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Monolayer transition metal dichalcogenides can normally exist in several structural polymorphs with distinct electri-
cal, optical, and catalytic properties. Effective control of the relative stability and transformation of different phases in these
materials is thus of critical importance for applications. Using density functional theory calculations, we investigate the
effects of low-work-function metal substrates including Ti, Zr, and Hf on the structural, electronic, and catalytic properties
of monolayer MoS; and WS,. The results indicate that such substrates not only convert the energetically stable structure
from the 1H phase to the 1T'/1T phase, but also significantly reduce the kinetic barriers of the phase transformation. Fur-
thermore, our calculations also indicate that the 1T’ phase of MoS, with Zr or Hf substrate is a potential catalyst for the

hydrogen evolution reaction.

Keywords: transition metal dichalcogenides, phase transformation, hydrogen evolution reaction, density func-

tional theory
PACS: 64.70.Nd, 71.20.-b, 81.16.Hc

1. Introduction

Transition metal dichalcogenides (TMDs), as a class of
representative layered materials, received tremendous research
attention in recent years owing to their rich electronic, opti-
cal, and catalytic properties.l'! In the atomic structures of
TMDs, each monolayer contains a transition-metal layer sand-
wiched between two chalcogenide layers. The variation in the
stacking geometry of the three atomic layers may leads to dif-
ferent phases, typically a trigonal prismatic phase (1H) and
an octahedral phase (1T). An intriguing feature of monolayer
TMDs is their electronic structures critically depending on the
atomic-layer stacking geometry. For group-VI-element TMDs
MoS,, its trigonal prismatic phase is a good semiconductor
with a sizable bandgap, whereas its octahedral phase becomes
metallic. This transition can be qualitatively understood as
the difference in the splitting and filling of the transition-
metal d-orbital dominated energy bands due to the different
crystal symmetries and coordination environments of the two
phases.®! Such distinct electronic structures may in turn lead
to disparate physical and chemical properties, such as catalytic
activity. Although both 1H- and 1T-MoS; has shown to be
catalytic for the hydrogen evolution reaction (HER), the active
sites are solely limited at the edges in the 1H phase!”8! but
include the whole basal plane of the 1T phase.®~'*] However,
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for pristine MoS,, the 1T phase is energetically less stable than
the 1H phase. Therefore, to enhance the catalytic performance
of MoS, it is highly desirable to increase the ratio of the 1T
phase via tuning the relative stability of the two phases.

In this effort, there have been extensive attempts to in-
duce structural phase transformation of group-VI elements
Mo- and W-based TMDs and stabilize the 1T phase.[!5-18]
The main strategy of these research is to dope extra electrons
into the TMDs via, for example, Re doping!'”! and alkali ion

n.[20-231 Some other approaches including mechan-

25-27

intercalatio

24 and metal substrates!

ical stres I have also been re-
ported. However, the stability of the obtained 1T phase still
needs to be improved.?®2°! In addition, for the catalytic pur-
pose, it is also vitally important to leave the active sites open
for chemical reaction.

In this work, we use first-principles density functional
theory (DFT) calculations to investigate the effects of three
low-work-function metal substrates including Ti, Zr, and Hf
on the structural, electronic, and catalytic properties of mono-
layer MoS; and WS,. A distorted 1T phase, named 1T’ phase,
is identified to become energetically most stable in the pres-
ence of the metal substrates. The electronic structure analy-
sis indicates that the metal substrates donate electrons to the

MoS; and WS, monolayers, leading to the phase transforma-
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tion. Meanwhile, the presence of the substrates also signif-
icantly reduces the kinetic barriers of the phase transforma-
tion. In addition, Gibbs free energy calculations suggest that
the HER catalytic activity on the top surface of the 1T'-MoS,
monolayers is still largely preserved as placed on the Zr or Hf
substrate.

