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Abstract

Among dozens of transition metal dichalcogenides (TMDs), single-layer MoS, with a
direct band gap has attracted great attention because of their potential applications. In
this work, the atomic structures and electronics properties of mixed alloys or
heterostructures of TMDs with single-layer MoS, are explored based on the density
functional theory (DFT). The calculated quasi-binary phase diagrams reveal that
different alloyed TMDs have great distinct stability and band structures, and the band
gap of single-layer MoS, can be tuned from 0.89~1.87 eV by either alloys or
heterostructures with other TMDs. Heterostructures between TMDs not only can tune
the band gap, but also modulate band edge position to enhance the photocatalytic
activity. More fascinatingly, the MoS,-WS, heterostructure exhibits the unique
electronic properties of spontaneous electron-hole separation. Such result not only
reveals that both alloyed or heterostructures can effectively tune the electronics of
TMDs, but also it will stimulate the further work to design the new type of
photocatalysts.
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1. Introduction

In the past few years, the discovery of graphene' has intrigued tremendous
studies on novel low-dimensional materials””. The research on single-layer transition
metal dichalcogenides (TMDs) is extremely active due to its unique properties. For
example, bulk MoS, is semiconducting with an indirect band gap, while single-layer
MoS, becomes a semiconductor with a direct gap due to quantum confinement 7,
which induces many novel properties, such as strong photoluminescence and
absorptiong'lo. The TMDs have a formula of TX, and could occur in more than 40
different types depending on the combination of transition metal (T=Mo, W, Cr, V,
etc.) and chalcogen (X=S, Se, Te, etc.). The electronic structures of TMDs vary from
metallic (e.g. NbS; and VS;) to semiconducting (e.g. MoS, and WS;).“'14 The
versatility of electronic structure in TMDs offers opportunities for fundamental and
technological research in a variety of fields.

MoS; have many potential applications in a variety of fields including hydrogen
production from water'®, rechargeable batteries'®, and electronic devices such as
field-effect transistors'’. The prosperous research on MoS; also focus on exploring the
fabrication'®, band gap engineering'®?!, nanoribbons™?’, defects’®*® and grain
boundaries®=°. The 2D composites could exhibit unexpected properties, which are
absent in the constituents. Recently, a nonvolatile memory cell based on
MoS,/graphene heterostructures has been fabricated.” Synergetic effect of MoS, with
other materials, such as graphene, TiO,, and CdS, leads to enhanced photocatalytic H,
production activity of cocatalysts.**** Owing to the structure similarity of TMDs,
MoS; may be easily alloyed with other TMDs. In addition, the versatility of TMDs
provides a new route to obtain rich electronic structures by fabricating TMD
complexes. Condensing the dozens of TMD types, it is natural to think whether is
possible to tune the electronic properties by alloying MoS, with other TMDs, which
has the great potential to modulate the electronic structures and enhance efficiency of
actual applications.

Although TMDs alloys3 37 and heterostructures”™* have been recently
investigated, the phase stability of mixed TMDs has been seldom explored. The
composites might have distinct atomic structures from their corresponding bulks. If
the two constituents of the two phases have good structure similarity, they may prefer
to form homogenous alloys (solid solutions), and the two types of metal atoms will
randomly occupy the corresponding sites in this kind of system, otherwise if the solid
solutions is thermodynamically unstable, they prefer to form heterostructures *'**. In
addition, the atomic structures significantly affect electronic structure of alloyed
TMDs. The detailed phase stability and their corresponding electronic properties of
alloyed TMDs are crucial for designing TMDs composites.

In this paper, the atomic configurations of single-layer alloyed TMDs
(Mo1,W,S;, Mo,..Cr,S;, and Mo,.,V,S;) and heterostructures are carefully studied by
first-principle calculations. The results clearly demonstrate that Mo, W,S, alloys
prefer to form hetero-atom (Mo-W) bonds, whereas Mo,..Cr,S; and Mo;., V.S, alloys
tend to form homo-atom (Mo-Mo, Cr-Cr, and V-V) bonds. The calculated
quasi-binary phase diagrams further predict that Mo;.,W,S; alloys have high stability,
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but Mo;..Cr,S; and Mo;., V.S, exhibit severe phase segregations. Besides the atomic
configurations, band gaps of TMD alloys and heterostructures can be tuned with a
wide range of 0.89~1.87 eV. The MoS,-WS; heterostructures has the decent band gap
and the suitable band edge positions, and especially the MoS,-WS; heterostructures
exhibit the extraordinary electronic properties of spontaneous electron-hole separation.
Such result not only provides a novel way to tune the band structure of TMDs, but
also it will help to design the high efficient photocatalysts.

