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A B S T R A C T

Finding a catalyst for overall water splitting (OWS) with robust thermodynamic stability and optimal electronic
characteristics remains a significant challenge. This study investigates the thermodynamic stability and inter-
facial properties of zigzag and armchair MoS2/WS2 in-plane heterostructures using ab-initio molecular dynamics
(AIMD) and density functional theory (DFT) simulations. The motivation behind this research is to identify
highly efficient and stable catalysts for OWS. The AIMD simulations confirm the thermodynamic stability of both
heterostructures under working conditions. Notably, the zigzag MoS2/WS2 in-plane heterostructure demon-
strates superior charge separation efficiency, with larger conduction band (0.91 eV) and valence band (0.71 eV)
offsets compared to the armchair configuration. The unique chemical bonding and type-II band alignment at the
zigzag junction enhance charge transfer, resulting in excellent catalytic activities with ultralow overpotentials for
oxygen (0.96 V) and hydrogen (0.3 V) evolution reactions at pH = 0. Additionally, the zigzag heterostructure
achieves a high solar-to-hydrogen (STH) conversion efficiency of 12.29%, making it a promising candidate for
practical applications in OWS. These findings contribute to the advancement of water splitting technology and
encourage further research on in-plane interface formation among diverse materials.

1. Introduction

Photocatalysis is emerging as a pivotal green energy technology,
leveraging solar illumination to facilitate the decomposition of organic
pollutants, water splitting, CO2 reduction, and other transformative
processes. Nevertheless, the pervasive challenge impeding broad
implementation lies in the scarcity of cost-effective and exceptionally
efficient semiconductor photocatalytic materials [1–5]. Photocatalytic
water splitting has been utilizing metal oxides, metal nitrides, metal
sulfides, oxynitrides, and oxysulphides for photocatalytic H2 evolution
[6–8]. But theses catalysts suffered from serious issues, such as large
band gap (Eg > 3 eV), low hydrogen conversion efficiencies, high charge
recombination rate, photo-corrosion and low quantum yield (<10%) [9,
10]. 2D semiconductors recently have attracted great attention as an
alternative in water splitting, due to their proper band gaps, large sur-
face area, high optical absorption, and excellent thermal and chemical

stability [11–17]. Among them, TMDCs (transition metal dichalcoge-
nides), such as WS2, MoSe2, WSe2, MoS2 and MoTe2 are particularly
suitable for visible-light-driven photocatalysis [11,18–20]. However,
water splitting based on TMDCs suffers from a high rate of exciton
recombination, because of the extremely large exciton binding energies
in low-dimensional systems. Moreover, most TMDCs have shown low
thermal stability and the defects in TMDCs undergo significant
photo-corrosion [21]. It is well-known that the high rate of exciton
recombination can be controlled in heterojunctions, exhibiting efficient
charge separation [22–24]. So far, researchers have identified several
types of heterojunctions aimed at boosting the efficacy of the photo-
catalysts [21–26]. Among them, direct Z-scheme heterojunctions and
type-II heterojunctions are widely studied based on their mechanisms of
charge separation [21,23–27]. The unique electronic band alignment in
Z-scheme and type-II heterojunctions making them more attractive for
photocatalytic water splitting [28–33]. Recently, heterostructures
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formed by van der Waals (vdW) interactions gained great attention for
photocatalysis application due to their conventional type-II band
alignment [23,25,34–36]. Although the type-II heterojunction can
ideally separate holes and electrons, these vdW heterostructures possess
interlayer distances of 3-4Å, which physically leads to fast electron-hole
recombination. The fast recombination process hindering their effective
participation in the OER (oxygen evolution reaction) and HER
(hydrogen evolution reaction).

To overcome the high exciton (electron-hole) recombination in vdW
heterojunctions, in-plane TMDCs heterostructures has been widely
investigated, which are formed laterally by covalent bonds [34–37]. In
in-plane heterostructures of TMDCs, the bonding between the two ma-
terials occurs through chemical interactions. Unlike vertical hetero-
structures, where Coulomb interactions keep electrons and holes
separated in opposite directions, in-plane heterostructures yield a more
substantial in-plane dipole, predominantly constrained by layer sepa-
ration [34,38]. In in-plane heterostructures, the spatial separation re-
sults in a reduced exciton binding energy compared to interlayer
excitons [34,38]. Recently, few-layers WS2–MoS2 in-plane hetero-
structures have demonstrated excellent STH efficiency and photo-
catalytic activity for OWS [39]. Similarly, the SnO2/CdS, C/C3N4 and
MoS2/MoC in-plane heterostructures enhances carrier separation and
optimizes surface-hydrogen-desorption energy, resulting in superior
photocatalytic hydrogen production [30,39–41]. Additionally, the
AlP3-GaP3 in-plane heterostructure has shown good chemical stability,
high STH efficiency (16%), and suitable band alignment for water
splitting [42].

