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Semiconductor heterojunctions have higher photocatalytic performance than a single photocatalytic
material. However, the energy band offset and the photocatalytic reaction mechanism of these
heterojunctions remain controversial. Here, tungsten disulfide (WS,)/graphitic carbon nitride (GCN)
heterojunction photocatalytic water splitting is investigated with the hybrid density functional method.

The band structures and the density of states (DOS) indicate that the WS,/GCN heterojunction is a type-

Il heterojunction, and its valence band offset and conduction band offset are 0.27 and 0.04 eV,
respectively. The differential charge density distribution and the work function calculation indicate that
a built-in electric field is formed in the WS,/GCN heterojunction. The potential of the built-in electric
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field is 0.16 V, and its direction is from the GCN surface to the WS, surface. The built-in electric field

separates the photogenerated electrons and the holes in space, effectively improving the photocatalytic

DOI: 10.1039/c9ral0213b

rsc.li/rsc-advances

1. Introduction

Semiconductor photocatalytic materials can absorb solar
energy for photocatalytic water splitting. This green technology
is considered a promising solution for the current problems of
environmental pollution and the energy crisis. TiO, is the
earliest material used for the photocatalytic water splitting into
H, and O,." However, TiO, has a wide bandgap (3.2 eV), which
indicates that it can only absorb ultraviolet light, and its solar
light spectrum utilization rate is only approximately 4%.
Searching for a new visible-light photocatalyst has subsequently
become a popular topic in the field of solar energy. In recent
years, with the discovery of graphene, a large number of two-
dimensional semiconductor materials have been used for
photocatalytic reactions. These materials have excellent phys-
ical properties. For example, graphitic carbon nitride (GCN) not
only has a large specific surface area, but it also has a suitable
conduction band potential and valence band potential.” Tran-
sition metal disulfide, such as tungsten disulfide (WS,), has
a narrow bandgap (approximately 1.8 to 2.1 eV) and high carrier
mobility.>* These outstanding advantages enable the material
to enhance its photocatalytic performance.>” However, a single
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efficiency of the WS,/GCN heterojunction. Our work provides insights into the electronic properties and
the photocatalytic hydrogen evolution mechanism of the WS,/GCN heterojunction.

two-dimensional semiconductor material cannot effectively
overcome the recombination of photogenerated electrons and
holes, and the resultant photocatalytic efficiency is relatively
low.® At present, an effective solution is to design a hetero-
junction to reduce the recombination rate of photogenerated
carriers and improve the quantum efficiency of photo-
catalysts.”’® A number of studies have reported that photo-
catalytic properties can be remarkably improved by
constructing semiconductor heterostructures, such as phos-
phorene/g-C3N,,"* a-Fe,05/g-C3N,,** graphdiyne/g-C3;Ny," WO,/
g-C3Ny,™ Mo0S,/g-C3N,," g-C3N,/Ti0,,'* ZnIn,S,/WS,,"” TiO,/
WS,," etc. Recently, a semiconductor heterojunction con-
structed with WS, and GCN is found to have excellent photo-
catalytic properties.”*> Akple et al prepared WS,/GCN
composites and achieved enhanced photocatalytic activity for
H, production under visible light." Zhou et al. prepared an
optimal WS,/GCN, with the highest photocatalytic hydrogen
evolution at 154 umol h™* g™, a value 34 times higher than that
of GCN.** WS,/GCN nano heterostructures are also widely
studied through experiments, but their photocatalytic water
splitting mechanisms remain to be contentious. Ma et al
investigated the electronic structures of triazine-based GCN/
WS, composites by performing first-principle calculations.>®
However, in their experiment, the WS,/GCN nanocomposites
appeared to have a heptazine-based GCN structure instead of
a triazine-based GCN structure. Heptazine-based GCNs and
triazine-based GCNs completely differ from each other in terms
of crystalline and electronic structures. Thus far, no theoretical
studies have been conducted on the heptazine-based WS,/GCN

This journal is © The Royal Society of Chemistry 2020
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heterojunction photocatalytic mechanism. Therefore, the pho-
tocatalytic mechanism of the heptazine-based WS,/GCN heter-
ojunction needs to be clarified through theoretical research.
Building a reasonable heptazine-based WS,/GCN hetero-
junction and investigating its theoretical microscopic electronic
structure to reveal the photocatalytic water splitting mechanism
are highly desirable.

