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Abstract

First principles calculations based on density functional theory with generalized gradient
approximation are performed to systematically investigate the structural, electronic and optical
properties of two promising photoanodes, ZnV.0¢ and Zn,V.0z, for photocatalytic water splitting.
After geometry optimization, the calculated structural parameters evince a satisfactory agreement
with the experimental results indicating that the used method and conditions are suitable. The
electronic structures demonstrate that both photocatalysts possess favorable band gaps (2.31 and
2.52 eV) and appropriate band edge positions for oxygen evolution reaction under solar radiation.
We believe the relatively light effective masses at the valence band maximum and conduction band
minimum result in enhanced photocatalytic activity owning to lower recombination probability of
the photogenerated electrons and holes. Also, electronic density of states analysis displays that
higher coordination number of vanadium in ZnV20gs structure with respect to Zn,V»07 causes more
delocalisation of bands due to lower V-V and O-O distances in conduction and valence bands,
respectively. Meantime, optical properties such as dielectric function and optical absorption
coefficient were computed to explore solar energy harvesting characteristics for solar water

splitting application.
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1. Introduction

Photocatalytic water splitting is a direct channel towards converting solar radiation to hydrogen
and oxygen, whereby incident photons are consumed to drive the conversion of water into green
fuel [1,3]. Theoretically, this process involves the electrons being excited from the valence band
(VB) to the conduction band (CB) of the semiconductor photocatalyst by the absorbed photons
forming the electron and hole pairs which can proceed the hydrogen evolution reaction (HER)
H*/H, (2H™+2e"sH2) and oxygen evolution reaction (OER) O2/H20 (O2+4H+4e <2H,0),
respectively [4]. Development of an efficient photoelectrode for use in a water splitting
photoelectrochemical cell (PEC) is extremely challenging due to some strict physical requirements
including adequate band edge positions bracketing the water redox potentials, substantial
overpotentials for oxidation of water to form oxygen or the reduction of protons to produce
hydrogen and sufficiently small band gap to provide absorption overlap with the solar spectrum
[5-7]. Furthermore, other practical parameters such as stability under the operation conditions and

economic viability have led to continue further research to find the optimized photocatalysts [8,9].

Generally, modification of traditional photocatalysts [10,11] and development of a new
photocatalyst or photocatalytic system [12,13] are two main aspects of the recent studies in the
field of photosensitive materials for solar energy conversion. Therefore, many attempts have been
made to explore new semiconductors for the half reaction of water splitting cells [14-16]. Among
them, metal oxide semiconductors have attracted much attention, because of their relative stability
against photocorrosion (photo-oxidative decomposition or dissolution), environmental affability
and their low-cost fabrication [17-19]. Mixed metal vanadates have been widely investigated as
photocatalyst due to narrow band gap, stable chemical property and excellent potential of
photocatalytic activity [20-23]. However, to best knowledge of the authors, there are no reports so
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far available to investigate transition metal vanadates ZnV»0e and Zn,V»07 for solar water
splitting applications. Nowadays, density functional theory (DFT) has known as an ab-initio
technique to address a variety of fundamental properties to design new semiconductors for solar
energy applications since some of these characteristics are quite difficult to be obtained
experimentally. Thus, for a fundamental understanding we report the results of a comprehensive
computational first-principles study based on DFT for ZnV20s and Zn,V207 semiconductors to

assess their photocatalytic potentials for solar water splitting systems.

2. Models and computational details

The first-principles calculations were carried out by means of DFT method based on total-energy
plane-wave pseudopotential approach using the Cambridge Serial Total Energy Package
(CASTEP) as implemented in Materials Studio [24]. The core electrons (Zn: [Ar] 3d°, V: [Ar]
303, O: [He]) were treated with the ultrasoft pseudopotential and the effects of exchange-
correlation interactions of valence electrons (Zn: 4s?, V: 4s?, O: 2s?2p*) were evaluated by the
revised Perdew-Burke-Ernzerhof (PBE) [25] for solid of generalized gradient approximation
(GGA). Geometry optimization was done before single point energy calculation using GGA-PBE
functionals with the dispersion correction according to Tkatchenko and Scheffler (TS) [26]. The
numerical integrations were employed using the Monkhorst-Pack [27] grid with 3x3x2 k-points in
the Brillouin zone of the crystal to obtain the accurate density of the electronic states while the
kinetic energy cutoff for wave function expansion was 340 eV and the self-consistent field (SCF)
tolerance was set at 10°° eV/atom. Furthermore, the convergence criterion for the maximal force

between atoms was 0.01 eV/A, the maximum displacement was 10 nm, and the stress was 0.02



Gpa, respectively. To verify the reliability of our results, we also performed a test calculation with

different plane-wave cutoff energy and k-points.

