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|. Introduction

Enhancing the photocatalytic hydrogen
generation performance and strain regulation of
the vertical Gel,/C,N van der Waals
heterostructure: insights from first-principles
study

Francis Opoku, 2 ** Samuel Osei-Bonsu Oppong,® Noah Kyame Asare-Donkor,
Osei Akoto® and Anthony Apeke Adimado?

a

A suitable electronic structure and efficient charge separation are significant for the performance of
photocatalytic water splitting. Herein, we have designed a two-dimensional Gel,/C,N van der Waals
(vdW) heterostructure and systematically examined its stability, electronic, photocatalytic, optoelectronic
and optical properties, and the effects of applying biaxial strain using density functional theory
calculations. Based on ab initio molecular dynamic simulations and phonon dispersion calculations, the
dynamic and thermal stability of the Gel,/CoN vdW heterostructure was confirmed. The Gel,/CoN vdW
heterostructure showed an inherent type-Il indirect bandgap energy of 2.02 eV and excellent visible
light absorption, which were significantly improved compared to those of the monolayers. The projected
band structure showed that the valence band minimum and conduction band maximum were
contributed by the C,N and Gel, monolayers, respectively, which was favourable for efficient charge
separation, thus increasing the solar energy conversion. Moreover, the Gel,/CoN vdW heterostructure
band edges precisely straddled the water redox potential energies for pH values ranging from O to 9,
allowing it to meet the conditions for spontaneous water splitting. The charge density difference
revealed that about 0.263 electrons were transferred from the C,N to Gel, monolayer, and the potential
drop at the interface was estimated to be 7.16 eV. We further hypothesised that strain might be utilised
to tune the band edges and bandgap of the Gel,/C,N vdW heterostructure, resulting in a transition from
a type-Il indirect to a type-| direct bandgap semiconductor under tensile biaxial strain. Our findings
provide a theoretical design for strategies to improve the performance of Gel,/CoN in solar conversion,
nanoelectronic and optoelectronic devices.

scarcity and environmental pollution, hydrogen (H,) produced
by photocatalytic water splitting®™> has emerged as a viable

Given the scarcity of fossil fuels and the deterioration of the
environment, developing clean and sustainable alternative
energy sources that are renewable, cost-effective, environmen-
tally friendly and can be replenished is urgently required to
address the energy demands and ever-growing pollution of the
environment.” The strong demand for renewable energy has
created a research hotspot to explore high-efficiency photoca-
talyst and photovoltaic materials. Today, to address the energy
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alternative to fossil fuels due to its zero pollutant emission (the
only combustion product is water vapour), higher energy den-
sity per unit mass, and lightweight, the abundance of solar
energy and the fact that it is the highest energy carrier.® https://
0-pubs-rsc-org.ujlink.uj.ac.za/en/content/articlehtml/2021/ta/
d1ta04256d? page = search - cit3. After overall water splitting
was experimentally achieved with TiO,,” several photocatalysts,
such as metal nitrides, sulphides and oxides, and other bulk
materials, have been reported to play a vital role in solar energy
conversion and storage processes.® However, the low solar
utilisation of bulk materials hinders their practical applications
as high-efficiency photocatalysts.

After successful fabrication of graphene, other two-dimensional
(2D) materials, such as black phosphorene, monochalcogenides,
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silicene, graphite-like carbon nitride, MXenes, stanene, transition
metal dichalcogenides and others,”"? exfoliated from their bulk
materials, have been fabricated experimentally and predicted
theoretically,"® showing great potential for photocatalytic water
splitting."* For practical applications, a promising 2D photocatalyst
semiconductor must possess a small exciton binding energy, low
exciton recombination rate and high separation efficiency of photo-
generated charge carriers, a bandgap value greater than 1.23 eV,
sufficiently large specific surface area, good visible light response
and appropriate band edge positions for overall water splitting."®

Carbon nitride (C,N), a novel 2D layered semiconductor
material, was successfully synthesised by thermally depositing
a C,N-h2D crystal sample on a Cu(111) substrate via a simple
bottom-up wet-chemical reaction technique.'® Based on their
bonding analyses, the C-N bonds in C,N exhibit sp* hybridisa-
tion comparable to the C-C bonds in graphene.'” The primary
distinction between 2D C,N and graphene is that the C,N layer
has periodic holes in the form of a delocalised benzene
structure. The two aromatic rings are joined together by pyr-
azine rings that are made up of a six-membered D,;, point group
with two N atoms facing one another. Recently, carbon nitride
materials, including C,N, C¢Ng and C3N,,'®'® have been iden-
tified as potential photocatalysts due to their good biocompat-
ibility, non-toxicity, abundance and low cost. C,N has high
water permeability, superior chemical activity and better visible
light absorption than the other carbon nitride materials.*® C,N
has an excellent direct bandgap and optical properties, and has
been demonstrated experimentally as an effective H, genera-
tion photocatalyst.>" Because N and C are lighter elements, the
hydrogen storage capacity of C,N may be significant as a result
of its high surface-to-volume ratio compared to other 2D
materials.® 2D germanium iodide (Gel,) has potential in solar
cells, and electronic and optoelectronic devices.”* Ozisik et al.*®
found that Gel, is thermodynamically and mechanically stable.
Though 2D materials may provide more efficient redox reac-
tions than their bulk equivalents, their photocatalytic efficacy is
limited due to the high electron-hole recombination rate
because the orbitals in the conduction band (CB) and valence
band (VB) are not completely separated in space.”* C,N also
suffers from a significantly high electron-hole recombination
rate, which prohibits its further applications.”>?® As a result, a
technique for the effective separation of photogenerated charge
carriers must be investigated as soon as possible.

