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Density Functional Theory is used to predict the structural, electronic, and optical properties, as well as the
reaction energetics, of the InS/GaTe heterostructure. The system is stable and found to have an ideal band
gap of 1.34 eV, significantly lower than its monolayer counterparts. This makes it more effective in absorbing
light in the visible region, as confirmed by our analysis of its optical properties. The oxygen evolution
reaction (OER) was investigated for both the direct Z-scheme and the type-ll mechanisms. The
photogenerated hole potential for the Z-scheme ranges from 2.37 eV for pH = 0 to 4.02 eV for pH = 14,
while that for the type-Il mechanism is from 1.44 eV (pH = 0) to 3.09 eV (pH = 14). Based on the
analysis of the electronic properties of the InS/GaTe heterostructure, and its Gibbs free energy reaction
pathway for OER when the light is turned on, the transfer mechanism of the photogenerated electrons
and holes in InS/GaTe is predicted to follow the direct Z-scheme mechanism. Notably, the OER reaction
is predicted to be spontaneous for a wide pH range: 2 = pH = 14 (Z-scheme) and 3 = pH = 14 (type-II).
This makes the InS/GaTe heterostructure more promising for OER compared to many other catalysts.
While the type-Il mechanism cannot facilitate HER, the Z-scheme mode of InS/GaTe is predicted to

have good performance for HER, with an ideal Gibbs free energy of —0.02 eV at pH = 7. The solar-to-
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1 Introduction

Due to its environmentally friendly and renewable nature, solar
energy along with other renewable technologies, is expected to
replace fossil fuels in the future.! Photocatalytic water splitting
devices using semiconductors as photocatalysts have shown to
be promising candidates to generate hydrogen, which is a green
and renewable energy source.” Currently, commercially avail-
able H, is mostly derived from fossil fuels which also produce
CO, emissions.? Therefore, use of clean and renewable solar
energy to generate H, through water splitting is a major
research focus. Water-splitting devices include photovoltaic-
powered electrolysis, photoelectrochemical (PEC) water split-
ting, and photocatalysis (PC). It is expected that PC is the least
expensive method although the additional cost is anticipated
from subsequent gas separation.* Despite being intensively
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both OER and HER for water splitting applications.

investigated, the low photocatalytic efficiency is still a major
problem.®

One of the major causes for the low photocatalytic efficiency
is the rapid photogenerated electron-hole recombination in
photocatalysts,® which limits the efficiency of the energy
conversion. We need to develop photocatalytic materials that
can inhibit the electron-hole recombination while still being
able to perform the photoreduction and oxidation reactions.”
Post-modification engineering can also be applied to increase
the utilization of the photogenerated electrons and holes and
inhibit the electron-hole recombination.® As an example, Zhang
et al.® modified pristine cerium metal-organic frameworks (Ce-
MOFs) by adopting the one-step partial oxidation strategy. The
modification includes adjusting the valence states of metal
nodes in a Ce-MOF, namely the [Ce(1,3,5-BTC) (H,0)¢] (1,3,5-
BTC = 1,3,5-benzene-tricarboxylate) MOF. The authors showed
that after mild oxidation, hetero-valence metals nodes with
abundant Ce;"/Ce," redox couple are formed. This inhibits the
electron-hole recombination and extends the optical harvesting
to the visible region, which leads to a higher photocatalytic
activity. Two-dimensional (2D) materials have also emerged as

This journal is © The Royal Society of Chemistry 2025
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promising photocatalysts as they are more effective in inhibit-
ing such a recombination by promoting the separation of
electrons and holes.” The significant difference between the
magnitude of the mobility of the electrons and holes in these
materials was shown as an important factor.**> However, an
ideal photocatalyst should also exhibit a wide absorption range
and strong redox ability. This cannot be achieved simulta-
neously by a single photocatalyst because to have a broad
absorption range means that the photocatalyst should have
a narrow band gap, while to have an excellent redox ability, it
should possess a high conduction band minimum (CBM) and
a shallow valence band maximum (VBM), meaning that it
should have a larger band gap. To address these limitations,
heterostructures consisting of two or more photocatalysts have
emerged.”* Among different types of heterostructures, the direct
Z-scheme heterostructures have great potential as they not only
improve the separation efficiency but also retain strong redox
ability of the catalyst.*** The charge transfer mechanism in Z-
scheme heterostructures is more suitable for water splitting
compared to the conventional type-II heterostructures although
they possess a similar staggered band structure.'” Although
type-II heterostructures can inhibit the electron-hole recombi-
nation to some extent, their reduction and oxidation ability is
weakened by their charge transfer mode. By contrast, Z-scheme
heterostructures not only effectively enhance the separation of
photogenerated electron-holes but also retain their reduction
and oxidation ability, improving their photocatalytic perfor-
mance.">*® Hence, it is crucial to determine the type of charge
transfer in a staggered band heterostructure before investi-
gating their photocatalytic performance.

Among 2D materials, group III monochalcogenide based
monolayers MX (M = Ga and In, X = S, Se, and Te) were pre-
dicted to be suitable for photocatalytic water splitting."” As
a result, a number of heterostructures are formed from these
monolayers to achieve better performance in various applica-
tions including in the water splitting mechanism."*?® For
instance, GaTe-based heterostructures such as GaTe/AsP? and
GaTe/Znl, (ref. 30) have recently been reported to have
outstanding optical absorption and photocatalytic activity for
water splitting, based on DFT calculations. This is due to their
narrow band gap, suitable band edge position for redox reac-
tions, and staggered band nature. However, the solar to
hydrogen efficiency of GaTe/AsP is still relatively low (14.10%),>
even though it is predicted to be a direct Z-scheme hetero-
structure. Despite having a staggered band structure, GaTe/Znl,
follows the traditional type-II charge transfer mechanism and
has an indirect band gap,*® which might limit its efficiency as
a photocatalyst. Similarly, recent theoretical studies suggest
that heterostructures based on InS monolayers are promising as
catalysts for water splitting. The systems include Al,SeTe/InS**
and GeC/InS.* In those studies,*** GaTe and InS were reported
to possess good reduction and oxidation ability. Therefore, it is
expected that the GaTe/InS heterostructure would be a highly
promising photocatalyst for water splitting applications. In fact,
the InS/GaTe heterostructure has been studied before,'®'%* but
interestingly, the studies reported different finding to each
other related to the type of the charge transfer mechanism at its
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interface. It was assumed that the H, and O, evolution occurs at
the surface of InS and GaTe, respectively,'®" implying the
traditional type-II transfer mechanism. As a result, Rawat and
co-workers® reported that InS/GaTe could be promising for
water splitting but only for a very limited pH range while Chen
et al.” claimed that it is not suitable for water splitting appli-
cations. By contrast, a recent study*” claimed that InS/GaTe
exhibits a direct Z-scheme charge transfer mode and is there-
fore a promising photocatalyst for overall water splitting. The
contradiction in the studies'®**?* is believed to arise because the
authors only analyze the charge density at the heterojunction to
determine the type of the charge transfer in InS/GaTe. The
analysis of the charge density difference alone is insufficient to
accurately draw a conclusion regarding the type of charge
transfer.*® This was demonstrated in the case of the staggered
band phosphorus/BiVO, heterostructure, in which charge
transfer was experimentally found to follow the Z-scheme mode
but theoretically predicted to possess the type-II mode.**

A more in-depth analysis is required to accurately predict the
type of charge transfer within band staggered heterostructures
from the computational perspective. Currently, the theoretical
and computational methods used are not well-established,
meaning that new approaches should be developed.***” The
nonadiabatic molecular dynamics (NAMD) approach,**** which
investigates the dynamics of the photogenerated electrons and
holes, is an example. If the transport of photogenerated elec-
trons and holes is much slower than electron-hole recombi-
nation in a staggered band heterostructure, the heterostructure
follows the Z-scheme while the reverse corresponds to the type-
II mechanism.** In the Z-scheme mechanism, the recombina-
tion of the photogenerated electrons at the CBM of the oxidizing
catalyst and the photogenerated holes at the VBM of the
reducing catalyst occurs much faster than the rate of transfer of
the photogenerated electrons (holes) from the CBM (VBM) of
the oxidizing (reducing) catalysts to the CBM (VBM) of the
reducing (oxidizing) catalysts. As a result, the electrons (holes)
remain at the CBM (VBM) of the catalysts with the strongest
reduction (oxidation) ability. The reverse is true for the type-II
charge transfer mechanism. The NAMD technique is,
however, computationally expensive especially for large
systems.*>** Furthermore, it also has some shortcomings such
as the lack of spin-orbit coupling and highly accurate exciton
wave functions to describe the exciton dynamics, which might
lead to inaccurate dynamic calculations.?” Alternatively, a new
strategy based on the principle of minimum energy barrier was
recently implemented by Liu and co-workers*® to determine the
charge transfer mechanisms in staggered band hetero-
structures. However, the new proposed method* is only based
on the free energy diagram of the OER and HER when the light
is off. As the charge transfer mechanism describes the move-
ment of photogenerated electrons and holes, it would be more
appropriate if the analysis of the charge transfer mode is per-
formed when the light is on.

