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ABSTRACT: Zinc tungstate (ZnWO4) is an outstanding photocatalyst for water splitting and organic contaminant degradation
under visible light irradiation. Surface termination stabilities are significant for understanding the photochemical oxidation and
reactions on the ZnWO4 surface. Based on density functional theory, we calculated the thermodynamic stability of possible surface
terminations for ZnWO4(100). The surface stability phase diagrams show that the Zn2O4-Zn8W6O28, W2O4-Zn8W10O36, and Zn2-
Zn8W6O24 terminations of ZnWO4(100) can be stabilized under certain thermodynamic equilibrium conditions. The electronic
structures for these three possible stability surface terminations are calculated based on the Heyd−Scuseria−Ernzerhof (HSE06)
hybrid functional to give dependable theoretical band gap values. It is found that the surface states of W2O4-Zn8W10O36 termination
are in the band gap, which shows a delocalized performance. The calculated absorption coefficients of W2O4-Zn8W10O36 termination
show stronger absorption than bulk ZnWO4 in the visible-light region. The band edge calculation shows that the valence band
maximum and conduction band minimum of the W2O4-Zn8W10O36 termination can fulfill the hydrogen evolution reaction and
oxygen evolution reaction requirements at the same time. Furthermore, work functions are extraordinarily distinct for various surface
terminations. This result suggests that the ZnWO4-based direct Z-scheme heterostructure can be controlled by obtaining the
thermodynamically preferred surface termination under suitable conditions. Our results can predict ZnWO4(100) surface structures
and properties under the entire range of accessible environmental conditions.

1. INTRODUCTION

Semiconductor photocatalysts can help solve the shortage of
renewable energy and the increasing amount of environ-
mentally harmful effluent produced.1 Semiconductor photo-
catalysis is a process in which the energy generated by electron
photoexcitation across semiconductors’ band gaps participates
in chemical compounds’ surface reactions.2 Surface properties
such as the area, structure, and composition significantly affect
the semiconductor photocatalytic activity.3 This is because the
surface as the reactive species’ adsorption and activation sites
significantly impacts the efficiency of surface redox reactions
involving photogenerated electrons and holes.1,4 Thus, semi-
conductor photocatalysts’ surface structures and electronic
properties should be systematically studied on the atomic scale.
Zinc tungstate (ZnWO4) is a typical semiconductor

photocatalyst. It exhibits sufficient catalytic reactivity for

water splitting and pollutant mineralization under ultraviolet
(UV) light irradiation. This is because of its low crystal
symmetrical monoclinic wolframite structure. Furthermore, a
more critical reason is that Zn2+ and W6+ have the d10 and d0

electronic configurations and reside at the centers of ZnO6 and
WO6 octahedrons, respectively.5 Numerous studies are
devoted to exploring the ZnWO4(100) surface to gain superior
performance.6−8 For example, compared with the
ZnWO4(010) and ZnWO4(001) surface, Li et al. found that
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the ZnWO4(100) surface has the highest surface energy and
most robust hydroxyl adsorption ability. Thus, the photo-
catalytic activity of the ZnWO4(100) surface is superior to
other surfaces. Additionally, the ZnWO4(100) surface is the
appropriate candidate for semiconductor coupling.8,9 For
instance, in 2019, Fu et al.8 synthesized the ZnO(101)/
ZnWO4(100) composite. They demonstrated that the ZnWO4
surface could effectively reduce the charge transfer resistance,
resulting in enhanced electron−hole separation. This photo-
anode composite exhibits highly improved photoelectrochem-
ical activities for solar water splitting. The photocurrent density
could be achieved up to 1.7 mA cm−2 (at 1.23 V vs reversible
hydrogen electrode), more than three times that of a pristine
ZnO photoanode. Despite this progress, the photocatalytic
efficiency of the ZnWO4(100) surface is still inadequate. More
importantly, the enhanced photocatalytic ZnWO4(100) sur-
face activity mechanisms in the theoretical calculations need to
be further discussed.
Experimentally, the O-rich condition is much easier to

achieve. The bulk ZnWO4 is synthesized by annealing in an
ambient atmosphere.10 On the contrary, the O-poor condition
has proved much harder to achieve. Simultaneously, the
experimental measurement temperature data are wide-ranging
from 400 to 750 °C.10−12 It is expected that the ZnWO4(100)
surface’s structure is probably different from its stoichiometric
counterpart. Therefore, investigating the contribution of
environmental parameters (such as chemical potentials, finite
temperatures, and pressures) to the ZnWO4(100) surface
structure is imperative to understand the origins of its
photocatalytic activity and selectivity ultimately. On the
other side, theoretically, using density functional theory
(DFT) calculations, Pereira et al. find that the ZnWO4(100)
surface is ZnO-terminated.13 They formed ZnWO4(100)
surface termination by cleaving the bulk ZnWO4. However,
the different possible surface terminations of the ZnWO4(100)
surface are not examined. Thus, to systematically study the
ZnWO4(100) surface’s stability, different surface terminations
need to be further studied.
In this paper, we calculated the thermodynamic stability of

possible surface terminations for ZnWO4(100) by using the
generalized-gradient-approximation of Perdew, Burke, and

