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A hotspot in renewable energy research is visible-light-driven photocatalytic water splitting for hydrogen
production. Monolayer stacking in the form of van der Waals heterojunctions (vdWHSs) can be used for
band gap engineering and the control of exciton dynamics for prospective nano-electronic devices.
Using state-of-the-art hybrid dispersion-corrected density functional theory calculations (DFT-D3(BJ)),
2D/2D CS/SiC vdWHs are designed and investigated for the feasibility of using them as a potential
photocatalyst for visible-light-driven H, generation. It has been established that the most favourable
stacking pattern of CS/SiC vdWHSs is mechanically, dynamically, and energetically stable, paving the way
for their experimental synthesis. Furthermore, the charge transfer at the interface area generates a built-
in electric field that may be used to prevent electron—hole recombination, which is favourable for
achieving increased carrier mobility and prolonged lifetimes. Additionally, the CS/SiC vdWHs show
a maximum optical absorption intensity for visible light, reaching 10° cm™, and a suitable band gap
(1.96 eV) that crosses the redox potentials of photocatalytic water splitting at pH = 7. A positive electric
field (+0.6 to +0.8 V A™Y) and a negative electric field (0.2 to —0.6 V A™%) can be used to tune the band
alignment of CS/SiC vdWHs to type |, offering theoretical guidance for their experimental synthesis for
applying them in next-generation optoelectronics and solar energy devices. These results provide
comprehensive knowledge of the enhanced photocatalytic mechanism of 2D/2D CS/SiC vdWHs, and
they also offer a rational method for developing very effective CS/SiC photocatalysts for H, production.

|. Introduction

Global energy demands and consumption have exponentially
increased over the past few years due to a significant increase
in industrialization, urbanization and population." Despite
extensive research into conventional fossil fuels to meet energy
demand, their usage is harmful to the environment due to the
emission of CO, and other greenhouse gases, such as NH;
and CH,. The global energy supply is heavily dependent on
fossil fuels, and intensification of environmental concerns and
rapid depletion of fossil fuels drive the necessity to research
alternative zero-emission and eco-friendly energy resources.”
Among the available alternative energy sources and fuels,
hydrogen (H,) has emerged as a desirable renewable energy
resource to replace existing fossil fuels since only water is
produced during H, combustion® and it possesses a high
energy density per unit mass.* Technologies for conversion
and storage are required to produce H, effectively and in a
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sustainable manner. Currently, large-scale H, production
employs the CO,-producing process of steam reforming of
fossil fuels.® A possible green chemistry strategy to meet future
energy demands is the direct conversion of water into clean and
sustainable H, energy powered by solar light through photo-
catalytic water splitting.®”

Previously, electrocatalysts based on noble metals, such as
iridium, ruthenium or platinum were the benchmark materials
for H, production in electrolysers.® The extensive use of these
noble metals in water electrolysis is strongly constrained by
their scarcity and high cost. As energy sources fail to keep
up with the rising worldwide demand, research on effective
visible-light-driven photocatalysts for water splitting has accel-
erated. Due to their hexagonal symmetry, tunable band gaps,
and unique electronic, mechanical, and optical properties,
two-dimensional (2D) materials have received much attention
in materials chemistry and have been thoroughly investigated
as potential photocatalysts for efficient next-generation H,
production.”™® Among all the 2D materials, silicon carbide
(SiC) has emerged as an auspicious material for effective
H, evolution due to its electronic, structural, mechanical,
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magnetic and optical properties.”"™® SiC with a unique 2D
planar graphene-like structure can be used in harsh environ-
ments, such as environments with strong thermal stability and
in-plane stiffness.' It has been confirmed that isolated SiC is
theoretically stable.’® Recently, SiC monolayers with a unique
2D planar graphene-like geometry have been reported to be
theoretically stable, having high carrier mobility and direct
bandgap properties.'® These properties make 2D SiC a promis-
ing material for photovoltaic and optoelectronic applications,
such as diodes and solar cells.”” On the other hand, the
performance of 2D SiC monolayers in solar energy harvesting
is constrained by their broad band gap energy, particularly in
the visible light range. Furthermore, it is challenging to use a
single semiconductor as a photocatalyst for water splitting
due to the short lifespan of photogenerated charge carriers,
which allows for quick recombination of photoexcited electron-
hole pairs.?