2. Computational methods

The first-principles DFT calculations were performed us-
ing the Vienna ab initio simulation package (VASP)."3%! Core
and valence electrons were described using the projector-
augmented wave (PAW) method.[3!*?] The exchange and
correlation functional was treated using the Perdew—Burke—
Ernzerhof (PBE) parametrization of generalized gradient ap-
proximation (GGA) for structural relaxations and total energy
calculations.!33 The energy cut-off of the plane wave basis
was set to 300 eV. Electronic minimization was performed
with a tolerance of 10~* eV, and ionic relaxation was per-
formed with a force tolerance of 0.01 eV/A on each ion. A
vacuum region more than 15 A was used to ensure decou-
pling between neighboring slabs. A I'-centered 18 x 18 x 1
Monkhorst—Pack?* k-mesh was used for k-point sampling.
The climbing image nudged elastic band (CI-NEB) method (33!
was used to determine the minimum energy pathways of the
various kinetic processes and their transition states with five
intermediate geometries (images) interpolated between the ini-
tial and the final states, and the transition states were finally
achieved by the optimized central image. In addition, the van
der Waals corrections was included as parameterized in the
semiempirical DFT-D3(BJ) method. 337!

The binding energies of H adsorbed were calculated
as AEy = E(TMDs+H) — E(TMDs) — $E(H,), where
E (TMDs+H), E (TMDs), and E(H,) are the total energies
for the H adsorbed monolayer MoS, (WS,) with or with-
out the substrates, monolayer MoS; (WS;) with or without
the substrates, and H; in the gas phase, respectively. The
Gibbs free energy was calculated by adding a thermal cor-
rection to the binding energy, which is defined by AGy =
AEy + AEzpg — TASy, where AEzpg and TASy are the dif-
ferences in the zero-point energy and entropy contribution be-
tween the H adsorbed state and H; in the gas phase, respec-
tively. It is assumed that the vibrational entropy in the ad-
sorbed state is small enough to be negligible.*¥! The last term
is usually approximated as TASy = f%TS (Hy), where S(Hy)
is the entropy of H; in the gas phase at standard conditions
(T =298.15 K, pressure = 1 atm, 1 atm=1.01325x 10° Pa).
The zero-point energy of hydrogen atoms in different phases
of TMDs, adsorption of hydrogen atoms at different concen-

trations, and presence or absence of the metal substrates were

tested. The results under different conditions changes very lit-
tle and will not affect the main conclusions. The zero-point
energy of hydrogen atoms adsorbed on the surface of the 1T’
phase was used for all the cases, and the Gibbs free energies
were calculated as AGy = AEg + 0.29 eV, which is consistent

with previous work.[!?!

3. Results and discussion

3.1. Structures and structural stability of TMDs with sub-
strates

Monolayer 1H- and 1T-MoS, (WS>), as shown in Fig. 1,
are both composed of three layers of atoms, and each atomic
layer contains only one element stacking in a sequence of S—
Mo(W)-S. All the atoms in each atomic layer are arranged into
a close-packed triangular lattice. The difference between the
two phases is their vertical stacking geometries. As shown in
Figs. 1(b) and 1(d), respectively, the 1H phase follows an ABA
stacking sequence, while the 1T phase forms an ABC stacking
sequence. For freestanding MoS, and WS, monolayers, the
1H phase is energetically most stable with total energy differ-
ences of approximately 0.8 eV from the DFT calculations. In
addition, the freestanding 1T-MoS, and 1T-WS, monolayers
are metastable. A more stable phase, named 1T’ phase, can be
derived from the high-symmetry 1T phase via local structural
distortion, ending up with a 2 x 1 superstructure and a small
band gap opening (Figs. 1(e) and 1(f)). The calculated total en-
ergy of the 1T phase is 0.25 eV/MoS; (0.32 eV/WS,) lower
than that of the 1T phase, whereas it is still higher than that of
1H phase by around 0.6 eV for monolayer MoS; (WS5).