Ernzerhof (GGA-PBE) and the Heyd−Scuseria−Ernzerhof
(HSE06) hybrid functional. We find three possible termination
structures that can be stabilized under certain thermodynamic
equilibrium conditions from the surface thermodynamic phase
diagram. The electronic structures for these three possible
stability surface terminations from the HSE06 hybrid func-
tional indicate that the surface states in W2O4-Zn8W10O36
termination are delocalized. The calculated absorption
coefficients of W2O4-Zn8W10O36 termination show stronger
absorption than bulk ZnWO4 in the visible-light region.
Moreover, the calculated valence band maximum (VBM) and
conduction band minimum (CBM) band edge positions for
the W2O4-Zn8W10O36 termination show that they can satisfy
the hydrogen evolution reaction and oxygen evolution reaction
requirements at the same time. The work function results
suggest that the ZnWO4-based direct Z-scheme heterostruc-
ture can be controlled by obtaining the thermodynamically
preferred surface termination under suitable conditions. These
results will reveal the stability of surface terminations under the
thermal equilibrium growth conditions and provide insightful
surface properties for ZnWO4(100) surface-based photo-
catalyst applications in the future.

2. RESULTS AND DISCUSSION
2.1. Possible Surface Termination Structures. In this

paper, all (100) surface terminations are obtainable by cleaving
the bulk ZnWO4. For its conventional cell, we used the
monoclinic (space group) structure and experimental lattice
constants14 of a = 4.6829 Å, b = 5.7085 Å, c = 4.922 Å, α =
90°, β = 90.543°, γ = 90°. Its space group is 13, P2/c. The zinc
atoms occupied the 2f site, while tungsten and oxygen atoms
are located at 2f and 4g. Similar to other works15−17 and our
previous paper,18 to cancel the macroscopic dipole moment
perpendicular to a polar ZnWO4(100) surface, we used
symmetrical layer slabs terminated on both sides (see Figure
1).19 Along the (100) direction in the bulk ZnWO4, the atomic
stacking sequence is -O-Zn-O-W-. Correspondingly, the
ZnWO4(100) surface has six different surface terminations
(Figure 1). To accurately describe the ZnWO4(100) surface
configuration, the surface excess composition respecting the
bulk ZnWO4 is defined.20 According to this classification

Figure 1. Various possible surface termination structures of ZnWO4(100) before geometry optimization. (a) W2O4-Zn8W10O36, (b) W2-
Zn8W10O32, (c) Zn2O6-Zn8W6O32, (d) Zn2O4-Zn8W6O28, (e) Zn2-Zn8W6O24, and (f) W2O8-Zn4W6O24 surface termination structures. (g) Atomic
arrangement of the bulk ZnWO4, which is along the (001) direction. The numbers represent the number of atomic layers for ZnWO4(100). The
gray, black, and red spheres represent Zn, W, and O atoms, respectively.
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method, the possible surface termination nomenclature is
introduced as follows: (i)W2O4-Zn8W10O36 termination
represents a (100) surface (Zn8W10O36) whose composition
is more than 8-fold of the bulk ZnWO4 unit cell (Zn8W8O32),
leading to an excess surface composition of W2O4 (Figure 1a).
(ii) Figure 1b shows the surface termination first and second
layers with W and O, respectively. Its composition is
Zn8W10O32, which is denoted by W2-Zn8W10O32. (iii) In
Figure 1c, the composition of surface termination is thus
Zn8W6O32, which is denoted by Zn2O6-Zn8W6O32. (iv) As
shown in Figure 1d, the composition of surface termination is
Zn8W6O28, denoted by Zn2O4-Zn8W6O28. (v) A first layer
surface termination has Zn and a second layer has O, whose
composition is Zn2-Zn8W6O24. This surface termination is
denoted by Zn2-Zn8W6O24 (Figure 1e). (vii) The composition
of surface termination in Figure 1f is W2O8-Zn4W6O24, which
is denoted by W2O8-Zn4W6O24. Six possible surface termi-
nation structures of ZnWO4(100) are shown in Figure 2 after

geometry optimization. Compared with Figures 1 and 2, it can
be concluded that the surface reconstruction of the Zn2O6-
Zn8W6O32 and Zn2O4-Zn8W6O28 terminations (Figure 2c,d) is
more evident than that of the W2O4-Zn8W10O36, W2-

Zn8W10O32, Zn2-Zn8W6O24, and W2O8-Zn4W6O24 termina-
tions (Figure 2a,b,e,f).

