of each intermediate, which is noted in
the figure.

2. Pathway 4

At stage I1, a water molecule was introduced at the oxygen
vacancy (Oy,). Upon full structural relaxation, the water molecule
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TABLE II. The distance between the Cu and W atom adjacent to the oxygen vacancy
(dcy—w) and electron charge difference (Ap) of oxygen vacancies (Oy) of the dry
surface, intermediate three (13), and intermediate 6 (16). Apcyo, and Apwo, represent
the electron charge difference of the CuO3 and WO3 group adjacent to the oxygen
vacancies.

Group Properties Dry surface 13 Ie
dcu-w 4.14 3.82 3.34
Ou Ap 0 -0.27 -0.13
v Apcuo, 0 -0.10 -0.07
Apwo, 0 -0.17 -0.06
dcu-w 4.14 3.37 3.24
0w Ap 0 -0.1 -0.15
Apcuo, 0 -0.06 -0.13
Apwo, 0 ~0.04 -0.02
dcu-w 4.14 3.54 3.15
0 Ap 0 -0.12 -0.55
v Apcuo, 0 -0.06 -0.53
Apwo, 0 -0.06 -0.02
dcu-w 4.14 4.08 3.71
o Ap 0 -0.36 -0.27
v Apcuo, 0 -0.22 -0.08
Apwo, 0 -0.14 -0.19

.
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FIG. 15. (a) The topmost layer and the
scanning tunneling microscopy (STM)
image of the reduced (010) surface of
CuWO,. The Cu atoms and the O atoms
in the sublayer are illustrated as the dark
spots, whereas the coordinated O atoms
on the top layer are represented as bright
spots. (b) Top view of the reduced (010)
surface and intermediates 3 and 6 of
pathway 4. The Cu, W, and O atoms on
the surface are in blue, gray, and red,
respectively. The O of the water is in light
blue. The oxygen vacancies 1-4 are rep-
resented as dashed circles. The distance
between the Cu and W atoms adjacent to
the oxygen vacancy of the dry surface is
noted as a dashed line.

1,01, 0%
e lite W

adsorbed dissociatively on the reduced CuWO, (010) surface with
a large adsorption energy AE; of —2.39 eV with respect to the
dry reduced surface, as shown in Fig. 16. Oy o coordinated with
Cu, and Wy, forming a bridging configuration with bond lengths of
1.98 and 2.11 A, respectively (see Fig. 17). The dissociated proton H?
bound a nearby surface oxygen at 1.03 A, forming a hydrogen-bond
with Oy ata distance of 1.49 A. Charge density analysis revealed a
net charge transfer of 0.12 ¢~ from the water molecule to the surface,
primarily distributed along the O-W and O-H bonds, as illustrated
in Fig. 18. Specifically, Oy o+ gained 0.22 ¢” mainly from Wy, H’ lost
0.33 ¢~ to the surface, and the Ogyyface bonded to H2 acquired 0.18 ¢~
To further understand the bonding environment, the vibrational fre-
quencies for OHZOl H' and Ogyface H2 were calculated and compared
to those of the isolated water molecule in the gas phase, as shown in
Fig. 19. The stretching frequency of Oy s H' was estimated at 3703.4

cm™, showing a slight red shift relative to gas-phase H,O, indicat-
ing a modest weakening of the O-H bond. In contrast, the Oy H’

bond exhibited a substantial red shift to 2481.5 cm™, suggesting a
significantly weakened bond due to strong interaction with the sur-
face. Compared to I2 in pathway 1, the reduced surface exhibited less
charge transfer from the adsorbate due to the pre-existing electron
density at the vacancy site, rendering the surface less electrophilic.
The observed weakening of the OH? bond is attributed to stabiliza-
tion by localized electrons at the oxygen vacancy, which redistributes
charge and thereby reduces the bond strength.
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FIG. 16. (a) Proposed mechanism and (b) calculated reaction profile of pathway
4 on the reduced CuWOy (010) surface.

