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ABSTRACT: In this study, 33 two-dimensional (2D) semi- e
conducting and nonmagnetic materials were screened to identify Dy Before Contact [ After j
promising candidates for photocatalytic water splitting. Using R e 7“
density functional theory (DFT), the electronic properties of these & m Mose, o iS‘}°=°‘5&°V\
materials were analyzed, and four type-Il 2D heterostructures— * /G 8 N\ i, P s ol
AsP(f3)/MoSe,, GaSe/P(f3), SiH/SnSe,, and Graphane/hC;B— 1 =G 3 1o B

were identified based on minimal lattice mismatch, atom count, and . g 254V /';‘ =

applied strain. The electronic and optical properties of these B e o S
heterostructures were evaluated to assess their potential for EAUL& B L il 61dev

photocatalytic water splitting. The results suggest that AsP(f)/ AsP N _ 22
MoSe, is a promising candidate for efficient photocatalytic water

splitting under visible light, with absorption coefficients comparable

to those of high-performance perovskite solar cells.
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1. INTRODUCTION ensuring the formation of a clean interface that facilitates
efficient charge migration are critical to achieving optimal
performance.' "’

Two-dimensional (2D) nanosheets and layered materials
have been recognized as highly promisin§ candidates in areas
such as photocatalysis,'* energy storage,'” electrocatalysis,"*'*
and organic catalysis."® Their monolayer structures, charac-
terized by a large surface area-to-volume ratio and unique
electronic properties, are particularly advantageous for photo-
catalysis. Compared to bulk materials, tunable bandgaps,
enhanced light absorption, shorter charge migration paths, and
improved charge separation are offered by 2D materials,
contributing to superior catalytic performance. Despite these
benefits, practical implementation of 2D materials remains
challenging. One of the major hurdles is their wide bandgap,
which limits light absorption to shorter wavelengths and reduces
their ability to efficiently harness solar energy for redox
reactions.'”

A promising strategy to overcome these challenges involves
the formation of van der Waals heterostructures (vdWHs), in
which two or more 2D materials with complementary properties

Photocatalytic water splitting is a sustainable and promising
solution to address the growing global energy demand while
mitigating environmental challenges such as greenhouse gas
emissions. This clean energy approach harnesses solar energy to
generate hydrogen and oxygen through the splitting of water
molecules, offering a carbon-free pathway toward energy
independence."”” Achieving efficient photocatalytic water
splitting, however, requires advanced photocatalysts capable of
absorbing visible light, ensuring robust stability, and facilitating
effective charge separation and surface reactions. Ideal photo-
catalysts require a bandgap between 2 and 3 eV to absorb visible
light, as well as suitable band edge positions to drive both the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER) without external reagents.3 Current 6photo—
catalysts for water splitting, such as TiO,,* Zn0O,” WO,,° CdS,’
and ZnS,® have inherent limitations that hinder their efficiency,
including wide bandgaps and high electron—hole recombination
rates. These issues arise because electron—hole pairs are
typically generated within the same region of the material,
leading to rapid recombination and low quantum efliciency. To
address this issue, heterojunctions—interfaces formed between
two semiconductors with different bandgaps and distinct Received:  May 6, 2025
valence and conduction band positions—have been proposed Revised:  June 2, 2025
as a promising solution.”'* Photocatalytic efficiency is improved Accepted: June 9, 2025
by spatially separating the generated electrons and holes across Published: June 16, 2025
the junction, thereby minimizing recombination. However,

selecting the right components to form the heterojunction and
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Table 1. Calculated Structural and Electronic Properties of 2D Materials with Respect to the Vacuum Level

lattice constant E, (PBE) E, (HSE06) CBM (HSE06)

material (A) (eV) (eV) (eV)
Graphane a=b=253" 3.45 4.42 —0.98
F-Graphane  a=b=2.60" 3.09 4.88 —4.24
Sillican a=b=2388 2.18 2.95 —2.65
F-Sillican a=b=393° 0.65 1.57 —5.64
Germanane  a=b = 4.087 0.97 1.67 -3.69
F-Germanane a=b=4.31° 0.01 0.28 —7.62
hBN a=b=251 4.65 573 —0.86
hBP a=b=320" 0.89 1.35 —4.08
hC,N a=b=4386 0.39 1.05 -2.51
hC;B a=b=517 0.64 1.83 —4.67
a-P a - 330, 0.02 1.56 391

