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Abstract

To address the recombination problem of photogenerated electrons and holes during photocatalysis, strategies to design
composite photocatalysts with heterojunction structures have been widely adopted. In order to explore the electron
transfer pathway and photocatalytic mechanism of the PtS2/WSe2 heterostructure, the band structure, electronic
properties and catalytic activity of the structure were systematically calculated by density functional theory (DFT). We
designed two models consisting of PtS2 and WSez monolayers to find more stable structures through adsorption energy
calculations. In this work, Mulliken charge analysis and differential charge density confirmed the heterojunction as an
S-scheme heterojunction. Due to the height difference between the Fermi levels of the two pristine semiconductors,
electrons flow from WSez to PtSz to form a built-in electric field and band bending. The properties of the S-scheme
heterojunction allow the heterostructure to possess a suitable band gap without losing the redox ability, thereby
ensuring that the PtS2/WSe2 heterostructure can spontaneously undergo HER and OER processes of water splitting.
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1. Introduction recombination centers of new photo-generated
charges, resulting in reducing mobility and water
splitting efficiency [11]. Notably, van der Waals
(vdWs) heterostructures with Type-II [12-13]
band alignment have been proposed, but there are
still contradictions unresolved. The smaller band
gap makes the absorption and excitation of
photons easier, however, the energy level
potentials of the conduction and valence bands
should contain the redox potential of the catalytic
reaction, which widens the band gap and weakens

The problem of energy shortage has attracted
more and more attention all over the world [1-4].
In recent years, people have been working to
obtain hydrogen by splitting water through
photocatalytic technology [5-10]. Therefore, the
search for photocatalysts with strong redox ability
and low cost has become a research hotspot. The
strategy of using a single photocatalyst as a
substrate to dope atoms was adopted to improve

the band structure and catalytic activity by some
researchers. However, these mutually doped
impurity regions are easy to become the
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the absorption of solar photons. In 2019, Yu et al.
first proposed an S-type photocatalyst. The WOs3
and g-CsN4 nanosheets were used to construct a
heterojunction system to study the charge
transfer path during the process of photo-splitting
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water for hydrogen production [14]. This principle
can explain the law between light absorption
range and redox ability in heterojunction
structures, so it has attracted many researchers'
attention [15-19].

Transition metal dichalcogenides (TMDs) [20-
21] are widely used in the field of catalysis
because of their layered structure similar to
graphene [22], strong in-plane covalent bonds in
the layer, high performance, low energy
consumption and low cost. Most single-layer TMD
has a direct band gap, and with the increase of the
number of layers, the direct band gap may change
into an indirect band gap [23-24].

Currently, photocatalytic water splitting
research focuses on Group-6 TMDs, such as MoSs,
while less research on Group-10 TMDs (PtSz2 and
PtSez). Notably, PtS2 and PtSez are considered
ideal photocatalysts for water splitting due to
their suitable band-edge positions and their
excellent properties, such as strong interlayer
interactions and high carrier mobility [25].

In this work, PtSz and WSez in TMDs were
used to construct heterostructures to discuss the
law of electronic structure and photogenerated
carrier transfer of PtS2/WSe:z heterostructures.
Electron density difference and Mulliken charge
analysis convincingly demonstrate that the
PtSe/WSe2 heterostructure belongs to the S-
scheme. The recombination of photogenerated
electron-hole pairs with weak redox ability will be
enhanced and the separation rate of carriers with
strong redox ability will beimproved by the
formation of the built-in electric field and band
bending effectively. Therefore, the water splitting
of PtS2/WSe2 heterostructures may spontaneously
proceed.

2. Methods

The effect of the interaction among valence
electrons and ionic nuclei is characterized by the
ultrasoft pseudopotential. Electronic structure
computations employed an energy cutoff of 450 eV
and utilized Monkhorst-Pack [26] k-point meshes
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Figure 1. Side and top views of the PtS2 monolayer

(a) and WS2 monolayer (b)

with a grid density of 3X3X1. During the geometric
optimization process, the atomic positions within
the model were adjusted iteratively towards the
minima of the potential energy surface until the
convergence criteria for energy, maximum force,
and maximum displacement were met, with
thresholds set at 1.0x10-> eV per atom, 0.03 eV/A,
and 0.001 A, respectively. A description of van der
Waals interactions with long-range electronic
effects implemented the Tkatchenko and Scheffler
(T'S) correction [25].

