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Vertical stacking of ultrathin two-dimensional materials via weak van der Waals (vdW) interactions is
identified as an important technique for tuning the physical properties and designing viable products for
nanoelectronics, spintronics, and renewable energy source applications. The geometry, electronic, and photo-
catalytic properties of vdW heterostructures of GeC and Janus transition metal dichalcogenides MSSe (M = Mo,
W) monolayers are investigated by performing first-principles calculations. Two different possible models of
GeC-MSSe heterostructures are presented with an alternative order of chalcogen atoms at opposite surfaces
in MSSe. The most favorable stacking pattern of both models is dynamically and energetically feasible. A
direct type-II band alignment is obtained in both models of understudy heterobilayer systems. The spin orbit
coupling (SOC) effect causes considerable Rashba spin splitting in both MSSe monolayers. In particular, a
greater Rashba spin polarization is demonstrated in model 1 (GeC-WSSe) than model 2 (GeC-MoSSe) caused
by the alternative order of chalcogen atoms and larger SOC effect of heavier W than Mo atoms, which provides a
platform for experimental and theoretical understanding of designing two-dimensional spintronic devices. More
interestingly, the appropriate band alignments of model 1 with the standard water redox potentials enable its
capability to dissociate water into H+/H2 and O2/H2O. In contrast to model 1, model 2 can only oxidize water
into O2/H2O. The simulated design of GeC-MSSe is predicted for promising use in future electronic, spintronics,
and photocatalytic water splitting.
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I. INTRODUCTION

Interest in the field of two-dimensional (2D) materials, af-
ter the successful synthesis of graphene [1], has led the emer-
gence of one-atom-thick materials exhibiting extraordinary
electronic and optical properties [2–4]. Beyond the gapless
single layer graphene, 2D transition-metal dichalcogenidies
(TMDCs) with general formula MX2 (M = Mo, W; X = S, Se)
have been extensively studied due to their fascinating proper-
ties [5,6]. In particular, the high structure stability, suitable
band-gap nature (ranging from 1.0 to 1.9 eV), and strong
coupling between spin and valley degrees of freedom [7–9]
make these materials potential candidates for optoelectronics,
field effect transistors (FETs), solar cells, and photocatalytic
applications [10–13]. Apart from these exciting properties,
TMDCs lack electric-controlled spin precession and Rashba
spin-orbit coupling (SOC), thus limiting their applications in
spin FETs [14].

Recently, selenization in MoS2 [15] and sulfurization
in MoSe2 [16] through chemical vapor deposition (CVD)
have successfully confirmed Janus MoSSe monolayers. Also,
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single layers of WSSe have been prepared by CVD method
[17,18]. The space group 2H-MX2 is changed from D3h to
C3v for Janus MXY (M = Mo, W; X, Y = S, Se) monolayers
[19,20]. Xia et al. [14] recently reported the energetic feasi-
bility and universality of electronic and photocatalytic prop-
erties of Janus MXY monolayers. SOC-induced Rashba spin
splitting in these polar Janus MXY monolayers has also been
demonstrated [21]. It was shown that WSeTe monolayer has
a significant Rashba spin splitting in the electronic band dis-
persion caused by intrinsic out-of-plane electric field induced
due to the mirror asymmetry. The giant Rashba spin splitting
in these single layers of Janus MXY renders their potentiality
for out-of-plane piezoelectricity and future spintronic device
applications [22,23].

Besides TMDCs and Janus TMDCs, the graphenelike
hexagonal 2D compounds of group IV elements have also
been gaining considerable attention due to their direct band-
gap nature, which makes them a suitable candidate for design-
ing optoelectronics, photovoltaic devices, and heterostruc-
tures [24–26]. GeC thin films have been prepared by laser ab-
lation [27,28] and CVD techniques [29]. It has been reported
that 2D GeC has a dynamically stable planar structure and
exhibits excellent electronic and optical properties [30–32].
The single-layer GeC has higher Poisson’s ratio and lower
stiffness compared to graphene [33]. Thus, the outstanding
performance of single-layer GeC enables it for achieving
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enhanced electronic, optoelectronic, and photovoltaic device
applications [34].