Three hcp metals, Ti, Zr, and Hf, are chosen to investi-
gate the effects of low-work-function metal substrates on the
structural stability and catalytic activity of monolayer MoS,
and WS,. The lattices of the (0001) surface of these metals
(Figs. 1(g) and 1(h)) can nicely match with the in-plane lat-
tices of MoS, and WS;. The calculated lattice constants of
MoS, and WS, in different phases and the metals along with
their lattice mismatches are summarized in Table 1. The lat-
tice mismatches between MoS, (WS,) and Ti, Zr, and Hf are
~7.8%, ~ 1.5%, and ~ 0.4%, respectively. In the calculations
of the combined systems, the lattices of MoS, and WS, are
adjusted to match the optimal lattices of the metal substrates,
unless otherwise specified.

Table 1. Calculated lattice constants of MoS, and WS, in different
phases and the metal substrates along with their lattice mismatches.

TMDs Ti(294A) Zr(324A) Hf(3.20A)
MoS, 1T (3.19A) —7.8% +1.6% +0.3%
1H (3.18 A) —7.5% +1.9% +0.6%
WS, 1T (3.21 A) —8.4% +0.9% —0.3%
1H (3.19 A) —7.8% +1.6% +0.3%
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Fig. 1. Atomic structures of monolayer MoS; (WS;), with Mo (W) atoms in red and S atoms in yellow, and the metal substrates, with the metal atoms
in blue. (a)—(b) 1H phase. (c)~(d) 1T phase. (e)—(f) 1T’ phase. (g)—(h) Ti, Zr or Hf substrate. The sites of the metal atoms on the surface and second

layer, and the hollow site are defined as A, B, and C, respectively.

To determine the most favorable stacking structures of
the monolayer MoS; and WS, on the metal substrates, vari-
ous possible high-symmetry stacking configurations are con-
sidered. For the (0001) surface terminated slabs of hcp metals,
the atoms in each layer also form a triangular lattice, and the
vertical stacking follows an ABAB sequence. To label differ-
ent stacking configurations of the TMDs monolayers on the
metal substrates, we denote the surface layer of the metal sub-
strates as site A and the second layer as site B. The stacking
configurations of the TMDs monolayers, as shown in Fig. 2,
can be labeled as XY (X,Y = A, B, C), where X and Y corre-
spond to the positions of the bottom S layer and the Mo atom
with respect to the underlying metal substrate, respectively.
The calculation results of the MoS,/Hf system are summarized
in the table of Fig. 2, which shows that for the 1H phase, the
most favorable stacking configuration is BA, while it is CA
for the 1T and 1T’ phases. More importantly, in contrast to
the freestanding monolayer, the most stable structure of MoS;
becomes the 1T phase in the presence of the Hf substrate.

To further examine the validity of our calculations, we
thoroughly investigated the relative stability of various struc-
tural phases of MoS; and WS, on Ti, Zr, and Hf substrates
with different settings of the lattice parameters using the op-
timal lattice constant of the metal substrate or the 1H- or 1T-
TMDs monolayers. The calculated relative energies of differ-
ent phases of MoS, and WS, in the two most likely config-
urations CA and BA on the metal substrates are summarized

in Table 2. The results clearly confirm the above conclusion.
The 1T//1T phase of MoS; and WS, monolayers are always
energetically more favorable than the 1H phase on these metal
substrates. In the cases of using Ti as the substrate, the 1T’
phase becomes unstable exclusively as the lattice parameter is
set to the lattice constant of Ti, because of a large compressive
strain imposed on the TMDs monolayers. Instead, the struc-
tures were stabilized into the 1T phase, which still have lower
energies than the 1H phase. Therefore, the proposed metal
substrates can effectively reverse the relative thermaldynamic
stability of monolayer MoS, and WS, from the 1H phase for
the freestanding case to the 1T'/1T phase.

o °O Oo
o° o Too Too o 9
o ‘ 90 Qo O

00 00 00 00 00 ©

[#) 9C) (+) (#) [#) (+)
O o o O

° 00 o

0 5O

CB BC AB AC
1H (eV) 0.207 0.176  0.763 0.812  0.840  0.890
1T (eV) 0.096 0.162 0.751  0.890 1.315  1.389
1T (eV) 0 0.069 0.530 0.647 N/A  N/A