3. Results and Discussion

At the first stage, the lattice constants and atomic positions of ZnV20s and a-Zn,V-07 structures
were optimized as a function of normal stress by minimizing the total energy. Both ZnV,0e and
a-Zn2V207 possess monoclinic crystal structure with space group C2/m and C2/c, respectively.
The Zn?* ions are octahedrally coordinated and the V" ions have an irregular octahedral
coordination in ZnV20s structure. The VOg octahedra linked by edges can form infinite anionic
layers and the ZnOs octahedra joined by opposite edges form infinite rows and link the anionic
layers. On the other hand, a-Zn,V,07 belongs to the family of pyro-compounds in which vanadium
elements exhibit tetrahedral coordination with oxygen atoms forming V.07 polyhedra [28,29].
The obtained structures of ZnV»0s and a-Zn,V.0Oy7 are illustrated in Fig. 1. Also, the calculated
unit cell parameters for the optimized structures and their available experimental values [30-33]
are compared in Table 1. The calculated equilibrium lattice constants are satisfactory consistent
with the experimental data indicating the reliability of our DFT-based calculations. The existing
discrepancy between the experimental values and the present theoretical values are usually caused
by intrinsic approximations in the exchange-correlation functional and differences in the

conditions of experimental (at room temperature) and theoretical (at 0 K) measurements [34].



Fig. 1. DFT-optimized unit cells and the corresponding polyhedron structures of (a,c)

ZnV20s and (b,d) a-Zn2V207



Table 1. Calculated equilibrium lattice parameters compared with reported values

Compounds | Properties Experimental This Work A-\ve-rage Ref.
Values Deviation (%)
9.245
a() 0293 9.026
3.528
ZnV206 b() 2511 3.354 3.847 30,31
6.576
c0) 6.552 .
7.43
aC) 7.429 142
8.41
0-Zn2V207 b() 6,340 7.881 3.413 32,33
10.12
c() 10,008 10.139

The electronic properties can directly result in brilliant insights about photocatalysts which are
candidates for solar water splitting applications. Electronic band-structure calculations of ZnV20s
and Zn,V>07 were performed using the planewave based DFT and their computed band structures
along the high symmetry directions of the Brillouin zone are depicted in Fig. 2. The calculated
band gaps are 2.31 and 2.52 eV for ZnV>0e and Zn,V>07, respectively which are within the range
of band gap values reported for V205 (2.12 eV) and ZnO (3.3 eV) [35,36] and in agreement with
the available few experimental reports [37,38]. The underestimated energy band gap values may

be due to some DFT limitations because it does not consider the discontinuity in the exchange-
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correlation potential [39]. The most effective approach to improve the conversion efficiency of
solar water splitting is to reduce the band gap. Therefore, the semiconductors with visible light
absorption (band gap in the range of 1.9 to 3 eV) are more demanding for this purpose because
visible region corresponds to 43% of the direct sunlight at Earth’s surface. Indeed, the band gap
must be large enough to meet the thermodynamics and kinetics requirements for water splitting.
Thermodynamically, a minimum energy would be required to overcome the standard Gibbs free
energy change for water splitting reaction (1.23 eV) plus the thermodynamic losses (0.3-0.5 eV).
Kinetically, an overpotential of 0.4-0.6 eV would be needed to enable a fast reaction. Hence, an
ideal band gap can be considered in the range of 1.9-2.4 eV for solar water splitting [40,41].
Moreover, it is worth mentioning that smaller band gap leads to more vulnerability to photo-
corrosion. Nevertheless, photocorrosion of semiconductors can be inhibited practically by addition
of a sacrificial agent to the electrolyte. According to band structure profiles, ZnV>0s and Zn,V>07
show quasi-direct and indirect band-gap natures, respectively. In the indirect band gap
semiconductors, the valence band maximum (VBM) and conduction band minimum (CBM) are
located at different k point promoting photocatalytic activity due to a longer traveling certain k
space distance for excited carriers which decreases the recombination probability of the
photogenerated electrons and holes. However, it should be noted that the absorption coefficient of
indirect semiconductors are usually smaller than that of direct semiconductors because indirect
transitions need absorption or emission of a phonon which is less likely to occur [42]. From Fig 2
also it can be observed that the delocalisation of ZnV>0Os bands is greater than Zn,V>07 owning to
higher coordination number of vanadium which results in lower V-V and O-O distances in
conduction and valence bands, respectively. To further study the compositions of VBM and CBM