2.2. Stability of Various Surface Terminations. The
previous papers have demonstrated21−25 that the surface Gibbs
free energies determine the stability of the different surface
terminations as a function of the environmental conditions
(such as O partial pressure and temperature). In this paper,
using GGA-PBE and HSE06 functionals, the surface Gibbs free
energies (eq (A5), Supporting Information) of various
terminations (W2O4-Zn8W10O36, W2-Zn8W10O32, Zn2O6-
Zn8W6O32, Zn2O4-Zn8W6O28, Zn2-Zn8W6O24, and W2O8-
Zn4W6O24 terminations, Figure 2) as a function of the excess
chemical potentials ΔμO and ΔμZn are computed. It is known
that if surface Gibbs free energy becomes negative, the surface
formation will lead to an energy gain, and the crystal will be
destroyed.21 Therefore, the surface Gibbs free energy should
be positive. As shown in Figures 3b and 4b, the direction
indicated by the red arrow on each line has positive Gibbs free
energy for GGA-PBE and HSE06, respectively. It is suggested
that these terminations are stable and exposed on the ZnWO4
surface under given chemical conditions.
Moreover, for any considered ΔμO and ΔμZn, the most

stable surface termination has the smallest surface Gibbs free
energy.26 The boundaries between stability regions for
different surfaces terminations i and j are determined by
solving the equation Ωi = Ωj, where Ω is the surface Gibbs free
energy of terminations i and j. According to the above
thermodynamic criterion, the range obtained by the GGA-PBE
functional is

6.256 eV 0 eVW,Zn Zn W,O Oμ μ− < Γ Δ + Γ Δ < (1)

and the range obtained by the HSE06 functional is

7.41 eV 0eVW,Zn Zn W,O Oμ μ− < Γ Δ + Γ Δ < (2)

Following refs 27 and 21, these bounds are defined as
spontaneous surface formation lines, as shown in Figures 3b
and 4b. Applying the above, using the GGA-PBE method, we
plotted the phase diagram, Figure 3b, showing where the
colored areas (different surface terminations of ZnWO4(100))
are stable. Similarly, using the HSE06 functional, we calculated
the phase diagrams for the ZnWO4(100) surface with different
terminations, as shown in Figure 4b. Our results suggested that
the stable area for the surface terminations of ZnWO4(100) is
more different from the functional selected for calculation. The
W2O8-Zn4W6O24 calculated GGA-PBE method’s surface
stability area is bigger than that by the HSE06 method.

Figure 2. Various possible surface termination structures of
ZnWO4(100) after geometry optimization. (a) W2O4-Zn8W10O36,
(b) W2-Zn8W10O32, (c) Zn2O6-Zn8W6O32, (d) Zn2O4-Zn8W6O28, (e)
Zn2-Zn8W6O24, and (f) W2O8-Zn4W6O24 surface termination
structures. The labeling of the atoms is the same as in Figure 1.

Figure 3. (a) ΔμO as a function of oxygen gas pressure at various temperatures according to eq (A18). (b) Phase diagrams for the ZnWO4(100)
surface with different terminations (W2O4-Zn8W10O36, W2-Zn8W10O32, Zn2O6-Zn8W6O32, Zn2O4-Zn8W6O28, Zn2-Zn8W6O24, and W2O8-
Zn4W6O24) as functions of chemical potential ΔμO and ΔμZn variations, which were obtained using the GGA-PBE method. (c) ΔμO as a function
of temperature at various oxygen gas pressures according to eq (A18).
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Meanwhile, the surface stability area of Zn2O4-Zn8W6O28 is
smaller than that by the HSE06 method. The reason is that the
difference of ϕi (Table S1) between W2O4-Zn8W10O36 and
W2O8-Zn4W6O24 is 0.086 eV/Å2 for the GGA-PBE functional.
However, that of the HSE06 functional is 0.014 eV/Å2. The
value of ϕGGA − PBE

i is more than 8 times that of ϕHSE06
i .

When conditions inequalities (A7)−(A9) and inequalities
(A11)−(A12) (Supporting Information) are satisfied, the
ZnWO4 bulk can exist. These conditions are shown in Figures
3b and 4b by solid lines for GGA-PBE and HSE06 functionals,
respectively, indicating where Zn, W, ZnO, WO2, and WO3
occur. The formation energies of ZnWO4, ZnO, WO2, and
WO3, which determine the respective precipitation lines, are
presented in Table 1 using GGA-PBE and HSE06 functionals.

