
2D M
aterials and Van der W

aals H
eterostructures﻿   •   Antonio Di Bartolom

eo

2D Materials and 
Van der Waals 
Heterostructures
Physics and Applications

Printed Edition of the Special Issue Published in Nanomaterials

www.mdpi.com/journal/nanomaterials

Antonio Di Bartolomeo
Edited by



























































































































































































































































































Nanomaterials 2018, 8, 832

geometry, and its 4d orbitals split into four energy levels, i.e., eg (dxz/dyz), a1g (dz2), b2g (dxy), and b1g
(dx2-y2) from low to high energy. These d orbitals overlapping with Se 4p orbitals constitutes the bands
in the energy range of −7.5 ~4 eV. In Figure 2d, we present the schematic drawing of DOS and energy
level diagram of Pd2Se3 to explain details about how Pd 4d orbitals interact with Se 4p orbitals. It shows
that a1g, b2g, and b1g orbitals hybridize with Se 4p orbitals leading to lower energy bonding states
and higher energy antibonding states, whereas the nonbonding states in the energy range from −4 to
−1.7 eV stemming mainly from eg orbitals. More importantly, the bandgap that separates occupied
and unoccupied states lies in the antibonding region and amounts to the splitting energy between and
states, consistent with the results of wave functions for the VBM and CBM in Figure 2b. The systematic
and deep exploration of electronic structure of Pd2Se3 is crucial for understanding its properties and
origins of intriguing physical phenomena.

 
Figure 2. (a) Band structure and DOS around the Fermi level. The VBM and CB(M) are marked by
blue dots; (b) Spatial visualization of wave functions for the VBM and CBM, using an isosurface of
0.04 eÅ−3; (c) Band structure and partial DOS with all valence states included. (d) Schematics of DOS
and energy level diagram.

3.3. Strain Engineering of Electronic Band Structure of Pd2Se3

From above electronic structure analysis, it is clear that Pd2Se3 is a covalent semiconductor, and a
connection between elastic strain and its electronic structure is expected. This is because elastic strain
generally weakens the covalent interaction as the bonds lengthen, exerting efficient modulation on the
band energies and bandgap. For this reason, we applied a biaxial tensile strain to Pd2Se3 and study its
effect on the electronic bands of Pd2Se3.
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Figure 3a shows the evolution of band structure with biaxial strain varying from 0% to 9%.
It indicates that both direct and indirect bandgaps increase, and a transition from indirect bandgap to
direct bandgap occurs when the biaxial strain is applied. To acquire a more accurate energy profile,
we present the strain-dependent bandgaps in Figure 3b, which clearly shows the increasing trend of
bandgaps and the bandgap transition from indirect to direct at the critical strain of 2%.

 

Figure 3. (a) Electronic band structure of the Pd2Se3 monolayer under biaxial strains varying from 0%
(violet line) to 9% (red line); (b) Direct and indirect bandgaps under different biaxial strains; (c) Biaxial
strain-dependent energies of the VBM and CBM with respect to the vacuum level. All calculations are
based on the HSE06 functional.

The strain-dependent bandgap of Pd2Se3 can be understood by analyzing its electronic structure
in Figure 2, which shows that the valence and conduction bands both originate from antibonding
states. Application of a tensile strain increases the Pd–Se bond length thus decreases the amount of
orbital overlap, leading to the stabilization of valence and conduction bands and reducing them in
energy. This is consistent with our results, as shown in Figure 3c, which displays the strain-dependent
energy levels for the VBM and CBM. However, since the biaxial tensile strain not only enlarges the
bond length but also distorts the square-planar ligand field (see Figure S3 for details), the valence band
responds more strongly to strains than the conduction band, resulting in the increase of bandgap in
the imposed strain filed.

Additionally, we also examined the structural stability under biaxial strains. The phonon
dispersion in Figure S4 demonstrates that the structure remains stable under the strain of 9%. The large
strain tolerance and an electronic structure that has a continuous response in the imposed strain field
indicate the great potential of Pd2Se3 in future flexible electronics.

3.4. Transport Properties of Pd2Se3

We also investigated the transport properties of Pd2Se3 by calculating its room-temperature carrier
mobilities as summarized in Table 1. One can see that the mobilities for both electrons and holes are
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slightly anisotropic along the x and y directions, due to the structural anisotropy of Pd2Se3. Meanwhile,
the electron mobility along the y direction is estimated to be 140.4 cm2V−1s−1, significantly higher
than that of hole. When compared with PdSe2, whose carrier mobilities are calculated at the same
theoretical level and listed in Table 1, Pd2Se3 possesses higher electron mobility and lower hole mobility,
showing strong asymmetry in electron and hole transport. Although the carrier mobilities of Pd2Se3 is
lower than the theoretical predicted carrier mobilities of some other 2D materials [36,38,55], it is still
commendable if realized in practice [20].

Table 1. Calculated deformation potential constant (E1), elastic modulus (C), effective mass (m*),
and mobility (μ) for electron and hole in the x and y directions for Pd2Se3 and PdSe2 monolayers at
300 K.

Carrier Type E1 (eV) C (N/m) m* (me) μ (cm2V−1s−1)

Pd2Se3

electron (x) 3.756 33.02 0.762 101.9
electron (y) 3.785 32.93 0.543 140.4

hole (x) 2.870 33.02 9.029 7.3
hole (y) 12.082 32.93 0.187 19.9

PdSe2

electron (x) 9.542 32.45 0.429 43.36
electron (y) 9.982 55.05 0.390 73.99

hole (x) 3.352 32.45 0.656 97.94
hole (y) 3.074 55.05 1.401 92.54

3.5. Optical Properties of Pd2Se3

Attracted by the suitable bandgap and intriguing electronic properties of Pd2Se3, we further
explored its light-harvesting performance by calculating the dielectric functions based on the hybrid
HSE06 functional. Figure 4a shows the real (ε1) and imaginary (ε2) parts of the frequency-dependent
complex dielectric functions of Pd2Se3. With the dielectric functions, we derive its optical absorption
coefficient (α), as shown in Figure 4b. For comparison, the absorption spectra of PdSe2 was also
calculated. We notice that, for both Pd2Se3 and PdSe2, the overall absorption coefficients are close to the
order of 105 cm−1 and only show little difference along the x and y directions, which are considerably
desirable for optical absorption. Moreover, as shown in Figure 4b, the absorption coefficient of Pd2Se3

is slightly larger than that of PdSe2 in nearly the entire of the energy range, indicating the improved
light-harvesting performance of Pd2Se3 as compared with PdSe2. Furthermore, we also investigated
the biaxial strain influence on the optical performance of Pd2Se3. The calculated strain-dependent
optical absorption spectra are presented in Figure 4c. It shows that the strain slightly affects the optical
absorption of Pd2Se3, which is favorable for applications in flexible systems since it guarantees steady
performance of devices under stretching.
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Figure 4. (a) Real part (ε1) and imaginary part (ε2) of the complex dielectric function, and (b) optical
absorption spectra of Pd2Se3, as compared to those of PdSe2 along the x and y directions respectively;
(c) Optical absorption spectra of Pd2Se3 under different biaxial strains from 0% (violet line) to 9%
(red line).

3.6. Extension and Photovoltaic Application of Pd2Se3

Moreover, we further explored the feasibility of other Pd2X3 monolayer phases, with X to be S
and Te, respectively. Bulk PdS2 has the same geometrical structure as that of bulk PdSe2, thus the
Pd2S3 monolayer might be experimentally synthesized following the same synthetic method as that of
the Pd2Se3 monolayer. However, bulk PdTe2 prefers a 1T configuration, indicating that the Pd2Te3

monolayer might be inaccessible. To confirm our assumption, we calculated the phonon dispersions of
the two structures. No imaginary mode exists in the phonon spectra of Pd2S3 (see Figure 5a), indicating
its dynamical stability of the monolayer. Whereas the phonon spectra of the Pd2Te3 monolayer shows
imaginary frequency near the Γ point (see Figure S5), demonstrating its structural instability. We then
calculated the electronic band structure of the stable Pd2S3 monolayer (Figure 5a), verifying the feature
of a semiconductor with an indirect bandgap of 1.48 eV.