2. Methods

The first-principles calculations were performed with the Vienna Ab Initio
Simulation Package (VASP)***. Projector-augmented-wave (PAW) potentials*® were
used to account electron-ion interactions. The generalized gradient approximation
(GGA) with the PBE functional®” was used to treat the electron exchange correlation
interactions. To remove spurious interactions between neighboring structures due to
periodic calculations, a vacuum layer of no less than 12 A was taken in the
perpendicular direction when necessary. The energy cutoff was set to 400 eV and
Monkhorst-Pack scheme was used to sample Brillouin zone (BZ)48. The 18x18, 4x4,
8x1, and 16x1 K-meshes were employed for pure TMDs, alloys and heterostructures,
respectively. The equilibrium geometries were fully optimized with both the lattice
vectors and atom coordinates relaxed with the tolerance of less than 0.01eV/angstrom
on each atom.

For ordinary binary in A;,B, alloys, atoms A and B randomly occupy the lattice
sites. For these present quasi-binary Mo, T,S,, A and B represent Mo and other
alloying transition metals T (W, Cr, and V), respectively. The sulphur atoms locate at
the original trigon lattice, whereas the Mo and T atoms randomly share the metal sites.
Simulation of the substitutional alloys is complicated due to the random distribution
of atoms. It conventionally needs very large supercells to represent substitutional
alloys. For the simplest case of a binary system with total N sites, there are 2" possible
atomic configurations whose total energy needs to be structurally relaxed, and then
averaged. In this paper, we use the special quasi-random structures (SQSs) method
proposed by Zunger et al* as a computationally efficient way to describe this random
distribution. The random alloys can be directed modeled by the specially designed
small periodic structures with selective occupation of the N lattice sites by A and B
atoms which mimic, for finite N, the correlation functions of an infinite substitutional
random alloy fairy closely. For a binary substitution alloy A;.B,, if the site is
occupied by A or B atom, the value is i=+1 or -1. The correlation functions are
described asw,., where k=2, 3..., represent the pair, triple correlation functions, etc.,
and m=1, 2, 3 ..., represent the first, second and third-nearest distance, etc. The

correlation functions of ideal A By alloys areI1;,, = (2x —1)*.

In the present calculations, a (4x4) supercell is used, which contains 16 basic
units of TS, or a total of 48 atoms. The initial configurations of Mo, T,S, at x=0.5
and 0.25 were generated using SQSs technique. It should be noted that the structure of
Moy 25To75S, is the same as that of Moy 75To25S, with the exchange of atom types
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between Mo and T. Thus from this, five structural data can be collected: x=0, 0.25,

0.5, 0.75 and 1. The correlation function Il.: can be redefined asjy, - —!

2 Qi
where Npong represents the number of possible neighboring bonds between metals. For
a supercell of Mo,.,T,S,, the total number of neighboring bonds of A-A, A-B and B-B,
Naa, Nag and Ngg, have the following formulas:

(N +2N,)/Z=N,=N(1-x) (1)

(Nyy+2Ny,)/ Z =N, = Nx 2)

where N and Z are the total number and the coordination number of metal atoms and
equal to 16 and 6 here. As a result, the correlation function can be calculated by

Ty = 2aa N = Nag g SV gy Vo ©)

Nor+ Ny + Ny NZ 12
The correlation function can be completely defined by Ngg. In the ideal solutions

of Mo, T,S,, the correlation functions are IL,,(Ideal)=(2x-1)' , and the ideal

1
neighboring bond number is Ny :EXZNZ =48x’. The SQSs which were finally

chosen to model the random alloys have the correlations functions identical with the
ideal solutions up to the nearest neighboring pairsii., (SQS) = I1., (Ideal) and Ngg equals

to 3, 12, and 27 for x=0.25, 0.5, and 0.75. We refer these SQSs as SQS-16 in the
following.

