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In this study, density functional theory and hybrid functional theory are used to calculate the work function
and energy band structure of MoS, and WSe,, as well as the binding energy, work function, energy band
structure, density of states, charge density difference, energy band alignment, Bader charge, and H

adsorption free energy of MoS,/WSe,. The difference in work function led to the formation of a built-in

electric field from WSe, to MoS,, and the energy band alignment indicated that the redox reactions were
located on the MoS, and WSe, semiconductors, respectively. The binding energy of MoS, and WSe,
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indicated that the thermodynamic properties of the heterogeneous structure were stable. MoS, and

WSe, gathered electrons and holes, respectively, and redistributed them under the action of the built-in
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Introduction

To further develop high-energy green hydrogen, the production
of hydrogen using photocatalytic water splitting (WS) has
attracted significant interest from both academia and industry.*
During light irradiation, electrons in photocatalyst valence
bands (VB) absorb photon energy and then become excited from
the VB to the conduction bands (CB). This enables them to
participate in the hydrogen evolution reaction (HER). The holes
left in the VB can then participate in the oxygen evolution
reaction (OER). This is another reaction for WS that is more
difficult than the HER.*?

After Fujishima and Honda used the photocatalyst TiO, for
WS to successfully produce hydrogen in 1972,* researchers
became committed to developing better photocatalysts for
producing hydrogen.® Photocatalytic hydrogen generation by
WS must meet two photocatalyst requirements under light
conditions. The first requirement is that the energy to excite
electrons from the VB of the photocatalytic to their CB must be
greater than the WS voltage and the semiconductor bandgap.
The second requirement is the CB potential in the energy band
needs to be more negative than the hydrogen reduction
potential, and the VB potential must be more positive than the
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electric field. The photogenerated electrons and holes were enriched on the surface of WSe, and MoS,,
which greatly improved the efficiency of hydrogen production by photocatalytic water splitting.

oxidation potential.>”” According to the equation A = 1240/E, (
(nm), E, represent the optical wavelength and semiconductor
band gap), appropriately reducing the semiconductor band gap
in excess of that required for WS (theoretically 1.23 eV) can
reduce the requirements for the energy that the electron
absorbs from light, broaden the light absorption range, and
improve the efficiency of hydrogen evolution.®

Since the method of exfoliating graphene was discovered,’
two-dimensional (2D) materials research has been developing
rapidly, including transition metal dichalcogenides (TMD),
especially for the monolayer TMD,' which has excellent opto-
electronic properties compared with bulk TMD, such as super-
conductivity and a semiconducting behavior."»** According to
Voiry's research, TMDs, when used as photocatalysts, can
broaden the range (=420 nm) of light absorption of visible light,
but its stability and activity is not satisfactory.’® The atomic-
thickness monolayer MoS,, which features good low light
detection,* high photosensitivity, and high carrier mobility,
has high light absorption efficiency and generates a large
number of photogenerated electrons and hole pairs under light
conditions that are crucial to HER and OER,"™ respectively,
giving it the potential to be a photocatalytic material. Hinne-
mann studied hydrogen release using MoS, nanoparticles
supported on graphite as a catalyst for water electrolysis, and he
found that the binding free energy of atomic hydrogen to the
catalyst was close to zero (AGy = 0.1 eV).'® WSe, is also
considered to be one of the most promising optoelectronic
device materials for the future.'” For example, the photocells
based on WSe, have high efficiency and thermal stability
because of its high charge carrier mobility and mechanical

RSC Adv, 2020, 10, 41127-41136 | 41127


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06939f&domain=pdf&date_stamp=2020-11-10
http://orcid.org/0000-0002-5968-0608
http://orcid.org/0000-0002-5721-5243
http://orcid.org/0000-0002-8014-4818
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06939f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010067

Open Access Article. Published on 11 November 2020. Downloaded on 4/19/2026 7:08:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

flexibility."*** Kumar studied the synthesis of heterojunctions
using WSe, as the substrate and found that MoSe,/WSe,
showed decent new photoelectric characteristics (enhanced
photoluminescence, smaller electron effective masses and high
electron mobility).>* McKone investigated the solar energy
conversion efficiency of WSe, photocatalytic hydrogen produc-
tion (67%) using Pt/Ru as a co-catalyst (60%).>> Meng-Yen Tsai
et al. found that the Fermi energy levels moved towards VBM
and CBM when WSe, were P and N doped, respectively,* which
was favorable for changing the photocatalytic activity of WSe,.