Recently, van der Waals (vdW) heterostructures have been
developed to boost the optical, electronic and photocatalytic
properties of 2D materials.>”?® Experimentally, vdW hetero-
structures can be obtained by direct growth and mechanical
assembly,?® while theoretically they can be predicted by stack-
ing two or more 2D materials on top of each other.** 2D
heterostructures are energetically stable and undergo easy
exfoliation since the two materials are held together by weak
vdW interactions. Recently, type-II heterostructures have
attracted much attention since they can effectively separate
photogenerated charge carriers to different sheets for H, and
0, generation.’"* Several type-II C,N-based heterostructures,
such as C,N/BlueP,** GeC/C,N,?® BCN/C,N,** C,N/MoSe,,*
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C,N/InTe,*® C,N/GaTe,>” g-C3N,/C,N,*®  C,N/WS,,>°  C,N/
MoS,,*® GaX/C,N (X = S, Se)*** and C,N/GaTe,*® have exhibited
high power conversion efficiency with enhanced photocatalytic/
photovoltaic performance compared to isolated C,N due to the
improved separation of electrons.https://0-pubs-rsc-org.ujlink.
uj.ac.za/en/content/articlehtml/2020/cp/c9cp06696a? page =
search - cit31.

The search for suitable 2D materials to create type-II hetero-
structures opens up a wide range of possibilities for photo-
catalytic water splitting to generate H,. Surprisingly, the lattice
constant of the Gel, monolayer is almost double that of C,N.
Given this, the new Gel,/C,N vdW heterostructure might be an
effective material with better photocatalytic activity than C,N.
Therefore, the small lattice mismatch between the Gel, mono-
layer and C,N makes the experimental fabrication of a vdW
heterostructure highly achievable. The reason for using C,N is
that it has the properties of a direct bandgap and high H,
storage capability. The successful exfoliation of 2D Gel, and
C,N also provides more possibilities for designing Gel,/C,N
heterostructures. The newly designed 2D vdW heterostructure
can enhance the electronic and optical properties of the iso-
lated monolayers and overcome the limitation of their applic-
ability in many fields. Using density functional theory (DFT)
calculations, this study explores the photocatalytic perfor-
mance, and structural, optical and electronic properties of 2D
vertical Gel,/C,N heterostructures (DFT). It is not easy to
provide an adequate theoretical explanation of the electrical
characteristics of the ground and excited states of 2D materials.
Excitation or optical absorption is a more difficult task. The
theoretical techniques available include the Bethe-Salpeter
equation (BSE)*® and time-dependent DFT (TD-DFT)**** The
former includes excitonic phenomena that are important for
2D materials. However, local relaxation and electron-phonon
coupling effects are difficult to include. After being tested in
many systems, the BSE approach”® has been shown to be a
dependable tool, but it also has drawbacks: long processing
durations, especially for complex systems, and not necessarily
well-adjusted approximations for the vertex function in solving
the BS equation.** TDDFT, on the other hand, is free of the
aforementioned shortcomings, as it is computationally signifi-
cantly less costly and does not require any approximation for
the exchange-correlation (XC) potential. TDDFT, an effective
theory of charge density in which the effects of electron-
electron interactions and hence all nontrivial excitations are
characterized by the XC potential, is the dominant current ab
initio technique for studying excitations in finite systems and
solids.”® In this study, we employ a simplified but effective
TDDFT approach to simulate the optical properties of semi-
conducting materials. Through ab initio molecular dynamics
(AIMD) and phonon dispersion calculations, the thermal and
dynamic stabilities of the optimised structures were analysed.
The band edges and the bandgap width, which are a research
focus in photocatalysis, can be effectively modulated by
strain.*”~*° Moreover, the electronic properties of isolated 2D
Gel, monolayers and C,N can be easily modulated by applying
strain.”>** With this in mind, we examine how strain may be
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used to adjust the bandgap and band alignment of the Gel,/
C,N heterostructure. Our theoretical findings suggest that the
Gel,/C,N heterostructure can be utilised to develop novel
electronics, optoelectronics and photocatalyst devices.