3. Results and discussion
3.1 Atomic structure of pure TMDs

As shown in Fig. 1(a), the single-layer pure TS, (here, T=Mo, Cr, and V) has
graphene-like 2D hexagonal lattice, referred as H-TS,. The single-layer H-TS,
exhibits a trigonal prismatic structure with a T atom layer sandwiched by two S atom
layers with the sequence of S-T-S. The single-layer H-TS, belongs to P-6M2(D3;,)
point group symmetry. The primitive cell contains three atoms, and T atom in
Wyckoff site I(a) at (0, 0, 0) and S atoms in 2(h) at (1/3, 2/3, £Z). The calculated
lattice constants are 3.18 A, 3.18 A, 3.06 A, and 3.17 A for MoS,, WS,, CrS,, and
VS,, respectively. As shown in Fig. 1(b), MoS,, WS,, and CrS, are
nonmagnetic-direct-band-gap semiconductors at I'-I' in BZ with gap of 1.68eV,
1.81eV, and 0.89 eV, respectively. We have checked Cr-Containing system with
nonzero spin, and the results show no spin polarization for the Cr-Containing system.
VS, is metallic and ferromagnetic due to the bands crossing the Fermi surface and
spin-polarization, which agrees with the previous studies'>’. The calculated band
gaps compare well with the available experimental values (1.9 eV of MoS,* and 2.1
eV of WS,'). It should be noted that pure DFT calculations usually underestimate the
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band gap of semiconductor because of the self-interaction errors, and DFT+U
approach or of hybrid functionals may give more accurate band gaps.”' As for the
single-layer MoS,, the hybrid HSE06 functional gives the values of 2.05 eV, which is
more close to the experimental value of 1.90 eV than that of 1.68 eV given by PBE

functional. *
(a) (b)
g MoS, =< g Crs, ——
- K | <D 15 % >
® g 1 ’«4__\ g o
~ 0 Gap: 1.68 eV z 0 Gap: 0.89 ¢V
Q n ? = 4 ] s ==
o N NINS Ao Z
© r ™M K r r M K I
4 - —_— 4
3 o O 3 W_Sz /\% 3 Vsz
¥y g © = Gap: 181 eV z |
i : ; 5 \/_
hve | 2 o< 47
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0 r ™M K r r M K r

Fig. 1 (a) Top, side and polyhedral views of atomic structure of monolayer TMD
are shown from upper to lower panels. The purple and yellow balls represent T and S
atoms, respectively. The unit cells are depicted by the black lines. (b) Band structures
for the different TMDs: MoS,, WS, CrS,, and VS,. The spin-up and —down bands of
VS, are shown in red and blue due color, respectively. Band dispersions of other
TMDs (MoS>, WS>, and CrS,) are depicted with various colors.

(2)
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0.06 o
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Fig. 2 (a)-(f): Various possible configurations for Moy 75Ty 5S> and the
corresponding neighboring T-T bonds are from 0 to 5. Here, the neighboring metal
atom bonds are depicted by red lines in the right. (g) The formation energies as the

functions of both correlation functions, Tl.., and neighboring T-T bonds number, Nrt,

NTT_
12

are shown in. The intrinsic relationship between these two functions are: 11, =
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3.2 Atomic configurations of the alloyed TMDs

The alloyed TMDs may exhibit many possible atomic configurations. A basic
question of atomic arrangement is still rather complex. They can either form the homo
or hetero phases. To solve this problem, the formation energies are calculated in order
to compare the stability of the different atomic configurations. Alloys Moy 75T¢25S2
were chosen for this purpose because they have equal and less possible configurations
compared with Mog5To75S; and Moy 5Ty 5S,, respectively. In Mog75Tg25S, with total
4 T atoms, minimum 0 and maximum 5 neighboring T-T bonds can be formed. The
atomic configurations are shown in Fig. 2(a)-(f). The formation energies of
Moo 75T 25S, with various atomic configurations, calculated

by AE = E(Mo, T, ,S,)-0.75*E(MoS,) - 0.25* E(TS,) » are shown in Fig. 2(g). Considering

the huge computational requirement of calculating all the configurations, only the
typical configurations are considered. And the reliability of such way is further
checked. For examples, two more configurations of Moy 75Cro25S, are considered:
One has three T atoms connected in a straight line (Fig. S1(a)), and the other has two
separated pairs of neighboring T atoms(Fig. S1(b)). The total energies of them line
between those of configuration in Fig. 2(b) and (d). In addition, the energy difference
between the two configurations in Fig. S1 and that in Fig. 2(c) is equally small and
less than 2 meV. Such result indicates that the choice of the configurations is reliable.