Heterostructures formed by combining distinct 2D ma-
terials have been extensively identified as a useful tool to
tune the electronic behavior, resulting in exciting physical
phenomena which play a key role in nanoscale electronic and
photovoltaic devices [35–39]. As a consequence, the vertically
stacked 2D TMDCs via weak van der Waals (vdW) interaction
are termed vdW heterostructures and exhibit type-II band
alignment [40,41]. In type-II band alignment, the electrons
in the conduction band (CB) and holes in the valence band
(VB) are localized in different constituents, resulting in the
charge carrier separation which is crucial for photodetection
and energy-harvesting purposes [42]. Moreover, the photocat-
alytic water splitting under solar irradiation for photogener-
ating electrons and holes is also explored in TMDC-TMDC
heterostructures [43]. Generally, in the composite semicon-
ductor system with type-II heterojunctions, the VB and CB
of semiconductor A are higher than that of semiconductor
B, thus the photogenerated electrons will migrate from the
CB of semiconductor A to that of semiconductor B with a
lower reduction potential, and the corresponding holes in the
VB of semiconductor B will migrate to semiconductor A
with a lower oxidation potential, thus a spatial separation of
electron-hole pairs will be completed. Consequently, the type
II heterojunction is the most effective structure for improving
the photocatalysis performance of semiconductors [44–46].
Recently, type-II band alignment and enhanced photocat-
alytic response for water splitting have been reported in SiC-
TMDCs [47] and GeC-TMDCs [48] vdW heterostructures. In
addition, Li et al. [49] have addressed a large Rashba spin po-
larization, type-II band alignment and tunable electronic char-
acter in Janus MoSSe-WSSe vdW heterostructures. Despite
these preliminary achievements, the fundamental electronic
and photocatalytic properties of GeC and Janus MSSe vdW
heterostructures remain unexplored.

In this paper, inspired by the highly energetic feasibility
and satisfying lattice mismatch, we propose the vdW het-
erostructures of GeC and Janus MSSe to demonstrate the
unprecedented properties by first-principles calculations. Two
different models of vdW heterostructures based on the alter-
native order of chalcogen atoms with six possible stacking
configurations are presented. It is found that both models
with most favorable stacking configurations are dynamically
stable. Further, a comprehensive insight is gained to explore
the electronic properties, including Rashba spin spilitting
and photocatalytic response of the most stable configuration.
More interestingly, both models exhibit type-II semiconduct-
ing band-gap nature and considerable Rashba spin splitting
parameters. The findings raised potential applications of con-
structing vdW heterostructures for designing nanoelectronic
and photovoltaic devices.

II. COMPUTATIONAL DETAILS

We performed density-functional theory calculations with
projector-augmented plane wave scheme in VIENNA AB INI-
TIO SIMULATION PACKAGE [50–52]. The Grimme [53] vdW
correction with 500 eV cutoff was used in Perdew-Burke-
Ernzerhof (PBE) [54] functional to optimize the geometry

until the forces and energy converged to 10−4 eV/Å and
10−5 eV, respectively. A 6 × 6 × 1�-centered Monkhorst-
Pack k-mesh is used for structural relaxation, which is further
refined to 12 × 12 × 1 for optimized structure. Artifacts of the
periodic boundary conditions prevented by a vacuum layer of
25 Å were added along the z axis.

