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Copper tungstate (CuWO,) has attracted significant attention over the past two decades. However, the
adsorption of water onto CuWO,, which plays a critical role in the photocatalytic water splitting process,
has not been investigated in detail. In this study, we have employed density functional theory (DFT)
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calculations to investigate water adsorption onto the CuWO, pristine (010) and reduced (101) surfaces.
Surface phase diagrams as a function of temperature and partial pressure of H,O were also constructed
to determine water coverage under particular environmental conditions. Our study provides a
comprehensive understanding of the adsorption of water on the major CuWO, surfaces, which is an
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1. Introduction

The depletion of fossil fuels and accumulation of atmospheric
CO, is a global challenge, simultaneously causing an interna-
tional energy shortage and climate change." Solar energy, an
inexhaustible, sustainable, and decentralized natural energy
resource, is a suitable alternative for coal, oil, and natural gas.2
However, the approximately 10° terawatts per year (TW year %)
of sun radiation on the surface of the Earth, which far exceeds
current global needs of about 30 TW year ', has not been
utilized comprehensively owing to the key challenges of solar
energy harvesting and storage.’ Since publication of the well-
known Honda-Fujishima effect of TiO, in 1972, photocatalytic
water splitting, which provides a promising route to convert
and store solar energy into a carbon-neutral H, fuel, has
attracted increasing attention.”™®

In order to achieve industrial-scale utilization of photo-
catalytic water splitting to generate H,, we first need to gain
understanding of the interaction between the water molecules
and the catalytic surfaces. Water has a complex structure when
it interacts with a surface and is capable of forming 2-dimen-
sional structures as well as 3-dimensional cage-like struc-
tures.'®** Several reviews have mentioned that the anomalies
and unique nature of water are primarily due to the tetrahedral
organisation of hydrogen-bonding.'*™® It is widely accepted
that one of the key challenges of modelling H,O-surface

“School of Chemistry, University of Leeds, Leeds LS2 9JT, UK.
E-mail: cmxch@leeds.ac.uk, d.santos-carballal@leeds.ac.uk
b Department of Earth Sciences, Utrecht University, Princetonplein 84,
3584 CD Utrecht, The Netherlands. E-mail: n.h.deleeuw@leeds. ac.uk
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4¢cp02699c

28628 | Phys. Chem. Chem. Phys., 2024, 26, 28628-28642

important preliminary step in our investigation of photocatalytic water splitting over CuWO,.

interactions are the high fluctuations of the extensive H-bond
networks."”*°

Metal oxides, such as TiO,,%° Zn0,>! and WO3,?* have been
employed in photocatalytic water splitting. However, TiO, has a
relatively large bandgap of 3.2 eV, which leads to a narrow
range of visible light absorption,®® whereas ZnO suffers severely
from a high rate of charge recombination.”® WO; has poor
chemical stability under either neutral or acidic conditions,
although it exhibits a high electron diffusion length and
mobility.”> Recently, copper tungstate (CuWO,), an n-type
semiconductor, has attracted increasing interest as a potential
photocatalyst for the water splitting process to generate and
store H,, owing to its earth abundancy, non-toxicity, and
suitable bandgap of 2.4 eV.**"*° various studies have provided
a comprehensive understanding of CuWO, as to its crystal
morphology,”” redox properties of the surface,*® physiochem-
ical properties,> and photocatalytic potential.**” The con-
ventional CuWO, unit cell is composed of two CuOg
octahedral and WO octahedral structures with shared zigzag
oxygen chains. The bulk material has triclinic P1 symmetry
due to the Jahn-Teller effect, which breaks the Cu 3d e, orbital
degeneracy. Our previous study has shown that the valence
band is mainly composed of O 2p states mixed with Cu 3d
states, which are located between —6.5 and —4 eV. The
conduction band, which comprises Cu 3d states mixed with
O 2p and W 5d levels, lies between 2.3 and 3.1 eV. The
calculated bandgap of the bulk CuWO, is 2.3 eV, which is
consistent with the experimental result.?® The structural and
electronic properties of all 7 low-Miller index surfaces of
CuWO, have been discussed in our previous work.>®

In this study, we have carried out calculations based on the
density functional theory (DFT) to predict the interaction of
water with the pristine (010) and reduced (101) CuWO, surfaces.
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The structural and electronic properties of the hydrated systems,
including bond lengths, adsorption energies, charge transfer,
vibrational frequencies of H,0, and the work functions, were
calculated to characterize and evaluate the different adsorption
modes. The phase diagrams of the two surfaces have also been
obtained as a function of temperature and partial pressure of
H,0 to determine the coverage of the surface under specific
conditions. Our study aims to provide a comprehensive under-
standing of the interaction of water with CuWO, surfaces and
guide future studies in utilizing this material for the photo-
catalytic splitting of water, where adsorption is necessarily the
first step in the process before water dissociation and catalytic
conversion into hydrogen and oxygen can take place.

2. Computational details
2.1 DFT calculations

In this work, we performed DFT calculations using the Vienna
ab initio simulation package (VASP).*®*° The core states of Cu:
[Ar], W: [Xe], O: [He], and their interactions with the valence
orbitals were treated using the projector augmented wave
(PAW) formalism,*® whereas their remaining electrons and that
of the H atom was treated as valence electrons. The Perdew-
Burke-Ernzerhof (PBE) functional was employed to calculate
the exchange-correlation energy.*" The long-range component
of the van der Waals interactions was corrected using the D3
method with Becke-Johnson damping.*> We used periodic
plane wave basis sets with a cut-off energy of 400 eV for the
expansion of the Kohn-Sham valence states. The energy cutoff
was tested from 400 to 800 eV, but as the effect on energy
differences was negligible, we have selected 400 eV for all our
calculations. We applied the DFT+U method to correct the
electronic self-interaction in the transition metal d orbitals
caused by the pure GGA functionals.*> We tested the onsite
Coulomb interaction term (U)** for both cations between 3
and 10 eV, and found that only Cu needs this correction.
We selected U = 7.5 €V, as this value provides the best
description of the lattice parameters and the bandgap with
respect to the experimental data. Our tests suggested that the U
correction is unnecessary for the W atoms since they lose all
their d electrons upon formation of CuWO,. An alternative way
to accurately describe the electronic properties of transition
metal compounds is through the use of hybrid functionals.
However, this method requires significantly more computa-
tional resources compared to DFT+U when applied to a surface
model. Thus, we have opted in this work to follow the DFT+U
approach, as it has shown to work well for our material.*® The
bulk material was modelled using the triclinic primitive unit
cell containing 12 atoms (Cu,W,0g), which was sampled in the
reciprocal space using a I'-centered 4 x 3 x 4 k-points mesh.*’
The isolated H,0 molecule was modelled in an 8 x 8 x 8§ A®
periodic box to avoid the influence of images in adjacent
simulation cells, where only the I" point was sampled. We have
used the conjugate gradients algorithm to optimize the geo-
metries of the surfaces until the Hellmann-Feynman forces on
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each atom were smaller than 107> ev A™' and the energy
difference between consecutive steps of the self-consistent loop
was below 107° ev.*®