Environmental conditions also play an important role in the
HER and OER mechanisms in photocatalytic water splitting.*®*’
In principle, the water splitting reactions can be performed in
acidic and alkaline media. While many computational
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investigations were carried out to study the performance of
monolayers and heterostructures for water oxidation in acidic
media, very few studies investigated the water oxidation in
alkaline media.*” Interestingly, most experimental studies on
photocatalytic water splitting are performed in alkaline media.*’
Hence, it is of great importance to investigate the photocatalytic
water splitting mechanisms not only in the acidic media but
also in the alkaline media.

The present study utilizes density functional theory (DFT)
calculations to comprehensively investigate the photocatalytic
water splitting mechanism of the InS/GaTe heterostructure in
acidic and alkaline media. To determine the most favorable
charge transfer mechanism in InS/GaTe, we propose a new
alternative approach by examining the Gibbs free energy
differences of the OER between the two schemes when the light
is on. Unlike the most commonly used approach of using the
charge density difference and the built-in electric field, the
proposed approach in this study performs the adsorption of
intermediates on different surfaces of the catalysts under illu-
mination, for both possible charge transfer mechanisms. The
OER will be performed at the surface of the oxidation (reduc-
tion) catalyst for Z-scheme (type-II). By evaluating their Gibbs
free energy difference under light illumination, the most
favorable charge transfer mechanism can be predicted. As
adsorption of intermediates is dependent on the surface, this is
expected to give more reliable results compared to depending
just on the built-in electric field and charge density. In addition,
this approach is also expected to be less expensive than NAMD
since it does not require molecular dynamics simulation. The
results indicate that the Z-scheme consistently exhibits the
lowest Gibbs free energy for all the OER intermediates and for
the whole pH range (0 < pH = 14). It can therefore be inferred
that the Z-scheme transfer mode is more favorable for the InS/
GaTe heterostructure, which is also consistent with the built-in
electric field. Equally important, the Z-scheme of InS/GaTe is
also predicted to facilitate HER while the type-II does not. The
proposed method can be used to predict the charge transfer
mechanism in other staggered band heterostructures.

2 Computational methods

In this study, we perform Density Functional Theory (DFT)
calculations as implemented in Quantum Espresso (QE)** to
investigate the InS/GaTe heterostructure. The projector
augmented wave (PAW) pseudopotential®® was used in the
structure optimization and the calculation of the electronic
properties. The Optimized Norm-Conserving Vanderbilt
Pseudopotential (ONCVPSP)* was employed to calculate the
optical properties of the heterostructure. This is because the
PAW and ultrasoft pseudopotentials (USPP) are not supported
by the epsilon.x program of the QE to calculate the optical
properties of materials. The Generalized Gradient Approxima-
tion (GGA) of Perdew-Burke-Ernzerhof (PBE)* was utilized to
treat the exchange-correlation functional. The hybrid func-
tional of Heyd-Scuseria-Ernzerhof (HSE06)**> was also imple-
mented to obtain a more reliable electronic band structure of
the studied material. The interpolation of the electronic band
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structure from the HSE06 functional was performed using the
Wannier code.*”® The DFT-D3 method of Grimme et al.>*** was
used to describe the long range vdW interactions for all calcu-
lations in this study. The ab initio molecular dynamics (AIMD)
simulation was performed using the Vienna Ab initio Simulation
Package (VASP)***® with the projector augmented-wave
method.” In addition, the effect of the spin-orbit coupling
(SOC) on the properties of the material was also investigated.

The GGA-PBE was used to optimize the structure of InS,
GaTe, and InS/GaTe and to calculate their phonon dispersion.
The electronic structure of InS and GaTe was first calculated
using the PBE and PBE + SOC to investigate the effect of spin—-
orbit coupling on the electronic band structure of the mono-
layers. As the spin-orbit coupling was found to have a small
effect on their band structure, further calculations on the band
structure of InS, GaTe, and InS/GaTe were performed using the
HSEO06 functional without applying the SOC. All the other
calculations, including the work functions, the charge carrier
mobility, and the optical properties were performed using the
HSEO06.

A vacuum region of 20 A was used in the perpendicular
direction to the InS and GaTe monolayers to avoid interlayer
interaction, while a larger vacuum region of 35 A was employed
for the calculation of the properties of the InS/GaTe hetero-
structure. The energy cut-off was set to be 60 Ry. The k-point
mesh used for all systems in this study was 12 x 12 x 1. The
results of the convergence test are shown in Fig. S1 and S2. The
total energy convergence threshold was set to be 10 '° Ry.

3 Results and discussion
3.1 Structural properties

InS and GaTe monolayers possess the same structure as other
group III monochalcogenides MX (M = Ga, In; X = S, Se, Te)
with space group p6m2, illustrated in Fig. 1.2

The InS and GaTe monolayers were optimized and their in-
plane equilibrium lattice parameters are found to be 3.92 A
and 4.12 A, respectively. These are in excellent agreement with
previous findings of 3.94 A (ref. 17) and 3.93 A (ref. 22) for InS
and of 4.14 A (ref. 17) and 4.12 A (ref. 22) for the GaTe mono-
layer. The thickness of InS was found to be 5.27 A while that of
GaTe is slightly smaller (4.95 A).

The combined lattice parameter for the InS/GaTe hetero-
structure was initially taken as the average of the lattice
parameters of InS and GaTe, namely 4.02 A. To investigate the

o*~o”
66 SN e
L

Fig.1 The top (a) and side (b) views of the atomic structure of InS and
GaTe monolayers: blue balls represent Ga or In and grey ones are S or
Te. The unit cell is indicated by the black lines.

This journal is © The Royal Society of Chemistry 2025
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most favorable stacking type of the InS/GaTe heterostructure,
four possible stacking positions are investigated as shown in
Fig. 2. The first is the AA (top) stacking configuration, where InS
was placed directly on top of GaTe (Fig. S3), i.e. In over Ga atoms
and S over the Te atoms. Then, the AB (bridge) configuration
was considered, which was obtained by placing In over the Ga-
Te bridge site (Fig. S4). The last two stacking types are termed
AC1 (Fig. S5) and AC2 (Fig. S6), obtained by placing GaTe over
the hollow position of InS (AC1) and InS over the hollow posi-
tion of GaTe (AC2).

The total energy as a function of the interlayer distance for
the four stacking configurations is presented in Fig. 3. It can be
seen that AC2 stacking possesses the lowest energy, meaning
that it is the most favorable configuration. Therefore, all
calculations of the properties of the InS/GaTe heterostructure in
the present work are performed using this hollow type stacking
structure AC2. In this configuration, the InS monolayer is
placed over the hollow position of GaTe such that the S atoms
fill the hollow sites of GaTe (as seen from top). Furthermore, the
binding energy (Ep) of the four stacking configurations was
calculated using eqn (1).

Eb = EGaTe/lnS - (EGaTe - ElnS) (1)

The obtained values of the AA, AB, AC1, and AC2 stacking
geometries are: —0.07 eV, —0.12 eV, —0.21 eV, and —0.22 eV,
respectively. Interestingly, the AA configuration, which was inves-
tigated in ref. 22, is the least favorable stacking configuration of
InS/GaTe heterostructure. In their study, Li and co-workers®
investigated electronic and optical properties of the InS/GaTe
heterostructure. However, as they used the PBE functional for
most of their calculations, it is highly likely that the results they
reported severely underestimate the band gap of the hetero-
structure. Moreover, the authors did not investigate the stability of
different stacking configurations and just studied the top-top
stacking configuration (AA). In the present study, we investigated
the stability of different stacking configurations of InS/GaTe and
found out that the hollow configuration (AC2) is the most stable
configuration, much more stable than the AA configuration. In
addition, we used the HSE06 functional to obtain more reliable
electronic and optical properties of the InS/GaTe heterostructure.

The AC2 configuration was fully optimized and it was found
that its equilibrium lattice parameter and interlayer distance
are 4.02 A and 3.38 A, respectively. This interlayer distance is
consistent with interlayer spacings of other van der Waals
heterostructures, which are generally between 3 A and 4 A.*°
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Fig. 3 The energy difference versus interlayer distance of the four
different stacking configurations of the InS/GaTe heterostructure. E is
the total energy while E, is the lowest energy.