It is common that PBE functional underestimates the
band-gap values of semiconductors, therefore, HSE06
(Heyd-Scuseria-Ernzerhof) functional [55] is also used for
electronic-structure calculations. However, due to high com-
putational cost, HSE06 calculations are avoided to refine
the k-mesh. SOC effect is significant in TMDCs and Janus
monolayers, hence, SOC is also taken into account in our
calculations. The SOC is incorporated by a second variational
method [56], which uses scalar-relativistic basis, based on
the reduction of original basis. In the variational method, the
scalar relativistic part of the Hamiltonian is diagonlized in
scalar relativistic basis and the calculated eigenfunctions are
then used to construct the full Hamiltonian matrix including
SOC and may be written as

HΨ̃ = εΨ̃ + HSOΨ̃ , (1)

where HSO represents the spin-orbit Hamiltonian and is given
as

HSO = h̄

2Mc2

1

r

dV

dr

(
�σ �l 0
0 0

)
, (2)

where �σ denotes the Pauli spin matrices.
Phonon spectrum calculations are performed by Phonopy

code, which uses the harmonic interatomic force constants as
input, obtained by density-functional perturbation theory. A
4 × 4 × 1 supercell with 6 × 6 × 1 k-mesh and 500 eV cutoff
are used to ensure the convergence [57,58].

III. RESULTS AND DISCUSSION

Optimized lattice constant (3.26 Å, 3.25 Å, 3.26 Å) and
bond-length values (1.882 Å for Ge–C, 2.419 (2.424) Å for
Mo(W)–S, 2.533 (2.538) Å for Mo(W)–Se) of GeC, MoSSe,
and WSSe monolayers, respectively, are agreeing well with
previous reports [23,31,32,49,59], thus indicating the reliabil-
ity of our computational approach. GeC and MSSe monolay-
ers exhibit the same hexagonal lattices with satisfying lattice
mismatches, realizing possible experimental fabrication of
GeC-MSSe vdW heterostructures for practical applications.

In general, the interfacial properties are significantly sensi-
tive to the specific contacted atoms and local configurations.
Since S(Se)-MSSe terminated surfaces are available for con-
structing vdW heterostructures of GeC and MSSe monolay-
ers, hence we consider two different models with alternate
positions of S/Se atoms at opposite surfaces in MSSe, see
Figs. 1(i)–1(ii). In model 1, stacking a(b), Ge atom is placed
fixed below M atom and C atom is located below Se atom
(hollow site). Stacking c(d), Ge atom is placed below Se atom
and C atom is positioned at the hollow site (below M atom).
Stacking e(f), Ge atom is fixed at the hollow site and C atom
is placed below M(Se) atom, respectively, see Fig. 1(iii). A
similar stacking pattern with an alternative position of S and
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FIG. 1. Top and side view of (i) model 1 with Se atom located on bottom surface of Mo(W)SSe layer, (ii) model 2 with S atom placed at
the bottom surface of Mo(W)SSe layer, and (iii), (iv) six possible stacking patterns of GeC-MSSe for both models (see text for details), and d
represents the interlayer distance.

Se atoms in MSSe monolayers is also followed for model 2,
see Fig. 1(iv).

The binding energy is defined as Eb = EGeC-MSSe − EGeC −
EMSSe, where EGeC-MSSe, EGeC, and EMSSe represent the to-
tal energy of GeC-MSSe heterostructure, isolated GeC, and
MSSe monolayers, respectively. The calculated binding en-
ergy (Eb), interlayer distance (d), bond length, and the op-
timized lattice parameters, listed in Table I, are comparable
with GeC-TMDCs heterostructures [48,60]. Meanwhile, the

disparity between different stacking patterns is found in the
magnitude of their corresponding binding energy and inter-
layer distance. The most favorable stacking pattern [configu-
ration e(b) for model 1 (model 2)] has the smallest interlayer
distance, indicating higher energetic stability and strong phys-
ical interaction between GeC and MSSe. It is noteworthy that
the larger covalent radius of Se than S atoms leads to larger
vdW attractive energy which may be responsible for small
differences in the interlayer distance between the favorable

TABLE I. Binding energy (Ea, Eb, Ec, Ed, Ee, and Ef), interlayer distance (dspacing), lattice constant (a), bond length (Ge–C and M–S/Se),
and band gap (Eg (PBE/PBE–SOC), Eg (HSE06/HSE06–SOC) for both models of GeC-MSSe heterostructures.