= 4.59°

p-p a=b=327" 1.94 2.81 -3.97
S-As a=b=361" 0.85 225 -3.58
B-AsP a=b=345 1.83 2.54 -3.90
SnS, a=b=367 1.56 2.36 —5.04
SnSe, a=b=384 0.76 1.38 -5.16
SnS as 4.3344k 123 2.31 —291
SnSe as 4.iss,lk 0.89 1.61 -3.17
GeS a ; 3'3_35’41( 1.77 2.51 =3.11
GeSe a ; 3'372’71\» 1.15 1.59 -3.23
MoS, a=b=318" 1.67 2.14 —423
MoSe, a=b=332" 1.43 1.84 -3.86
MoTe, a=b=355" 1.07 1.49 -3.70
WS, a=b=318" 1.69 2.36 -3.73
WSe, a=b=332" 1.40 2.08 -3.39
WTe, a=b=35" 1.10 1.59 -3.36
GaS a=b=2358" 2.60 3.38 -3.56
GaSe a=b=375" 2.20 3.12 -3.35
GaTe a=b=412" 1.46 2.13 —3.65
InS a=b=391" 1.76 2.61 —4.39
InSe a=b=406" 1.50 2.26 —4.28
InTe a=b=437" 1.39 2.02 —3.88
BeO a=b=267° 5.32 6.80 —1.09

VBM (HSE06) KPOINTS AH; By
(eVv) (CBM-VBM) (eV/atom)  (eV/atom)
—541 (r-T) —0.130 0.004
—9.13 (r-T) ~0.160 0.002
—5.61 M-T) 0.005 0.005
722 (r-T7) 0.003 0.0025
-536 -7 0.079 0.079
-791 (T-T) 0.040 0.029
—6.60 T —K) ~1282 0.00
—5.44 (K - K) —0.90 0.02
-357 T - M) ~1.0 0.00
—6.51 M-T) —0.85 0.00
—5.47 (r-T) 0.038 0.038
—678 (T=M) = T) 0.039 0.039
-5.83 (T = M) - K) 0.005 0.005
—6.44 (T =M) = T) 0017 0.017
—7.40 (T =M) - M) —0.411 0.00
~655 (M = (I = M)) ~0.393 0.00
—522 (T=X) > (T=Y)  —0407 0.041
—479 (T=X) > (T=Y))  —0389 0.039
—5.62 (T=X) > T) ~0236 0.031
—4.83 ((T=Y) > (T =Y)) ~0.205 0.025
—637 (K - K) —0.901 0.00
-571 (K - K) ~0.720 0.00
—521 (K - K) —0.305 0.00
-6.10 (K - K) —0.869 0.00
—5.48 (K - K) ~0.620 0.00
—4.95 (K - K) —0.112 0.010
—6.94 M= (T = M) —0.663 0.00
—647 (I = ([ = M)) —0.621 0.00
—5.78 (M — (I = M)) —0.361 0.002
-7 (I = (T = M)) —0.544 0.00
—6.55 (I = (I = M)) ~0.519 0.00
—5.90 (T = (T =M)) —0311 0.00
—7.89 (I' - K) —2.11 0.00

9Ref 43. PRef 44. “Ref 45. “Ref 46. Ref 47. /Ref 48. SRef 49. "Ref 50. Ref S1. /Ref 52. “Ref 53. ‘Ref 54. "Ref 55. "Ref 56. “Ref 57.

are stacked to create heterojunctions. These heterostructures
facilitate tunable band alignments, high carrier mobility, and
enhanced light absorption, enabling precise control over their
electronic and optical properties for diverse applications.'®
Extensive research has explored various 2D heterostructures,
including In,Se;/SnP," PtS,/As,”® MoS,—CrXY (X # Y; S, Se,
Te),”" GaTe/SnS,,”* GeSe/SnSe,”* GeC/MXY (M = Zr, Hf; X,
Y =S, Se),”* C,N/BlueP,** SiH/g-C;N,,*° ZnO/BSe,”” BlueP/
BSe,® g—C3N4/InSe,29 and BlackP/Bismuth.*° A notable
example is the Janus-MoSSe/WSe, system, where asymmetric
atomic arrangements generate dipole fields that significantly
improve carrier dynamics, demonstratin% the potential for
enhancing photocatalytic performance.”’ Among various
heterostructure types, type-II vdWHs are especially attractive
due to their spatial separation of charge carriers. In these
systems, electrons and holes are confined to different layers via
staggered band alignment, reducing recombination rates and
enhancing charge transfer. For example, CdX/C,N hetero-
structures exhibit efficient spatial carrier separation and have
demonstrated photocatalytic hydrogen production even in
challenging environments such as seawater.>”