Several researchers have investigated vertical heterostruc-
tures generated by stacking two distinct 2D monolayer materials
that localize the conduction band minimum (CBM) and valence
band maximum (VBM) via van der Waals (vdW) forces instead
of covalent bonds to address the issue of fast recombination
of charge carriers."®'® An efficient method to boost the effi-
ciency of 2D photocatalysts for water splitting is to build
heterostructures.”>*' Moreover, vdW heterojunctions (vdWHs)
in particular may integrate the isolated features of the consti-
tuent monolayers and fine-tune the electronic structures.””
Furthermore, 2D vdWHs with type-II band structures may
efficiently split water into oxygen and hydrogen because 2D
materials offer a wide surface area for the photogenerated
charge carriers to come into contact with each other.**?**
Type-II semiconducting vdWHs are the most beneficial for
sunlight harvesting and utilization because they accelerate
the spatial separation of photogenerated carrier pairs.>>?°
Numerous theoretical and experimental studies have demon-
strated the capacity of 2D type-1I vdWHSs not only in modifying
the band structures to straddle water redox potentials but
also in enhancing the separation of charge carriers to reduce
recombination.”” To enhance the photocatalytic efficiency,
several SiC-based vdWHs, such as SiC/C,N,*® XSSe/SiC (X =
Mo or W),? boron phosphide/SiC,*° SiS/SiC,*" SiC/MoS,,** SiC/
2-C3N,,*? SiC/MoSSe,** SiC/BS,** blue phosphorene/SiC*® and
BlueP/SiC® have been investigated.’” Monolayer silicon and
germanium monochalcogenides (i.e., SiS, SiSe, GeS and GeSe)
have been found to be suitable for overall photocatalytic water
splitting.*®*® Another class of 2D materials, XY (X = C, Si, Ge, or
Sn; Y = O, S, Se, or Te) which exhibit planar structures,*® have
attracted much attention due to their stable configuration.*!
The planar, buckling and puckered structures are three differ-
ent possible geometrical configurations for each of these 2D
binary monolayers.**> The favoured hybridization in group V
monolayers (arsenene and phosphorene) is sp?, but the hexa-
gonal planar structure favours sp> hybridization, showing that
the hybridization in group IV-VI binary monolayers is compar-
able to that of arsenene and phosphorene.*” Due to the intense
overlap of the conduction and valence bands, it has been found
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that CS monolayers in the planar configuration are metallic.*®
Inspired by these, carbon sulphide (CS) was predicted to be a
highly efficient photocatalyst for water splitting with a high
carrier mobility (3.23 x 10* cm® V™' s™') and a moderate band
gap (2.41eV), comparable to those of other newly reported 2D
photocatalysts.** Additionally, CS is found to exhibit a sub-
stantial intrinsic dipole (0.43 D), which enables the introduc-
tion of a built-in internal electric field that can efficiently
promote the separation of photogenerated carriers.”> The
design of CS/SiC vdWHs has been possible as a result of
structural investigation of 2D CS and SiC, which revealed that
they both share a honeycomb structure with a little lattice
mismatch.**

The rational design and scalable fabrication of stable and
highly active noble-metal-free photocatalysts for effective H,
generation have been one of the solutions for an industry-scale
and speedy application of H, generation technology for clean
and sustainable energy production. Advanced solar energy
devices frequently make use of the type-II band alignment
created by limiting the VBM and CBM to two different layers
of vdWHs because it can change the interlayer transition
energy. According to earlier research, forming a heterostructure
with a lattice mismatch (i7) of <5% is beneficial.*” Based on
their excellent electronic properties and small #, CS/SiC vdWHs
are constructed by stacking CS and SiC monolayers through
weak vdW contact. A small » value can ensure experimental
synthesis of CS/SiC vdWHs and help investigate their viability
as an efficient material for water splitting. Here, density
functional theory calculations are performed to analyse the
potential drop, charge density difference, position of the Fermi
energy level, and electronic band gap (E) of CS/SiC vdWHs with
potential for application in water splitting reactions via the
hydrogen evolution reaction (HER). Four stacking configurations
are examined and identified the most stable system through
calculations of thermodynamic stability. The dynamic and thermal
stabilities are addressed where favourable heterostructures are
chosen. Furthermore, the ability of the oxidation-reduction
process to convert water into H, and O, at pH 0-14 is assessed.

ll. Computational details

All the calculations (i.e., electronic properties and periodic 2D
slab) were performed using the density functional theory-based
Quantum Espresso suite code.® The optimised norm-conserving
vanderbilt pseudopotentials’” and generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof (PBE) were used to
explain the core-electron and exchange-correlation functional,*®
respectively. A plane-wave basis set with a kinetic energy cutoff
of 40 Ry was used to extend the Kohn-Sham orbitals and
the 15 x 15 x 1 k-point grids of Monkhorst-Pack®® in the
Brillouin zone (BZ) were sampled. Interactions between the
periodic boundary conditions were prevented by using a 25 A
vacuum space along the z-axis. The total electronic energy
(Hellmann-Feynman force) of the calculated systems in the
self-consistent loop was converged to 10~ ® Ry (10 Ry bohr ).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The computationally expensive Heyd-Scuseria-Ernzerhof func-
tional®® was used to obtain accurate electronic and optical
properties, which are often underestimated by the PBE func-
tional. The separation parameter (¢ = 0.20 A~") and the mixing
parameter (¢ = 0.25) were set to their default levels. The
Grimme DFT-D3(B]) dispersion approach®"** is acceptable for
all simulations since the vdW interaction is anticipated to be
significant in influencing the physical characteristics and
dynamics of layered structures.>® The ab initio molecular
dynamics (AIMD) calculations were run using an NVT ensemble
at 300, 500, and 800 K for 100 ps to evaluate the thermodynamic
stability of CS/SiC vdWHs. All AIMD simulations were carried out
using the Car-Parrinello code based on Quantum Espresso."®
During AIMD simulations, a 4 x 4 x 1 supercell was used
to accommodate lattice translation constraints. Within the
Quantum Espresso code,*® the phonon dispersion calculations
were performed using density functional perturbation theory.
The phonon dispersion curve was computed ona 10 x 10 X 1 g
point grid. The vibrational modes at the I'-point were calcu-
lated using the acoustic sum rule.