In this study, we built heptazine-based WS,/GCN hetero-
junction and calculated its energy bands and density of states
(DOS) by using the HSE06 hybrid density functional approach.
The charge transfer of the WS,/GCN heterojunction was
analyzed together with its work function and differential charge
density. Then, the separation and mobility processes of the
photogenerated electrons and the holes were investigated. A
type II heterojunction photocatalytic water splitting mechanism
was confirmed.

2. Computational methods

All calculations were performed with the Vienna ab initio
simulation package (vasp).”” Exchange correction energy was
described with the generalized gradient approximation (GGA) of
the PBE functional method. The DFT-D3 method with Grimme
correction was employed to describe the effect of the vdwW
interactions.”® The projector augmented wave method was
adopted for the ion-electron forces. The energy cutoff was set to
520 eV, and the Monkhorst-Pack k-point mesh was set to 5 x 5
x 1. The structural optimizations converged when the energy
and the forces reached 1.0 x 10™° eV and 0.02 eV A~ on each
atom, respectively. The screened hybrid HSE06 functional
method was used to obtain the accurate energy band structures.

3. Results and discussion

The 2D/2D WS,/GCN nano heterojunction is constructed using
a monolayer GCN and a monolayer WS,. The heptazine-
structured GCN is orthorhombic and belongs to the Cmc2,
space group. The lattice constant (@ = b = 7.14 A) of the opti-
mized monolayer GCN is extremely close to the experimental
value.>® WS, is the trigonal crystal and belongs to the P3m1
space group. The lattice constant (@ = b = 3.18 A) of the opti-
mized monolayer WS, only has a 0.95% error relative to the
experimental value (3.15 A).** The monolayer g-C;N, nanosheet
of the/3 x v/3 supercell is placed on the monolayer WS,
nanosheet of the 4 x 4 supercell as a means to build the WS,/
GCN heterojunction (Fig. 1a-c). The lattice mismatch ratio
between the optimized g-C;N, supercell and the WS, supercell
is only 2.9%. The WS,/GCN heterojunction contains a total of 90
atoms, including 16 tungsten atoms, 32 sulfur atoms, 18 carbon
atoms, and 24 hydrogen atoms. By calculating the minimum
value of the energy of the single-layer GCN supercell and the
single-layer WS, supercell, the optimized lattice constant (12.54
A) can be obtained. This value corresponds to the lattice
constant of the 2D/2D WS,/GCN heterojunction. The vacuum
layer thickness of the WS,/GCN heterojunction is set to 20 A to
eliminate the periodic influence of the contiguous layers. The
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calculated minimum distance between the two interfaces of the

WS,/GCN heterojunction is 3.12 A. The calculated distance
between the two interfaces of the WS,/GCN heterojunction is
extremely close to those of the other calculated GCN-based
heterostructures.*-*

The C-N covalent bond lengths at the WS,/GCN hetero-
junction are approximately 1.35, 1.36, 1.41, and 1.50 A, while
the W-S covalent bond lengths are 2.40 and 2.41 A. They hardly
differ from the C-N covalent bond lengths (1.33, 1.39, and 1.48
A) in the single-layer GCN nano-sheet and from the W-S cova-
lent bond lengths (2.41 A) in the single-layer WS, nano-sheet.
Therefore, the interaction is very weak between the GCN
nano-sheet and the WS, nano-sheet.

Interface formation energy is usually used to quantitatively
describe the thermodynamic stability of formed hetero-
structures. The formulaic expression of the formation energy of
the interface between GCN and WS, is as follows:

Er = Ews, cen — Ews, — Egen (1)

where Ews cony Ews,, and Egen represent the total energies of
the WS,/GCN heterostructure, the single-layer GCN, and the
single-layer WS, nanosheet, respectively. The formation energy
of the WS,/GCN heterojunction is —2.15 eV, indicating that the
formation of the WS,/GCN heterojunction is an exothermic
process. The WS,/GCN heterojunction has a stable structure in
thermodynamics. The calculated interfacial formation energy
per unit area is 15.8 meV A2, and the value is within the
interface forming energy range generated by the van der Waals
interaction.® In addition, the distance at the two interfaces of
the WS,/GCN heterojunction is as high as 3.12 A. In summary,
the WS,/GCN heterojunction is a typical van der Waals
heterostructure.