Since 2D TMCs can be vertically stacked layer-by-layer forming the van der Waals heterostructures
which can efficiently modulate properties of materials for applications in nanoscale electronic and
photovoltaic devices, here we propose a van der Waals heterostructure composed of the Pd2Se3

and Pd2S3 monolayers (see Figure 5b) and study its interesting properties. A key indicator for
heterostructures is the band alignment that defines the type of heterostructures. Thus, we calculated
the band alignment of the Pd2Se3 and Pd2S3 monolayers, as shown in Figure 5c. One can see that
the Pd2S3/Pd2Se3 heterostructure has a type-II (ladder) band alignment, which allows more efficient
electron-hole separation for lighting harvesting. Such type-II heterostructure can be used as active
materials in excitonic solar cells (XSCs) [46–49]. For the Pd2S3/Pd2Se3 heterostructure, the Pd2Se3

monolayer is the donor and the Pd2S3 monolayer serves as the acceptor. With the approximation that
the HSE06 bandgap equals optical bandgap and using the model developed by Scharber et al. [44],
we obtained the upper limit of the PCE, reaching as high as 20% (Figure 5d). For comparison, we also
calculated the band alignments for the PdS2/PdSe2 and MoS2/MoSe2 heterostructures, and find that
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they both are type-II heterostructures with predicted PCEs to be 14% and 12% respectively. The high
PCE of the Pd2S3/Pd2Se3 heterostructure renders it a promising candidate in flexible optoelectronic
and photovoltaic devices.

Figure 5. (a) Optimized atomic structure, phonon spectra and electronic band structure (at the HSE06
level) of the Pd2S3 monolayer; (b) Top and side views of the heterostructure composed of the Pd2S3

and Pd2Se3 monolayers; (c) Band alignments of the Pd2S3, Pd2Se3, PdS2, PdSe2, MoS2, and MoSe2

monolayers calculated using the HSE06 functional. The numbers are the CBM and VBM energies
with respect to the vacuum level, which is set to zero when calculating the band alignment diagrams;
(d) Computed PCE contour as a function of the donor bandgap and conduction band offset. Violet
open stars mark the PCEs of Pd2S3/Pd2Se3, PdS2/PdSe2, and MoS2/MoSe2 heterostructure solar cells.

4. Conclusions

In summary, on the basis of DFT calculations, we systematically studied the properties and
potential applications of the recently synthesized Pd2Se3 monolayer by focusing on its geometric
structure, electronic band structure, and optical adsorption. Comparing with the previously reported
PdSe2 monolayer, we found that the Pd2Se3 monolayer has the following merits: (1) A suitable
quasi-direct bandgap (1.39 eV) for light absorption, (2) a higher electron mobility (140.4 cm2V−1s−1)
and (3) a stronger optical absorption (~105 cm−1) in the visible solar spectrum, showing promise
of Pd2Se3 as an absorber material for future ultrathin photovoltaic devices. In addition, the Pd2Se3

monolayer combining with the stable Pd2S3 monolayer can form a type-II heterostructure, and the
heterostructure solar cell system can achieve a 20% PCE. These findings would encourage
experimentalists to devote more effort in developing Pd2Se3-based devices with high performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/10/832/s1,
Table S1: Structural parameters of the Pd2Se3, Pd2S3, Pd2Te3, PdS2, PdSe2, MoS2, and MoSe2 monolayers;
Figure S1: (a) Raman spectra of PdSe2 and Pd2Se3 monolayers. (b) and (c) are the corresponding Raman-active
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vibrational modes of the two structures; Figure S2: Electronic band structure of the Pd2Se3 monolayer calculated
at the HSE06 level with and without considering the SOC interaction; Figure S3: Geometric structure of the Pd2Se3
monolayer under 0% and 9% biaxial tensile strain; Figure S4: Phonon dispersion of the Pd2Se3 monolayer under
9% biaxial tensile strain; Figure S5: Phonon dispersion of the Pd2Te3 monolayer.
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Abstract: By means of a hybrid density functional, we comprehensively investigate the energetic,
electronic, optical properties, and band edge alignments of two-dimensional (2D) CdS/g-C3N4

heterostructures by considering the effect of biaxial strain and pH value, so as to improve the
photocatalytic activity. The results reveal that a CdS monolayer weakly contacts with g-C3N4, forming
a type II van der Waals (vdW) heterostructure. The narrow bandgap makes CdS/g-C3N4 suitable
for absorbing visible light and the induced built-in electric field between the interface promotes the
effective separation of photogenerated carriers. Through applying the biaxial strain, the interface
adhesion energy, bandgap, and band edge positions, in contrast with water, redox levels of
CdS/g-C3N4 can be obviously adjusted. Especially, the pH of electrolyte also significantly influences
the photocatalytic performance of CdS/g-C3N4. When pH is smaller than 6.5, the band edge
alignments of CdS/g-C3N4 are thermodynamically beneficial for oxygen and hydrogen generation.
Our findings offer a theoretical basis to develop g-C3N4-based water-splitting photocatalysts.
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1. Introduction

Gaining hydrogen through photocatalytic water splitting by use of solar energy provides a new
way to solve the problems of energy shortage and environmental pollution. A large number of
semiconductors, such as TiO2 [1], ZnO [2], KNbO3 [3], and NaNbO3 [4] have drawn much attention
as promising photocatalysts, but they can merely utilize ultraviolet light, which only makes up only
4% of solar energy. Some photocatalysts, such as bulk CdS [5], have suitable bandgaps for visible
light absorption, but lacks stability due to the self-oxidation of photogenerated species. Thus, it is
challenging to find efficient water-splitting photocatalysts, and some appropriate strategies should be
taken to modulate the electronic and photocatalytic properties of pristine photocatalysts. Generally,
introduction of dopants [6,7], loading noble metal [8], dye sensitizing [9] and cocatalysis through
constructing heterojunctions [10–12] are effective at improving the photocatalytic activity. The desired
photocatalyst must have the conduction band minimum (CBM) and valence band maximum (VBM)
individually above the water reduction (H+/H2) potential and below the water oxidation (O2/H2O)
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potential. Besides, the theoretical minimum bandgap of 1.23 eV is required for water splitting [13]
considering the overpotential accompanied by water redox processes.

Since graphene was prepared, 2D materials including hexagonal boron nitride [14], graphite-like zinc
oxide [15], transition-metal dichalcogenides [16], and MXenes [17] have been extensively investigated and
utilized in the area of optoelectronics and photocatalysts. Particularly, the graphite-like carbon nitride
(g-C3N4) is a prospective photocatalyst used for hydrogen generation by photocatalytic decomposition
of water [18]. g-C3N4 has a suitable bandgap of 2.7 eV for visible light absorption. However, g-C3N4

exhibits poor photocatalytic efficiency because of the fast recombination of photogenerated electron–hole
pairs [19–21]. This factor obviously restrains the photocatalytic efficiency of g-C3N4. It is of great
significance to adopt measures to regulate the electronic structures of g-C3N4 in a bid to enhance the
photocatalytic performance. Especially, a large number of 2D heterostructures, such as ZnO/WS2 [22],
AlN/WS2 [23], GaN/WS2 [24], g-C6N6/g-C3N4 [25], g-C3N4/MoS2 [26] and g-C3N4/C2N [27]
exhibit significantly improved photocatalytic activity as compared to pristine 2D materials. In these
heterostructures, the formed built-in electric field caused by the charge accumulation/depletion around the
interfaces promotes the effective separation and migration of photogenerated carriers, which is beneficial
to enhance the photocatalytic performance. A recent theoretical study [28] reports the stability, electronic
structures, and offset of 2D CdS/g-C3N4 heterostructure, and the result suggests that the heterostructure
has suitable bandgap and band alignments for visible light photocatalytic water splitting. Moreover,
the induced electric field between CdS layer and g-C3N4 also accelerates the separation of photogenerated
carriers and improves the photocatalytic activity. However, whether the biaxial strain will improve the
photocatalytic activity of CdS/g-C3N4 is still unclear. Besides, it is also unclear whether the photocatalytic
activity of CdS/g-C3N4 is affected by the pH of electrolyte. These two problems have to be solved in a bid
to obviously enhance the photocatalytic performance of CdS/g-C3N4.

