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We present the results of the generalized-gradient approximation of Perdew, Burke and Ernzerhof (GGA-
PBE) and the Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional calculations of the atomic and the
electronic structures of ZnWO, (010) surfaces. The total energies obtained from these calculations are
used to analyze the thermodynamic stability of the surfaces. The surface phase diagrams are constructed
by surface Gibbs free energies obtained as a function of temperature and oxygen partial pressure. Our
results suggested that the stable area of the surface terminations of ZnWO, (010) has little correlation
with the functional selected. The stability phase diagram shows that O-Zn, DL-W, and DL-Zn
terminations of ZnWO, (010) can be stabilized under certain thermodynamic equilibrium conditions.
Based on the HSEO6 hybrid functional, we calculate the electronic structures for three possible stability
surface terminations. It is found that there is a fat band of the surface states in DL-W termination, which
shows a delocalized feature. This fat band acts as an electron transition bridge between the valence
band (VB) and conduction band (CB). It contributes to visible-light absorption by two-step optical
transition with the first transition from the VB to the fat band and the second from the fat band to the
CB. Significantly, the conduction band minimum (CBM) band edge position of DL-W termination is

favourable for H, evolution as the CBM edge is located above the water reduction level (H*/H,).
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1 Introduction

Zinc tungstate (ZnWO,) is a type of tungstate semiconductor
material with unique optical and chemical properties, for
example, a high average refractive index, high X-ray absorption
coefficient, high light yield, short decay time, and low afterglow
to luminescence."” It can be used in photocatalysis, lumines-
cent devices, microwave communications, laser-active hosts,
phase-change optical recording media, humidity sensors,
scintillation detectors, Li-ion batteries, and tomography
systems.>™ As a critical photocatalyst, monoclinic wolframite
structured ZnWO, has two coordination structures of [ZnOg]
and [WOg]. This unique layered structure is beneficial for the
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a helpful strategy for experimental studies of ZnWO4-based photocatalysts in the future.

separation of electron-hole pairs.**'* Under ultraviolet (UV)
light irradiation, ZnWO, has been applied for photocatalytic
hydrogen production from water and organic pollutant degra-
dation.>'®*>'® For understanding and predicting the photo-
catalytic activity of ZnWO,, knowledge of the atomic structure
and properties of surfaces is essential."”**

The (010) surface of ZnWO, has received extensive attention
over the past few years because of its suitable cleavage property.
Theoretically, Opoku et al. find that the surface energy of the
(010) surface is smaller than that of the (100) and (001) surfaces,
indicating that the (010) surface is more stable than the (100)
and (001) surfaces.' Therefore, for ZnWO, crystal, the most
preferably exposed surface is the (010) slab. Experimentally,
high-quality ZnWO, crystals of 80-100 mm diameter and 220-
240 mm length with a mass of up to 8 kg are successfully grown
by direct crystallization in the [010] direction.>** The XPS
measurements reveal that tungsten and zinc atoms are formal
valences +6 and +2, respectively.”® Using density functional
theory (DFT) calculations, Sun et al. calculated the electronic
properties of mono N- and F-doped and (N, F)-codoped ZnWO,
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(010) surfaces. They find that N,4Fs (N adsorptive and F doping
on O site) codoping is a promising way for improving the visible-
light photoactivity of ZnWO, (010) surface.”* As semiconductor
photocatalytic heterostructure coupling, various ZnWO0,(010)-
based heterostructure photocatalysts have been reported,
including g-C3N,/ZnWO0,(010),* ZnWO0,(010)/BiOI(001),>* and
BiNbO,/ZnWO0,(010).* These heterostructures can effectively
promote the charge transfer process and improve visible-light
catalytic activity. In this context, knowledge of ZnwWO, (010)
surface properties would be helpful.

The termination is an important consideration when deter-
mining the relative stability of the ZnwWO, (010) surface.
Therefore, the ZnWO, (010) surface properties with different
terminations are theoretically and experimentally studied.
Theoretically, Pereira et al. find that the ZnWO, (010) surface is
ZnO-terminated using the DFT method.”® Sun et al. performed
an ab initio study of the electronic structure of ZnWO, (010)
surface with ZnO-termination using the spin-polarized gener-
alized gradient approximation (GGA), using the Perdew, Burke,
and Ernzerhof (PBE) for exchange-correlation functional (GGA-
PBE). The -calculated results indicated that this ZnO-
termination surface bandgap is broader than that of pure
ZnWO, bulk.>*> However, all the aforementioned theoretical
investigations examined the ZnWO, (010) surface obtained by
simply cleaving the crystal (010) planes. Experimentally, based
on high-resolution X-ray reflectivity measurements, WO-
termination is found by Atuchin et al?** However, previous
studies did not analyze the ZnWO, (010) surface's relative
stability with different termination under certain environ-
mental conditions. Thus, it is necessary to examine the surface
properties of different terminations for ZnWO, (010) under
different chemical potentials at finite temperature and pressure
to design new ZnwO, (010) related materials with excellent
photocatalytic activity.