Photocatalytic heterojunctions based on TMD synthesis have
been preliminarily studied. For example, Charlie Tsai et al.
studied hydrogen release with MoSe,/WSe, heterojunctions
based on the density function theory (DFT) because MoSe, and
WSe, nanofilms and nanosheets have been shown to be active
for electrochemical H, evolution. They found that enhanced
activity was located at the edges of MoSe, and WSe,.”* Wang
et al. studied the photocatalytic performance of the direct Z-
scheme MoSe,/SnS, van der Waals heterojunction. They
found that the light absorption wavelength was widened to
600 nm, but the oxidation potential could be further increased
to produce hydrogen more efficiently.” Ho et al. deposited MoS,
on CdS to form a CdS/MoS, heterojunction and used it as
a photoanode to study its photocatalytic activity. They found
that heterojunction formation contributed to increased carrier
concentration and conductivity.”® Hellstern et al. studied solar
energy conversion efficiency using MoS,/TiO,/CdS/CGSe as
a photocathode, and they found that the catalyst produced H,S
during the preparation process.” Efficiency needs to be
improved further to meet the demand for energy.

According to Jiang's study, any MX, (M = molybdenum (Mo)
and tungsten (W); X = sulphur (S) and selenium (Se)) material
cannot be used directly as a full spectrum photocatalyst because
its valence band maximum (VBM) and conduction band
minimum (CBM) energies do not match the oxidation reduction
potential of HER and OER.*® Monolayer MoS, photogenerated
electrons and holes have high mobility, which is favorable for
photocatalytic hydrogen production.”*?* In this study, a new
design of a photocatalytic van der Waals heterojunction MoS,/
WSe,, is proposed using TMDs with physical and optoelectronic
properties as substrates. In addition, HER and OER generation
are studied to enhance the photocatalytic activity with higher
redox activity.?**

Methodology

In this paper, we performed the initial calculations using first
principles based on DFT and performed the single point
calculations with a hybrid functional theory (HSE (06)). We
carried out both calculations using the Vienna ab initio simu-
lation package (VASP).* The exchange correlation function used
the Perdew-Burke-Ernzerh (PBE) function of the generalized
gradient approximation (GGA). We set the plane wave cutoff
energy at 500 eV.***° The effective band structure (EBS)
proposed by Zunger et al. could transform the band structure of
a supercell into the Brillouin region of a primitive cell, which
provided favorable conditions for the correct analysis of the
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supercell energy band. Therefore, we calculated the effective
band structure of the supercell by the energy band unfolding
method.***> The structure relaxation energy convergence crite-
rion was 1 x 10~ ° eV. The force convergence criterion was —2 x
1072 ev A2 The Brillouin region was divided into 6 x 6 x 1
and 4 x 4 x 1 for the hexagonal crystalline MoS, and WSe, and
MoS,/WSe,, respectively. The Brillouin regions are shown in
Fig. 2(b) and (d), and the calculated pathis I' - M — K —
I.*% We set the large vacuum space of 20 A along the
perpendicular direction to the 2D plane to minimize the inter-
actions between the adjacent heterostructures. When perform-
ing first principles calculations, we introduced HSE (06) to
accurately characterize the correct energy band structure and
electronic properties of the material. The study used the mixing
parameter, o = 0.25, for accurate hybrid generalization calcu-
lations, because the HSE (06) hybrid generalization results
provided more accurate calculations, including those for band
structure, density of states (DOS), electronic properties, and
work function, compared with PBE functional.***¢ Therefore,
the research in this article is based on the results of HSE (06)
hybrid functional calculations.