The purpose of this work is to investigate the energetic, electronic, optical property and band edge
alignments of CdS/g-C3N4 as well as the effect induced by the biaxial strain and the pH of electrolyte,
in order to regulate the photocatalytic performance. This work is organized as follows. Section 2
depicts the computational details, while Section 3 displays the results and discussion about the
energetic, optical, optical, band edge alignments as well as the photocatalytic property of CdS/g-C3N4

heterostructure with the consideration of biaxial strain and pH, and ultimately Section 4 lists some
concluding remarks.

2. Computational Details

The CdS/g-C3N4 heterostructure, which consists of 3 Cd, 3 S, 6 C, and 8 N atoms, is constructed
through vertically stacking a

√
3 ×√

3 supercell of hexagonal CdS single-layer on a 1 × 1 g-C3N4

cell. We carry out density functional theory (DFT) calculations by means of the general gradient
approximation (GGA) [29] of Perdew–Burke–Ernzerhof (PBE) [30] and hybrid density functional of
HSE06 [31], as implemented in the Vienna ab initio simulation package (VASP) [32]. We adopt the
projected-augmented-wave (PAW) method [33] to describe the electron-ion interaction and DFT-D3
correction [34] to well treat long-range vdW interaction. To avoid the interactions introduced by the
periodic structures, a vacuum of 18 Å is used. We first optimize the geometries by use of PBE, and then
accurately calculate the electronic and optical properties by utilization of HSE06. The plane-wave cutoff
energy is set as 500 eV, and a Monkhorst-pack [35] k-point mesh of 13 × 13 × 1 for CdS cell, 9 × 9 × 1
for g-C3N4 cell and CdS/g-C3N4 heterostructures are used. All the structures are fully relaxed until
the energy and force on each atom are individually reduced to 10−5 eV and 0.02 eV/Å. The valence
electron configurations of of Cd (4d105s2), S (3s23p4), C(2s22p2), and N (2s22p3) are considered to
construct the PAW potentials.
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Finally, the optical absorption spectra of g-C3N4 and CdS/g-C3N4 composite is calculated by use
of HSE06. The absorption coefficient is obtained from the the real and imaginary parts of the frequency
dependent complex dielectric function ε(ω)=ε1(ω)+iε2(ω) according to the following relationship [36]

I(ω) =
√

2ω

√√
ε2

1(ω) + ε2
2(ω)− ε1(ω) (1)

The imaginary part of the dielectric function ε2 is calculated as [37]

ε2(h̄ω) =
2e2π

Ωε0
∑
k,v,c

|〈ψc
k|u · r|ψv

k 〉|2δ(Ec
k − Ev

k − h̄ω) (2)

where Ω, v, c, ω, u, ψv
k and ψc

k denotes the unit-cell volume, valence bands, conduction bands,
photon frequencies, the vector defining the polarization of the incident electric field, the occupied
and unoccupied wave functions at point k in reciprocal space, respectively, while the real part of the
dielectric function ε1 can be obtained from imaginary part ε2 by the Kramer-Kronig relationship [38].

ε1(ω) = 1 +
2
π

p
∫ ∞

0

ε2(ω
′
)ω

′

ω
′2 − ω2 dω

′
(3)

where p denotes the principal value of the integral.

3. Results and Discussion

The geometry structures, density of states (DOS) and projected density of states (PDOS) of CdS
monolayer and g-C3N4 are depicted in Figure 1. The calculated lattice constants for CdS and g-C3N4

single-layers are respectively a = b = 4.245 and a = b = 7.134 Å, and the obtained bandgaps for CdS
and g-C3N4 single-layers are, respectively, 2.74 and 2.77 eV, which are well consistent with previous
experiment and theoretical reports [28]. The VBM of CdS single-layer mainly consists of S 3p, Cd
4d and Cd 4p orbitals, whereas the CBM is primarily contributed by Cd 5s character. For g-C3N4,
the VBM is mainly composed of N 2p orbitals with some amount of C 2p and N 2s orbitals, while the
CBM is comprised of C 2p and N 2p characters.

Figure 1. (a) Crystal structures of CdS single-layer and g-C3N4. DOS and PDOS of (b) CdS single-layer
and (c) g-C3N4.

The lattice mismatch is defined as: [(Lg−C3N4 − Ls−CdS)/Ls−CdS] × 100%, where Lg−C3N4 and
Ls−CdS are the lattice constants of g-C3N4 cell and

√
3 × √

3 CdS supercell, respectively. When a√
3×√

3 CdS supercell contacts with a 1× 1 g-C3N4 cell, the lattice mismatch is only −2.97%, which is
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good for the construction of CdS/g-C3N4 heterostructure. We consider a
√

3 ×√
3 CdS supercell with

with tree special rotation angles of 0◦, 120◦, and 240◦ sitting on a 1 × 11 g-C3N4 cell with fixed angles
to construct three possible configurations of CdS/g-C3N4, as depicted in Figure 2. These different
heterostructures are call as CdS/g-C3N4 (i), (ii), and (iii), respectively. The optimized lattice constants
for CdS/g-C3N4 (i), (ii) and (iii) are respectively 6.954, 6.955 and 6.920 Å, slightly smaller than the lattice
of g-C3N4. This may be attributed to the atom rearrangements in the heterostructures. The obtained
bandgaps for CdS/g-C3N4 (i), (ii) and (iii) are 2.745, 2.746 and 2.676 eV, respectively. Though the
bandgaps of these heterostructures are almost the same as the bandgap of g-C3N4, the absorption of
visible light is significantly improved. This will be detailed in the following discussion.

Figure 2. Top and side views of three possible stackings of CdS/g-C3N4 heterostructures.

To explore the thermodynamic stability, the interface binding energy (Eb) is calculated according
to the following relationship:

Eb = ECdS/g-C3N4 − ECdS − Eg-C3N4 (4)

where ECdS/g-C3N4 , ECdS, and Eg-C3N4 denote the total energies of CdS/g-C3N4 heterostructure,
CdS single-layer, and g-C3N4, respectively. The Eb values for CdS/g-C3N4 (i), (ii) and (iii) are
respectively −1.62633, −1.62548 and −1.62630 eV, implying these heterostructures are exothermic and
are energetically favorable. Besides, the differences of Eb among these structures are so small that these
three configurations may be experimentally prepared at the same time. These three configurations
have similar energy values. Furthermore, the band alignments depicted in Figure 3 also indicate
that the band edge positions of these three heterostructures are close. Thus, our discussion is mainly
focused on the CdS/g-C3N4 (i). The interface adhesion energy (Ea) is calculated according to the
following equation:

Ea = Eb/S (5)

where S is the area of CdS/g-C3N4 heterostructure vertical to the vacuum direction. The Ea for
CdS/g-C3N4 (i) is −19.4 meV/Å2, within the scope of typical vdW heterostructure of −20 meV/Å2 [39].