The density functional calculations allowed us to estimate
the surface Gibbs free energy and compare the stability of
possible surface terminations for the ZnWO, (010) surface as
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a function of the chemical environment. Using GGA-PBE and
Heyd-Scuseria-Ernzerhof (HSE06) functionals, we calculated
the thermodynamic stability and atomic and electronic struc-
tures of possible surface terminations for the ZnwO, (010)
surface. These studies are complemented by thermodynamic
analysis of the surface stability at different gas pressures and
temperatures. Our calculated results show that O-Zn, DL-W, and
DL-Zn terminations of ZnWO, (010) surface can be stabilized
under certain thermodynamic equilibrium conditions.
Furthermore, the electronic structures for three possible
stability surface terminations based on HSE06 functional are
calculated. We found a fat band of the surface states in DL-W
termination, which could contribute to visible-light absorp-
tion. Therefore, an enhanced optical absorption in the visible-
light region is predicted in the DL-W termination. Signifi-
cantly, the and conduction band minimum (CBM) band edge
position of DL-W termination is favourable for H, evolution as
the CBM edge is above the water reduction level (H'/H,).
Simultaneously, DL-W termination's valence band maximum
(VBM) potential shows a strong potential for O, generation from
water oxidation because of the higher VBM edge with respect to
the water oxidation level (H,0/O,). The results enable the
prediction of ZnwWO, (010) surface structures and properties
under the entire range of accessible environmental conditions.

2 Methodology
2.1 Surface structure model

There are two different oxygen sites, one metal-Zn site and one
metal-W site in ZnWO,. Along the (010) direction in the crystal
structure of ZnWOQ,, the atomic stacking sequence is —O(R-O-
W)-20(0-W)-W(SL-W)-Zn(DL-Zn)-30(R-0-Zn)-40(0-Zn)-

2Zn(SL-Zn)-2W(DL-W)-O(R-O-W)-.  Correspondingly, crystal
planes with (010) orientation can have eight different surface
terminations (Fig. 1). To classify the possible terminations, we
introduce the surface nomenclature as follows: (i) if the termi-
nation is stoichiometric termination and first layer with O, and

*R-O-W
/ JO-W

"/ ¥SL-W

~ »DL-Zn
“*R-O-Zn
" *0-Zn
\ *SL-Zn
“DL-W

Fig. 1 Various possible surface termination structures of ZnWO, (010) before geometry optimization. (a) O-W term., (b) SL-W term., (c) DL-Zn
term., (d) R-O-Zn term., (e) O-Zn term., (f) SL-Zn term., (g) DL-W term., (h) R-O-W term. The red, black and gray balls represent O, W, and Zn

atoms, respectively.
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the subsurface layer with W, we denoted as O-W termination
(Fig. 1(a)). (ii) A surface termination first and second layers
with W and Zn, respectively, is denoted by SL-W termination
(Fig. 1(b)). (iii) A surface termination first, subsurface, third,
and fourth layer with Zn, O, O, and Zn, respectively, is denoted
by DL-Zn termination (Fig. 1(c)). (iv) R-O-Zn indicates a surface
termination first and second layers with O, the third layer with
Zn, and the fourth layer with W termination (Fig. 1(d)). (v) A
stoichiometric surface termination first layer with O and the
subsurface layer with Zn is denoted as O-Zn termination
(Fig. 1(e)). (vi) A surface termination first layer with Zn and
a second layer with W is denoted by SL-Zn termination
(Fig. 1(f)). (vii) A surface termination first, subsurface, third, and
fourth layer with W, O, O, and W, respectively, is denoted by DL-
W termination (Fig. 1(g)). (viii) A surface termination first and
second layers with O and the third layer with W is denoted as R-
O-W termination (Fig. 1(h)). The symmetric models concerning
the slabs’ central layer deal with polar surfaces’ polarity issues.>®

After geometry optimization, eight possible surface termination
structures of ZnWO, (010) are shown in Fig. 2. Comparing Fig. 1
and 2, we find that the surface reconstruction of the SL-W, R-O-Zn,
SL-Zn, and R-O-W terminations (Fig. 2(b), (d), (f) and (h)) are more
evident than that of the O-W, DL-Zn, O-Zn, and DL-W terminations
(Fig. 2(a), (c), (e) and (g)). Especially for the O-W and O-Zn termi-
nations (Fig. 2(a) (e)), which are stoichiometric surface termina-
tion, there is almost no reconstruction of these surface
terminations before and after geometry optimization. Therefore, it
is suggested that the O-W and O-Zn terminations’ electronic
structure is similar to that of the bulk ZnWO,, and no apparent
surface state is observed, which is discussed in Section 3.

We examined the surface energy to analyze the stoichio-
metric surface termination's stability (O-W and O-Zn termina-
tions). It is defined as follows: Esys = {E(siab) — NE(buin)}/24,
where E(g,1) and Eg,ui represent the total energies of the slab
and bulk models, respectively. Additionally, n is the number of
unit cells used to make the slab model, and A represents the
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surface area. Our calculated results showed that O-W and O-Zn
terminations’ surface energies are 0.050 and 0.025 eV A2,
respectively, indicating that the O-Zn termination is more stable
than the O-W termination. Therefore, we only consider the case
of O-Zn termination in the following sections.