ll. Computational details

First-principles calculations were performed using the Quan-
tum ESPRESSO package.”! For structural relaxations, the gen-
eralised gradient approximation of Perdew-Burke-Ernzerhof
was employed to account for the XC effects.® The conjugate-
gradient technique®® of Broyden-Fletcher-Goldfarb-Shannon
(BFGS) was used for all the structural optimisations with the
variable-cell relaxation method. We employ optimised norm-
conserving Vanderbilt pseudopotentials®® to account for the
electron-ion interaction. A large vacuum of 30 A was added to
prevent the interactions of the periodic images. This vacuum
distance was wide enough not to affect the band positions with
reference to the vacuum energy level. Besides, the vdW inter-
action between the two monolayers was treated using the
Grimme D3 method with Becke-Johnson damping dispersion
correction.”>*® The Brillouin zone integration was sampled
using a Monkhorst-Pack grid>” of 7 x 7 x 1. The plane wave
cutoff energy, the energy convergence criteria and the Hell-
mann-Feynman force of 55 Ry, 10 ° Ry and 10~® Ry Bohr *,
respectively, are sufficient to give well-converged results. The
harmonic interatomic force constants and phonon dispersions
were calculated with density functional perturbation theory.”®
Due to the underestimation of the bandgap by the generalised
gradient approximation of the Perdew-Burke-Ernzerhof
functional,®  the  Heyd-Scuseria-Ernzerhof  functional
(HSE06)*®° with the fraction of exact local exchange of
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0.25 and screening parameter of 0.2 A~ was used to obtain
accurate optical and electronic properties, with band structures
drawn using the Wannier90 package.®* Optical properties were
calculated using the time-dependent density functional theory
(TDDFT) method®® within the Quantum ESPRESSO code.*’
The NVT ensemble with a Nosé-Hoover thermostat®*®* at room
temperature (300 K) was used to examine the thermal stability
of the Gel,/C,N heterostructures. We utilised the XCrySDen
package®® to visualise the optimised structures, charge density
and electron localisation function.

Ill. Results and discussion

Before exploring the vdW heterostructures, the structural and
electronic properties of C,N and Gel, were initially studied, as
shown in Fig. 1.

The optimised lattice constants are a = b = 4.213 A for the
Gel, monolayer and a = b = 8.332 A for C,N, which agreed with
earlier experimental and theoretical data.®””*® The C-C bond
lengths in the pyrazine and benzene rings are 1.428 and
1.465 A, respectively, and the C-N bond length is 1.335 A for
the optimised C,N (Fig. 1a), which agreed with results from
earlier studies.®””*® To understand the effect of interlayer inter-
action, the change in bandgap along the I'-M-K-I' high-
symmetry direction between the isolated monolayers and the
heterostructure was systematically studied. The C,N band
structure in Fig. 1b is a direct bandgap semiconductor
(2.25 eV), which agrees with an earlier study.”® Because the
experimental measurement is done on multilayer materials,”
this value is higher than the experimental value (1.96 eV).”* The
valence band maximum (VBM) and conduction band minimum
(CBM) of C,N are at the I' point. Our findings show that the
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Fig. 1 The (a) optimised structure, (b) electronic band structure and (c) PDOS of C,N. The (d) optimised structure, (e) electronic band structure and
(f) PDOS of the Gel, monolayer. Ge, |, C and N atoms are denoted as magenta, purple, grey and blue balls, respectively. The Fermi energy level is set as 0

by the black dashed line.
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VBM and CBM mostly consist of C 2p and N 2p states,
respectively (Fig. 1c), where the contribution of the C 2p orbital
to the CB is quite dominant. The Ge-I bond length is about
3.005 A in the case of the Gel, monolayer (Fig. 1d). The Gel,
monolayer has indirect semiconductor properties (Fig. 1e) with
a bandgap energy of 3.03 eV. This agrees with earlier results
(3.05 eV).”” The CBM and VBM are positioned on the K point
and K-T" path, respectively. The calculated projected density of
states (PDOS) (see Fig. 1f) shows that the VBM comprises I 5p
states, while the Ge 4p states mainly contribute to the CBM.

The Gel,/C,N vdW heterostructure in Fig. 2a is constructed by
stacking a 4 x 4 supercell of Gel, monolayer on a 2 x 2 supercell of
C,N. In general, a stable heterojunction may favourably form when
the lattice mismatch is less than 5%.”*”* For the GeL/C,N vdW
heterostructure, the lattice mismatch is only 1.06% along the a and
b axes, which is relatively small compared to the acceptable max-
imum epitaxial growth value of 5%,”> ensuring the experimental
feasibility.”””*’® Moreover, the optimised interlayer distance
between the Gel, monolayer and C,N is 3.374 A.
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The structural stability of the Gel,/C,N heterostructure is
verified under different conditions. Firstly, to confirm the
stability of the Gel,/C,N vdW heterostructure, the interfacial
binding energy (AE) is examined:

AE = (EGEIZ/CZN - EGeI2 - ECZN)/S (1)
where Egelic,ny Ecel, and Ec x are the total energies of the GeL,/C,N
vdW heterostructure, C,N and Gel, monolayer, respectively, and S is
the contact area. The results show that the calculated AE of the Gel,/
C,N heterostructure is —14.94 meV A2 which is more negative
than those of other C,N-based heterostructures, such as In,SeTe/
CN (-946 to —11.84 meV A *” and C,N/GaTe (InTe)
(—10.8 (—9.6) meV A~?) heterostructures,”® indicating that the
Gel,/C,N vdW heterostructure should possess better stability. The
computed AE falls within the normal vdW interfacial binding
energy range of —13 to —21 meV A~2* Moreover, the negative
binding energy suggests that the fabrication of the GeL,/C,N vdW
heterostructures is thermodynamically feasible.
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(a) The top (top) and side (bottom) views of the optimised structure of the Gel,/C,N vdW heterostructure. (b) Top (top) and side (bottom) views of