Based on the calculated lattice parameters, the lattice
mismatch of the InS/GaTe heterostructure is 4.85%. In general,
the lattice mismatch of a stable van der Waals heterostructure is
smaller than 5%.°%°* This indicates that InS/GaTe could possess
stability. To investigate the dynamical stability of the InS and
GaTe monolayers, and the InS/GaTe heterostructure, the
phonon dispersion was calculated using the Phonopy code.®
The calculation was performed using a (4 x 4 x 1) supercell for
the InS and InS/GaTe heterostructure, while a (2 x 2 x 1)
supercell was employed for the GaTe monolayer. When using
a (2 x 2 x 1) supercell for InS and InS/GaTe, imaginary phonon
modes were still present in their phonon dispersion curves. As
a result, a larger supercell of size (4 x 4 x 1) was used for InS
and InS/GaTe. The results are shown in Fig. S7, it can be seen
that the three materials are dynamically stable as evidenced by
the absence of imaginary phonon modes. The phonon disper-
sion curves for the InS and GaTe monolayers agree with
a previous ab initio study for the monolayer systems,* implying
the accuracy of our calculations.

Furthermore, we performed AIMD calculations to evaluate
the thermodynamic stability of the InS/GaTe heterostructure.
The simulation was performed using a (4 x 4 x 1) supercell of
InS/GaTe, containing 128 atoms. The NVT ensemble was
considered and the Nose-Hoover thermostat®® was used.
Fig. 4 shows the change in temperature and energy for 5 ps. The
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Fig.2 The stacking geometry of the InS/GaTe heterostructure: AA: top (a), AB: bridge (b), AC1: hollow 1 (c), and AC2: hollow 2 (d). Pink, yellow,

green, and brown balls represent In, S, Ga, and Te, respectively.
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initial and final structure is also displayed in the figure. It can
be seen that the system is predicted to be thermodynamically
stable at 300 K. This is a good indication that the system will be
thermodynamically stable in aqueous solution for practical
applications at room temperature (300 K).

3.2 Electronic properties

3.2.1 Electronic band structure of InS and GaTe. The
electronic band structure of the InS and GaTe monolayers were
calculated using the PBE functional with and without spin-orbit
coupling (SOC). The results are shown in Fig. S8. It is clear that
the effect of spin-orbit coupling is small for both monolayers.
In particular, the band gap energy values of the InS monolayer
obtained from the PBE functional with and without spin-orbit
coupling are the same, which is 1.74 eV. This is consistent with
the results of previous studies: 1.74 eV (ref. 17) and 1.76 eV (ref.
22), which did not include the spin-orbit coupling. Similarly,
the inclusion of spin-orbit coupling has a small effect on the
band structure of GaTe, slightly reducing its band gap from
1.42 eV to 1.28 eV. This PBE band gap value of 1.42 eV is in
agreement with literature, namely 1.66 eV (ref. 17) and 1.47 eV
(ref. 22). Therefore, spin-orbit coupling is not included in all
further calculations performed in this study. It is noted that the
two monolayers possess an indirect band gap, which is also
consistent with previous studies."”**

To obtain a more reliable band gap energy, the band struc-
tures of the monolayers were also calculated using the hybrid
HSEO06 functional. The results are presented in Fig. S9. The
calculated band gap for InS is 2.61 eV, which is in good agree-
ment with 2.71 eV (ref. 17) and 2.66 eV (ref. 22) which also used
the HSEO06 functional. The obtained band gap of the GaTe
monolayer is 2.16 eV, also aligning well with previously reported
values of 2.22 eV (ref. 17) and 2.15 eV (ref. 22).

The position of conduction band minimum (CBM) and
valence band maximum (VBM) of the two monolayers is an
important factor for their potential application as catalysts for
water splitting. The CBM and VBM of InS are located at —4.42 eV
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Fig. 4 AIMD simulation performed at 300 K; inset: the optimized
structure and the structure after 5 ps.
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and —7.03 eV with respect to the vacuum level, while those of
GaTe are —3.60 eV and —5.76 eV, respectively. The position of
the CBM and VBM values is plotted along with the water
reduction and oxidation potential in Fig. 5. As the CBM of GaTe
is considerably more positive than the reduction potential of
water for the whole pH range (0 = pH =< 14), it is predicted to
have a strong reduction ability. On the other hand, InS has
potential as an oxidation catalyst since its VBM is significantly
more negative than the water oxidation potential (Fig. 5).
Hence, it is expected that the InS/GaTe heterostructure could be
a promising system to realize efficient reduction and oxidation
performance for the overall water splitting mechanism.

The reduction and the oxidation potential of water, as indi-
cated in Fig. 5, were calculated using eqn (2) and (3).** In these
equations, —4.44 eV and —5.67 eV are the standard reduction
potential for H'/H, and oxidation potential for 0,/H,0,
respectively, at pH = 0 and at the room temperature.'” It is
important to note that the difference between the two potential
values is 1.23 eV, which is the free energy of water splitting."”
Based on the Nernst equation, the reduction and oxidation
potential vary with pH by 0.059 eV at room temperature.®®

Eqt y, = 444+ pH x 0.059 (2)
E}?[};i/HZO = 567+ pH x 0.059 (3)

3.2.2 Electronic band structure of the InS/GaTe hetero-
structure. The electronic band structure of the InS/GaTe
heterostructure, calculated using HSE06 functional, is pre-
sented in Fig. 6. The heterostructure exhibits a narrower
forbidden gap compared to its individual monolayer constitu-
ents. In addition, it exhibits a direct band gap nature compared
to the indirect band gap nature of InS and GaTe monolayers.
This makes the heterostructure more promising for optoelec-
tronic applications. With the direct band gap of 1.34 eV, the InS/
GaTe heterostructure is predicted to be an excellent light

30| .
35| OBM (-3.60 eV ]
R S { A/ W H*/H, pH=14 (-3.61 eV)
40k <H"/H, pH=7 (-4.03 V)
S 45 Semmmmomo-ofH'/H, pH=0 (-4.44 eV)
[
- ---{0,/H,0 pH=14 (-4.84 eV)
% 50 O] ®,,5=6.37 €
b 0,/H,0 pH=7 (-5.26 V)
S 55} -
5 5
--------------------------------------- 0,/H,0 pH=0 (-5.67 V)
6ol VBM (-5.76 eV) |
Y
6.5+ i
70+ i

VBM (-7.03 eV)

Fig. 5 Comparison of the CBM and VBM positions of GaTe and InS
monolayers with the water redox potential. The dashed horizontal red,
blue, and purple lines represent the reduction and oxidation potential
of water with respect to vacuum at pH = 0, pH = 7, and pH = 14,
respectively. The black dotted lines are the Fermi level of the GaTe and
InS monolayers. The orange (green) rectangles are vertically drawn
from the VBM to CBM of GaTe (InS), with length being their band gap.
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Fig. 6 Electronic band structure of the InS/GaTe heterostructure as
obtained using the HSEO6 functional.

absorber for a broader range of the solar spectrum including the
visible region.

In addition, it is worthy to note that the VBM of the InS/GaTe
heterostructure is formed by GaTe while the CBM is constructed
by the InS orbitals. To further verify this, the total and projected
density of states of the heterostructure are calculated and
shown in Fig. 7. The figure demonstrates that the top of the
valence band of the system is formed by the Te-5p state, fol-
lowed by the Ga-4p state with slightly lower contributions. On
the other hand, the bottom of the conduction band is formed by
the In-5s and S-3p states with approximately the same contri-
butions. This confirms the staggered band nature of the InS/
GaTe heterostructure, important for its potential applications
as a photocatalyst for the overall water splitting mechanism.

3.2.3 Charge redistribution along the heterojunction. To
calculate the work function of both monolayers, the electro-
static potential for InS, GaTe, and InS/GaTe was calculated
using the HSE06 functional and the results are shown in
Fig. S10.
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Fig. 7 Total and projected density of states of the InS/GaTe hetero-
structure as obtained using the PBE + D3 functional.
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The work functions of the InS monolayer and the InS/GaTe
heterojunction were found to be 6.37 eV and 5.01 eV, respec-
tively. These values are in reasonable agreement with those re-
ported in a previous study,** with respective values being 6.17 eV
and 5.13 eV. Meanwhile, the work function of GaTe was calcu-
lated to be 4.67 eV in the present work, slightly higher than
4.58 eV (ref. 18) and lower than 5.08 reported in ref. 21 and 22
which used the PBE. Another study using the HSE06 functional
reported a value of 4.98 eV for the work function of GaTe.*

As GaTe possesses higher Fermi energy (lower work func-
tion) than InS, electrons diffuse from GaTe to InS when the
heterojunction is formed, until their Fermi levels align. This is
illustrated in Fig. 9. As a result, there will be a built-in electric
field with direction from GaTe to InS. To confirm this, the
charge density difference (CDD) of the InS/GaTe heterostructure
is calculated using eqn (4) and the result is visualized in Fig. 8.