2.2 Computational details

All DFT calculations are performed using the plane-wave
projector-augmented wave (PAW) method* as implemented in
the Vienna Ab initio Simulation Package (VASP).***® We used the
GGA-PBE* for geometry optimizations. It is known that the
GGA-PBE usually suffers from bandgap underestimation.** The
HSEO06 (ref. 32 and 33) functional can provide more accurate
bandgaps than the GGA methods because of its partial incor-
poration of exact exchange. Therefore, in this study, using the
HSEO06 functional, we calculated the electronic structures and
band edge positions. The screening parameter is set to 0.2 A™*
for the HSE06 hybrid functional. We tested the bandgap of bulk
ZnWO, by adjusting the Hartree-Fock mixing parameter («)
from 0.15 to 0.25, as shown in Fig. 3. It was found that when « =
0.19, the calculated bandgap is 3.77 eV for bulk ZnWO,, near to
the experimental band gap of 3.75 eV.'>** The valence electron
configurations of the PAW potentials are treated as 5d*6s> for W,
3d"°4s” for Zn, and 2s°2p” for O. A kinetic-energy cutoff of 500 eV is
evaluated to be sufficient for plane-wave expansion to achieve good
convergence. Electronic self-consistent interaction convergence is
considered sufficient for a total energy difference of less than
107> eV, and the forces on each ion converged to be less than
0.01 eV A", A 15 A thick vacuum is added to avoid the top and
bottom atoms' interactions in the periodic slab images. Mon-
khorst-Pack k-point meshes in the Brillouin zone are used in the
optimization of bulk ZnWO, (5 x 4 x 5) and surface structures (5
x 5 X 1). All the atom positions are allowed to relax. Furthermore,
the pre- and post-processing of the calculation results is completed
using VASPKIT software.* All figures are visualized by using VESTA
software.*® For the bulk ZnWO, structure, we used the monoclinic

Fig. 2 Various possible surface termination structures of ZnWQO, (010) after geometry optimization. (a) O-W term., (b) SL-W term., (c) DL-Zn
term., (d) R-O-Zn term., (e) O-Zn term., (f) SL-Znterm., (g) DL-W term., (h) R-O-W term. T represents O-W, DL-Zn, O-Zn, and DL-W terminations
are thermodynamically stable. F represents SL-W, R-O-Zn, SL-Zn, and R-O-W terminations are thermodynamically unstable. The red, black and

gray balls represent O, W, and Zn atoms, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Band structure of bulk ZnWO, calculated using HSEO6 method with different Hartree—Fock mixing parameters («), (@) a = 0.15, (b) a« =
0.19, and (c) @ = 0.25. (d) The bandgap as a function of Hartree—Fock mixing parameters (a).

(space group 13, P2/c) structure and experimental lattice
constants®” of a = 4.6829 A, b = 5.7085 A, c = 4.922 A, o« = 90°, 8 =
90.543°, v = 90° for its conventional cell.

2.3 Thermodynamic stability

The surface Gibbs free energy is used to determine a surface's
stability as a function of environmental conditions.*® The
surface Gibbs free energy Q(ZnwO,) is defined as.***'

1
Q(ZnWO,) = 3 [Gszlf‘{’vm — Nznflz, — Nwly — noﬂo} 1)

Here, G5, is the total Gibbs free energy of the slab. The u; (i =
Zn, W, O) is the chemical potential of Zn, W, and O. The nz,, ny,
and no are numbers of Zn, W, and O atoms. The factor 1/2
represents that the surface slab has two surface sides per slab.

Under thermal equilibrium growth conditions, the chemical
potential uznwo, is equal to the bulk crystal Gibbs free energy
and is written as a sum of three terms representing each species'
chemical potential within the crystal.***°

__bulk
= 8zawo,

(2)

Hznwo, = Mzn + Hw + duo

The entropy's contributions and the pressure-volume work to
their respective Gibbs free energy can be safely ignored.**** We will
also ignore the vibration in our DFT calculation because its contri-
butions can easily be disregarded.**** Therefore, the Gibbs free
energies are considered as total energies of orthorhombic ZnWO,
per formula, which can be obtained from our DFT calculation:

bulk bulk
gziwm = Ezzwo4 3)
We assume
Dpzy = (ze — Epn"), Auy = (uw — Ey™) and Aug
1
= ko — 5ko, (4)
Here, E5Y%, EBYK and Eo, are the total energies per atom for

trigonal Zn (space group P6;/mmc), cubic W (space group Im3m),
and O, molecules by DFT calculations, respectively.

23480 | RSC Adv, 2021, N, 23477-23490

We take Auz, and Aug as independent variables. When v
was replaced by uz, and ue via eqn (2)-(4), eqn (1) can be written
as

1
_ slab bulk bulk
Qzawo, = 2 [Eano4 - ”WEan04] — 5 (nzo — nw)Ey,

2
1 E 1
) (no — 4nw)% 5 (nzn — nw) Bz,
1
) (no — 4nw)Auo (5)
where E5i3, is total energy of ZnWoj slab.
We assume
1 1
I'yzn = 2 (nzn — nw), I'wo = > (no — 4nw) and
i 1o g bulk
¢ = 2 [E;§w04 - nszEwoJ
1 bulk 1 Eo
—=(nzn — nw)Ey < — = (no — 4n 2
) ( Zn W) W 2 ( o W) )
1 Eo
=3 [E;r?\l))vm - ”WElzjﬁgs(/oJ - FW,ZnE\lzylk —Two 72
Finally, we can rewrite eqn (5) as
Qzawo, = ¢ — I'w zaBtizn — T'w.oAro (6)

The GGA-PBE and HSE06 results of ¢' are calculated and
listed in Table 1. We find that the results of GGA-PEB and
HSEO06 are not much different.