GeC-MoSSe GeC-WSSe

Hetrostructures Model 1 Model 2 Model 1 Model 2

Ea (eV) −2.21 −1.91 −2.13 −1.81
dspacing (Å) 3.58 3.50 3.61 3.54
Eb (eV) −3.23 −2.95 −3.11 −2.79
dspacing (Å) 3.24 3.11 3.27 3.14
Ec (eV) −2.60 −2.48 −2.49 −2.30
dspacing (Å) 3.46 3.27 3.51 3.37
Ed (eV) −2.86 −2.61 −2.74 −2.45
dspacing (Å) 3.35 3.20 3.42 3.31
Ee (eV) −3.36 −2.88 −3.29 −2.75
dspacing (Å) 3.21 3.13 3.22 3.16
Ef (eV) −2.09 −1.81 −2.03 −1.71
dspacing (Å) 3.63 3.55 3.26 3.26
a (Å) 3.26 3.26
Ge–C (Å) 1.876 1.882 1.879 1.882
M–S/M–Se (Å) 2.42/2.53 2.42/2.54 2.42/2.54 2.42/2.54
Eg (PBE/PBE-SOC) (eV) 1.31/1.21 0.81/0.79 1.56/1.41 1.03/1.00
Eg (HSE/HSE-SOC) (eV) 1.87/1.86 1.31/1.30 2.16/2.06 1.62/1.58
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FIG. 2. Phonon spectrum of (a) GeC(MoSSe) in red (blue)
(b) GeC(WSSe) in red (green) (c), (d) GeC-Mo(W)SSe in violet
(orange) for model 1 (e), (f) GeC-Mo(W)SSe in magenta (indigo)
for model 2, respectively.

configuration and the energetic feasibility of models 1 and
2 [60]. Also, the calculated vertical distance (d) reveals that
these heterostructures possess a vdW type of interaction. The
small lattice mismatch induces strain and may be responsible
for the rearrangement of atoms in GeC-MSSe heterobilayers.
Thus, the bond length of Ge-C is compressed while M-S
(M-Se) is slightly stretched for both systems with different
models, which is also comparable to those reported in GeC-
TMDCs [48,61].

In addition, the dynamical stability of the freestanding
monolayers and the corresponding most favorable config-
uration of both models of GeC-MSSe heterostructures is
also verified by calculating the phonon band structure, as
illustrated in Fig. 2. More interestingly, both heterostruc-
tures with favorable stacking order [configuration-e(b) for
model 1 (model 2)] and their corresponding parent mono-
layers are free from imaginary frequency, thus confirming
their dynamical stability. For GeC(MSSe) monolayers, 3(3)
acoustic and 3(6) optical phonon branches are noted due
to 2(3) atoms per unit cell, as shown in Figs. 2(a)–2(b).
The calculated phonon spectrum is in good agreement with
available theoretical and experimental literature [16,24,62].
In acoustic modes, the transverse acoustic and longitudinal
acoustic branches lying near the � point are linear while
slight deviation is observed in the out-of-plane acoustic mode
(ZA). The corresponding ZA modes in MSSe and GeC-MSSe
systems are not purely quadratic and contain components of
in-plane vibrations or coupling of in-plane and out-of-plane
modes due to the loss or breaking of reflection symmetry over
the xy plane. A similar trend is also observed for other 2D
materials [63–65]. However, there are five atoms per unit cell
in GeC-MSSe heterostructures thus, 3(12) acoustic (optical)
modes are found in the calculated phonon band spectra, as

shown in Figs. 2(c)–2(f). In these heterostructures, the phonon
band spectrum comprising lowest optical phonon branches
(in the range 70–78 cm−1) located near acoustic branches at
the � point is indicating the weak interlayer coupling and
weak vdW interactions. A similar trend is also experimentally
observed in TMDC-TMDC heterostructures [66] and theo-
retically demonstrated in SiC-TMDCs [47], P-SiC [67], and
MXenes-TMDCs [68] heterostructures.