Ap(l‘) = pGaTe/lnS(r) - (pGaTe(r) + plnS(r)) (4)

The CDD clearly indicates that there is a charge redistribu-
tion along the junction between InS and GaTe. In particular, an
apparent charge depletion is seen in the GaTe surface and
charge accumulation along the InS side. The Bader charge
analysis®” was further conducted to estimate the electron
transfer between the surface of the two monolayers in the
heterostructure. The results are summarized in Table 1, from
which it can be inferred that GaTe loses 0.02 electrons while at
the same time InS gains 0.02 electrons. This verifies the electron
transfer from the GaTe monolayer to the InS monolayer, as
predicted from the analysis of Fermi energy and charge density
difference distribution.

Regarding the potential of the InS/GaTe heterostructure for
water splitting applications, its band alignment (Fig. 5) indi-
cates that it straddles the water redox potential for the whole pH
range (pH = 0 to pH = 14). In other words, the water redox
potential for the whole acid pH range lies between the CBM and
the VBM of the heterostructure. This implies that InS/GaTe
heterostructure could potentially show remarkable photo-
catalytic performance.

As it has a staggered band, the transfer mechanism of
photogenerated electrons and holes along the junction could
follow two paths. The first path is the type-II mode, in which the
photogenerated electrons move from the conduction band (CB)
of photocatalyst GaTe to that of InS whereas the photogenerated
holes move from the valence band (VB) of InS to that of GaTe.
This separation of charge is expected to reduce the intralayer
electron-hole recombination at each photocatalyst, but such
a charge transfer mechanism is not very favorable for water
splitting as the electrons gather at InS with weak reduction
potential and similarly, the holes are accumulated at GaTe with
weak oxidation potential. In fact, HER can not take place at the
surface of InS since its CBM is lower than the water reduction
potential for the whole pH range. In addition, the repulsion
from the existing electrons at InS (holes at GaTe) will hinder
a continuous transfer of electrons from GaTe (holes from InS).
On the other hand, Z-scheme heterostructures not only improve
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Y

Fig. 8 The charge density difference of the InS/GaTe heterojunction:
pink, yellow, green, and brown balls are In, S, Ga, and Te atoms,
respectively. The orange and cyan iso-surfaces represent charge
accumulation and depletion, respectively. The iso-surface scaling is
setto 7.9 x 107° efap”.

the separation efficiency but also retain strong redox ability of
the catalyst. This is because the electrons (holes) with strong
reduction (oxidation) ability stay in the CB of GaTe (VB of InS)
whereas electrons (holes) with lower redox ability recombine
(shown as path 2 in Fig. 9).

The presence of the built-in electric field, E, from GaTe to InS
will prevent photogenerated electrons moving from the CBM of
GaTe to that of InS. It will also prevent the movement of
photogenerated holes from the VBM of InS to that of GaTe.
Therefore, it is highly unlikely that the heterostructure possesses
the type-II charge transfer mechanism (path 1 in Fig. 9). On the
other hand, the built-in E will promote the interlayer recombi-
nation of the photogenerated electrons at the CBM of the InS and
the photogenerated holes at the VBM of the GaTe monolayer. This
increases the possibility of the presence of the Z-scheme transfer
mechanism (path 2 in Fig. 9). However, this analysis alone is not
sufficient to come to the conclusion of the charge transfer
mechanism as some previous studies fail to reproduce such
a prediction in the experimental results just by using this proce-
dure. Therefore, a further analysis is performed in the next
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Table 1 Bader analysis results
Atom Number of electrons Valence electrons Ae
Ga 12.520 13 —0.479
Ga 12.586 13 —0.414
Te 16.448 16 0.448
Te 16.426 16 0.426
Total 57.981 58 —0.019
In 12.216 13 —0.784
In 12.133 13 —0.868
S 6.841 6 0.841
S 6.830 6 0.830
Total 38.019 38 0.019

sections to support this finding. This analysis involves calculating
the reaction free energy diagram of the oxygen evolution reaction
(OER) on the InS/GaTe heterostructure for both type-II and direct
Z-scheme charge transfer paths. The Gibbs free energies are then
calculated for each reaction pathway. The hydrogen evolution
reaction (HER) will also be investigated on the direct Z-scheme
path but not on the type-II, as the CBM of InS is more negative
than the reduction potential for all pH range, as mentioned
above. In other words, type-II scheme of the InS/GaTe hetero-
structure cannot facilitate HER.

3.2.4 Charge carrier mobility of the InS/GaTe hetero-
structure. Good photocatalysts should possess high charge
carrier mobility. The carrier mobility of 2D materials u,p, can be
determined using eqn (5):*

- €h3 CZD
N kB TWI*WE‘,;[2

5))) (5)
where e, 7, kg, and T represent the elementary charge, reduced
Planck constant, Boltzmann constant and temperature (298.15
K), respectively. The effective mass (m*) is calculated using m* =
#*((0E(k))/0k*) " while m is the average effective mass defined

tobem = m;m; C,p and E4 are the 2D elastic constant and

Built-in E

H*H, pH=14

------------------------------- H'/H, pH=7

H'/H, pH=0
0,/H,0 pH=14

0,/H,0 pH=7

0,/H,0 pH=0

Energy w.r.t. vacuum (eV)
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Fig. 9 The InS/GaTe band alignment and built-in electric field from GaTe to InS in the InS/GaTe heterostructure for the Z-scheme (a) and the
type-Il (b). Paths 1 and 2 illustrate the charge transfer mechanism of type-Il and direct Z-scheme heterostructures, respectively. The dashed
horizontal red, blue, and purple lines represent the reduction and oxidation potential of water with respect to vacuum at pH = 0, pH =7, and pH
= 14, respectively. The black dotted lines are the Fermi level of the InS/GaTe heterostructure.
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the deformation potential, which are calculated using eqn (6)
and (7), respectively.

_ 2(E — Ey)/So ©)
» (Al/D)?
AEedge
Eo = X1/, )

In these equations, E and E, are the total energy of the system
with and without applied strain, respectively. The unstrained
lattice constant and the area of the heterojunction interface are
represented by /, and S,, respectively, while the deformation of
lo is denoted by Al. AE.qg. is the variation in the CBM or VBM of
the heterostructure.

To calculate the carrier mobility in the zig-zag (x) and
armchair (y) directions, the hexagonal unit cell of the hetero-
structure was first transformed into an orthorhombic cell as
visualized in Fig. S11. The optimized lattice parameters of the
new unit cell are a = 4.04 A and b = 6.99 A. The uniaxial strain
was applied to both lattice parameters and each strained system
was fully relaxed while keeping the lattice constant fixed, to
obtain newly relaxed electronic configurations for the calcula-
tion of the electronic band structure.

Fig. S12 demonstrates the change in the total energy and the
band edges of the InS/GaTe heterostructure due to the uniaxial
strain along the x and y directions. The general pattern of the
total energy is similar for both directions although the total
energy of the system under strain along the x direction is
slightly lower than that along the y direction. The variation in
the band edge, both CBM and VBM, is similar along x and y
directions.

The calculated carrier mobility, along with the effective
mass, elastic modulus, and deformation potential are summa-
rized in Table 2.

The calculated carrier mobility for electrons along x and y
directions are 285.20 cm® V! s7! and 224.50 cm® V! 577,
respectively. These values are higher than reported mobility of
about 200 cm® V" s~ for some 2D systems including single layer
MosS, (ref. 68) and graphene nanoribons,® which is also compa-
rable to that of thin strained silicon films (250 cm® V™' s7%).7°
Nevertheless, these values are still lower than the mobility of other
systems including Ge,Se,P, (7396.35 cm® V' s~ " and 375.35 cm®
v~ 's ' along x and y directions, respectively),’® ScSel (933.83 cm®
v ' s along y direction),"* and the AIN/PtSSe heterostructure
(1320.49 cm® V7! s and 3998.32 cm® V! 57! along x and y
directions, respectively).*®

Table 2 The effective mass (m*), the elastic modulus (Cyp), the
deformation potential (Eg), and the mobility (u,p) of electrons and
holes of the InS/GaTe heterostructure in the zig—zag (x) and armchair
(v) directions

Carrier m*/m, Cop (Nm™) Eq4 (eV) top (cm® Vs
Electron (x)  0.77 294.02 —6.00  285.20
Electron (y) 0.81 267.57 —6.29 224.50
Hole (x) 3.75 294.02 1.00 680.83
Hole (y) 2.82 267.57 0.86 629.97

This journal is © The Royal Society of Chemistry 2025
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Interestingly, the calculated values of the hole mobility in x
and y directions are 680.83 cm®> V™' s and 629.97 cm®*V !5,
respectively, around 2 times higher than those of electron.
Similar behaviour was also observed for other heterostructures
such as the MoS,/MoSe,-Janus XMoSiZ, (X =S, Se, Te; Z =N, P)
heterostructure,” where the hole mobility (10219.42 cm?* v*
s ' and 4750.80 cm® V! s™" along x and y directions, respec-
tively) is significantly higher than the electron mobility (256.64
em® V' 57" and 196.01 cm® V! 57" along x and y directions,
respectively) for the MoSe,/SeMoSiP, heterostructure. This
implies that electrons and holes can be more effectively sepa-
rated.”™ These values are higher than the hole mobility of many
systems including ScSel (225.98 cm>V ' s " and 146.47 cm* V!
s~ " along x and y directions, respectively),"* Ge,Se,P, (155.95
em”® V™' s~ " along x direction),’® and AIN/PtSSe (252.79 cm> V"
s ' along y direction).** The results suggest that the InS/GaTe
heterostructure exhibits high electron and hole mobility,
which is crucial for its potential applications including as
a photocatalyst for water splitting.

