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High-efficient photocatalyst is critical for water splitting by solar light. Here we via first
principles caleulations propose the two dimension (2D) polarized GeS/MoSe, van der Waals
(vdW) heterostructure for efficient water redox photocatalyst. The performance of
GeS/MoSe; heterostructure is better than isolated materials, due to the properties of GeS
monolayer and MoSe, monolayer are complementary by forming vdW heterostructure.
GeS/MoSe; hieterostructure possesses suitable band gap, dipole induced internal electric field
and excellent solar absorption performance. The band alignments of GeS/MoSe;
heterostructure are suitable compared with the redox potential of water. It is feasible to tune
the opto=electronic properties and enhance photocatalytic activity of GeS/MoSe,
heterostructure via strain engineering. Biaxial compressive strain range of -2% to -3% induces

the direct band=gap characteristic in GeS/MoSe; heterostructure. Our results suggest that 2D

polarized (GeS/MoSe, van der Waals heterostructure is a potential novel high-efficienct
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photocatalyst for water splitting under a wide range of sunlight from ultraviolet to
near-infrared.
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1. Introduction

Harvesting=solar light is an ultimate solution to energy crisis. Photocatalytic water
splitting technology, in which process solar light, water and catalyst are adopted to generate
O, and H, witheut polluting the environment, has been considered as an efficient and feasible
approach to solve the serious energy and environmental problems!' . There are three major
processes in photoeatalytic water splitting, as the photo-generated electron-hole pairs separate
and transfer tosthe; surface of photocatalysts, and the H, (O,) are generated by the way of
hydrogen evolution reaction (oxygen evolution reaction) on the surface of photocatalysts,
respectively[4’ 3) Therefore, effective solar light harvesting and carrier separation are keys to
enhance thewefficiency of photocatalytic water splitting process. Since Fujishima et al.l’!
reported ph6focatalytic water splitting in 1972 firstly, bulk materials, such as TiO," %,
ZnOM" 1 cdst Pl and SrTios!"'® ') have been extensively investigated as potential
photocatalysts. However, the conversion efficiency of these bulk materials are still low and
unsatisfactoryadue’to the large band gap, low solar light absorption, low carrier mobility, and
high carrier|recombination rate’ ', Compared to the traditional bulk materials, a series
studies reported-that two dimension (2D) materials have distinctive advantageous properties
for photocatalytic water splitting, such as large specific surface area, short distance for charge
carrier diffusien; high carrier mobility, low carrier recombination rate, strong visible light

]9'22], due to the decrease in the dimension of

absorption and fieyel electronic properties!
materials and quantum confinement.

Recent researches have manifested that some 2D polarized materials with dipole moment

induce vertical intrinsic electric field throughout the whole material, which implies promising
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excellent applications in photocatalytic water splitting™2®. The induced vertical intrinsic
electric field not only efficiently separates carriers from interior to surface, but also
effectively reduces the photocatalyst’s band gap required for water splitting, leading to
widened solar light absorption region!®”). Therefore, some 2D polarized materials have been
theoreticallyrand€xperimentally proved to be potential photocatalysts for water splitting. For
example, Yaig et al.?®! reported that the intrinsic electric fields in experimentally attainable
2D In,Te; enhanced the performance for photocatalytic water splitting and the theoretical
efficiency of solamto hydrogen using the full solar spectrum even achieved 32.1%. Liu et al.*
experimentally confirmed that 2D material (WS, nanosheet) with dipole possessed full solar
light spectrumssphotodegradation activity and high photocatalytic efficiency. Recently
synthesized 2D Janus MXY (M=Mo, X/Y=S, Se, Te) are also potential photocatalyst for
water splitting'with a low carrier recombination rate due to structural symmetry breaking and

25:2931 ‘Moreover, the switch of the dipole moment controlling

induced internal electric field
by the stacking order indicates that asymmetric 2D Janus MXY (M=Mo, W, X/Y=S, Se, Te)
are responsive to lights with a wide range spectrum from infrared to ultraviolet **. Our
previous study!®?! have demonstrated the blue phosphorene phase monolayer GeS and GeSe
possess unique photocatalytic properties for water splitting and strain engineering can
enhance photoeatalytic activity under visible light due to the internal electric field induced by
dipole moment from Ge atomic surface to S/Se atomic surface.