As an ideal water-splitting photocatalyst, its band edges must be located in proper positions.
The CBM and VBM must straddle the water redox potentials to satisfy the thermodynamic criterion
for overall water splitting. Figure 3 displays the band edge alignments for CdS monolayer, g-C3N4,
CdS/g-C3N4 (i), (ii) and (iii). The band edges of these systems are all straddle the water redox levels,
which is propitious to spontaneously produce both hydrogen and oxygen.

142



Nanomaterials 2019, 9, 244

Figure 3. Band edge alignments for CdS single-layer, g-C3N4, CdS/g-C3N4 (i), (ii), and (iii) in contrast
with water redox levels.

The appearance of strain can not be ignored due to the lattice mismatch between different 2D
semiconductors. It is found that for 2D materials, the electronic and optical properties can be modulated
through strain engineering [40–42]. We consider the influence caused by both tensile and compressive
biaxial strain on the energetic, electronic, and photocatalytic properties of CdS/g-C3N4. The biaxial
strain is defined as ε = [(a − a0)/a0]× 100%, in which a and a0 are the lattice parameters of strained
and pristine CdS/g-C3N4 heterostructures, respectively. ε < 0 means the structure is compressed,
while ε > 0 means the structure is stretched. Figure 4 gives the varied Ea and Eg values of CdS/g-C3N4

heterostructures of different biaxial strain with 2% apart. The Ea value gets smaller within the scope
of ε = −8% to ε = 0 but gets larger in the range of ε = 0 to ε = 8%. The unstrained CdS/g-C3N4

heterostructure has the least interface adhesion energy, which implies that unstrained configuration
has advantage in energy in contrast with strained configuration. The calculated Ea value with the
ε in the range from −8% to 8% are 82.2, 55.1, 7.1, −11.8, −19.4, −11.7, 6.8, 32.9 and 52.8 meV/Å2,
indicating the formation of the heterostructures with the ε = −2%, 0, 2% are exothermic. The Eg value
decreases in the range of ε = −8% to ε = −6%, increases in the range of ε = −6% to ε = 0, and decreases
in the range of ε = 0 to ε = 8%. This suggests that the visible light absorption can be modulated by
tuning the bandgaps through biaxial strain engineering. The unstrained heterostructure has the largest
bandgap. The obtained bandgaps for CdS/g-C3N4 heterostructures in the range of ε = −8% to ε = 8%
are 2.43, 0.78, 1.72, 2.19, 2.75, 2.54, 2.34, 2.20 and 1.34 eV.

Figure 4. (a) Varied interface adhesion energies (Ea) and bandgaps (Eg) of CdS/g-C3N4 heterostructures
with different biaxial strains. (b) Band edge alignments of CdS/g-C3N4 heterostructures with different
biaxial strains. The red and blue horizontal lines are the water redox potentials as pH = 0 and pH = 7,
respectively.

The photocatalytic performance is affected by the pH of electrolyte. Particularly, the standard
hydrogen electrode potential varies with the pH varies. The standard reduction (H+/H2) in contrast
with the vacuum level is calculated by: EH+/H2

= −4.44 eV + pH × 0.059 eV [43]. With the
consideration of the difference of 1.23 eV [44] between water redox potentials during the water
redox reactions, the oxygen potential (O2/H2O) is calculated by: EO2/H2O = EH+/H2

− 1.23 eV =
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−5.67 eV + pH × 0.059 eV. The method has been successfully applied to predict the photocatalytic
properties of P and As doped C2N monolayer [45], CdS/ZnSe heterostructure [46], and (Bule P)/BSe
heterostructure [47] with considering the effect of pH on the standard redox potentials with respect to
the vacuum level.

The band edge alignments of CdS/g-C3N4 heterostructures with diverse biaxial strains are
displayed in Figure 4. Both CBM and VBM of CdS/g-C3N4 of ε = −2%, 0, 2%, 4%, 6% individually
straddle the water redox levels in the pH range of 0–1.6, 0–14, 0–11.5, 0–8.1, 0–6.5. In the pH range
of 0–14, the VBM and CBM of CdS/g-C3N4 with ε = −8%, −4%, 8% are individually lower than the
water oxidation (O2/H2O) and reduction (H+/H2) potentials, which means that these heterostructures
are only beneficial for oxygen generation. For the case of ε = −6%, the VBM and CBM are individually
above the water oxidation (O2/H2O) and reduction (H+/H2) potentials when the pH is lower than
6.9. When the pH is lower than 6.5, the CdS/g-C3N4 with ε = 0, 2%, 4%, 6% are thermodynamically
feasible for over all water redox reactions, while the composites of ε = −2%, −6%, −8%, −4%, 8%
are propitious to spontaneously generate oxygen. Therefore, adjustment of the pH lower than 6.5 is
conducive to improve the photocatalytic activity of CdS/g-C3N4.

Next, we plot the DOS, PDOS, and band structures of unstrained CdS/g-C3N4 to shed light
on the physical mechanism of water splitting of CdS/g-C3N4. Figure 5 shows that the CBM and
VBM are individually donated by g-C3N4 and CdS layer, suggesting that the CdS/g-C3N4 is a type
II heterostructure. The partial charge density of CBM and VBM in Figure 6 also suggests the CBM
of g-C3N4 is predominately contributed by g-C3N4 and the VBM is mainly donated by CdS layer.
The VBM is primarily composed of S 3p, Cd 4d and Cd 4p states, while the CBM is predominately
dominated by N 2p and C 2p states. Taking the electronic transition of angular momentum selection
rules of �l = ±1 into account, after absorbing photons, the electrons primarily migrate from Cd 4d
orbitals below the Fermi level to N 2p and C 2p orbitals in conduction band.

Figure 5. (a) DOS, PDOS and (b) band structures of CdS/g-C3N4 heterostructure.

Figure 6. Partial charge densities of (a) CBM, (b) VBM, (c) the charge density difference, and (d) potential
drop across the interface of CdS/g-C3N4 heterostructure.

The charge density difference of CdS/g-C3N4 heterostructure in Figure 6c, where cyan and yellow
regions represent charge depletion and accumulation, respectively. It is obvious that electrons migrate
from CdS layer to g-C3N4. Based on the Bader charge analysis, the transferred charge is 0.027 |e|,
which is enough to introduce a large potential drop between the g-C3N4 and CdS layer. Figure 6d lists
potential drop across the interface of CdS/g-C3N4 along the Z direction, i.e., the vacuum direction.
The g-C3N4 has a deeper potential as compared to that of CdS layer, which drives electrons to migrate
from CdS layer to g-C3N4. The potential drop (ΔV) across the interface is 8.14 eV, inducing a built-in
electric field from the g-C3N4 to CdS layer. The formed built-in electric field can promote the shifts
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of photogenerated carriers, thus further inhibiting the recombination of photogenerated carriers.
The g-C3N4 and CdS individually pose as electron acceptor and donor. Thus, the water oxidation
reaction and reduction reaction occur on the CdS layer and g-C3N4, respectively. This is beneficial for
improving the photocatalytic activity.

Another key indicator to the photocatalytic performance is the optical absorption. Figure 7 depicts
the obtained absorption cures for g-C3N4 and CdS/g-C3N4, the original g-C3N4 only exhibits a obvious
absorption above 3.0 eV and there is almost no visible light absorption ability for g-C3N4, which may
be due to the fact that only a small amount of electron density migrates electron migrates from N 2s
states of valence band to C 2p and N 2p states of conduction band (see Figure 1). The adsorption edge
of CdS/g-C3N4 shifts to 2.7 eV, especially the g-C3N4 shows stronger light absorption than g-C3N4 in
the range of 2.7–4.3 eV, i.e., the CdS/g-C3N4 owns a broad absorption in both ultraviolet and visible
light regions. According to Figures 1 and 5, the reason of enhancement of light absorption should be
that the electron migration from the Cd 4d states below the Fermi level to C 2p and N 2p states are
significantly enhanced as compared to pristine g-C3N4.