Herein, we used AIMD and DFT simulations to explore the thermo-
dynamic stability, interface properties and catalytic potential of MoS2/
WS2 in-plane heterostructure. We have combined the isolated mono-
layers MoS2 and WS2 through covalent bonding in a unit cell. At the
lateral heterostructure, we observed two possibles configuration i. e
zigzag and armchair. Each configuration shows the thermodynamically
stability for water splitting, but the zigzag configuration was found with
enrich electronic properties, large band offsets formation, and enhanced
charge separation. We also explored a sort of variations in the interface
interactions which influences these properties. Furthermore, the suit-
ability of the in-plane heterostructure was studied for the OWS. In the
zigzag configuration of MoS2/WS2, we observed rapid charge transfer
and enhanced charge separation with large conduction and valence
band offsets 0.91 eV and 0.71 eV respectively.

The zigzag MoS2/WS2 in-plane heterostructure exhibits excellent
photocatalytic performance, with overpotentials of 0.96 V and 0.3 V for
oxygen and hydrogen evolutions respectively, at pH= 0. It also achieves
a 12.29% STH conversion efficiency, making it highly promising for
hydrogen production. This outstanding efficiency is driven by effective
charge separation, minimal exciton recombination, and low over-
potentials, emphasizing its significance for sustainable energy applica-
tions. Our work is theoretical, it provides valuable insights that can
guide experimental research and deepen our understanding of in-plane
TMDC heterostructures. This framework can help inform future
studies and experimental validations.

2. Computational detail

Advanced quantum computational chemistry methods were utilized
in our study, employing DFT within the VASP (Vienna Abinitio Simu-
lation Package) software. We employed the GGA-PBE (generalized
gradient approximation) to consider electron-electron interactions in
materials [43,44]. Furthermore, we conducted HSE06 calculations on a
parallel supercomputer to ensure precise energy calculations for pristine
materials and their in-plane heterostructures [45]. For the calculation of
plan waves the cut-off energy was set to (400 eV) for MoS2 and WS2
monolayers and (450 eV) for zigzag and armchair MoS2/WS2 hetero-
structures. Structural relaxation for both monolayers and hetero-
structures was performed with a force criterion of (0.01 eVÅ− 1).

The (1s, 9d) orbitals were considered as highest occupied orbitals for
Mo and W, while (2s, 4p) were treated as the highest occupied orbitals
for S. To prevent self-interactions among unit cells, a 15 Å vacuum were
kept in the c-axis. In the energy calculation with PBE and HSE06, the
kpoints (9 × 9 × 1) was chosen. In case of PBE the mesh was refined to
(18 × 18 × 1) and the HSE06 calculations was carried at the same
kpoints [46]. The spin orbit coupling (SOC) effect was incorporated into
the band structures calculations for the heavy transition metals (Mo, W).
The vdW energy correction terms in the heterostructures were taken into
account by incorporating the corrections model of Grimme (DFT-D3) to
minimize the structures [46,47]. The AIMD simulations was carried out
at temperatures 300K–373K with a time step of 10 ps. The selective
dynamic approach was effectively utilized during the relaxation of 3× 3
× 1 supercell of both zigzag and armchair MoS2/WS2 heterostructures.
The key advantage of the selective dynamic approach is that, we can
consider a large super cell for the adsorption of intermediates sur-
rounding the heterojunction of zigzag in-plane heterostructure.