3.3 Photocatalytic properties of the InS/GaTe
heterostructure

To investigate the photocatalytic performance of the hetero-
structure, the OER and HER mechanisms were studied on the
surfaces of the heterostructure for both the Z-scheme and type-
II charge transfer mechanisms. We first consider acidic condi-
tions. The overall water oxidation reaction, under acidic
conditions at p =1 bar and T'=298.15 K, is shown in eqn (8).”>"*

2H,O() —» O, + 4H" +de™; AGy =4.92eV (8)

which consists of four steps as follows:

2H,O(l) + * —» OH*+ H" + ¢~ (9)
OH* - O*+ H" + ¢ (10)
H,O() + O* > OOH* + H" + ¢~ (11)
OOH* — *+ Oyg) + H" + ¢~ (12)

In the above equations, (1) and (g) represent the liquid and gas
phases, respectively. * is the active site on the surface of the
catalyst, OH*, O* and OOH* are the adsorbed OH, O, and OOH
on the surface. In the calculations, the Gibbs free energy of H' +
e is equal to the total energy of H,/2.

The theoretical Gibbs free energy differences of each reac-
tion step are calculated using eqn (13),"

AG = AE + AZPE — TAS + Gy — Gyp (13)

where AE, AZPE, and AS are the differences in the adsorption
energy, zero-point energy, and the entropy, respectively,
between the adsorbed states and their freestanding counter-
parts. Gy is the photoinduced potential while Gp;; accommo-
dates the effects of pH on the Gibbs free energy. The two
quantities can be calculated using eqn (14) and (15).*°
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GU = —eUSHE (14)
Gpu = kgT' x In(10) x pH (15)

Here, Usyg denotes the potential difference with respect to the
standard hydrogen electrode (SHE) potential. Ugyg is defined as
the energy difference between the hydrogen reduction potential
and the VBM for OER mechanism (U;,) while for the HER
mechanism (U.), it is the difference between the hydrogen
reduction potential and the CBM of the catalyst.*>”>”® The pH
correction to Usyg at T = 298.15 K can be obtained using the
following formula:**

U. = Us(pH = 0) — pH x 0.059 V (16)
Un = Un(pH = 0) + pH x 0.059 V (17)

Based on eqn (8) and (13), the following equations were used
to calculate the Gibbs free energy difference for the four reac-
tion steps as shown in eqn (9)-(12). Each of the AG values is
evaluated relative to the preceding steps as illustrated in
Fig. 14(a). The data used to calculate these quantities are
provided in the SI (Table S10).

1
AG, = Eop+ + EEHZ — E« — EHZO + (AZPE — TAS)I + Gy — GpH
(18)

1
MGy = Eo+ + 3En, — Eo + (AZPE — TAS), + Gy — Gon (19)

1
AG3 = EOOH* + EEHZ - EHgO - E()* + (AZPE - TAS)3 + GU

(20)

3
MGy = E* + 2,0 +4.92 = SEu, — Eoon + (AZPE — TAS),

+ Gy — Gp
(1)

In these equations, E* is the total energy of the clean surface
while Eqp+, Eox, and Eqop+ are the total energies of a single OH,
O, and OOH, respectively, adsorbed on the surface. Similarly,
En,o and Ey, are the total energies of a single H,O and H,
molecule, respectively. These energy values are obtained from
DFT calculations. T'is the temperature (298.15 K) while (AZPE —
TAS)y;n—1,2,3,4 Tepresents the change in the zero-point energy
and entropy, which is calculated using the following
equations.”

(AZPE - TAS)l = (ZPEOH* — TSOH*) - (ZPEHZO - TSHZO)
1
+§ (ZPEy, — T'Su,)
(22)
(AZPE — TAS), = (ZPEo» — TSo+) — (ZPEou+ — TSop+)

1 (23)
+5 (ZPEx, — TSu,)
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(AZPE — TAS), = (ZPEoon+ — TSoon+) — (ZPEo+ — TSo»)

1
—(ZPEy,0 — TSu,0) + 3 (ZPEy, — T'Sy,)

(24)

(AZPE — TAS), = ~(ZPEooy+ — TSoon+) + 2(ZPE.0 — TSh,0)

3
- (ZPEy, — T'Sn,)

(25)

The zero-point energy ZPE and the entropy of the adsorbed
intermediates in this study were calculated using eqn (26) and
(27), respectively.”

ZPE = g > (i) (26)

3N .
Nahw(i) —h; [k
Syip = ; (7T(ehw/kﬂ m_— —R ln(l — il BT) (27)

Here, v; is the normal-mode frequency of adsorbates of 3N
degree of freedom with N being the number of atoms, as ob-
tained by performing phonon calculations using DFT. &, Ny, kg,
and R are the Planck constant, the Avogadro number, the
Boltzmann constant, and the universal gas constant, respec-
tively. Meanwhile, the ZPE and entropy of gaseous molecules
were taken from the Computational Chemistry Comparison and
Benchmark Data Base (CCCBDB).”® For liquid H,O, the experi-
mental ZPE value of 53.88 k] mol*,” and entropy of 69.9 k] K"
mol " (ref. 80) were used.

The HER mechanism is characterized by the following
reactions.*

*+H"+e — H* (28)
H*+H"+e — *+H, (29)

Eqn (28) and (29) are referred to as the Volmer-Heyrovsky
mechanism. Moreover, the HER mechanism can also follow the
Volmer-Tafel route (eqn (28) and (30)).**

2H* — H, + 2% (30)

It is noted that the terminology of the Volmer, Heyrovsky,
and Tafel steps originate in electrochemical splitting of water,
but analogous steps also occur in photochemical water split-
ting. Which of the steps of eqn (29) or (30) occur will depend on
the particular system. The Gibbs free energy is calculated using
eqn (31) and (32)

1

AG = Ey- — E- — 5Eu, — 024+ Gu = Gy (31)
1

AG = E« — Ey« + EEHZ +0.24 4+ Gy — Gpu (32)

where AZPE — TAS = 0.24 was used as default." The AG of the
step eqn (31) is generally used as a crucial parameter to predict
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the performance of a photocatalyst in facilitating HER. The AG
for an ideal catalyst should be zero or very close to zero as
a positive AG indicates that hydrogen adsorption is not favor-
able, while a significant negative AG means that hydrogen does
not easily desorb from the surface of the photocatalyst.*

3.3.1 The Z-scheme path. In the Z-scheme path, the OER
mechanism occurs at the surface of the InS monolayer while the
HER mechanism is at the GaTe surface. To investigate the OER
mechanism, a single H,O molecule was adsorbed on the InS
surface, where 24 different adsorption sites were investigated.
The adsorption energy (Eaqs) was calculated using E,qs = E(arp) —
Ex — Eg, where E.p), Ea, and Eg are the total energy of the
adsorption system, substrate, and adsorbate, respectively.

Table S1 of the SI shows all H,O adsorption configurations
with their adsorption energy while Fig. 10 presents the most
favorable adsorption configuration of H,O on the InS surface.
Overall, the water molecule is weakly adsorbed with the most
favorable configuration having an adsorption energy of
—0.19 eV. The distance between the adsorbed H,O and the InS
surface for the most stable state is 2.48 A. The adsorption of
intermediates OH, O, and OOH on the InS surface was investi-
gated, with stable adsorption sites and associated adsorption
energies presented in Tables S2-S4 of the SI, respectively.