Although..the, 2D polarized materials possess promising potential application in
photocatalysts“of water splitting, however there's definitely room for improvement,
considering.the properties are limited by single material system. Recently many studies have
shown that forming van der Waals (vdW) heterostructures based on different monolayers 2D

materials is an effectively and facile way to combine the advantages of different 2D

materials® 2%\, For example, Deng et al. reported that a photodetector based on MoS,/black
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phosphorus vdW heterostructure showed a photodetection responsivity of 418 mA/W, which
was much higher than the value of 4.8 mA/W for the single black phosphorus

phototransistors®*.

Moreover, many recent studies have shown that constructing
photocatalysts.based on vdW heterostructures, such as GeS/WS,P”, GaS/g-C3N4& %,
MoS,/ZnOPApMoSs/GaN™"! MoS,/g-CsN,*!, MoSe,/SnS,*, Blue P/Mg(OH),'*!, Blue
P/AlN[44], Blue P/BSe[45], BCN/CZN[46], a-FezO3/g-C3N4[47], can enhance the photocatalytic

[5-18.48. 991 " Considering the excellent advantage properties of the

efficiency for water splitting
2D polarizedamaterials and the heterostructures for water splitting, exploring heterostructures
based on the 2D polarized materials is a potential effective way to enhance the photocatalytic
performancegofswater splitting process. Therefore, it is thus important and interesting to
design and investigate the vdW heterostructures based on the 2D polarized materials.

Here, we"design and investigate the vdW heterostructures based on the 2D polarized
materials, using GeS/MoSe, as demonstration. GeS monolayer shared a similar hexagonal
crystal structure and nearly identical lattice constants with MoSe, monolayer, which possesses
sizable direct band gap, advantageous optoelectronic and distinguished mechanical properties.
We expected that the advantageous properties of GeS and MoSe, were well preserved by
forming the GeS/MoSe, vdW heterostructure. The structural stability, binding energy, internal
electric fieldgwopto-electronic properties and photocatalytic activity of the GeS/MoSe;
heterostructure were systematically investigated via first principles calculations. The effect of
biaxial strainsen.the properties of GeS/MoSe, vdW heterostructure was also discussed. The
results suggest that the 2D polarized material based GeS/MoSe, vdW heterostructure is a
potential fiovel| high-efficiency photocatalyst for water splitting under a wide range from

ultraviolet to near-infrared light.

2. Results and discussion
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The optimized lattice constants of GeS and MoSe, monolayers are 3.495 A and 3.319 A,

[32, 50-52

respectively, agreeing well with previous study ], The lattice constants difference

between GeS and MoSe, monolayer, or the lattice mismatch, is about 2.4% which is in an

acceptable range"” **

and good for constructing heterostructures along z direction. The
stacking configuration of polarized material based heterostructure is more complex than that
based on the non-polarized materials, because the GeS monolayer possesses a dipole induced
internal electric field which is from Ge atomic surface to S atomic surface, indicating that
both of the Ge atomic surface and S atomic surface should be considered to contact with the
MoSe, monolayer when stacking the GeS/MoSe, heterostructures. As shown in Figure S1,
twelve stackingsstructures of GeS/MoSe, heterostructures are considered, namely Al-, A2-,
A3-, B4-, B5-, B6-, C7-, C8-, C9-, D10-, D11- and D12- stacking, respectively. In the
Al-stacking,#the"Ge atomic surface approaches to the MoSe, monolayer and the GeS
monolayer is directly stacked on the MoSe, of bottom layer, in which Ge atoms just locate
above Mo atoms,vand S atoms are just situated in the center of hexagon of the MoSe,
monolayer. Moreover, the A2- and A3-stacking can be obtained as the MoSe, monolayer is
translated along the vectors of (h—a) direction with the distance about 1/3 or 2/3 length of the
unit cell, respectively, while the GeS monolayer is unchanged. Comparing to the A-
combination, the.direction of MoSe, monolayer in the B- combination is along opposite. The
B1-, B2- "and B3-stacking can be obtained as that the bottom layer MoSe, is rotated 180
degrees along..the z direction from A3-, Al- and A2-stacking, respectively. The
C-combination (D-combination) is similar to the A-combination (B-combination),
respectively, while the MoSe, monolayer is directly stacked on the GeS of bottom layer, due
to the S atomic surface is chosen to approach to the MoSe, monolayer.