an AIMD simulations snapshot at room temperature. (c) Variation in total potential energy and temperature after 14 ps in the AIMD simulation at 300 K.
Phonon dispersion spectra of (d) CoN, (e) the Gel, monolayer and (f) the Gel,/CoN vdW heterostructure. Grey, blue, magenta and purple balls denote C,
N, Ge and | atoms, respectively.
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Thermal stability is extremely important in photocatalysis.
Before delving into the electronic properties of the Gel,/C,N
vdW heterostructure, AIMD simulations and phonon disper-
sion calculations were used to ensure its thermodynamic
stability. The AIMD simulation shows that the Gel,/C,N hetero-
structure retained its structure with no bonds broken at 300 K
after heating for 14 ps, as shown in Fig. 2b. Furthermore, the
difference in total energy and temperature in Fig. 2c before and
after 14 ps is quite small. As a result, at room temperature, the
Gel,/C,N vdW heterostructure is thermally stable. The phonon
spectra of the Gel, monolayer and C,N were computed, as
shown in Fig. 2d and e. The absence of negative frequency in
the phonon spectra confirms that the Gel, monolayer and C,N
are dynamically stable. It is worth mentioning that no imagin-
ary phonon mode is observed in the Gel,/C,N vdW hetero-
structure across the Brillouin zone, indicating its dynamic
stability.

Having verified the experimental feasibility and the intrinsic
stability of the Gel,/C,N vdW heterostructure, we evaluated the
projected band structure, as shown in Fig. 3a, to further analyse
the change in electronic properties.

The electronic band structures of the Gel, monolayer and
C,N are well retained after creating the Gel,/C,N heterostruc-
ture, indicating the weak interaction between the Gel, mono-
layer and C,N. The indirect bandgap of the Gel,/C,N vdW
heterostructure is 2.02 eV, which is less than those of the
Gel, monolayer and C,N. The bandgap was slightly lower than
those of CdSe/C,N (2.12 eV),”® h-BN/C,N (2.30 eV),>® blueP/g-
GeC (2.213 eV),*" WSSe/BSe (2.151 eV),** and WSSe/g-GaN
(2.39 eV)®* vdW heterostructures, but slightly higher than that
of the C,N/g-ZnO heterostructure (2 eV).®* The smaller bandgap
may be more conducive to the transfer of photogenerated
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charge carriers, effectively enhancing its photocatalytic activity.
The CBM is located at the K point, whereas the VBM is
positioned at the I' high-symmetry point, which makes the
Gel,/C,N heterostructure an indirect semiconductor. Further-
more, the CBM is particularly dispersive compared to the VBM,
meaning that photogenerated electrons have smaller effective
masses, which may increase electron-hole pair separation
during the water redox reaction and photocatalytic activity.
The minimum energy in the CB and the maximum energy in
the VB occur at distinct crystal momentum levels in indirect
bandgap semiconductors. Because the curves are parabolic, a
direct electron transfer from the VB to the CB needs a photon
with a larger energy than the band gap. However, it is feasible
to perform an electronic transition at lower energy, but a
phonon is required. Moreover, the reduced bandgap energy
will benefit more visible light absorption with significant solar
energy conversion efficiency and make the transfer and separa-
tion of photogenerated charge carriers easy with the contribu-
tion of phonons, which is similar to other indirect C,N-based
heterostructures, such as InSe/C,N®° and SiC/C,N.”° The band-
gap value of the Gel,/C,N heterostructure is greater than the
minimum bandgap energy (1.23 eV) necessary for photocata-
lysis processes,®® implying that it might be used as an efficient
visible light photocatalyst for H, generation.®” The density of
states in Fig. 3b shows that the VBM and CBM are dominated
by the Gel, monolayer and C,N, respectively, resulting in a type-
II band alignment. Because the photogenerated charge distri-
bution is kept in different layers and spontaneously separated
at the interface, the type-II band alignment makes the Gel,/C,N
vdW heterostructure promising as a solar energy conversion
device. Furthermore to get a fundamental understanding of the
electronic properties of the Gel,/C,N vdW heterostructure, we
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(a) Projected electronic band structure, (b) DOS and (c) PDOS of the Gel,/C,N vdW heterostructure. The Fermi level is set to zero.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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investigate the PDOS. The results demonstrate that the VBM is
mostly dominated by the C 2p state, whereas the CBM is
primarily from the Ge 4p state with contributions from the I
5p state, confirming the type-II band alignment (Fig. 3c). As a
result, electron transfer from the C 2p orbitals of C,N into the
Ge 4p states of Gel, monolayer is favoured.

The three-dimensional charge density difference (CDD) and
the average planar potential drop (AV) in the z-direction are
determined to investigate the interface impacts on the charge
transfer mechanism of the Gel,/C,N vdW heterostructure, as
given in Fig. 4a.

