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Using first-principles calculations, we comprehensively explored the influence of 2H–1T
0
 heterointer-faces 

in molybdenum disulfide (MoS2) on the mechanical, electronic and catalytic properties of MoS2. The S-

orientated interfaces, including interfaces with interstitial S or S vacancies, were adopted as sam-ples. All 

the heterostructures show a smaller yield stress than 2H and 1T
0
 MoS2, and fractures always occur at the 

interface. The heterostructures are either metallic or half-metallic. Some of the heterointer-faces show great 

catalytic ability for the hydrogen evolution reaction (HER). In particular, the Gibbs free energy of H 

adsorption is as low as 0.028 eV for the S-LU-sint structure. Moreover, a small strain of 4% can improve the 

HER catalytic activity for several heterostructures. Our results show that 2H–1T
0
 MoS2 heterointerfaces are 

potential catalysts for the HER. 

 

 

 

1. Introduction 
 
The successful fabrication of graphene in 2004 using the mechan-

ical cleavage method
1
 introduced research into two-dimensional 

materials (2D). In recent years, two-dimensional materials have been 
greatly developed with lots of 2D materials being obtained or 

predicted.
2–6

 Compared with bulk materials, 2D materials are 

unique with unprecedented physical and chemical properties due to 

the quantum confinement effect.
2–8

 2D materials naturally have 

large surface areas
9
 and are ideal catalytic templates.

10
 Among the 

2D materials, molybdenum sulfide (MoS2) has been widely studied 

and shows potential applications in electronic and optoelectronic 

devices.
11

 For 2D MoS2, it has two polytypic struc-tures, which 

include 2H-MoS2 (trigonal prismatic coordination) and 1T-MoS2 

(octahedral symmetry). The 2H-to-1T phase transi-tion can be 

triggered by chemical exfoliation
12

 or via the electro-chemical 

incorporation of S vacancies.
13

 Actually, 1T–2H interfaces are 

unstable and a distortion will occur, transforming them to 1T
0
–2H 

interfaces.
14 

 
Compared with intrinsic 2D materials, boundaries, defects and 

interfaces could lead to discontinuous structures and charge 

redistribution,
15

 which will introduce new properties. Previous 

studies have shown that doping, defect engineering, facet 

engineering, phase regulation, and interface engineering  
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can enhance the HER activity of MoS2.
16–23

 MoS2–MoSe2 lateral 

heterojunctions can minimize the lattice thermal conductivity.
24,25

 

Due to their similar lattice constants, a perfect intralayer hetero-

structure can be constructed by connecting 2H-MoS2 and 1T
0
-MoS2. 

A clear intralayer 1T
0
/2H MoS2 interface has been obtained in 

experiments by intercalating Li atoms in 2H-MoS2.
26

 Recently, 

using density functional theory (DFT) calculations, Zou and co-

workers explored the detailed atomic structures and migra-tion 

processes of 2H/1T
0
 MoS2 intralayer heterointerfaces.

14
 They 

showed that armchair interfacial heterointerfaces were not stable and 

that stable structures formed for either Mo- or S-orientated zigzag 

interfaces. Intralayer heterostructures may introduce inter-esting 

properties and play an important role in their applications. Therefore, 

investigation of the physical and chemical properties of 2H/1T
0

 

MoS2 intralayer heterostructures with zigzag interfaces is an 

interesting issue. However, until now, there is a lack of research on 
this topic. 
 

Here, using DFT calculations, the mechanical, electronic and 

catalytic properties of 2H–1T
0
 intralayer heterostructures of MoS2 

with zigzag interfaces were systematically explored. The interfaces 

weaken the mechanical strength but greatly improve the HER 

catalytic performance compared with pristine MoS2 in either the 2H 

phase or the 1T
0
 phase. For some heterostruc-tures, a small tensile 

strain can improve the HER catalytic activity. 