Results and discussion

TMD exists in several structural phases produced by the coor-
dination of transition metal atoms and different VIA atoms.
This study adopted the ABA-stacked trigonal (2H) structure of
common structural features. As shown in Fig. 1, the monolayer
TMD can be viewed as a sandwich structure consisting of two
layers of VIA atoms (A and A’) embedded with one layer of
transition metal elements (B and B).>**’

We constructed and optimized the monolayer MoS, and
monolayer WSe, models. The bond lengths of Mo-S and W-Se
were 2.412 A and 2.542 A, respectively, as shown in Fig. 2(a).
Then, we constructed the heterostructure with MoS, and WSe,
model structure particles. After full relaxation as shown in
Fig. 2(c), the bond lengths of Mo-S and W-Se were 2.412 A and
2.542 A, respectively. As shown in Fig. 2(c), both the semi-
conductors layer distance was d = 3.70 A, indicating the het-
erojunction was a van der Waals heterojunction.***° The van der
Waals effect enabled the tight bonding of different 2D nano-
materials (MoS, and WSe,), and the van der Waals hetero-
junctions with ultrafast carrier migration accelerated the charge
migration.*® As shown in Fig. 2(a), the lattice volumes of MoS,,
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Fig. 1 2(H) MoS; (a) and 2(H) WSe; (b) structures: green (A) spheres,
indigo (B) spheres, cyan (A’) spheres and pink (B’) spheres represent S
atoms, Mo atoms, Se atoms and W atoms, respectively.
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Fig. 2 (a) Spatial structure of the hexagonal crystal MoS, and WSe,:
blue and wine spheres represent S, Se atoms and Mo, W atoms; (c)
MoS,/WSe, stacked structure of MoS, and WSe;: green, indigo, cyan,
and pink spheres represent S atoms, Mo atoms, Se atoms, and W
atoms, respectively; (b) Brillion region high symmetry point path
schematic three-dimensional view; and (d) top view.

WSe,, and MoS,/WSe, were 325.63 A, 346.30 A%, and 334.22 A3,
respectively, and Enos wse,) Emos,, and Ewse, were —173.75 €V,
—86.987 eV, and —86.485 eV in the constructed MoS,/WSe,
heterojunction. The thermodynamic stability of the hetero-
junction can be achieved with eqn (1):**

Ey = Emosywse, — Ewse, — EMos, &Y

where Enos, wse,» Ewse,, and Eyos, are the total energy of MoS,/
WSe,, WSe,, and MoS,, respectively.

Here, negative binding energy (—0.287 eV) indicated the
MoS,/WSe, heterojunction had stable thermodynamic
properties.

The complex process of hydrogen production by photo-
catalytic WS included the generation, transformation, recom-
bination, and surface reactions of photogenerated electron and
hole pairs. We plotted and used the electrostatic potential
function diagrams of MoS,, WSe,, and MoS,/WSe, hetero-
junctions to study the photocatalyst carrier transfer and analyze
the photocatalytic efficiency, as shown in Fig. 3(a)-(c), respec-
tively. We obtained the work function ¢ with eqn (2).>*"** To
further investigate the charge distribution of in the hetero-
junctions, we plotted the plane average charge density differ-
ence in Fig. 3(d) and the charge density difference in Fig. 3(e).
The plane average charge density difference and charge density
difference Ap were obtained by eqn (3) and (4), respectively:*

®=E, — E )
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where @, E,,, and Ef represent work function, vacuum level, and
Fermi level, respectively.

Appavg(:) = J Ap(r)dXdy (3)

where Appa,, is the plane average charge density difference.

Ap = PMoS,/WSe, — PMoS, — PWSe, (4)

where puos, wse, Pmos,, and pwse, are the charge density of
MoS,/WSe,, WSe,, and MoS,, respectively.

As shown in Table 1, the work functions of MoS,, WSe,, and
MoS,/WSe, are 5.25 €V, 4.36 eV, and 4.80 eV, respectively, which
is consistent with the PBE functional.® The work functions of
MoS,, WSe,, and MoS,/WSe, are 5.63 eV, 5.08 eV, and 5.22 eV,
respectively under the HSE (06) hybrid functional condition.
The Fermi energy level of MoS, was lower than that of WSe,, and
the electrons flowed spontaneously from WSe, to MoS, until the
Fermi levels on both sides reached the same potential. Thus,
the WSe, side was positively charged, whereas the MoS, side
was negatively charged at the interface. Hence, energy band
bending would occur and a built-in electric field would be
formed at the junction of the MoS, surface and WSe, surface
interface. The formation of a built-in electric field promoted the
separation and transport of photogenerated electrons and
holes, inhibited the recombination of photogenerated electrons
and holes, and prolonged the life of photogenerated electrons
and holes, better promoting photogenerated carrier transfers to
the HER and OER sites of the MoS,/WSe, heterojunction, and
increasing photocatalytic reaction efficiency.

