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MoS, and MoSe; are recognized as promising electrocatalysts for the hydrogen evolution reaction (HER),
but the active sites are mainly located on the edge, limiting their electrochemical efficiency. Here we
have introduced the 2H-1T' interface structures in MoSSe and MoS,—-MoSe, heterostructures to enhance
the HER activity in the basal planes by using the density functional theory (DFT) calculations. The
structural stability and electronic properties of different 2H-1T" interface structures are investigated and
the HER activities are evaluated by using the H adsorption free energy (AGy). The H adsorption free
energy along the interface boundaries is very close to zero, and the optimal sites for the HER are the S

Received 24th October 2021 or Se atoms, which are bonded with three Mo atoms and located in the center of a hexagonal ring
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composed of three Mo atoms and three halogen atoms. Our study provides a different approach to

DO 10.1035/d1na00768h activate the basal planes and efficiently improve the electrochemical HER performance of transition
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Introduction

As an alternative energy source for fossil fuels, hydrogen energy
has some advantages, i.e., cleanliness, high combustion calo-
rific value, diverse storage and transportation methods, and
earth-abundant raw materials for preparation. Among the
common industrial production methods of hydrogen, electro-
catalytic splitting of water to produce hydrogen is considered as
the safest and greenest way.'* Noble metals (such as platinum)
are usually used as high-efficiency catalysts in the hydrogen
evolution reaction (HER),** but their high-cost limits their
large-scale application in industry. Therefore, searching for low-
cost and high-efficiency electrocatalysts has become an
emerging target in the field of hydrogen production.
Two-dimensional (2D) nanomaterials have attracted the
attention of researchers due to their unique structures and
electronic properties.®® As a representative of two-dimensional
materials, MoS, has important applications in different fields
due to its unique nature. As an electrocatalyst, MoS, is proved to
exhibit advanced catalytic performance for the hydrogen
evolution reaction.”™ However, many studies have shown that
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the active center of MoS, for the HER is mainly located at the
edge, and its basal plane with a large area is inert,**** which
greatly limits its application in the field of electrochemical
hydrogen production.* Thus, activating the sites in the basal
plane is necessary for MoS, to improve the HER performance.
Some achievements have been successfully made to improve the
catalytic activity for the HER, such as defect modulation'’*° and
chemical doping.*** Introducing phase transition boundaries
is also an efficient way to activate the active sites in the basal
plane of MoS,. The most stable structure of MoS, is the 2H
phase, while the 1T (1T") phase of MoS, is metastable but with
more active sites.”® In experiments, the 2H phase could trans-
form into the metallic 1T’ phase through various methods, such
as lithium intercalation,**** covalent functionalization,***” and
direct electron injection.”® Our previous theoretical study has
shown that the basal plane of MoS, for the HER could be
successfully activated by introducing 2H/1T structural
interfaces.”

2D transition metal dichalcogenide (TMD) materials can be
assembled into heterostructures, and many distinctive proper-
ties of these heterostructures have been discovered.***' Heter-
ostructure materials could be divided into vertical
heterostructures and planar heterostructures. Janus MoSSe is
a kind of vertical heterostructure, which is successfully
synthesized by different methods in the literature.**** Theoret-
ical studies have also shown that the introduction of vacancies
and grain boundaries could enhance the active sites in the basal
plane of the Janus MoSSe surface.** The planar heterostructures
are also reported between MoS, and MoSe,, which are
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synthesized by the chemical vapor deposition (CVD) growth
method,* and exhibit distinguished properties with the high
surface area, the improved synergistic effect and a narrow
bandgap.** Therefore, in our work, we have systematically
investigated the active sites and the underlying catalytic
mechanism for the HER in the TMD heterostructures from the
first-principles calculations, and we found that the phase
interface could activate the active sites in the basal plane and
efficiently improve the HER performance of the TMD
heterostructures.

Computational details

All the calculations were performed with density functional
theory (DFT) using the projector-augmented wave method?®”
and carried out in the Vienna Ab initio Simulation Package
(VASP).*** The Perdew-Burke-Ernzerhof (PBE)* functional of
the generalized gradient approximation (GGA)** was adopted
to describe the electron exchange-correlation interactions,
and the Grimme's scheme of D3 was used to describe the van
der Waals interaction and to account for London dispersion
interactions.*>** The kinetic cutoff energy is set to 450 eV. A
vacuum of 15 A was used to avoid the interactions between
layers. The supercell combining 4 x 4 2H-MoSSe and 4 x 4
1T'-MoSSe is constructed as the interface model for vertical
heterostructures, while the supercell combining 4 x 4 MoS,
and 4 x 4 MoSe, is used to represent the interface model for
planar heterostructures. The Monkhorst-Pack method was
used for sampling the Brillouin zone with sufficiently accurate
k-points for different sizes of supercells.** The lattice
constants and atomic positions for all the interface structures
were fully relaxed until the force on each atom was under
0.03 eVA ™"

The Gibbs free energy (AGy) for H adsorption is obtained by:

AGH = AEH + AEZPE - TAS (1)

where AEy describes the H adsorption energy on the interface
structures, AE,pr and AS are the differences for the zero-point
energy and entropy, and T is the room temperature which is
298.15 K.