Behavior of the band structure and band-gap values of
MSSe monolayers are sensitive to the exchange-correlation
functional and SOC effect. Therefore, for comparison, the
electronic band structures of the isolated monolayers and
their corresponding heterostructures are calculated at PBE
and HSE06 level with and without including the SOC
effect. The isolated GeC and MSSe monolayers exhibit
direct semiconducting band-gap nature with valence band
maximum (VBM) and conduction band minimum (CBM)
located at K-point of Brillouin zone (BZ). Magnitude of band
gap using PBE/HSE06 functional is 2.09/3.01 eV for GeC,
1.46/2.06 eV (with SOC) for MoSSe and 1.37/2.07 eV (with
SOC) for WSSe, which are well consistent with available
literature [24,31,32,49,59]. As MSSe monolayers are strongly
affected by SOC effect, therefore SOC band-gap values are
presented for better comparison to most of the available
literature. Moreover, SOC causes no prominent band splitting
in GeC. The direct band-gap nature of these monolayers
makes them feasible in optoelectronic [30] and photovoltaic
devices [14].

It is obvious from Fig. 3 that both GeC-MSSe heterobilay-
ers with different stacking models reveal the direct band-gap
nature with VBM and CBM located at the K-point of BZ.
The calculated band-gap values (without and with SOC), the
Rashba spin splitting, and the band spin splitting �v and λv

along the uppermost VB and lowermost CB, respectively, in
understudy monolayers, as listed in Tables I and II, are con-
sistent with previous works [21,49,60]. According to Table I,
the band-gap values at HSE06 theory level are larger than
those obtained at PBE and further reduced by CB and/or VB
spin splitting caused by SOC and mirror asymmetry in MSSe.
However, the magnitude of the band gap increases (decreases)
from Mo (model 1) to W (model 2) in the GeC-MSSe system.
Since a local maximum in the VB and/or a local minimum
in the CB is known as a valley and the band structure of
an ideal valleytronic material is composed of two or more
degenerate inequivalent valley states [69]. The CB and VB
edges of the understudy heterobilayer systems are character-
ized by the energetically degenerate valleys, which is crucial
for valleytronics. These special energy valleys are marked
as λkc, λkv , and λv , schematically represented in Fig. 3(e)
(1 and 2).

It is clear from Table II that in contrast to MoSSe and
WSSe monolayers, both λkc and λkv increases from Mo to W
(due to greater atomic number of heavier W than Mo) and sig-
nificantly larger λkc is also found than λkv (except GeC-WSSe
at PBE-SOC level), making them prominent for valleytronics
[21,49]. Like MoSSe and WSSe monolayers, the λkc and
λv valleys are composed of out-of-plane orbital (Mo/W-dz2)
while λkv is occupied by pz orbital of C atom. For GeC-
MSSe heterobilayers, the lowermost CB is more promising
for valleytronic applications as compared to the topmost VB
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FIG. 3. Band structure of (a), (b) GeC-Mo(W)SSe in violet (orange) for model 1 (c), (d) GeC-Mo(W)SSe in magenta (indigo) for model 2.
(e) Schematic of spin texture of two bands around �v , and the encircled numbers (1, 2, and 3) represent the magnified view of valence band-,
conduction band-splitting at K-point and Rashba spin splitting around �v , respectively.