The most favorable adsorption configurations of the species
on the InS surface are visualized in Fig. 10. The adsorption
energies of OH, O, and OOH for the most favorable adsorption
configurations are —1.38 eV, —4.60 eV, and —0.33 eV, respec-
tively. Overall, OH and O were found to be strongly adsorbed on
the InS surface, with O forming a chemical bond with the S
atom with O-S bond lengths of 1.764 A and 1.521 A, respectively.
On the other hand, OOH is physisorbed on the surface, which
agrees with the results of other studies on the surface of other
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monolayers.”*** The Gibbs free energies of the intermediates
are illustrated in Fig. 11(a), for pH = 0 to pH = 7, with and
without photogenerated hole potential, Uy. In this study, the
term “light on” means the potential U, > 0 or U}, > 0 while “light
off” means the conditions for which the potential is zero U, =
0 or U, = 0. As shown by the figure, the reaction is upward
(endothermic) when the light is off for all pH values, and under
this condition, the influence of pH is not very significant on the
reaction steps, ie. only leads to a slight decrease in the Gibbs
free energies. The G,y value for pH = 1 is 0.059 eV, steadily
increasing to 0.413 eV for pH = 7. On the other hand, when the
light is on, the photogenerated hole potential leads to a down-
ward trend of the reactions. For pH = 0 and pH = 1, there is still
an endothermic reaction for OOH* while for 2 = pH = 7, the
OER is spontaneous for all the reaction steps.

For the HER mechanism, a H atom was adsorbed on the
GaTe surface where various adsorption sites were considered, as
shown in Table S5. The hydrogen atom was found to have an
adsorption energy of —1.93 eV and a H-Te bond length of 1.685
A. The Gibbs free energy diagram for the HER mechanism is
presented in Fig. 11(b), for pH = 0 to pH = 7. When the light is
off, it can be seen that adsorption of a H atom on the surface is
not favorable compared to being in a free H, molecule. Further,
the effect of pH on the Gibbs free energy is negligible as it varies
with pH by only 0.059 eV. On the other hand, with light on, pH
and the photogenerated electron potential have a notable effect
on the Gibbs free energy. More importantly, the AG (adsorbed H
atom) is found to be —0.02 eV at pH = 7 under light illumina-
tion. This highlights the promising property of the InS/GaTe
heterostructure as a photocatalyst to facilitate HER.

It is interesting to note that the rate limiting reaction (the
most endothermic step) is the formation of the OOH*
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Fig. 10 The most favorable adsorption configurations of H,O (a), OH (b), O (c), and OOH (d) on the InS surface, for the Z-scheme mode.
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intermediate. This agrees well with other studies on hetero-
structures including GeH/InSe,** GaTe/AsP,** and CdS/CeN-,* as
well as monolayers such as ScSel,"* and SnSe monolayers.* This
is because O is strongly bonded to the surface, meaning that
more energy is required to form the OOH intermediate.

3.3.2 The type-II path. In contrast to the Z-scheme mech-
anism, the OER and HER reactions in the type-II scheme occur
at the surface of GaTe and InS, respectively (cf. Fig. 9). However,
HER is not possible within the type-II scheme as Fig. 9 clearly
demonstrates that the CBM of the InS monolayer is more
negative than the reduction potential.

Similar to the results of the Z-scheme mechanism, H,O and
OOH were found to be physically absorbed on the surface of
GaTe, while the OH and O are chemisorbed with O forming
a bond with Te atom. The O-Te bond lengths for the adsorption
of OH and O are 2.183 A and 1.872 A, respectively.

The adsorption energies of the most favorable configura-
tions for H,O, OH, O, and OOH adsorbed on the surface are
—0.15 eV, —1.71 eV, —4.32 eV, and —0.62 eV, respectively. All
adsorption sites considered with associated adsorption ener-
gies are presented in Tables S6-S10. The most favorable
adsorption configurations are shown in Fig. 12.

The Gibbs free energy diagram for the OER is shown in
Fig. 13(a) for the type-II scheme. In general, the overall trends
observed in the calculated free energy differences for the Z-
scheme are also found for the type-II mechanism, with the
main difference being the magnitude of the Gibbs energy. In
particular, the reaction is predicted to be spontaneous when the
light is on for 3 = pH = 7.

3.3.3 Charge transfer mechanism in the InS/GaTe hetero-
structure. Liu and co-workers* claimed that the maximum
energy barrier determines the type of charge transfer in stag-
gered band heterostructures: charge transfer mechanism
follows the scheme where the maximum energy barrier is the
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lowest. They reported that the AIN/PtSSe heterostructure
exhibits the direct Z-scheme mechanism as its maximum
energy barrier, when the light is off, for OER and HER mecha-
nisms at pH = 7 is lower than that for the type-II mechanism.

For the present system of InS/GaTe, comparing the OER
pathways when the light is off, shows that the Z-scheme exhibits
a larger energy barrier compared to the type-II. Therefore, based
on the proposed method of Liu et al.** the InS/GaTe hetero-
structure should have the traditional type-II charge transfer
mode. However, this analysis is only based on the “dark
condition”, which is not completely appropriate as the
photogenerated charge transfer occurs after light illumination.
Moreover, the type-II mode predicted for InS/GaTe using the
method of ref. 45 in the present study contradicts with the
analysis of the electronic properties of InS/GaTe discussed in
the previous section, especially related to the direction of the
built-in electric field.

In this study, we propose that a more appropriate way to
determine the charge transfer mechanism in band staggered
heterostructures is by examining the Gibbs free energy differ-
ences when the light is on. As the Z-scheme and type-II mech-
anisms describe the charge transfer mechanism of
photogenerated charges (electrons and holes), the analysis of
the reaction steps to determine which mechanism is favorable
for a particular heterostructure should be performed when the
light is on. The scheme with the lowest Gibbs free energy
change when the light is on is the most favorable scheme.

Fig. 13(b) presents the Gibbs free energy diagram of the OER
for the Z-scheme and type-II mechanisms when the light is on.
For clarity, the figure only shows the diagram for pH = 0 and pH
= 7. The figure illustrates that both Z-scheme and type-II
scheme possess the same general trend of Gibbs free energy
for all reaction steps for a given pH. The OER reactions are
spontaneous only when the light is on and for 2 = pH = 7 for

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 The most favorable adsorption configurations of H,O (a), OH (b), O (c), and OOH (d) on GaTe surface, for the type-Il mode.

the Z-scheme and for 3 =< pH = 7 for the type-II. This means that
the InS/GaTe heterostructure is a promising photocatalyst to
realize spontaneous OER reactions, irrespective of the type of
the photogenerated charge transfer. However, it can be clearly
seen that for all reaction steps, the Z-scheme mechanism
exhibits lower (more negative) Gibbs free energy difference than
the type-II mechanism. This is because it has a larger value of
photo-induced potential with only a slight difference in the
relative free energies with “light-off” for Z-scheme and type-II.
Although the maximum increase in Gibbs free energy for the
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Z-scheme (2.57 eV at pH = 0, ¢f Fig. 11) is slightly higher than
type-1I (1.93 eV at pH = 0, ¢f. Fig. 13), the hole potential for Z-
scheme (2.37 eV at pH = 0) is considerably larger than type-II
(1.44 eV at pH = 0). This leads to more greatly lower Gibbs
free energy for the Z-scheme when the light is turned on,
implying that the Z-scheme mechanism is more favorable for
the InS/GaTe heterostructure.

The Z-scheme nature predicted for the InS/GaTe using this
method is also supported by the direction of the built-in electric
field as shown in Fig. 9, which is also true for the AA stacking
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configuration of InS/GaTe reported in ref. 22. It is also worth
noting that the spontaneous reaction of OER for 2 =< pH = 7
makes InS/GaTe more promising for a wider range of media
compared to other heterostructures such as AIN/PtSSe,* for
which the OER was predicted to be spontaneous only at pH = 7.

The oxygen evolution reaction performance of InS/GaTe in
the present work is compared with that of two of the most
efficient OER catalysts, namely RuO, and IrO, (ref. 86) in Table
S15 of the SI. The comparison of the OER Gibbs free energy and
overpotential between InS/GaTe, RuO, and IrO,, shows the four
steps of the OER reactions are similar for the three materials. In
particular, the potential determining step is the *OOH forma-
tion step (step 3) for all three materials. The most striking
difference is found for the Gibbs free energy for the O, forma-
tion step (step 4 of the reaction) which for our system is spon-
taneous but is not spontaneous for RuO, and IrO,. Our results
also showed that as pH increases, the Gibbs free energy for all
reactions decreases and leads to oxygen formation becoming
spontaneous at high pH. The overpotential of InS/GaTe is found
to increase for increasing pH, higher than that of RuO, and IrO,
for neutral-basic pH. However, InS/GaTe is better than IrO, at
PH = 0 with overpotential of 1.14 eV and 1.19 eV, respectively.
The overpotential of InS/GaTe is also comparable with that of
IrO,, especially under acidic conditions, where the over-
potential of InS/GaTe is below 1.5 eV. Therefore, this strongly
suggests the high potential of InS/GaTe as an OER
photocatalyst.