2.2 Surface models

In this study, we used the dipole method proposed by Tasker to
construct the pristine low-Miller index (010), (101), and (110)
surfaces.”” This method creates surfaces in such a way that no
dipole moment exists perpendicular to the surface. The method
considers the crystal as a stack of planes, which can be
classified into three types. In type 1, each plane has no net
charge, as it is composed of cations and anions in stoichio-
metric ratio, which makes the surface non-polar. In type 2, an
integer number of formula units is contained within several
charged layers, which are stacked in a symmetric fashion that
cancels the dipole moment. In type 3, there is a dipole moment
perpendicular to the surface due to the non-symmetric stacking
of the charged planes. Type 3 surfaces require reconstruction by
moving half of the ions with the same charge from the top-most
slab layer to the bottom-most to form non-polar surfaces. We
employed the METADISE package to construct the low-Miller
index surfaces from the bulk phase of CuW0,.*® A 10 A vacuum
was introduced perpendicular to the surface to prevent the
interaction between the periodically repeated images of the
CuWO; slab and to allow space to adsorb the H,O molecules.
The 2 x 2 x 1 supercells were employed to build the pristine
(010), reduced (101) and oxidized (110) surfaces, which were
generated from the bulk CuWwO,. We used the surface slabs
composed of 16 Cu atoms, 16 W atoms and 64 O atoms for the
pristine (010) surface; 32 Cu atoms, 32 W atoms, 124 O atoms
for the reduced (101) surface; and 32 Cu atoms, 32 W atoms,
143 O atoms for the oxidized (110) surface. The topmost 2 layers
of each slab are allowed to relax during the optimization, while
the bottommost 2 layers were kept fixed at their bulk-optimised
positions. For the appropriate sampling of the Brillouin zone,
we tested different Monkhorst-Pack k-point meshes for the low-
Miller index surfaces.*> We used a 2 x 2 x 1 k-point mesh for
the three surfaces. For the geometry optimisations and to
obtain accurate energies, we applied the tetrahedron method
with Blochl correction for the bulk and surfaces, and Gaussian
smearing for the isolated H,O molecule to account of the
electron partial occupancies.*’

To create the reduced (101) surface, we removed one O atom
from the topmost layer of the pristine surface. The oxidized
(110) surface was modelled by adding three O atoms sequen-
tially to the exposed cations with dangling bonds in the top-
most surface layer. The structures of both the partially reduced
and partially oxidized surfaces were fully relaxed, and the
atomic configuration with the lowest surface free energy was
selected for the next addition of O adatoms or O vacancies.

The surface energies of the slabs before (y,) and after (y,)
relaxation were defined as:**>°

_ E, —nkE,

e VI 1)
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E, —nEb
=2, @

where E,, E;, and Ey, are the energies of the unrelaxed slab, half-
relaxed slab, and one formula unit in the bulk, respectively. A
represents the area of the slab and 7 is the number of formula
units in the slab.

The H,O adsorption process on the pristine and reduced
surfaces of one formula unit of CuWO, can be described by
reactions (3) and (4) respectively.

CuWO,(s) + nH,0(g) » CuWO,.,H,,(s) (3)

CuWOs;(s) + nH,0(g) » CuWO;.,,Hy,(s) (4)

Based on the reactions, the surface free energy (o,45(7, p)) of
the CuWO, surfaces in thermodynamic equilibrium with ideal
gas phase H,O is defined as:

Esys —E — ”(EHZO - TSHZO (T,p(ﬁzo))

n

ouas(T,p) =7+ C

- RTlnI#>
Pu,0

()

n
where C:Z represents the surface coverage of the H,O

molecules, n is the number of H,0O molecules adsorbed on
the surface, and Egy and Ey o are the relaxed energies of the
CuWO, surface slab with the adsorbed H,O molecules and the
energy of an isolated H,O molecule, respectively. Sy,o(T, J2)
represents the entropy of gas H,O in the standard state taken
from the thermodynamic tables,>° Du,o is the partial pressure
of H,O, T is the temperature, and R represents the ideal gas
constant. VASPKIT was also used for calculating the entropy of
water from 100 to 2000 K for the sake of validation.

In this work, chemisorption refers to water adsorption
which involves dissociation of the water molecule and electro-
nic structure changes leading to the formation of bonds,
whereas the water molecule remains intact in physisorption
which does not result in changes in the chemical bonding. The
adsorption energy (E,.qs) of the H,O molecule on the CuWO,
surface is defined as:*’

Eags = Esys - E — nEHZO (6)

We have also calculated the variation of the Helmholtz free
energy, considering whether the zero-point energy and the
vibrational contribution of the entropy at 298 K have an impact
on the energies. However, as shown in Table S1 (ESIt) such
impact is negligible, and we have therefore only focussed on the
energies of the adsorption system at 0 K.

We calculated the atomic Bader charges and atomic
magnetic moments via an improved grid-based algorithm.**>?
The work function (@), which is defined as the minimum
thermodynamic energy required to remove one electron from
the Fermi level (Eg) at the CuWO, surface to the vacuum level
(Eyac), was obtained by the following equation:>®
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The charge difference (Ap) of the surface before (pcuwo,) and
after adsorption of H,O (pcuwo,+11,0) Was defined as:>

Ap = pouwo,+1,0 — Pcuwo, — PH,0 (8)

where py o represents the charge density of the isolated H,0
molecule. All the charge densities were obtained at the same
geometry as the adsorption system.