Table 1 Numbers of O and Zn atoms with respect to W atom in the
simulated slabs and the free energy of formation for various surfaces
using GGA-PBE and HSEO6 method

Surface i T'wzn Two ¢ eVA™% GGA-PBE ¢ evA 2 HSE06
O-W term 0 0 0.046 0.050

SL-W term 0 -2 0.451 0.429

DL-Zn term 1 2 —0.022 —0.004

R-O-Zn term 0 2 — —

O-Zn term 0 0 0.023 0.025

SL-Zn term 0 -2 0.419 0.402

DLW term  —1 -2 0.371 0.358

R-O-W term 0 2 0.119 0.173

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To determine the stable region of ZnWO,, the boundary that
prevents metal Zn and W from being precipitated should be
given. Moreover, oxygen atoms should be limited to form
oxygen molecules. Therefore, the deviation in the Zn and W
chemical potentials can be used to provide a limit as follows:

Apz, =0, Apuw =0 (7)
The chemical potential of O atoms by its deviation from the

N
2

energy of an oxygen atom in a free, isolated O, molecule (

Auo =0 (8)

The inequalities (7) and (8) define the W, Zn, and O chemical
potentials’ upper boundaries. By combining eqn (2) and
inequalities (7) and (8), the lower boundary can derive the
following:

Auzn + 48po = Ag(ZnWOy) )

where Agr (ZnWO,) is the formation Gibbs free energy of ZnwoO,

Agi(ZnWO,) = Egg‘\‘;m — EpMk — gk 3, (10)

The additional boundary conditions have to be satisfied to
prevent the precipitations of zinc and tungsten oxides,

Auw + 2Ap0 = Ag{WO,), Auw + 3Auo = Ag{WOs3), Auz, +
Ao = AgdZnO) (11)

Here, the Ag{WO,), AgfWOj3), and Ag{ZnO) are Gibbs free
energy of formation in the bulk states. From eqn (2) and inequality
(11), the boundary conditions can be transformed into

AgZnO) = Apzy + Auo = Ag(ZnWO,) — Ag(WO;)  (12)
where
1
Agi(ZnO) = Egus — Ep* — FEo, (13)
1
Ag(WOs3) = Eqg — Eq'™ — EEOZ (14)
Mg (WO,) = Eqey — EX'™ — Eo, (15)
bulk

Here, Ezno, Ejor, and EQG¢ are total energies of ZnO, WO;, and
WO, in the bulk states, respectively. All the above Gibbs free
energy of formation and total energies for oxides are obtained
from DFT calculations with GGA-PBE and HSEO06 functionals.
The oxygen atoms in ZnWO, are considered in equilibrium with
oxygen gas in the atmosphere over the crystal surface, leading to
equality of oxygen chemical potentials in a crystal and the atmosphere

1

Ko = ko, (16)

Oxygen chemical potentials are difficult to access in experi-
mental and industrial conditions. The oxygen gas can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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considered as an ideal gas. Based on the ideal gas model,

oxygen chemical potentials can be expressed as*****
4

po,(T,p) = tio,(T,p") + kT ln(p) (17)

k is the Boltzmann constant, and p, is the reference pressure

taken as the standard pressure (1 atm). Using eqn (4), we can
write the deviation of oxygen chemical potentials as

1
Apo(T,p) = uo(T,p) — >Eo,

(18)
To avoid cumbersome and complicated calculations, we
write the deviation of the oxygen chemical

Auo(T,p) = %{AG(T,])) + kT 1n(%)} +oud  (19)

Here, AG(T,p) is the temperature-dependent variation of
Gibbs free energy of oxygen when at standard pressure po,
available from thermodynamic Tables.**"** The last term is

1 bulk bulk 1 gas
6M00 = ; <E1Vil\0y - XENF - AI{?‘M\.O)‘) - EEOZ + TOSéZ (TUJ?O)

(20)

where M0, and M represent ZnO, WOj3, Zn, and W in bulk,
respectively. Their formation enthalpy AHRM,oy and standard
oxygen entropy T°S§" (T°,p°) are taken from thermodynamics
data.* The correction dud in eqn (19) is used to match the DFT
calculation and experimental variation of O,, which is given in
ESIt of ref. 26. This is because we take the total energy of O, at
0 K as the reference state. In line with previous studies,**** the
correction dud was estimated from all the considered oxides
and metals, which are —0.146 and 0.420 eV for WO; and ZnO
using the HSE06 method, respectively. The average value of
—0.293 eV is used.

3 Result and discussion
3.1 Stability of various surface terminations

As previously demonstrated,*»***” the surface Gibbs free ener-
gies determine the stability of the different surface terminations
as a function of the environmental conditions, such as O partial
pressure, temperature, etc. In this paper, we compute the
surface Gibbs free energy (eqn (5)) of various terminations (SL-
W, R-O-Zn, SL-Zn, R-O-W, O-W, DL-Zn, O-Zn, and DL-W termi-
nations, Fig. 1), as a function of the excess chemical potentials
Auo and Augy,. The surface Gibbs free energy should be positive.
This is because if surface Gibbs free energy becomes negative,
the surface formation will lead to an energy gain, and the crystal
will be destroyed.* For The HSE06 results, as shown in Fig. 4(b),
the black direction indicated by the arrow on each line has
positive Gibbs free energy, implying that these terminations are
stable and exposed ZnWO, surface under given chemical
conditions.