Mo, T,S; alloys have excess hetero-atom (Mo-T) bonds and correspondingly
reduced homo-atom (Mo-Mo and T-T) bonds than pure TS,. Besides, the more T-T
bonds formed in alloys imply both more homo-atom bonds (Mo-Mo and T-T) and less
hetero-atom bonds (Mo-T). The formation energy will be negative if the bond energy
of hetero-atom bonds is higher than that of homo-atom bonds, otherwise will be
positive. Thus the atomic arrangement tendency can be easily reflected by only
whether the formation energy is positive or negative. As shown in Fig. 2(g),
Moy 75sWo25S, alloys possess negative formation energies, which indicate that the
bond energy of hetero-atom bonds is higher than that of homo-atom bonds. That is to

Say, AL, . >%(AEM0M0 +AE,,)- For such kind of alloys, the hetero atoms take priority of

bonding together (Mo-W bonds) than homo atoms (Mo-Mo and W-W bonds).
Different from that of Moy 75Wg.25S,, the formation energies become positive for both
Moy 75Cro25S, and Moy 75Vo.25S, alloys. The positive formation energies indicate that
the bond energy of hetero-atom is lower than that of homo-atom,

+AE,,)- In such alloys, the homo-atoms prefer to bonding

MoMo

mMeaningAg, . < % (AE

together ((Mo-Mo, Cr-Cr and V-V bonds) than homo-atoms (Mo-Cr, Mo-V bonds).
Fig. 2(g) also explore that the formation energies change monotonously along
with the bond T-T number Nr.r. This feature clearly shows that the total energy of
alloys can be simply determined by the number of neighboring metal-atom bonds. As
N1 increases from 0 to 5, the formation energy increases from —0.005 eV to —0.002
eV for Mog.75Wy.25S,, but decreases from 0.045 eV to 0.026 eV for Moy 75Crg25S», and
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from 0.053 eV to 0.029 eV for Mog75Vo.25S,. Such results clearly suggest clearly
suggest a hetero-atom bonding preference of Mo, W,S, alloys, and homo-atoms
segregation priority of Mo;_Cr,S, and Mo, V.S, alloys.

3.3 Phase stability of TMD alloys

As mentioned in the method section, many possible configurations can be
formed in TMD alloys, but the alloys with atoms randomly distributing become more
stable at high temperatures due to higher entropy. The SQSs technique was used along
with DFT calculations to model these alloys as described in the method section. The
SQS-16 configurations are shown in Fig. 3(a), and the corresponding correlation
functions are shown in the Table S1. These structures generated by SQSs have
correlations functions identical with the random alloy up to the nearest neighboring

pairs (L., (SQS) = IT.. (Ideal) ).

First, the interactions between long-distant neighbors generally contribute less to
the total energy than that between nearest neighbors. Second, as the feature of
formation energies changing monotonously with the number of neighboring
homo-atom bonds has been demonstrated in the last part, the difference of total
energies among various configurations are mainly dependent on neighboring nearest
atoms. As a result, these SQSs we obtained are sufficient to model TMDs alloys.