 

 

 

2. Computational methods 
 

Our DFT calculations were performed using the Vienna ab initio 

simulation package (VASP)
27–29

 based on plane wave basis sets. 
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The projector-augmented wave (PAW)
30,31

 potentials were adopted 

to describe the electron–ion interactions. According to previous 

studies,
32,33

 the Perdew–Burke–Ernzerhof (PBE) functional 

underestimates the band gap of MoS2 by about 23% compared with 

DFT+U and hybrid HSE06 methods, but the main character of the 

bands agrees well with that calculated using DFT+U and hybrid 

HSE06 methods. Therefore, reason-able results for the catalytic 

performance of MoS2 heterostruc-tures can be obtained using the 

PBE functional. Considering the computing costs, we used standard 

DFT instead of DFT+U and hybrid HSE06 methods. All structures 

are fully relaxed. A convergence criterion of 10 5
 eV for the total 

energies and a convergence criterion of 0.02 eV Å 1
 for force were 

used.  

1 8 1 Monkhorst–Pack grids are used for 2H–1T
0
 hetero-

structures during the structural relaxation. The kinetic energy cutoff 

was set to 400 eV. The vacuum-layer thickness is larger than 10 Å. 

 

The intralayer heterostructures are based on 1T
0
-MoS2 and  

2H-MoS2, because the 1T phase is metastable and converts into the 

1T
0
 phase with lower symmetry.

14,34
 The 1T

0
 phase can be viewed 

as a distorted 1T phase and it has distorted Mo–Mo bonds (two Mo–
Mo bonds with different lengths, where one is named the short unit 
(SU) with short Mo–Mo bonds, and the other is the long unit (LU) 

with a significantly larger Mo–Mo distance
14

). For single-layer 1T
0
-

MoS2, Mo atoms are sand-wiched between two layers of S atoms. 

The difference between the 1T
0

 phase and the 2H phase is the way 

that six S atoms connect to the same Mo atom.
35–37

 The 2H/1T
0
 

MoS2 intralayer heterostructures are constructed by connecting a 
series of 

rectangular supercells  of  1T
0
-MoS2  (2 1)  and  2H-MoS2 

(2   3 and 2 4).  

  
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Top view (left) and side view (right) of the seven stable 2H–1T

0
 MoS2 

intralayer heterostructures with zigzag interfaces: (a) S-LU-0, (b) S-LU-1T
0
,  

(c) S-LU-2H, (d) S-LU-sint, (e) S-SU-0, (f) S-SU-1T
0
, and (g) S-SU-2H. 

Blue and yellow spheres represent Mo and S atoms, respectively.  
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3. Results and discussion 
  Here, Ef1  is the formation energy of the heterostructure 

  without any defects, Ef2 is the formation energy of the hetero- 

Firstly, we constructed a series of 2H–1T
0
  MoS2  intralayer 

structure with S vacancies, and Ef3 is the formation energy of 
the heterostructure with interstitial S. Etotal is the total energy of 

heterostructures with zigzag interfaces, including the struc- the heterostructure, E1T0 is the total energy of the unit cell of the 

tures with interstitial S or S vacancies on either the 2H- or 1T
0
 phase, and E2H is the total energy of the unit cell of the 2H 

1T
0
-MoS2  side. Considering the orientation, interstitial S, S phase; N1 is the number of rectangular unit cells of the 1T

0 

vacancies and the relative length of the Mo–Mo bonds, there phase in the heterostructure, and N2 is the number of rectan- 

are 16 kinds of 2H–1T
0
 heterointerface.

14
 However, only 7 of gular unit cells of the 2H phase in the heterostructure; ES is the 

them are stable after geometry optimization. The seven struc- total energy of the S atoms, and L is the length of the interface. 

tures are named as follows: S-LU-0 (interface with relatively The formation energies of these stable structures are listed in 

long Mo–Mo bonds), S-LU-1T
0
 (S vacancies on the 1T

0
 side of Table 1. According to the formation energy, for the S-LU- 

the S-LU-0 interface), S-LU-2H (S vacancies on the 2H side of the interfaces: S-LU-0 is the most stable one with the formation 

S-LU-0 interface), S-LU-sint (interstitial S on the 2H side of the energy of 1.053 eV Å 
1
; and for S-SU-interfaces: S-SU-0 is the 

S-LU-0 interface), S-SU-0 (interface with relatively short Mo–Mo      

bonds), S-SU-1T
0

  (S vacancies on the 1T
0

  side of the S-SU-0      

interface), and S-SU-2H (S vacancies on the 2H side of the S-SU- 

Table 1 Formation energies of the seven stable 2H–1T
0
 structures 

0 interface). The optimized structures of the seven heterostruc- 

Name N1 N2 Etotal (eV) Eformation (eV Å 
1
) tures are shown in Fig. 1.     