In addition, the most stable surface termination for any
considered Auo and Auz, has the smallest surface Gibbs free

RSC Adv, 2021, N, 23477-23490 | 23481
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(a) The Auo as a function of oxygen gas pressure at various temperatures according to egn (18), (b) the phase diagrams for ZnWO, (010)

surface with different terminations (DL-W term., O-Zn-W term., DL-Zn term.) as functions of chemical potential variations for Zn and oxygen
atoms, (c) the Aup as a function of temperature at various oxygen gas pressures according to eqn (18). All total energies are obtained using the

HSEQ6 method.
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Fig. 5

(a) The Aup as a function of oxygen gas pressure at a various temperature according to egn (18), (b) the phase diagrams for ZnWQO, (010)

surface with different terminations (DL-W term., O-Zn-W term., DL-Zn term.), as functions of chemical potential variations for bismuth and
oxygen atoms, (c) the Aug as a function of temperature at various oxygen gas pressures according to egn (18). All total energies are obtained

using the GGA-PBE method.

energy.*® The boundaries between stability regions for different
surfaces terminations i and j are determined by solving the
equation Q' = @/, where Q is surface Gibbs free energy of
terminations i and j. According to the above thermodynamically
criterion, the range as

—8.256 eV < I'w znAuzn + I'woApo < —0.082 eV (21)

This bound is defined as a spontaneous surface formation
line (Fig. 4(b)), following ref. 49 and 39. Applying the above, we
plotted the phase diagram, Fig. 4(b), showing where the coloured
areas (different surface terminations of ZnWoO, (010)) are stable.
Similarly, using the GGA-PBE functional, we calculated the phase
diagrams for the ZnWO, (010) surface with different terminations,
as shown in Fig. 5. Our results (Fig. 4 and 5) suggested that the
stable area for the surface terminations of ZnwO, (010) has little
correlation with the functional selected for calculation.

Pure ZnWO, can exist when conditions inequality (7)-(9) and
inequality (11) and (12) are satisfied. These conditions are

23482 | RSC Adv, 2021, N1, 23477-23490

shown in Fig. 4(b) by solid lines, indicating where Zn, W, ZnO,
WO,, and WO; occur. The formation energies of ZnWO,, ZnO,
WO,, and WO3;, which determine respective precipitation lines,
are presented in Table 2. These energies agree reasonably well
with experimental data shown in the same table. The WO, and
WO; crystals will grow on the left and below the WO, and WO;
precipitation lines, respectively. At the same time, the ZnO will

Table 2 The calculated (GGA-PBE and HSEOQ6 functionals) formation
energies of ZNWQOy,, ZnO, WO,, and WOz compared with experimental
results (unit: eV)

Compound Experimental GGA-PBE HSE06

ZnWO, —12.78 (ref. 50) —11.50 —10.25

Zn0O —3.62 (ref. 51) —2.89 —2.75

WO, —8.78 (ref. 52) —8.53 —9.28
—8.74 (ref. 51)

WO, —6.11 (ref. 51) —5.79 —5.79

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Surface Gibbs free energies as a function of Auz,, at a certain temperature and pressure for ZnWO, (010) surface. (a) at T = 300 Kand po, =

latm; (b) at T = 1000 K and po, = 1 atm. All total energies are obtained using the HSEO6 method.

grow above and on the ZnO precipitation line's right. Owing to
deficiencies in DFT descriptions of relative energies for mate-
rials with different degrees of oxidation,*” we treat the obtained
data with some caution and highlight the precipitation lines for
3-valent metal oxides WO3, 2-valent ZnO. The only region where
a pure ZnWO, can be obtained is the narrow stripe between the
WO; precipitation line on the right and the ZnO precipitation
line on the left, as shown in Fig. 4(b). At the bottom of the
diagram, the stripe is limited by the W precipitation line.

The depiction used for establishing the diagrams makes it
possible to determine the oxygen environment conditions that
correlate with the points on the phase diagrams in Fig. 4(a and
c). These functions are calculated from experimental data,
taken from ref. 44, following the approach described earlier by
eqn (19). For a family of values for the temperature, the
dependencies of the oxygen chemical potential on various gas
pressures are shown in Fig. 4(a). Likewise, for several gas
pressures, the dependencies of the oxygen chemical potentials
on the different temperatures are shown in Fig. 4(c).

In order to determine the most stable surface region in the
diagram at ambient temperature conditions (300 K) and stan-
dard oxygen pressure (1 atm), we can draw a vertical line on the
two sides of the diagram and a horizontal line on the phase
diagram (Fig. 4). Then, the phase diagram is constructed in
Fig. 6(a). The surface Gibbs free energy only is a function of
Apuz, because Aug value is —0.18 eV at T = 300 K and po, = 1
atm. Similarly, the phase diagram is also plotted in Fig. 6(b) at
1000 K and 1 atm. Here, the Aug value is —0.90 eV. Fig. 6(a)
shows that two surface terminations (the O-Zn and DL-Zn
terminations) are the most stable under specific ranges of
Apzn. When Apyz, is larger than —0.43 eV at Auo = —0.18 eV, the
surface Gibbs free energy of the DL-Zn termination becomes
smaller than that of other terminations. The DL-Zn termination
is the most stable under these chemical conditions. However,
when Augz, is lower than —0.43 eV, the most stable termination
shifts to the O-Zn one. Also, we perform the ab initio molecular
dynamics (AIMD) simulations®® at 300 K for 10 ps with 10 000-
time steps to test the thermal stability of the O-Zn and DL-Zn

© 2021 The Author(s). Published by the Royal Society of Chemistry

terminations. The canonical ensemble (NVT) with constant
temperature is used for the calculations of thermal characteristics.
The temperature and energy fluctuation as a function of time by
AIMD simulations is shown in Fig. 7. Our calculations demon-
strate that the atomic structures of the O-Zn and DL-Zn termina-
tions are still robust after 10 ps of heating. No significant
distortions are observed in atomic structures of the O-Zn and DL~
Zn terminations, as presented in the snapshots of their atomic
structures in Fig. 7. Also, there is no structural transition and no
bond breaking in the O-Zn and DL-Zn terminations at 300 K.
Therefore, and our results indicated that the O-Zn and DL-Zn
terminations are thermally stable at room temperature.