due to enhanced spin splitting (λkc) at K-point [8,21,49]. It
is noticeable that the choice of exchange-correlation func-
tional strongly affects the size of SO splitting [7]. This is
likely because PBE is the local exchange-correlation func-
tional while HSE addresses the influence of the nonlocal
exchange correlation functional [70,71]. Obviously, a large
spin splitting λkc, λkv , and λv is observed at HSE06-SOC
level than PBE-SOC, thus accounting for no Rashba effect
along �v of BZ. Interestingly, the Rashba spin splitting with
different magnitudes for all understudy heterobilayer systems
is obtained around � point in VB by PBE-SOC, see the zoom-
in schematic illustration in Fig. 3(e) (3). As HSE06-SOC
results in no Rashba spin splitting at � point and the lack
of previous theoretical and experimental work for comparison
encourage us to mainly focus on PBE-SOC level for further
understanding of Rashba spin splitting.

The spin polarization of two topmost bands at �v-point
in VB are opposite and satisfy σ (−k)= -σ (k). Additionally,
we plot the spin texture, where the spin arrows in the zone
center rotating in a clockwise pattern are responsible for
Rashba spin splitting, see Fig. 3(e). Generally, the Rashba
spin splitting is defined as α

K/M
R = 2EK/M

R /kK/M
R , where α

K/M
R ,

EK/M
R , and kK/M

R represent Rashba parameter, Rashba energy,
and momentum offset along � − K/� − M directions, respec-
tively [72]. The slightly different values of αM

R from αK
R as

presented in Table II, indicating that Rashba parameters are
not sensitive to the directions selected in the BZ for these
mono- and heterobilayers. Moreover, the calculated Rashba
parameter increases from model 1 (GeC-MoSSe)/MoSSe to
model 2 (GeC-WSSe)/WSSe are due to the larger SOC effect
of heavier W than Mo and selective order of chalcogen
atoms in GeC-MSSe heterobilayers [72]. Hence, these vdW

TABLE II. The valence band splitting λkc (MeV) at the VBM, conduction band splitting λkv (MeV) at the CBM, Rashba energy (EK
R and

EM
R in MeV), momentum offset (kK

R and kM
R in Å−1, and Rashba parameter (αK

R and αM
R in eV) along � − K and � − M directions, respectively,

at PBE and HSE06 levels with SOC for corresponding MoSSe, WSSe monolayers, and their corresponding heterostructures.

λkc λkv �v EK
R kK

R αK
R EM

R kM
R αM

R

Monolayers MoSSe PBE–SOC 13.7 170 − 1.40 0.005 0.54 1.40 0.007 0.42
HSE–SOC 20.6 165 6.20 − − − − − −

WSSe PBE–SOC 26.8 449 − 2.90 0.008 0.75 2.90 0.007 0.86
HSE–SOC 25.8 446 20.9 − − − − − −

Model 1 GeC-MoSSe PBE–SOC 11.5 1.80 − 0.60 0.003 0.46 0.60 0.005 0.27
HSE–SOC 25.7 2.50 6.20 − − − − − −

GeC-WSSe PBE–SOC 53.3 81.4 − 2.10 0.005 0.81 2.10 0.007 0.62
HSE–SOC 63.8 50.7 19.7 − − − − − −

Model 2 GeC-MoSSe PBE–SOC 14.2 1.10 − 0.80 0.005 0.31 0.70 0.007 0.21
HSE–SOC 21.4 2.70 7.02 − − − − − −

GeC-WSSe PBE–SOC 22.0 18.3 − 1.90 0.005 0.73 1.90 0.007 0.57
HSE–SOC 26.8 18.1 20.5 − − − − − −
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FIG. 4. Weighted band structure of (a), (b) GeC-Mo(W)SSe for model 1 (c), (d) GeC-Mo(W)SSe for model 2. (e) Schematic of charge
density difference (with isovalue 0.00023 e/Bohr3), where the yellow and cyan colors represent the charge depletion and charge accumulation,
and (f) planar-averaged charge density of GeC-Mo(W)SSe for model 1 and model 2, respectively.

heterostructures with considerable Rashba spin splitting sets a
platform for practical applications in future spintronics.