In order to obtain the stable atomic configuration, all the twelve stacking are fully

relaxed and the total energy of each stacking was calculated and counted. As shown in Figure
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S2, the B5-stacking gets the minimum value among the twelve stacking, indicating that
B5-stacking is the most stable structure. Therefore, the B5-stacking (Figure 1 (a)) was chosen
as the optimum representative stacking to show the properties of the GeS/MoSe, vdW
heterostructure.in the following. The energy as a function of lattice constant was shown in the
Figure S3, the'resultiindicates that the optimum lattice constant of GeS/MoSe; heterostructure
is about 3.405 A. To analyze the thermodynamic stability, the binding energy and phonon
spectrum of GeS/MoSe, heterostructure were calculated. The binding energy Eu is

calculated usingthe following definition:

= (D

where Ei, (Eces and Emose represent the total energy of the GeS/MoSe, heterostructure,

isolated GeS.menolayer and isolated MoSe, monolayer, respectively, and A4 is the area of
GeS/MoSe, “heterostructure. A more negative binding energy indicates a more
thermodynamically, stable structure. The binding energy of GeS/MoSe, heterostructure is
about -23.76 " meVA~2, which is close to those of other vdW heterostructures®® ** >3 6]
indicating that GeS/MoSe, heterostructure is thermodynamically stable. As shown in the
Figure S4 and Figure S5, there is no imaginary vibration mode in the phonon spectrum of
GeS/MoSe; heterostructure, confirming the dynamical stability of this structure.

The bandwstructures of the isolated GeS, MoSe, monolayer and the GeS/MoSe;
heterostructure were calculated based on the HSE06 method. As shown in Figure 1(b), the
isolated GeSmmonolayer is an indirect semiconductor with a large band gap, and the
Conduction”Band Minimum (CBM) appears between the /" and M points while the Valence
Band Maximum (VBM) appears between the K and /" points. The GeS monolayer has been

reported as a potential promising photocatalyst for water splitting, due to a dipole moment

induced vertical intrinsic electric field in the monolayer, which is helpful for separating of the

This article is protected by copyright. All rights reserved



carriers from interior to surface. However, the value of the band gap of the GeS monolayer is

8,12
(8. ], such as

about 3.265 eV, similar to those of the conventional bulk material photocatalysts
Ti0,, indicating that only the violet light, just about 5% of the total energy of the solar light,
can be harvested, which greatly limits its applications.

The isolated®™MoSe, monolayer is a direct semiconductor with band gap about 1.889 eV,
and both the CBM and VBM locate at the K point (Figure 1 (¢)), in good agreement with

d®52 The GeS/MoSe; heterostructure is a semiconductor with an

previous results reporte
indirect band.gappand the CBM and VBM locate at /" point and K point respectively (Figure 1
(d)). The band structures of GeS/MoSe; heterostructure preserve both the properties of
isolated GeSsand-MoSe, monolayer. The band gap of the GeS/MoSe; heterostructure is about
1.387 eV, which is smaller than those of the isolated GeS and MoSe, monolayer due to the
formation vdW, heterostructure. As a result, GeS/MoSe, heterostructure can harvest a broader
light spectrum range from ultraviolet to visible solar light, comparing to that only ultraviolet
light is harvestedr by the isolated GeS monolayer. Therefore, formatting GeS/MoSe:
heterostructure is an efficient way to work out the problem that isolated GeS monolayer faced
and to enhance solar light harvesting effectively.