These energies agree reasonably well with experimental results,
which are shown in the same table. The WO2 and WO3 crystals
will grow on the left and below the WO2 and WO3

precipitation line, respectively. At the same time, ZnO will
grow above and on the right of the ZnO precipitation line. At
the bottom of the diagram, the stripe is limited by the W
precipitation line.
Owing to deficiencies in DFT descriptions of relative

energies for materials with different degrees of oxidation,21 we
treat the obtained data with some caution and highlight the
precipitation lines for 3-valent metal oxides WO3 and 2-valent
ZnO. The only region where a ZnWO4 bulk can be obtained is
the narrow stripe between the WO3 precipitation line on the
right and the ZnO precipitation line on the left, as shown in
Figures 3b and 4b by solid lines for GGA-PBE and HSE06
functionals, respectively.
The depiction used to establish the diagrams makes it

possible to determine the oxygen environment conditions that
correlate with the points on the phase diagrams in Figures 3a,c
and 4a,c for the GGA-PBE HSE06 functional, respectively.
These functions are calculated from experimental data, taken
from ref 31, following the approach described earlier by eq
(A19). For a family of values for the temperature, the
dependencies of the oxygen chemical potential on various gas
pressures are shown in Figures 3a and 4a for GGA-PBE and
HSE06 functionals, respectively. Likewise, for several gas
pressures, the dependencies of the oxygen chemical potentials

Figure 4. (a) ΔμO as a function of oxygen gas pressure at various temperatures according to eq (A18). (b) Phase diagrams for the ZnWO4(100)
surface with different terminations (W2O4-Zn8W10O36, W2-Zn8W10O32, Zn2O6-Zn8W6O32, Zn2O4-Zn8W6O28, Zn2-Zn8W6O24, and W2O8-
Zn4W6O24) as functions of chemical potential ΔμO and ΔμZn variations, which were obtained using the HSE06 method. (c) ΔμO as a function of
temperature at various oxygen gas pressures according to eq (A18).

Table 1. Energies of Formation (Δgf) and Standard Gibbs
Energies of Formation (Δgf0) of Zn, W Oxides, and ZnWO4

a

compound experimental GGA-PBE HSE06

ZnWO4 −12.7828 −11.50 −10.25
ZnO −3.6229 −2.89 −2.75
WO3 −8.7830 −8.53 −9.28

−8.7429

WO2 −6.1129 −5.79 −5.79
aThese values of formation energies are calculated using GGA-PBE
and HSE06 functionals (unit: eV).

Figure 5. Surface Gibbs free energies as a function of ΔμZn at specific temperature and pressure for the ZnWO4(100) surface, which is obtained
using the GGA-PBE method. (a) at T = 300 K and pO2

= 1 atm; (b) at T = 1000 K and pO2
= 1 atm.
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on the different temperatures are shown in Figures 3c and 4c
for GGA-PBE and HSE06 functionals, respectively.
Using the GGA-PBE method (Figure 3), the vertical line on

the two sides of the diagram and the horizontal line on the
phase diagram are created under ambient temperature
conditions (300 K) and standard oxygen pressure (1 atm) to
determine the most stable surface region in the diagram. The
surface Gibbs free energy only is a function of ΔμZn because
the ΔμO value is −0.27 eV, which is a constant at T = 300 K
and pO2

= 1 atm. Correspondingly, the surface Gibbs free

energies as a function of ΔμZn at specific temperature and
pressure are constructed in Figure 5a. Similarly, the surface
Gibbs free energies as a function of ΔμZn are also plotted in
Figure 5b at 1000 K and 1 atm. Under this situation, the ΔμO
value is −1.12 eV.

The pure ZnWO4 surface can exist in the range of the
chemical potentials between WO3 and ZnO precipitation lines
in this figure, whereas outside these lines, the ZnWO4 crystal
decomposes into corresponding oxides. From Figure 5, one
can see that only the Zn2O4-Zn8W6O28-terminated surface can
be stable at ambient oxygen partial pressure p = 1 atm and T =
300 K. When T = 1000 K at the same pressure, the Zn2O4-
Zn8W6O28-terminated surface is the most stable. However, the
surface Gibbs free energy of Zn2-Zn8W6O24 is almost the same
as that of Zn2O4-Zn8W6O28. This means that under these
chemical conditions, the most stable terminations are Zn2O4-
Zn8W6O28 and Zn2-Zn8W6O24.
However, it is a well-known drawback that the GGA-PBE

functional strongly underestimates the band gap. Simulta-
neously, the higher levels of theory (such as HSE06) yield
excellent agreement with measured values. To obtain reliable

Figure 6. Surface Gibbs free energies as a function of ΔμZn at specific temperature and pressure for the ZnWO4(100) surface, which is obtained
using the HSE06 method. (a) at T = 300 K and pO2

= 1 atm; (b) at T = 1000 K and pO2
= 1 atm.