We used the Tersoff-Hamann approach to simulate scan-
ning tunnelling microscopy (STM) images, where the tunnel-
ling current is proportional to the local density of states (LDOS)
of the surface at the position of the tip integrated between the
Fermi level and the applied bias.>® The HIVE program was used
to generate the STM images.>®

3. Results and discussion

3.1 Isolated H,O molecule

We first modelled and calculated the electronic properties of an
isolated H,O molecule. Table 1 lists the calculated bond
distances (d), bond angles (/ ), and the unscaled and scaled
asymmetric stretching (vasym), Symmetric stretching (veym) and
bending (¥) fundamental vibrational modes for the isolated
H,0 molecule. The results suggest that our simulation of the
equilibrium bond distances as well as the bond angle are in
good agreement with the experimental data.’® We have calcu-
lated the harmonic vibrational modes as the second derivative
of the potential energy with respect to the atomic position in
the vicinity of the minimum of the well via the finite differences
approach, where a positive and negative displacement of
0.015 A is allowed for each ion in each Cartesian direction to
calculate the Hessian matrix. The unscaled asymmetric stretch-
ing and symmetric stretching harmonic vibrational mode are
red-shifted by 176 and 162 cm™*, respectively, whereas the
bending harmonic vibrational mode is blue-shifted by 31 cm ™"
compared to experiments.”’””® However, experimental vibra-
tional modes represent transitions between the ground state
and the first vibrational energy level of an anharmonic
potential energy surface. Thus, we obtained the empirical factor
¢ = 0.96 to scale our vibrational modes and make them directly
comparable to the anharmonic system.’ The scaling factor was

Table 1 Bond distances (d), bond angles (,), as well as unscaled and
scaled asymmetric stretching (vasym), Symmetric stretching (vs,m) and
bending (d) fundamental vibrational modes for H,O

Properties Calculated Experiment

d (A) 0.972 0.958%¢

L () 104.40 104.48%°
Unscaled Scaled

Dasym (cm ™) 3932 3781 3756°7

Vsym (cm ™) 3819 3672 3657°7

5 (em™) 1564 1504 1595°%
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calculated as:

= Z 2 DexpWcale (9)
Z wcalc

where wey, and wcqic TEpresent the experimental and calculated
harmonic vibrational wavenumbers, respectively. The results
indicate that differences of only 25 and 15 cm ™" were obtained
in the scaled asymmetric and symmetric stretching vibrational
modes, respectively, compared to experimental data.>” How-
ever, the scaled bending mode was underestimated by 91 cm™"
compared to the experimental data.”®

3.2 Crystal morphology of CuWO,

To determine the most suitable surfaces for water adsorption,
we derived the Wulff crystal morphology of CuWwO, from the
Miller index surfaces with the lowest surface free energies.
In our previous work, we have studied the redox properties of
the low-Miller index surfaces under the working conditions of

the gas phase water splitting process.*® The Wulff construction

of the equilibrium morphology is obtained from equation % =
1

o2 __ On
& dy
energy of the surface and the distance of the surface from the
centre of the crystal, respectively, and c¢ is a constant. In our
previous study,*® we have shown that under the working con-
ditions of gas phase water splitting, i.e. 298 K, the (010) surface
stayed pristine, whereas the (101) surface was reduced with a
surface coverage of —2.5 nm > and the (110) surface was
oxidized at 700 K. The equilibrium morphologies of CuwO,
at 298 K and 700 K are shown in Fig. 1a and Fig. S1 (ESIY),
respectively. Note that we have ignored possible structural
changes caused by thermal expansion of the material, as they
are beyond the scope of this work and are likely to be negligible
at the temperatures considered in this work. The pristine (010)
surface dominates the morphology owing to its lowest surface
free energy of 36 meV A~2 under working conditions, as shown
in the orange region in Fig. 1a. The reduced (101) surface is the
second predominant facet expressed under working conditions
with a surface free energy of 56 meV A2, shown in blue in
Fig. 1a. The reduced (101) surface is characterised by one
O atom vacancy, corresponding to a coverage of O vacancies
of 2.5 nm™>. The dominance of these two surfaces prevents the
expression of the (100) and (111) surfaces, resulting in an
equilibrium morphology with a dodecahedron shape consisting
of 4 hexagons, 4 pentagons and 4 quadrilaterals. The oxidized
(110) surface with a surface free energy of 19 meV A~2 is also
expressed when the temperature reaches 700 K, as shown in
Fig. S1 (ESIf). However, the result suggests that the water
molecule is not capable to chemisorb at the oxidized (110)
surface due to the occupation of the adsorption sites by
O atoms. Tests of water physisorption show negligible inter-
actions. Thus, we do not consider further the oxidized (110)
surface in the following discussions.

We simulated the STM images of the optimized pristine
(010) and reduced (101) surfaces of CuWO,, as illustrated in

=c¢, where ¢ and d represent the surface free
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Fig. 1 (a) Equilibrium Wulff morphology of CuWQO, at 298 K and scanning
tunnelling microscopy (STM) images of (b) the pristine (010) and (c) the
reduced (101) surfaces of CuWO,. Cu, W, and O atoms are shown as blue,
grey, and red, respectively.

Fig. 1b and c. The STM image of the pristine (010) surface was
acquired at a distance (d) of 1.5 A from the tip and at a density
(¢) of 0.008e A~>. The 4-fold Cu cations of the topmost layer
were resolved as dark spots, whereas five O anions of the CuOg
and WOg4 octahedral units appear as bright spots. The W
cations, which are linking two O anions, are not shown in the
STM image due to their low partial charges at the sample bias
of —1.5 eV. The STM image of the pristine (010) surface
suggests that the 4-coordinated Cu cations in the top layer of
the surface can potentially act as adsorption sites for the H,O
molecule owing to their two dangling bonds. The STM image of
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the reduced (101) surface was simulated at a distance of 1.8 A
from the tip and at a density of 0.003 e A~* using a sample bias
of —3.0 eV. The STM image of the reduced (101) surface
suggests that the 3-coordinated Cu cations and 4-coordinated
W cations in the topmost layer of the slab, which are shown as
bright spots, can potentially act as adsorption sites for H,O
owing to their dangling bonds.

3.3 Single water molecule adsorption

In the initial adsorption structures, we sited the H,O molecule
above each potential adsorption site at 2 A away from the
surface, with the O atom coordinating the undercoordinated
metal cation and with the H atoms interacting with the O anion
exposed in the topmost layer of the surface. For a better
description of the adsorption configurations of the H,O mole-
cule, we have employed a notation widely used in organo-
metallic chemistry, which is based on the hapticity of the
ligands (p,) and the number of surface atoms it can bridge
(nm).59—61

3.3.1 Pristine (010) surface. On the pristine (010) surface,
the Cu and W cations and the O anion from the topmost layer
were tested as potential sites for the adsorption of a single H,O
molecule. The fully optimized structures of the most stable
adsorption modes are illustrated in Fig. 2, and their electronic
properties are listed in Table 1.