Fig. 3(d) quantitatively depicts the plane averaged charge
density difference along the lattice ¢ direction. It is evident that
the negative charge accumulated mainly on the MoS,, whereas
positive charge accumulated on the WSe,. The amount of the
charge accumulation and transformation was zero on both
sides of the heterojunction, which verified that the thickness of
the heterojunction vacuum layer was perfectly suitable to avoid
errors in the analytical calculations because of an insufficient
vacuum layer thickness. Fig. 3(e) depicts the redistribution of
negative charge and positive charge in heterojunctions, with
cyan representing the negative charge accumulation region and
yellow representing the negative charge depletion region. The
negative charge was concentrated mainly on the surface of MoS,
and around the Mo atoms, and a small amount of negative
charge aggregation appeared inside WSe, between W and Se
atoms. Electron depletion occurred on the WSe, semi-
conductor. The MoS, semiconductor had a small amount of
charge migration between the Mo and S atoms. Fig. 3(d) and (e)
showed the redistribution of negative and positive charge on
different semiconductors resulting from the built-in electric
field directed from the WSe, surface toward the MoS, surface.
The redistribution of charge was in agreement with the
formation of a built-in electric field and the work function,
which favored the photocatalytic reaction.>

Under illumination, the electrons on photocatalyst VB
absorbed photon energy and then became excited from the VB
to CB, and the photogenerated holes remained on the VB. For

RSC Adv, 2020, 10, 41127-41136 | 41129
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Fig. 3 Electrostatic potential of (a) MoS,, (b) WSe,, and (c) MoS,/WSe;; (d) plane average charge density difference; and (e) the charge density
difference for MoS,/WSe,, where cyan and yellow represent charge accumulation and depletion, respectively.

direct bandgap semiconductors, the electrons on the VB with  photocatalytic properties of the photocatalyst, we first calcu-
energy greater than or equal to the bandgap jumped directly lated the energy bands of MoS, and WSe, by the PBE function to
from the VB to the CB at the bandgap.”” To study the prepare the HSE (06) hybrid function calculations. The CBM

4130 | RSC Adv, 2020, 10, 41127-41136 This journal is © The Royal Society of Chemistry 2020
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Table 1 Vacuum energy level, Fermi energy level and work function
corresponding to MoS,, WSe,, and the MoS,/WSe, heterojunction

Eya (V) Ee (eV) o
Materials ~ PBE HSE (06) PBE  HSE (06) PBE HSE (06)
MoS, 236 2.13 —2.89 —3.50 525 5.63
WSe, 4.26  2.05 -01  —3.03 4.36  5.08
MoS,/WSe, 419  4.20 —0.61 —0.83 4.80 5.2

and the VBM were displayed at the K point in the Brillouin
region. The results, under the PBE functional, showed that the
bandgap (1.68 eV) of the monolayer MoS, was consistent with
Manzeli's experimental results (1.71 eV), and the bandgap (1.60

2
@ S
e Mo
0
S
°
>
5.2
2 o
w
-4-).0-0
-6
r M K r

=
>
®
=
>
j
1<%
o
(=4
w

Fig. 4 Energy band structure of (a) MoS,, (b) WSe,, and (c) the MoS,/
WSe, heterojunction.
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eV) of the monolayer WSe, was consistent with Lee's experi-
mental results (1.66 eV).*”**** The energy band structures of
MoS,, WSe,, and MoS,/WSe, were further calculated by HSE
(06) hybrid function. Thus, a more precise analysis of the effi-
ciency of heterojunction photocatalytic hydrogen production is
shown in Fig. 4. In Fig. 4(a), the CBM and VBM of monolayer
MoS, lie in the K point in the Brillouin region. So, the mono-
layer MoS, was a direct bandgap, which was consistent with the
conclusion that the direct bandgap E, was 2.16 eV, and the
previous calculations were in agreement with the experimental
results of Manzeli (2.16 eV) and Hill (2.16 + 0.04 eV).*”*°
Fig. 4(b) shows the energy band structure of the monolayer
WSe,, with both its CBM and VBM appearing at the K point
(direct bandgap 2.08 eV), which was consistent with the exper-
imental results of Zribi (2.08 eV), and Chiu (2.08 £ 0.1 eV).*>*
This result demonstrated that the calculation method was
correct. Fig. 4(c) shows both the heterojunction CBM and VBM
obtained at the K point, which can broaden the light absorption
range. In addition, the CBM and VBM of MoS, were contributed
to primarily by Mo atoms. The CBM and VBM of WSe, were
contributed to primarily by W atoms with a small contribution
from Se atoms, whereas the VB was contributed to primarily by
Se atoms. The MoS,/WSe, heterojunction CBM was contributed
to primarily by the Mo atoms, and the VBM was contributed to
primarily by W atoms.

