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l polarized MoTe2/GeS
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photocatalytic water-splitting†

Di Gu,ab Xiaoma Tao,b Hongmei Chen,b Yifang Ouyang, *b Weiling Zhu*a

and Yong Duc

The construction of van der Waals heterostructures based on 2D polarized materials is a unique technique

to achieve enhanced photocatalytic performance. We have investigated the intrinsic electric field and

photocatalytic properties of the MoTe2/GeS heterostructure via first-principles calculations. The results

showed that a dipole-induced electric field induced by the GeS monolayer and an interface-induced

electric field induced by the interface between the GeS monolayer and the MoTe2 monolayer emerge in

the 2D polarized MoTe2/GeS heterostructure. The dipole-induced electric field contributes mainly to the

total intrinsic electric field. Moreover, the 2D polarized MoTe2/GeS heterostructure possesses many

excellent and distinguished photocatalytic performance parameters, such as a direct semiconductor

bandgap of 1.524 eV, a wide light spectrum ranging from the ultraviolet to near-infrared region with

a high absorption coefficient (about 106 cm�1), a total intrinsic electric field, which reduces the

probability of the recombination of photo-generated electron–hole pairs effectively, and a suitable band

alignment for the water-splitting reaction. These indicate that the 2D polarized MoTe2/GeS van der

Waals heterostructure is a potential novel high-efficient photocatalyst for water-splitting.
1. Introduction

Due to the continuous high consumption of fossil fuels, humans
have been facing energy crisis and the serial effects of environ-
mental pollution.1–4 Therefore, many fossil fuels should be
replaced by renewable and clean energy, such as solar energy.
Photocatalytic water splitting is an attractive technology that
converts solar energy into hydrogen energy and possesses some
unique advantages, such as the consumption of only solar energy
instead of fossil fuels. Moreover, O2 and H2 can be obtained
continuously under solar light. Lastly, this technology is clean and
does not pollute the environment.5–8 Therefore, this technology is
considered a potential, feasible and efficient method to solve the
environmental problems and the serious energy crisis at the same
time.9–11 Since Fujishima reported this technology for the rst time
in 1972,12 photocatalytic water splitting has attracted a lot of
attention around the world. Many materials, such as TiO2 (ref.
13–17) and SrTiO3,18–20 have been reported as potential catalysts in
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this process. However, the efficiency of common materials in
converting solar energy into hydrogen energy is still unsatisfactory
and low, owing to their low solar-light-absorption efficiency and
high carrier recombination rates.21–24 In the process of solar energy
to hydrogen energy conversion, solar-light absorption and carrier
separation are the most important factors to improving the
conversion efficiency. Moreover, the band alignments of catalysts
should agree well with the redox potential; that is, the oxidation
potential should be higher than the valence band maximum
(VBM), and the reduction potential should be lower than the
conduction band minimum (CBM) at the same time for the reac-
tion of water splitting. However, these criteria are hardly met
simultaneously due to the interaction between them.25

Recently, some researches have revealed that two-
dimensional (2D) polarized materials, which possess a vertical
intrinsic electric eld induced by the dipole moment, show
promising excellent properties for photocatalytic water split-
ting.26–30 On the one hand, the carriers can be transferred from
the interior to the surface efficiently under the effect of the
induced vertical intrinsic electric eld. On the other hand,
effective solar-light harvesting can be realized. Therefore, 2D
polarized materials possess potential properties that satisfy the
demands of simultaneous solar-light absorption and carrier
separation necessary for photocatalytic water splitting. Many
two-dimensional polarized materials have been reported as
potential and effective photocatalysts for producing hydrogen
energy based on theoretical and experimental ndings.31–37 For
© 2021 The Author(s). Published by the Royal Society of Chemistry
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instance, Yang et al. theoretically demonstrated that two-
dimensional In2Te3, in which intrinsic electric eld was exper-
imentally attainable, can accomplish enhanced photocatalytic
efficiency. Moreover, the theoretical efficiency even reached 32.1%
on using the full solar spectrum.38 In our previous study, the dipole
of monolayer GeSe and monolayer GeS has been demonstrated as
a unique photocatalyst for water splitting owing to the dipole-
induced electric eld.39 Li et al. experimentally conrmed that
GaN nanorod arrays possessed a distinguished advantage for
charge separation due to the co-exposure of the polar and
nonpolar surfaces, which induce an intrinsic electric eld in the
surface region. The charge-separation efficiency of the GaN
nanorod arrays was 80%, which is much higher than the value
(about 8%) of the GaN thin-lm.Moreover, the quantum efficiency
enhanced dramatically from 0.9% for the GaN thin-lm to 6.9%
for the GaN nanorod arrays.40 Zhang et al. also experimentally
conrmed that multi-eld coupling in KNbO3 nanostructures
could enhance its catalytic performance owing to the polarization-
modulated built-in electric elds, which effectively separated
excited electron/hole pairs. The photocurrent density enhanced
obviously from 25% for the nanocube counterpart to 55% for the
KNbO3 nanosheets.41