Figure 7. Absorption spectra of pristine g-C3N4 and CdS/g-C3N4 heterostructure.

4. Conclusions

In summary, the hybrid density functional HSE06 is employed to calculate the energetic, electronic
and optical properties of CdS/g-C3N4, whilst taking into account different biaxial strains as well
as the pH of electrolyte, in a bid to tune the photocatalytic activity of CdS/g-C3N4. When the
interaction between single-layer CdS and g-C3N4, the vdW CdS/g-C3N4 heterostructure is easy to
form, as the interface adhesion formation energy is negative. The predicted bandgaps and optical
absorptions indicate the CdS/g-C3N4 heterostructure can absorb visible light. Furthermore, the formed
built-in electric field around the interface region is helpful to accelerate electron–hole recombination.
The bandgaps, interface adhesion energies, and band edge alignments in reference to water redox
potentials are visibly affected by the biaxial strains. The photocatalytic performance of CdS/g-C3N4

can be modulated by tuning the biaxial strains and pH. When pH is lower than 6.5, the band edge
positions of CdS/g-C3N4 are thermodynamically favorable for spontaneously producing of oxygen
and hydrogen. In general, CdS/g-C3N4 is a perspective water-splitting photocatalyst.
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Abstract: In this work, graphene-like ZnO (g-ZnO)-based two-dimensional (2D) heterostructures
(ZnO/WS2 and ZnO/WSe2) were designed as water-splitting photocatalysts based on the hybrid
density functional. The dependence of photocatalytic properties on the rotation angles and biaxial
strains were investigated. The bandgaps of ZnO/WS2 and ZnO/WSe2 are not obviously affected
by rotation angles but by strains. The ZnO/WS2 heterostructures with appropriate rotation angles
and strains are promising visible water-splitting photocatalysts due to their appropriate bandgap
for visible absorption, proper band edge alignment, and effective separation of carriers, while the
water oxygen process of the ZnO/WSe2 heterostructures is limited by their band edge positions.
The findings pave the way to efficient g-ZnO-based 2D visible water-splitting materials.

Keywords: ZnO/WS2; ZnO/WSe2; photocatalysis; hybrid density functional

1. Introduction

An increasing amount of effort has been dedicated to 2D materials for their distinctive
electronic [1], optical [2,3], mechanical properties [4], and their potential applications in
superconductivity [5], supercapacitors [6], lithium-ion batteries [7], solar cells [8], and photocatalysis [9].
Recently, graphene-like ZnO (g-ZnO) has been experimentally synthesized [10,11] and proven
to be energetically stable by density functional theory (DFT) [12]. Though there have been
many investigations [13–16] focused on the magnetism of g-ZnO, few studies exist regarding
the water-splitting [17,18] of g-ZnO. As bulk ZnO-based materials are promising water-splitting
photocatalysts, we may wonder about the photocatalytic activity of g-ZnO- and g-ZnO-based materials.
However, the bandgap for g-ZnO is 3.25 eV [13], which results in inefficient visible light absorption and
reduces the utilization of solar energy. Therefore, the electronic structure of g-ZnO should be adjusted
so as to reduce the bandgap and absorb more visible light. A desired water-splitting photocatalyst
should have a conduction band minimum (CBM) and a valence band maximum (VBM) above the
water reduction level and the water oxidation level, respectively [19,20]. Considering the additional
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overpotential accompanied with overall water redox processes, the theoretical bandgap for desired
water-splitting photocatalyst should be larger than 1.23 eV [19,20]. Construction of a heterojunction is
a useful method to improve the photocatalytic performance of photocatalysts [21–26]. The monolayer
WS2 (WSe2) has been studied as a photocatalyst; the appropriate bandgap of 1.98 (1.63) [27] eV ensures
its strong ability for visible light absorption. As monolayer WS2 (WSe2) has a similar crystal structure
and almost the same lattice constants compared with g-ZnO, we consider building heterostructures
between g-ZnO and the WS2 (WSe2) monolayer, i.e., ZnO/WS2 (ZnO/WSe2) heterostructures.

In this article, using the hybrid density functional, the structural, electronic, and optical properties
and band edge alignment of ZnO/WS2 and ZnO/WSe2 heterostructures are described and discussed to
explore whether they have an efficient visible light response and photocatalytic activities. The following
questions are posed: (i) Will these two heterostructures be promising water-splitting photocatalysts
with an appropriate bandgap and band edge positions? (ii) Will charge separation exist between
the constituent monolayers? (iii) Will these two heterostructures have an efficient absorption of
visible light? (iv) Will the electronic and optical properties be changed with the application of
acceptable strains?

2. Computational Details

The heterostructure models of ZnO/WS2 and ZnO/WSe2 are built using a 2×2 supercell of
g-ZnO as a substrate to support 2×2 supercells of WS2 and WSe2 monolayers, i.e., the lattice
parameters of the heterostructures are the fixed value of optimized 2 × 2 g-ZnO of a = b = 6.58 Å.
The calculated lattice mismatch between ZnO and WS2 (WSe2) monolayer is −3.4% (+0.3%), which
is helpful for experimental preparations of ZnO/WS2 and ZnO/WSe2. In addition, a vacuum space
of 18 Å is adopted to avoid the interactions between neighboring nonocomposites. The Vienna
ab initio simulation package (VASP) [28] was used to perform the DFT calculations, and the
Perdew-Burke-Ernzernof (PBE) [29] under generalized gradient approximation (GGA) [30] within
the projected augmented wave (PAW) method [31] are utilized. The DFT-D3 [32] vdW correction by
Grime is adopted to treat the weak van der Waals (vdW) interactions. An energy cutoff of 500 eV,
energy convergence thresholds of 10−5 eV, force convergence criteria of 0.01 eV/Å, and k-points of
13 × 13 × 1 for 1 × 1 g-ZnO, WS2 (WSe2) monolayers and 7 × 7 × 1 for 2 × 2 ZnO/WS2 (ZnO/WSe2)
are sufficient for calculating geometric and electronic structures. To determine electronic and optical
properties more accurately, the hybrid density functional of Heyd-Scuseria-Ernzerhof [33,34] (HSE06)
with a mixing coefficient of 0.25 is used. In summary, the PBE is used for structural optimizations
and energy calculations, while the HSE06 is adopted for the calculation of electronic structures and
optical properties. Furthermore, the valence states of O (2s22p4), S (3s23p4), Se (4s24p4), Zn (3d104s2),
and W (5p66s25d4) are used to construct PAW potentials. The absorption curves are calculated from
the imaginary part of the dielectric constant according to the Kramers-Kroning dispersion relation [35].

3. Results and Discussion

The obtained bandgaps for the g-ZnO and WS2 (WSe2) monolayers are, respectively, 3.30 and
2.35 (2.10) eV, consistent with previous reports [27,36]. The obtained lattice parameters for the g-ZnO
and WS2 monolayers are 3.290 and 3.180 (3.300) Å, respectively. The lattice mismatch between
the g-ZnO and WS2 WSe2 of −3.4% (0.3%) is small, which is favorable for the construction of a
ZnO/WS2 (ZnO/WSe2) heterostructure. To build the ZnO/WS2 and ZnO/WSe2 heterostructure
models, six different ZnO single-layers rotating on the fixed WS2 and WSe2 monolayers from 0
to 300◦ with 60◦ apart are considered. Top views of different stacked ZnO/WS2 and ZnO/WSe2

heterostructures are depicted in Figure 1. The Zn–O bond lengths in all these ZnO/WS2 and ZnO/WSe2

heterostructures are the same value of 1.900 Å, which is easy to understand because the lattice
parameters of these heterostructures are the fixed values of the 2 × 2 g-ZnO and WS2 layer (WSe2)
hardly affects the ZnO layer in the composites because of the weak vdW interactions. The lengths
of the W–S bond in ZnO/WS2 with rotation angles in the range of 0–300◦ are, respectively, 2.441
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(2.444), 2.440 (2.445), 2.442 (2.444), 2.444 (2.444), 2.444 (2.444), and 2.442 (2.444) Å, and the lengths of
the W–Se bond in ZnO/WSe2 are, respectively, 2.540 (2.544), 2.539 (2.544), 2.541 (2.544), 2.544 (2.544),
2.543 (2.544), and 2.542 (2.544). The length of the W–S (W–Se) bond in ZnO/WS2 (ZnO/WSe2) are
slightly larger (smaller) than the original length of the W–S (W–Se) bond in the WS2 (WSe2) monolayer,
which is due to the fact that a small lattice mismatch causes small atom rearrangements. When the
rotation angles are in the range of 0–300◦, the layer distances between the two layers in ZnO/WSe2

(ZnO/WSe2) are 2.976, 2.932, 2.964, 3.316, 3.328, and 2.974 (3.084, 3.071, 3.036, 3.375, 3.374, and 3.067) Å,
respectively.