9749

In contrast, Z-scheme charge transfer mechanisms mimic
natural photosynthesis by promoting indirect charge transfer.
Rather than complete spatial separation, Z-scheme hetero-
structures retain electrons in the conduction band of one
material and holes in the valence band of the other, enabling
high redox potentials. This mechanism is particularly advanta-
geous for photocatalytic reactions requiring high overpotentials,
such as HER and OER. The SnS,/f-As heterostructure is an
example where the Z-scheme enhances charge utilization while
maintainin% strong photocatalytic performance under solar
irradiation.”® These advancements underscore the importance
of interface engineering and heterostructure design.‘%’35 Addi-
tionally, computational methods such as density functional
theory (DFT), often combined with machine learning, have
enabled high-throughput screening and design of novel
heterostructures, as illustrated in recent databases of Janus
I1-VI systems for solar applications.*®

In this work, a computational screening of 33 semiconducting
and nonmagnetic 2D materials was performed using DFT to
investigate their electronic properties. Based on criteria
including lattice mismatch, atom count, and strain, four

https://doi.org/10.1021/acsaem.5c01342
ACS Appl. Energy Mater. 2025, 8, 9748—9759
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Figure 1. Top and side views of representative materials from the 10 categories, along with their corresponding space groups.

heterostructures—AsP (/) /MoSe,, GaSe/P(f3), SiH/SnSe,, and
Graphane/hC;B—were selected for further analysis. Their
electronic and optical properties were examined to assess their
suitability for photocatalytic water splitting. Among them,
AsP(f)/MoSe, demonstrated particularly favorable optical
absorption characteristics under visible light, identifying it as a
strong candidate for efficient water splitting.

2. METHODS AND COMPUTATIONAL DETAILS

Density functional theory calculations were performed using the Vienna
Ab initio Simulation Package (VASP).”” The Perdew—Burke—
Ernzerhof (PBE) functional within the generalized gradient approx-
imation (GGA) was used to calculate the exchange—correlation energy.
The projector augmented-wave (PAW) method was used to describe
the interaction between valence electrons and ions. As PBE
underestimates semiconductor bandgaps, the Heyd—Scuseria—Ernzer-
hof hybrid functional (HSE06)>® was employed to accurately evaluate
electronic and optical properties. van der Waals (vdW) interactions
were included using the DET-D3 correction.”

Atomic positions were optimized using a conjugate gradient
algorithm until the force on each atom was smaller than 0.001 eV/A.
The Brillouin zone was sampled using an 8 X 8 X 1 Monkhorst—Pack k-
point mesh. A vacuum spacing of 25 A was applied along the z-direction
to avoid interactions between periodic images. To account for
polarization effects in asymmetric systems, a dipole correction was
applied. The dipole moment was calculated by integrating the charge
density over the unit cell. This approach allows quantifying net
polarization by capturing the spatial distribution of charge.*’

Optical absorption spectra were estimated by incorporating excitonic
effects using the Tamm—Dancoff approximation (TDA) and the
Casida equation.”’ The absorption coefficient a(w) was calculated
using

—_—

(@) = ﬁw\/iwz- o

where €, and €, are the real and imaginary parts of the dielectric
function, respectively.

3. RESULTS AND DISCUSSION

3.1. Computational Screening and Material Selection.
A computational screening was conducted on 33 two-dimen-
sional (2D) materials, primarily sourced from the Materials
Project and the Computational 2D Materials Database
(C2DB),*” with a focus on nonmagnetic semiconducting
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materials. Additionally, some structures were derived via atomic
substitution using known 2D templates based on prior studies,
rather than being novel to this work. All structures were fully
optimized to ensure stability, and only the most stable phase—
defined by the lowest total energy—was considered for further
analysis.

For each structure, the enthalpy of formation and energy
above the convex hull were computed using the bulk energy of
each constituent element to assess thermodynamic stability and
synthesizability (see Table 1). The results confirm that the
proposed structures are thermodynamically stable with respect
to their elemental constituents. Furthermore, the low energy
above the convex hull values suggest that these structures are
close to known stable phases and are likely to be experimentally
realizable.