van der Waals (vdW) heterojunctions based on two-
dimensional materials can deliver better performance than
isolated monolayers because the properties of isolated mate-
rials are complementary.42–48 Therefore, combining the different
advantageous properties of different 2D materials to form vdW
heterojunctions is an effective method to attain high-efficiency
photocatalysts for water splitting. Moreover, the built-in electric
eld induced by the interface can effectively separate the excited
carriers and enhance the photocatalytic activity.49–56 For
example, Yuan and co-workers experimentally conrmed that
the photocatalytic activity of 2D-2D MoS2/CdS,45 MoS2/g-C3N4

(ref. 57) and black phosphorus/MoS2 (ref. 58) could be
enhanced by interface engineering, which allowed the charge
carrier to be transferred and separated efficiently via abundant
channels at the large 2D interfaces. Sun and co-workers exper-
imentally reported that a 2D Janus heterojunction based on
ZnIn2S4 and WO3 was a superior Z-scheme photocatalyst; it was
helpful in boosting the separation of carriers, optimizing the
charge lifetime and enhancing charge dynamics due to the
effect of the internal electric eld via the W–S bonds.59 More-
over, many theoretical studies, using the rst-principles calcu-
lations method, have indicated that vdW heterojunctions, such
as MoTe2/SnS2,48 blue phosphorene/BSe,43 BCN/C2N,46 MoS2/
ZnO44 and C2N/WS2,49 are potential high-efficiency photo-
catalysts for water splitting. All the studies demonstrate the
important role of the internal electric eld of the vdW hetero-
junction in enhancing photocatalytic performance. Furthermore,
polarized heterojunctions constructed based on two-dimensional
polarized materials have been reported to possess a built-in elec-
tric eld combined with not only an interface-induced electric
eld, but also a dipole-induced electric eld.59–61 However, the
effects of the dipole-induced electric eld and interface-induced
electric eld in the vdW heterojunctions based on 2D polarized
materials are not clear. It is very important to study and under-
stand the couplingmechanismof the electricelds in 2D polarized
© 2021 The Author(s). Published by the Royal Society of Chemistry
vdW heterojunctions as it is key to designing highly efficient
catalysts for photocatalytic water splitting.

In order to shed further light on universal strategies for
constructing highly efficient 2D polarized vdW heterojunctions,
we investigated the coupling effect of the dipole-induced elec-
tric eld and interface-induced electric eld in two-dimensional
polarized materials, using MoTe2/GeS as the representative. The
photocatalytic activity of the MoTe2/GeS vdW heterojunction
was systematically investigated.
2. Computational methods

In this paper, all the calculations were performed using the Vienna
ab initio simulation package (VASP);62 the Perdew–Burke–Ernzer-
hof (PBE) functional of the generalized gradient approximation
(GGA) was considered for the exchange-correlation energy;63 the
projector-augmented-wave (PAW) was used for electron–ion inter-
actions;64 the optB88 method65,66 was adopted for the long-range
vdW interactions of the MoTe2/GeS vdW heterojunction. To get
a more accurate value, the bandgap was calculated by using the
HSE06 hybrid functional.67 The energy cut-off was set to 500 eV for
the plane-wave expansion of the wave function. To relax all the
structures fully, the Hellmann Feynman force convergence and the
energy convergence were set to 0.001 eV Å�1 and 10�6 eV,
respectively. In order to exclude the articial interactions, the
thickness of the vacuum region was set to more than 20 Å along
the Z direction. The gamma center schemes of 8� 8� 1 and 11�
11� 1 were used to sample the rst Brillouin zone integration68 for
geometry relaxation and static calculations, respectively.