In order to estimate the stability of the seven 2H–1T
0 

S-LU-0 2 3 200.35 1.053 

heterostructures, the  formation energies are  calculated  as S-LU-1T
0 

2 3 194.17 1.191 

follows: 
      S-LU-2H 2 3 193.66 1.227 
      S-LU-sint 2 3 204.45 1.014        

 
1 

     S-SU-0 2 4 246.57 0.832 

E
f1 
¼ ð E

total N1 

E
1T

0    N
2 E2HÞ (1) 

S-SU-1T
0 

2 4 240.32 0.958 

L S-SU-2H 2 4 239.76 0.997  

 



 
 
 
 
 
 
 
 
 

 

 

 

 

most stable one with the formation energy of 0.832 eV Å 1
. Our 

results agree with those of Zou et al.
14 

 

3.1 Mechanical properties of 2H–1T
0
 heterointerfaces in MoS2 

 
To investigate the eff ect of the heterointerfaces on the mechan-ical 

properties of the MoS2 monolayer, gradually increasing the tensile 

strain perpendicular to the interface was applied for all seven 2H–

1T
0
 heterostructures.

37
 The stress calculated using VASP (s0) 

should be modified to the actual stress (s) using 
 

c 
s

0 (4) s ¼ d   
Here, c is the lattice constant perpendicular to the monolayer, and d 

is the thickness of the heterostructure, which is defined as the 

distance between the highest and lowest S atoms.  
According to eqn (4), we plot the stress–strain curves for all 

seven heterostructures, as shown in Fig. 2. For 1T
0
 MoS2, when the 

strain reaches 12%, the stress suddenly falls, resulting in a yield 

stress of 24.30 GPa. By contrast, for 2H MoS2, when the yield strain 

reaches 24% the yield stress is as high as 54.07 GPa. Therefore, the 

2H phase is more robust than the 1T
0
 phase against stress. For the 

2H–1T
0
 heterostructures, similar stress– strain curves are found but 

with different yield stresses. To directly show the effect of the 

heterointerface on the mechan-ical properties of MoS2, the yield 

stress for 1T
0
 MoS2, 2H MoS2  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 (a) Strain–stress curves and (b) yield stress for 1T
0
 MoS2, 2H MoS2 

and the 1T
0
–2H heterostructures. 

 
 

 

 

and the 1T
0
–2H heterostructures are compared in Fig. 2b. The yield 

stress for all the heterostructures is lower than that of the 1T
0
 and 2H 

phases. Therefore, the interface weakens the yield strength. Among 

the seven heterostructures, S-SU-1T
0
 has the lowest yield stress and 

S-LU-2H has the highest yield stress. By checking the atomic 
structures after yield strain, we find that the fracture always starts 
from the interface. Therefore, under strain, stress will mainly 
accumulate at the interface. 

 

3.2 Electronic properties of 2H–1T
0
 heterointerfaces in MoS2 

 
Firstly, we calculated the electronic band structures of the perfect 

1T
0
 phase and the 2H phase for the MoS2 monolayer, which are 

shown in Fig. S1 in the ESI.† The band structure shows that 2H-

MoS2 is a semiconductor with a band gap of 1.773 eV (Fig. S1a, 

ESI†). By contrast, 1T
0
-MoS2 is metallic (Fig. S1b, ESI†). This in in 

accordance with previous results.
38,39

 Then, the electronic band 

structures of all the 1T
0
–2H hetero-structures considered here are 

calculated and are shown in Fig. 3. S-LU-0, S-LU-1T
0
, S-LU-2H, S-

LU-sint and S-SU-1T
0
 are all metallic; S-SU-0 and S-SU-2H are 

half-metallic. Therefore, in the hetero-structures, due to the presence 

of the 1T
0
 phase and the interface, the semiconductor character of 

the 2H phase is overridden. Neither interstitial S nor S vacancies at 

the interface can change the metallicity.  
Applying tensile stress to a two-dimensional material may 

produce a phase change and may change the band gap.
40

 To 

investigate the strain eff ect on the electronic properties, band 

structures of all the 1T
0
–2H heterostructures under different strains 

were calculated and are shown in Fig. 3. For metallic 

heterostructures, including S-LU-0, S-LU-1T
0
, S-LU-2H, S-LU-sint 

and S-SU-1T
0
, strain does not change the metallic character  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Electronic band structures of the different 1T

0
–2H MoS2 hetero-

structures under different strains. 