The CDD (Ap) is computed by subtracting the charge den-
sities of the Gel, monolayer and C,N from the charge density of
the Gel,/C,N vdW heterostructure:

(2)

where the charge densities of the Gel,/C,N vdW heterostruc-
ture, C,N and Gel, monolayer are denoted by pgel,/c,x, Pc,n and
Pael,, respectively. The difference in charge density implies that
the charge density is redistributed by producing hole- and
electron-rich regions. Charge redistribution occurs mostly
across the constituent layers of the vdW heterostructure due
to the weak vdW interaction and built-in electric field. Corre-
spondingly, the negative (green) and positive (yellow) charge
values represent charge depletion and accumulation, respec-
tively, at that position. To consider the charge distribution after
the formation of the heterojunction, the planar-averaged
charge density difference of the Gel,/C,N vdW heterostructure
along the z-direction was calculated, as shown in Fig. 4b. The
charge density is accumulated close to the Gel, monolayer due

Ap = pGeljc,N — PaGel, — PC,N
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to the positive charge density and depleted near the C,N
because of the negative charge density. Therefore, the charge
density difference between the Gel, monolayer and the C,N
interface shows that the C,N donates electrons, while the Gel,
monolayer serves as an electron acceptor. Detailed calculations
of charge density across the interface revealed that 0.197
electrons transfer from the C,N to the Gel, monolayer based
on the Léwdin population charge analysis.®*® The weak vdw
forces and strong built-in electrostatic field in the interfacial
area of the Gel,/C,N vdW heterostructure®® are explained by
such a small charge transfer. The potential drop (AV) along the
z-direction of the Gel,/C,N vdW heterostructure is illustrated in
Fig. 4c to help in comprehending the underlying cause of the
charge transfer. There is a significant electrostatic potential
difference between the Gel, monolayer and C,N, with the C,N
having a higher potential than the Gel, monolayer. A strong
built-in electric field pointing from C,N to Gel, is created by
such a distinct electrostatic potential, which may significantly
increase charge transfer and carrier dynamics, reducing the
recombination rate of photoinduced charge carriers. This will
help in improving photocatalytic activity. Generally, charge
transfers occur from a higher potential to a lower potential
based on the difference in their electrostatic potentials.
Because the C,N has a higher potential than the Gel, mono-
layer, charge transfers from the C,N to the Gel, monolayer.
This is in agreement with the CDD results. The built-in electric
field creates a large AV of 7.16 eV across the heterostructure
interface and the light-excited electrons are easily transferred
from C,N to the Gel, monolayer, due to the higher electrostatic
potential of the C,N layer.”®°>°! Moreover, such a large AV at

ERIARCI |
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Fig. 4 (a) Three-dimensional charge density difference of the Gel,/CoN vdW heterostructure with an isovalue of 0.0008 e bohr™>. Green and yellow
isosurfaces denote charge depletion and accumulation, respectively. (b) The averaged difference in the electron density for the Gel,/C,N vdW
heterostructure along the z-axis. The inner surfaces of the two materials are marked with a blue dashed line. (c) The potential drop (AV) for the Gel,/CoN
vdW heterostructure. (d) Electron localisation functions across the Gel,/C,N vdW heterostructure interface. Grey, blue, magenta and purple balls denote

C, N, Ge and | atoms, respectively.
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the interface is an efficient driving force to boost photoexcited
charge carrier transfer and improve the solar conversion effi-
ciency. Moreover, the weak interfacial interaction across the
Gel,/C,N heterostructure interface can also be visualised by
analysing the corresponding electron localisation function, as
shown in Fig. 4d. We observe no electrons in the interface
region, confirming the weak vdW interaction in the Gel,/C,N
heterostructure.

The work function (@) is an important parameter to com-
prehend charge separation and transfer at the Gel,/C,N vdW
heterostructure interface. ® was calculated by aligning the
Fermi energy to the vacuum energy:

P = Evacuum — EFermia (3)

where Eyvacuum and Erermi Tepresent the electrostatic potentials
of the vacuum and Fermi energy levels, respectively. The
calculated @ values are 6.21, 5.70 and 5.22 eV for the Gel,
monolayer, C,N and the Gel,/C,N vdW heterostructure, respec-
tively, as shown in Fig. 4c and 5.

When the Gel,/C,N vdW heterostructure is constructed by
stacking the Gel, monolayer and C,N together perpendicular to
the 2D plane, electrons will transfer from the C,N to the Gel,
due to the higher @ of the Gel, monolayer. Accordingly, the C,N
and the Gel, monolayer are positively and negatively charged,
respectively, across the interfacial region. The @ of the Gel,/C,N
vdW heterostructure lies between the C,N and the Gel, mono-
layer. With an increase in electron transfer, the Fermi energies
of C,N and the Gel, monolayer shift upwards and reach the
same level after interface equilibrium. The lower @ in the vdW
heterostructure corresponds to an efficient interfacial electron
transfer, which induces a built-in electric field, reducing the
recombination rate of charge carriers. Moreover, the difference
in the ¢ values between the Gel, monolayer and C,N induces
charge redistribution at the interface.

The band bending (AEuand bending) i evaluated to further
understand the charge transfer:**

AEband bending ~ ¢HS - ¢ML (4)

where &g and &y, are the work functions of the Gel,/C,N vdW
heterostructure and the isolated monolayers, respectively. The
AEpand bending Values were calculated as —0.991 and —0.483 eV
for the Gel, monolayer and C,N, respectively. The calculated
AEpand bending Values are less than 0, suggesting electron

Electrostatic potential (eV)

0 3 10 15 20 25 30
Z (A)
Fig. 5 Work function for (a) the Gel, monolayer and (b) C;N.
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transfer from the heterostructure to the monolayer.”> We
observed that AEpang bending Of the Gel, monolayer was more
negative compared to that of the C,N. Therefore, the net Low-
din population charge on the Gel, monolayer is positive,
consistent with the CDD and work function results.

