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A possibility to take full advantage of strain engineering
techniques for TMDC-driven hydrogen sunlight production,
by getting rid of such intricate synthesis/mechanical actuation
methods, may consist in exploiting external electric fields.40−42

Most TMDC single layers are piezoelectric materials (i.e., their
crystal structures do not fulfill inversion crystal symmetry�are
noncentrosymmetric) and consequently react to external
electric field bias by elongating/contracting their lattice
parameters. In this work, we explore this possibility by
studying the photocatalytic and piezoelectric properties of six
different AB2 (A = Mo, W and B = S, Se, Te) TMDC
monolayers under broad epitaxial strain conditions, which can
be achieved in practice by applying external electric fields on
them.

■ COMPUTATIONAL METHODS
All the first-principles calculations based on density functional theory
were conducted using VASP.43 The projected augmented plane-wave
method was used to represent the ionic cores with the following
electrons considered as valences: Mo (4p, 5s, 4d), W (5p, 5s, 5d), S
(3s, 3p), Se (4s, 4p), and Te (5s, 5p).44 The PBE functional within the
GGA framework was used to describe the exchange-correlational
interactions45 while the HSE06 hybrid functional was used for precise
calculations of the electronic properties.46 The plane-wave cutoff
energy of the basis set was set to be 600 eV for all the analyzed
compounds. Structural relaxations were performed with a quasi-
Newton algorithm47 in which the convergence threshold for the
electronic energy and atomic forces were 1 × 10−7 eV and 1 × 10−3

eV Å−1, respectively. Monkhorst−Pack k-point grids of spacing of 2�
× 0.01 Å−1 were used for integration within the first Brillouin zone.48

For a better description of the localized d orbitals, a Hubbard-type on-
site correction energy was applied on the Mo and W atoms with
effective values of Ueff 4.0 and 6.2 eV, respectively.49

Periodic boundary conditions were applied along all the lattice
vector directions (hence, the existences and effects of edge sites in the
TMDC monolayers have been systematically neglected in this study),
and a vacuum region of 15 Å thickness was set along the out-of-plane
direction to minimize the interactions between periodic single-layer
images.50 Biaxial strain was defined as � = (a − a0)/a0,

13 where a0 is
the in-plane lattice parameter of the fully relaxed structures. Here, 3 ×
3 supercells were used for the estimation of H adsorption free
energies; the D3 Grimme correction method was adopted in these
cases to address the long-range van der Waals interactions.51 For
accurate estimation of the band alignments, we calculated the
electrostatic potentials of the VBMs in the TMDC monolayers and
the corresponding vacuum levels. The absolute energy level of the

VBM relative to vacuum was defined as the difference between the VB
energy and the vacuum level; meanwhile, the CBM energy was
determined by adding the band gap to the previously calculated VBM
energy (at the HSE06 level).

In addition to the band gap and band alignments, we also evaluated
the energetics of the hydrogen evolution reaction (HER) as mediated
by TMDCs monolayers.52 To do this, we calculated the adsorption
free energy of one hydrogen atom (ΔGH) on the monolayer surfaces,
which was estimated as52

= +G E E T SH H ZPE (1)

where ΔEH is the hydrogen adsorption energy, and ΔEZPE and ΔS are
the differences of zero-point energy and entropy between the
adsorbed atomic hydrogen and hydrogen in the gas phase molecule,
respectively. The contributions from the catalysts to both ΔEZPE and
ΔS are very small and thus were neglected. The ΔEZPE term was
calculated as the difference between the zero-point energy of the
adsorbed hydrogen atom and one-half of the zero-point energy of a
H2 gas molecule, namely
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It is worth noting that the value of the ΔEZPE term usually is quite
small, of the order of 0.01 eV.53 Meanwhile, ΔS was taken equal to
minus one-half of the experimental entropy of a H2 gas molecule
under standard thermodynamic conditions (i.e., 298 K and 1 atm),
which for room temperature leads to TΔS = −0.2 eV.54

■ RESULTS AND DISCUSSION
Figure 1a shows the atomic structure of the analyzed AB2
monolayer systems. We investigated the 1T polymorph for
MoS2 and the 2H polymorph for the other five compounds.
MoS2 naturally is thermodynamically stable in the insulating
2H phase.55 However, exposures of catalytically active edge
Mo ions are limited in this phase,56,57 and the corresponding
electrical conductivities are also very low, thus resulting in
unsatisfactory HER performances.58 By contrast, experimental
works on 1T MoS2 have demonstrated outstanding catalytic
performances, and several facile chemical routes have been
recently proposed to synthesize it.59 For these reasons, we
selected 1T MoS2 in the present study while considered the
typically synthesized 2H polymorph for the rest of monolayers.
(For completeness purposes, we also report results for the
insulating 2H MoS2 polymorph in Figures S1 and S2 and S4−
S7 and in Table 1.)