What is‘more, the band structures for monolayer GeS, monolayer MoSe, and GeS/MoSe;
heterostructuresdneluding the effect of spin-orbit coupling (SOC) were illustrated in Figure S6.
It is clear 'seen that there is no significant SOC effect on the monolayer GeS, while there is a
SOC effect en.MoSe, and GeS/MoSe; heterostructure. It can be found that SOC slightly
influences band gap values while maintaining the band-structure characteristics and shapes. In
order to shed light on the fundamental mechanism of the orbital reconfiguration of the
GeS/MoSe; heterostructure, the partial density of states (PDOS), the band decomposed charge

density of the VBM and CBM were shown in Figure S7. It can be seen that it is p-orbitals of

Ge, S and Se, and d-orbitals of Mo that contributed mainly to the VBM below Fermi level,
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while p-orbitals of Se and d-orbitals of Mo contributed mainly to the CBM above the Fermi

level.
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Figure 1. (a)sTop and side views of optimum stacking order of the GeS/MoSe, heterostructure.
The band structures (HSE06) of (b) monolayer GeS, (c) monolayer MoSe, and (d)
GeS/MoSe; heterostructure.

Due to the charge redistribution, the 2D polarized materials possess an intrinsic dipole
moment P through the materials. This intrinsic dipole moment P induces a surface potential
difference (4®) bétween the vacuum levels of the top and bottom surface. As shown in the
Figure 2 (a-c), for the isolated GeS monolayer, there is a 4@ about 0.793 eV between bottom
surface (Ge atomic¢’side) and top surface (S atomic side) for the monolayer GeS. The direction
pointing of theuinternal electric field (£.y) is from bottom surface to top surface. As a contrast,
the AP is zero for MoSe, monolayer, due to the MoSe, monolayer is non-polarized 2D
material with the same element on both sides. Importantly, for the GeS/MoSe, heterostructure,
the surface potential difference A® is considerable. The vacuum level of the bottom surface
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(MoSe, monolayer side) is lower than that of the top surface (GeS monolayer side). As a
consequence, there is an intrinsic electric field in the GeS/MoSe; heterostructure. The
direction is from the bottom surface to the top surface, consistent to that of isolated GeS
monolayer. Our,tesult confirms that the GeS/MoSe; heterostructure preserves the properties
of the dipole induced internal electric field, which is a distinct and advantageous property
appeared in the 2D polarized materials. Furthermore, the value of the 4@ of the GeS/MoSe;
heterostructure is about 0.854 eV, larger than that of isolated GeS monolayer, suggesting that
the band bendingracross the junction surface can be induced this surface potential difference.
To unveil the mechanism of the dipole induced internal electric field of the GeS/MoSe,
heterostructures:the charge density difference and the plane-average charge density difference
along the z direction of GeS/MoSe; heterostructure were calculated and plotted in Figure 2 (d)

and Figure 24(€);tespectively. The charge density difference Ap can be calculated according

to the following equation
Ap = p s — P —pP (2)
in which, 0, o0mere » Poes @0d - Pys, are the charge densities of the GeS/MoSe;

heterostructure,_isolated GeS monolayer and isolated MoSe, monolayer with the same
in-plane lattice,censtant, respectively. Moreover, the plane-average charge density difference

along the z'direction Ap(z) can be obtained by integrating the in-plane charge density

difference “Ap according to the following equation

rp =1e - [ -[p 3).
Herein, yellow and blue isosurfaces correspond to charge accumulation and depletion,

respectively. As shown in the Figure 2 (d) and Figure 2 (e), the Ge atom denotes electrons to

the S atom, and the holes remained in the Ge atom, therefore the Ge atom gathers positive
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charges and the S atom gathers negative charges, confirming that the dipole induced internal
electric field is from Ge atomic side to S atomic side which is mentioned above in Figure 2(a).

Moreover, the non-polarized MoSe, monolayer is unavoidably influenced by the
polarized GeS.monolayer, after forming the vdW GeS/MoSe; heterostructure. For the MoSe,
layer, the chargestedistribution behavior is regular. The electrons of each atom of the MoSe;
layer transfer from further section to the nearer section which approaches to the GeS layer,
leading to the polarization of electron and the formation of internal electric field induced by
dipole moment. Fhis means the dipole induced internal electric field appears in both the GeS
layer and MoSe; layer of the GeS/MoSe, heterostructure. The direction pointing in the MoSe,
layer is similarsto that of the GeS layer. The dipole induced internal electric field of the
GeS/MoSe; heterostructure is from the bottom surface to the top surface, which is consistent
well with thesesult analyzed from the surface potential difference.