The electronic and optical properties of the
heterojunction catalysts were investigated using
the CASTEP, with the exchange-correlation
energies treated wusing the Perdew-Burke-
Ernzerhof (PBE) functional [28]. To address the
strong electron correlations accurately, the
DFT/GGA + U method was invoked, incorporating
an on-site Coulombic correction to overcome the
band gap underestimation associated with the
GGA approximation. In this study, the Hubbard
U parameters for molybdenum (UMo) and
tungsten (UW) were set at 3.5 eV and 4.0 eV,
respectively.

3. Results and Discussion

The geometrical structures of 2H-phase
bulk PtS2 and WSe2 were relaxed first, the bilayer
models were built by cleaving bulk PtSz and WSe2
along the (001) direction. The lattice parameters
of PtSz and WSez after geometric optimization are
3.19032 A and 3.19073 A respectively, it is
consistent with the existing experimental and
theoretical research results [29-30]. The
constructed model calculated in this work is a
4x4X1 supercell that contains 16 Mo atoms, 16 W
atoms and 64 S atoms with 15 A vacuum added in
the z direction to avoid the interactions between
neighbor slabs (see Figure 1). The PtS2/WSe2
heterostructure bilayers are extremely matched,
and the average lattice mismatch is less than 1%,
which can reflect the heterostructure more
realistically. Table 1 shows the structural
parameters and bond lengths after geometric
optimization of all the models in this work.

3.1 Adsorption Energy Calculation

In this paper, two binding modes of PtS2 and
WSe:2 are discussed, and the most stable structure
will be selected for subsequent analysis by
calculating the adsorption energy. The
heterojunction models constructed based on these
two different combinations were shown in Figure
2.

The following equation shows the calculate
method of the energy of adsorption (EADS):

Ef = EPtSZ/WSeZ - EWSe2 - EPt52 (1)
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where FEpisawse2, Ewse2 and Epis2 represent the
total energy of the heterojunction structure,
monolayer WSez and monolayer  PtSs,
respectively, which were calculated by building a
single layer of pristine semiconductors. Based on
this definition, a more negative adsorption energy
implies stronger adsorption. The calculated
adsorption energies are listed in Table 2. The
adsorption energy of Model A is negative,
indicating that its existence is stable. We
speculate that the system tends to be unstable

Table 2. The adsorption energy of Model A and
Model B

Model A Model B

-1.1345eV 0.1374eV

because of the Coulomb repulsion when the Se
atoms and S atoms face each other in the Model B
interface region.

3.2 Band Structure and Density of States
Analysis

For catalysts, the energy band structure and
the corresponding density of states are one of the
important means to analyze their performance
[31]. In this paper, the energy band structures of
the two models are firstly calculated and
compared with bulk PtS: and bulk WSes. The
results are shown in Figure 3.

Both the single semiconductor Model and the
two heterostructure models exhibit indirect band
gaps. The band gaps (Eg) of PtS2 and WSe:z are
1.593 eV and 1.505 eV, respectively, which are
consistent with the experimental results,

Table 1. Structure parameters, bond lengths (A) and bond populations of PtSz, WSez, and PtS2/WSes.

Structure Parameters Bond Bond . Bond
a/A b/A c/A Length/A Population
Si1-Pt 2.40444 0.45
PtS2 14.32028 14.32028 3.25087 S, Pt 9 40444 0.45
Se1-W1 2.55271 0.53
WSe2 13.30828 13.30828 15.0690 Ses- W1 9 55271 053
Sa-Pt1 2.37013 0.53
PtSo/WSe2 S1-Pt1 2.37327 0.37
(Model A) 12.61160 12.61160 25.3948 Ses- W, 2 54967 0.75
Sei1-W1 2.56560 1.17
Sa-Pt1 2.37012 0.49
PtSo/WSe2 Si1-Pt: 2.37326 0.34
(Model B) 13.63880 13.63880 27.2114 Ses- W1 2 54974 0.77
Se1-Wi 2.56554 1.16
(a-1) (a-2)
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Figure 2. Two combinations of WSez and PtSz2, Model A (a) and Model B (b). The yellow, orange, green
and blue spheres represent S, Se, W and Pt atoms, respectively.
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indicating that the values of Upt and Uw are
reasonable. As shown in Figure 3(c), the band gap
energies of the PtSa/WSez heterostructures are
0.775 eV (Model A) and 0.727 eV (Model B), which
are significantly reduced compared with the
single semiconductor, which will lead to a red shift
of the absorption edge . The PDOS data (Figure 4)
shows that the valence band of bulk PtSz is mainly
contributed by the p-orbital of S, while the
conduction band is dominated by both S p and Pt
d. The p-orbital of Se and the d-orbital of W
dominate the valence and conduction bands of
bulk WSe2, respectively. The similarity of the
PDOS of Model A and Model B is that the valence
band is mainly contributed by the d-orbital of Pt,
and the conduction band is mainly contributed by
the d-orbital of W. It is can be infered that, the
electrons were excited from the valence band of
PtS2 to the conduction band of WSes, which
completed the photoexcitation process.