In order to determine the phase stability of alloys Mo, T,S, with different
compositions, the mixing enthalpy of Mo;,T,S, as a function of composition x is
calculated, which is calculated with respect to pure MoS, and TS,:

AH_ = E(Mo,_T.S,)-(1-x)E(MoS,) - xE(TS,) @

As shown in Fig. 3(a), although the quasi-binary alloys Mo;..W,S, possess
negative mixing enthalpies, the absolute value are very small (maximum 0.005 eV at
x=0.5). The reason for the small mixing enthalpies of Mo;,W,S, may come from the
similarity of good lattice match between MoS; and WS,. In fact, the random alloying
of hetero atoms in mixed Mo;.,W,S, throughout the entire chemical compositions
(0<x<1) have been recently revealed by scanning transmission electron microscope
(STEM) images by different authors.*>° Our calculations give a clear explanation for
the previous experiments on Mo, W,S, from the theoretical view. The single-layer
VS, is a special TMD because it is metallic and ferromagnetic, which is very different
from MoS,. The single-layer CrS; has good electronic structure similarity with MoS,
(both are semiconductors), but the lattice mismatch +4%. Mo;., V.S, alloys have the
largest mixing enthalpies. The positive mixing enthalpies indicate Mo;.,V,S, and
Mo, .Cr,S; have a tendency of phase segregation at low temperatures.

The phase stability of Mo, T,S; alloys is crucial for alloy designing, which can
be studied from the mixing free energy. The mixing Helmholtz free energy instead of
Gibbs free energy is used to study the phase segregation of the solid solutions.
According to regular-solution model, the mixing Helmholtz free energy is described
as AF,=AH,-AS, T, where AH,, AS,, and T represent the mixing enthalpy, mixing
entropy, and thermodynamic temperature, respectively. It should be noted that
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temperature-dependent vibration contribution to free energy due to differences in the
phonon densities of states, which may affect the relative stability but is not considered
here. The mixing enthalpies at various compositions were fitted by a second-order
polynomial AH,=Qx(I-x) based on the quasi-chemical model, where Q is called
interaction energy. In order to study the dependence of 2 on x, the values of the
mixing enthalpies are fitted by the polynomial AH,, =B,+Bx-Bxx". The results shown
that By approaches to zero, and B; and B, are almost equal. Thus, Q2 is considered to
be a constant independent on x and equals to B; or B,. The mixing entropy is
evaluated by AS,=-R/xIn x+(1-x)In(1-x)]. Thus, the mixing Helmholtz free energy
can be written as AF,,=Qx(1-x )+RT[xIn x+(1-x)In(1-x)]. The binodal solubility curve
(immiscibility gap) and spinodal decomposition curve for alloys have been
investigated by simple formula OF/ox=0 and 6°Fm/dx’=0, which are calculated by
RT[Inx-In(1-x)] +(1-2x)Q2=0 and RT-2x(1-x)2=0.

(a) (b)

0.08
S8 @08 8\
g Yo 0.8 o\ 1200
\. *_ 0 Q\\ & e o o \
0.06 \e_o_o_o\ e o _o_6o
_ L g S 1000
Z -
Ch &
Zoma} ¢ 99
= £ ¢’ v 4
= Z 600 7.
£ B \ g r i
%I 0.02 / \\0 i< o\\ E I ¢ ===binodal MoVS,
_: /m Mows, \\‘o'.".c’;\ = 400 77 uies spinodal MoVS,
= ® MoCrS, \og5400°0 - binodal MoCrS, ]
0.00 A Movs, 200 | -+ spinodal MoCrS, %
0 : ' L ' L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

xinMo,;_ T S, xin Moy_,T,S,

Fig. 3 (a) The mixing enthalpies and (b) quasi-binary phase diagrams of TMDs
alloys (M01.,W.S,, Mo.,Cr,S,, M0, V,S,). The corresponding atomic configurations
for different compositions are shown in inserts of (a). In (b), the binodal and spindoal
curves are shown in blue and green color, respectively.

The quasi-binary phase diagrams are depicted in Fig. 3 (b). The binodal and
spinodal curves meet at x=0.5 at a critical temperature 7,=0/2R. At a specific
temperature below 7. (T=T;<1c), homogenous alloys of MoS, and TS, can still form
with low solubility (0<x<x; and x,<x<1I). When the composition across the binodal
curve (x;<x<x;), Mo, T,S, alloys become unstable. They decompose into two phases
with the composition of x; and x,. When the temperature is higher than 7, the large
entropy of solid solutions suppresses the positive mixing enthalpy. The immiscibility
gap begins to disappear at 7,. The single-layer Mo, TS, homogenous alloys become
stable in the whole compositions. For Mo;.,Cr,S; and Mo, V,S,, T, is 950 K and
1304 K, respectively. The critical temperature of Mo;.,V,S, is higher than that of
Mo,.,Cr,S;, stemming from the more positive mixing enthalpy for the former than the
latter.
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3.4 Band structures for alloys and heterostructures