3. Results and discussion

3.1. The thermal stability and electronic properties

Initially, the electronic and structure properties of monolayers
2H–MoS2 and 2H-WS2 were investigated with PBE and HSE06 func-
tionals, their relaxed lattice constants and band gaps calculated with two
functionals are shown in Table 1. The monolayers analyzed in this study
exhibit direct band gaps at the K-point, consistent with findings from
prior research [48]. Lattice constants of monolayers MoS2 and WS2 have
perfectly matched, which shows the suitability of the composite for-
mation between the two layers. In constructing the MoS2/WS2 in-plane
heterostructure, we used a rectangular unit cell of MoS2 monolayer, as
shown in Fig. 1(a). We have constructed two types of edges for in-plane
heterostructure of MoS2/WS2 i.e. armchair (ac-MoS2/WS2) and zigzag
(zz-MoS2/WS2), as given in Fig. 1(b and c). The energetic stabilities of
zz-MoS2/WS2 and ac-MoS2/WS2 edges were determined by the edge
energy calculations formula; Eedge =

(
Ewith edge − Ewithout edge

)
/2L, where

Eedge, Ewith edge, Ewithout edge and L represents the total edge energy per
unit length (eV/Å), total energy with edge per unit cell, energy of the
pristine monolayers in a unit cell and total length of the edge, respec-
tively. The HSE06 calculated edge energies for ac-MoS2/WS2 and
zz-MoS2/WS2 are − 1.73 eV/Å and − 2.61 eV/Å respectively. The nega-
tive sign shows that exothermic reaction occurs during the formation of
edges and both edges are energetically favorable. The edge energy
shows that the zz-MoS2/WS2 heterostructure are more stable
energetically.

The calculated band gaps along the direction of junctions with GGA-
PBE and HSE06 functionals for zz-MoS2/WS2 and ac-MoS2/WS2 in-plane
interfaces are given in Fig. 2 (a-d), and the numerical values of the band

Table 1
The lattice constants (a), band gap (Eg) and edge energies of 2H–MoS2 and 2H-
WS2 monolayers, zz-MoS2/WS2 and ac-MoS2/WS2 in-plan heterostructures
calculated with PBE and HSE06 are shown in table below.

system a (Å) Eg (eV) Edge energy (eV/
Å)

CBM (eV) VBM (eV)

GGA-PBE
MoS2 3.15 1.68 − − 2.9 − 5.01
WS2 3.16 1.75 − − 2.51 − 5.1
zz-MoS2/WS2 3.17 2.16 − 2.14 − 3.21 − 5.32
Ac-MoS2/
WS2

3.17 1.71 − 1.24 − 2.98 − 5.30

HSE06
MoS2 3.25 2.13 − − 3.99 − 6.02
WS2 3.24 2.73 − − 3.69 − 5.72
zz-MoS2/WS2 3.18 2.27 − 2.61 − 3.64 − 5.90
Ac-MoS2/
WS2

3.18 2.28 − 1.73 − 3.60 − 5.87
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gaps are shown in Table 1. The band gap values obtained with GGA-PBE
often exhibit underestimation. To address this, we employed the HSE06
functional to obtain more accurate band gap values. The HSE06 band
gaps for zz-MoS2/WS2 and ac-MoS2/WS2 are 2.27 eV and 2.28 eV
respectively. Both edges exhibit band gaps conducive to solar water
splitting, rendering them viable visible-light photocatalysts [10]. For
effective water splitting process, a crucial consideration is the alignment
of energy edges of a photocatalyst with the standard redox potentials of
water [10]. To address this, we calculated the CBM (conduction band
edge) and VBM (valence band edge) relative to the vacuum level for
zz-MoS2/WS2 and ac-MoS2/WS2. The results indicate that for
zz-MoS2/WS2, the CBM and VBM are positioned at − 3.64 eV and − 5.90
eV, respectively. Similarly, for ac-MoS2/WS2, the CBM and VBM are
positioned at − 3.60 eV and − 5.87 eV, respectively. The standard po-
tentials values for the HER are − 4.44 eV and for OER is − 5.67 eV [5].
The energy edge positions of both heterostructures are straddling with
the standard potentials of water. These findings underscore the potential
suitability of both edges for effective visible-light photocatalysis in the
context of overall water splitting. The energy edge positions were
calculated with the electrostatic potential method. The zz-MoS2/WS2
and ac-MoS2/WS2 heterostructures exhibited suitable band gaps and
energy edges positions for water splitting. Therefore, zz-MoS2/WS2 and
ac-MoS2/WS2 in-plane interfaces can effectively utilizing the visible
light to breakdown the water molecules into hydrogen and oxygen [10].