To quantitatively investigate the interface electronic struc-
ture and identification of the nature of the orbitals, we calcu-
lated the projected density of state (PDOS) of the MoS,, WSe,,
and the MoS,/WSe, heterostructure, and the total density of
state (TDOS) of the MoS,/WSe, heterostructure in Fig. 5.
Fig. 5(a) indicates that the VBM and CBM of the MoS, were
occupied by the Mo(d) atomic orbitals of MoS,. Fig. 5(b) indi-
cates that the VBM and CBM of the WSe, were occupied by the
W(d) atomic orbitals of WSe,. Fig. 5(c) indicates that the VBM of
the MoS,/WSe, heterostructure was occupied by the atomic
orbitals of WSe,. The CBM of the MoS,/WSe, heterostructure
was occupied primarily by the atomic orbitals of MoS,, and the
atomic orbitals of MoS, were higher than those of WSe,.
Fig. 5(d)—(f) show that the VBM and CBM of the MoS,/WSe,
heterostructure were occupied by the W atoms and Mo atoms,
respectively. Fig. 5(e) and (f) further show that the W(s) and
W(p) orbital contributions of WSe, were smaller than those of
W(d) orbits, and the Mo(s) and Mo(p) orbital contributions of
MoS,, which were significantly smaller than those of the Mo(d)
orbits. Most importantly, this analysis of DOS was in agreement
with the results of the band structure, as shown in Fig. 4(a)-(c).

Combining the analysis of the work function and the Fermi
level in Fig. 3, we studied the mechanism of hydrogen produc-
tion by photocatalytic WS of MoS,/WSe,. As shown on the left
side of Fig. 6(a), the Fermi level of MoS, was lower than that of
WSe,. An electrostatic potential difference formed because of
the difference between Fermi levels when MoS, and WSe, were
in contact, and the electrons flowed spontaneously from the
high Fermi level to the low Fermi level under the drive of the
potential difference until the Fermi levels reach equilibrium.
Hence, the positive charge and negative charge accumulated
mainly on the WSe, side and MoS, sides at the interface,

RSC Adv, 2020, 10, 41127-41136 | 41131
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Fig. 5 PDOS of (a) MoS,, (b) WSe,, and (c) TDOS and PDOS of the MoS,/WSe, heterostructure; (d) PDOS of the heterostructure; (e) PDOS of
the W elements on the VB of heterostructure; and (f) PDOS of the Mo elements on the CB of heterostructure.

respectively. Then a built-in electric field from WSe, to MoS,
formed at the junction of the MoS, surface and WSe, surface
interface, and the VB of WSe, and CB of MoS, occurred by
bending upward and downward, respectively, as shown in
Fig. 6(a) (right). The photocatalytic reaction mechanism and

4M32 | RSC Adv, 2020, 10, 41127-41136

transfer of photogenerated electrons and holes of the MoS,/
WSe, heterostructure are illustrated in Fig. 6(b). Under illumi-
nation, electrons absorbed photon energy and then became
excited from the VB of MoS, and WSe, to their CB; simulta-
neously, photoexcited holes were left in their VB. The built-in

This journal is © The Royal Society of Chemistry 2020
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— CBM
—— VBM

(a)

Fig. 6 (a) Z-scheme semiconductor staggered energy band princi-
ples, untouched (left), touched (right); and (b) MoS, and WSe, band
alignment. The pink solid line in the figure corresponds to the CBM in
Fig. 4(a) and (b), the blue solid line corresponds to the VBM in Fig. 4(a)
and (b); the red dotted line, green dotted line, pink dotted line, and blue
dotted line represent the Fermi level, the vacuum level, the minimum
reduction potential of hydrogen generated by WS, and the minimum
oxidation potential of the water oxidation reaction, respectively.