Significantly, with the temperature at 1000 K, the ordering of
these surface terminations' stability is changed, as shown in
Fig. 6(b). When Auy, is larger than —5.78 eV at Aup = —0.90 eV,
the O-Zn termination is the most stable, while at 300 K, the
most stable termination is DL-Zn. This is because the surface
Gibbs free energy of the DL-Zn termination is smaller than
others. Otherwise, when Aug = —0.90 eV, Auy, < —5.78 eV, the
most stable surface changes into the DL-W termination. The
results as mentioned above illustrated that temperature and
pressure have significant impacts on the stability of the
different surface terminations under certain Auo and Augp.
Experimentally, Pereira et al.* investigate surface energy at 0 K
base on DFT calculations. They found that O-Zn surface termi-
nation is a stable surface. We compared all the surface termi-
nations, which showed that O-Zn termination is one of the three
most stable terminations within the ZnWO, crystal stability
region in the considered range of Auz, at a temperature under
ambient conditions. For GGA-PBE functional, using the same
method, we formed the phase diagram in Fig. 8. It is found that
the stability of all consider surface terminations are the same as
that of HSEO06 results. The result obtained by HSE06 is similar to
that of GGA-PBE, confirming the accuracy of the result.

3.2 Electronic structure

We have calculated the band structures, density of states (DOS),
partial density of states (PDOS), and layer-resolved density of

RSC Adv, 2021, N1, 23477-23490 | 23483
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states (LDOS) for three surface terminations (O-Zn, DL-W, and  conditions for a specific range of Zn excess chemical potentials
DL-Zn) using the HSE06 functional. They are shown in Fig. 9 and different temperatures. The band structures, DOS, PDOS,
(band structure), Fig. 10 (DOS, PDOS), and Fig. 11 (LDOS). These = LDOS of O-Zn, DL-W, and DL-Zn terminations using the GGA-
surface terminations are likely stable under different chemical PBE functional are shown in Fig. S1-S3.f Comparing the
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Fig.8 Surface Gibbs free energies as a function of Auz, at a certain temperature and pressure for ZnWO, (010) surface. (a) at T = 300 Kand po, =
latm; (b) at T = 1000 K and po, = 1 atm. All total energies are obtained using the GGA-PBE method.
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Fig. 9 Band structures of (a) bulk ZnWQ,4 (b) O-Zn term., (c) DL-W term., and (d) DL-Zn term., which were obtained from HSEO06 calculations.
The Fermi levelis set to zero and indicated by a horizontal red dotted-dashed line. (e) and (f) are the partial charge density of the surface states for
the DL-W and DL-Zn terminations, respectively. The isosurface values are 0.0018 e A=5.
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calculated results by these two methods, we can see that HSE06
can correct bandgaps to some extent, whereas the shape of the
band structures, DOS, PDOS, and LDOS by HSE06 and GGA-PBE
functionals are the same. These results are consistent with
previous theoretical results.* The band structures, DOSs, and
PDOS of bulk ZnWO, are also calculated for a better compar-
ison. Fig. 9(a) shows that the VBM and CBM lie on the gamma
point, so bulk ZnWO; is a direct bandgap semiconductor with
a 3.77 eV bandgap, which is in excellent agreement with
previous experimental results’** and theoretical results.>
However, the bandgap using the GGA-PBE functional (2.86 eV)
is smaller than the HSE06 (3.77 eV) functional (Fig. S1(a), S2(a), T
9(a), and 10(a)), which is due to the well-known shortcomings of
the GGA-PBE functional.>® Our GGA-PBE result is in agreement
with the prediction of Sun et al.*®

For the stoichiometric O-Zn termination, as shown in
Fig. 9(b), it is a direct bandgap semiconductor that agrees with
the previous study** and that of bulk ZnWO, (Fig. 9(a)). Its
bandgap is 4.27 eV, which is larger than that of bulk ZnwO,
(3.77 eV) and the previous GGA + U result (2.91 V). Our result
is similar to Sun et al.,”* where the bandgap of ZnWO, (010) O-
Zn termination is calculated using the GGA-PBE functional. The
increased bandgap indicated that the onset light absorption
edge showed an apparent blue shift. Unfortunately, this large
bandgap of the O-Zn termination limits its photo-response to
only the ultraviolet (UV) region, which accounts for only 3-5% of
the spectrum of solar energy reaching the surface of the earth,
thus resulting in very low solar energy conversion efficien-
cies.*>*® To further prove the absorption edge O-Zn termination
is the blue shift, we calculated the frequency-dependent
absorption coefficients*>*® of bulk ZnWO, and O-Zn termina-
tion using eqn (A3) given in ESI.T These frequency-dependent
absorption coefficients along the [001] direction between 1.25
and 6.0 eV are shown in Fig. S4 using the HSE06 method, with
the incident AM1.5G solar spectrum shown for comparison. It
could be seen that the absorption edge of the bulk ZnWO, and
O-Zn termination is 3.77 eV and 4.27 eV, respectively. This result
further indicates that the absorption edge of O-Zn termination
is found to blue shift. Furthermore, from Fig. 10(b), we can see
that DOSs of the O-Zn termination are very similar to those of
bulk and agree with the previous results.”” As shown in
Fig. 11(a), there are no surface states in the LDOS of the O-Zn
termination because O-Zn termination did not exhibit any
evident reconstruction after geometry optimization.