for ZnV20e and Zn,V->07 semiconductors, the density of states (DOS) are computed. As presented



in Fig. 3, top of the valence band for both semiconductors is almost exclusively contributed by
oxygen p orbitals with little d state contribution. Also, vanadium d states are main constituents of
conduction band combined with a contribution of oxygen p and minor zinc s states. Eventually,
valence band of ZnV.0¢ seems broader than Zn,V.0O7 (spanning about 9 eV) as a consequence of
more overlap between atomic wavefunctions which can facilitate hole transport through this

semiconductor.
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Fig. 2. Calculated GGA band structure and first Brillouin zones of (a,c) ZnV20s and (b,d)

Zn2V207 in the reciprocal lattice
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Generally, the photocatalytic activity of a material is influenced by the amount of absorbed photons
and the quantum efficiency as well. The former factor is identified with band gap, while the
quantum efficiency is identified by separation efficiency of the photogenerated carriers. In addition

to the adequate band gap to absorb photons in the visible region, there are other photophysical
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Fig. 3. Electronic densities of states of (a) ZnV20s and (b) Zn2V20~
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requirements to design an appropriate photocatalyst for water-splitting reactions; (1) small
effective masses of the charge carriers to achieve an acceptable mobility from bulk to surface; (2)
suitable valence and conduction band edge positions based on water spitting limits to drive the
photogenerated holes for oxidizing water at photoanode surface and similarly the photoexcited
electrons for reducing H" at photocatode surface (3) high dielectric constant to reach an excellent
exciton dissociation in the bulk into electron-hole pair. Thus, to further evaluate photocatalytic
activity, we analyzed hese parameters for ZnV20s and Zn,V>07 semiconductors. The tensors of

electron or hole effective masses at the band extremes are obtained from band dispersion by [43]

. 92En(k -1 ..
(m )U = ihz (T’E/)) (l:] = x:yrz) (1)

where, % is the reduced Planck constant, i and j represent the reciprocal components and En(Kk) is
the k-space dispersion relation for the n-th band energy level. The effective masses of electrons
and holes were calculated by parabola fitting of the dependence relationship of the energy to wave
vector of ZnV>0e and Zn,V207 in three principal directions near the band extremes. Meanwhile,

we computed the spherical average of electron and hole effective masses through [44]

m

= 7" o m(6, ) sin(0) dO d¢ )

1
Sln%+52n%+53n§

m(6,¢) = 3)
here, 6 and @ are azimuthal and polar angles in spherical coordinates, respectively and S; represents
the inverse of the effective mass of the i principal direction. The directional cosines are considered
as ni=sin(B)cos(®), n2=sin(B)sin(p), and nz=cos(8) in spherical coordinates. The values of the