We found that H,O coordinated molecularly the topmost
surface Cu atom, forming a y;-n' configuration as illustrated
in Fig. 2a. The O atom of the H,0 molecule (O,) was oriented
towards the surface to restore the octahedral coordination of
CuOg. The Cu-O,, bond distance was 2.05 A, which is consistent
with the length of the Cu-O bond (1.95-2.40 A) in the bulk
phase. The hydrogen atoms, on the other hand, pointed out-
wards from the surface, which indicates that no hydrogen bond
is formed between the H,O and the O of the surface (Os).
The surface exhibited negligible structural distortion after
relaxation, except that the Cu of the adsorption site was
displaced outwards by 0.22 A, due to the Coulomb attraction
of O,. As listed in Table 2, E,qs of the single H,O adsorption
system was calculated as —0.69 eV, which was attributed to the
formation of the Cu-O,, bond. As listed in Table 2, the charge
density difference (Ag) of this adsorption mode suggests that a
minor electron density of 0.10e migrated from the adsorbed
H,0 molecule to the surface. We highlighted the atoms with
the largest atomic charge transfer in the right panels of Fig. 2.
The results suggest that a strong polarisation of the H,O
molecule occurred during adsorption onto the CuWO,(010)
surface which caused a charge redistribution. As a result,
0.81 e of Oy migrated to the two H, which gained 0.34 and
0.37 e, whereas the Oy gained 0.1 e. The work function of the
hydrated system was calculated at 6.15 eV, which is 0.80 eV
lower than the dry surface, revealing that the former can
provide electron charge more easily than the latter. We calcu-
lated the vibrational modes of the adsorbed water molecule,
listed in Table 2. For the hydrated (010) surface, the asymmetric
and symmetric stretching modes of the H,O molecule are red-
shifted by 131 and 153 cm™ ' with respect to the isolated
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Fig. 2 (left panels) Top view of the most stable adsorption modes of a
single H,O molecule on the pristine (010) surface of CuWO,4: molecular
adsorptions (a) p—n* on Cu site, (b) po—n2 on Cu site, (c) ps—n° on Cu site,
(d) po—n? on O site, and (e) dissociative adsorption p,—n2 on Cu site. The
length of the ionic bonds (green arrow) and hydrogen bonds (blue arrow)
are noted. The Cu, W, and O atoms are shown as blue, grey, and red,
respectively. Dark blue Cu atoms indicate the H,O adsorption sites. (right
panels) Side view of the charge density differences caused by the water
adsorption. Yellow regions represent electron gain, whereas blue regions
represent electron loss. Crystallographic directions are indicated by num-
bers within brackets.

molecule, which indicates that the O,H bond became weaker
during adsorption. On the other hand, the bending mode
was red-shifted by only 45 cm™ " compared to the isolated water
molecule.

This journal is © the Owner Societies 2024
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Table 2 Binding configurations, adsorption energies (E,qgs) at O K, bond
lengths (d), charge transfers (Ag),work function (@) and vibrational wave-
numbers for the asymmetric stretching (vasym), sSymmetric stretching (vgym),
and bending (d) modes of a single H,O molecule adsorbed at different sites
of the pristine (010) surface. The positive and negative values of Ag
represent charge gained and lost, respectively, by H,O during adsorption

Molecular Dissociative
Site Cu Cu Cu (6] Cu
Configuration pi-n*  p-n®  pp-n® o p-n® o p-n?
Eags (€V) —0.69 —0.69 —0.89 —026  —0.12
d O-metal (A) 2.05 2.09 2.03 1.97
d H bond,; (A) 1.95 2.15 2.13 1.76
d H bond, (A) 2.21 2.37
Aq (e) 0.10 0.09 0.10  —0.02 0.47
@ (eV) 6.15 6.28 6.45 6.54 6.48
Dasym (cm " 3650 3600 3475 3614 3727
Dsym (cm ™) 3519 3281 3396 3517 3352
o (em™) 1459 1541 1510 1544

The H,0 molecule is also capable of forming a p,—n>
configuration when adsorbing onto Cu, as illustrated in
Fig. 2b. The Cu-O,, bond with a length of 2.09 A is oriented
towards the surface to maintain the octahedral coordination
of CuOg in the bulk phase, whereas the O,H group formed a
1.95 A long hydrogen-bond with Og. The Cu migrated outward
slightly due to the Coulomb attraction of O,,, but the rest of the
slab atoms stayed at their relaxed dry surface positions. The
adsorption energy is —0.69 eV, which is identical to the value
calculated for the configuration in the absence of hydrogen-
bonds, discussed previously. The result suggests that hydrogen-
bonds do not play a major role in the thermodynamics of these
adsorption configurations. As illustrated in the right panel of
Fig. 2b, a small charge density of 0.09¢ transferred from the
H,O molecule to the surface. The O,, donated 0.02 e to the Cu
adsorption site. The two H atoms provided 0.02 and 0.05 e to
the surface, as illustrated in Fig. 2b. The work function increased
to 6.28 eV compared to the adsorption configuration without
hydrogen-bond, which is still 0.67 eV smaller than the dry surface,
suggesting that the hydrated catalyst surface is better capable of
providing electron charge when facilitating chemical reactions.
Table 2 lists our estimated asymmetric (3600 cm™ ") and sym-
metric (3281 cm ') stretching modes, which are red-shifted by
181 and 391 cm™ ', respectively, compared to the isolated water
molecule. Our results suggest that the intramolecular OH bonds
become weaker during adsorption. The estimated bending mode
was over 1541 cm ™', which was only 37 em ™" larger than for the
isolated water molecule.

We also tested the physisorption of water molecule onto Os.
However, the H,O molecule chemisorbed onto the nearest Cu
cation after optimization, forming a p;-n*® configuration as
indicated in Fig. 2c. The calculated bond distance for Cu-O,,
was 2.03 A, which is in good agreement with the length of the
Cu-O bond in the bulk phase. The Cu-O,, bond oriented
towards the surface to maintain the octahedral geometry of
CuOg. Additionally, H,O formed two hydrogen-bonds with Og
at 2.15 and 2.21 A, which forced the molecular plane of the
adsorbate to lie approximately parallel to the surface, as
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illustrated in Fig. 2c. The surface did not suffer major structural
distortions as only the Cu adsorption site migrated outwards
slightly due to the Coulomb attraction of O,. The E,4s of this
adsorption configuration was —0.89 eV, which is the most
favourable adsorption mode for the pristine CuWO,4(010) sur-
face. The result also suggests that chemisorption of the water
molecule at the Cu is the primary interaction on the pristine
(010) surface, whereas physisorption on Og can only be con-
sidered as a secondary interaction. As listed in Table 2, the Ag
of this adsorption structure shows that an electron charge of
0.1 e migrated to the surface after optimization, whereas the
polarization of the H,O molecule was also observed. The two H
atoms contributed 0.06 and 0.16 e to the Oy, (gained 0.13 e) and
two Og (gained 0.04 e) to form a Cu-O,, coordination bond and
hydrogen-bonds, and 0.02 migrated to the other anions of the
surface, as illustrated in the right panel of Fig. 2¢c. The calcu-
lated work function for this hydrated surface was 6.45 eV, which
is 0.5 eV smaller than the dry surface, suggesting that the
hydrated system is better at providing electron charge and
facilitating chemical reactions. As listed in Table 2, the sym-
metric and asymmetric stretching modes were estimated at
3396 and 3475 cm™ ', respectively, which are significantly red-
shifted compared to the isolated water molecule, suggesting
that the intramolecular OH bonds become weaker after adsorp-
tion. The estimated bending mode lies at 1510 cm ™', which is
only 5 cm ™" different from the isolated water molecule.