Band structures of the 2D semiconductors were aligned based
on the vacuum level, leading to the identification of ten type-II
heterostructures. This alignment methodology enabled the
screening of promising 2D materials for electronic and
optoelectronic applications. The materials surveyed include
transition metal dichalcogenides (TMDs), Group-III and IV
metal monochalcogenides, and hydrogenated or fluorinated
derivatives of elemental 2D materials such as graphane,
germanane, and silicane. Also included were hexagonal boron
nitride, phosphorene, and arsenene.

These materials were categorized into ten groups according to
their atomic arrangements and space groups. Representative top
and side views for each category, along with the number of
structures per group, are shown in Figure 1. The MX, structure
(space group P-6m2) is the most prevalent among the identified
semiconductors. The lattice constants of all optimized structures
are in good agreement with previously reported values (see
Table 1).97%7

A systematic trend was observed in the lattice parameters: for
materials sharing the same cation, the lattice constant increases
with the atomic number of the anion, reflecting the larger ionic
radius and weaker cation—anion interaction. Table 1 also
includes electronic bandgaps, along with conduction band
minimum (CBM) and valence band maximum (VBM)
positions. A comparison between bandgaps calculated using
the PBE and HSEO6 functionals reveals that the HSE06 method

https://doi.org/10.1021/acsaem.5c01342
ACS Appl. Energy Mater. 2025, 8, 9748—9759
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Figure 2. Positions of the VBM and CBM calculated using the HSE06 functional for the studied 2D materials. The oxidation and reduction potentials
of water at pH = 0 (dashed orange lines) and pH = 7 (dashed purple lines) are also shown.

significantly improves the accuracy, yielding values that closely and optoelectronic devices, as band alignment between different
match experimental data.* materials governs charge transport characteristics and overall
3.2. Selection and Screening of Type-Il Heterostruc- device performance. Semiconductor heterostructures are
tures. Heterostructures play a pivotal role in modern electronic typically classified into three band alignment types: type I
9751 https://doi.org/10.1021/acsaem.5c01342
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Table 2. Calculated Lattice Constants, Number of Atoms, Strain, and Electronic Properties for the Constructed Heterostructures

lattice constant first lattice constant second

heterostructure layer (A) Layer (A)

AsP(B)/MoSe, 3.45(3.47)" 332(3.33)"
GaSe/P(f) 3.75(3.75)° 3.27(3.32)¢
SiH/SnSe, 3.88(3.88)° 3.84(3.82)
hC;B/graphane 5.17(5.17)% 2.53(2.54)"

lattice constant number of Epindi E, (HSE06)
(heterostructure) (A) atoms strain (eV/An§) ¢ (ev)
3.32 S 1.76 18.25 1.46
6.49 20 0.36 10.12 2.28
3.88 7 0.51 12.70 0.44
5.07 24 0.88 8.10 0.64

9Ref 51. PRef 54. “Ref 63. “Ref 50. “Ref 46. "Ref 52. ERef 63. "Ref 43.
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Figure 3. Geometrical and electronic band structures of (a) AsP (green and purple spheres for As and P atoms, respectively), (b) MoSe, (orange and
purple spheres for Se and Mo atoms, respectively), (c) GaSe (green and purple spheres for Ga and Se atoms, respectively), (d) P (orange spheres for P
atoms), (e) SiH (green and purple spheres for H and Si atoms, respectively), (f) SnSe, (orange and purple spheres for Se and Sn atoms, respectively),
(g) Graphane (orange and green spheres for C and H atoms, respectively), and (h) hC;B (orange and purple spheres for C and B atoms, respectively)

monolayers.

(straddling gap), type II (staggered gap), and type III (broken
gap).”® Among these, type II heterostructures are especially
promising for optoelectronic and photocatalytic applications
due to their ability to spatially separate photoexcited electron—
hole pairs.”®® This separation is facilitated by the staggered
alignment of the conduction and valence bands, akin to a
semiconductor p—n junction, and has been widely employed in
photovoltaic and rectifying devices. Motivated by these
advantages, we focused on identifying and analyzing type-II
heterostructures among 2D semiconductors. By comparing the
band gaps and band edge positions of the 33 screened 2D
materials summarized in Table 1, ten combinations were
identified that form type-II heterojunctions. The positions of
the VBM and CBM were calculated using the HSE06 hybrid
functional and are illustrated in Figure 2.