We first calculate the energy band structures of the single-
layer GCN and the single-layer WS, to further investigate the
WS,/GCN heterojunction (Fig. 2a and b). The single-layer GCN
is an indirect bandgap semiconductor with a valence band
maximum (VBM) at the I high symmetry point and a conduc-
tion band minimum (CBM) at the M high symmetry point. The
calculated indirect bandgap is 2.76 eV based on the HSE06
hybrid functional theory. The calculated result of the HSE06
hybrid functional theory is closer to the experimental value (2.7
eV) compared with that of the PBE functional method at 1.36 eV.
The calculated monolayer WS, is a direct bandgap semi-
conductor, and the CBM and the VBM are both located at the
high symmetry point of K. The direct bandgap of the monolayer
WS, calculated by HSE06 hybrid functional approach is 2.28 eV,
while the result calculated by the PBE functional approach is
1.59 eV. The bandgap of the monolayer WS, measured experi-
mentally is approximately 2.0 eV.*® The comparison indicates
that the monolayer WS, bandgap calculated by the HSE06
hybrid functional approach is closer to the experimental value
and more precise than that calculated by the PBE functional.

The project energy band structure of the WS,/GCN hetero-
junction is calculated by the HSE06 hybrid functional approach
(Fig. 3). The WS,/GCN heterojunction is a typical indirect
bandgap semiconductor structure and its bandgap is 2.34 eV

RSC Adv, 2020, 10, 5260-5267 | 5261
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Fig. 1

(Fig. 3a). The CBM of the heterojunction is located at the I'
point, by contrast, the VBM is not located at the high-symmetry
point, and instead positioned between the high-symmetry
points of M and K. Different from the energy band structures
of the monolayer GCN and the monolayer WS,, the energy band
structure of the WS,/GCN heterojunction is not just a simple
addition of the energy band structures of GCN and WS,. The
CBM and the VBM of the WS,/GCN heterojunction have both
changed. At this point, the van der Waals interactions between
the monolayer GCN and the WS, nanosheet are affected by the
energy band structure of the WS,/GCN heterojunction. In the
conduction band region, the lowest energy orbitals of the
conduction band belong to GCN, whereas the relatively high
energy orbitals of the conduction band belong to WS,. The CBM

View Article Online
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(a) Vertical view, (b) lateral view, and (c) three dimensional optimal WS,/GCN heterojunction.

of the WS,/GCN heterojunction is composed of the electron
orbitals of GCN (Fig. 3b). In the valence band region, the highest
energy orbitals of the conduction band are occupied by WS,,
whereas the relatively low energy levels of the valence band are
occupied by GCN. The VBM of the WS,/GCN heterojunction is
composed of the electron orbitals of WS, (Fig. 3c). The band
edges of GCN and WS, are shaped similar to a ladder, and the
WS,/GCN heterojunction has a type II structure.

We calculated the total density of states (TDOS) and the
partial density of states (PDOS) of WS,/GCN heterojunction by
using HSE06 hybrid functional approach to further study the
composition of the microelectronic structure. The VBM of the
WS,/GCN heterojunction is mainly composed of W 5d and S 3p
orbits, and also contains a small number of W 6s and W 5p
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Fig. 2 Energy band structures of monolayer (a) GCN and (b) WS, nanosheet.
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Fig. 3
heterojunction.

orbits. The ratios were 77%, 19.5%, 1.7% and 1.5%, respec-
tively. While the CBM of the WS,/GCN heterojunction is mainly
occupied by C 2p and N 2p orbits, and also includes a small
number of N 2s orbits. The ratios were 65.3%, 34.1% and 0.5%,
respectively (Fig. 4). The configuration differs from the orbital
composition of the monolayer GCN and the WS, nanosheet.
The van der Waals force between the GCN nanosheet and the
WS, nanosheet has changed the distribution of the electrons in

80 |- [(—Toos |

L ———PDOS of CN,
e PDOS of WS,

60 | T ™%

40 b
58 VBM CBM

-
oo

-
[e>] N

Ea
oo

DOS(electrons/ eV unit)
3 8

-
o

0
6 65 4 3 2 1 0 1 2 3 4 5
Energy (eV)

Fig. 4 The TDOS and PDOS of WS,/GCN heterojunction.
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(@) The project energy band structure of WS,/GCN heterojunction; (b) the electron orbitals in the CBM and (c) VBM of WS,/GCN

the WS,/GCN heterojunction, and it has a type II hetero-
structure, which is consistent with the previous band structure's
analytical results. The WS,/GCN heterojunction, as a type II
structure, is conducive in promoting the separation of photo-
excited electrons and holes, subsequently improving photo-
catalytic activity effectively.