3.3 Electronic Transfer Route

The work function and Mulliken charge
population of Model A and Model B were

(a)

Energy(eV)

GA HK G ML H
K-point

(e)

Energy(eV)

K-point

calculated to study the charge transfer between
interfaces in this paper. The work function
represents the energy required to move the
electrons at the top of the valence band to the
vacuum level [32]. As shown in Figure 5, the work
functions of PtSs, WSe2 and PtS2/WSe2
heterostructures are 5.849, 4.869, 4.964 and 5.076
eV, respectively.

The analysis of Mulliken charge is shown in
Table 3. There is no charge transfer between
layers in Model B, while in Model A, about 0.64 eV
of Mulliken charge is transferred from the W layer
to the Pt layer. In this paper, it is believed that
the electrons and holes of this heterostructure
may follow the S-scheme transfer route, and the
mechanism is analyzed as follows: When the
nanosheets of WSez and PtS2 are pre-contacted,
since the Fermi level of WSe2 is higher than that
of PtSs, electrons will spontaneously transfer from
WSes: flows to PtS2, and eventually electrons are
depleted at WSe2 and accumulated at PtSs. At this
time, a built-in electric field from WSez to PtSz is
formed, accelerating the transfer of electrons
(holes) to WSez conduction band (PtSz valence

(b)

Energy(eV)

20 |

K-point

(d)
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Figure 3. Band structure calculation results of bulk PtSz (a), bulk WSe:z (b), PtSe/WSez heterostructure
Model A (c) and PtS2/WSe:z heterostructure Model B (d) The short dashed line with zero ordinate is the

Fermi level.
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band). The process of Fermi level rearrangement
also leads to the band bending of the two
semiconductors, that is, the band structure of
WSe: is bent upward, while that of PtSz is bent
downward. Driven by band bending, built-in
electric field, and Coulomb attraction, the
electron-hole pairs with weak redox ability in the
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interface region will recombine, while the stronger
holes and electrons in VBPtS2 and CBWSe: are
preserved.

In order to verify that Model A is an s-scheme
heterojunction, we calculated the Electron density
difference of Model A. As shown in the Figure 6,
red represents the electron accumulation region,
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Figure 4. The DOS diagram of bilayer PtS:z (a), bilayer WSez (b) and PtS2/WSe: heterostructure (c)The

short dashed lines represent the Fermi level.

Copyright © 2025, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 20 (1), 2025, 49

and blue represents the electron depletion region.
It can be seen that the electrons are rearranged in
the interface region, that is, PtS: gains the
electrons transferred from WSe2, which is due to
the Fermi level of PtS2 being lower than that of
WSe2, which verifies that the electrons of the
Model A heterojunction conform to Inferences for
S-scheme transfer routes.

It is worth noting that the data of PDOS also
supports our view. As shown in Figure 4, the
Fermi level of pristine PtS: is located at the top of
the valence band. After PtS2 and WSe:z are stacked
to form a heterojunction, the Fermi level shifts to
the right in the fractional density of states of Pt
and S, which means that electrons accumulate in
the PtS2 layer.

3.4 Catalytic Ability

The redox potential of water should be spaned
by the band edge of the photocatalyst in theory, it

means that, the CB edge of photocatalysist needs
to be more negative than the hydrogen electrode (-
4.44 eV, pH = 0), and the VB edge position needs
to be more positive than the oxygen electrode (-
5.67 €V, pH = 0).The hydroxide electrode potential
can be calculated by E = -4.44 (-5.67) eV + pH X
0.059 eV. Since Model A is an S-scheme
heterostructure, the weak electrons and holes in
the interface region disappear after
recombination, and the electrons 1in the
conduction band of PtSz are transferred to the
conduction band of WSez2 under the action of the
built-in electric field. The holes in the valence
band of WSe: are transferred to the valence band
of PtSse, so the band edge of Model A satisfies the
conditions for catalytic water splitting.