Although we predict that the most stable configuration is either alloys or
heterostructures, it should be noted that the final configuration will greatly be affected
by the synthesis technique, such as the quenching speed. MoS,-WS, heterostructures
should occur as metastable phases due to high diffusion energy barrier to overcome in
non-defective lattice at room temperature. From this view, both TMDs alloys and
heterostructures should be fabricated in practice. The two different kinds of TMDs
composites are expected to affect the electronic structure of TMDs. In the following,
the electronic structures of both Mo, T,S, alloys and MoS,-TS; heterostructures
(T=W, Cr, and V) are investigated.

N——————— —
._/’_—_— =
£ ==
Z s Gap: 1.20 eV Gap: 1.06 eV Gap: 1.00 eV
a

“I (a) Mo, Cr, .S (b) Mo, Cr, S,

02572

(¢) Mo, Cr, .S

07572

£ (@) Mo S

0.75 " 0.2572

16
12

%.-M (g)MO Vv .S

0.75 " 0.2572
1

==

Fig. 4 Band structures for alloyed TMDs at the different compositions: (a)-(c)
Mo W.S,, (d)-(f) Mo.Cr,S;, and (g)-(i) Moi.,V.So. In (@)-(f), different band
dispersions for Mo, Cr,S, and Mo, Cr,S, are depicted as various colors, for

Mo, V.S, (g)-(i), the red and blue color are used to distinguish spin-up and
spin-down states, respectively.

The electronic structures of Mo, T,S; alloys (T=W, Cr, and V) are shown in Fig.
4. The band gaps of MoS, could be tuned by alloying foreigner metal atoms. The
Mo,Cr,S; and Mo;,W.S, solutions remain direct-band-gap semiconducting as the
constituents of MoS,, CrS,, and WS,. The Mo, V.S, alloys are metallic due to the
energy bands crossing the Fermi surface. In addition, Mo, V.S, alloys are
ferromagnetic shown by spin-splitting in Fig. 4((g)-(i)) with magnetic moment
concentrating on V atoms. In order to check the ground state of V-containing systems,
more calculations are made on Moy 75V 25S,. The results show that the ferromagnetic
state is energetically favorable by 25 meV than the nonmagnetic one. Further
calculations are made by flipping the spin direction of V atoms. In the Moy 75V(.25S,,
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it contains 4 V atoms in the supercell, and there are 4 possible cases by flipping the
spin direction of one V atoms, and 6 possible cases by flipping the spin direction of
two V atoms. The energies of two cases with the spin direction of two V atoms
slipped have equal energies, 35 meV higher than the ferromagnetic state. The other
cases have identical energies with the ferromagnetic state with all spins in the same
direction. Moy 75V25S; has been carefully demonstrated to be ferromagnetic.

The single-layer MoS, can retain semiconducting or change to be metallic by
alloyed with different chosen TMDS. The band gap of MoS; can either be reduced or
be enhanced via alloyed with other TMDs possessing smaller or larger bang gap than
MoS,. The band gaps are continuously associated with the constitute composition x in
Mo, T,S; alloys. The single-layer MoS; can have so many distinct electronic
structures, band-gap-varying semiconducting and metallic, which depends on the
alloyed TMDs type and chemical composition. Further, as mentioned above, the pure
DFT may have problem in the calculating the band gap, especially for the Cr and V
systems. In order to check the reliability of such calculations, the typical alloys,
Moy .75V025S, and Moy 75Cro25S,, are further calculated with DFT+U method. During
our calculations on both Moy 75V 25S, and Moy 75Crg25S,, U and J (U= 5.95 eV and J
=0.95 eV) for V and Cr were taken from the reference 51. As shown in Fig. S3, the
Moy 75Vo25S; is ferromagnetic and metallic, and Moy 75Cro25S; is still semiconducting
and nonmagnetic, as predicted by PBE. It should be noted that the bandgap of
Moy 75Cr9.25S, may be affected by the larger U or hybrid functional, such as PBEO.