Figure 1. Top views of the ZnO/WS2 (ZnO/WSe2) with the g-ZnO in different rotation angles of (a) 0◦

(the reference); (b) 60◦; (c) 120◦; (d) 180◦; (e) 240◦; and (f) 300◦.

The relative stability of ZnO/WS2 and ZnO/WSe2 could be compared through a calculation
of interface adhesion energy. The interface adhesion energies (Ea) for ZnO/WS2 (ZnO/WSe2) are
defined as

Ea = [EZnO/WS2(WSe2)
− EZnO − EWS2(WSe2)

]/S (1)

where EZnO/WS2(WSe2)
, EZnO, and EWS2(WSe2)

are the total energies for the relaxed ZnO/WS2

(ZnO/WSe2), g-ZnO, and WS2 (WSe2) monolayers. S is the top area of the heterostructure. Figure 2a
gives the Ea values of ZnO/WS2 and ZnO/WSe2 of different rotation angles, and all these six
configurations for both ZnO/WS2 and ZnO/WSe2 heterostructures possess negative interface adhesion
energies, implying that the formation of these interfaces are exothermic and that these heterostructures
could be easily prepared. It is interesting that the varied tendency of the Ea values for ZnO/WS2

and ZnO/WSe2 with different rotation angles are almost the same, which is attributed to the similar
geometric structures and elemental compositions of these heterostructures. Either ZnO/WS2 or
ZnO/WSe2 has a minimum Ea value at a rotation angle of 120◦ in the corresponding heterostructures,
indicating that these two heterostructure configurations are the most stable structures in the considered
configurations. When the rotation angle is 120◦, the Ea values for ZnO/WS2 and ZnO/WSe2 are
respectively −16.28 and −29.92 meV/Å2, within the scope of a vdW Ea value of around 20 meV/Å2 [37].
This indicates that ZnO/WS2 and ZnO/WSe2 are vdW heterostructures. Figure 2 shows the varied
bandgaps of ZnO/WS2 and ZnO/WSe2 with different rotation angles. The calculated bandgaps
for ZnO/WS2 (ZnO/WSe2) of the rotation angles in the range of 0–300◦ are 1.33, 1.35, 1.48, 1.487,
1.491, and 1.50 (2.14, 2.125, 2.134, 2.15, 2.14, and 2.16) eV, respectively. The bandgaps for ZnO/WS2

and ZnO/WSe2 heterostructures are obviously smaller than the bandgap of the ZnO monolayer and
favorable for visible light absorption. The bandgaps of ZnO/WS2 and ZnO/WSe2 heterostructures
are almost unchanged when the rotation angles vary, meaning that the rotation component has a
negligible impact on the bandgaps of these heterostructures, i.e., the different stacked models will
not qualitatively affect our conclusion. Therefore, we could neglect the tiny effect on the electronic
structures of heterostructures caused by the rotational component. The following calculations and
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discussions about the effect of strains on the electronic structures are focused on the ZnO/WS2 and
ZnO/WSe2 with the smallest Ea value, i.e., ZnO/WS2 and ZnO/WSe2 with the rotation angle of 120◦.
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Figure 2. (a) Interface adhesion energies and (b) bandgaps of ZnO/WS2 and ZnO/WSe2 with different
rotation angles.

The suitable bandgap may not always ensure the enhancement of photocatalytic activity.
One should also pay attention to band edge alignment in reference to the water redox level. A desired
water-splitting photocatalyst must have a VBM lower than the water oxidation level and a CBM higher
than the water reduction level. Figure 3 plots the band edge alignment of ZnO/WS2 and ZnO/WSe2

of different rotation angles. The band edge positions of ZnO/WS2 with the rotation angles of 120,
180, 240, and 300◦ straddle the water redox levels, suggesting that these heterostructures have the
ability to act as photocatalysts for the overall water splitting process. For ZnO/WS2 with rotation
angles of 0 and 60◦, the CBM positions are lower than the water reduction level, which make these
two heterostructures unfavorable for the spontaneous production of hydrogen. For ZnO/WSe2 with
different rotation angles, VBM positions are above the water oxidation level, which causes poor oxygen
evolution efficiency.
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Figure 3. Band alignment of (a) ZnO/WS2 and (b) ZnO/WSe2 of different rotation angles with respect
to the water redox levels.

When two materials with different lattice constants form a heterostructure, the strain will
obviously affect the geometry and electronic properties. In addition, many studies report that the
electronic and optical properties of 2D materials [38–40] could be effectively tuned through the
application of strain. The biaxial strain, which is calculated as ε =[(a − a0)/a0] × 100% (a and a0

are, respectively, the lattice parameters with and without biaxial strain), is considered to alter the
photocatalytic activities of ZnO/WS2 and ZnO/WSe2. Figure 4a indicates that Ea values become
smaller in the range of ε = −6%–−2% but become larger in the range of ε = −2%–+6%, which means
that the ZnO/WS2 with a strain of −2% is a more stable configuration as compared to these others.
The Ea values of ZnO/WSe2 become smaller in the range of ε = −6%–0 but become larger in the
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range of ε = 0–+6%, implying that the ZnO/WSe2 without strain is energetically more favorable in
contrast with g-ZnO. The Ea values for ZnO/WS2 of ε = −2% and ZnO/WSe2 of ε = 0 are, respectively,
−22.97 and −29.92 meV/Å2. Hence, these two heterostructures belong to vdW heterostructures.
The bandgaps of ZnO/WS2 and ZnO/WSe2 of different strains are depicted in Figure 4b. The bandgaps
for ZnO/WS2 of ε = −6%–+6% are, respectively, 1.61, 2.05, 1.94, 1.48, 1.04, 0.68, and 0.39 eV, and the
bandgaps for ZnO/WSe2 of ε = −6%–+6% are, respectively, 1.63, 1.95, 2.06, 2.13, 1.84, 1.60, and 1.22 eV.
The bandgaps of ZnO/WS2 become larger in the range of ε = −6%–−4% but become smaller in the
range of ε = −4%–+6%, and the ZnO/WS2 of ε = −4% has the largest bandgap. The bandgaps of
ZnO/WSe2 become larger in the range of ε = −6%–0 but become smaller in the range of ε = 0–+6%,
i.e., the ZnO/WSe2 without strain has the largest bandgap.
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Figure 4. (a) Interface adhesion energies and (b) bandgaps of ZnO/WS2 and ZnO/WSe2 with
different strains.