3.5 HOMO and LUMO Analyses

Charge separation can be well studied by the
highest occupied molecular orbital (HOMO) and

the lowest unoccupied molecular orbital (LUMO).
The LUMO and HOMO of bilayer PtS2 and bilayer

e e e ey -3.64eV
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K Built-in electric field o o o o
3 © «—0C | N e N N N &
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. . . Figure 6. Calculated electron density difference of
Figure 5. Schematic diagram of PtS2/WSes & y

. . Model A
heterostructure with band-edge positions.

Table 3. Mulliken charge populations of bulk PtS2 (a), bulk WSez (b), PtS2/WSez heterostructure Model A (c)
and PtS2/WSez heterostructure Model B (d)

Mulliken charge population

Species Atom s p d f total Charge

S 0.94 2.06 0 0 3.00 0.00

PtS: Se 0.94 2.06 0 0 3.00 0.00

Pt 1.41 3.24 4.35 7.00 16.00 0.01

S 1.70 4.08 10.00 0 15.78 0.22

WSe: Se 1.70 4.08 10.00 0 15.78 0.22
Wi 2.68 6.97 4.80 14.00 28.44 -0.44

S 1.87 4.14 0 0 6.01 -0.01

Se 1.86 4.15 0 0 6.01 -0.01

PtSo/WSes Se1 1.83 4.08 10.00 0 15.91 0.09
(Model A) Ses 1.70 4.08 10.00 0 15.77 0.23
W 2.64 6.84 4.80 14.00 28.28 -0.28

Pt 2.84 6.56 8.62 14.00 32.01 -0.01

Sy 1.87 4.14 0 0 6.01 -0.01

So 1.87 4.14 0 0 6.00 -0.00

PtSo/WSes Se: 1.82 4.08 10.00 0 15.91 0.09
(Model B) Ses 1.75 4.08 10.00 0 15.83 0.17
W 2.63 6.83 4.80 14.00 28.26 -0.26

Pt 2.84 6.53 8.62 14.00 31.99 0.01
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WSez were shown in Figure 7, which were set as
the background to compare the charge separation
of Model A and Model B.

We were pleasantly surprised to find that the
LUMO-HOMOs of Model A and Model B are
almost completely spatially separated compared
to bilayer pristine semiconductors (which have
almost no separated LUMO-HOMO orbitals). In
detail, LUMO is mainly distributed in the W

layer, while HOMO is mainly distributed in the Pt
layer. The HOMO and LUMO of the
heterojunction catalyst have been completely
redistributed, which verifies the existence of the
built-in electric field. The spatial separation of
LUMO and HOMO suppresses the recombination
of photogenerated electrons and holes, greatly
enhancing the photocatalytic activity.

% ¢ %o» o©

o efoud¢

6™ © ¢ ©

0000000'

P ofo g ol

© ¢, © ¢o,
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Figure 7. Calculated HOMO of PtS2 (a-1), WSez (b-1), Model A(c-1) and Model B(d-1). Calculated LUMO
of PtS:2 (a-2), WSez (b-2), Model A (c-2) and Model B (d-2). The green, orange, yellow and blue spheres
represent W atoms, Se atoms, S atoms and Pt atoms, respectively. The molecular orbitals in purple and

in blue are indicating LUMO and HOMO, respectively.
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4. Conclusions

In conclusion, we investigated two stacking
ways of WSez with PtSz by DFT calculations.
Based on the definition of adsorption energy, a
more stable structure was selected for charge
analysis. Mulliken charges and differential charge
densities demonstrate that the structure is
characteristic of S-scheme catalysts. Due to the
height difference between the Fermi levels of
pristine WSez and PtS2, electrons flow
spontaneously from WSes to PtS2, thereby forming
a built-in electric field. Under the action of
Coulomb gravity, built-in electric field and energy
band bending, the weak electrons and holes in the
interface region disappear due to recombination,
and the strong electrons and holes can be
preserved in the conduction band of WSes2 and the
valence band of PtS:2. The HOMO-LUMO
calculations show that the sterically complete
separation of HOMO and LUMO suppresses the
electron-hole recombination and improves the
photocatalytic efficiency. This work finds a new S-
scheme  heterojunction and  theoretically
demonstrates its feasibility as a photocatalyst.
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