Further, deep insight is gained into the band alignment
of GeC-MSSe heterostructures by introducing the projected
weighted bands using HSE06-SOC, depicted in Figs. 4(a)–
4(d). One can clearly note that VBM is mainly contributed
by the C-pz orbital while the out-of-plane orbital (Mo/W-
dz2 ) makes the largest contribution to the lowermost of the
CB. Obviously, VBM and CBM in GeC-MSSe are local-
ized in GeC and MSSe monolayers, indicating type-II band
alignment (staggered type). A type-II band alignment is cru-
cial for charge carrier separation and is also reported in
SiC-TMDCs, MoSSe-WSSe, GeC-TMDCs, SiC-ZnO, and
TMDCs-TMDCs, [47,49,61,73,74]. It is expected that the
photogenerated charge carriers (electrons) move from GeC
to MSSe layer and the holes are transferred from MSSe to
GeC, which could effectively decrease the rate of charge
recombination. Consequently, GeC-MSSe heterobilayers de-
serve promising considerations in solar cells [73,74].

To address the specific interlayer charge transfer, the
charge density difference is shown in Fig. 4(e). The charge
density difference (�ρ), defined as �ρ = ρhetero − ρGeC −
ρMSSe, where ρhetero, ρGeC, and ρMSSe represent the charge
density of heterostructure, GeC, and MSSe monolayers, re-
spectively. It is demonstrated that the electrons are trans-
ferred from GeC to MSSe, however, the charge redistribu-
tion is mainly found in the interfacial region between the
C atom and adjacent Se/S atom due to difference in their
electronegativity. As both models of GeC-MoSSe and GeC-
WSSe share the same character of charge density difference
pattern, �ρ is presented only for different models of GeC-
WSSe heterostructures, see Fig. 4(e). To offer more details
of charge redistribution, the planar-averaged charge density
is estimated versus z direction normal to heterostructures, see
Fig. 4(f). The positive value of planar-averaged charge density
indicates that GeC donates electrons to MSSe monolayers,
realizing p-type doping in GeC and n-type doping in MSSe.
In addition, Bader charge analysis [75] is performed to get

a better understanding of this charge transfer process from
GeC to MSSe. It is found that from GeC, a 0.024 e (0.035 e)
amount of charge is transferred to MoSSe in the model 1
(model 2) heterostructure. Similarly, a 0.020 e(0.029 e) is
transferred to WSSe in the model 1 (model 2) heterostructure.
These values indicate that for all understudy heterobilayer
systems, the GeC layer donates electrons and MSSe accepts
electrons (electron loss and gain is represented by yellow
and cyan colors, respectively, in Fig. 4(e), thus leading to
p-doping in GeC and n-doping in MSSe. Moreover, the
charge transfer between C and Se/S atoms induces a built
in electric field which spatially separates the photogenerated
charge carriers in different constituents. This indicates the
weak interaction between GeC and MSSe, which has also
been demonstrated SiC-TMDCs and GeC-TMDCs [47,67].
Interestingly, it reveals for MoSSe in model 1 a charge transfer
from Mo to S and for WSSe in model 1 a charge transfer from
W to S, suggesting that model 1 yields stronger electronic
influence.

For further exploration into hydrogen production by wa-
ter splitting under the irradiation of solar energy, the band-
edge positions of CB and VB with the oxidation and re-
duction potentials of splitting water are computed using
the HSE06-SOC level. In general, the standard reduction
(H+/H2) and oxidation (O2/H2O) potentials can be writ-
ten as E red