Fig. 2. Atomic structures of various possible high-symmetry stacking con-
figurations and their relative energies in the MoS,/Hf system. The different
stacking configurations are labeled as XY (X,Y = A, B, C), where X and
Y correspond to the positions of the bottom S layer and the Mo atom with
respect to the underlying metal substrate, respectively. All data are the ener-
gies per MoS;.
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Table 2. Relative energies of various structural phases of MoS; and WS, with and without the metal substrates. The combined systems with
different settings of the lattice parameters using the optimal lattice constant of the metal substrate or the 1H- or IT-TMDs. The energies of each
row are relative to the energy of the most stable structure in this row. All data are the energy per MoS; or WS,.

MoS, Lattice 1H phase (eV) 1T phase (eV) 1T’ phase (eV)
Freestanding optimal 0 0.840 0.593
Substrate CA BA CA BA CA BA
Ti 0.156 0.132 0 0.066 N/A N/A
Ti (0001) 1H 0.072 0.183 0.050 0.187 0 0.142
1T 0.070 0.188 0.053 0.195 0 0.146
Zr 0.190 0.149 0.105 0.158 0 0.038
Zr (0001) 1H 0.176 0.109 0.083 0.125 0 0.024
1T 0.178 0.115 0.087 0.130 0 0.026
Hf 0.207 0.176 0.096 0.162 0 0.069
Hf (0001) 1H 0.202 0.156 0.086 0.144 0 0.059
1T 0.204 0.165 0.091 0.152 0 0.063
WS, Lattice 1H phase (eV) 1T phase (eV) 1T’ phase (eV)
Freestanding optimal 0 0.884 0.567
Substrate CA BA CA BA CA BA
Ti 0.108 0.067 0 0.066 N/A N/A
Ti (0001) 1H 0.047 0.141 0.099 0.231 0 0.138
1T 0.051 0.167 0.116 0.262 0 0.150
Zr 0.192 0.124 0.170 0.212 0 0.022
Zr (0001) 1H 0.166 0.077 0.137 0.169 0 0.008
1T 0.179 0.102 0.155 0.193 0 0.015
Hf 0.203 0.140 0.149 0.202 0 0.053
Hf (0001) 1H 0.195 0.121 0.136 0.184 0 0.046
1T 0.208 0.153 0.157 0.215 0 0.059
(a) 1H-MoS, 1H-MoSy/Ti 1H-MoSy/Zr 1H-MoS,/Hf
a N d
N /S
g} 4 N N2 =
= /A N\
2 E e =
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g ]
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Fig. 3. Band structures of (a) 1H-MoS, and (b) 1T'-MoS, with and without the metal substrates, where the MoS, derived energy bands in the combined
systems are highlighted in red.
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The underlying mechanism of the metal substrate-
induced phase stability reversal can be revealed from elec-
tronic structure analysis. Figure 3 shows the calculated band
structures of 1H- and 1T'-MoS; monolayers on the three metal
substrates, respectively, where the MoS, derived energy bands
are highlighted in red. For comparison, the calculated band
structures of freestanding MoS, monolayers in the 1H and 1T’
phases are also illustrated in Fig. 3. Although the energy bands
of MoS; are modified to a certain extent in the combined sys-
tems due to the hybridization with the metal substrates, the
positions of the original band edges of freestanding MoS; can
still be identified. From these plots, it can be seen that for both
1H and 1T’ phases, the Fermi levels of the combined systems
were always moved up into the original conduction bands of
MoS,, indicating the existence of effective electron transfer
from the metal substrates to the MoS, monolayers. This ob-
servation is also consistent with our initial design of taking
advantage of a low-work-function metal substrate to donate
electrons into TMDs so as to reverse the relative stability from
the 1H phase to the 1T'/1T phase.