InS/GaTe is also promising as a HER catalyst. This can be
seen from its Gibbs free energy for the H, formation reaction at
pH = 6 and pH = 7 with values of —0.08 eV and —0.02 eV,
respectively. This is comparable to the Gibbs free energy of the
most efficient HER catalyst, namely Pt with Gibbs free energy of
—0.09 eV.*” However, the HER potential determining step of InS/
GaTe becomes larger for other pH values, making it less suitable
as a HER catalyst.

3.3.4 OER and HER mechanisms under alkaline condi-
tions. The water oxidation reaction can also occur under alka-
line conditions, for which the reaction is given by:"*

40H™ — Os(g) + 2H,O(l) + 4e~ (33)

which is generally assumed to proceed in four steps as
follows:

*+OH — OH"+e” (34)

OH* + OH™ — O* + H,O(l) + ¢~ (35)
O*+ OH — OOH* + ¢~ (36)

OOH* + OH™ — * + O,(g) + H,O() + e~ (37)

Although the reactions are different, the equations to
calculate the Gibbs free energy of each reaction step in alkaline
conditions are the same as those in acidic conditions i.e. eqn
(18)-(21). The full derivation can be found in ref. 74. Fig. 14
shows the Gibbs free energy diagram for the OER mechanism
under alkaline conditions for Z-scheme and type-II modes.
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Overall, the general pattern is similar to the OER mechanism
under acidic medium. It can be seen that the energy barrier is
lower in alkaline media although OOH* is still the rate limiting
reaction (the most endothermic step). As for the acidic medium,
the OER reaction is not spontaneous when the light is off. On
the other hand, the reaction is predicted to be spontaneous for
the whole pH range from pH = 8 to 14. Consistent with the
results for acidic medium, it can also be inferred from Fig. 14
that Z-scheme is more favorable for the OER reaction in alkaline
medium compared to the traditional type-II scheme as it has
a more negative Gibbs free energy for all reaction steps.

Regarding the HER mechanism, it is found that in general,
catalysts display substantially lower HER rate in alkaline medium
than in acidic medium.**®* This is due to the additional energy
barrier introduced by the water dissociation step in the Volmer
step in the alkaline HER.”** The additional step of water disso-
ciation provides more protons for the subsequent reactions,
which is not the case in the acidic media.” This is clearly
demonstrated in the case of Pt catalyst, where the HER rate in
alkaline medium was found to be two or three orders of magni-
tude lower than that under acidic condition.” This is also true in
the present study, where it is predicted that HER performance is
decreasing in alkaline medium as the electron potential decreases
when pH increases (Table S10). This may lead to the reduction in
its ability to overcome the energy barrier in alkaline media.

3.4 The water splitting efficiency of the InS/GaTe
heterostructure

Solar-to-hydrogen efficiency (ny) is generally used to evaluate
the water splitting efficiency of a photocatalyst. It can be
calculated using eqn (38), where 7,5 and 7, are the efficiency
of light absorption and carrier utilization, respectively.”* naps
and 7., are presented in eqn (39) and (40), respectively.

Nsth = Mabs X Mcu (38)
Jw P(hw)d(hw)
MNabs = ig (39)
Jo P(hw)d(hw)
“ P(hw)
AG d(hw)
Mo = J ho (40)

J P(hw)d(hw)
ES

In these equations, E, is the band gap of the InS/GaTe hetero-
structure (1.34 eV), P(hw) is the AM1.5 G solar flux®* at photon
energy fhw, AG is the difference between the oxidation and
reduction potential for water splitting (1.23 eV),** and E is the
minimum photon energy which can participate in the redox
reactions. The value of E is determined by using eqn (41).**

E=E, if [x(H)=0.2,x(0,) = 0.6]
E=E,+02 - x(H,) if [x(H,) <0.2,%(0,) =0.6]
E=E,+0.6—x(0,) if [x(H)=0.2,x(0,) <0.6]

E = E,+ 08— x(Hy) - x(02) if [x(Hy) <0.2,x(0,) <0.6]
(41)
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Here, x(H,) and x(O,) are the overpotentials for the HER and
OER, respectively. The HER and OER overpotentials for the Z-
scheme mechanism of the InS/GaTe heterostructure are pre-
sented in Table S13 of the SI. As the HER and OER over-
potentials are higher than 0.2 and 0.6, respectively, the value of
E = E; = 1.34 eV was used to calculate the water splitting effi-
ciency of the InS/GaTe heterostructure.

The calculated solar-to-hydrogen efficiency (9s) for the Z-
scheme InS/GaTe heterostructure is 44.8% for the pH range
considered (2 = pH = 14). It is the combination of the over-
potential and the energy gap of the heterostructure which plays
the vital role in obtaining a high solar-to-hydrogen efficiency.
This predicted value is higher than the efficiency of many
photocatalysts investigated for water splitting applications. For
instance, the indium gallium nitride photocatalyst was recently
synthesized and the solar-to-hydrogen efficiency was reported to
be 9.2%.° The water splitting efficiency of 44.8% for InS/GaTe is
also higher than theoretically predicted efficiency for other
photocatalysts including heterostructures: MoSe,/Ti,CO,
(12%),° GaTe/AsP  (14.1%),** and PtSSe/y-phosphorene
24.86%,*” and monolayers: Ge,Se,P; (17.05%)" and ScSel
(17%)."* More importantly, this value is also significantly higher
than the threshold of 10% based on the technoeconomic
analysis.”” Hence, it is apparent that the InS/GaTe hetero-
structure is a promising photocatalyst for water splitting
although its efficiency is still lower than that theoretically pre-
dicted for MoTe,/BAs (56.32%).”*

A sensitivity analysis is provided to estimate how ng,
changes if the band gap is inaccurate by —0.1 eV and +0.1 eV.
Table S14 summarizes the changes in the HER and OER over-
potentials as well as the water splitting efficiency (nsm) for
inaccuracy in the band gap by —0.1 eV and +0.1 eV. The details
of the calculations are presented in the SI, just under Table S14.
The results show that 5y, increases (decreases) when the band
gap of InS/GaTe is narrower (broader), with pH = 14 (for
a decrease in the band gap by 0.1 eV) being the only exception. It

This journal is © The Royal Society of Chemistry 2025

is predicted that the maximum increase (decrease) in the effi-
ciency for the case where the band gap is inaccurate by —0.1 eV
(+0.1 eV) is 48.6% (39.9%), from the estimated efficiency of
44.8% (E; = 1.34 €V). This has been anticipated as the narrower
the band gap of a material, the broader its light absorption
range.

Eqn (38), (40) and (41) indicate that the HER and OER
overpotentials have a direct impact on 1. The largest contri-
bution of the overpotentials to the efficiency is when x(H,) = 0.2
and x(0,) = 0.6. Efficiency is expected to decline for over-
potentials below these thresholds. This is clearly demonstrated
for the case of the band gap being inaccurate by —0.1 eV (for pH
= 14), where x(H,) = 0.154, which leads to a slight decline in the
efficiency from 44.8% to 42.6% (Table S14). For other cases
where x(H,) = 0.2 and x(O,) = 0.6, the obtained 7y, values are
the same: a more detailed explanation is provided in the SI (just
below Table S14).

Charge recombination is another important factor which
can reduce 74y,. The recombination will cause smaller number
of electrons and holes reaching reaction sites, leading to lower
photocatalytic performance. In the present work, the Z-scheme
is predicted to be the most favorable charge transfer mecha-
nism for InS/GaTe. Therefore, it is expected that photogene-
rated electrons (holes) will stay at the surface of GaTe (InS) and
participate in the HER (OER) reactions. Meanwhile, less useful
photogenerated electrons at the CBM of InS will recombine with
photogenerated holes at the VBM of GaTe.