To verify the thermodynamic stability of the MoS2 and WS2 mono-
layers, as well as the zigzag (zz-MoS2/WS2) and armchair (ac-MoS2/
WS2) in-plane interfaces, we conducted AIMD simulations in water at
temperatures of 300 K and 373 K. These simulations were performed
using a 3× 3× 1 supercell with a time step of 1 fs and a total simulation
duration of 10 ps. Throughout the AIMD simulations, both the mono-
layers and in-plane interfaces exhibited excellent thermodynamic sta-
bility in water. The structural geometries remained stable, and no

significant fluctuations in bond lengths were observed for either the
pristine monolayers or the heterostructures. Fig. 3 (a, b) & (c, d) shows
different orientations of the simulated geometries of MoS2 and WS2
monolayers at various temperatures, respectively. Similarly, Fig. 3 (e, f)
presents the geometries of zz-MoS2/WS2 and ac-MoS2/WS2 in-plane
interfaces at the elevated temperature of 373 K. The results demon-
strate that both the pristine monolayers and their in-plane interfaces
maintain thermodynamic stability in water at both room temperature
and higher temperature. The total energy fluctuations for the pristine
monolayers, as well as the zz-MoS2/WS2 and ac-MoS2/WS2 in-plane
interfaces, were negligible, further corroborating their excellent ther-
modynamic stability, as illustrated in Fig. 4 (a-d). Additionally, the total
energy oscillation per atom around the equilibrium position remained
within 0.025 eV, indicating outstanding thermal stability.

3.2. Band alignment and charge separation efficiency

In OWS, comprehending the dynamics of electrons and holes proxi-
mate to the junction is imperative for studying the processes of HER and
OER, respectively. Additionally, the establishment of ΔCBO (conduction
band offset) and ΔVBO (valence band offset) is pivotal. To address this,
we conducted comprehensive calculations utilizing the HSE06 hybrid
functional to determine the electrostatic potential and average electro-
static potential for both zigzag and armchair in-plane interfaces.
Intriguingly, our analysis revealed the absence of band offset formation
in the armchair interface, while distinctive band offsets were observed in
the zigzag interface. Specifically, the calculated ΔCBO and ΔVBO for the
zz-MoS2/WS2 in-plane interface are graphically presented in Fig. 5. The
obtained values were respectively 0.91 eV and 0.71 eV for ΔCBO and
ΔVBO. Notably, our findings suggest that electrons exhibit facile
mobility from the conduction band of WS2 to that of MoS2, while holes
readily migrate from the valence band of MoS2 to that of WS2. This

Fig. 1. Geometric structures of MoS2/WS2 in-plane heterostructure; (a) MoS2 monolayer with zigzag and armchair directions, (b) armchair interface, (c)
zigzag interface.

Fig. 2. Band structures calculated with PBE and HSE06 for; (a, b) armchair, (c, d) zigzag respectively. Where the red line indicates the fermi level. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

S.U. Rehman et al.



International Journal of Hydrogen Energy 80 (2024) 280–288

283

intriguing behavior leads to the holes and electrons at the opposite sides
of the junction, culminating in the formation of substantial quantum
wells. Motivated by these outcomes, we have selected the zigzag in-
plane interface of MoS2/WS2 as the focal point for investigating cata-
lytic activity, with a specific emphasis on understanding the HER at the
MoS2 and OER at theWS2. This strategic choice aligns with our objective
to unravel the nuanced interplay of charge carriers and band alignments
within the heterostructure, contributing valuable insights to the cata-
lytic mechanisms governing water splitting processes.

To qualitatively visualize the hole and electron separation and their
transfer at the junction in zz-MoS2/WS2 in-plane heterostructure, we
have calculated the charge distribution in the CBM (conduction band
minimum) and VBM (valence band maximum) at the Gamma point of
the Brillouin zone with an isosurface value of 1.95× 10− 7 e/ Å as well as
the electronic differential charge density difference

(
Δρ = ρMoS2/WS2 −

ρMoS2 − ρWS2 ) as shown Fig. 6(a-c). The results shows that the conduction
band minimum and valence band maximum is contributed from MoS2
and WS2 monolayers respectively, demonstrating a heterojunction of
type-II alignment. The charge transfer mechanisms at the interface are
also shown in Fig. 6(c). Furthermore, the type-II alignment also

confirmed with the LDOS (local density of states) and projected orbital
analysis. The LDOS, in Fig. 6(d), shows that the valence band maximum
is fromWS2 monolayer and the conduction band is minimum fromMoS2
monolayer, respectively. This reflects further confirmation of the type-II
alignment in the zz-MoS2/WS2 in-plane heterostructure. The projected
electronic structures in Fig. 7 (a-d), shows that the alignment is due to
the Mo-d3z2 − r2 and W-d3z2 − r2 orbitals.