Another critical element in constructing photocatalytic
devices is optical absorption. A broad and strong absorption
edge is required to achieve efficient solar energy conversion
during water splitting processes. The initial stage in water
splitting is photon absorption, which produces electron-hole
pairs. A strong visible light-harvesting capacity and appropriate
electronic and interface properties are required for promising
photocatalytic materials. With this in mind, the optical proper-
ties of the Gel,/C,N vdW heterostructure are calculated to
access its photocatalytic application. It is clear that the Gel,
monolayer slightly absorbs visible light. But the visible light
absorption coefficient of C,N is higher than that of the Gel,
monolayer (Fig. 6).

Considering the influence of interface contact on the optical
properties, we compared the absorption coefficients of the
Gel,/C,N vdW heterostructure to those of the C,N and the
Gel, monolayer. As expected, the vdW heterostructure shows a
higher redshift around 720 nm than the individual monolayers,
which is particularly useful for capturing solar energy. This
enhancement is due to its narrower bandgap energy than the
Gel, monolayer and C,N. The efficient absorption of solar light
for the Gel,/C,N vdW heterostructure mainly results from the
coupling activity between the Gel, and C,N, including the
electron transfer from C,N to the Gel, monolayer and the
charge redistribution at the interface.”® Therefore, the Gel,/
C,N vdW heterostructure is more effective in utilising solar
energy, which holds great promise in visible light-harvesting
photocatalytic devices.

Furthermore, the proper band position for water redox
potentials is a key criterion for photocatalytic water splitting,
where the VBM and CBM must be lower and higher than the O,
(—5.67 eV) and H, (—4.44 eV) potentials at pH = 0,
respectively.” The CBMs for the Gel, monolayer, C,N and the
Gel,/C,N vdW heterostructure are —4.33, —4.07 and —4.02 eV,
respectively, while their VBMs are —7.36, —6.31 and —5.98 eV,
respectively. This demonstrates that all of these materials meet
the overall water splitting criteria. The high bandgap of the Gel,
monolayer, on the other hand, substantially restricts its

®=5.70eV I
Lt Es - ELEEE D 1

Electrostatic potential (eV)
=

0 5 10 15 20 25 30
Z(A)
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Fig. 6 (a) Calculated absorption spectra of the 2 x 2 supercell of C;N, the 4 x 4 supercell of Gel, and the Gel,/CoN vdW heterostructure. (b) The

absolute energy bands for the conduction band minimum and valence band minimum of the Gel,/C,N vdW heterostructure with respect to pH (0-14).
(c) Schematic diagram showing the transfer of photogenerated electrons and holes.

efficiency in solar energy utilisation. Because C,N lacks an
electric field, it has a fast electron-hole pair recombination
rate,”>>**” which is unfavourable for photocatalysis. The CBM
and VBM potentials of the Gel,/C,N vdW heterostructure are
0.442 eV and 0.308 eV higher and lower than the H'/H,
reduction and O,/H,O oxidation potentials at pH = 0, respec-
tively, which is sufficient for H, and O, generation. As a result,
the Gel,/C,N vdW heterostructure straddles the water redox
potentials at pH = 0. Furthermore, pH has an effect on the
redox potential of water.®® The H'/H, and O,/H,O potentials are
calculated as —4.44 eV + pH X 0.059 eV and —5.67 + pH X
0.059 eV, respectively.”> Furthermore, the band edges of the
Gel,/C,N vdW heterostructure in comparison to aqueous
solution straddle the water redox potential at pH values ranging
from 0 to 9 (Fig. 6b). This suggests that the Gel,/C,N vdW
heterostructure may be a better water splitting material,
whether under acidic, neutral or alkaline environments without
an external bias voltage.

The spatial separation of charge carriers at the Gel,/C,N
vdW heterostructure interface is investigated further. The VBM
(CBM) of C,N is lower (higher) than that of the Gel, monolayer,
as shown in the schematic diagram in Fig. 6¢, allowing us to
establish a type-II band alighment of the vdW heterostructure.
In solar conversion and optoelectronic devices, the conduction
band offset (CBO) and valence band offset (VBO) are critical.
The VBO and CBO of the Gel,/C,N vdW heterostructure are
calculated as 1.05 and 0.26 eV, respectively. Under light irradia-
tion, the photogenerated particles get energy from photons to

© 2022 The Author(s). Published by the Royal Society of Chemistry

excite the photogenerated electrons in the VBs of both mono-
layers and transfer them to their CBs by creating holes in the
VBs. The band offset will allow the transport of photoinduced
holes from the VB of the Gel, monolayer to the VB of C,N and
photoinduced electrons from the CB of C,N to the CB of the
Gel, monolayer, thereby reducing photogenerated charge car-
rier recombination. As a result, both the VBO and CBO can
improve photogenerated charge carrier separation.’® Because
the CBM is located on the Gel, monolayer, the OER will mostly
take place on it, whereas the HER will take place on the C,N.