We have considered two structural phases in the hetero-
structure interface, and the formation energy depends on the
chemical potential of the S atom, which is defined as:

Gr= Eyp v + Am X ps — Epn (2)

where E,p.41 and E,y are the DFT energies of the 2H structure
with and without the embedded 1T" domain, respectively, u is
the chemical potential of S, and Am is the number of S atoms
gained or lost at the interface.

The formation energy is contributed by two parts: (i) the
formation energy of two different boundaries (vy,,vs,) formed in
heterostructures, and (ii) energy difference between 2H and
inserted 1T’ phases. Therefore, G; can also be written as:

Gy = Yp, * Yb, t AEiT0H X 1 (3)
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where AE;p .,y is the energy difference between 2H and 1T’
phases for each chemical unit, and n is the number of units.
Combining eqn (2) and (3), we could obtain the formation
energies of two isolated boundaries for each heterostructure,
which could well evaluate their structural stability.

Results and discussion
2H-1T' interface structures of MoSSe

According to the previous study,” the 2H/1T’ interface struc-
tures of TMD materials along the zigzag (ZZ) direction are more
stable than those along the armchair direction. So here we only
considered the zigzag interface structures formed between 2H
and 1T phases of MoSSe. It should be noted that there are three
typical models that we have considered, and each hetero-
structure contains two different interface structures, as shown
in Fig. 1. The name of our interface structures is defined by the
different atomic species (S, Se or Mo) terminated at the ZZ edge
from the 2H or 1T phase. For example, the ZZy, s/s. interface is
formed by the Mo atoms from the 2H phase bonded to the S/Se
atoms from the 1T’ phase, and the ZZy;, 1, interface is formed
between the Mo-terminated 2H phase and the Mo-terminated
1T phase. To balance the computational expenses and the
necessary separation of 2H and 1T’ phases, we choose the
widths of the 1T phase in ZZyo s/se—ZZs/se-Moy ZZmo-Mo—ZZs/se-Mo
and ZZg/se-se—ZZnomo interface structures as 17.4 A, 16.3 A and
21.8 A, respectively, which are large enough to provide the
remarkable interface boundaries. To compare the relative
structural stability, we define the formation energy for these
heterostructures, which is described in detail in the
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Fig.1 Optimized structures for the 2H/1T interfaces of Janus MoSSe
(@) ZZmo-sise=ZZs/se-mor (D) ZZpmo-Mo—ZZs/se-mo, @NA (C)ZZs/se-se=ZZpmo-
Mo- The dashed line indicates the phase boundary of 2H and 1T of
Janus MoSSe. The cyan, yellow and orange balls represent Mo, S and
Se atoms respectively.
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computational method. The definition of formation energies
has the limitation that we could only obtain the stability of each
heterostructure instead of each interface boundary, because
each heterostructure contains two different interface bound-
aries. The formation energies of three MoSSe heterostructures
are 2.554 eV, 3.032 eV and 6.675 eV, respectively. Among them,
the ZZyiomo—ZZsisemo interface structure containing two
boundaries of ZZy;,mo and ZZgjse-mo is the most stable. The ZZg,
se-se—ZZno-mo interface structure exhibits the highest formation
energy with the same species bonded with each other at the
interface boundaries.

It is also critical to understand the electronic properties of
2H-1T' MoSSe structures for their further applications. The
band structures and density of states (DOS) of 2H-1T' MoSSe
heterostructures are plotted in Fig. 2, together with the 2H-
MoSSe structure. 2H-MoSSe is a direct semiconductor with
a band gap of 1.64 eV. By introducing the interface boundaries,
all the three 2H/1T’ MoSSe structures become metallic with the
new states emerging around the Fermi level. The DOS further
proves this and the new states are mostly contributed from Mo
atoms. The conductivity of 2H/1T’ MoSSe structures is greatly
enhanced, which facilitates the further electrochemical
application.

2H-1T’ interface structures between MoS, and MoSe,

Besides the 2H-1T' interface existing in MoSSe, we also
considered the 2H-1T' interface structures for planar hetero-
structures between MoS, and MoSe,. We have constructed six
different interface structures, as shown in Fig. 3. The interface
structures formed by 2H-MoS, and 1T-MoSe, are shown in
Fig. 3a-c, while those formed between 1T'-MoS, and 2H-MoSe,
are shown in Fig. 3d-f. The definition of their names is the same
as that of 2H-1T" MoSSe interfaces.