We did not find any configuration where O,, interacted with
W, since this atom has no dangling bond available in the
topmost surface layer. Whereas the Cu atoms in the topmost
layer of the pristine (010) surface have lost their two O ligands,
which has created two dangling bonds available for the adsorp-
tion of the H,O molecule, the W atoms in the topmost layer of
the pristine (010) surface maintained their WOg octahedral
coordination. The STM images plotted in Fig. 1b also show
that the W atoms are shielded by two O atoms and as such, they
are not able to bind the O atom of the H,O molecule.

As illustrated in Fig. 2d, the H,O molecule interacts with Og
via two hydrogen-bonds at 2.13 and 2.37 A, forming a p,-n?
configuration. The molecular plane of H,O was perpendicular
to the surface but the O,, moved outwards due to the Coulomb
repulsion of the O,. The structure of the surface did not change
noticeably after relaxation because of the relatively weak
hydrogen-bond interactions. The E,qs of this adsorption pattern
was —0.26 eV, which was mainly attributed to the two hydrogen-
bonds. The surface lost a negligible electron density of 0.02 e to
the H,O molecule, whereas the main electronic effect was the
polarization of the water molecule. As illustrated in Fig. 2d, the
O,, anion gained 0.03 e from the surface and H, and two Og
gained 0.01 and 0.02 e to form H-bonds. The calculated work
function of the simulated system was 6.54 eV, which is 0.41 eV
smaller than that of the dry surface. The result indicates that
the hydrated surface will more easily donate electron charge
which improves the chemical reactivity. The calculated sym-
metric and asymmetric stretching modes of the adsorbed water
were 3518 and 3614 cm ™, i.e. red-shifted by 155 and 167 cm™ ",
respectively, compared to the isolated water molecule, indicating
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that the intramolecular OH bonds become weaker after adsorp-
tion, as listed in Table 2. The bending mode was estimated at
1544 cm™ ', which increased slightly by 40 cm™* compared to the
isolated water molecule.

We also obtained a single dissociatively adsorbed H,O
molecule with a p,-n> coordination geometry, as presented in
Fig. 2e. It is worth noting that the dissociation of water
discussed in this study occurred spontaneously upon adsorp-
tion of water at the surface and the dissociative process is
therefore treated as barrierless. The O,H group coordinating
the exposed Cu on the surface, has a bond length of 1.97 A and
a bond angle / HO,Cu of 113.43°. The dissociated H atom
formed a hydroxyl group with a surface Os atom. We also found
that the OH group formed a hydrogen-bond at 1.76 A to O, H.
The surface exhibited negligible structural distortion except at
the Cu adsorption site, where the Cu atom was pulled outward
due to the Coulomb attraction of O,,. The E,q, for the dissocia-
tive single H,O adsorption is —0.12 eV, which is smaller than
for the molecular adsorption configuration. Releasing less
energy indicates that water prefers to adsorb molecularly on
the pristine (010) CuWO, surface. As listed in Table 2, the
surface gained electron density of 0.47 e after hydration.
We have shown the atoms with noticeable charge density
differences in the panels on the right of Fig. 2e. The O gained
0.21 e from the surface and bonded H. The dissociated H atom
contributed significantly by 0.67 e to form the OgH bond, and
the O obtained 0.52 e correspondingly. The work function for
this hydrated system was 6.48 eV, ie. 0.47 eV smaller than
the dry surface, indicating that the former provides electron
charge more easily, thereby improving the chemical reactivity.
We calculated the vibrational stretching mode for the dissocia-
tive H,O as listed in Table 2. For the OywH group, it was
estimated at 3727 cm ™', which is blue-shifted by 55 cm™"
compared to the symmetric stretching mode, and red-shifted
by 54 cm™* compared to the asymmetric stretching mode. The
result indicates that the strength of the OyH bond did not
change noticeably due to the slight difference in stretching
modes compared to the isolated water molecule. The calculated
stretching mode for the OH group was 3352 cm™ ', which is 320
and 429 cm™' smaller than the symmetric and asymmetric
stretching modes of the isolated water molecule, respectively.

3.3.2 Reduced (101) surface. We investigated the adsorp-
tion of a single H,0 molecule on the reduced (101) surface of
CuWO,. The metal Cu, (in the topmost slab layer), Cu,, (in the
sub-surface layer), W atom, and O atom were all considered as
potential adsorption sites. The sub-layer W atoms were
shielded by the top O atoms, and they were thus not considered
as adsorption sites. The structure of each adsorption system is
depicted in Fig. 3, and their electronic properties are listed in
Table 3.

As illustrated in Fig. 3a, the H,O was able to adsorb
molecularly on the W site in the topmost surface layer, forming
a coordinate W-O bond with bond length of 2.37 A. The O,
oriented towards the surface to keep the octahedral coordina-
tion geometry of the WOg in the bulk phase, complementing
the p,-n? configuration with a hydrogen-bond to O,. The length
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Fig. 3 (left panels) Top view of the most stable adsorption modes of a
single H,O molecule on the reduced (101) surface of CuWO,: molecular
adsorptions (a) pa—n2 on Cu, site, (b) pz—n> on Cup, site, (c) po—n2 on W
site, (d), and dissociative adsorption ps—n°® on W site. The lengths of the
jionic bonds (green arrow) and hydrogen bonds (blue arrow) are noted. The
Cu, W, and O atoms are blue, grey, and red, respectively. Dark blue Cu
atoms represent the H,O adsorption sites; (right panels) side view of the
charge density differences as a result of the adsorption compared with the
dry (101) surface. The region coloured in light yellow represents charge
gain (noted as positive value), whereas the region coloured in light blue
represents charge loss (noted as negative value) after adsorption. Crystal-
lographic directions are indicated by numbers within brackets.

of the hydrogen-bond is 2.04 A as noted in Fig. 3a. The surface
suffered negligible structural change after adsorption except for
slight outward displacement of the W due to the Coulomb
attraction of Oy. The E,q4 for this adsorption configuration is
—0.81 eV, which is the thermodynamically most favourable
adsorption mode for a single water molecule that we obtained
at the reduced (101) CuWO, surface. The hydrated surface only
gained electron charge of 0.06 e as listed in Table 3, whereas the
polarization of the water molecule is also small. We have shown
in the right panel of Fig. 3 the atoms with noticeable charge
density difference after hydration. The O, gained 0.02 e,
partially provided by the W adsorption site with 0.06 e and
two H atoms with 0.04 and 0.05 e. The Og that interacted with
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Table 3 Binding configurations, adsorption energies (E,qgs) at O K, bond
lengths (d), charge transfers (Aqg), work functions (@) and vibrational
wavenumbers for the asymmetric stretching (vasym). Ssymmetric stretching
(vsym). and bending (0) modes of a single H,O molecule adsorbed at
different sites of the reduced (101) surface. The positive and negative
values of Ag represent charge gained and lost, respectively, by H,O during
adsorption