The energy alignment of the MoTe2/GeS vdW heterojunction
was calculated according to the method reported for polarized
materials;26,28,38 the VBM energy level was obtained by the
following equation:

EVBM ¼ 4(N) � EF (1)

in which the electrostatic potential in a vacuum is represented by
4(N), and the Fermi energy level corresponds to EF. TheCBMenergy
level was calculated in accordance with the following equation:

ECBM ¼ EVBM + Egap (2)

where Egap is the bandgap calculated by the HSE06 hybrid
functional. The dielectric function was calculated according to
eqn (3) to obtain the absorption spectrum.69–71

aðuÞ ¼
ffiffiffi
2

p
u

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
31ðuÞ2 þ 32ðuÞ2

q
� 31ðuÞ

�1=2

(3)

in which a(u) is the absorption coefficient, and 31(u) and 32(u)
are the real and imaginary parts of the frequency-dependent
complex dielectric function, respectively.
3. Results and discussion
3.1 Structure of the MoTe2/GeS vdW heterojunction

In order to construct the 2D polarized MoTe2/GeS vdW hetero-
junction, the GeS monolayer and MoTe2 monolayer were fully
RSC Adv., 2021, 11, 34048–34058 | 34049
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Fig. 1 Four prototype stacking structures of the MoTe2/GeS heterojunctions: (a)–(d) side and top views of A1-, A2-, B1- and B2-stackings,
respectively.
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optimized rst. The optimized lattice constants of the GeS
monolayer and the MoTe2 monolayer were 3.495 Å and 3.550 Å,
respectively, which were consistent with previous studies.39,72,73

It can be seen that the lattice mismatch, which was calculated
from the difference in lattice constants between the GeS
monolayer and the MoTe2 monolayer, was about 1.5%. The
lattice mismatch was in an acceptable range, indicating that it
was possible to form a vertical vdW heterojunction along the Z-
axis between the GeS monolayer and the MoTe2 monolayer. As
shown in Fig. 1, four possible stackings were considered,
namely A1-, A2- and B1-, B2-stackings, to form the 2D polarized
MoTe2/GeS vdW heterojunction. In the A1- and A2-stackings,
the heterojunctions were formed based on the Ge–Te inter-
face, in which the Ge atomic surface of the GeS monolayer
approached the Te atomic surface of the MoTe2 monolayer. In
contrast, the heterojunctions of the B1- and B2-stackings were
formed based on the S–Te interface, in which the S atomic
surface of the GeS monolayer approached the Te atomic surface
of the MoTe2 monolayer. To obtain a stable heterojunction, all
four stackings were fully optimized. The relationship between
the lattice constant and the total energy of the MoTe2/GeS vdW
heterojunction was calculated. As shown in Fig. S1,† the energy
of the MoTe2/GeS vdW heterojunction was varied as the lattice
constant was tuned, and theminimum value indicated the most
stable structure. Therefore, in order to analyse the differences
among the four stacking prototypes, the lattice constants were
all taken as 3.554 Å.
Fig. 2 The coupling of the dipole-induced electric field and the
interface-induced electric field in the polarized MoTe2/GeS vdW
heterojunction based on (a) the Ge–Te interface and (b) the S–Te
interface.
3.2 The total intrinsic electric eld of the MoTe2/GeS
heterojunction

Because the electronegativities of atoms are different in two-
dimensional polarized materials, the dipole-induced electric
eld induced by the GeS monolayer and the interface-induced
electric eld induced by the interface between GeS monolayer
and MoTe2 monolayer emerged in the 2D polarized MoTe2/GeS
vdW heterojunction. The total intrinsic electric eld was
composed of the dipole-induced electric eld and the interface-
34050 | RSC Adv., 2021, 11, 34048–34058
induced electric eld. As shown in Fig. 2, A2-stacking and B2-
stacking were used as the models to study the coupling effect
between the dipole-induced electric eld and interface-induced
electric eld in the polarized MoTe2/GeS vdW heterojunction.
The dipole-induced electric elds in all the stacking orders were
almost the same because they were induced by the same GeS
monolayer, and the electric elds were along the Z direction. In
contrast, the isolated MoTe2 layer did not possess a similar
electric eld due to the symmetrical structure of the monolayer.
When the GeS monolayer and the MoTe2 monolayer were
stacked vertically to form the MoTe2/GeS vdW heterojunction,
two different interfaces (the Ge–Te interface and the S–Te
interface) were considered because of the electric eld in the
GeS monolayer along the Z direction. Both the atomic interfaces
were not symmetrical, indicating that a new intrinsic dipole
would be induced due to the different electronegativity values of
the two atoms. Therefore, there would be an interface-induced
electric eld through the Ge–Te interface or the S–Te interface
in the polarized MoTe2/GeS vdW heterojunction. Moreover,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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since the electric eld is closely related to the interlayer
distance, only the atoms in contact with each other were
considered. The total intrinsic electric eld E in the two-
dimensional polarized vdW heterojunction can be expressed as:

E ¼ Ep + Ei (4)

in which Ep is the dipole-induced electric eld, and Ei is the
interface-induced electric eld. There was no electric eld in the
isolated MoTe2 layer, and the dipole-induced electric eld of het-
erojunction was only contributed by the GeS layer (represented by
E1); therefore, it is obvious that Ep was equal to E1. In contrast, the
interface-induced electric eld in the Ge–Te interface was different
from that in the S–Te interface due to the difference in the elec-
tronegativity of the atoms. For example, the electronegativity of the
Mo atom is greater than the electronegativity of the Ge atom,
which would induce a built-in electric eld at the interface, in the
direction from the Mo-atom layer to the Ge-atom layer (repre-
sented by E2). Similarly, the electronegativity of the Te atom is
greater than that of the S atom, inducing a built-in electric eld at
the interface, in the direction from the Te atomic layer to the S
atomic layer (represented by E3). Therefore, Ei can be expressed as
the vectorial sum of E2 and E3.

In this paper, the Z-axis was selected as the positive direc-
tion; then, the total intrinsic electric eld (EA) of the polarized
MoTe2/GeS vdW heterojunction based on the Ge–Te interface
(A-stacking) was expressed as the vectorial sum of E1, E2 and E3.
Similarly, the total intrinsic electric eld (EB) of the polarized
MoTe2/GeS vdW heterojunction based on the Ge–Te interface
(the B-stacking) was expressed as the vectorial sum of E1, E2 and
E3. Signicantly, in the B-stacking case, E1 was in the opposite
direction to E2 and E3. In addition, the built-in electric eld Eeff
was mainly induced by the intrinsic dipole P in accordance with
the following formula:

Eeff ¼ P

3Sd
(5)

where the dielectric constant, surface area and distance
between the atomic layers are expressed as 3, S and d, respec-
tively. This indicates that the built-in electric eld is inversely
proportional to the distance d. The interlayer distance of GeS
was small, and the atomic distance at the heterojunction
interface was large, so Ei (i ¼ 2 or 3) was much smaller than Ep.
Therefore, the relationship between EA, EB and Ep was:

EB < Ep < EA (6)

This indicated that EA and EB were mainly contributed by Ep
and that the vector directions of EA and EB were consistent with
that of Ep along the positive direction of the Z-axis.

The electronegativity of atoms located in the upper surface
and lower surface were different. Therefore, the built-in electric
eld Eeff and a surface electrostatic potential difference DF were
induced by the intrinsic dipole P between the upper and lower
surfaces. Eeff and DF are the intrinsic characteristics of polar-
izedmaterials, which can result in the separation andmigration
of photo-generated carriers and reduce the recombination rate
of carriers effectively, thus enhancing the photocatalytic
© 2021 The Author(s). Published by the Royal Society of Chemistry
performance of the two-dimensional polarized materials. The
relationship between the built-in electric eld Eeff and the
surface electrostatic potential differenceDF can be expressed by
the following formula:

DF ¼ eEeffd (7)

where the elementary charge constant is expressed as e, and d is
the distance between the atomic layers. It can be seen that DF is
directly proportional to Eeff. The larger the surface electrostatic
potential difference DF, the larger was the induced electric eld
Eeff. As shown in Fig. S2,† the planar average potential of the
isolated GeS monolayer and the isolated MoTe2 monolayer in
the different stacking structures of the MoTe2/GeS vdW heter-
ojunction were calculated. For the isolated GeS monolayer,
there was a signicant surface potential difference DF, and the
potential energy of the Ge atomic layer at the bottom was lower
than the potential energy of the S atomic layer on the top,
indicating that the direction of dipole-induced electric eld (Ep)
was pointing from the Ge-atom layer at the bottom to the S-atom
layer at the top. For the isolated MoTe2 monolayer, the potential
energies of the upper and lower surfaces were equal, and the
surface potential difference was 0 eV because both the upper
and lower surfaces were symmetrical Te atomic layers with the
same electronegativity. It was worth noting that the DFs of the
isolated GeS monolayer in the A1-, A2- and B1-stackings was
1.082 eV, and the DF of the isolated GeS monolayer in the B2
stacking was 1.083 eV. All of them were almost the same, and
the difference between them was negligible. Therefore, this
indicated that the dipole-induced electric eld (E1) of all the
four differently stacked heterojunctions was the same since E1
was induced only by the same isolated GeS layer.