9752

To construct the heterostructures, we used the CellMatch
algorithm to search for commensurate supercells with minimal
lattice mismatch and reduced computational cost.”’ Only
combinations with fewer than 24 atoms per unit cell and strain
below 3% were retained. Based on this evaluation, the
heterostructures AsP(f8)/MoSe,, GaSe/P(f3), SiH/SnSe,, and
hC;B/Graphane were selected. The structural and electronic
properties of the final candidates, including optimal lattice
parameters, binding energy, and electronic bandgaps, are
provided in Table 2.

To further refine the analysis, we calculated the binding
energy per unit area using the relation: Ey;,qing = (Ej + E —
Exp)/S, where E,y is the total energy of the heterostructure, E,
and Ej, are the energies of the isolated monolayers, and S is the
interfacial area. The resulting values for the selected systems—

https://doi.org/10.1021/acsaem.5c01342
ACS Appl. Energy Mater. 2025, 8, 9748—9759
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Figure 5. Band structures and projected density of states (PDOS) for (a) AsP(ff)/MoSe,, (b) GaSe/P(f), (c) hC;B/Graphane, and (d) SiH/SnSe,.
The charge density distributions of the CBM and VBM are shown as insets within the PDOS plots. The Fermi energy level in the HSE06 calculations is

set to 0 eV.

AsP(f)/MoSe, (1825 eV/A?), GaSe/P(B) (10.12 eV/A?),
SiH/SnSe, (12.70 eV/A?), and hC,;B/Graphane (8.10 eV/
A*)—are consistently lower than their homobilayer counter-
parts, indicating weaker interlayer interactions but favorable
energetic stability.”* The hexagonal monolayer geometries and
their band structures are shown in Figure 3. All systems exhibit

9753

semiconducting behavior, with MoSe, and Graphane showing
direct gaps and others exhibiting indirect bandgaps. The
computed lattice constants and bandgaps are in close agreement
with experimental and theoretical benchmarks, ***®079%46263

According to Figure 4, the studied heterostructures exhibit
three distinct stacking configurations, which are called AM,,

https://doi.org/10.1021/acsaem.5c01342
ACS Appl. Energy Mater. 2025, 8, 9748—9759
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Table 3. Structural and Electronic Parameters of the Heterostructures, Including Dipole Moment, Surface Area, Thickness,

Internal Electric Field, and Charge Transfer

heterostructure dipole moment (eA) surface area (A%)
AsP(f})/MoSe, 0.022 9.545
GaSe/P(B) 0.016 36.533
SiH/SnSe, 0.029 13.054
hC;B/graphane 0.081 22.305

thickness (A)

electric field (V/m) charge transfer (e)

4.631 9.11 x 10* 0.014 (donor/acceptor)
8.515 2.39 X 107 0.008 (acceptor/donor)
9.100 1.72 x 10° 0.007 (acceptor/donor)
5453 323 x 10 0.015 (acceptor/donor)

AM,, and AM;, respectively. After calculating the total energy of
these compositions, the lowest total energy was found for the
AM, structure, indicating van der Waals-type interaction. The
interlayer height (Hi) in the AsP(f)/MoSe,, GaSe/P(f3), hC;B/
Graphane, and SiH/SnSe, heterostructures with the AM,
composition is 3.27, 3.65, 2.20, and 2.77 A, respectively. Further
research has also been conducted based on the AMI
composition.

The HSEO06 band structure results in Figure 5 confirm that the
studied heterostructures are semiconductors with indirect band
gaps: AsP(f3)/MoSe, (1.46 eV), GaSe/P(f5) (2.28 eV), hC,B/
Graphane (0.64 eV), and SiH/SnSe, (0.44 eV). In AsP(f)/
MoSe,, the CBM is located at the K point, while the VBM
appears at I'. For GaSe/P(f3), both the VBM and CBM are
located between the I' and M points. In the remaining two
heterostructures, the VBM is at I', and the CBM is at M. The
PDOS and charge density distributions reveal that the VBM is
primarily contributed by one layer (AsP(/3), GaSe, Graphane,
and SiH), while the CBM is dominated by the other (MoSe,,
P(f), hC;B, and SnSe,), confirming charge separation in these
heterostructures. The operation of a Type II heterojunction can
either follow a standard mechanism, where charge carriers move
thermodynamically across the interface, or a Z-scheme, where
electrons and holes recombine kinetically at the interface
between the two semiconductors.”® Experimental techniques
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such as photoluminescence spectroscopy, electrochemical
impedance spectroscopy, and X-ray photoelectron spectroscopy
offer a comprehensive understanding of charge transfer
mechanisms and can aid in distinguishing between standard
Type II and Z-scheme heterojunctions. ® However, differ-
entiating between these two types of heterojunctions based
solely on theoretical calculations remains challenging.