The armchair and zigzag heterostructures are originally chosen with equal
number of atoms in the unit cell but consequently have different widths of the strips.
The widths of armchair and zigzag MoS,-WS, are 12.7 A and 22 A, respectively. We
refer these two heterostructure as AHS MoS,-WS; and ZHS MoS,-WS,, respectively.
The electronic structures of MoS,-TS; heterostructures are also shown in Fig. 5. The
MoS,-WS, and MoS,-CrS; heterostructures are semiconducting whereas MoS,-VS,
ones are metallic. All alloys and heterostructures keep semiconducting as single-layer
MoS, but become metallic when V atoms are introduced. In order to know the width
effect, another armchair MoS,-WS, heterostructure with the strip of 22 A (same to
that of zigzag one) is further calculated. In the following we refer this strip as AHS-1
MoS,-WS,. The results (see Fig. S2) show that both the zigzag and armchair
heterostructures give nearly the same band gap, which suggests that width of the strip
greatly affects the band structure.

10
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Fig. 5 The atomic structures of heterostructures for the different types: (a) armchair
and (b) zigzag; Band structures of the heterostructrues are shown for both armchair
and zigzag types in (c)-(h): (c) and (f) MoS>-WS,, (d) and (g) MoS>,-CrS,, and (e) and
(h) MoS>-VS,. The upper panels are armchair and low panels are zigzag one. The
widths of the strips are 12.7 A for armchair and 22 A for zigzag M0S,-WS,.

3.5 Photocatalytic ability

The above discussions have demonstrated that the single layer of TMDs for both
alloys and heterostructures except MoS;-VS, exhibits the characteristic of
direct-band-gap compared with pure TS,. Such results clearly suggest greatly
enhanced optical absorption of both single-layer TMDs alloys and heterostructures
because no phonons are required for this optical transition process. The gaps of
different kinds of TMDs have a decent band gap range, from 0.89 to1.87 eV, which
allow absorption of a significant percentage of the visible light. Thus such
two-dimensional materials have great potential implications in high-effective solar
energy conversion, such as solar energy cells and photocatalytic water splitting.
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Fig. 6 Band alignments of VBM and CBM for the pure MoS,, CrS, WS, Moy sWysS,
alloy and heterostructures(AHS MoS>-WS,, ZHS MoS>-WS,, AHS MoS,-CrS,, AHS-1
MoS>-WS,, and ZHS MoS,-CrS»). Here AHS and ZHS represent armchair and zigzag
typed heterostructures, respectively. AHS MoS,-WS, is calculated with the width of
12.7 A strip, and AHS-1 MoS>-WS, is calculated with 22 A strip. The two horizontal
red lines indicate the water reduction (H' /H,) and oxidation (H,O/O,) potentials,
respectively. The different colors depict diverse photo activity on the two reactions of
water split (down) and H, production (upper). Green, pink and blue indicate
materials have good, bad and incapable photocatalytic activity of the reactions,
respectively.

As a decent photocatalytic material for water splitting, it not only requires a
suitable band gap, but also an appropriate band gap position. A good photocatalytic
material for water-splitting requires valence band maximum (VBM) energy lower
than the oxidation potential (-5.67) of H,O/O,, and conduction band minimum (CBM)
energy higher than the reduction potential (-4.44 eV) of H'/H,. Fig. 6 shows the CBM
and VBM energy levels with respect to vacuum energy level for pure TMDs,
heterostructures, and alloys. Neither WS, nor CrS; is a good photocatalytic material
due to the unsuitable band alignments. MoS, is a good candidate for both the
oxidation and reduction reactions due to the reasonable band edge requirement, as
found in the previous calculations™. It should be noted that both alloys and
heterostructures can not only change the band gap but also shifts band edge position
of TMDs. Among all the heterostructures and alloys, only MoS,-WS, heterostructures
exhibit reasonable band edge position for water splitting.

The contributions of band edge charges of both armchair and zigzag MoS,-WS,
and MoS,-CrS; heterostructures are further explored. The density distributions of
CBM and VBM for heterostructures are shown in Fig. 7. In the case of MoS,-WS,
heterostructures, the VBM and CBM charges are completely separated: VBM is
localized on WS, side and CBM concentrates on MoS, side for both armchair and
zigzag ones (Fig. 7(a) and (b)). The VBM and CBM charges of armchair MoS,-CrS,
heterostructures concentrate on CrS, side (Fig. 7(c)). The result demonstrates that the
photo-generated electron and hole are spontaneously separated for MoS,-WS,
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heterostructures, which can suppress charge recombination and dramatically enhance
the photocatalytic efficiency.