H+/H2
= −4.44 eV + pH × 0.059 eV and EOX

O2/H2O =
−5.67 eV + pH × 0.059 eV [48]. The photocatalytic process
involves the separation and transportation of photogenerated
electrons to H+/H2 or holes to O2 molecules. For water
splitting, the band gap of photocatalysts should be larger than
1.23 eV. Also, it has been reported that the overpotential
required to split water is linked to restrictions on the elec-
tron’s spin [76]. In addition, many theoretical or experimental
findings reveal that spin flipping in the honeycomb lattice
plays a key role in the charge transport and separation and
can enhance spin-orbit interactions [77–79]. The Rashba spin
splitting of bands close to the band gap, arising from SOC in
locally polarized domains, makes the tunneling channels flip
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FIG. 5. The valence band (VB) and conduction band (CB) edge
alignment of GeC, MoSSe, WSSe and their corresponding het-
erostructures; the blue dashed-lines represent the standard oxidation
(−5.67 eV) and reduction (−4.44 eV) potentials for water splitting
into O2/H2O and H+/H2, respectively.

and govern the charge carrier recombination, which eventually
controls the carrier lifetime, diffusion length, and results in the
superior electron transmission performance for photocatalysis
[80–82]. This highlights that a highly active H2 and O2 evo-
lution can be achieved over a photocatalyst under visible light
irradiation, thus leading to significant photocatalytic activity
[80].

The band edge position of the freestanding monolayer
and their corresponding heterostructures with respect to the
standard reduction (−4.44 eV) and oxidation (−5.67 eV)
potentials for water splitting at pH = 0 is displayed in Fig. 5.
It can be clearly seen that both CB and VB edges of GeC,
MoSSe, and WSSe monolayers are located more negative and
more positive than the redox potential of H+/H2 and O2/H2O,
respectively, which is in good agreement with previous works
[83,84]. This suggests that the water reduction and oxidation
reactions may be thermodynamically feasible for the possible
vdW heterostructures. More interestingly, the energy level of
CB and VB for GeC-Mo(W)SSe (model 1) heterobilayers is
higher than the standard redox potentials, providing enough
force to drive the phototgenerated electrons and holes to
dissociate water into H+/H2 and O2/H2O, thus making it
promising for photocatalytic water splitting. In GeC-MSSe
(model 2), the CB edge straddles the oxidation potential while
the VB edge is significantly lower than the reduction potential

and thus fails to reduce water into H+/H2. In contrast to
model 1, this illustrates the suppressed photocatalytic re-
sponse of the model 2 heterobilayer system. Hence, it indi-
cates that the photocatalytic water splitting is highly sensitive
to the relative order of chalcogen atoms in MSSe monolayers
by vdW stacking with GeC monolayer. A similar trend is also
demonstrated for SiC-TMDCs and TMDC-TMDCs [43,47].
We propose GeC-MSSe (model 1) heterostructures as exciting
materials for photocatalytic water splitting and suggest them
promising for low-cost and large-scale production of solar
hydrogen.

IV. CONCLUSION

In summary, we have systematically investigated the geo-
metric, electronic, and photocatalytic properties of the vdW
heterostructures of GeC and Janus TMDCs MSSe (M = Mo,
W) by first-principles calculations. Our findings indicate that
the most favorable vdW stacking of GeC with MSSe via
alternative order of chalcogen atoms at opposite surfaces in
MSSe is energetically and dynamically feasible. Both models
reveal direct type-II band semiconducting nature, which fa-
cilitates the charge carrier separation and is highly desirable
for solar cell. The Rashba spin splitting caused by SOC effect
is observed in MSSe monolayers. More interestingly, larger
Rashba spin splitting is found in model 1 (GeC-WSSe) than
model 2 (GeC-MoSSe) due to alternative order of chalcogen
atoms and larger SOC effect of heavier W than Mo atoms,
invoking attention for theoretical and experimental realization
of 2D spintronic devices. In addition, the CB and VB edges
of model 1(GeC-MSSe) straddle the standard redox potentials
for water splitting and are useful for dissociating water into
H+/H2 and O2/H2O. In contrast to model 1, both heterobi-
layers in model 2 possess suppressed photocatalytic response
and fails to reduce water into H+/H2. The different models
presented in this paper pave the way for designing electronic,
spintronic, and future renewable energy devices.
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