 
 

  



 

 
  

 
 
 
 
 
 
 

 

 

 
but changes the bands crossing the Fermi level. By contrast, a small 

band gap can be opened under a strain of 8% for S-SU-0 and of both 

8% and 14% for the S-SU-2H heterostructure. 

 

3.3 Catalytic properties of 2H–1T
0
 MoS2 heterostructures 

 
The hydrogen evolution reaction (HER) is an important electro-

catalytic reaction that occurs in hydrogen fuel cells and water 

electrolysers. MoS2, instead of precious metals, is a new catalyst for 

the HER. Very recent studies have demonstrated that monolayer 

MoS2 nanosheets with the 1T metallic phase synthe-sized via 

chemical exfoliation exhibited a superior HER cataly-tic activity to 

those with the 2H semiconducting phase.
41 

 

Here we explore the HER catalytic activity of the 2H–1T
0
 MoS2 

heterointerfaces. One H atom is put above the interface. As a 

comparison, we also explore the catalytic activity of perfect 

monolayer MoS2 in both the 1T
0
 and 2H phases. The optimized 

structures for the H adatoms on these monolayers are shown in Fig. 

4. For 1T
0
 and 2H MoS2, the H atom prefers to adsorb on the S 

atom. By contrast, the H atom prefers to adsorb on the Mo atom for 

all interfaces except for S-LU-sint. For S-LU-sint, the H atom 

prefers to adsorb on the interstitial S atom.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Top view (left) and side view (right) of the optimized structures for  
H adatoms adsorbed on MoS2  monolayers: (a) 1T

0
, (b) 2H, (c) S-LU-0,  

(d) S-LU-1T
0
, (e) S-LU-2H, (f) S-LU-sint, (g) S-SU-0, (h) S-SU-1T

0
, and 

(i) S-SU-2H. Blue spheres denote Mo atoms, yellow spheres denote S 
atoms, and grey spheres denote H atoms. 

 
Table 2 Gibbs free-energy of these perfect structures  

 DEH Charge gained/ 

DE
zero-point TDS DG 

Name (eV) donated (eV) (eV) (eV) 
      

1T
0 

1.486 0.137 0.224 0.0082 1.701 
2H 1.370 0.0127 0.233 0.0061 1.596 
S-LU-0 0.344 0.1957 0.230 0.0022 0.572 
S-LU-1T

0 
0.631 0.3083 0.180 0.0073 0.458 

S-LU-2H 0.450 0.2957 0.197 0.0044 0.258 
S-LU-sint 0.271 0.0424 0.249 0.0057 0.028 
S-SU-0 0.299 0.2016 0.220 0.0043 0.515 
S-SU-1T

0 
0.493 0.2985 0.197 0.0035 0.299 

S-SU-2H 0.732 0.3382 0.241 0.0019 0.493 
       
 

 
We use the Gibbs free-energy of the adsorption of an atomic 

hydrogen DG as a most important criterion for measuring the HER 

activity.
13,42,43

 The stability of hydrogen adsorption is described 

using the hydrogen chemisorption energy DEH, which is calculated 

as: 
 

1 

(5) 
DE

H 
¼

 E1    E2    2
E

H2  
Here, E1 is the total energy of the 2H–1T

0
 MoS2 heterointer-

faces with one hydrogen, E2 is the total energy of the 2H–1T
0
 MoS2 

heterointerfaces, and EH2 is the total energy of a hydrogen molecule 
in the gas phase. So, we can obtain the formula for the Gibbs free-
energy DG: 
 

DG = DEH + DEzero-point    TDS. (6) 
 

Here, DEzero-point is the zero-point energy, and TDS is the 

entropy term.  
According to the hydrogen chemisorption energy DEH listed in 

Table 2, the H atom strongly binds with the S-LU-1T
0
 and S-SU-2H 

interfaces. By contrast, a moderate interaction between the H atom 

and the interface can be obtained for the S-LU-sint interface. Bader 

charge analysis
44

 was performed to quantify the amount of charge 

gained/donated by the adsorbing H atom, as shown in Table 2. The 

stronger the binding the larger the charge transfer. For an H atom 

adsorbed on the S-LU-sint interface, the H atom donates electrons to 

the heterostructure because the H atom binds with an S atom. For the 

H atom adsorbed on other interfaces, the H atom gains electrons 

from the heterostructure because the H atom binds with a Mo atom. 