The planar average potentials of the MoTe2/GeS vdW heter-
ojunction in the A1-, A2-, B1-, and B2-stacking congurations
are shown in Fig. 3. All the stackings presented an obvious surface
potential difference DF, and the potential energy at the bottom
was lower than the potential energy at the top, indicating that the
direction of the total intrinsic electric eld (E) was along the Z
direction, which is consistent with the direction of Ep of the GeS
monolayer. Moreover, the interface-induced electric elds in the
Ge–Te interfaces of the A1- and A2-stackings were different from
those in the S–Te interfaces of the B1- and B2-stackings. However,
the potential energy on the MoTe2 side was lower than that on the
GeS side in the A1-, A2-, B1- and B2-stackings. This indicated that
the total electric eld of the heterojunction wasmainly contributed
by the dipole-induced electric eld, while the interface-induced
electric eld was weaker.

As shown in Fig. 3, the DFs of the MoTe2/GeS vdW hetero-
junctions in the A1-, A2-, B1-, and B2-stackings were 1.106 eV,
1.177 eV, 1.036 eV, and 1.057 eV, respectively, while that of the
isolated GeS monolayer was 1.082 eV. It indicated that the total
electric eld of the heterojunction was mainly contributed by
the dipole-induced electric eld and suggested that the dipole-
induced electric eld was much larger than the interface-
induced electric eld. Moreover, it was found that

DF(B) < DF(GeS) < DF(A) (8)
RSC Adv., 2021, 11, 34048–34058 | 34051
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Fig. 3 The planar average potential of the MoTe2/GeS vdW heterojunction in (a) and (b) A1-, (c) and (d) A2-, (e) and (f) B1- and (g) and (h) B2-
stackings.
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where DF(B) and DF(A) are, respectively, the surface potential
differences of the B-type and A-type stacked heterojunctions,
and DF(GeS) is the surface potential difference of the GeS
34052 | RSC Adv., 2021, 11, 34048–34058
monolayer. The surface potential difference of the B-type
stacked heterojunction was smaller than that of the GeS
monolayer, while the surface potential difference of the A-type
© 2021 The Author(s). Published by the Royal Society of Chemistry
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stacked heterojunction was larger compared with that of the
GeS monolayer. This conrmed that the interface-induced
electric eld was different in the A-type and B-type stackings.
In the A-type with the Ge–Te interface, the direction was along
the Z direction, while in B-type with the S–Te interface, the
direction was along the �Z direction. These results agree well
with the analysis in Fig. 2 mentioned above.

In order to provide insights into the mechanism of the
interface-induced electric eld, we calculated the planar average
potential difference DP of the MoTe2/GeS vdW heterojunction
by the following formula:

DP ¼ Pheterostructure � PGeS � PMoTe2
(9)

where Pheterostructure, PGeS and PMoTe2 are the planar average
potentials of the MoTe2/GeS vdW heterojunction, GeS mono-
layer and MoTe2 monolayer, respectively. DP was mainly
contributed by the interface-induced electric eld, indicating
that the direction of DP represented the direction of the
interface-induced electric eld. As shown in Fig. 4, for the A1-
and A2-stackings based on the Ge–Te interface, the direction of
DP was along the positive direction of the Z-axis, indicating that
the interface-induced electric eld was directed from the
bottom atomic layer to the top atomic layer. By contrast, for the
B1- and B2-stackings based on the S–Te interface, the direction
of DP was along the negative direction of the Z-axis, which
indicated the interface-induced electric eld was directed from
the top atomic layer to the bottom atomic layer. Therefore, the
Fig. 4 The plane-average potential difference along the Z direction of M
stacking.

© 2021 The Author(s). Published by the Royal Society of Chemistry
interface-induced electric eld was closely related to the stack-
ing order based on the different interface structures. The
direction of the interface-induced electric eld was the same for
the stackings based on the same interfaces. The results were
consistent with the above-mentioned analysis Fig. 2 and 3.
Moreover, it was found that the value of the planar average
potential difference (DP), which represents the interface-
induced electric eld induced by the interface between the
GeS monolayer and the MoTe2 monolayer, was much smaller
than the value of the surface potential difference of the GeS
monolayer (DF), which represents the dipole-induced electric
eld induced by the GeS monolayer. This conrmed that the
total intrinsic electric eld was mainly contributed by the
dipole-induced electric eld, while the interface-induced elec-
tric eld contributed less to the total intrinsic electric eld.
Therefore, when the interface-induced electric eld and the
dipole-induced electric eld are in the same direction, a larger
total intrinsic electric eld would be induced. Meanwhile, the
total intrinsic electric eld would be slightly smaller than the
dipole-induced electric eld when the interface-induced electric
eld and the dipole-induced electric eld are in opposite
directions.
3.3 Stability and phonon dispersion