The band edge alignment of ZnO/WS2 and ZnO/WSe2 heterostructures with different strains is
given in Figure 5. The band edge positions of ZnO/WS2 heterostructures with ε = −2% straddle the
water redox levels, implying that these heterostructures are suitable for both hydrogen and oxygen
evolution. For ZnO/WS2 heterostructures with ε = −6% and −4%, the CBM levels are suitable for
hydrogen evolution, but VBM levels are unfavorable for oxygen evolution. While for the case of
ZnO/WSe2 heterostructure with ε = +2%, though the VBM level is favorable for spontaneous oxygen
production, the CBM level is unfavorable for spontaneous hydrogen production. The band edge
positions of ZnO/WS2 heterostructures with ε = +4% and +6% lie between the water reduction
potential and water oxygen potential, which makes these heterostructures unfavorable for over
all water splitting process. For the case of ZnO/WSe2 heterostructures with different strains,
though the CBM levels are suitable for generating hydrogen, the VBM levels are unfavorable for
generating oxygen.
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Figure 5. Band alignment of (a) ZnO/WS2 and (b) ZnO/WSe2 with different strains.
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The DOS, PDOS, and band structures of ZnO/WS2 and ZnO/WSe2 are shown in Figure 6.
The CBM and VBM, respectively, are located at K and Γ, suggesting that ZnO/WS2 has an indirect
bandgap. The CBM is primarily caused by W 5d orbitals and a small amount of S 3p orbitals, while
VBM predominantly consists of W 5d orbitals. The electrons below the Fermi levels are mainly excited
from W 5d (O 2p, S 3p) to S 3p (W 5d) orbitals, when the electronic transition of angular momentum
selection rules of Δl = ±1 is considered. Figure 7a indicates the electrons in the ZnO layer will migrate
to the WS2 layer, which will be helpful for effective separation of photogenerated carriers. Both the
CBM and VBM of ZnO/WSe2 are prominently caused by W 5d and Se 4p orbitals and a small amount
of O 2p orbitals. After absorbing the photo energy, the electrons in the W 5d (Se 4p) orbitals below
the Fermi level will jump to W 5d (Se 4p) orbitals of the conduction band, and only a small amount
of electrons jump from W 5d (O 2p) to O 2p (W 5d) orbitals. Figure 7b implies the electrons in the
ZnO layer will transfer to the WSe2 layer, which is usually favorable for the effective separation of
photogenerated carriers.

 

D
O

S 
an

d 
PD

O
S 

(a
rb

. u
ni

t)  ZnO/WS
2

 ZnO
 WS2

 

 Zn 3p
 Zn 3d
 O 2p
 W 5d
 S 3p

-6 -4 -2 0 2 4 6

 

 

D
O

S 
an

d 
PD

O
S 

(a
rb

. u
ni

t)

Energy (eV)

 ZnO/WSe2
 ZnO
 WSe2

-6 -4 -2 0 2 4 6

 

 

Energy (eV)

 Zn 3p
 Zn 3d
 O 2p
 W 5d
 Se 4p

-6

-4

-2

0

2

4

K ΓMΓ

 

-6

-4

-2

0

2

4

K ΓMΓ

 

En
er

gy
 (e

V
)

En
er

gy
 (e

V
)

(b)

(a)

Figure 6. DOS, PDOS, and band structures of (a) ZnO/WS2 and (b) ZnO/WSe2.

Figure 7. Side views of the charge differences of (a) ZnO/WS2 and (b) ZnO/WSe2.

The calculated optical absorption curves for the ZnO, WS2, WSe2 monolayers and the ZnO/WS2

and ZnO/WSe2 heterostructures are depicted in Figure 8. The absorption curve of g-ZnO is limited
to the ultraviolet region, whereas WS2 and WSe2 monolayers could absorb visible light and show
obvious visible light absorption. Moreover, it is noted that ZnO/WS2 could absorb more visible light
as compared to the g-ZnO and WS2 monolayers. The visible light absorption of ZnO/WSe2 is not
improved in contrast with the WSe2 monolayer but is obviously improved in contrast with g-ZnO.
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Figure 8. Calculated optical absorption curves of ZnO, WS2, and WSe2 monolayers and of ZnO/WS2

and ZnO/WSe2 heterostructures.

4. Conclusions

In summary, we perform extensive hybrid density functional calculation to examine the geometric,
electronic, and optical properties as well as the band edge alignment of ZnO/WS2 and ZnO/WSe2

heterostructures and consider the possible effect caused by rotation angles and biaxial strains.
ZnO/WS2 and ZnO/WSe2 with suitable rotation angles and strains are not difficult to prepare
due to the negative interface adhesion energies. The bandgaps of these heterostructures are not
obviously affected by the rotation angles, but they are by the strains. The band edge positions
render ZnO/WSe2 with different rotation angles and biaxial strains suitable for hydrogen generation
but unfavorable for oxygen generation. ZnO/WS2 with suitable rotation angles and strains have
appropriate bandgaps for visible light absorbtion and proper band edge alignment for spontaneous
water splitting. The charge transfer from the ZnO layer to the WS2 layer will facilitate the separation
of photogenerated carriers and improve the photocatalytic activity. These findings imply ZnO/WS2 is
a promising water-splitting photocatalyst.

Author Contributions: G.W. carried out the DFT calculations; Q.S. and S.D. analyzed the calculated results and
produced the illustrations; G.W., S.X. and G.L. prepared the manuscript; D.L. and M.Z. designed and planned the
research work, and guided G.W. et al. to complete the present work.

Acknowledgments: This work was supported by the National Natural Science Foundation of China under Grant
No. 11504301, the Chongqing Key Laboratory of Additive Manufacturing Technology and Systems (CIGIT, CAS),
and the Natural Science Foundation Project of Chongqing Science and Technology Commission under Grant
No. cstc2016jcyjA1158.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Neto, A.H.C.; Guinea, F.; Peres, N.M.R.; Novoselov, K.S.; Geim, A.K. The electronic properties of graphene.
Rev. Mod. Phys. 2009, 81, 109–162. [CrossRef]

2. Xiao, S.; Wang, T.; Liu, Y.; Xu, C.; Han, X.; Yan, X. Tunable light trapping and absorption enhancement with
graphene ring arrays. Phys. Chem. Chem. Phys. 2016, 18, 26661–26669. [CrossRef] [PubMed]

3. Rahman, M.Z.; Kwong, C.W.; Davey, K.; Qiao, S.Z. 2D phosphorene as a water splitting photocatalyst:
Fundamentals to applications. Energy Environ. Sci. 2016, 9, 709–728. [CrossRef]

4. Faccio, R.; Denis, P.A.; Pardo, H.; Goyenola, C.; Mombru, A.W. Mechanical properties of graphene
nanoribbons. J. Phys. Condens. Mat. 2009, 21, 285304. [CrossRef] [PubMed]

155



Nanomaterials 2018, 8, 374

5. Heersche, H.B.; Jarilloherrero, P.; Oostinga, J.B.; Vandersypen, L.M.K.; Morpurgo, A.F. Bipolar supercurrent
in graphene. Nature 2007, 446, 56–59. [CrossRef] [PubMed]

6. Zhu, Y.; Murali, S.; Stoller, M.D.; Ganesh, K.J.; Cai, W.; Ferreira, P.J.; Pirkle, A.; Wallace, R.M.; Cychosz, K.A.;
Thommes, M.; et al. Carbon-based supercapacitors produced by activation of graphene. Science 2011,
332, 1537–1541. [CrossRef] [PubMed]

7. Li, M.; Liu, Y.; Zhao, J.; Wang, X. Si clusters/defective graphene composites as Li-ion batteries anode
materials: A density functional study. Appl. Surf. Sci. 2015, 345, 337–343. [CrossRef]

8. Zhang, P.; Hu, Z.; Wang, Y.; Qin, Y.; Sun, X.W.; Li, W.; Wang, J. Enhanced photovoltaic properties of
dye-sensitized solar cell based on ultrathin 2D TiO2 nanostructures. Appl. Surf. Sci. 2016, 368, 403–408.
[CrossRef]