It should be noted that width of the strip greatly affects the position of band edge
position. The AHS MoS,-WS; (the strip width of 13 A) shows a suitable band
position for both reduction and oxidation, while AHS-1 MoS,-WS; (the strip width of
22 A) does not have a suitable band position. Recently Conesa provided a good
principle for analyzing the band alignment in heterostructures.”. Rather than using
that method, in this paper we clarify the positions of the VBM and CBM from the
projected densities of states (PDOS) for metal atoms in AHS as depicted in Fig. S4. In

pure MoS; and WS,;, VBM mainly comes from d  and dxz,yz orbits for both pure
TMDs, but CBM from d , orbital (Fig. S3(a) and (b)). In armchair heterostructure,
the energy of d_, orbital fairy below the Fermi energy of both of Mo and W atoms
become higher than d_ and dXZ-yl orbits (Fig. S3(c) and (d)). As shown in Fig. S3(e),

the VBM and CBM are contributed by the d, orbital of W and Mo atoms,

respectively. Such result clearly reveals the origin of the extraordinary electronic
properties of electron-hole separation.

() (b) () (d)

Armchair MoS, WS, Zigzag MoS,-WS, Armchair MoS,-CrS, Zigzag MoS,-CrS,
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Fig. 7 Charge densities of VBM (green) and CBM (blue) with an isosurface value of
0.008 e/A’ for TMDs heterostructures: (a) armchar MoS>-WS,, (b) zigzag MoS>-WS,,
(c) armchair MoS>-CrS,, and (d) zigzag MoS,-CrS,. The upper panels are charge
densities of VBM, and low panels are the charge density of CBM. The purple, gray,
dark green and yellow colors represent the Mo, W, Cr and S atoms, respectively.

Although pure photocatalysts have been tremendously studied, they often suffer
many shortcomings, such as the high recombination rate of photo-generated
electronics-hole pairs, which causes the low efficiency limiting the practical
application of the photocatalytic materials, such as g-C3N; and TiO,>>"°
Consequently avoiding electronics-hole pair recombination is critical for
photocatalytic activity. Forming heterostructures with different semiconductors is a
feasible route to inhibit the recombination of electron—hole pairs arising from the
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charge separation. The calculations suggest fabricating heterostructures in
experiments could induce to electron—hole separations. In particular, the MoS,-WS,
heterostructures are the best photocatalysts among the entire composites for H,
production.

4. Conclusions

The atomic structures and electronics properties of mixed alloys or
heterostructures of TMDs with single-layer MoS; are carefully examined using DFT
calculations. The formation energies change monotonously with the number of
neighboring homo-atom bonds. The three alloy systems, Mo;..\W,S, or Mo, Cr,S;
and Mo,.,V,S,, exhibit distinct atom arrangements preference of hetero (Mo-W)
atoms in the first alloys and homo (Mo-Mo, Cr-Cr, and V-V) atoms in the latter two
alloys. The calculated quasi-binary phase diagrams further display high phase stability
for Mo;..W.,S, but severe phase segregation for MoS,-CrS, and MoS;-VS,. Further
electronic structure studies reveal that band structure of MoS, can be effectively tuned
by either alloying or heterostructure, and the corresponding band gaps are around
0.89~1.87 eV. More interestingly, heterostructures not only can modulate the band
gap, but also adjust band edge position to meet the requirement of photocatalystic
water-splitting and electron-hole separation, which strongly enhance the
photocatalytic activity. The MoS,-WS, heterostructure not only has the reasonable
band gap and band edge position for hydrogen generation, but the unique electronic
structure of spontaneous electron-hole separation.
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Graphic Abstract Charge density of VBM (green) and CBM (blue) for armchair
MoS>-WS,  heterostructures, indicating the spontaneously separation of
photo-generated electronics and holes, which could strongly enhance the
photocatalytic activity due to suppressing the electronic-hole recombination.
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