E-Ef (eV)

s Y G s N G
Wavevector k DOS Wavevector k DOs

Fig. 2 Band structures and density of states of 2H-1T' MoSSe heter-
ostructures, together with the 2H-MoSSe structure. The black line
indicates the Fermi level.
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Fig. 3 Optimized structures of 2H-1T' interfaces between MoS, and
MoSe,. The cyan, yellow and orange balls represent Mo, S and Se
atoms, respectively.

We have also compared the formation energies for these 2H-
1T’ interface structures between MoS, and MoSe,. With the
same geometrical structure, the interface boundaries formed
between 2H-MoS, and 1T'-MoSe, are all more energetically
favorable than those formed between 2H-MoSe, and 1T'-MoS,.
Among them, the ZZy;,.se—ZZs.\m, interface structure containing
two boundaries of ZZy;,.se and ZZg .y, is the most stable with the
lowest formation energy of 2.571 eV. The formation energies for
the structures shown in Fig. 3b and c are 3.301 and 6.897 eV,
respectively. The interface structures formed between 2H-MoSe,
and 1T-MoS, are relatively less stable with the formation
energies of 5.235, 7.759 and 8.132 eV, respectively, corre-
sponding to the structures shown in Fig. 3d-f. Similar to the
electronic properties of 2H-1T" MoSSe structures, the interface
structures of planar heterostructures formed between MoS, and
MoSe, also exhibit metallic properties, and the plot of density of
states is displayed in Fig. 4. The density of states has shown that
the Mo atoms are directly bonded with both S and Se atoms, and
some electron states emerge around the Fermi level, which are
dominated by the Mo atoms.

HER activity

It is known that the HER is an electrochemical process involving
multiple steps. In order to obtain the maximum reaction rate,
the Gibbs free energy of H* adsorption (AGy) on the catalyst
surface should be close to zero, so here we employ the AGy to
evaluate the HER activity on these interface structures. The
more negative the AGy value is, the stronger the H atom
adsorption on the catalyst, making it difficult to separate out,
while the more positive AGy values indicate that the H atom is
difficult to adsorb. We have systematically screened all the
possible adsorption sites of H atoms on the 2H-1T’ interface
structures that we have considered here. The H adsorption on
the pristine 2H-MoSSe, 2H-MoS, and 2H-MoSe, is very weak
with the AGy values of 1.754 eV, 1.873 eV and 1.990 eV,
respectively, indicating a very poor HER performance on the
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Fig. 4 Density of states of 2H-1T' interface structures formed
between MoS, and MoSe,, which corresponds to the structures shown
in Fig. 3. The dashed line indicates the Fermi level.

basal plane. By introducing the interface boundaries, the AGy
values for the adsorption sites along the interface boundaries
are very close to zero, which is shown in Fig. 5a and c.
Different from the previous studies on pristine MoSSe and
MosS,, whose active sites are the Mo sites at the edge, H prefers
to bind to the S or Se atoms located at the 2H-1T’ interfaces. For
the 2H-1T' MoSSe interface, there are optimal sites for H
adsorption on ZZyomos ZZmo-sises ZLsisemo aNd  ZZg/sese
boundaries, which are comparable or even better than those of
the vacancies and grain boundaries of the 2H-MoSSe surface. It
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Fig. 5 (a) Gibbs free energies for H adsorption (AG) on different sites
and (b) the plot between the exchange current density iy and AGy for
2H-1T" MoSSe interface structures; (c) AGy on different sites of 2H-1T’
MoS,-MoSe, interface structures and (d) the plot between the
exchange current density ip and the corresponding AG.
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is worth noting that the AGy values for H adsorbed on S sites of
ZZyomo AN ZZyyo /56, and Se sites of ZZggevo are 0.008 eV,
0.038 eV and 0.07 eV, respectively, which are very close to zero,
indicating the high HER performance of the basal plane. For the
2H-1T" MoS,-MoSe, interfaces, there are also some optimal
sites with the similar configurations. For example, the AGy on
Se sites of ZZgno and ZZgomosse €an reach —0.031 eV and
—0.088 eV, respectively, which are the superior active sites in the
basal plane for the HER. The optimal active sites exhibit similar
geometries, as shown in Fig. 5. The optimal S or Se sites are
mostly bonded with three Mo atoms and located in the center of
a hexagonal ring composed of three Mo atoms and three S or Se
atoms, providing the guideline to design the promising HER
electrocatalysts in the future.