Figure 1. (a) Atomic structure of the investigated TMDC monolayer systems. (b) Estimated structural strain induced in 2H MoS2 (insulating) by
means of an external electric field applied along the lattice b direction. The results were obtained with the semilocal PBE DFT functional.
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Figure 1a shows the atomic configuration of 1T-MoS2 from
the side and top views, respectively. This polymorph exhibits
trigonal crystal symmetry (P3m1 space group) with the Mo
atoms intercalated between two S layers; our calculated lattice
constant amounts to 3.19 Å. Figure 1a also shows the atomic
structure of the 2H polymorph considered for the other five
AB2 monolayers. This phase has hexagonal crystal symmetry
(P6̅m2), and the A transition-metal ions also are intercalated
between two B chalcogenide layers. The calculated lattice
constants of MoSe2, MoTe2, WS2, WSe2, and WTe2 are 3.35,

3.53, 3.18, 3.31, and 3.54 Å, respectively, which are in good
agreement with those reported in previous works.60

Both the 1T and 2H phases are noncentrosymmetric and
consequently are piezoelectric. Thus, by applying external
electric fields in them, in principle, it is possible to achieve
dynamic control, instead of static, of the in-plane biaxial strain
thanks to their piezoelectric responses. Figure 1b shows the
calculated lattice strain in 2H MoS2 expressed as a function of
applied electric field along the lattice b direction. It is shown
that both lattice parameters a and b experience a drastic change
when a small electric field of ∼0.1 eV/Å is applied, a being
increased and b shortened (the signs of these variations are
related to the sign of the piezoelectric coefficient � yy, see
below). For lager electric field values, the rates of variation of
the a and b lattice parameters are practically linear and of the
same sign. The estimated lattice parameter change can be as
high as 1% for an electric field of ∼1 eV/Å; thus, application of
electric bias can be an efficient means to introduce structural
strains in TMDC monolayers with the aim of tuning their
physicochemical and catalytic properties.

Explicit simulations of electric fields in first-principles
calculations, however, are computationally very expensive
and exceptionally intricate.61,62 Therefore, for the next
optoelectronic and photocatalytic analyses, we straightfor-
wardly considered biaxial strains of arbitrary size resulting from
the application of external electric fields while explicitly
disregarding the presence of these. Since piezoelectric materials
also exhibit inverse piezoelectric effects, by proceeding in this

Table 1. Calculated In-Plane Piezoelectric Coefficients � ��
(C/m2) in TMDC Monolayers Expressed as a Function of
Epitaxial Strain�

Materials −7% 0 7%

MoS2 (1T) 0.0000 0.0000 0.0000
MoS2 (2H) −0.1165 −0.1210 −0.1525
MoSe2 (2H) −0.2558 −0.1176 −0.3227
MoTe2 (2H) −0.2033 −0.1424 −0.0827
WS2 (2H) −0.0756 −0.0738 −0.0810
WSe2 (2H) −0.0248 0.0131 0.0529
WTe2 (2H) −0.0983 −0.0115 0.0130

aThe results were obtained with the semilocal PBE DFT functional.
The metallic 1T MoS2 polymorph trivially exhibits null piezoelectric
coefficients while the insulating 2H MoS2 polymorph behaves very
similarly to the rest of analyzed systems.

Figure 2. Strain-induced band gap evolutions of 2H TMDC monolayers expressed as a function of epitaxial strain (see Figure S1 for analogous
results obtained for the 2H MoS2 system). The results were obtained with the hybrid HSE06 DFT functional.
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manner we guarantee the reproduction of internal electric bias
effects in our simulations while overcoming the pointed
technical problems associated with the simulations of external
electric fields (the only drawback being that we will not be able
to directly express our results as a function of the electric field
strength). Meanwhile, it is worth noting that the absolute
values of the maximum biaxial strains considered in our
calculations are 7%, which is similar in size to those already
achieved in experiments of suspended TMDC monolayers,
namely, ∼5%.63

Table 1 lists the calculated piezoelectric coefficients � yy
expressed as a function of epitaxial strain for the considered
TMDC monolayers. In the absence of strain, the reported
piezoelectric constants in general are negative (i.e., the b lattice
vector will shrink under the action of an electric field applied
along the y direction) and fairly large in absolute value
(∼0.10−0.01 C/m2). The Mo-based TMDC monolayers
display the largest � yy values. Interestingly, under increasing
epitaxial strain, the absolute values of some piezoelectric
constants increase (e.g., by a factor of 4 in WSe2); thus, under
the action of an electric bias, the piezoelectric responses of

TMDC monolayers may be enhanced. In some cases, the sign
of � yy also changes. For instance, at zero strain, WSe2 exhibits a
positive piezoelectric coefficient while the other monolayers
present negative � yy values. Under a compressive strain of 7%,
the piezoelectric coefficients of all 2H TMDC monolayers are
negative, and under a tensile strain of 7%, WSe2 and WTe2 are
the only systems that exhibit positive � yy values. These results
suggest that biaxial strains of about 1%, either tensile or
compressive, could be realized in TMDC monolayers by
applying relatively small electric fields in them.