3.3. Overall water splititng

The process of OWS involves generating oxygen and hydrogen
through two distinct reactions: OER and HER [49]. The OER, in
particular, presents a significant challenge, as it comprises a complex
mechanism (four-steps) requiring four holes to produce one molecule of
O2 from two molecules of H2O. Initially, a water molecule reacts with
the active catalyst, leading to the formation of a H+ (hydrogen ion) and
an OH* species. Subsequently, the species (OH*) reacts with a hole,
transforming to species (O*), while releasing a H+. In step third, the O*
species, in the presence of H2O molecule, interacts with a hole to pro-
duce an O–H–O* species, simultaneously releasing a H+. Finally, the

Fig. 3. AIMD simulation of water on the MoS2, WS2 monolayers and MoS2/WS2 in-plane interfaces at different temperatures. AIMD snapshots of different orien-
tations of; (a–b) MoS2 monolayer, (c–d) WS2 monolayer, (e) Zigzag MoS2/WS2 interface, (f) Armchair MoS2/WS2 interface. The time for the MD simulation was set to
10 ps.
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O–H–O* species, upon encountering a hole, generates O2* and another
H+. However, O2* is inherently unstable and promptly desorbs from the
photocatalyst surface as an O2 molecule. The entire process can be
represented by the below chemical reactions (1)–(5).

H2O(l)+*+h+→OH*+H+ (1)

OH*+h+→O*+H+ (2)

O*+H2O(l) + h+→O–H–O*+H+ (3)

O–H–O*+h+→O2*+H+ (4)

O2*+h+→*+O2(g) (5)

And the HER reaction is given below into two steps (6)–(7).

*+H++e− →H* (6)

*+H++e− →H2(g) (7)

In the equations above, the symbol * denotes the zigzag MoS2-WS2
in-plane heterostructure photocatalyst, while OH*, O*, O–H–O*, O2*,
and H* represent the species, which exhibit high reactivity with the
electrolyte. The ΔG (Gibbs free energy difference) value in eV, in
equations (1)–(7) is calculated according to the Nørskov model [50]. At
pH = 0, the formula is given as: ΔG = ΔE + ΔEzpe − TΔS, where ΔE
represents the difference in adsorption energy, ΔS and ΔEzpe denote the
entropy difference and zero-point energy difference among the gas
phases and adsorbed states, respectively. The ΔG value between the

Fig. 4. Total energy fluctuations observed in the AIMD simulation at different temperatures; (a) MoS2 monolayer, (b) WS2 monolayer, (c) Zigzag MoS2/WS2 het-
erostructure, (d) Armchair MoS2/WS2 heterostructure. The time steps for the MD simulation were set to 10 ps.

Fig. 5. Schematic representation of the ΔCBO and ΔVBO formation and elec-
trons/holes flow for the zigzag MoS2/WS2 in-plane interface by potentials line
up method. Where the blue wave shape represents the electrostatic potentials
and the middle black line is the average electrostatic potentials. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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reactants and products in the above reactions are given below in equa-
tions (8)–(14).

ΔG1 = GOH* + GH
+ ‒ GH2O ‒ G(*) ‒ Uh (8)

ΔG2 = GO* + GH
+ ‒ GOH* ‒ Uh (9)

ΔG3 = GO-H-O* + GH
+ ‒ GO* ‒ GH2O ‒ Uh (10)

ΔG4 = GO2* + GH
+ ‒ GO-H-O* ‒ Uh (11)

ΔG5 = G(*) + GO2 ‒ GO2* ‒ Uh (12)

ΔG6 = GH* ‒ G(*) ‒ GH
+‒ Ue (13)

ΔG7 = GH2 ‒ G(H*) ‒ GH
+‒ Ue (14)

In the above equations, at room temperature and pressure, we
exchanged the free energy of hydrogen ion with 1