Molecular Dissociative
Site Cu, Cuy W W
Configuration > uz—n? - TR
Eogs (V) —0.63 —0.53 —0.81 —0.53
d O-Metal (A) 2.11 2.05 2.37 2.01
d H bond, (&) 1.70 1.69 2.04
d H bond, (A) 2.37
Ap (e) 0.06 0.07 —0.07 0.16
& (eV) 4.78 4.74 4.99 5.33
Vasym (cm ™) 3616 3551 3597 3719
Vsym (cm™") 3173 2984 3281 3618
d(em™) 1521 1537 1530

the H atom gained 0.05 e when forming a hydrogen-bond. The
four O atoms coordinating the W adsorption site gained 0.01 e
in total after adsorption. The work function of the hydrated
surface is 4.99 eV, which is 0.96 eV lower than the reduced (101)
surface, indicating that the hydrated surface is significantly
more reactive than the dry surface. The result is in good
agreement with the increase in the charge density of the sur-
face, discussed before. As listed in Table 3, the symmetric and
asymmetric stretching modes of the adsorbed water were
estimated at 3281 and 3598 cm™ ', which are red-shifted by
391 and 184 cm ™', respectively, with respect to the isolated
water molecule. Our results indicate that the intra-molecular
OH bonds are weaker after adsorption. The bending mode
changed slightly by 26 cm ™" compared to the isolated water
molecule.

The H,0 was able to chemisorb at the Cu, adsorption site,
forming a p,-1? configuration, as shown in Fig. 3b. The length
of the Cu,-O,, bond is 2.11 A, whereas the hydrogen-bond
formed is 1.70 A long. The Cu,-O,, bond is oriented outwards
to maintain the octahedral coordination of CuQOg in the bulk
phase, and the Cu at the adsorption site was pulled outwards
due to the Coulomb attraction of the Oy. The E,4s for the
adsorption system is —0.63 eV, which is smaller than the
hydrated system discussed before, suggesting that the water
molecule prefers to adsorb onto W. Electron density of 0.06 e
migrated to the surface, as listed in Table 3. The O,, gained
0.01 e when it coordinated Cu, whereas the two H atoms con-
tributed 0.01 and 0.06 e to O, and the surface, respectively and the
O, gained 0.05 e after hydration. The work function of this system
was calculated as 4.78 eV, which is 1.17 eV smaller than the dry
reduced surface, revealing that the surface becomes signifi-
cantly more reactive after hydration. The result is consistent
with the electron density increase of the hydrated surface. The
symmetric and asymmetric stretching modes are estimated at
3173 and 3616 cm ™' as listed in Table 3, which are red-shifted
by 499 and 165 cm™ ', respectively. The result suggests that
the intramolecular OH bonds become weaker after hydration.
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The bending mode is found at 1521 ¢m™', which is only a
negligible change compared to the isolated water molecule.

Since the reduced (101) surface contains O vacancies, we
investigated the adsorption of a single H,O molecule at the
exposed Cuy,, of the sub-layer. As shown in Fig. 3¢, the O, was
pushed towards the top layer of the surface to maintain the
octahedral coordination of the CuOg, bonding with Cu, at
2.05 A. Two hydrogen-bonds were established at 1.69 and
2.37 A distance, interacting with Oy to complement the p;-n®
adsorption configuration. The surface slab suffered negligible
structural change after relaxation. The E,qs calculated for this
adsorption mode is —0.53 eV, resulting in a weaker adsorption
pattern than the two adsorption systems discussed previously.
After hydration, 0.07 e electron density had migrated from the
H,0 molecule to the surface, listed in Table 3. The O, gained
0.1 e electron density, which was partially compensated by the
Cu at the adsorption site that lost 0.26 e upon interaction with
H,0. Two H contributed 0.05 and 0.11 e, whereas two Og gained
0.01 and 0.06 e owing to the formation of hydrogen-bonds.
The work function was calculated at 4.74 eV, which is 1.21 eV
smaller than for the dry surface, indicating that the surface
becomes significantly more reactive upon hydration. The sym-
metric and asymmetric stretching modes became 2984 and
3551, listed in Table 3, which are red-shifted by 688 and 230 cm ™%,
respectively, upon hydration. The result shows that the intra-
molecular OH bond becomes weaker compared to the isolated
water molecule. However, the bending mode is slightly blue-
shifted to 1538 cm ™' after hydration.

Dissociative adsorption of a single H,O molecule also
occurred at the reduced (101) surface, shown in Fig. 3d. The
O, H group, which was initially located at W in the top-layer of
the surface, migrated and after optimisation bound the sub-
surface Cuyp. The Cup-Oy, and W-O,, bond lengths are 2.24 and
2.01 A, respectively, and the dissociated H atom bound one O,
completing a p;-1® configuration. The Cuy, was pulled out of
the surface through the Coulomb attraction of O, which
pushed the top-layer Cu outwards. The E,q4s for the dissociative
adsorption was —0.53 eV, which indicates that based on
thermodynamic grounds the H,O prefers to adsorb molecularly
on the top-layer W. A total electron density of 0.16 e migrated
from the H,O molecule to the surface after the dissociative
adsorption, as listed in Table 3. The O,, gained 0.49¢, which
were donated by the Cu, in the sub-surface layer, the W
adsorption site, and H of the OyH group. The dissociated
H lost 0.62 e when bonding to the surface, whereas the Og
gained 0.26 e via the corresponding O;H bond. The work
function of the system was calculated at 5.33 eV, which is
0.62 eV lower than that of the dry surface, making the hydrated
surface more reactive. The vibrational stretching mode of the
O,H group was calculated at 3719 cm™ " after hydration, i.e.
similar to the asymmetric vibrational mode of the isolated
water molecule. However, the vibrational stretching mode of
the O,H group was 3619 cm™ ', which is red-shifted by 38 cm™*
with respect to the symmetric vibrational mode after dissocia-
tion, suggesting that the OgH bond is weaker compared to the
isolated water molecule.
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3.4 H,O surface coverage

We selected the most thermodynamically favourable configura-
tions of the single H,O molecule adsorption system (i.e. with
the largest negative E,qs) as the initial geometries to study the
effect of incremental surface coverage on both the pristine (010)
and reduced (101) surfaces. Both molecular and dissociative
H,O adsorption were studied for each coverage, and the
configuration with the largest E,q; was selected to simulate
the next adsorption step. The number of adsorbed H,O mole-
cules (n) was increased until all the potential adsorption sites
were occupied, or at the onset of a second layer of H,O.