Additionally, the interface binding energies (E},) of the four
heterostructures were determined using the following equation
to assess the stability of the structure:

Ep = (Ecsigsic — Ecs — Egsic)/A, (1)

where Ecg/sic, Ecs and Es;c are the total energies of the relaxed
CS/SiC vdWH, CS and SiC monolayers constrained in the
vdWH, respectively; and A is the contact area. A smaller value
for Ey, suggests higher stability, while a negative value denotes
that vdWHs are energetically feasible and can be synthesised.

The following equation was used to calculate the charge
density difference (Ap) of the CS/SiC vdWH along the direction
perpendicular to the plane (z-direction):

Ap = pcsssic — Pcs — Psics (2)

where pcssic, Pcs and psic denote, respectively, the charge
densities of CS/SiC vdWHs, CS and SiC monolayers.

The optical absorption properties were obtained by calculating
the dielectric function (¢(w)) as follows:>*

=

%(w) = [e1* (@) + &2* ()2 ~e1 () (3)

V2o !

A }
where ¢ (w) and ¢&,(w) are the real and imaginary part of the
frequency-dependent complex dielectric function, respectively,
and w, « and c¢ are used to describe the angular frequency,
absorption coefficient and the speed of light, respectively.

[1l. Results and discussion

In this study, the geometrical structures and electronic proper-
ties of isolated CS and SiC monolayers are initially investigated
before constructing the CS/SiC vdWHs. Fig. 1(a) and (d),
respectively, depict the geometrical and electronic characteris-
tics of monolayers made of CS and SiC.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Both CS and SiC have optimized lattice constants of a = b =
2.825 and 3.094 A, respectively, which result in hexagonal
lattices that are in agreement with previous findings (3.09 A>®
and 2.82 A).** The computed band structure for the SiC
monolayer reveals that the Si-C bond length is about 1.787 A
and that it is a semiconductor with an indirect E; of 3.31 eV,
with its CBM situated at the M point and VBM situated at the
K point (Fig. 1(b)). Its E,, however, is too broad to absorb
photons from the visible region. These findings agree with
those of earlier reports.”®**® According to the partial density of
states (PDOS) of SiC, there is significant orbital mixing between
the C-p and Si-p orbitals, with the VBM being derived mostly
from Si-p states and the CBM derived from C-p states.
An important drawback of SiC monolayers in photocatalysts
is the lack of efficient separation of charge carriers due to
electron transfer occurring on the same atom at the active sites.
The aforementioned findings support earlier research showing
that SiC is unsuitable as a visible-light-driven photocatalyst.
The isolated CS monolayer exhibits an indirect band gap
(2.41 eV), similar to the SiC monolayer, with its CBM at the M
point, while the VBM is along the K — I path. After optimiza-
tion, the C-S bond length of monolayer CS is predicted to be
1.873 A. In addition, the VBN and CBM mainly originate from C
2p states. The calculated indirect band gap and C-S bond
length of the CS monolayer agree well with prior experimental
and theoretical findings.*?

When considering a material as a vdWH, the # value is
another crucial factor to consider.>” The formation of a vdWH
is made simple by the transfer of a 2D monolayer onto a 2D
crystal substrate.®® 5 is calculated as follows:*®

ay — ay
=——x100 4
g a1+a2>< % (4)

where a; and a, are the lattice constants of CS and SiC
monolayers, respectively. To simulate CS/SiC vdWHs, a unit
cell of the CS monolayer is used to match the unit cell of SiC
and a lattice mismatch of 4.54% is obtained. A small 5 value
can ensure the successful synthesis of CS/SiC vdWHs.*°
Different typical stacking configurations should be considered
while constructing a vertical heterojunction from CS and SiC
monolayers. Consequently, the phase structure of 2D materials
determines their chemical and physical properties.®® Consi-
dering the different relative atomic positions of CS and SiC
monolayers, eight different stacking patterns of CS/SiC vdWHs
with various atom-alignment types are fully considered (Fig. 2).

The optimised structures of CS/SiC vdWHs are illustrated in
Fig. 2. The CS and SiC monolayers retain their original planar
structure after optimization, demonstrating that the interaction
between CS and SiC monolayers is vdW force rather than
chemical covalent bonds. Some selected crucial parameters
regarding these several stacking configurations of CS/SiC
vdWHs are given in Table 1.