2GH2 . The catalyst ef-
ficiency is defined by the reaction overpotential (η), which can be
calculated as: ηOER = max [ΔG1, ΔG2, ΔG3, ΔG4, ΔG5]/e− 1.23. In this
formula the 1.23 V, represents the potential at room temperature and
pressure that can split the water molecule into H2 and O2 [10]. And ΔG1,
ΔG2, ΔG3, ΔG4 and ΔG5, represents the free energy change in the re-
actions and e is the electron transfer. The OER calculated free energies
for zz-MoS2/WS2 composite are given in Fig. 8(a). The calculated OER

overpotentials for zz-MoS2/WS2 in-plane heterostructure at hole po-
tential zero is 1.5 V. But when we employed the hole potentials, its value
dropped to 0.96 V. The calculated ΔG (eV) of HER for zz-MoS2/WS2
in-plane heterostructure are shown in Fig. 8(b). In case of HER reactions,
the ΔG (eV) values are about zero, which represents a candidate catalyst
for HER [18,19]. The overpotentials for HER on the zz-MoS2/WS2
in-plane heterostructure is 0.32 V. This observation underscores the
potential of zigzagMoS2/WS2 in-plane heterostructure as high efficiency
bi-functional photocatalyst towards HER and OER activation.

3.4. The STH efficiency of H2 conversion

The STH conversion efficiency of the zigzag MoS2-WS2 in-plane
heterostructure was calculated with the reported model [51]. The
model involved three parameters such as light absorption (ηabs) and
carrier utilization (ηcu) and STH efficiency (ηSTH) as following.

ηSTH = ηabs × ηcu (15)

The light absorption efficiency is defining below;

ηabs =

∫∞
Eg p(hω)d(hω)
∫∞
0 p(hω)d(hω)

(16)

In the above function Eg and p(hω) indicates the band gap of the

Fig. 6. The CBM and VBM for zz-MoS2/WS2 in-plane heterostructure; (a) VBM on WS2 side (b) CBM on MoS2 side (c) charge transfer at the junction (d) LDOS.

Fig. 7. The HSE06 calculated weighted bands of zz-MoS2/WS2 in-plane heterostructure for; (a–b) Mo-d3z2 − r2 orbitals and (c–d) W-d3z2 − r2 orbitals.
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materials and sun flux at AM1.5G spectrum. The ηcu (carrier utilization
efficiency) is given as;

ηcu =
ΔG

∫∞
E

p(hω)

hω d(hω)
∫∞
Eg p(hω)d(hω)

(17)

In this function the free energy for water splitting is given by (ΔG),
which is 1.23 V [10]. And the incident photon energy is defined as;

E=

⎧
⎪⎪⎨

⎪⎪⎩

Eg, (χ(H2) ≥ 0.2, (χ(O2) ≥ 0.6)
Eg+ 0.2 − χ(H2), (χ(H2) < 0.2, (χ(O2) ≥ 0.6)
Eg+ 0.6 − (χ(O2), χ(H2) ≥ 0.2, (χ(O2) < 0.6)

Eg+ 0.8 − χ(H2) − χ(O2), ( χ(H2) < 0.2, (χ(O2)< 0.6)

By combining equations (16) and (17), the ηSTH can be obtained as;

ηSTH =
ΔG

∫∞
E

p(hω)
hω d(hω)

∫∞
0 p(hω)d(hω)

(18)

The calculated STH efficiency of the zz-MoS2/WS2 in-plane hetero-
structure is 12.29%. The projected STH efficiency surpasses the neces-
sary efficiency criterion (10%) for hydrogen conversion in commercial
applications [52]. The high value of ηSTH, make the zz-MoS2/WS2
in-plane heterostructure outstanding candidate for generation of
hydrogen.

4. Conclusion

OWS represents an optimal method for directly converting solar
energy into hydrogen fuel. However, the challenge persists in discov-
ering a catalyst with both robust thermodynamic stability and favorable
electronic properties. In this context, DFT and AIMD simulations were

conducted to assess the interfacial properties and thermal stability of
zigzag and armchair MoS2/WS2 in-plane heterostructures for OWS.
AIMD simulations revealed that both the zigzag and armchair MoS2/
WS2 in-plane heterostructures maintain thermodynamic stability under
operational conditions. Nevertheless, the zigzag MoS2/WS2 in-plane
heterostructure demonstrated superior charge separation efficiency
and exhibited larger band offsets compared to its armchair counterpart.
The distinctive chemical bonding and type-II band alignment at the
zigzag interface significantly enhance charge transfer and separation
within this heterostructure. This lateral heterostructure exhibits excep-
tional photocatalytic performance, with ultra-low overpotentials for
OER (0.96 V) and HER (0.3 V) at pH = 0. Additionally, it boasts a high
STH efficiency of 12.29%, positioning it as an excellent candidate for
practical implementation in OWS applications. The insights from this
research offer a pathway for further exploration of in-plane interface
formation among diverse materials, thereby advancing OWS
technology.
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