The volcano curve is also plotted to further describe the HER
performance, and the theoretical exchange current densities (i)
are calculated by using the obtained AGy results. According to
Norskov's assumption,* i, can be expressed as:

when AGy =0,

io = 76[(0{1/[1 + exp(AGH/kT)]} (4)
when AGy >0,
io = —eko{1/[1 + exp(—AGu/kT)]} (5)

where k, is the rate constant for the proton transport in the
solution, and k, is set to 1. k is the Boltzmann constant and T is
the room temperature which is 300 K. The exchange current
densities for the H adsorption sites on all the interface struc-
tures are calculated and a volcano curve is plotted as shown in
Fig. 5b and d. Structures with negative and positive AGy values
are located around the left and right sides of the volcano curve,
respectively, and the sites with the AGy values close to zero are
located around the peak of the volcano plot. Obviously, the AGyx
values of most adsorption sites on the 2H/1T' interface are close
to 0, which is located at the peak of the volcano map, indicating
the enhanced HER performance. The points far away from the
peak in the volcano plot are the sites with poor HER perfor-
mance, which are the relatively inactive sites away from the
interface boundaries. These interfaces between 2H and 1T
phases provide more active sites in the basal plane for the HER
and exhibit a relatively high exchange current density.

To explore the underneath reaction mechanism, we have
investigated electronic properties of active sites on interface
structures with H adsorption. Fig. 6 depicts the projected
density of states (PDOS) of the adsorbed H atom, the S or Se
atoms bonded with the adsorbed H atom, and three Mo atoms
adjacent to the S or Se atoms on pristine 2H-MoSSe and 2H-
MOoS,, ZZnmo-s/se aNd ZZyi0m0 boundaries in the 2H-1T' MoSSe
interface, and ZZg/no-mo/se aNd ZZg v, boundaries in the 2H-1T’
MoS,-MoSe, interface. When H is adsorbed on 2H-MoSSe, the
hybridization peak between 1s H and 3p S is located at an
energy level of —8.910 eV with a larger positive adsorption free
energy of 1.750 eV, which is a very weak interaction between the
H atom and substrate. By introducing the 2H-1T’ interface
boundaries, the H adsorption is greatly enhanced, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Projected density of states (PDOS) of H adsorbed on (a) 2H-
MoSSe, (b) ZZmo-s/se and (€) ZZmo-mo in 2H-1T" MoSSe interfaces with
the AGy values of 1.750 eV, 0.038 eV and 0.008 eV, respectively; PDOS
for H adsorbed on (d) 2H-MoS,, (€) ZZs/mo-morse and (f) ZZs_po in 2H-
1T MoS,-MoSe, interfaces with the AGy values of 1.872 eV,
—0.088 eV and —0.031 eV, respectively.

hybridization between 1s H and 3p S moves close to the Fermi
level. For example, the hybridization peak is located at
—7.610 eV and —6.980 eV for ZZyy.g/se and ZZygomo in 2H-1T’
MosSSe interfaces, which correspond to the enhanced H
adsorption free energies of 0.038 eV and 0.008 eV, respectively.
Similar electronic properties are observed in 2H-1T' MoS,-
MoSe, interfaces, as shown in Fig. 6d-f. For 2H-MoS,, the
hybridization peak is located at —9.120 eV with a H adsorption
free energy of 1.872 eV. By introducing the 2H-1T" MoS,-MoSe,
interface, the hybridization peaks also shift to the high energy
levels of —6.660 eV and —6.620 eV for ZZg/omosse aNd ZZg vo
boundaries, respectively, corresponding to the H adsorption
free energies of 0.088 eV and 0.040 eV. Therefore, our results
have demonstrated that the interface structures could effi-
ciently activate the basal plane of TMD materials and provide
abundant active sites in the basal plane for electrocatalytic
hydrogen evolution.

Conclusions

In summary, we have investigated the structural and electro-
catalytic properties of 2H-1T' interface boundaries in MoSSe
and MoS,-MoSe, heterostructures by using the DFT calcula-
tions. The structural stability is compared by using the forma-
tion energies, and the ZZyomo—ZZssse-mo interface structure
containing two boundaries of ZZyjo-m0 and ZZsg;se-mo is the most
stable. All the interface structures are metallic with high elec-
tronic conductivity. To evaluate the HER activity, we have
calculated the H adsorption free energies on all the possible
sites of these interface structures. The optimal sites with the H

© 2022 The Author(s). Published by the Royal Society of Chemistry
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adsorption free energies very close to zero are the S or Se sites
instead of Mo sites, which are bonded with three Mo atoms and
located in the center of a hexagonal ring composed of three Mo
atoms and three halogen atoms. The 2H-1T’ interfaces provide
more active sites in the basal plane for electrocatalytic hydrogen
evolution and exhibit relatively high exchange current density.
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