(c)

Fig.7 Atomic number of semiconductor materials: (@) MoS,, (b) WSe,,
and (c) MoS,/WSe, heterostructure.
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Table 2 The amount of atomic charge before the semiconductor
material (MoS, and WSe;) forms a heterojunction

Elements Charge (e) Elements Charge (e)
S1 —0.95046 w1 0.96352
S2 —0.95027 w2 0.96713
S3 —0.95041 W3 0.96713
S4 —0.95024 W4 0.97074
S5 —0.93441 Sel —0.45907
S6 —0.93408 Se2 —0.45907
S7 —0.93441 Se3 —0.45907
S8 —0.93401 Se4 —0.45907
Mol 1.88457 Se5 —0.50806
Mo2 1.88457 Se6 —0.50806
Mo3 1.88457 Se7 —0.50806
Mo4 1.88457 Se8 —0.50806

electric field from WSe, surface to MoS, surface accelerated the
transfer of photoexcited electrons from the CB of MoS, to the VB
of WSe,, and resulted in the recombination of electrons and
holes in the VB of WSe,. Simultaneously, the built-in electric
field also restrained the photoexcited electrons in the CB of
WSe, to flow into the CB of MoS, and photoexcited holes in the
VB of MoS, to transfer to the VB of WSe,. Therefore, under the
built-in electric field driving, photoexcited electrons in the CB of
MoS, and holes in the VB of WSe, were consumed. Conversely,
the photoexcited electrons and holes naturally accumulated in
the CB of WSe, and VB of MoS,, respectively. The separation of
photoexcited electrons and holes in space prolonged their life-
time and increased the probability of the photoexcited electrons
and holes participating in the HER and OER on the surface,
respectively, which effectively improved the photocatalytic
activity of the MoS,/WSe, heterostructure. This analysis indi-
cated that MoS,/WSe, heterostructure was a direct Z-scheme
photocatalyst.>*®* As shown in Fig. 6(b), the photoexcited elec-
trons of direct Z-scheme MoS,/WSe, heterostructure accumu-
lated in the CB of WSe,, and the CB edge potential of WSe, was
—0.421 eV (vs. NHE), which was more negative than that of H'/
H, (0 eV), and had enough ability to reduce H' to H,. Addi-
tionally, the photoexcited holes accumulated at the VB of MoS,,

Table 3 The amount of atomic charge MoS,/WSe, heterojunction

Elements Charge () Elements Charge (e)
S1 —0.58967 w1 0.92161
S2 —0.58968 w2 0.92161
S3 —0.58953 W3 0.92163
S4 —0.58969 w4 0.92138
S5 —0.58667 Sel —0.4471

S6 —0.58668 Se2 —0.44709
S7 —0.58668 Se3 —0.44712
S8 —0.58669 Se4 —0.44712
Mol 1.17307 Se5 —0.47121
Mo2 1.17307 Se6 —0.47121
Mo3 1.17306 Se7 —0.47098
Mo4 1.17293 Se8 —0.47124
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and the corresponding VB edge potential of MoS, was 2.256 eV,
which was more positive than that of O,/H,0 (1.23 eV) and had
sufficient ability to produce O,. Therefore, the direct Z-scheme
MoS,/WSe, heterostructure exhibited better photocatalytic
performance than either MoS, or WSe, alone.

The charge transfer of the photocatalyst determined the
hydrogen production efficiency of the photocatalyst, and we
calculated the Bader charge to study the charge transformation
in the catalyst.®*®

As shown in Fig. 7, we calculated the Bader charge of MoS,,
WSe,, and MoS,/WSe, heterostructure and plotted
Tables 2 and 3 based on the number of charges carried by each

(d)

Fig. 8 Hydrogen adsorption model for different adsorption sites: (a)
Sel site, (b) Se2 site, (c) Se3 site, and (d) Se4 site.
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Table 4 Energy of different adsorption sites. En, En, and Ep_p,
represent the energy of hydrogen molecules, heterojunction, and the
heterojunction after hydrogen adsorption, respectively. In addition, E¢
represents the free energy of H adsorption at various sites of the
heterostructures. The E can be achieved with eqn (5):%¢

Sites Ey, (eV) Epn, (eV) Ey (eV)
Sel —6.77 —180.32 0.26
Se2 —6.76 —180.32 0.25
Se3 —6.76 —180.32 0.25
Se4 —6.76 —180.32 0.25

atom. Mo and S atoms are more charged than W and Se atoms,
respectively. Transition metal atoms are twice as charged as S-
group atoms.