9. Putri, L.K.; Ong, W.; Chang, W.S.; Chai, S. Heteroatom doped graphene in photocatalysis: A review.
Appl. Surf. Sci. 2015, 358, 2–14. [CrossRef]

10. Tusche, C.; Meyerheim, H.L.; Kirschner, J. Observation of depolarized ZnO(0001) monolayers: Formation of
unreconstructed planar Sheets. Phys. Rev. Lett. 2007, 99, 026102. [CrossRef] [PubMed]

11. Claeyssens, F.; Freeman, C.L.; Allan, N.L.; Sun, Y.; Ashfold, M.N.R.; Harding, J.H. Growth of ZnO thin films:
Experiment and theory. J. Mater. Chem. 2005, 15, 139–148. [CrossRef]

12. Das, R.; Rakshit, B.; Debnath, S.; Mahadevan, P. Microscopic model for the strain-driven direct to indirect
band-gap transition in monolayer MoS2 and ZnO. Phys. Rev. B 2014, 89, 106–112. [CrossRef]

13. Guo, H.; Zhao, Y.; Lu, N.; Kan, E.; Zeng, X.C.; Wu, X.; Yang, J. Tunable magnetism in a nonmetal-substituted
ZnO monolayer: A first-principles study. J. Phys. Chem. C 2012, 116, 11336–11342. [CrossRef]

14. Qin, G.; Wang, X.; Zheng, J.; Kong, C.; Zeng, B. First-principles investigation of the electronic and magnetic
properties of ZnO nanosheet with intrinsic defects. Comp. Mater. Sci. 2014, 81, 259–263. [CrossRef]

15. Schmidt, T.M.; Miwa, R.H.; Fazzio, A. Ferromagnetic coupling in a Co-doped graphenelike ZnO sheet.
Phys. Rev. B 2010, 81, 195413. [CrossRef]

16. Fang, D.; Zhang, Y.; Zhang, S. Magnetism from 2p states in K-doped ZnO monolayer: A density
functional study. EPL 2016, 114, 47012. [CrossRef]

17. Kaewmaraya, T.; De Sarkar, A.; Sa, B.; Sun, Z.; Ahuja, R. Strain-induced tunability of optical and
photocatalytic properties of ZnO mono-layer nanosheet. Comp. Mater. Sci. 2014, 91, 38–42. [CrossRef]

18. Luo, X.; Wang, G.; Huang, Y.; Wang, B.; Yuan, H.; Chen, H. Bandgap engineering of the g-ZnO nanosheet
via cationic-anionic passivated codoping for visible-light-driven photocatalysis. J. Phys. Chem. C 2017,
121, 18534–18543. [CrossRef]

19. Wang, G.; Chen, H.; Li, Y.; Kuang, A.; Yuan, H.; Wu, G. A hybrid density functional study on the visible
light photocatalytic activity of (Mo,Cr)-N codoped KNbO3. Phys. Chem. Chem. Phys. 2015, 17, 28743–28753.
[CrossRef] [PubMed]

20. Wang, G.; Yuan, H.; Li, Y.; Kuang, A.; Chen, H. Enhancing visible light photocatalytic activity of KNbO3 by
N-F passivated co-doping for hydrogen generation by water splitting. J. Mater. Sci. 2017, 1–12.

21. Moniz, S.J.A.; Shevlin, S.A.; Martin, D.J.; Guo, Z.; Tang, J. Visible-light driven heterojunction photocatalysts
for water splitting-A critical review. Energy Environ. Sci. 2015, 8, 731–759. [CrossRef]

22. Low, J.; Cao, S.; Yu, J.; Wageh, S. Two-dimensional layered composite photocatalysts. Chem. Commun. 2014,
50, 10768–10777. [CrossRef] [PubMed]

23. Wang, H.; Li, X.; Yang, J. The g-C3N4/C2N Nanocomposite: A g-C3N4-based water-splitting photocatalyst
with enhanced energy efficiency. ChemPhysChem 2016, 17, 2100–2104. [CrossRef] [PubMed]

24. Liao, J.; Sa, B.; Zhou, J.; Ahuja, R.; Sun, Z. Design of high-efficiency visible-light photocatalysts for water
splitting: MoS2/AlN(GaN) heterostructures. J. Phys. Chem. C 2014, 118, 17594–17599. [CrossRef]

25. Wang, G.; Dang, S.; Zhang, P.; Xiao, S.; Wang, C.; Zhong, M. Hybrid density functional study on the
photocatalytic properties of AlN/MoSe2, AlN/WS2, and AlN/WSe2 heterostructures. J. Phys. D Appl. Phys.
2018, 51, 025109. [CrossRef]

26. Wang, G.; Yuan, H.; Chang, J.; Wang, B.; Kuang, A.; Chen, H. ZnO/MoX2 (X = S, Se) composites used for
visible light photocatalysis. RSC Adv. 2018, 8, 10828–10835. [CrossRef]

27. Kang, J.; Tongay, S.; Zhou, J.; Li, J.; Wu, J. Band offsets and heterostructures of two-dimensional
semiconductors. Appl. Phys. Lett. 2013, 102, 012111. [CrossRef]

28. Kresse, G.; Furthmuller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave
basis set. Phys. Rev. B 1996, 54, 11169–11186. [CrossRef]

156



Nanomaterials 2018, 8, 374

29. Ernzerhof, M.; Scuseria, G.E. Assessment of the Perdew-Burke-Ernzerhof exchange-correlation functional.
J. Chem. Phys. 1999, 110, 5029–5036. [CrossRef]

30. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation made simple. Phys. Rev. Lett.
1996, 77, 3865–3868. [CrossRef] [PubMed]

31. Blochl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953–17979. [CrossRef]
32. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density

functional dispersion correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104.
[CrossRef] [PubMed]

33. Heyd, J.; Scuseria, G.E.; Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential.
J. Chem. Phys. 2003, 118, 8207–8215. [CrossRef]

34. Heyd, J.; Scuseria, G.E.; Ernzerhof, M. Erratum: “Hybrid functionals based on a screened Coulomb potential”.
J. Chem. Phys. 2006, 124, 219906. [CrossRef]

35. Saha, S.; Sinha, T.P.; Mookerjee, A. Electronic structure, chemical bonding, and optical properties of
paraelectric BaTiO3. Phys. Rev. B 2000, 62, 8828–8834. [CrossRef]

36. Lee, J.; Sorescu, D.C.; Deng, X. Tunable lattice constant and band gap of single- and few-layer ZnO. J. Phys.
Chem. Lett. 2016, 7, 1335–1340. [CrossRef] [PubMed]

37. Bjorkman, T.; Gulans, A.; Krasheninnikov, A.V.; Nieminen, R.M. van der Waals bonding in layered
compounds from advanced density-functional first-principles calculations. Phys. Rev. Lett. 2012, 108, 235502.
[CrossRef] [PubMed]

38. Yu, W.; Zhu, Z.; Zhang, S.; Cai, X.; Wang, X.; Niu, C.; Zhang, W. Tunable electronic properties of
GeSe/phosphorene heterostructure from first-principles study. Appl. Phys. Lett. 2016, 109, 103104. [CrossRef]

39. Li, S.; Wang, C.; Qiu, H. Single- and few-layer ZrS2 as efficient photocatalysts for hydrogen production
under visible light. Int. J. Hydrogen Energy 2015, 40, 15503–15509. [CrossRef]

40. Li, X.H.; Wang, B.J.; Cai, X.L.; Zhang, L.W.; Wang, G.D.; Ke, S.H. Tunable electronic properties of
arsenene/GaS van der Waals heterostructures. RSC Adv. 2017, 7, 28393–28398. [CrossRef]

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

157





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Nanomaterials Editorial Office
E-mail: nanomaterials@mdpi.com

www.mdpi.com/journal/nanomaterials





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03928-769-7 


	Blank Page