Figure 7. Band structures of (a) bulk ZnWO4, (b) Zn2-Zn8W6O24, (c) W2O4-Zn8W10O36, and (d) Zn2O4-Zn8W6O28, which were obtained from
HSE06 calculations. The Fermi level is set to zero and indicated by a horizontal red dotted-dashed line. (e−g) Partial charge density of the surface
states for the Zn2-Zn8W10O24, Zn2O4-Zn8W6O28, and W2O4-Zn8W10O36 terminations, respectively. The isosurface values are 0.017 e/Å3. The
labeling of the atoms is the same as in Figure 1.
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results, we constructed the surface Gibbs free energies as a
function of ΔμZn at specific temperature and pressure using the
HSE06 method, shown in Figure 6. Figure 6a indicates that at
ambient oxygen partial pressure p = 1 atm and T = 300 K, in
the range of the chemical potentials between WO3 and ZnO
precipitation lines, Zn2O4-Zn8W6O28 is the most stable
termination, which is the same as GGA-PBE results. However,
when T = 1000 K at the same pressure, in the range of the
chemical potentials between WO3 and ZnO precipitation lines,
the ordering of these surface terminations’ stability is changed,
as shown in Figure 6b. When ΔμZn is larger than −1.78 eV at
ΔμO = −0.97 eV, the W2O4-Zn8W10O36 termination is the
most stable, while at 300 K, the most stable termination is
Zn2O4-Zn8W6O28. This is because the surface Gibbs free
energy of the W2O4-Zn8W10O36 termination is smaller than
others. However, when ΔμZn is lower than −0.97 eV, the most
stable terminations shift to Zn2O4-Zn8W6O28 and Zn2-
Zn8W6O24. The reason is that the surface Gibbs free energies
of Zn2-Zn8W6O24 are almost the same as those of Zn2O4-
Zn8W6O28 and smaller than others. Therefore, in the following,
we will only focus on the electronic structures, optical
properties, work functions, and band edge positions of these
three possible stable terminations (Zn2O4-Zn8W6O28 W2O4-
Zn8W10O36, and Zn2-Zn8W6O24).
2.3. Electronic Structures. In the following sections, the

electronic structures, optical properties, work functions, and
band edge positions only use the HSE06 functional. This is
because the HSE06 functional is known to offer significantly
improved band gaps compared to GGA-PBE. The calculated
band structures, the density of states (DOS), the partial density
of states (PDOS), and the layer-resolved density of states
(LDOS) for the Zn2O4-Zn8W6O28 W2O4-Zn8W10O36, and Zn2-
Zn8W6O24 terminations are shown in Figure 7, Figure 8, and
Figure S1. These surface terminations are likely stable under
different chemical conditions for a specific range of Zn excess
chemical potentials and different temperatures. For a better
comparison, the band structures, DOS, and PDOS of bulk

ZnWO4 are also calculated. As shown in Figure 7a, the VBM
and CBM lie on the Gamma point, so bulk ZnWO4 is a direct
band gap semiconductor with a 3.77 eV band gap, which is in
excellent agreement with previous experimental results32,33 and
theoretical results.13

For the Zn2-Zn8W6O24 termination, as shown in Figure 7b,
many surface bands crossed the Fermi level, suggesting that the
metal terminations are n-type semiconductors to the surface
states. Similar behavior has been observed in the previous
reports.18,34 Moreover, regarding Zn2-Zn8W6O24 termination,
the surface states consist of 4s/3d orbitals of Zn atoms, 5d
orbitals of W atoms, and 2p orbitals of O atoms (Figure 8b),
originating from the three top and the three bottom layers
(Figure S1a). A more accurate investigation of the electronic
properties may be carried out with a study of charge density for
this occupied surface state. Thus, we have plotted the partial
charge density in the energy range between 1.0 and −1.50 eV,
which are shown in Figure 7e. The result shows that the wave
function is localized, only around the O and Zn atoms at the
top and bottom two layers.
As shown in Figure 7c, the W2O4-Zn8W10O36 termination is

an indirect band gap semiconductor with a band gap of 4.33
eV. There is an occupied surface state in the band gap at −0.10
to −0.50 eV below the Fermi energy. This occupied surface
state is primarily dominated by strong hybridization between
O 2p and W 5d states (Figure 8c). Moreover, we have plotted
the partial charge density in the energy range between −0.10
and −0.50 eV below the Fermi level, which are shown in
Figure 7g. As shown in Figure 7g, the partial charge density
distributes around the O and W atoms, indicating a delocalized
feature, implying that this occupied surface state is a fat band.
This is because fat bands have delocalized wave functions,
whereas deep levels have localized ones.35 The most important
aspect of the fat bands’ existence can be an electron transition
bridge between VB and CB. This fat band contributes to
visible-light absorption by a two-step optical transition, with
the first transition from the VB to the fat band and the second