In this work, after examining the alignment of energy bands,
built-in electric fields have been used to track the direction of
charge transfer, which allows for an initial assumption regarding
the heterojunction mechanism. This preliminary guess serves as
a predictor for determining whether the system follows the
standard Type Il model or the Z-scheme model. To characterize
the built-in electric field in the studied heterostructures the
averaged electrostatic potentials along the stacking direction are
plotted in Figure 6, represented by red curves. The electrostatic
potential difference between the monolayers forming the
heterostructures AsP(f3)/MoSe,, GaSe/P(f3), hC;B/Graphane,
and SiH/SnSe, is found to be 0.4, 0.02, 0.1, and 0.16 eV,
respectively, indicating the formation of internal electric field.
The direction of the built-in electric field points from one
monolayer to another, labeled with a red arrow in Figure 6.

It is worth mentioning that if the built-in electric field is a
consequence of surface charge polarization, either electrons (in
the positive layer) or holes (in the negative layer) transfer from

https://doi.org/10.1021/acsaem.5c01342
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(gh) SiH/SnSe, vdW heterostructures.

one layer to the other, which modifies the electronic structures
in order to screen the charge polarization.”” This can be

observed in AsP(f8)/MoSe,, GaSe/P(f3), and SiH/SnSe,, where
charge transfer (Bader analysis)*® occurs to reduce the polarized
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built-in electric field (Table 3). However, in the case of hC3B/
Graphane, electrons move from Graphane to hC;B, creating an
imbalance in charge density at the interface, which leads to the
formation of a built-in electric field. This built in electric field,
which is not due to polarization, should be coupled with an
external electric field to induce polarization and transfer of
electrons from C;B to Graphane. Following the previous
study,” the strength of this built-in electric field can be
estimated by E = P/eSd where P is the intrinsic dipole moment, &
is the dielectric constant, S is the surface area, and d is the
thickness of the heterostructure. The calculated dipole moments
are reported in Table 3.

The type-Il band structure of the AsP(ff)/MoSe, vdW
heterostructure provides the ability to separate photogenerated
electrons and holes, making it suitable as a photocatalyst for
water splitting. As shown in Figure 7a, the AsP(f3)/MoSe, vdW
heterostructure absorbs photon energy larger than the bandgap
of the MoSe, and AsP () layers. The photogenerated electrons
are excited in the conduction band (CB) of the AsP(ff) and
MoSe, layers, while the photogenerated holes remain in the
valence band (VB). The photogenerated electrons in the CB of
the AsP(f3) layer then move to the CB of the MoSe, layer due to
the CB offset (CBO), as shown in Figure 7a. Similarly, the
photogenerated holes in the MoSe, layer transfer to the VB of
the AsP(f3) layer due to the VB offset (VBO). Therefore, the
photogenerated electrons are continuously promoted from the
CB of the AsP(f) layer to the MoSe, layer, while the
photogenerated holes keep moving from the VB of the MoSe,
layer to the AsP(f) layer under continuous solar photo-
dynamicconditions, inducing a circulating flow of photo-
generated electrons and holes (Wang et al, 2018b).
Furthermore, the band edge positions of the AsP(f)/MoSe,
vdW heterostructure are also calculated in Figure 7b to
investigate the photocatalytic driving potential for water
splitting. At pH 0 and 7, the standard potential energies of the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER) are —4.42 and —4.02 eV, and —5.67 and —5.25
eV, respectively (Wang et al,, 2018a).