effective masses in three principal directions and the related spherical averages are summarized in
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Table 2. In general, the effective masses of photogenerated electrons at the bottom of the CB and
photogenerated holes on the top of VB for ZnV.0¢ and Zn,;V.07 are smaller than those of some
studied semiconductor photocatalysts [45,47]. However, there are several strategies to further
enhance charge carrier motility and diffusion length such as creating shallow-level states [48].
Furthermore, it seems the hole and electron are anisotropic in both structures which can favour the
intralayer charge transport with respect to interlayer transport. The features of the orbitals that
contribute to the CB and VB identify the localization and directionality of the charge distribution
between lattice atoms usually resulting in the anisotropy of the charge carrier masses. The
electronic band structure affects the charge carrier mobility, which is inversely proportional to the
electron and hole effective masses. Therefore, for ZnV,Oe, charge carrier masses reveal a
relatively high mobility of the holes in the valence band compared to less mobile electrons in the
conduction band. On the other hand, the results indicate a comparatively similar mobility of both
charge carrier types in Zn,V>07 valence and conduction bands. The smaller average effective
masses of electrons and holes for ZnV>0¢ compared to Zn,V207 is due to the more dispersive
feature of conduction and valence bands, indicating the transfer of carriers to the reactive sites in

ZnV>0e would be rather easier in the photocatalytic process.

Table 2. Calculated effective masses of charge carriers in three principal directions and

their spherical averages for ZnV206 and Zn2V207

electron hole
Compounds
[LOO] | [010] | [001] |average | [100] | [010] | [001] | average
ZnV20s 0.74 3.68 1.18 1.41 1.93 0.99 4.87 2.03
Zn2V207 1.69 18.62 0.82 2.48 1.34 9.51 1.18 2.27
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The band edge positions are another significant metric for determining the capability of a
photocatalyst to function in a photoelectrochemical cell producing hydrogen from sunlight.
Regarding the redox potentials of water, the positions of electronic band edges of a semiconductor
identify its ability to undergo photoinduced electron transfer to the adsorbed species on the surface.
The conduction band potential (Ec) of the photo-cathode materials is thermodynamically required
to be more negative than reduction potential of H*/H> (0.0 V vs NHE) for HER, while the valence
band potential (Ev) of the photo-anode materials needs to be more positive than oxidation potential
of O2/H20 (1.23 V vs NHE) for OER. We speculated band edge positions for ZnV20e and Zn,V207
photocatalysts according to a semi-empirical technique proposed by Butler and Ginley [49,50].
They demonstrated a relation between the electron affinities estimated through atomic Mulliken
electronegativities and the measured flat band potential which is actually the Fermi energy of a
material in water under applied bias at which no band bending occurs. According to this approach

the band edge positions of a semiconductor at the point of zero charge can be expressed empirically

by
Ey = x — E, + 0.5E, (4)
Ec = E, — E, ()

where Ee~4.50 eV is the scale factor relating the reference electrode redox level to the vacuum
level and Egq is the band gap. The absolute electronegativity of a semiconductor, ¥, defines as the

geometric mean of the electronegativities of the constituent atoms obtained by

x ~ (M= x)™" (6)
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where P is the number of atoms in the crystal. The absolute electronegativities of ZnV>0s and
Zn,V>07 without considering the crystal structures and surface polarizations are 6.03 and 5.99 eV,
respectively, which are computed from experimental electronegativity values (Zn =4.45eV, V =
3.6 eV and O =7.54 eV) [51]. Therefore, relative band edge potentials of the semiconductors with
respect to vacuum scale and normal hydrogen electrode (NHE) can be plotted in Fig. 4. For both
semiconductors, the VB and CB edge positions are more positive than the oxidation potential of
02/H20 and the reduction potential of H*/H,, respectively. Therefore, they can be only used as
photoanode materials for OER in solar water splitting cells. Also, the deep VB potentials cause
that the surface collected holes have sufficient oxidation power at the surface of photoanodes
without any need to add cocatalyst. Since the overpotential for OER can easily exceed 0.6 V for a

metal oxide photoanode, co-catalysts such as RuO> are often used to enhance the reaction kinetics

[52].
Vacuum Scale NHE
(eV) V)
F 3
1.0 -1.04 ZnV205 ZI‘I2V207
-0.5 -0.5
2H*+2e —»H
0.0_ ------ 0.0_-__- ------------------------- f
s E=0.00V
0.5 0.5 h i
1 ]
! :
1.0 1.0 _E j 4H* + 02 + 4e = 2H,0
1.5 1.5 Eg=2'31 eV Eg=2'52 eV E=1.23V
i 1
2.0 2.0 ! i
I ]
I I
2.5] 2.5] ! i
¥
3.0 3.0 VB
v