At stage 12, a Hy molecule formed and was physisorbed
on the surface with a reaction energy AE, of 0.16 eV and an
activation energy AEx; of 1.48 eV with respect to the previ-
ous step, as shown in Fig. 16. Oy o1 remained at the oxygen
vacancy site, bridging Cu, and Wy in a configuration consistent
with the previous step (see Fig. 17). However, the Cuz—OHzol and
W4-Oy, 1 bond lengths shortened to 1.87 and 1.77 A, respec-
tively. The hydrogen molecule, formed by the combination of
H! and H?, was weakly bound to the surface at a distance of
2.97 A from OHZO" indicating minimal interaction with the surface.
Charge density analysis revealed a net charge transfer of 0.90 e~
from the surface to Oy 1, with Cuz and Wy donating 0.13 e” and
0.61 €™, respectively (see Fig. 18). The result suggests that the OH201
behaved as a lattice O, drawing charge from the adjacent Cuand W
to stabilize its coordination environment. To confirm H; formation,
we calculated the vibrational frequency of the H-H stretching mode,
obtaining a value of 4291 cm™ (see Fig. 19). The result is consistent
with both the DFT-calculated and experimental values for gas-phase
H,,”" which confirms successful H, evolution at the reduced surface.
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At I3, the H; molecule desorbed from the surface with a
AE; of 0.07 eV with respect to the previous step. The negligible
energy difference compared to I2 further confirms the weak inter-
action between H, and the reduced surface. The structure and
electronic configurations of I3 remained largely unchanged relative
to I2. However, the distances between the Cu and W atoms adjacent
to the oxygen vacancies shortened compared to the dry surface, as
summarized in Table IT and illustrated in Fig. 15. Specifically, the
Cu-W distance (dcu_w) at Oy, decreased to 3.37 A, likely due to
the Coulombic attraction exerted by the bridging O atom from the
dissociated water molecule OHZOI. At Oy, Oys, and Oyy, the Cu-W

distance was shortened to 3.82, 3.37, and 4.08 A, respectively. We
further analyzed the electron charge redistribution of atoms adja-
cent to the oxygen vacancies (Table II). Near Oy, a total electron
loss of 0.27 e~ was observed, primarily originating from the WOs
group. The atoms neighboring Oy, exhibited a charge loss of 0.1 ¢”,
associated with bonding to the bridging OHZOI. For Oys, a charge
migration of 0.12 e~ was observed, while the region around Oy
experienced a 0.36 ¢~ charge transfer, mainly contributed by CuO;
(0.22 ¢7) and WOs (0.14 e”) groups. These results indicate that
the adsorption of OHZO' at Oy, induced a redistribution of electron
density, drawing charge from the surrounding vacancies toward the
newly formed bridging Cu-Oy 1-W. This, in turn, led to local lat-
tice distortions and generated three inequivalent oxygen vacancy
environments across the surface.

We further examined water adsorption at the remaining three
oxygen vacancies, denoted as Oy, , Oy,, and Oy,. Among them, disso-
ciative adsorption at Oy, was the most thermodynamically favorable
configuration, with a calculated adsorption energy of —1.72 eV with
respect to the previous step, as shown in I4 in Fig. 16. In this config-
uration, Oy > occupied the O, site and bridged between Cu; and
W3 at 2.54 and 2.01 A, respectively (see Fig. 17). The dissociated
proton bound to a neighboring surface oxygen with a bond length
of 1.01 A and formed a hydrogen bond with Oy, at a distance of
1.64 A. Charge analysis reveals a total charge transfer of 0.10 ¢~ from
the adsorbed water molecule to the surface (see Fig. 18). Specifically,
Oy, o2 gained 0.28 e~ upon occupying the vacancy site, primarily
from W3 (0.21 7). H* lost 0.33 ¢~ during the dissociation, of which
0.17 e~ was transferred directly to the surface. We further studied
the vibrational frequencies of the OH groups, as illustrated in Fig. 19.
The stretching mode of the Oy H? group was slightly red-shifted
to 3714 cm™}, which is consistent with a modest charge transfer
of 0.05 ¢~ from H’ to Oy,0- In contrast, the stretching mode of

Ogurface H* exhibited a pronounced red shift to 2893 cm™! with
respect to the isolated water molecule in the gas phase, indicating
a significant weakening of the OH bond due to interaction with the
surface.

At stage I5, the second hydrogen molecule was formed from
H? and H* with a AEs of 1.22 €V and an activation energy of 1.50 eV
with respect to the previous step (see Fig. 16). Oy 2 bridged Cu; and
W3 with bond distances of 2.11 and 1.76 A, respectively, as shown
in Fig. 17. The hydrogen molecule was physisorbed on the surface
at 2.56 A. Charge analysis indicates that a total amount charge of
0.90 ¢ migrated from the surface to adsorbate (see Fig. 18). Oy
gained 0.88 e, mostly contributed by W3 (0.55 e~ ). Additionally,
Cus lost 0.21 e~ during the process of hydrogen formation, with
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FIG. 17. Top and side view of the struc-
tures of the intermediates and transition
states along pathway 4 on the reduced
CuWOy (010) surface. The Cu, W, and
O atoms on the surface are in blue,
gray, and red, respectively. The O and
H atoms of water are in light blue and
white, respectively, and hydrogen-bonds
are shown as dotted lines.

0.1 e~ transferring to the bridging O with W3. The stretch mode
of H*-H* was estimated at 4278 cm™', as shown in Fig. 19. The
result is consistent with experiment,”’ supporting the formation of a
hydrogen molecule.