The 2D polarized material based GeS/MoSe, heterostructure preserves the advantageous
properties, such assunique dipole induced internal electric field, as same as those of the 2D
polarized GeS monolayer. The dipole induced internal electric field E.; of GeS/MoSe;
heterostructure_is_helpful for efficiency of separating carriers, reducing effectively the

probability ©f recombination of photo-generated electron-hole pairs and ensuring the
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photocatalytic activity.
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Figure 2. The'planar average potential of (a) monolayer GeS, (b) monolayer MoSe, and (c)

GeS/MoSe; heterostructure. (d) The charge density difference and (e) the plane-average

charge'density difference along the z direction of GeS/MoSe; heterostructure.

The solar light harvest is the premier step in the photocatalytic water splitting process, of

which, the efficiency is a crucial factor. A desirable photocatalyst should possess not only

strong solar ‘light absorption ability, but also wide solar light adsorption range, especially

visible light_anddnfrared light. To elucidate the absorption performance, the absorption

spectra weresobtained by calculating the dielectric function according the following equation

alo) =\ o e ) + e o) - 2 o)

(4)

In which, the absorption coefficient is represented by a(a)), the real and imaginary parts of

the frequency-dependent complex dielectric function correspond to & (a)) and ¢ (a)),

This article is protected by copyright. All rights reserved



respectively. As shown in Figure 3 (a), the optical absorption coefficients as a function of
wavelength for isolated GeS monolayer, isolated MoSe, monolayer and the GeS/MoSe;
heterostructure were calculated. The isolated GeS monolayer only absorbs ultraviolet light,
for which the proportion is just only about 5% of total solar light. The visible and infrared
light that accounts for the most proportion of solar light cannot be utilized due to the large
band gap of @bout 3.265 eV for GeS monolayer, leading to low solar absorption performance.
As a contrast, the 1solated MoSe, monolayer possesses excellent solar absorption performance,
such as wide solarlight adsorption ranging from the ultraviolet light to the visible light, strong
solar light absorption ability and the absorption coefficients near to 10°® cm™, agreeing well
with the precioussteported””. More importantly, vdW heterostructures can absorb solar light
more efficiently than the isolated materials[57'59], as 1illustrated in the GeS/MoSe,
heterostructurein this study. The excellent solar absorption performance of isolated MoSe;
monolayer can be preserved in the GeS/MoSe, heterostructure. The absorption coefficient of
the GeS/MoSe; heterostructure is slightly larger than that of the isolated MoSe, monolayer. In
addition, as shown in Figure 3 (a) and Figure S8, the absorption edge of the GeS/MoSe;
heterostructure_has red shift to near infrared light, due to the band gap reduction to about
1.387 eV after formatting vdW heterostructure. The results of absorption spectrum suggest
that GeS/MoSeasheterostructure possesses excellent solar absorption performance, which is
contributed mainly by MoSe, monolayers. A wide light spectrum ranged from ultraviolet to
near infrared.light. can be utilized with a high absorption coefficient, which is useful to
enhance the solar energy conversion performance for water splitting.

In ofder to examine the possible applications of GeS/MoSe, heterostructure in the
photocatalytic water splitting, the band alignments of the GeS/MoSe, heterostructure were
compared with the redox potential of water. The dipole moment induced vertical intrinsic

27]

electric field in the 2D polarized materials will induce the energy level bend®”, reducing the
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photocatalyst’s band gap requirement for water splitting. The energy alignment of GeS/MoSe,
heterostructure was statistics according the methods using in the polarized materials as

23,25-27,32
d=> >

previous papers reporte , in which the valence band maximum (VBM) was assumed

to equal to the work function according the following equation:
where @(o0)is.the.electrostatic potential in vacuum, and is the Fermi energy level, and

the conduction band minimum (CBM) was calculated according the following equation:
- v (6)

where E,

1s the,value of band gap (HSE00).