3.4.1 Pristine (010) surface. Fig. 4 shows all the simulated
H,O coverages on the pristine (010) surface. When the surface
coverage of water (C) was equal to 2.2 nm 2, the two water
molecules were sited at different Cu and behaved as isolated
absorbates, shown in Fig. 4 as water 1 and 2. Water molecule 2
formed a single hydrogen-bond at 1.87 A to the surface. When
C increased to 4.4 nm™?, four adsorbates were situated at
different Cu atoms. Water 1 and 3 formed two hydrogen-
bonds with O, and Og, whereas water 2 and 4 formed a single
hydrogen-bond to Os. When increasing C above 5.5 nm ™2, water
5 chemisorbed at Cu, forming two hydrogen-bonds at 2.00 and
2.09 A with O, whereas water 4, located between water 1 and 5,
physiosorbed onto the surface as a donor of hydrogen-bonds.
The surface reached full coverage at C = 8.8 nm™ >, which
corresponds to eight adsorbed H,O molecules per surface
simulation cell, forming an “ice-like” monolayer on the surface
via a network of hydrogen-bonds interacting with O,, and Os.
Adding more H,O molecules would lead instead to a second
layer with interactions to the first H,O monolayer on the
pristine (010) CuWO, surface. The surface suffered negligible
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distortion at each coverage of H,0, as only the Cu adsorption
sites moved outward slightly due to Coulomb attraction.

We calculated the average Bader atomic charges of Cu, W,
and O in the top layer of the (010) surface at each surface
coverage of H,0, as shown in Fig. 5. The negligible change in
the Bader charges indicates that only minor amounts of elec-
tron density have migrated from the adsorbates to the surface,
which is in good agreement with the small charge transfer
discussed for the single H,O molecule adsorption. The incre-
ment in the adsorption energy per H,O molecule (Eads,peero)
was calculated as a function of the coverage of H,O. The result
shows that E.q.pern,0 decreased from —0.89 to —0.71 eV, which
indicates that single molecule adsorption is stronger than at
higher coverages, although the value of Eagspern,o remained
negative. We found a clear increase in the negative Eagspern,o
when the surface coverage became 3.3 and 8.8 nm ™2, which was
attributed to the formation of additional hydrogen-bonds upon
adsorption of the additional water molecule, which released
more energy as a result. We further calculated the surface free
energies at 0 K (ook) as a function of the coverage of H,O at the
pristine (010) surface. The steady decrease in ook suggests that
the surface-water system becomes thermodynamically more
stable as the surface coverage increases. Both Eagspern,o and
ook indicate that adsorption of H,O molecules to full mono-
layer coverage at the pristine (010) surface is thermodynami-
cally feasible. However, weaker interactions between the O,,
and surface were observed in the higher surface coverages. The
work function at each coverage of H,O was smaller than that of
the pristine surface at 6.95 eV, suggesting that the hydrated
surfaces are all more reactive than the dry one. The smallest
work function of 5.94 eV was obtained at the surface coverage of
4.4 nm™?, as shown in Fig. 5. This phenomenon is attributed to

Fig. 4 Top view of H,O coverages at the pristine (010) surface. The H,O molecules are labelled (1 to 8) and the adsorption sites are shown highlighted in
dark blue. The Cu, W, O, and H atoms are (pale and dark) blue, grey, red and white, respectively. The length of the hydrogen-bonds of the additional water

molecule in each configuration is noted and shown by a blue arrow.
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the pristine (010) surface and (right) the reduced (101) surface.

the chemisorption of water at the Cu adsorption site when migrates from the adsorbates to the surface, resulting in the
the surface coverage is less than 4.4 nm™2. The electron charge lowering of the work function. When the (010) surface is
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hydrated to higher surface coverages above 5.5 nm™>, physi-
sorption of the additional adsorbates provides negligible elec-
tron charge to the surface, resulting in a small increase in the
work function. We calculated the band gap of the hydrated
system at each surface coverage, see Fig. 5. The value of the
band gap fluctuates within a narrow range from 1.4 to 1.5 eV as
the surface coverage is increased. The result suggests that the
hydrated pristine (010) surface has the potential for photoca-
talytic water splitting, considering it meets the requirement of a
minimum band gap of 1.23 eV for the reaction.®®

We constructed 3D surface phase diagrams of the water
adsorption for both the pristine (010) and reduced (101)
surfaces. The molecular and dissociative adsorption was tested
for each coverage, and the surface configuration with the lowest
surface free energy, calculated based on eqn (5), was used for
the construction of the phase diagrams. The 2D projections of
the 3D surface phase diagrams are plotted as a function of the
temperature (7) and the logarithm of the partial pressure of

H,0 (logp(ljjiéo)), see Fig. 6. The curves between the inter-
secting energy surfaces represent the conditions required to
modify the extent of H,O adsorption.

As shown in Fig. 6, the (010) surface stays dry as the
temperature increases from 300 K when the logarithm of the
partial pressure of H,O was below 8. The other five possible
coverages of H,O, ie 1.1, 3.3, 4.4, 5.5, and 6.6 nm >, are
available when the partial pressure of the absorbate is increased
or the temperature is lowered. The simulation slab of our surface
was capable to adsorb eight H,O molecules and reached full
coverage (C) of 8.8 nm > when T was lower than 185 K and the
logarithm of partial pressure of H,O was larger than 8.6. The
surface phase diagram suggests that the pristine (010) surface
prefers to adsorb H,O and reaches full coverage at a relatively low
temperature or high partial pressure of this gas. Such a result is
consistent with the continuously decrease in the E,45 per H,O
molecule as discussed in Section 3.3.1. Water adsorption on
the pristine (010) surface is sensitive to the temperature and its

T(K)

Fig. 6 Surface phase diagrams of (left) the pristine (010) surface and (right) the reduced (101) surface as a function of the temperature (T) and the

logarithm of partial pressure of H,O (log p(H,0)/p°(H,0)). The coverage (C) of adsorbed H,O (unit: nm
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partial pressure, as the surface coverages of 3.3 to 6.6 nm >
can only be achieved in a narrow range of environmental
conditions. The surface coverages of 2.2 and 7.7 nm™ 2, corres-
ponding to two and seven adsorbates, respectively, per simula-
tion cell did not show in the phase diagram, as they are
inaccessible.