The obtained band alignment of the monolayered MoSe,,
AsP(f), and the AsP(f)/MoSe, vdW heterostructure is
demonstrated in Figure 7b, which shows that the monolayers
MoSe,, AsP(f3), and the AsP(f3)/MoSe, vdW heterostructure
have suitable band edge positions to induce the HER and OER
at pH 0. Thus, the AsP(f8)/MoSe, vdW heterostructure can be
considered a potential photocatalyst for water decomposition.
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On the other hand, in the heterostructures GaSe/P(f3), hC;B/
Graphane, and SiH/SnSe,, the electrons in the VBM of both
layers are excited to form electron—hole pairs when exposed to
light. Due to the internal electric field, the charge carriers
generated by light move in the structures, as shown in Figure 7c,
e,g. Additionally, there is mutual repulsion between two CB
electrons or between two VB holes, which causes the electrons of
the CB in the monolayer P(3) or SnSe, to recombine with the
VB holes of the GaSe or SiH monolayer.

According to the above analysis, the heterostructures hC;B/
Graphane, GaSe/P(f3), and SiH/SnSe, form a Z-scheme, which
effectively enhances carrier separation and carrier lifetime
generated by light. Figure 7d shows that the monolayers and
the heterostructure GaSe/P(f3) are well positioned to facilitate
HER and OER at pH 0 and 7.

Therefore, the heterostructure GaSe/P(/3) can be considered
a potential photocatalyst for water splitting. From the band
alignment shown in Figure 7f, the hC;B/Graphane hetero-
structure is not suitable for enabling HER and OER at both pH 0
and pH 7. As shown in Figure 7h, the heterostructure of SiH/
SnSe, is suitably positioned for the generation of OER at pH 7.

One important factor influencing the effectiveness of charge
separation and exciton dissociation in photocatalytic hetero-
structures is the dielectric constant.”” The spatially resolved
dielectric profile, £(z), was computed using the PBE functional,
following the method described in ref 70, in which an external
electric field is applied along the out-of-plane direction (Figure
8). In this method, a simulation cell containing the
heterostructure is constructed and embedded in vacuum to
eliminate spurious interactions arising from periodic boundary
conditions. To ensure electrostatic decoupling, a vacaum buffer
of at least 20 A is included along the out-of-plane axis. Based on
this setup, the induced charge density, associated polarization,
effective electric field, and the resulting dielectric profile are
determined. Significant differences in dielectric response may be
seen in the spatial distribution of £(z), especially at the
heterostructures where enhanced screening is caused by
interfacial polarization and induced charge redistribution.

Strong and spatially extended dielectric screening that
promotes effective exciton separation is demonstrated by the
broad and rising dielectric peaks along the interface of the AsP/
MoSe, and GaSe/P(f3) systems. On the other hand, HC;B/
Graphane exhibits a more localized dielectric response,
indicating that polarization effects are contained within a
smaller area. The complex interlayer interactions and potential
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covalent bonding contributions are reflected in the SiH/SnSe,
heterostructure’s numerous distinct peaks in £(z). These results
emphasize the critical role dielectric engineering plays in
designing 2D heterostructures for photocatalytic applications,
where improved interfacial dielectric constants can greatly
enhance overall performance and charge carrier separation.

As a photocatalyst for water splitting, the ability to absorb light
also plays an important role. Finally, the optical absorption of the
studied heterostructures was investigated. Figure 9 shows the
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Figure 9. Calculated optical absorption spectra of the heterostructures.

absorption coefficients for light incident to the plane of the
heterostructure. It can be seen that, except for the SiH/SnSe,
and GaSe/P(f3) structures, which have relatively small light
absorption in the visible spectrum range, the other two
structures, like the perovskite materials used in solar cells,
have high absorption (about 1.5 X 10° cm™).

4. CONCLUSIONS

In this study, we conducted a computational screening of 33
nonmagnetic semiconducting 2D materials to identify candi-
dates for photocatalytic water splitting. Using DFT calculations,
we identified four promising type-II 2D heterostructures—
AsP(f)/MoSe,, GaSe/P(f), SiH/SnSe,, and Graphane/
hC;B—based on criteria such as low lattice mismatch and
minimal strain.

Our analysis showed that AsP(f)/MoSe, is highly promising
for photocatalytic water splitting under visible light, with
absorption coefficients comparable to efficient perovskite solar
cells. GaSe/P(f3) and SiH/SnSe, also demonstrated favorable
properties, with GaSe/P(f}) suitable for both hydrogen and
oxygen evolution reactions at various pH levels, and SiH/SnSe,
suitable for oxygen evolution at pH 7. The hC;B/Graphane
heterostructure was less effective due to its band alignment.
Overall, this study highlights the promise of 2D heterostructures
for photocatalytic water splitting and sets the stage for future
experimental validation and development in renewable energy
applications.
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