Combining Tables 2 and 3, it is found that the charge of all
elements in the heterojunction decreases when MoS, forms
a heterojunction with WSe,, especially the charge of Mo, S
atoms decreases more than that of W, Se atoms, which indicates
that part of the electrons of MoS, move to WSe,, which is
consistent with the results of the previous analysis, and indi-
cates that the charge of MoS, and WSe, is partially free in the
heterojunction as free electrons and does not participate in
atomic bonding, which helps to improve the hydrogen
production efficiency of the photocatalyst.

As shown in Fig. 8, to characterize the efficiency of photo-
catalytic WS for hydrogen production, we constructed
a hydrogen adsorption model for the heterojunction and
calculated the adsorption free energy for hydrogen at the
different sites. The adsorption free energy data are shown in
Table 4.

E]:‘ = Eh—Hz - Eh - EH2 + 024 (5)

As shown in Table 4, the free energies of Sel, Se2, Se3, and
Se4 atoms for hydrogen were 0.26 eV, 0.25 eV, 0.25 eV, and
0.25 eV, respectively. They all were close to 0 eV, which indicated
that the heterojunction did not have the adsorption effect on
hydrogen after the generation of hydrogen, and the generated
hydrogen could actively diffuse and failed to form hydrogen
molecules clustered around the active site.®”

Conclusions

In this study, we designed a MoS,/WSe, van der Waals hetero-
junction to improve the efficiency of photocatalytic WS for
hydrogen evolution. We performed all computations, including
structure relaxation, energy band, DOS, electronic properties,
and work function, based on DFT and HSE (06). Before per-
forming the HSE (06) calculations, we used DFT based on the
first principles for the initial calculations. We analyzed all
results based on calculations of HSE (06) hybrid functional
theory. The energy calculation results showed that the forma-
tion energy of the MoS,/WSe, heterojunction was negative, so
the thermodynamic properties of the heterojunction were

This journal is © The Royal Society of Chemistry 2020
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stable. The work function calculations showed that the elec-
trons flowed spontaneously from WSe, to MoS, until a potential
equilibrium was reached on both semiconductors after the
formation of the heterojunction, which resulted in an accu-
mulation of a charge on one side of the heterojunction. Hence,
a built-in electric field was established within the hetero-
junction that prevented the flow of photogenerated electrons
from the CB of WSe, to that of MoS,, stopped the flow of holes
from the VB of MoS, to WSe,, and facilitated the flow of pho-
togenerated electrons from the MoS, CB to recombine with the
holes in the VB of WSe,. In this way, photogenerated electrons
and holes accumulated in the CB of WSe, and the VB of MoS,,
respectively. This meant that reduction reactions proceeded at
WSe,, and oxidation reactions proceeded at MoS,. The energy
band calculations showed that the monolayer MoS, and WSe,
both had direct bandgaps. When MoS, and WSe, were in
contact, the CB potential of WSe, was more negative than that of
MoS,, and the VB potential of MoS, was more positive than the
VBM of WSe,. The orbital contributions of each element in
MoS,, WSe,, and MoS,/WSe, to VBM and CBM in combination
with the DOS-assisted energy band structures were also
analyzed. All of the results indicated that MoS,/WSe, was
a direct Z-scheme heterojunction. Photocatalytic HER and OER
occurred on the CB of WSe, and the VB of MoS,. Finally, we
calculated the Bader charges of MoS,, WSe,, and MoS,/WSe,
and analyzed the charge transfer characterization active sites.
We constructed the heterojunction hydrogen adsorption model
to analyze the adsorption performance of heterojunction on
hydrogen after hydrogen generation. All of the results showed
that MoS,/WSe,, with great thermodynamic stability and strong
redox ability, could be used as a WS catalyst for hydrogen
production.
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