The coupling mechanism of the built-in dipole electric eld and
the interface-induced electric eld of the different stacking
sequences has been studied above. The A2-stacking structure
oTe2/GeS vdW heterojunction for (a) A1-, (b) A2-, (c) B1- and (d) B2-

RSC Adv., 2021, 11, 34048–34058 | 34053
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Fig. 5 (a) Energy difference DEi (eV) between the optimized MoTe2/GeS vdW heterojunctions and the most stable heterojunction; (b) the
phonon spectrum of the MoTe2/GeS vdW heterojunction.
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possessed the largest total intrinsic electric eld, which is useful
to separate the photo-generated carriers, expand the solar light
absorption region and enhance the performance of the photo-
catalytic water splitting. To obtain the most stable vdW hetero-
junction, all the four stacking structures were fully optimized, and
the total energies of the different stacking structures were also
calculated. As shown in Fig. 5(a), it was clear that the total energy of
the A2-stacking was the minimum, while the B2- and A1-stackings
possessed the maximum value, and the total energy of the B1-
stacking was in between, indicating that the A2-stacking would
be the most stable structure among the four. Therefore, the A2-
stacking was taken as the optimum structure to discuss the
Fig. 6 The band structures (HSE06) of the (a) GeSmonolayer, (b) MoTe2 m
states (PDOS) of the MoTe2/GeS vdW heterojunction.

34054 | RSC Adv., 2021, 11, 34048–34058
properties of the MoTe2/GeS vdW heterojunction. To verify the
thermodynamic and dynamical stability of the MoTe2/GeS vdW
heterojunction, the binding energy Ed of the MoTe2/GeS hetero-
junction was calculated by the following formula:

Ed ¼ Eh � EGeS � EMoTe2

A
(10)

in which Eh, EMoTe2 and EGeS are the total energy corresponding
to the MoTe2/GeS vdW heterojunction, isolated MoTe2 mono-
layer and isolated GeS monolayer, respectively. The interface
area of the MoTe2/GeS vdW heterojunction is represented as A.
According to the denition, the vdW heterojunction structure
onolayer, (c) MoTe2/GeS vdW heterojunction. (d) The partial density of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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would be the most stable if the value of binding energy is the
most negative. The value of binding energy of the MoTe2/GeS
vdW heterojunction was about�48.34meV Å�2, similar to those
of other vdW heterojunctions.70,74–76 This conrmed that the
MoTe2/GeS vdW heterojunction was thermodynamically stable.
Moreover, the phonon spectrum of the vdW heterojunction with
A2-stacking was calculated, as shown in Fig. 5(b); there was no
obvious virtual frequency in the phonon spectrum, which
conrmed its dynamical stability. Therefore, the A2-stacked
vdW heterojunction was used as the representative to study
the photocatalytic performance.

3.4 Electronic properties

The band structures of the GeS monolayer, MoTe2 monolayer
and MoTe2/GeS vdW heterojunction were calculated using the
HSE06 method to get accurate values. As shown in Fig. 6(a), for
the GeS monolayer, the valence band maximum (VBM) was
located between K and G. As a contrast, the conduction band
minimum (CBM) was located between G and M. The GeS
monolayer was an indirect semiconductor with a bandgap of
3.265 eV, which is very large and similar to traditional bulk
material catalysts, such as TiO2. This indicated that only a few
ultraviolet light spectra, which is just about 5% of the full solar
spectrum, would be absorbed and utilized by the GeS mono-
layer. Thus, the GeS monolayer possesses low solar-light
absorption and low conversion efficiency in photocatalytic
water splitting. As shown in Fig. 6(b), the MoTe2 monolayer was
a direct semiconductor with the CBM and VBM located at the K
point. The bandgap of the MoTe2 monolayer was 1.505 eV,
which is consistent with previous results.77 Compared with the
GeS monolayer, the MoTe2 monolayer possesses a direct semi-
conductor characteristic with a suitable value of bandgap for solar-
light conversion and absorption of the visible light spectrum. This
means that the MoTe2 monolayer is a potential material for solar
spectrum utilization. As shown in Fig. 6(c), the MoTe2/GeS vdW
heterojunction was also a direct semiconductor with the CBM and
the VBM located at the K point. The bandgap of the MoTe2/GeS
vdW heterojunction was 1.524 eV. The band structure of the
MoTe2/GeS vdW heterojunction retained the individual band
characteristics of the component monolayers. It was notable that
the CBM and VBM were very similar to those of the MoTe2
monolayer, and therefore, the MoTe2/GeS vdW heterojunction
maintained the direct bandgap semiconductor characteristics as
the MoTe2 monolayer. Moreover, since the smaller bandgap of the
MoTe2/GeS vdW heterojunction than that of the GeS monolayer
suggested that light in a wider solar spectrum (including ultravi-
olet light and visible spectrum) would be absorbed effectively.
Therefore, the construction of MoTe2/GeS vdW heterojunction is
an effective way to solve the problem of low solar-light absorption
in the GeS monolayer.