The interlayer distance, which is recommended to be in the
range of 3-4 A,°? is one of the criteria for determining whether
a material may be used to form vdWHs. From Table 1 the
interactions of all the configurations are weak because of the

Mater. Adv., 2023, 4,1949-1963 | 1951
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Fig. 1 The (a) geometry, (b) band structure and (c) projected density of states of SiC monolayers. The (d) geometry, (e) band structure and (f) projected
density of states of the CS monolayer. The Fermi level is set to zero for clarity.

wide interlayer separation. The stability of a 2D heterostructure
is always determined using the binding energy as an effective
approach.?” The E, value of the stacking patterns is listed in
Table 1. The E}, value is predicted to be negative, pointing to the
configurations of CS/SiC vdWHs being energetically favourable.
According to the binding energy, the II vdWH pattern is the
most stable stacking configuration. Thus, the Il vdWH stacking
pattern is selected as a representative to investigate the electro-
nic and optical properties of CS/SiC vdWHs.

Thermal stability is crucial from the standpoint of applications.
The final structure of CS/SiC vdWHs is still preserved after
100 ps of heating at 300, 500 and 800 K, as shown in insets in
Fig. 3(b)-(d). This illustrates how the thermal process in the CS/SiC
vdWH did not result in geometric reconstruction or chemical
bond breaking. Additionally, as shown in Fig. 3(b)—-(d), the results

1952 | Mater. Adv, 2023, 4,1949-1963

of the AIMD simulations reveal that there are few temperature and
energy fluctuations, indicating that the thermal stable structure is
under an equilibrium condition at 300, 500 and 800 K.

Due to the significance of mechanical flexibility in 2D
materials, the curvature of the energy-strain relationship,
as represented in the Thermo_pw code,®® has been used to
determine the elastic constants (C;). When exposed to in-plane
strains, the CS/SiC vdWH possess sufficient mechanical stabi-
lity. Elastic constants may be calculated using the energy-strain
relationship in the linear elastic 1imit®*®* in terms of elastic
constants and ideal strengths as follows:

1% 6 6
U=32_> Cie (5)
=1 =1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized structures of CS/SiC vdWHs in four different stacking patterns. The lower layer shows the side view and the upper layer denotes a top

view.

where U is the elastic potential energy, V is the volume of the
undistorted lattice cell, C;; is the matrix of the elastic constants,
and ¢; (e)) is the matrix element of the strain vector.”® There are
only three significant independent elastic constants for 2D
materials with a hexagonal crystal structure: (= C,,), C15 = Cyyq
and Cgs are meaningful. Accordingly, the following equation
provides the Young’s modulus (Y), Shear modulus (G) and
Poisson ratio (v): Y = (C11> — C15%)/C11, G = Ceg = (C11 — C12)/2
and v = Cy,/Cy4, respectively. The Y, G and v are 225.29 Nm ™",
90.99 N m ™" and 0.238, respectively. The mechanical stability
conditions for a 2D hexagonal crystal structure should meet the

© 2023 The Author(s). Published by the Royal Society of Chemistry

relations: Cy; > Cy, and Cee > 0,°° following the Born-Huang
criterion.®” The CS/SiC vdWH meets the Born-Huang mechan-
ical stability criteria: C,, > 0, C1q > |C1z|, Cos > 0 and C141Cs;
— Cy°> > 0, further supporting the mechanical stability.
Moreover, the CS/SiC vdWH exhibits a higher elastic modulus
(142.97 N m™ ") than MoS, (123-130 N m '), GaN (38 N m )
and SiC (62 N m™'),°® indicating that it is more resistant to in-
plane structural deformations. The Poisson ratio for the inves-
tigated CS/SiC vdWH is much higher than that for well-known
flexible nanomaterials like graphene (v = 0.173),° suggesting
that the CS/SiC vdWH might be used in flexible devices.

Mater. Adv,, 2023, 4,1949-1963 | 1953
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Table 1 The lattice constant (a), interface binding energy (Ey), work
function (@), equilibrium distance (d), the electronic band gap energy (E,)
and the quantity of charge transfer of CS/SiC vdWHs, and isolated CS and
SiC monolayers

System a(A) E, (mevA?) d(A) & (ev) AV (eV) Eg (eV) Charge (e)
SiC 3.094 — — 5.01 — 3.31 —

CS 2.825 — — 5.46 — 241 —

1 vdWH 3.016 —9.040 4.153 4.59 0.76 0.48 0.0032
II vdWH 3.019 —14.389 3.799 4.85 1.81 1.96  0.0096
III vdWH 3.017 —6.751 4.024 4.31 0.69 0.51  0.0036
IVvdWH 3.018 —11.225 3.847 492 1.59 2.01  0.0052
VvdWH 3.016 —10.304 3.905 5.20 1.87 2.23  0.0046
VIvdWH 3.019 —9.423 4.080 4.86 0.99 1.88  0.0054
VII vdWH 3.017 —10.592 3.825 494 0.71 1.09 0.0042
VIII vdWH 3.018 —8.674 4.010 6.06 1.85 2.39  0.0066

Additionally, as shown in Fig. 4, a phonon dispersion
spectrum is used to analyse the lattice dynamic stability of CS
and SiC monolayers and CS/SiC vdWHs. The spectrum had
positive frequencies in the whole BZ, indicating that the CS/SiC
vdWHs show very strong dynamic stability, ensuring their
successful fabrication.