Applying external strain has been an efficient technique to
tune the electronic, optical and structural properties of 2D vdW
heterostructures,”” which is beneficial in photocatalysis, optoe-
lectronic and nanoelectronic devices.”® Herein, we investigate
the effect of biaxial strain on the electronic, optical and
structural properties of the Gel,/C,N vdW heterostructure by
varying the lattice parameters as follows:

e =[(ap — a1)lai] x 100%,

where a;, and a, are the lattice constants of the Gel,/C,N vdW
heterostructure before and after the applied strain, respectively.
An in-plane biaxial strain from —8% to +8% is applied in this
study. Before studying the effect of the biaxial strain on the
electronic properties, the strain energy (E;) is initially examined
as follows:

Es = Estrain -

)

Eunstrain
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(a) Strain energy, (b) binding energy, (c) charge transfer, (d) bandgap energies and (e) band edges of the Gel,/C,N vdW heterostructure under

different biaxial strains. Green, orange, magenta, red and cyan dashed lines denote pH = 0, 3, 5, 7 and 9, respectively.

where Egain and Eungsrain are the total energies for the biaxial
strain and unstrained systems, respectively. When compressive
or tensile biaxial strain is applied, E increases with increasing
strain (see Fig. 7a).

As the compressive or tensile strain increases, Eg fluctuates
smoothly as a quadratic curve, demonstrating that the Gel,/C,N
vdW heterostructure has no phase transition and retains its hex-
agonal structure under a biaxial strain of £8%. As a result, the
imposed biaxial strain is ensured to be under the elastic limit and
totally reversible.”® The interface binding energy under compressive/
tensile strain is given in Fig. 7b to provide a fundamental under-
standing of the effect of biaxial strain on the interfacial interactions.
The interface binding energy remains negative under a biaxial strain
of +8%, demonstrating the energy stability of the Gel,/C,N hetero-
structure. The stability increases when the compressive strain varies
from —2% to —8%, whereas it decreases when the tensile strain
changes from +2% to +8%. This suggests that the Gel,/C,N vdW
heterostructure is more stable with an increasing/decreasing com-
pressive/tensile biaxial strain.

The amount of charge transfer at the Gel,/C,N vdW hetero-
structure interface under biaxial strain is shown in Fig. 7c. The

154 | Energy Adv, 2022, 1, 146-158

positive AQ values indicate that electrons are transferred from
the C,N to the Gel, monolayer under compressive/tensile
biaxial strain. Therefore, a built-in electric field may occur in
a biaxial strain of +8%. Aq of the Gel,/C,N vdW heterostructure
decreases with a tensile strain of +2%, while it increases when
the tensile strain increases from +4% to +8%. This is in
agreement with the bandgap energy obtained shown in
Fig. 7d. Moreover, it increases from 0.809e to 2.697e with a
compressive strain from —2% to —8%.

Fig. 7d depicts the fluctuation of the bandgap energies in
the Gel,/C,N vdW heterostructure under biaxial strains from
+8% to —8%. When the tensile biaxial strain is less than +2%,
the bandgap energy of the Gel,/C,N vdW heterostructure
slightly increases. Obviously, tensile biaxial strains from +4%
to +8% monotonically decrease the bandgap energy due to the
increasing amount of charge transferring at the heterostructure
interface, while the indirect bandgap energy remains
unchanged. Electrons in semiconductors with a reduced band-
gap are less likely to recombine during charge transfer, which is
critical in solar conversion devices. Compared with the
unstrained system, tensile biaxial strains from +4% to +8%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reduce the Gel,/C,N vdW heterostructure bandgap, which
indicates the importance of biaxial strain in tuning the band-
gap of the Gel,/C,N vdW heterostructure. The smaller bandgap
observed under tensile biaxial strain is more conducive to solar
energy conversion because the energy required to excite elec-
trons from the VB to the CB of the heterostructure is smaller.
The bandgap energy decreases linearly with a compressive
biaxial strain. This shows the different variation patterns of
the bandgap energy under compressive strain.

Fig. 7e depicts the fluctuation of the band edges of the Gel,/
C,N vdW heterostructure under various biaxial strains and pH.
The heterostructure has an appropriate band edge position for
overall water splitting at pH 0 to 5 under an applied biaxial
strain range from +2% to +8%. Moreover, overall water splitting
is achieved under pH 0 up to 6 and 7, respectively, under tensile
strain from +2% to +4% and +2%. Clearly, as tensile strain
increases, the VBM and CBM increasingly move towards the
water oxidation and reduction potentials. This indicates that
the reducing potential of the Gel,/C,N vdW heterostructure
becomes weak with increasing pH, which is not favourable to
generate H, at a higher pH. Nevertheless, when compressive
strain increases, the VBM steadily decreases, indicating that the
oxidising power weakens. The Gel,/C,N heterostructure band-
gap is 0.97 eV under a compressive strain of —2%, which is less
than the minimum bandgap energy (1.23 eV) needed for water
splitting. Nevertheless, under compressive strains from —4% to
—8%, the Gel,/C,N vdW heterostructure is only suited for H,
generation and not for O, generation. The VBM is lower than
the H,0/0, potential at pH 3 to 7, indicating that the system
may achieve overall water splitting under a compressive strain
of —2%. The favourable band edge position suggests that the
Gel,/C,N vdW heterostructure has strong tensile strain resis-
tance for overall water splitting.