3.2. Kinetics of phase transformation

Kinetics is also a key factor for the feasibility of phase
transformation. In this regard, we investigated the kinetic pro-
cesses and calculated the energy barriers of MoS, and WS,
monolayers transforming from the 1H phase to the 1T phase
in the presence of the metal substrates. Since the rate-limiting
processes for the 1H phase to the 1T and 1T’ phases are es-

X — MoS

% 1] MoSo/Ti (a) ]
S - — MoSs/Zr

; 1.2_—MOSQ/Hf

©

>

0 0.8r Q@ O 1
: OS-OQCO qoo_
(]

¢ 04} O %O
2 o

Relative energy (eV/WS,)

sentially the same,*°! we use the 1T phase as the final state
to simplify the calculation. The difference between 1H and
1T phases is the vertical alignment of the two chalcogen lay-
ers. The phase transformation thus can be achieved by simply
moving one of the chalcogen layers collectively with respect
to the other two atomic layers. However, when the TMDs
monolayers placed on the metal substrates, the top and the
bottom chalcogen layers become inequivalent, and thus there
are two possible phase transformation pathways from the 1H
phase to the 1T phase. For the 1H phase, the positions of
the top and bottom S layer are both at the site B (defined in
Fig. 1) with respect to the underlying metal substrate. The
phase transformation from the 1H phase to the 1T phase can
be achieved by simply moving the top or the bottom S layer
from the site B to the site C. Figures 4(a) and 4(c) show the
calculated energy profiles of the kinetic processes involving
the moving of the top S layer. Compared with the cases of
freestanding monolayers, the energy barriers are effectively
reduced from ~ 1.6 eV to ~ 1.2 eV. More interestingly, in the
kinetic process involving the moving of the bottom S layer
as shown in Figs. 4(b) and 4(d), the energy barriers are fur-
ther substantially reduced to ~ 0.7 eV. For both cases, the
optimized transition states correspond to the moving S atoms
located nearly at the bridge sites of the central Mo/W layer.
The energy barriers to move the bottom S layer are smaller
than the barrier of a freestanding monolayer MoS; trans-
forming from the 1T’ phase to the 1H phase (~ 0.9 eV).[*]

— MoS, (b) ]

MOSQ/TI
I _MOSQ/ZI'
1.9} —MoS,/Hf

0.8:%2

J—
[}

Relative energy (eV/MoSs)

'O O X
04l © %o_
Oj°° oo

Relative energy (eV/WS,)

Fig. 4. Two possible phase transformation pathways from the 1H phase to the 1T phase. (a) MoS, with the moving of the top S layer, (b) MoS, with
the moving of the bottom S layer, (c) WS, with the moving of the top S layer, (d) WS, with the moving of the bottom S layer. In all plots, the green
circles and arrows attached to S atoms indicate the moving atom and the direction of atomic motion during the process of the phase transformation.
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Such a 1T’ to 1H phase transformation has been demonstrated
to be experimentally accessible for MoS,.[?82°1 All these re-
sults indicate that the proposed metal substrates can effectively
facilitate the phase transformation of adsorbed MoS, and WS,
monolayers from the 1H phase to the 1T’/1T phase.

3.3. Substrate effects on the hydrogen evolution reaction

We next investigate the catalytic activity of the 1T’-MoS,
and 1T'-WS, monolayers with the support of the metal sub-
strates. Different from the 1T’ phase achieved by ion interca-
lation, the top surface of the TMDs monolayers is still freely
exposed for the chemical reaction. In addition, the metal sub-
strates can be used directly as an electrode. Therefore, such
a combined system is an ideal setup for the electrocatalytic
HER.