Energy Potential

Fig. 4. Relative disposition of VB and CB potentials of ZnV20s and Zn2V207 in comparison

with redox potentials of water splitting
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In order to investigate the solar energy harvesting property of ZnV>0s and Zn,V-0Oy structures, the
dielectric functions and absorption spectra were computed. Since the electric field vector of the
incoming light polarizes the material, the optical properties can be determined from the transverse
dielectric function €(g,w), where q is the momentum transfer in the photon-electron interaction and
w is the energy transfer. The complex dielectric function can be written in terms of the real €1(w)
and imaginary €2(w) parts when the effect of momentum transfer from the initial state to the final
state is not taken into consideration (Eq. 7). The €2(w) describes the probability of the transitions
between occupied to unoccupied states in the Brillouin zone and can be achieved through Eg. 8.
The g1(w) is subsequently derived from €2(w) using the Kramer-Kronig dispersion transform (Eq.
9 and Eqg. 10). Finally, the absorption coefficient a(w) is obtained by converting the complex

dielectric function according to Eq. 11 [53,54].

g(w) = &g (w) +ig(w) (7)
2me? PN 2
2(@) = 25y ol P 5CEE — EY — E) ©®)
2 o w/! Ndw!’
(@) = 1+ 2p [P ©)
P =1lim [“7%£92 oy 4 lim [F £92 gy (10)
a—=0"—® w-w a—0 wta w-w

a(w) = V2w [Jsf (@) + £2(0) — & (w)]o'5 (11)

In the mentioned equations, w, Q, e, 7, €, and E; are the light frequency, the volume of the unit
cell, the electronic charge, the electron’s radius vector, the vacuum permittivity and the energy of
electron in the i-th state, respectively. Also, i is the vector defining the polarization of the incident
electric field, ¢ and ), are the conduction and valence band wave functions at k and P is the

principal value of the integral, respectively. The imaginary and real parts of the dielectric function
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of ZnV>0¢ and Zn»V-0y are displayed in Fig. 5. The value of €1(w) in zero energy which is known
as the static dielectric constant is about 7 and 3.5 for ZnV20s and Zn,V»0z, respectively. As a rule,
higher static dielectric constant results in lower exciton binding energy of a photocatalyst and
improves exciton dissociation into free charge carriers [55]. The negative values of €1(w) in the
energy range from 6.52 to 14.78 eV for ZnV20s and 6.04 to 10.92 eV for Zn,V>07 are ascribed to
destruction of the electromagnetic wave, and zero values demonstrate that longitudinally polarized
waves may happen. Since ZnV20¢ and Zn,V20y7 are non-metal materials, the imaginary part of the
complex dielectric function is attributed to the interband optical transitions between the different
special k points at the first irreducible Brillouin zone. Therefore, the main peak in g2(w) spectra
can be attributed to the electronic transition from O 2p (VB) to V 3d (CB). As shown in Fig. 6,
absorption plots depict wide and effective absorbency in both visible and ultraviolet light areas

ensuring the suitable efficiency in solar water splitting.
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Fig. 6. Optical absorption spectra of ZnV20s and Zn2V207

Conclusion

In summary, essential fundamental properties of monoclinic ZnV20s and Zn,V.07 semiconductor
materials for photocatalytic water splitting were theoretically investigated using first-principles
computations on the basis of DFT within the PBE formalisms. The equilibrium lattice parameters,
the band gaps, the dielectric constants, the optical absorption coefficients and the band edge energy
positions of these compounds were evaluated and discussed in detail. Both ZnV.0¢ and Zn,V207
semiconductors with calculated band gaps of 2.31 and 2.52 eV, respectively met all photo-physical
requirements for water oxidation without the need to use cocatalyst owning to deep VB edge
energy positions which are sufficiently more positive than the oxidation potential of O2/H.0. In
additions, the satisfactory optical characteristics and charge carrier transport properties predicted
for ZnV20e and ZnyV207 compounds will certainly offer a grand opportunity for these
photocatalysts to be properly synthesized and tested for photocatalytic oxygen generation from

water splitting.
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