The electronic structure of the CS/SiC vdWH is then inves-
tigated. The properties of the CS and SiC monolayers are well
conserved following the design of the vdWH, as illustrated in
Fig. 5(a). The indirect E, value of the CS/SiC vdWH, which is

View Article Online
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defined by the differences in the VBM and CBM at the K and
M points, is 1.96 eV when the stacking II pattern is taken into
account. Due to the type-II band alignment that is created from
each of the separate monolayers during the contact process, the
CS/SiC vdWH has a significantly lower E, value (1.96 €V) than
either the CS (2.41 eV) or SiC (3.31 eV) monolayer. This suggests
that in CS/SiC vdWHs, the electron transfer becomes simpler.
It is generally known that a photocatalyst should have an ideal
Ey value of ~2 eV°® to absorb enough visible light to initiate a
photocatalytic redox reaction. According to the PDOS shown in
Fig. 5(b), the CS and SiC monolayers dominate the CBM and
VBM, respectively. In contrast to the CBM, which is equally
dominated by the C-p and S-p orbitals of the CS monolayer, the
VBM is primarily contributed by the C-p orbitals of the SiC
monolayer with a minor contribution from the Si-p orbitals.
The three-dimensional (3D) charge density difference (CDD)
and the corresponding planar-average CDD along the z direc-
tion are calculated, to explore the interlayer interactions and
gain a fundamental understanding of the improved photo-
catalytic performance of CS/SiC vdWHs. A negative value (blue
colour) represents charge depletion, while a positive value (red
colour) represents charge accumulation, as shown in Fig. 5(d).
The findings demonstrate that charge transfer took place at the
interface as a result of the interaction of the CS and SiC
monolayers. The macroscopic planar averaged charge density
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Fig. 3 (a) The histogram of the calculated 2D elastic modulus (N m™?)

and constants. Variation of temperature and total potential energy across a time

scale of 100 ps at (b) 300 K, (c) 500 K and (d) 800 K. The insets represent snapshots of the atomic structure of 4 x 4 supercells of CS/SiC vdWHs at

temperatures of 300, 500 and 800 K.
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difference shown in Fig. 5(e) establishes that the SiC monolayer
donates electrons to the CS monolayer. In Table 1, charge
analysis demonstrates that about 0.0096 e is being transferred
from SiC monolayers to CS monolayers. As a result, the electric
field (Ef) created by the charge transfer between the two types of
materials acts as a driving force to stop the fast recombination
of photoexcited charge carriers at the interface of CS and SiC
monolayers.”® A weak contact between the SiC and CS mono-
layers is indicated by the small charge transfer, which is
consistent with the calculations for the SiC(GeC)/MoS,
heterostructure.”® For further information, the electron locali-
zation function (ELF)”" of the CS/SiC vdWH is computed to
validate the presence of the vdW force between the CS and SiC
monolayers, as given in Fig. 5(c). The work functions of the CS
and SiC monolayers, and the CS/SiC vdWH are 5.46, 5.01 and
4.85 eV, respectively. Due to the considerably higher work
function of the CS monolayer than that of the SiC monolayer,
electrons move from the SiC monolayer to the CS monolayer
when they come into close contact. At the heterojunction
interface, a built-in E is created due to charge transfer. With
a potential drop (AV) of 1.81 eV at the interface, it can be seen
that the SiC monolayer has a deeper potential than the CS
monolayer, suggesting that electrons have transferred from
the SiC monolayer to the CS monolayer. Moreover, AV serves
as a transport barrier between adjacent monolayers and can
greatly change the charge transport in 2D vdWHs.”> When the
heterostructure is utilized in solar conversion devices, the AV
at the CS/SiC vdWH interface creates an electrostatic field
that could prevent photogenerated electron-hole pairs from
recombining.®’

Understanding how well the CS/SiC vdWH performs as a
photocatalyst for splitting water into H, requires a study of the
suitable band edges that straddle the redox potentials of water
splitting. By selecting the vacuum level as the reference, the
reduction potential for producing H, and oxidation potential
for O, generation have been reported to be —4.44 eV (H'/H,)
and —5.67 eV (0,/H,0) at pH = 0, respectively.”> A semicon-
ductor with appropriate CBM and VBM potentials is required
for thermodynamically advantageous water redox processes.
Additionally, they must all fall within a minimum band gap
value of 1.23 eV. The positions of the VBMs and CBMs of the
corresponding materials are evaluated as follows:”*

Evgm=—I=—y — 0.5 X Eg (6)
Ecgm=—A=—)+0.5 x Eg (7)

Here A, I and y stand for electron affinity, ionization energy and
absolute electronegativity of the corresponding materials,
respectively. Using a previous technique,”®> the y values of
the CS and SiC monolayers are determined to be 6.245 and
5.469 eV, respectively.”” Fig. 6(a) depicts the band alignment of
the two isolated monolayers and the CS/SiC vdWH in relation to
the vacuum level.