3.4.2 Reduced (101) surface. The multiple H,O adsorptions
at the reduced (101) surface are shown in Fig. 7. When the
coverage of H,O was 0.012 nm~ 2, water 1 and 2 behaved as
isolated adsorbates, interacting molecularly with separate W
and O, ions. When the surface coverage was 1.8 nm™ >, water
3 dissociated owing to the larger E,4s than for the molecular
adsorption. The OyH group migrated to the sub-surface and
coordinated Cuy. The dissociated H bonded with Og in the top
layer, forming a hydrogen-bond at 1.80 A. As C is increased
to 2.4 nm >, water 4 coordinated W molecularly, forming a
hydrogen-bond of 1.76 A and at a coverage of 3.0 nm™2, all the
H,0 molecules were adsorbed molecularly onto the surface.
Water 1 to 4 coordinated to W sites behaved as isolated
adsorbates, forming a single hydrogen-bond to the surface
between 1.81 to 2.01 A. Water 5 interacted with Cuy in the
sub-surface layer at the O vacancy, forming hydrogen-bonds
with neighbouring O at 1.75 A and O,, at 1.88 A. When C was
3.6 nm 2, we found that water 6 coordinated Cu, in the top-
layer of the surface and formed a hydrogen-bond with the
neighbouring O,, of 1.82 A. Water 7 adsorbed at the Cu site
in the top layer, interacting with the neighbouring O,, and Og at
1.92 and 1.93 A, respectively. When C increased to 4.8 nm 2,
the reduced (101) surface accommodated eight H,0O molecules
and reached full coverage. Water 1 to 4 adsorbed at W as
isolated adsorbates, whereas water 5 to 8 coordinated Cu.
All the adsorbates interacted with neighbouring O as the donor
and acceptor of hydrogen-bonds of between 1.74 to 1.96 A,
forming an “ice-like” monolayer. We did not find evidence of
H,O0 molecule dissociation at any of the explored adsorption
sites, and additional water molecules would form instead a
second monolayer of H,O on the reduced (101) surface.

T(K)

~2) are noted in the figure.
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Fig. 7 Top view of H,O coverages at the reduced (101) surface. The H,O molecules are labelled (1 to 8) and the adsorption sites are shown highlighted in
dark blue. The Cu, W, O, and H atom are (dark and pale) blue, grey, red and white, respectively. The length of the hydrogen-bonds of the additional water

molecule in each configuration is noted and shown by a blue arrows.

The average Bader atomic charges of Cu, W, and O in the
top-layer of the reduced (101) surface for each surface coverage
were calculated, as shown in Fig. 5. Negligible changes of the
average Bader charge were obtained after hydration, suggesting
that only small amounts of electron density were transferred
from the adsorbates to the surface, which agrees with the result
for the single water adsorption at the reduced (101) surface. The
Eads pern,0 Of the reduced (101) surface decreased from —0.93 to
—0.43 eV with increasing surface coverage of water, which
indicates that the interaction between the adsorbates and
surface was weaker at higher surface coverages. A substantial
reduction of E,qs.pern,0 Was observed at the surface coverages of
2.4 nm™?, owing to the formation of a Cu,-O,, bond between
Cuy, in the sub-surface and the OyH group, resulting in the
release of more energy. The oo decreased with water coverage,
suggesting that the reduced (101) surface prefers to reach
full coverage which is more thermodynamically favourable. As
shown in Fig. 5, a substantial lowering of the work function was
observed after hydration compared to 7.59 eV of the dry (101)
surface, due to more electron charge made available by the
adsorbates, indicating that the hydrated systems are more
reactive than the dry surface, especially for its lowest value of
3.50 eV at the surface coverage of 2.4 nm™ >, The band gaps of
the hydrated systems at each surface coverage were calculated
and are shown in Fig. 5. The results suggests that the reduced
(101) surface is not suitable for photocatalytic water splitting,
given that its band gap is significantly smaller than 1.23 eV at
any water coverage.®”

We constructed the surface phase diagram as a function of
the temperature and partial pressure of H,O on the reduced

This journal is © the Owner Societies 2024

(101) surface, as shown in Fig. 6. The surface stayed dry when
the temperature was above 200 K and the logarithm of the
partial pressure of H,O was below 7. The surface reached full
hydration at a high partial pressure of H,O and high tempera-
ture, corresponding to a surface coverage equal to 4.8 nm 2.
The other three regions of coverage, where C is equal to 0.6,
2.4 and 3.0 nm~? were also shown in the phase diagram. The
results suggest that the reduced (101) surface is sensitive to the
environment as it prefers to stay dry, or fully hydrated under
most environmental conditions. The other possible surface
coverages of water could only be reached in a narrow range of
temperatures and partial pressures of H,O. The H,O coverages
of 1.2, 1.8 3.6, and 4.2 nm™” do not show in the phase diagram
since they are inaccessible.

4. Conclusions

In this paper, we have reported a computational study based on
the density functional theory of the adsorption of water on the
pristine (010) and reduced (101) surfaces of CuWO,. On the
pristine (010) surface, the adsorption mode with H,O coordi-
nating Cu in the p;—n* configuration has the largest adsorption
energy of —0.89 eV. At the reduced (101) surface, the H,O
molecule preferentially adsorbs over W with an adsorption
energy of —0.81 eV, forming a p,-n? configuration. Following
single-molecule adsorption, we next investigated adsorption of
multiple H,O molecules on the pristine (010) and reduced (101)
surfaces, starting from the most favourable adsorption modes
obtained for the single H,O molecule. We found that the
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pristine (010) surface can adsorb up to eight H,O molecules per
surface cell. Four H,O molecules coordinated Cu in the surface,
whereas the other four interacted with neighbouring H,O
molecules via hydrogen-bonds, forming an ice-like monolayer
over the surface. The reduced (101) surface adsorbed eight H,O
molecules before it achieved full coverage. Four H,O molecules
coordinated W as isolated adsorbates, two H,O molecules
coordinated Cu in the sub-surface, whereas two H,O molecules
interacted with Cu in the top-layer.

The electronic properties were calculated for both surfaces.
We found only negligible change in the Bader atomic charges of
Cu, W, and O upon water adsorption, which is consistent with
the minor charge transfer observed for the single molecule
adsorption systems. The work functions of both hydrated
surfaces are smaller than the dry surfaces at all coverages.
The band gap of the hydrated (010) surface at each surface
coverage fluctuates within 0.1 eV, and all are above 1.23 eV,
which shows potential for its utilization in photocatalytic water
splitting. However, the band gap of the reduced (101) surface at
each surface coverage is well below 1.23 eV, which makes it an
unlikely candidate for photocatalytic water splitting. The sur-
face phase diagram of the pristine (010) and reduced (101)
surfaces were obtained as a function of the temperature and
partial pressure of H,O. The results suggest that the two
surfaces prefer to remain dry at low partial pressures of H,O
but can become fully hydrated at high partial pressures of H,O
and at low temperatures. Other coverages, although shown in
the phase diagram, were hard to achieve due to the narrow
range of temperature and H,O partial pressure required.
In summary, our results show that the pristine (010) surface
of CuWO, has the potential to be utilized in photocatalytic
water splitting, which will be the focus of future work.
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