Figure 8. TDOS and PDOS of the (a) bulk ZnWO4, (b) Zn2-Zn8W6O24, (c) W2O4-Zn8W10O36, and (d) Zn2O4-Zn8W6O28, which are obtained
from HSE06 calculations. The Fermi level is set to zero and indicated by a perpendicular red dotted-dashed line.
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from the fat band to the CB. As shown in Figure S1b, this fat
band is derived from the four top layers (O-Zn-O-W), three
bottom layers (O-Zn-O), and inner O layers, unlike other
surface terminations.
In the Zn2O4-Zn8W6O28 termination, there are two occupied

surface states in the gap region at −0.10 to −1.0 eV below the
Fermi energy (Figure 7d), which are mainly composed of O 2p
orbitals (Figure 8d), located at the first and last surface layer
(Figure S1c). The Zn2O4-Zn8W6O28 termination band gap is
4.33 eV, which is the same as that of W2O4-Zn8W10O36
termination. As shown in Figure 7f, the partial charge density
in the energy range between −0.10 and −1.0 eV below the
Fermi level has been plotted to further study these occupied
surface states. The result shows that the wave function is
localized, only around the O atom at the top and bottom
layers. It is suggested that these two occupied surface states are
the deep level feature. This occupied deep level can easily trap
photogenerated carriers, implying that it might be acting as the
recombination center for photoinduced e− and h+ during
photocatalysis.36 A similar behavior is also observed in
previous studies.34,37 Accordingly, as discussed previously,
the surface-induced localized gap states for the Zn2O4-
Zn8W6O28 termination are disadvantageous to the photo-
catalytic performance. This is because the deep defect level is
the recombination center.
2.4. Optical Properties. In general, photocatalytic semi-

conductor material’s optical absorption properties are closely
related to its electronic band structure. It is a significant factor
affecting photocatalytic activity.38 The frequency-dependent
absorption coefficients39−41 of the W2O4-Zn8W10O36 and
Zn2O4-Zn8W6O28 terminations can be obtained from the
frequency-dependent complex dielectric function

i( ) ( ) ( )1 2ε ω ε ω ε ω= + (3)

where ε1(ω) and ε2(ω) are the real and imaginary parts of the
dielectric function, respectively, and ω is the phonon energy.
The imaginary part ε2(ω) of the dielectric function ε(ω) is
calculated using the standard formulation39
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where V is the cell volume, ℏω is the energy of the incident
photon, p is the momentum operator, |nk> denotes the
electronic state k in band n, and f nk is the Fermi occupation
function. The real part ε1(ω) is related to ε2(ω) by the
Kramer−Krönig transformation. The absorption coefficient
α(ω) can be derived from ε1(ω) and ε2(ω) as follows:
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These frequency-dependent absorption coefficients along the
[010] direction between 1.25 and 4.5 eV are shown in Figure 9
using the HSE06 method, with the incident AM1.5G solar
spectrum shown for comparison. Furthermore, that of bulk
ZnWO4 is also calculated. It is seen from Figure 9 that the
optical absorption coefficients of the W2O4-Zn8W6O28
termination exhibit one main peak at 1.93 eV due to the
interband transition between O 2p valence bands and W 3d
surface state bands. This main peak has the largest optical
absorption than others (the W2O4-Zn8W6O28 termination and

bulk ZnWO4). These results are also in good agreement with
the aforementioned electronic properties. However, when the
energy is bigger than 2.24 eV, the optical absorption coefficient
of the Zn2O4-Zn8W10O36 termination is remarkably higher
than those of the W2O4-Zn8W6O28 termination and bulk
ZnWO4. This result further shows that the Zn2O4-Zn8W10O3
termination construction is highly remarkable to improve the
optical absorption range and the intensity of ZnWO4 in the
visible-light region. However, as shown in our previous electric
structure analysis, the Zn2O4-Zn8W10O32 termination’s surface
states are deep energy levels, which may act as recombination
centers of photoinduced electrons and holes, leading to the
decrease in photocatalytic activity.

2.5. Band Edge Positions. In general, the conduction
band (CB) and valence band (VB) edge positions of a
semiconductor play a vital role in the photocatalysis process.
The Mulliken electronegativity theory42 can predict the CB
and VB positions of ZnWO4, Zn2O4-Zn8W6O28, and W2O4-
Zn8W10O36 terminations: ECB = χ − Ec − 0.5Eg (or EVB = χ −
Ec + 0.5Eg), where ECB (EVB) is the conduction (valence) band
position, χ is the absolute electronegativity of bulk ZnWO4,
Zn2O4-Zn8W6O28, and W2O4-Zn8W10O36 terminations, Ec is
the energy of the free electron in the hydrogen scale
(approximately 4.5 eV),43 and Eg is the band gap energy of
the ZnWO4, Zn2O4-Zn8W6O28, and W2O4-Zn8W10O36 termi-
nations. The band position and photoelectric thresholds for
several compounds have been calculated.44−47

As regards the Mulliken electronegativity (χ) of compound
AaBbCc, it can be calculated according to the following
equation:48,49 χ(AaBbCc) = (χ(A)a(B)b(C)c)1/(a + b + c), where
χ(A), χ(B), and χ(C) are the absolute electronegativity of the
A atoms, B atoms, and C atoms, respectively; a, b, and c are the
number of A atoms, B atoms, and C atoms in an AaBbCc
compound. Based on the Mulliken definition, per atom’s
absolute electronegativity is equal to the arithmetic mean of
the atomic electron affinity (A) and the first ionization energy
(I).48 From these data, we obtained the Mulliken electro-
negativities of Zn, W, and O, which are 4.45, 4.40, and 7.54,
respectively.50,51 The χ value for ZnWO4 is 6.31 eV. Therefore,
the ECB value of ZnWO4 is calculated to be −0.07 eV, and the
EVB value was estimated to be +3.70 eV, which agreed well
with the previous calculation.52