The interaction between the interfaces of the heterostructure
will change the charge distribution on the two surfaces.
Therefore, a built-in electric field will be formed within the
heterostructure. This phenomenon can affect the transfer of
photogenerated electrons and holes and further affect the
photocatalytic performance of the heterojunction. Thus, an
analysis of the charge distribution between the interfaces of the
WS,/GCN heterojunction is extremely important.

First, we investigated the differential charge density distri-
bution of the WS,/GCN heterojunction. The formula of the
differential charge density is as follows:

Ap = pws,GCN — PGCN — Pws, (2)

where pws /aeny Paen, and pws, are the charge densities of the
WS,/GCN heterojunction, the single-layer GCN, and the WS,
nanosheet, respectively. The calculated differential charge
density distributions of the WS,/GCN heterojunction are shown
in the Fig. 5a and b. In these figures, cyan represents electron
loss, while yellow represents electron accumulation. The charge
density distribution on the GCN interface is mainly cyan and
accompanied by a small amount of yellow. The color plots
indicate that electrons are lost at the GCN interface and
aggregate holes, and the GCN interface is positively charged. On
the contrary, the charge density distribution on the WS, inter-
face is mainly yellow and accompanied with some cyan. The
color plots indicate that electrons are accumulated at the WS,
interface, and the WS, interface is negatively charged. We

RSC Adv, 2020, 10, 5260-5267 | 5263
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Fig. 5
plane projection along with Z axis for the WS,/GCN heterojunction.

further project the differential charge density to the Z axis
(Fig. 5¢). The figure intuitively implies that the GCN interface is
positively charged, and the WS, interface in negatively charged.
A built-in electric field exists, and its direction is from the GCN
interface to the WS, interface within the WS,/GCN
heterojunction.

Second, we calculate the work functions of the monolayer
WS,, the GCN nanosheet, and the WS,/GCN heterojunction to
investigate the charge transfers between the WS,/GCN interface.
The work function represents the minimum energy needed to
lift an electron from the Fermi level to the vacuum. The formula

of the work function is as follows:
b= Evac - EFermi (3)

where @, E,u, and Eperm; are the work function, the vacuum
energy level, and the Fermi energy level, respectively.*® The
calculated work functions of the single-layer WS,, the GCN
nanosheet, and the WS,/GCN heterojunction are 5.97, 5.81, and
5.86 eV, respectively (Fig. 6a—c). As the GCN nanosheet and the
WS, nanosheet come into contact, the electrons on the GCN
nanosheet flow into the WS, nanosheet owing to the Fermi
energy level of the former is higher than that of the latter. The
charge distribution at the interface will reach a thermal equi-
librium when their Fermi energy levels become equal. Then, as
parts of the electrons transfer from the GCN nanosheet to the
WS, nanosheet, the former becomes positively charged,
whereas the latter becomes negatively charged. Therefore,
a stable built-in electric field (Vp) is formed between the WS,/
GCN heterojunction interfaces. The value of Vp, is 0.16 V, and its
direction is from the GCN nanosheet to the WS, nanosheet. The
result of the work function analysis is consistent with that of the
differential charge density distribution analysis.
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(a) The lateral view and (b) vertical view of the charge density difference of WS,/GCN heterojunction. (c) Electron density difference of