The effective mass m* of electrons and holes in the MoTe2
monolayer, GeS monolayer and MoTe2/GeS heterojunction were
calculated by tting the HSE06 band structures to a parabola,
according to the following equation:

E ¼ ħ2k2

2m*
(11)
© 2021 The Author(s). Published by the Royal Society of Chemistry
For the MoTe2 monolayer, the CBM and VBM were always
located in K point, and the effective electron and hole masses
were 0.635me and �0.752me, which were consistent with the
values 0.58me and �0.74me reported in the previous studies.78

Here, the electron static mass is represented as me. For the GeS
monolayer, the VBM was located between K and G, and the CBM
was located between G and M; the effective electron and hole
masses were 1.518me and �1.534me, respectively. Moreover, for
the MoTe2/GeS vdW heterojunction, the CBM and VBM were
always located at the K point, and the effective electron and hole
masses were 0.723me and�0.825me, respectively. It was notable
that the effective masses of electrons and holes in the MoTe2/
GeS vdW heterojunction were between those of the MoTe2
monolayer and the GeS monolayer but closer to those of the
MoTe2 monolayer because the MoTe2/GeS vdW heterojunction
maintained the advantageous band structural characteristics of
the MoTe2 monolayer.

In order to see the contribution of each element to the band
structure of theMoTe2/GeS vdWheterojunction, the partial density
of states (PDOS) of the MoTe2/GeS vdW heterojunction was
calculated, as shown in Fig. 6(d). The CBMwasmainly contributed
by the d orbitals of the Mo atoms and the p orbitals of the Te
atoms. In contrast, the VBM was mainly contributed by the
d electrons of the Mo atoms. Therefore, the direct bandgap
semiconductor characteristics of the MoTe2/GeS vdW hetero-
junction were mainly determined by the MoTe2 monolayer, which
was benecial to improving the solar-light conversion and
enhancing the performance in photocatalytic water splitting.

The two-dimensional polarized materials manifest prom-
ising and potential properties in the conversion process of solar
energy to hydrogen energy, thanks to the effect of the vertical
intrinsic electric eld. Not only can the carriers be separated
efficiently from the interior to the surface under the effect of the
intrinsic electric eld, but the bandgap is also effectively
reduced to align with the redox potential of water, as required
for photocatalytic water splitting. According to the mechanism
of photocatalytic water splitting by two-dimensional polarized
materials introduced by Yang's group,26 under the effect of the
intrinsic electric eld, all the energies, including vacuum
energy, reduction potential and oxidation potential, bend along
the direction of the electric eld. Therefore, the energy align-
ment of two-dimensional polarized materials is different from
that of non-polarized 2D materials.

As shown in Fig. 7, the MoTe2/GeS vdW heterojunction
possesses an intrinsic electric eld, which is a combination of
the dipole-induced electric eld and the interface-induced
electric eld at the heterojunction. The intrinsic electric eld
is along the Z direction, therefore the energy, including the
vacuum energy, the reduction potential and the oxidation
potential, bends along the direction of the electric eld. It is
obvious that the surface potential difference DF ¼ 1.177 eV is
very helpful to separate the photo-general carriers from the
interior to the surface efficiently. Under the effect of the
intrinsic electric eld, the electrons quickly migrate to the
bottom layer of the heterojunction, while the holes migrate to
the top layer of the heterojunction. At the top layer of the het-
erojunction, the VBM energy level is lower than the oxidation
RSC Adv., 2021, 11, 34048–34058 | 34055
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Fig. 7 (a) The energy alignment of the MoTe2/GeS vdW heterojunction; (b) an enlarged section of (a).
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potential of O2/H2O (�5.67 eV). The energy difference (DEv)
between the oxidation potential and the VBM energy level is
0.464 eV, which drives water to generate oxygen and H+ under
the action of holes according to the following equation.

4h+ + 2H2O / O2 + 4H+ (12)

In contrast, at the bottom layer of the heterojunction, the
CBM energy level is higher compared with the reduction
potential of H+/H2 (�4.44 eV). The energy difference (DEc)
between the reduction potential and the CBM energy level is
0.947 eV, driving water to generate hydrogen and OH� under
the action of electrons according to the following equation.