The band edge positions for the bulk ZnWO4, Zn2O4-
Zn8W6O28, and W2O4-Zn8W10O36 terminations are presented

Figure 9. The calculated optical absorption coefficient spectra of the
bulk ZnWO4, W2O4-Zn8W10O36, and Zn2O4-Zn8W6O28 termination
using the HSE06 method overlap the incident AM1.5G solar flux.
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in Figure 10. The CBM of the Zn2O4-Zn8W6O28 termination is
raised by 0.279 eV. Moreover, that of the VBM is lowered by

0.281 eV relative to that of the bulk ZnWO4. This is because
the band gap is increased to 4.33 eV. This result indicated that
the oxidizing capacity of VB and the reducing capacity of CB
are all increased. Additionally, these two occupied surface
states are introduced in the band gap. They acted as
recombination centers for photogenerated electrons and
holes, leading to negligible photocatalytic activity. Regarding
the W2O4-Zn8W10O36 termination, the CBM is raised by 0.282
eV, and the VBM is lowered by 0.278 eV relative to that of the
bulk ZnWO4. These results are similar to the Zn2O4-Zn8W6O28
termination. These results suggested that the oxidizing capacity
of VB and the reducing capacity of CB will significantly
increase. The CBM band edge position of W2O4-Zn8W10O36
termination is −0.354 eV, favorable for H2 evolution as the
CBM edge is located above the water reduction level (H+/H2).
Furthermore, the VBM position of W2O4-Zn8W10O36 termi-
nation is 3.97 eV, which shows a strong potential for O2
generation from water oxidation because of the higher VBM
edge concerning the water oxidation level (H2O/O2). More
importantly, one occupied surface state is introduced in the
band gap, enhancing the visible-light absorption capacity of
ZnWO4(100) (Figure 9). This demonstrated that both
reduction and oxidation reactions for the evolution of H2
and O2 by water splitting are thermodynamically feasible for
the W2O4-Zn8W10O36 termination.

2.6. Work Functions. The minimum energy required to
remove one electron from the Fermi level to the vacuum level
is defined as the work function.53 A different work function
strongly influences the carrier transfer process, thus resulting in
different photocatalytic performances. This paper calculates
three possible surface terminations’ work functions, as shown
in Figure 11. The calculated work function of each surface
termination follows the sequence of Zn2-Zn8W6O24 (4.76 eV)
< Zn2O4-Zn8W6O28 (6.49 eV) < W2O4-Zn8W10O36 (7.71 eV).
We find that the work functions of surface terminations with O
atom surface layers are more extensive than those of Zn atom
(Zn2-Zn8W6O24). It can be understood that the electrons of
nonmetal surface terminations are located at the O monolayer,
leading to a huge alternating electrostatic potential. The
removal of electrons from their surface becomes difficult.
However, the metal surface terminations have a lower
alternating electrostatic potential due to weak interaction
between the valence electron and core shells. The valence
electron interaction between the W and O atoms is more
strongly localized than that between the Zn and O atoms,
leading to the work function of the W2O4-Zn8W10O36
termination being larger than that of Zn2-Zn8W6O24
termination. More importantly, our results indicate that various
surface terminations produce remarkably distinct work
functions. It is experimentally found that the direct Z-scheme
photocatalysts of ZnWO4-based heterostructures have been
developed.54−56 It is worth noting that a work function
difference between two semiconductor photocatalysts is the
prerequisite for inducing charge redistribution and forming the
internal electric field, which significantly affects the photo-
generated charge carrier separation and transfer process.57,58

Therefore, we reasoned that the ZnWO4-based direct Z-
scheme heterostructure could be controlled by obtaining the
thermodynamically preferred surface termination under certain
conditions.

3. CONCLUSIONS

In this paper, thermodynamic stabilities of the possible
ZnWO4(100) surface terminations are examined by the
GGA-PBE and HSE06 functionals combined with the
thermodynamics approach. Surface Gibbs free energies
construct the surface phase diagrams. It is obtained from a
function of temperature and oxygen partial pressure. Our
results suggested that the surface phase diagrams of
ZnWO4(100) correlate with the functional selected. The

Figure 10. Calculated band gaps and band edge positions of bulk
ZnWO4, W2O4-Zn8W10O36, and Zn2O4-Zn8W6O28. They are obtained
from HSE06 calculations. The VBM and CBM values are given
concerning the standard redox positions for water splitting.