It is discovered that the oxidation and reduction potentials
of water splitting are involved inside the band edges of
an isolated SiC monolayer, suggesting that the material has
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exceptional photocatalytic activity. A wide band gap and quick
charge carrier recombination of the isolated SiC photocatalyst
may also make it challenging to drive the hydrogen evolution
process. Moreover, the isolated SiC photocatalyst could struggle
to drive the hydrogen evolution reaction because of its wide
band gap and rapid charge carrier recombination. The VBM of
SiC must thus be adjusted to straddle the hydrogen and oxygen
potentials. The CS/SiC vdWH exhibits a typical type II band
alignment since its calculated CBM value is —0.567 eV, lower
than the reduction potential of water, while its predicted VBM
is 1.393 eV, higher than the oxidation potential of water.
The potential of CS/SiC vdWHs for photocatalytic hydrogen
generation is further demonstrated by the fact that they can be
used to split water under neutral conditions. The conduction
band offset (CBO) and valence band offset (VBO) of CS/SiC
vdWHs are both around 0.82 eV and 0.73 eV, respectively. Then,
photogenerated electrons transfer from the conduction band of
SiC to CS, with the CBO, while photogenerated holes transfer
from the valence band of CS to SiC with the help of VBO. A type
II band alignment is also advantageous for separating the
charge carriers produced by photons. The acid-base properties
of the environment in which the photocatalyst materials are
applied, show a significant impact on the photocatalytic per-
formances. Therefore, by altering the pH values, the effects
of acid-base characteristics on the photocatalytic activity of
CS/SiC vdWH are examined. The oxidation and reduction
potentials of water at various pH levels are computed as
follows:*?

Ejfd y, = —4.44 eV + pH x 0.059 eV (8)
EQi,0 = —5.67 eV + pH x 0.059 eV (9)

Fig. 6(b) shows that the CS/SiC vdWH may achieve a perfect
balance between the oxidation and reduction potentials of
water splitting on altering the pH value from 0 (strong acid)
to 3 (relatively weak acid) and finally to 7 (neutral); this shows
that the photocatalytic performance is improved. The fact that
the band edges of CS/SiC vdWHs are situated at energetically
advantageous locations indicates that this material may split
water when operating at pH values between 0 and 7. Similar to
blue phosphorene/BSe*' and GaTe/C,N’® vdWH photocatalysts,
the CBMs of CS/SiC vdWHs are closer to the reduction potential
at pH = 7. This suggests that water splitting activities are more
advantageous in a relatively weak acidic environment.

The Gibbs free-energy for hydrogen adsorption (AGy) is a
major descriptor for determining the HER activity for a wide
variety of photocatalysts.>>””"7® Calculating the HER activity is
crucial because a high electrocatalytic activity for the HER
process is important to increase the photocatalytic efficiency.
The hydrogen adsorption energy (AEy) is defined as follows:*°

|
AEy = E(cs/g-sic)+H — E(cs/g-sic) — EEHN (10)

where E(cs/g-sic)+u and E(cs/g-sic) are the total energies of the CS/
SiC vdWH with and without adsorbed H atoms on the surface,
respectively, and E(H,) is the energy of H, gas. A three-state

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the band edge potentials against a normal hydrogen electrode at pH = 0 of CS, SiC and CS/SiC vdWHs. (b) Band

alignments of CS/SiC vdWHs at different pH values. (c) The calculated absorption spectra of CS, SiC and CS/SiC vdWHs. The calculated Gibbs free energy
diagram of the HER for a hydrogen atom absorbed on the (c) SiC- and (d) CS-side of CS/SiC vdWHSs, T = 298.15 K.

diagram of the intermediate state Gibbs free-energy (AGy-) can
be used to assess the overall HER mechanism. The AGy- value

can be estimated from the expression:®!
AGyx = AEy + AEzpr — TASy (11)

where AE,pg is the difference in zero point energy (ZPE) of H,
between the adsorbed state and the gas phase state and ASy
is the difference in entropy between the gas phase state and

© 2023 The Author(s). Published by the Royal Society of Chemistry

adsorbed state of H,. ASy can be deduced from the following
expression:

1
AS = 357,

: (12)

where Sy, is the entropy of H, gas under standard conditions.
For the hydrogen adsorption study, AEzpg — TASy = 0.24 eV is
taken from an earlier report.* Hence, AEzpr — TASy; = 0.24 €V
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was used in the present study. Catalysts with a high +AGy- value
result in weak hydrogen adsorption, which further reduces the
HER activity. Equally, a high —AGy- value results in the formation
of strong hydrogen atom bonds on the surface of the catalyst,
which results in poor HER activity.®*** Therefore, for excellent
HER activity, the optimal value of AGy~ should be zero or near-
zero. As proposed in previous studies, a AGy~ range of +0.3 to
0.3 —eV is chosen to test the accessibility of the reaction sites
for HER activity.*>*® To study the hydrogen adsorption on
the surface of CS/SiC vdWHs, a 3 x 3 supercell is adopted.
Moreover, several sites are considered for hydrogen adsorption
on the basal plane of the CS/SiC surface. In this study, there are
two conditions of a hydrogen atom adsorbed on the plane of
the SiC-side and CS-side, as shown in Fig. 6(c) and (d). The
reaction rate will be limited if hydrogen atoms cannot be swiftly
adsorbed on the surface of the heterojunction and will have
an impact on how the HER proceeds. The AGy~ values are all
close to zero and fall in the HER active region (+0.3 eV >
AGy > —0.3 eV), which implies that it is feasible for CS/SiC
vdWHs to achieve the HER. Additionally, the HER is more
effective when the hydrogen atom is adsorbed on a Si atom;
hence Si atoms are thought of as active sites that are favourable
for the HER. The Gibbs free energy of this system is better
than those of GeC/MoSi,N,*” and C;N/WS, heterojunctions;””
therefore the properties of CS/SiC vdWHSs are more superior.
In summary, the CS/SiC vdWH performs the HER well, and its
capacity for photocatalytic water splitting of hydrogen has been
further confirmed.