In Fig. 9(c), the DL-W termination shows the existence of an
occupied surface state in the bandgap at —0.15 to —0.75 eV
below the Fermi energy. This occupied surface state is primarily
dominated by strong hybridization between O 2p and W 5d
states (Fig. 10(c)). A more accurate investigation of the elec-
tronic 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 —0.15
and —0.75 eV below the Fermi level, as shown in Fig. 9(e).
Fig. 9(e) shows that the partial charge density distributes
around the O atom 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,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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whereas deep levels have localized ones.®* As shown in
Fig. 11(b), this fat band is derived from the six top and the six
bottom layers of the Zn and O layers, unlike other surface
terminations. We predicted that the structural distortions
arising from atomic reconstruction at the surface would lead to
this fat band (Fig. 2). 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 from the fat band to the CB.

There are two occupied surface states in the gap region at
—0.15 to —1.0 eV below the Fermi energy (Fig. 9(d)). They are
mainly composed of O 2p orbitals (Fig. 10(d)), originating from
both the top sublayer and bottom sublayer (Fig. 11(c)). The DL-
Zn termination bandgap is 3.87 eV, approximately equal to that
of bulk ZnWO, if we have not considered the surface states. As
shown in Fig. 9(f), the partial charge density in the energy range
between —0.15 and —1.0 eV below the Fermi level has been
plotted to study these occupied surface states further. The result
shows that the wave function is localized, only around the O
atom. It is suggested that these two occupied surface states be
the deep level feature. This occupied deep level can easily trap
photogenerated carriers, implying that it might be acting as the
recombination center for photo-induced e~ and h' during
photocatalysis.®* Similar behaviour is also observed in previous
studies.®** Accordingly, as discussed previously, the surface-
induced localized gap states of the DL-Zn termination are
disadvantageous to photocatalytic performance. This is because
of the deep defect level as the recombination center.

To verify the above conclusions about the DL-Zn, O-Zn, and
DL-W terminations of ZnWO, (010) surface, side views of the
partial charge density of the CBM and VBM for these three
structures are shown in Fig. S5(a)—(f). Comparing Fig. S5(a), (c),
(e) with Fig. S5(b), (d), (f),t the CBM of the DL-Zn, O-Zn, and DL-
W terminations is combinations of mainly O 2p orbitals and
coupled with small amounts of Zn 4d orbitals. However, the
VBM is derived from the strong hybridization between the O 2p
and W 4d states. These results are in good accordance with the
analysis of the band structures, DOS, PDOS, and LDOS in O-Zn,
DL-W, and DL-Zn surface terminations.

3.3 The band edge potential

In general, the conduction band (CB) and valence band (VB)
edge potentials of a semiconductor play a vital role in the
photocatalysis process. The Mulliken electronegativity theory®
can predict the CB and VB potentials of ZnWO,, O-Zn, DL-W,
and DL-Zn terminations: Ecg = x — E° — 0.5E,, (Or Eyg = X —
E° + 0.5E,), where Ecp (Evg) is the conduction (valence) band
potential, the x is the absolute electronegativity of bulk ZnwO,,
0-Zn, DL-W, and DL-Zn terminations, E€ is the energy of the free
electron in the hydrogen scale (approximately 4.5 eV),*® and E, is
the bandgap energy of the ZnWO,, O-Zn, DL-W, and DL-Zn
terminations. The band position and photoelectric thresholds
for several compounds have been calculated.>>*~%°

As regards the Mulliken electronegativity (x) of compound A,
B,C,, it can be calculated according to the following eqn:™*”*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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X(AdBsCc) = (x(A)?(B)" (C)"J57¢, where (8), x(B), and x(C) are

the absolute electronegativity of the A atoms, B atoms, and C atoms,
respectively; the a, b, ¢ are the number of A atoms, B atoms, C atoms
in an A,B;C, compound. Based on the Mulliken definition, per
atom's absolute electronegativity is equal to the arithmetic mean of
the atomic electron affinity (4) and the first ionization energy (I).”
From these data, we obtained the Mulliken electronegativity of
Zn, W, and O, which are 4.45, 4.40, and 7.54, respectively.””® The x
value for ZnWO, is 6.31 eV. Therefore, the Ecg value of ZnWO, was
calculated to be —0.07 eV, and the Eyy value was estimated to be
+3.70 eV, which agreed well with the previous calculation.”™

The band edge positions for bulk ZnwO,, O-Zn, DL-W, and
DL-Zn terminations are presented in Fig. 12. As shown in
Fig. 12, the CBM of the DL-Zn termination is raised by 0.05 eV,
and the VBM is lowered by 0.05 eV relative to that of the bulk
ZnWO,. This result indicated that the oxidizing capacity of VB
and the reducing capacity of CB are all increased. Additionally,
two occupied surface states are introduced in the bandgap. They
are acted as recombination centers for photogenerated elec-
trons-holes, leading to negligible photocatalytic activity.
Regarding the O-Zn termination, the CBM is raised by 0.25 eV,
and the VBM is lowered by 0.25 eV relative to that of the bulk
ZnWO,, suggesting that the oxidizing capacity of VB and the
reducing capacity of CB will significantly increase. This is
because the bandgap is increased to 3.95 eV. This termination
has low photocatalytic efficiency under visible-light irradiation and
narrow-light response range because of its large intrinsic bandgap.
For DL-W termination, the CBM is raised by 0.28 eV, and the VBM
is lowered by 0.27 eV relative to that of the bulk ZnWO,. This result
suggested that the oxidizing capacity of VB and the reducing
capacity of CB are considerably improved. DL-W termination’s
CBM band edge position is —0.35 eV, which is favourable for H,
evolution as the CBM edge is located above the water reduction
level (H'/H,). Furthermore, DL-W termination's VBM potential is
3.97 eV, which shows a strong potential for O, generation from
water oxidation because of the higher VBM edge concerning the
water oxidation level (H,0/O,). More importantly, one occupied
surface state is introduced in the bandgap, enhancing the visible-
light absorption capacity of ZnW0,(010). This demonstrated that
both reduction and oxidation reactions for the evolution of H, and
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Fig. 12 Calculated bandgaps and band edge positions of bulk ZNWQy,,
DL-Zn term., O-Zn term., and DL-W term. They are obtained from
HSEOQ6 calculations. The VBM and CBM values are given concerning
the standard redox potentials for water splitting.
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Table 3 The effective mass of hole (my,/me) and electron (m;/me)
near the CBM and VBM for the DL-Zn, O-Zn, and DL-W terminations of
ZnWO, (010) surface. The m, is the electron rest mass. The u is