Figure 11. Electrostatic potential energy profile of (a) Zn2-Zn8W6O24, (b) W2O4-Zn8W10O36, and (c) Zn2O4-Zn8W6O28, which are obtained from
the HSE06 method. The Fermi level is set to zero and indicated by a horizontal blue dotted-dashed line, and the energy is given in eV. The
horizontal red dotted-dashed line corresponds to the vacuum energy.
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HSE06 results are more reliable than that of GGA-PBE. This is
because the HSE06 hybrid functional can describe the band
gap of ZnWO4 very well. By using the HSE06 hybrid
functional, it is found that the Zn2O4-Zn8W6O28, W2O4-
Zn8W10O36, and Zn2-Zn8W6O24 terminations of ZnWO4(100)
can be stabilized under certain thermodynamic equilibrium
conditions. It is shown that the thermodynamically preferred
Zn2O4-Zn8W6O28 surface termination is most stable at 300 K
and 1 atm oxygen partial pressure under the range from Zn-
poor to Zn-rich conditions. However, when the temperature
rises to 1000 K and the oxygen partial pressure does not
change, the W2O4-Zn8W10O36 surface termination is most
stable under Zn-poor conditions. At the same time, Zn2O4-
Zn8W6O28 and Zn2-Zn8W6O24 are most stable under Zn-rich
conditions. Based on the HSE06 hybrid functional, electronic
structures, optical properties, and band edge positions are
investigated. The electronic structures obtained from HSE06
calculations show a fat band of the surface states in the W2O4-
Zn8W10O36 termination, which shows a delocalized feature.
This fat band acts as an electron transition bridge between VB
and CB, and it contributes to visible-light absorption by two-
step optical transition with the first transition from VB to the
fat band and the second from the fat band to CB. Therefore,
the calculated absorption coefficients of the W2O4-Zn8W10O36
termination exhibit stronger absorption than bulk ZnWO4 in
the visible-light region. The band edge calculations show that
the VBM and CBM of the W2O4-Zn8W10O36 termination can
satisfy the requirements of hydrogen evolution reaction and
oxygen evolution reaction at the same time. The work
functions are remarkably distinct for various surface termi-
nations. This result suggested that the ZnWO4-based direct Z-
scheme heterostructure can be controlled by obtaining the
thermodynamically preferred surface termination under
suitable conditions. Our results can predict ZnWO4(100)
surface structures and properties under the entire range of
accessible environmental conditions. Our results will help us
know the ZnWO4(100) terminations’ stability under the
thermodynamic equilibrium growth conditions and better
understand their surfaces’ intrinsic properties. They can
provide theoretical support for future experimental studies of
ZnWO4-based photocatalysts.

4. COMPUTATIONAL METHODS
4.1. Computational Methods. All of the calculations are

carried out under periodic boundary conditions using the
Vienna Ab initio Simulation Package (VASP)59,60 with the
plane-wave projector-augmented wave (PAW) method.61 For
geometry optimizations, we used GGA-PBE for the exchange−
correlation functional.62 It is known that DFT at the GGA-
PBE level usually underestimates the band gap of semi-
conductors and insulators compared to experiments.63 There-
fore, in this study, using the HSE0664,65 functional, we
calculated the electronic structures, optical properties, and
band edge positions. The screening parameter is set to 0.2 Å‑1,
and a small mixing parameter α (α = 0.19) for the short-range
Hartree−Fock exchange instead used a value of 0.25. Using
these parameters (i.e., ω = 0.2 Å−1 and α = 0.19), the
calculated band gaps of bulk ZnWO4 is 3.77 eV, which
compared well with the experimental band gap 3.75 eV32,33

and a previous theory.13 The valence electron configurations of
the PAW potentials are treated as 5d46s2 for W, 3d104s2 for Zn,
and 2s22p4 for O. A kinetic energy cutoff of 500 eV is evaluated
to be sufficient for plane-wave expansion to achieve effective

convergence. Electronic self-consistent interaction convergence
is considered sufficient for a total energy difference of less than
10−5 eV, and the forces on each ion converged to be less than
0.01 eV−1/Å. A 20 Å-thick vacuum is added to avoid the top
and bottom atoms’ interactions in the periodic slab images.
Monkhorst−Pack66 k-point meshes in the Brillouin zone are
used in the optimization of bulk ZnWO4 (5 × 4 × 5) and
surface structures (4 × 5 × 1). All the atom positions are
allowed to relax. All figures are visualized by using VESTA
software.67

4.2. Thermodynamic Stability Calculation. For deter-
mining which terminations of ZnWO4(100) surfaces are the
most stable ones at a given temperature and oxygen partial
pressure and finding the structure with the lowest internal
energy, stability concerning exchange with atoms between the
bulk of the crystal, its surface, and the gas phase is included.
This requires the calculation of the surface Gibbs free energy
Ωi of the various surface terminations.68 Details of the Ωi
calculations are summarized in ref18 and the Supporting
Information. The variation of oxygen atom chemical potential
ΔμO with temperature and oxygen pressure pO2

can be taken
from experimental data31 (for details, see ref 18 and the
Supporting Information).
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