We computed the phonon spectra under biaxial strain
ranging from —8% to +8% to ensure that the Gel,/C,N vdW
heterostructure is dynamically stable throughout the tensile
strain range. As seen in Fig. S1 (ESIt), phonon dispersion
spectra reveal positive frequencies, suggesting the dynamic
stability of the Gel,/C,N vdW heterostructure under biaxial
strain.

The band structure of the Gel,/C,N vdW heterostructure
under biaxial strain from +8% to —8% is shown in Fig. S2
(ESIT). The CBM and VBM are fixed at the I' high-symmetry
point when the tensile biaxial strain changes from +2% to +8%,
indicating that the type-II indirect bandgap nature of the
unstrained Gel,/C,N vdW heterostructure has altered dramati-
cally. Thus, tensile biaxial strain pushed the sub-bands in the
CB of C,N closer to the Fermi energy. As tensile strain increases
from +2% to +8%, the position of the CBM progressively shifted
from the K to I" point, resulting in the type-II indirect to type-I
direct band structure transition. Because the CBM and VBM of
semiconductor 1 lie between the CBM and VBM of semicon-
ductor 2 in the type-I vdW heterostructure, charge carriers are
spatially localised in the same component, which efficiently
promotes charge carrier recombination and lowers their
separation. Thus, the type-I vdW heterostructure is more

© 2022 The Author(s). Published by the Royal Society of Chemistry
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suitable for light-emitting diodes and lasers.”® The type-II
indirect band structure of the Gel,/C,N vdW heterostructure,
however, remains intact during compressive strain engineer-
ing, as seen in Fig. S2 (ESIT). This increases the charge carrier
lifetime, which could be useful in optoelectronic, photoelectric,
and solar energy conversion devices.'” Thus, the band align-
ment transition makes the Gel,/C,N vdW heterostructure pro-
mising for application in multi-functional devices. Also, flat
bands can occur along the I'-M-K-I" Brillouin zone under a
larger compressive strain from —4% to —8%. This illustrates
that a large compressive biaxial strain of —8% may push the
valence band extrema (VBE) along the I'-K or I'-M direction
near the VBM. The formation of flat bands around the VBM has
been reported in other strained 2D materials. %>

Under tensile strain, the C 2p and N 2p orbitals contribute
significantly to the CBM and VBM as illustrated in Fig. S3
(ESIT). This shows that the type-II band alignment changes
dramatically under tensile biaxial strain. On the other hand, a
compressive biaxial strain of —2% to —8% did not affect the
orbital contributions at the VBM and CBM. The N 2p and Ge 4p
orbitals contributed to the VBM and CBM, respectively. Con-
sidering the electronic transition selection rules, the electrons
are primarily excited from the N 2p orbitals to the Ge 4p
orbitals, making the system type-Il. We observed that the
electronic properties of the Gel,/C,N vdW heterostructure
respond sensitively to compressive biaxial strain by investigat-
ing the PDOS and band structure, causing the Gel,/C,N vdW
heterostructure to transition from a type-II indirect to type-I
direct electronic band structure.

Fig. S4 (ESIt) depicts the computed DOS of the Gel,/C,N
vdW heterostructure with biaxial strain. When tensile biaxial
strain changes from +2% to +8%, we see that C,N contributes
the most to the VBM and CBM, confirming that the system is a
type-I heterostructure. Fig. S4 (ESIt) shows that the type-II
heterojunction is retained when the compressive strain varies
from —2% to —8%.

IV. Conclusions

To explore the potential applications in photocatalysis, we
explored the work function, band structure, optical properties,
band alignment, charge transfer and band offset of the
proposed 2D vertical Gel,/C,N vdW heterostructure using
DFT calculations. By assessing its interface binding energy,
AIMD simulation and vibrational phonon spectra at room
temperature, the vdW heterostructure was created by weak
vdW forces with thermal and dynamic stability. Furthermore,
the small lattice mismatch confirms the experimental realisa-
tion of the Gel,/C,N vdW heterostructure. The proposed het-
erostructure is found to have a conventional type-II band
alignment with an indirect bandgap of 2.02 eV and electrons
tend to move from the C,N to the Gel, monolayer. Besides, the
charge density difference analysis showed that C,N transferred
about 0.263|e| to the Gel, monolayer. Furthermore, the Gel,/
C,N vdW heterostructure exhibits high visible light absorption
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due to its smaller bandgap as compared to those of the isolated
Gel, monolayer and C,N. The band edges of the Gel,/C,N vdW
heterostructure met the criteria of overall water splitting at a
pH range of 0 to 9. Furthermore, the potential drop of 7.16 eV
and the built-in electric field at the interface help in the
effective separation of photoinduced electron-hole pairs.
Under tensile biaxial strain, the band alignment changes from
a type-II indirect to type-I direct band alignment. Our theore-
tical findings offer fundamental insights into designing solar
conversion and other high performance optoelectronic or elec-
tronic devices.
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