For practical applications, it is expected that the solar-to-
hydrogen efficiency of InS/GaTe is lower than 44.8%. This is
because our DFT model cannot capture some real-world losses
such as defects, surface states, catalyst overpotential and non-
radiative recombination. However, such phenomena can be
experimentally minimized to obtain an optimal solar to
hydrogen conversion efficiency. For instance, Zhang and co-
workers®® recently observed that surface Ti vacancies around
positively polarized facets in PbTiO; lower its photocatalytic
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performance by trapping electrons and inducing their recom-
bination. The authors then modified the system by growing
SrTiO; nanolayers on the polarized facets PbTiO;. The modifi-
cation successfully mitigated the interface Ti defects and as
a result, the electron lifetime significantly increases. This leads
to increasing participation of electrons in the water splitting
reactions and a significant increase in the quantum yield for
overall water splitting. Moreover, doping® and the optimization
of some key characteristics of catalysts including the conduc-
tivity, crystal size, microstructure, and assembly can signifi-
cantly reduce the overpotential of the catalysts.'” Furthermore,
many catalysts still suffer from high non-radiative recombina-
tion. Such recombination can be suppressed by structural
modification including optimal doping of 2D materials'** and
other crystalline engineering techniques to reduce the number
of recombination centers.'*

It should also be mentioned that the effect of solvation is not
considered in the present work. This might lead to an under-
estimation or overestimation of the adsorption energy and the
Gibbs free energy of the studied material. However, it is ex-
pected that the qualitative trend for the free energy reaction
pathway is the same so that the overall conclusion regarding the
type of charge transfer remains unchanged. This was demon-
strated by a recent study'® using an implicit solvent model to
study the OER at the MoS, surface. The authors observed that
the inclusion of the implicit water model only slightly alters the
adsorption geometry and OER reaction mechanics. It was also
reported that the presence of the solvent reduces the adsorption
energy of all the intermediates (OH*, O* and OOH*) with
comparable magnitude.

3.5 Optical properties

The optical properties of materials are of great significance as
they provide information on how they interact with incoming
photons. For optoelectronic applications including photo-
catalytic water splitting, the materials should exhibit strong
light absorption ability, which can be inferred from the optical
characteristics such as their absorption capability.

The complex dielectric functions of the InS and GaTe
monolayers, as well as the InS/GaTe heterostructure, are
calculated using the HSEO06 functional and are presented in
Fig. S13 and S14. Once the imaginary dielectric function &
(Fig. S13) and the real part ¢, (Fig. S14) are determined using
eqn (42) and (43),** all the other optical characteristics can
be derived.'”

20 ) K c v
e (w) = Do, KZM|<¢,( |U-r|v")| 0(ExC — Ex" — E) (42)
) ©wew )

In these equations, the electronic charge and the volume of the
unit cell are represented by e and Q, respectively. The wave
functions and the energy of the electron at a particular value of k
in the valence band are written as y;” and E,”, respectively. The
corresponding values in the conduction band are y;° and E;°,
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respectively. The unit vector U is along polarization direction of
the electric field of the incident light.

It is important to note that the calculated dielectric function
is for the unit cell of the 2D structures including the vacuum
region. Therefore, to obtain the intrinsic dielectric function of
the structures, the calculated dielectric functions need to be
renormalized. This was performed using eqn (44) and (45),
respectively.'® In these equations, (¢)ux and (¢)sc (=1, 2; M =
Ga, In; X = S, Te) are the dielectric functions of the studied MX
monolayers without the influence of the vacuum region and for
the whole supercell, respectively; dsc is the thickness of the
monolayer plus the vacuum while dyx is the effective thickness
of the monolayers. In this study, the vacuum thickness used was
20 A for each monolayer and 35 A for the heterostructure, while
the thicknesses of InS, GaTe, and the InS/GaTe heterostructure
were 5.27 A, 4.95 A, and 13.60 A, respectively.

dsc
(e2)px = d_MX(SZ)sc (44)
dsc
(e)ux =1+ drix ((SI)SC - 1) (45)

The intrinsic dielectric function of the InS and GaTe
monolayers after the renormalization is shown in Fig. S13 and
S14. Comparison with the uncorrected dielectric function
including the vacuum region is presented in Fig. S15 and S16 of
the SI. The figures clearly demonstrate that without renormal-
ization the magnitudes are significantly smaller, as expected.

We note that in the literature, this correction is often ignored
in studies on 2D materials, which leads to errors in the reported
dielectric functions and therefore the optical properties of the 2D
materials. This was clearly demonstrated by Yang and Gao,'*”® who
applied the corrections to some 2D materials including well-
known h-BN and MoS, and found that their calculated optical
properties of the materials are in better agreement with the
measured values compared to previous calculations. The authors
also observed strong anisotropy in the optical properties of the h—-
BN and MoS,, which differs from their bulk counterparts.’® A
practice of ignoring the volume correction in the calculation of
the dielectric function of 2D materials is a common mistake in
the field and therefore needs reconsideration, as it may lead to
unphysical conclusions.’ It was demonstrated that the imagi-
nary dielectric function of the 2D MoS, is significantly higher than
that of the 3D MoS,.** Hiiser et al.**® also studied the dielectric
functions of the monolayer MoS, and presented discussions on
the difference between 2D and 3D screening. Hence, to obtain
more accurate optical properties of 2D materials, this correction
should be included.

The imaginary part of the dielectric function (Fig. S13)
represents the absorption behaviour of the InS/GaTe hetero-
structure. Despite having lower imaginary dielectric functions
in higher energy (E > 3 eV), it is apparent that in the visible
region, especially between 1.5 and 2.5 eV, the InS/GaTe
heterostructure possesses the highest values. This is consis-
tent with the finding that the InS/GaTe heterostructure exhibits
a band gap of 1.34 eV, significantly lower than that of the InS
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Fig. 15 The absorption coefficient, «, of the InS and GaTe monolayers as well as the InS/GaTe heterostructure, calculated using the HSEO6
functional: in plane (a) and out of plane (b). The inset shows the result for the low energy region for clarity.

and GaTe monolayers with band gaps of 2.61 eV and 2.12 eV,
respectively. The strong light absorption of the InS/GaTe
heterostructure, especially in the visible region of the solar
spectrum, further supports its promising photocatalytic prop-
erties for overall water splitting. Fig. S14 shows that the real part
of the dielectric function of InS, GaTe, and InS/GaTe have some
negative values between 4.5 eV and 13.5 eV (in plane) and
between 4 eV and 13.5 eV (out of plane). This indicates that the
systems can facilitate plasmonic phenomena around this
energy range.

To further evaluate the ability of the InS/GaTe hetero-
structure to absorb any incoming light, its optical absorption
was calculated using eqn (46),"® where ¢, and ¢, were obtained
using eqn (44) and (45), respectively.

a(w) = w\/ 2V e + &2 — 2¢ (46)

The absorption coefficient of the InS/GaTe heterostructure is
illustrated in Fig. 15, along with that of the InS and GaTe
monolayers. It is apparent from the figure that the materials
possess a high absorption coefficient, reaching 10° cm™ .
Materials with high absorption coefficient (10* cm™'-10> cm ™)
are promising for various optoelectronic applications.'* This
suggests the strong light absorption ability of the materials,
making them of huge interest for optoelectronic applications,
including for water splitting**>*** as the absorption coefficient
in the visible region is predicted to reach 10* em™". In partic-
ular, the InS/GaTe is predicted to exhibit higher absorption
coefficients, both in-plane and out-of-plane, than InS and GaTe
monolayers in the visible region of the solar spectrum, as shown
in the inset of Fig. 15.

4 Conclusions

The structural, electronic, photocatalytic, and optical properties
of the InS/GaTe heterostructure and its constituent monolayers
have been investigated using density functional theory

This journal is © The Royal Society of Chemistry 2025

calculations. The structural optimization shows that InS is pref-
erentially positioned over GaTe with the S atom over the hollow
site of GaTe. The system has a direct band gap of 1.34 eV, ideal as
an absorber for photocatalytic applications. The analysis of the
calculated work functions and the Bader analysis along the
junction suggested that there is electron transfer from the GaTe
monolayer to the InS monolayer, resulting in an built-in electric
field. This is consistent with the electronegativity of the S and Te
atoms which are the closest atoms to the heterojunction. The InS/
GaTe heterostructure was also found to possess high charge
carrier mobility with significant difference in the electron and
hole mobility, implying its possibility to effectively separate elec-
trons and holes. The oxygen evolution reaction (OER) mechanism
was analyzed for both the Z-scheme and type-II mechanisms to
determine the most favorable photogenerated electron and hole
transfer mechanisms. Based on the Gibbs free energy diagrams of
OER reactions when the light is turned on, the InS/GaTe hetero-
structure is predicted to possess the direct Z-scheme charge
transfer, consistent with the direction of the built-in electric
potential. The heterostructure was found to facilitate sponta-
neous OER for 2 = pH = 14 (Z-scheme) and 3 =< pH = 14 (type-1II).
It was found that the type-II scheme of InS/GaTe cannot facilitate
HER, while the Z-scheme is predicted to be promising for HER
with AG = —0.02 eV at pH = 7. The water splitting efficiency of
InS/GaTe was calculated to be 44.8%, significantly higher than the
commercial threshold of 10%. The promising photocatalytic
properties of InS/GaTe are also supported by its optical properties,
where the heterostructure is predicted to show stronger light
absorption in the visible spectrum, compared to the individual
InS and GaTe monolayers. Hence, these results strongly indicated
that the heterostructure is a promising photocatalyst for overall
water splitting.
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