electron or hole mobility, in-unit cm? V= s
Electron Hole
Compound  Path ma/me W Path my/me  p
O-Zn G->X 1.633 10.77 G->X 6.843 2.57
G->Y 1.253 14.04 G->Y 0.887 19.83
DL-W G->X 1.521 11.56 X->G 5.276 3.33
G->Y 2.363 7.44 X->M 2.902 6.06
DL-Zn G->X 2.071 8.49 G->X 2.676 6.57
G->Y 1.541 11.41 G->Y 0.900 19.54
Bulk Z->FE 2.207 7.97 Z->FE 0.741 23.73
zZ->Y 1.328 13.24 Z->Y 0.954 18.43

O, by water splitting are thermodynamically feasible for the DL-W
termination.

3.4 The effective mass

Except for the band edges, the effective masses of the electrons
(m;) and holes (m;) are essential factors that affect the sepa-
ration and diffusion rate of photogenerated carriers.” In this
paper, the effective mass was estimated from the calculated
band structures using the HSE06 method. We assume quadratic
band dispersion near the CBM and VBM. The effective mass of
carriers at the CBM or VBM can be expressed as 1/m* = 9°E/
(hzékiakj). Where m* is the effective mass of charge carriers in
the unit of free-electron mass (m,) and 9k;0k; is the coefficient of
the second-order term in a quadratic fit of E(k) curves for the
band edge corresponding to the wave vector k. Obviously, the
smaller the effective mass, the higher the mobility of the charge
carrier. According to Drude's model, electron mobility and hole
mobility are calculated by u = et/m*, where 7 is the scattering
time and m* is the effective mass. Here, the scattering time 7 is
typically in the range of 10> to 10~ ** s at room temperature in
many oxide materials.”*”” Hence, taking t = 10 '* s, we calcu-
late electron and hole mobility. The calculated results for the
effective mass of hole (my/m.) and electron (m,/me), and
mobility u are presented in Table 3. Interestingly, we find that
the effective mass of hole (m; /m.) and electron (m,/me) near
the CBM and VBM for the DL-Zn, O-Zn, and DL-W terminations
of ZnWO, (010) surface are relatively anisotropic. The effective
masse of electron (m,/m. =1.253) is the smallest in O-Zn
termination along the G- > Y direction. Thus its electron
mobility 4 = 14.04 cm® V™" s " is the largest. In contrast, the
effective masse of the hole (m; /m. = 0.741) is the smallest in
the bulk ZnWO, along the Z- > E direction, the obtained hole
mobility 4 = 23.73 em® V' 57! is the largest. Note that a high
diffusion rate and long lifetime of the carriers are distinctly
crucial for high-efficiency photocatalysts.””®

4 Conclusions

In this paper, the thermodynamic stabilities of possible termi-
nation structures ZnWO, (010) surface are analyzed by
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combining the GGA-PBE and HSEO06 with the thermodynamics
approach. This study is complemented by thermodynamic
analysis of the surface stability at different gas pressures and
temperatures. Our results suggested that the stable area of the
surface terminations of ZnwO, (010) has little correlation with
the functional selected. The stability phase diagram obtained
from HSEO06 calculations shows that O-Zn, DL-W, and DL-Zn
terminations of ZnWO, (010) surface can be stabilized under
certain thermodynamic equilibrium conditions. It is shown that
the thermodynamically preferred O-Zn termination is stable at
300 K and 1 atm oxygen partial pressure under the Zn-poor
condition. At the same gas pressure and temperature, DL-Zn
termination is stable under the Zn-rich condition. However,
when the temperature rises to 1000 K and the oxygen partial
pressure does not change, DL-W termination is stable under Zn-
poor condition, and the O-Zn termination is stable under Zn-
rich condition.

The HSE06 method gives a much more accurate bandgap
compared to the conventional GGA-PBE functional. Based on
the HSE06 hybrid functional, electronic structures and the band
edge positions are investigated. We find a fat band of the
surface states in DL-W 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 absorp-
tion by two-step optical transition with the first transition from
VB to the fat band and the second from the fat band to CB. DL-
W termination's CBM band edge position is favourable for H,
evolution as the CBM edge is located above the water reduction
level (H'/H,). Simultaneously, DL-W termination's VBM poten-
tial shows a strong potential for O, generation from water
oxidation due to the higher VBM edge with respect to the water
oxidation level (H,O/O,). Based on the analysis mentioned
above, our results will help us know which surface terminations
are stable under the thermodynamic equilibrium growth
conditions and better understand their surfaces' intrinsic
properties. They can provide theoretical support for future
experimental studies of ZnWO,-based photocatalysts.
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