At stage 16, the second hydrogen molecule desorbed from the
surface with a AEs of 0.08 eV with respect to the previous step.
This value is hardly different from I5, indicating a weak interaction
between molecular hydrogen and the surface. The overall structural
and electronic properties at I6 remained largely unchanged rela-
tive to I5. However, compared to the dry surface and I3, the top
layer exhibited further structural distortion, following the adsorp-
tion of the newly formed bridging Oy > (see Fig. 15). Specifically,
the Cu-W distances contracted to 3.34 and 3.24 A for Oy; and
Oy, driven by the Coulombic attraction exerted by the bridging
O atom (Table IT). At Oyz and Oys, the Cu-W distance decreased
markedly to 3.15 and 3.71 A, respectively. Additional calculations
confirmed that water molecules were no longer able to adsorb at
Oy3 and Oy4 under these conditions. We further analyzed the elec-
tron charge redistribution across the surface, as detailed in Table II.
Near Oy, a total charge loss of 0.55 e~ was observed, predominantly
contributed by the CuO; group (0.53 ™). The region surrounding
Oy4 exhibited a charged migration of 0.27 e~, mainly originating

FIG. 18. Charge density difference plots for the different stages along the water
splitting process via pathway 4 on the reduced CuWO, (010) surface. Blue regions
represent charge gain, whereas yellow regions represent charge depletion.
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from the WOs group (0.23 e”). These findings show that the forma-
tion of bridging Cu-On,0-W draws electron density from neighbor-
ing oxygen vacancies, inducing local lattice distortions and reducing
the availability of reactive sites, ultimately hindering further water
adsorption.

Compared with pathways 1 and 2, the presence of an oxygen
vacancy plays a critical role in the catalytic efficacy. The removal of a
lattice oxygen creates under-coordinated metal sites and introduces
localized excess electrons, making the surface more electron-rich
and chemically active. These changes enhance the adsorption and
stabilization of hydrogen intermediates and lower the energy of the
transition state for H, formation. However, the reduced surface
would need to be re-created after the reaction.

While the present study has focused on isolated oxygen vacan-
cies and their effect on water adsorption and dissociation, it is
important to consider the potential for surface reconstruction under
more aggressive reduction conditions. Dual-metal active sites have
been reported in other catalytic systems to enhance activity through
electronic synergy and cooperative adsorbate binding.”””* How-
ever, in our relaxed reduced CuWQ, (010) surface model, no such
dual-center configuration formed spontaneously. The Cu and W
atoms adjacent to the vacancy remained over 4.0 A apart, and
adsorbed water preferentially interacted with the Cu site. These find-
ings suggest that the intrinsic lattice structure imposes constraints
on metal-metal pairing. Further exploration of defect clustering,
doping, or thermally activated reconstructions may reveal new
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opportunities for creating such synergistic catalytic motifs on
CuWOy surfaces.

IV. CONCLUSION

We have employed DFT+U-D3 calculations to investigate the
thermally activated surface reactions of water adsorption, splitting,
and hydrogen generation over the pristine and reduced CuWO,
(010) surface. Four potential reaction pathways were analyzed,
including the thermodynamic and kinetic profiles, intermediates,
and transition states. For the pristine (010) surface, among the path-
ways studied, pathway 3 via a hydroperoxide group stands out as a
promising mechanism, owing to its significant charge density migra-
tion from adsorbates to the surface, which weakens the OH bonds
and enhances surface reactivity. This pathway facilitates the for-
mation and desorption of hydrogen with reduced energy barriers
compared to pathways 1 and 2. However, the formation of the
hydroperoxide group and hydrogen molecule still requires acti-
vation energies exceeding 2 eV, indicating that additional strate-
gies, such as co-catalysts, surface modifications, or additional
energy sources, may be necessary to optimize the reaction under
conventional catalytic conditions.

In pathway 4, applied at the reduced (010) surface, the pres-
ence of an oxygen vacancy on the CuWOy (010) surface significantly
enhances the hydrogen evolution reaction by modifying both the
electronic and structural properties of the active site. The vacancy
introduces under-coordinated Cu and W atoms and localized excess
electrons, which together increase the surface chemical reactivity,
as well as providing an attractive adsorption site for the oxygen of
the water molecule. These changes stabilize hydrogen-containing
intermediates through stronger adsorption and promote charge
redistribution that weakens O-H bonds. The charge rearrangement
lowers the activation barrier for H-H combination and facilitates the
formation and subsequent desorption of molecular hydrogen. How-
ever, the reduced surface is typically synthesized under N; or noble
gas-rich atmospheres,””' which may limit its direct applicability
under conventional water-splitting conditions.

We consider that our findings provide valuable insights into
the potential photo-electrochemical water splitting mechanism over
CuWOy, offering a foundation for future research aimed at enhanc-
ing the efficiency of hydrogen production for sustainable energy
applications. In view of the superior performance of the reduced
(010) surface, future work will include the introduction of dopants
in the surface, for example, cations of lower valence than tungsten,
to facilitate the formation of stable oxygen vacancies in the surface,
which may aid the catalytic formation of hydrogen.
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