4e� + 4H2O / 2H2 + 4OH� (13)

Moreover, both DEv and DEc are suitable for the harmonious
reaction. These results indicate that the heterojunction would be
a potential and effective photocatalyst for producing hydrogen and
oxygen due to the advantages of the intrinsic electric eld.
Fig. 8 Absorption coefficients of the GeS monolayer, MoTe2 mono-
layer, and MoTe2/GeS vdW heterojunction.

34056 | RSC Adv., 2021, 11, 34048–34058
3.5 Optical properties

It is known that solar-light absorption is the rst and the most
important step during the process of solar energy to hydrogen
energy conversion. In order to study the absorption perfor-
mance of the MoTe2/GeS vdW heterojunction, the dielectric
function was calculated to obtain the absorption spectrum.69–71

The absorption spectra of the GeS monolayer, MoTe2 monolayer
and MoTe2/GeS vdW heterojunction are shown in Fig. 8. It was
obvious that the absorption performance of the GeS monolayer
was unsatisfactory, involving only the ultraviolet region, which
is just about 5% of the solar spectrum. Meanwhile, the visible
and infrared regions, which form the most part (about 95%) of
the solar spectrum, would not be absorbed efficiently because
the bandgap of the GeS monolayer was larger than 3.0 eV. In
contrast, the MoTe2 monolayer possessed excellent and distin-
guishable absorption performance as the MoTe2 monolayer was
a direct semiconductor with a suitable bandgap to aid the
absorption of a wider range of solar light, including the ultra-
violet region (<400 nm) and the visible region (400–800 nm).
Moreover, the MoTe2 monolayer had a strong light-absorption
capacity, and its absorption coefficient could reach 106 cm�1.
The absorption performance of the MoTe2/GeS vdW hetero-
junction was better than the GeS monolayer as it was mainly
determined by the MoTe2 monolayer. Both the ultraviolet
spectrum region (<400 nm) and the visible spectrum region
(400–800 nm) were absorbed by the MoTe2/GeS vdW hetero-
junction. Moreover, the absorption coefficient of the MoTe2/GeS
vdW heterojunction was about 106 cm�1, indicating excellent
and distinguished absorption performance as that of the MoTe2
monolayer. Therefore, the construction of the MoTe2/GeS vdW
heterojunction was helpful toward enhancing the conversion
efficiency of solar energy and improving the efficiency of pho-
tocatalytic water splitting under a wide light spectrum.
4. Conclusion

In summary, we have constructed a MoTe2/GeS vdW hetero-
junction based on two-dimensional polarized materials and
systematically investigated the coupling effect of the dipole-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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induced electric eld and interface-induced electric eld on the
photocatalytic activity via rst-principles calculations. The
results indicate that a dipole-induced electric eld, which is
induced by the GeS monolayer, and an interface-induced elec-
tric eld, which is induced by the interface between the GeS
monolayer and the MoTe2 monolayer, emerge in the 2D polar-
ized MoTe2/GeS vdW heterojunction. The total intrinsic electric
eld was composed of the dipole-induced electric eld and the
interface-induced electric eld. The dipole-induced electric
eld was much larger compared to the interface-induced
electric eld, indicating the dominant contribution of the
former to the total intrinsic electric eld. Moreover, our
results indicate that the two-dimensional polarized MoTe2/
GeS vdW heterojunction is a potential efficient photocatalyst
for producing hydrogen energy due to the following reasons.
The MoTe2/GeS vdW heterojunction is a direct semi-
conductor with a bandgap of about 1.524 eV, which is very
useful for optoelectronic and photocatalytic applications.
Moreover, the MoTe2/GeS vdW heterojunction possesses
excellent solar absorption performance in a wide light spec-
trum and presents a high absorption coefficient (about
106 cm�1). The MoTe2/GeS vdW heterojunction possesses
a total intrinsic electric eld, which is the combination of the
dipole-induced electric eld and the interface-induced elec-
tric eld. The intrinsic electric eld is helpful in effectively
reducing the recombination rate of the electron–hole pairs.
The band alignments of the MoTe2/GeS vdW heterojunction
satisfy the redox potential very well. On the whole, the two-
dimensional polarized material-based MoTe2/GeS vdW het-
erojunction would be a highly efficient photocatalyst for
producing hydrogen energy under ultraviolet to near-infrared
light. Our study may shed light on a strategy for building
highly efficient 2D polarized vdW heterojunctions for water
splitting under the full solar light spectrum.
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