As shown“in‘the Figure 3 (b), the dipole moment induced vertical intrinsic electric field
is from the bottom surface to the top surface, which is helpful to separate photo-generated
electrons andyholes effectively. Therefore, the electrons transfer from interior to the bottom
surface, whilesthe holes transfer from interior to the top surface, respectively. On the top side,
the VBM is=lower than the oxidation potential of O,/H>O (—5.67 eV), and the energy

difference (4£,) between VBM level and the oxidation potential level is 0.475 eV, which is

suitable to drivesheles to oxidize H,O to Os:

+ +

+ —> + (7
On the bottomrside; the CBM is higher than the reduction potential of H'/H, (—4.44 eV), and
the energy difference (4E.) between CBM level and the reduction potential level of H/H, is

0.535 eV, whichris suitable to urge electrons to catalyze H,O to Hj:

+ — + (8).
In addition, the value of the AF),, is similar to that of 4E,, indicating a harmonious ability
to produce hydrogen and oxygen. In general, the results suggest that GeS/MoSe, van der

Waals heterostructure is a potential high-efficiency photocatalyst for water splitting thanks to
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it possesses a dipole moment induced vertical intrinsic electric field and a suitable band

alignment under a wide range from ultraviolet to near-infrared light.
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Figure 3. (a). Absorption coefficients of monolayer GeS, monolayer MoSe; and GeS/MoSe,

heterostructure. (b) The energy alignment of GeS/MoSe, heterostructure.

Strain engineering is an effective and convenient strategy to tune the optoelectronic

performance of*2D materials?®" ®*®¥ Herein, the electronic, optical and photocatalytic

properties of the GeS/MoSe, heterostructure under external biaxial strain were systematically
investigated./Compressing and stretching are represented by symbol “-” and “+”, respectively.
The band structures (HSE06) of GeS/MoSe, heterostructure at various biaxial strain were
shown in the Figure 4 (a-c) and the band gap as a function of biaxial strain range from 0 to
+10% wasmplotted: in the Figure 4 (d). The magnitude of band gap for the GeS/MoSe;
heterostructure can be tuned continuously by biaxial strain. For tensile strain, the band gap
monotony deereased from 1.387 eV to 0.002 eV when the biaxial strain increased from 0 to
+10%, indicating more visible light and infrared light can be harvested by GeS/MoSe;
heterostructure, which also confirm by the absorption spectrum shown in Figure S9. For

compressive strain, the band gap increases to the maximum 2.064 eV, when the biaxial strain
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decreased from 0 to -4%. The band gap decreased as the decrease of the biaxial strain from -4%
to -10%.

Under compressive strain range of -2% to -3%, GeS/MoSe; heterostructure possesses a
direct band gap.character and the VBM and CBM both appear in the K point. More details are
shown in thew=Figure 4 (b) and Figure S10, the CBMs and VBMs of GeS/MoSe;
heterostructure at -2% and -3% biaxial strain are similar to that of monolayer MoSe,. The
lattice constants and band gap of GeS/MoSe; heterostructure at -2% (-3%) biaxial strain are
3.336 A (3.302 A),and 1.845 eV (1.968 eV), which are just close to 3.319 A and 1.889 eV of
monolayer MoSe,, respectively, indicating the direct band gap character of GeS/MoSe,
heterostructuresmainly contributed by the monolayer MoSe,. Therefore, it is feasible to tune

the properties and enhance photocatalytic activity of GeS/MoSe, heterostructure via strain

engineering.
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Figure 4. The band structures (HSE06) of GeS/MoSe, heterostructure at (a) +2%, (b) -2% and
(c) -4% biaxial strain, respectively. (d) The band gap as a function of biaxial strain of

GeS/MoSe, heterostructure.
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To make further inquiry into the possible applications in the photocatalytic water
splitting, the band alignments of the GeS/MoSe, heterostructure under biaxial strain were
plotted in Figure 5 and Figure S11. As shown in Figure 5 (a-c), when the biaxial strain is +2%,
-2% and -MeS/MoSez heterostructure possesses a suitable band alignment, in which
the VBM isa

N —
potential. Cc!versely, as shown in Figure S11, when the biaxial strain is -10%, -8%, +4% and

n the oxidation potential and the CBM is higher than the reduction

+6%, the Cl@ VBM are not simultaneously consistent with the suitable redox potential
of water. In o elaborate the relationship between energy alignment and biaxial strain,
the statisticamnere obtained from the CBM on the bottom side and VBM on the top side
of GeS/Mo rostructure via various biaxial strain. As shown in Figure 5 (d), the

GeS/MoSe; !eterostructure possesses a suitable band alignment and possible applications in
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Figure 5. The energy alignment of GeS/MoSe, heterostructure at (a) +2%, (b) -2% and (c) -6%
biaxial strain, respectively. (d) The energy alignment as a function of biaxial strain of

GeS/MoSe, heterostructure.