 
The Gibbs free-energy values for the adsorption of atomic 

hydrogen on diff erent monolayers are listed in Table 2 and Fig. 5a. 

In general, the formation of the interface significantly enhances the 

HER activity. According to previous studies, |DG| r 0.3 eV shows 

that the structure has good catalytic activity. Therefore, structures 

with good catalytic eff ects are S-LU-2H (DG = 0.258 eV), S-LU-

sint (DG = 0.028 eV) and S-SU-1T
0
 (DG = 0.299 eV). We can also 

see that the Gibbs free-energy of the interface with interstitial S and 

S vacancies is lower than the Gibbs free-energy of the ‘0’ structure. 

That means inter-stitial S and S vacancies can further enhance the 

HER activity.  
To check the lateral domain size eff ect on the HER activity, an S-

LU-sint heterostructure with the domain size for both the 2H and 

1T
0
 phases twice the size as that shown in Fig. 4f was 

 



 
 

  
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 

 
Fig. 5 (a) Gibbs free-energy during the HER for different interface con-

figurations. (b) Gibbs free energy after applying 4% tensile stress to the 

different interface configurations.  
 
 
constructed (shown in Fig. S2, ESI†). The Gibbs free-energy for H 

adsorption was calculated to be 0.040 eV, which is only 12 meV 

smaller than the original S-LU-sint heterostructure  

( 0.028 eV). Therefore, the lateral size of the 2H or 1T
0
 MoS2 

domain has little eff ect on the HER activity. Moreover, diff erent 

adsorption sites for H adsorption were tested. The H adsorp-tion 

energy and the Gibbs free-energy of adsorption for the H atom 

adsorbed on diff erent sites of the S-LU-sint heterostruc-ture are 

shown in Table S1 (ESI†), which shows that the inter-face site is the 

most stable adsorption site and exhibits the best catalytic 

performance.  
Meanwhile, mechanistic factors were considered for this 

hydrocatalytic process. Under 4% tensile stress, the catalytic  

activity of S-LU-1T
0
 (DG = 0.131 eV), S-LU-2H (DG = 0.016 eV), 

S-SU-1T
0
 (DG = 0.059 eV), and S-SU-2H (DG = 0.017 eV) can be 

improved, as shown in Fig. 5b. However, the catalytic activity of S-

LU-sint and S-SU-0 are weakened under strain. Because the tensile 

strain will weaken the chemical bonds at the interface, defects, such 

as S vacancies, are expected to be easier to arise. Therefore, to a 

certain degree, mechanical strain can poten-tially induce the 

formation of defects. 

 

4. Conclusions 
 

In conclusion, we systematically investigated the stability of 1T
0
/2H 

MoS2 intralayer heterostructures. S-LU-0 and S-SU-0 are more 

stable than interfaces with interstitial S or S vacancies. The 

mechanical, electronic and catalytic properties as well as the strain 

eff ects were also studied. The interfaces weaken the mechanical 

strength because the stress will be focused at the interface under 

stain. All the stable heterointerfaces show metallic or semi-metallic 

properties. A small tensile strain can eff ectively change the electro-

nic properties of the heterostructures. In particular, for the S-SU-0 

and S-SU-2H heterostructures, a small band gap can be opened 

under a strain of 8%. The heterointerfaces in MoS2 can greatly 

enhance the HER activity. Moreover, strain can also improve the 

HER activity for the S-LU-1T
0
, S-LU-2H, S-SU-1T

0
 and S-SU-2H 

interfaces. Our results show that 1T
0
/2H MoS2 intralayer hetero-

structures are potential HER catalysts. 
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