Wide and powerful optical absorption edges and intensity
are essential components to achieve high photoactivity for
water splitting. The absorption spectra of the combined effects
of CS and SiC monolayers, and CS/SiC vdWHs, are computed to
investigate the visible-light absorption edge and intensity.
By comparing the optical absorption spectra of CS and SiC
monolayers, the CS monolayer is found to have a greater optical
absorption edge and intensity, as shown in Fig. 6(e). Remark-
ably, the absorption coefficient of CS/SiC vdWHs has improved
thanks to the enhanced visible light activity of the CS mono-
layer, laying the foundation for the development of solar-driven
photocatalysts. The exciton splitting caused by the inherent E¢
at the interface is the cause of the red-shift absorption. As a
result, the broadening of the visible light absorption spectrum
supports the idea that CS/SiC vdWHs might be a possible
choice for photocatalytic devices.

The ability of E¢ and strain to influence the electronic
properties of 2D materials is widely understood. In experi-
ments, changing the gate voltage can also be used to adjust
the electronic properties of 2D materials. The electronic
structures of CS/SiC vdWHs will experience intriguing effects
as a result of the external Er. Here, the electronic properties
are considered by using E; between —0.8 to 0.8 V A™" in the
vertical direction. The direction of the electric field from SiC
monolayer to the CS monolayer is where the positive E; is
applied. Fig. 7(b) and (c) depicts how the band gap energies
and band structure vary when an external Ef between —0.8
and 0.8 V A~ is applied.
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The curvature of E, with external E; shown in Fig. 7(b)
suggests that the E, value of CS/SiC vdWHs differs a lot under
different external Ef. The E, value of CS/SiC vdWHs is found to
increase with an increase in the negative E; value (—0.2 to
—0.8 V A™") but decreases when a positive E value (+0.2 VA™")
is introduced before increasing once again from +0.4 to
+0.8 V A™*. Moreover, the found energies are still lower than
the E; value under an E¢ of 0 Vv A™*, When the applied E¢ is in the
range of —0.2 to +0.8 V A", the CS/SiC vdWH behaves as an
indirect E, material with the location of the CBM and VBM
along the BZ remaining unchanged. It is an indirect E, material
with an E; value in the range of —0.4 to —0.8 V A~ however,
the CBM and VBM have different positions; the CBM changes
from the M point to lie between I and M points, while the VBM
changes from the K point to lie between K and I' points. The
type-II band alignment may be maintained within this range,
according to Fig. 7(d), which shows that the VBM and CBM are
provided by SiC and CS, respectively, with an applied E; from
+0.2 to +0.4 V A™* and under —0.8 V A~'. However, under a
positive electric field of +0.6 to +0.8 V A~ and a negative
electric field of —0.2 to —0.6 V A~ the CS/SiC vdWH belongs
to the type-I band alignment because the CBM and VBM are
both dominated by SiC and CS monolayers, respectively, as
presented in Fig. 7. Thus, the interconversion between type-1I
and type-I can be achieved by applying different electric fields.
All these findings suggest that the novel CS/SiC vdWH has
significant application prospects in next-generation photo-
voltaic and photocatalytic devices.

The influence of biaxial strain (¢) on the electronic proper-
ties of the CS/SiC vdWH, taking into account the effects of the
induced strain caused by both the lattice mismatch and the
vdW interaction, is considered. By changing the lattice con-
stants along the a- and b-axes, it is possible to examine the
influence of ¢ on the electronic properties of CS/SiC vdWHs:

— ap

a
&=
0]

where a and g, correspond to the varied and equilibrium
structural lattice parameters, respectively. The strain step is
2%, and the strain range is —8% to 8%. Tensile and compres-
sive strains are shown as positive and negative values, respec-
tively. Before examining the electronic properties of the CS/SiC
vdWH, the strain energy (Es) is evaluated as follows:

} x 100%, (13)

(14)

where Tg,) and Tg-o) denote a varied and equilibrium strain,
respectively. When compressive or tensile strain is kept within
a reasonable range, Fig. 8(a) shows that E rises with increasing
strain. Because Eg increases as a quadratic function of biaxial
strain, as seen in Fig. 8(a), the binding energies resemble
quadratic curves, although the vdW interaction strength essen-
tially remains constant with respect to biaxial strain. The
studied strain is within the elastic limit and completely practic-
able as a result.®® The findings confirm that the interlayer
interaction is vdW in nature.

Es = Tge) — Tr(e=0)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(—0.8 and —0.2 V A7) and positive (0.2 and 0.8 V A™Y) electric fields using the HSE06 method.