3. Conclusions

In summary, we propose a 2D polarized GeS/MoSe, vdW heterostructure for water
splitting using full sunlight. The structural stability, binding energy, internal electric field,
opto-electronic properties and photocatalytic activity of the GeS/MoSe, heterostructure were
systematically investigated via first principles calculations. The results indicate that the
advantageousmproperties of each material are well preserved in the GeS/MoSe, vdW
heterostructure. The performance of GeS/MoSe; heterostructure is better than isolated
materials, due*to“the properties of GeS monolayer and MoSe, monolayer are complementary
by forming vdW heterostructure. Such as, the band gap of the GeS/MoSe, heterostructure is
about 1.387 eV, which is helpful to harvest a broader light spectrum range from ultraviolet to
visible light, comparing to that only ultraviolet light is harvested by the isolated GeS
monolayer. The GeS/MoSe, heterostructure possesses a similar dipole induced internal
electric field‘as that in GeS, with the direction pointing of the dipole induced internal electric
field is from_thesbottom surface to the top surface. Such internal electric field reduces the
probability of recombination of photo-generated electron-hole pairs effectively, and the
photocatalyst’s..band gap requirement for water splitting. Furthermore, the GeS/MoSe;
heterostructure possesses excellent solar absorption performance, which is contributed mainly
by the isolated MoSe, monolayer. A wide light spectrum ranging from ultraviolet to
near-infrared light can be utilized with a high absorption coefficient (10° cm™), which greatly
enhanced the solar energy conversion efficiency for water splitting. The band alignments of

the GeS/MoSe, heterostructure well satisfy the redox potential required for the water splitting
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reaction, indicating a harmonious ability to produce hydrogen and oxygen. In addition, it is
feasible to tune the electronic and optical properties and enhances photocatalytic activity of
GeS/MoSe, heterostructure via strain engineering. The biaxial compressive strain range of -2%
to -3% induces.the direct band gap character in GeS/MoSe; heterostructure. With the suitable
band gap, dipole“induced internal electric field, excellent solar absorption performance and
suitable band alignments, 2D polarized material based GeS/MoSe, van der Waals
heterostructure is @ potential novel high-efficiency photocatalyst for water splitting under a
wide range fremeultraviolet to near-infrared light.
4. Computational methods

Viennagmabs' initio simulation package (VASP) in conjunction with the
projector-augmented-wave (PAW) potential was used in all the calculations!® ®. The
exchange-corfelation energy was described by the Perdew-Burke-Ernzerhof (PBE) functional
of the generalized gradient approximation (GGA). In order to obtain a more accurate band
gaps, the HSE063hybrid functional®” was used. The van der Waals density functional of
0ptB88[68'7O] was considered to describe long-range vdW interactions to give an improved
description for GeS/MoSe, vdW heterostructure. The energy cutoff for the plane-wave
expansion of the wave function was set to 500 eV. All the structures were fully relaxed until
satisfying an.energy convergence of 10°° eV and the maximum Hellmann Feynman force
convergerdce of 0.001 eV/A. The Gamma center scheme was used for the first Brillouin zone

[71]

integration'’ “,with.a fine grid of 8x8x1 and 11x11x1 for structure optimization and static

calculation, respectively. The thickness of the vacuum region along the z direction was more

than 20 Ao separate the artificial interactions due to the periodic image.

Supporting Information.
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Supplementary Figures of Figure S1-S11 for twelve stacking structures, Energy difference

AE; (eV), the energy as a function of lattice constant, the phonon spectrum, the band structures

without (selid.line) and with (dashed line) the spin-orbit coupling, the partial density of states
(PDOS), the/band decomposed charge density of the VBM and CBM, Absorption coefficients

and the energyralignment of the GeS/MoSe; heterostructure, respectively.
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The performance of polarized GeS/MoSe; heterostructure is better than isolated material.
GeS/MoSe, heterostructure possesses suitable band gap, dipole induced internal electric field,

excellent solar absorption performance. The band alignments is suitable compared with the

redox poten &I!water. GeS/MoSe;, heterostructure is a potential novel high-efficienct
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