The VBM and CBM potentials of a semiconductor are the
main factors of photocatalytic redox capacity. A positive VBM
potential means strong oxidation capacity, while a negative
CBM potential means strong reduction ability. Combined with
the calculation for energy band structure, DOS, and electrostatic
potential, we can further study the mechanism of the photo-
catalytic water splitting in the WS,/GCN heterojunction.
According to the work function calculation, WS, and GCN differ
in their Fermi energy levels. When WS, and GCN form a WS,/
GCN heterojunction, the energy bands of the WS, and the GCN
will bend. The energy band of WS, has a downward bending
amount (qVp,) of 0.11 eV, the energy band of GCN has an
upward bending amount (¢Vp,) of 0.06 eV, and the total band
bending amount (gVp) is 0.16 eV, where Vy, is the potential of
the built-in electric field between two interfaces of the WS,/GCN
heterojunction. From the calculated results of the electrostatic
potential and the DOS of the WS,/GCN heterojunction, we can
derive the CBM and VBM potentials of the WS,/GCN hetero-
junction. The details are shown in Fig. 7. The CBM and VBM
potentials of WS, are —0.87 and 1.66 V (vs. NHE), respectively.
Meanwhile, the CBM and VBM potentials of GCN are —0.67 V
and 2.09 V, respectively. The conduction band offset (AE.) and
the valence band offset (AEy) of the WS,/GCN heterojunction
are 0.04 and 0.27 eV, respectively. When irradiated with light,
the electrons on the valence bands of WS, and GCN are excited
to the conduction band. Meanwhile, the same number of holes
are generated on the valence bands of WS, and GCN. Driven by
built-in electric field forces, the electrons on the conduction
bands of WS, transfer to the conduction bands of GCN, while
the holes on the valence bands of GCN transfer to the valence
bands of WS,. Consequently, the photoexcited electrons and
holes gather in the conduction bands of GCN and the valence
bands of WS,, respectively. These phenomena result in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The electrostatic potential of (a) monolayer WS, (b) GCN nanosheets and (c) WS,/GCN heterojunction.

separation of photoexcited electrons and holes in space, effec- photoexcited carriers. Therefore, the photogenerated electrons
tively avoiding a large number of recombination of photoexcited and the holes can further increase the probability of surface
electrons and holes, and they extend the lifetime of the photocatalytic reaction, effectively improving the photocatalytic

Vacuum

r---------

i
a

209V
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Fig. 7 Photocatalytic mechanism of type Il WS,/GCN heterojunction.
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efficiency of the WS,/GCN heterojunction. The photoexcited
electrons’ potential in the CBM of GCN is —0.67 V, which is
negative relative to the reduction potential of H'/H, (0 V),
indicating sufficient ability to reduce hydrogen ion to hydrogen.
Meanwhile, the photogenerated holes' potential in the VBM of
WS, is 1.66 V, which is more positive than the potential of O,/
H,0 (1.23 V), suggesting sufficient ability to oxidize water to
oxygen. The results of the theoretical analysis are consistent
with the experimental study. In summary, the WS,/GCN heter-
ojunction has a type II photocatalytic structure with staggered
energy levels. This configuration can effectively promote the
separation of photogenerated electrons and holes in space, and
it has enough potential to decompose water to produce
hydrogen and oxygen.

4. Conclusion

In this work, the electronic structures and the photocatalytic
water decomposition of the WS,/GCN heterojunction are
systematically investigated by using the hybrid density func-
tional approach. The bandgap of the monolayered WS,, the
GCN nanosheet and the WS,/GCN heterojunction are 2.28, 2.76,
and 2.34 eV, respectively. The calculated interfacial formation
energy and the interface distance indicate that the interface
interaction of the WS,/GCN heterojunction belong to a van der
Waals force. Furthermore, the WS,/GCN heterojunction has
a typical van der Waals heterostructure. The energy band
structures and the DOS calculations reveal that the WS,/GCN
heterojunction has a typical type-II heterostructure, and its
valence band offset and conduction band offset are 0.27 and
0.04 eV, respectively. The different Fermi energy levels of the
monolayer WS, and the GCN nanosheet causes the energy band
to bend at the interface when they form a heterojunction. The
total band bending amount (gVp) is 0.16 eV, and the potential of
the built-in electric field between the interfaces of the WS,/GCN
heterojunction is 0.16 V. The built-in electric field can promote
the separation of the photoexcited electrons and the holes in
space, and a large number of recombination of photoexcited
electrons and holes can be effectively avoided. Therefore, pho-
togenerated electrons and holes can further increase the prob-
ability of surface photocatalytic reaction, effectively improving
the photocatalytic efficiency of the WS,/GCN heterojunction. In
terms of WS,/GCN heterojunction photocatalytic water decom-
position, the photoexcited electrons’ potential in the CBM of
GCN is —0.67 V, which is negative relative to the reduction
potential of H'/H, (0 V), indicating sufficient ability to reduce
hydrogen ion to hydrogen. Meanwhile, the photogenerated
holes' potential in the VBM of WS, is 1.66 V, which is more
positive than the potential of O,/H,O (1.23 V), suggesting
sufficient the ability to oxidize water to oxygen. Our work not
only elucidates the photocatalytic water decomposition mech-
anism of the WS,/GCN heterostructure but also provides a good
idea for designing photocatalytic heterojunctions.
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