Biaxial strain engineering is one of the most effective
methods to modify the band structure of many 2D materials
and improve their electronic properties.® Fig. 8(b) shows the
effect of biaxial strain on the E, energies of CS/SiC vdWHs. The
predicted E, of CS/SiC vdWH under the strain effect with
the HSEO06 functional are in the range of 0.93 to 2.37 eV, as
shown in Fig. 8(b), indicating that this material could absorb a
large portion of solar radiation. The band gap is lowered when
the tensile biaxial strain rises, and the indirect band gap is still
maintained, as seen in Fig. 8(c). This is because more charge is
being transferred at the interface between the CS and SiC
monolayers. The E, decreases with increasing tensile strain
due to a significant reduction in the localization of electrons

© 2023 The Author(s). Published by the Royal Society of Chemistry

and an increase in atom covalence. However, the E, energy
increases with the compressive strain, and it is noted that the
changes in the tensile strains (0.93 eV (at 8%) to 1.92 eV (at 2%))
are larger than those in the compression strain (2.11 eV
(at —2%) to 2.37 eV (at —8%)), where the increase in the band
gap energy is lower than the decrease in tensile strain. When
compressive strain is used, the ionic properties are enhanced.
The distribution of electrons gets increasingly confined as the
coupling effect between orbitals weakens. Due to this, the band
gap energy increases as the compressive strain increases.
An indirect E; of 0.93 €V under a biaxial strain of about 8%
makes it unsuitable for water splitting but suitable for opto-
electronic applications. When the tensile strain is increased

Mater. Adv,, 2023, 4,1949-1963 | 1959
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Fig. 8 (a) Evolution of the strain energy and interface binding energy of CS/SiC vdWHs under a biaxial strain of —8% to 8%. (b) The band gap energies and

charge transfer of CS/SiC vdWHSs under a biaxial strain of —8% to 8%. (c) The electronic band structure and (d) total and partial density of state of CS/SiC
vdWHSs under the effect of biaxial compressive (—2% and —8%) and tensile (2% and 8%) strains using the HSEO6 method.

from 4% to 8%, the CBM at the M point moves to the I" point,
while the VBM remains unchanged, which still makes it an
indirect bandgap semiconductor (Fig. 8(c)). Moreover, the band
gap is indirect under a compressive strain of —2 to —8%. As a
demonstration, PDOS of CS/SiC vdWH against biaxial strains
has been selected, as shown in Fig. 8(d). When biaxial strains
of —8% to 8% are applied to CS/SiC vdWHs, SiC and CS,
respectively, contribute to the VBM and CBM, keeping the
properties of the type-II band alignment. The peaks associated
with the orbitals participating in the VBM and CBM can be seen
changing and extending in Fig. 8(d) because the DOS is directly
related to the modification of E, caused by strain. The height
of the peaks in the PDOS is decreased/increased under
compressive/tensile biaxial strain.

1960 | Mater. Adv,, 2023, 4,1949-1963

IV. Conclusion

Several typical 2D/2D CS/SiC vdWHs with various stacking
patterns are considered to evaluate the underlying processes
and to give a systematic method for developing effective visible-
light-driven photocatalysts for H, generation. Four CS/SiC
vdWH structures are built using various stacking techniques.
The most stable stacking pattern of CS/SiC vdWHs is consid-
ered by comparing the total energy of several stacking patterns.
The feasibility and performance of CS/SiC vdWHs are also
studied. Our calculations reveal that CS/SiC vdWHs are dyna-
mically, energetically, chemically and mechanically stable and
could be experimentally synthesised. The electron localization
functions confirmed the interlayer vdW contact. The isolated
CS and SiC monolayer materials may attain the type II band

© 2023 The Author(s). Published by the Royal Society of Chemistry
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alignment with an indirect E, of 1.96 eV, demonstrating that
the oxidation (H,0 — 0,) and reduction (2H" — H,) reactions
will occur on different monolayers. The CS/SiC vdWHs can
efficiently separate the photogenerated charge carriers thanks
to the type-II band alignment, where the CBM is provided by
the CS monolayer and the VBM is donated by the SiC mono-
layer. The plane-average electrostatic potentials show that SiC
possesses a deeper potential of 1.81 eV than the CS monolayer.
This indicates the establishment of a large interfacial built-in
E¢, which can prevent the photogenerated charge carriers from
recombining. The band edge alignment of CS/SiC vdWHs has
the right potential energy to split water into H'/H, and 0,/H,0
at pH 7. More significantly, the excellent visible light activity of
CS allows the CS/SiC vdWH to significantly broaden the optical
absorption range and improve the absorption capability of SiC
up to 10° cm ™. Also, the band alignment type of CS/SiC vdWHs
can be transformed between type-II and type-I by adjusting the
positive electric field (+0.4 to +0.8 V A™) and the negative
electric field (—0.2 to —0.6 V A™"). Finally, the hydrogen
adsorption on a Si atom has the smallest —AGy« when calculat-
ing the catalytic activity of the HER. Therefore, we predict that
the novel CS/SiC vdWHs have high application prospects in
next-generation photovoltaic and photocatalytic devices.
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