It has been commonly recognized that the catalytic per-
formance of an HER is essentially dictated by the Gibbs free
energy (AGy) of H adsorption on the catalysts with a value

(401 For this reason and simplic-

around zero being optimal.
ity, we calculated the Gibbs free energies of atomic hydrogen
adsorption on the metal substrate supported MoS, and WS,
monolayers with 4 x 4 supercells as a measure. The calcu-
lation results are summarized in Table 3. For freestanding
MoS,, the basal plane of the 1H phase is catalytically inert,
AGy = 1.92 eV, while the 1T’ phase is active, with a AGy
of 0.19 eV. In the presence of the metal substrates, the AGy
of 1H-MoS, is reduced to ~ 1.5 eV, but still too large for
the HER. For 1T’-MoS,, although their AGy are generally in-
creased by the metal substrates, the AGy of 1T'-MoS; with
Zr and Hf substrates are 0.48 eV and 0.56 eV, respectively,
which are still comparable to the AGy of Au (~ 0.5 eV).[*!]
For the case of 1T’-MoS,/Ti, the AGy increases to 1.30 eV,
which may be related to the large lattice mismatch. For the
cases of 1T'-WS,, their AGy are always larger than those of
1T'-MoS; on the same metal substrate, among which the 1T’-
WS,/Zr system has the lowest AGy as large as 0.75 eV. To sum
up, MoS, with Zr or Hf as the substrate may be considered as
a promising HER catalyst.
Table 3. The Gibbs free energy (AGy) of the hydrogen evolution reac-

tion for 4 x 4 TMDs supercell with and without the metal substrates at
1/16 H coverage.

TMDs Substrate 1H (eV) 1T (eV)
freestanding 1.92 0.19
MoS, Ti (0001) 1.73 1.30
Zr (0001) 1.36 0.48
Hf (0001) 1.42 0.56
freestanding 2.17 0.31
WS, Ti (0001) 1.99 1.51
Zr (0001) 1.71 0.75
Hf (0001) 1.79 0.82

Overall, the metal substrates reduced the AGy of the 1H
phase and increased the AGy of the 1T’ phase. According to

previous studies on freestanding TMDs,[*>#3 the strength of
H adsorption on the surface of TMDs is determined by the
ability of the surface chalcogen atoms to attract electrons from
H, and AGy closely correlates to the position of the lowest
unoccupied state of the catalyst (the conduction band mini-
mum for semiconductors or the Fermi level for metals) with
respect to the vacuum level. To examine its validity in our sys-
tems, we plot AGy versus the lowest unoccupied state position
eLus, which is calculated as the energy difference of the vac-
uum level and the conduction band minimum for freestand-
ing MoS; (WS;) or the Fermi level for MoS, (WS,) in the
presence of the metal substrates. As shown in Fig. 5, an ob-
vious linear correlation is revealed, which in consistent with
the previous work, (42431 and also indicates that & ys is still
a significant determinant for the HER of MoS; (WS;) on the
metal substrates. In addition, compared with the freestanding
monolayer MoS, (WS,), the values of € ys increase for the
1T’ phase and decrease for the 1H phase in the presence of
the metal substrates, which can be attributed to the interaction
and charge transfer between the MoS; (WS;) and the metal

substrates.
2.5F 21T"-MoS;
4 1T'-MoS3/metal
v 1T'-WS, o
2.0F Y1T'-WS;/metal aTi
o
oTi /m7r
2 1.5} Tiv
?'_)/ Tia o
o=
O
3 1.0F
Uiy
v
01H-MOS2
0.5k T ®1H-MoS,/metal
DlH-WS2
= 1H-WS,/metal
0 1 1

1 1
—5.0 —4.5
ELUS (eV)

Fig. 5. Correlation between the Gibbs free energy AGy and the lowest unoc-
cupied state €,ys, which is calculated as the energy difference of the vacuum
level and the conduction band minimum for freestanding MoS, (WS;) or the
Fermi level for MoS; (WS,) in the presence of the metal substrates.

—4.0

4. Conclusions

In summary, we have demonstrated from both energetics
and kinetics aspects that low-work-function metals Ti, Zr, and
Hf can be used as a functional substrate to effectively make
monolayer MoS; and WS, undergo structural transformation
from the 1H phase to the 1T/1T phase, based on DFT calcula-
tions. In addition, 1T’-MoS, with Zr or Hf as a substrate may
function as a potential catalyst for the HER.
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