To better understand the origins of the strain-induced
piezoelectric coefficient trends explained above, we took a
closer look at the electronic and ionic contributions to � yy,
Born effective charges (Zi), and dielectric constants (� r, relative
to vacuum) of the WS2 and WSe2 monolayers. In WS2, the
electronic contribution to � yy is of a negative sign and
dominant (the ionic contribution represents <1% at all
strains). Meanwhile, in WSe2, the electronic and ionic � yy
contributions are of positive and negative signs, respectively,
and of similar sizes in absolute value. For instance, at zero
strain, the electronic component amounts to 0.0359 C/m2 and

Figure 3. Calculated band structures of TMDC monolayers calculated as a function of epitaxial strain. (a) 1T MoS2 (see Figure S2 for analogous
results obtained for the 2H MoS2 system), (b) 2H MoSe2, (c) 2H MoTe2, (d) 2H WS2, (e) 2H WSe2, and (f) 2H WTe2. The results were obtained
with the hybrid HSE06 DFT functional.
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the ionic to −0.0228 C/m2. The change of � yy sign in WSe2
induced by compressive strain results from the fact that the
ionic contribution becomes dominant (i.e., −0.0317 C/m2)
under these conditions. It is noted that the values of the Born
effective charges and dielectric constants calculated for WSe2
are larger in absolute value than those obtained for WS2 at all
strains. For instance, at the maximum tensile strain considered
in this study, we estimate ZW = −0.72e, ZSe = +0.36e, and � r =
0.035 for WSe2 and ZW = −0.44e, ZS = +0.22e, and � r = 0.016
for WS2. Thus, despite that these latter results appear to
suggest that WSe2 is a better piezoelectric material than WS2
(i.e., larger piezoelectric coefficients typically are accompanied
by larger Born effective charges and dielectric constants),64,65

the total � yy values obtained for WS2 are larger than those
obtained for WSe2 due to the constructive addition of the
electronic and ionic parts in the former system and opposing in
the latter.

Figure 2 shows the electronic band gaps of the analyzed
TMDC monolayers expressed as a function of epitaxial strain.
1T-MoS2 turns out to be metallic under all the investigated
strains, thus is not explicitly shown (by contrast, the
corresponding unstrained 2H polymorph is insulating with a
band gap of 1.8 eV according to our hybrid HSE06
calculations, see Figure S1). Under zero strain, the band gaps
of all five compounds are approximately in the range of 1.6−
2.1 eV, with WTe2 presenting the smallest (1.57 eV) and WSe2
the largest (2.09 eV), which are in good agreement with the
corresponding experimental values of 1.6−2.0 eV.66,67 These
band gaps fulfill the requirements of ideal photocatalysts (see
above). However, further reduction of the band gap could
potentially improve the TMDC monolayers photocatalytic
efficiencies thanks to enhanced light absorption.

According to our calculations, tensile biaxial strain can
effectively reduce the band gap energy of all five compounds.
The band gap reduction in the WS2 monolayer can be as high
as ∼72% when a +7% strain is applied on it. The other four
compounds also show band gap reductions of more than 40%
for the largest tensile biaxial strain considered in this study. In
contrast, compressive biaxial strain does not induce systematic

band gap changes in the five compounds. For instance, under a
−7% biaxial strain, MoSe2 and WS2 present band gap increases
of ∼25% with respect to their zero-strain values while MoTe2
and WTe2 exhibit band gap reductions that are similar in size
to those observed under tensile strain.

In order to understand the physical causes underlying the
strain-induced band gap variations shown in Figure 2 and to
further analyze the influence of biaxial strain on the
optoelectrical properties of TMDC monolayers, we also
studied their band structures in detail. Figure 3 shows the
results of our band structure calculations expressed as a
function of epitaxial strain (cases of −7%, 0, and 7%). 1T-
MoS2 shows metallic behavior in all the considered cases, thus
in principle is not a suitable candidate for photocatalytic
applications due to the lack of a band gap and redox
overpotentials. The other five monolayers all exhibit direct
semiconducting behaviors in the absence of strain. Under
either compressive or tensile strain, however, all five
monolayers exhibit direct to indirect band gap transitions.
This electronic band gap transformation can be attributed to
the crystalline symmetry breaking triggered by biaxial strain.

Our crystal symmetry analysis (Figure S3) confirms that
when the five 2H TMDC monolayers are biaxially strained
they all experience a symmetry breaking from hexagonal (space
group 187, P6̅m2) to orthorhombic (space group 38, Amm2).
As a consequence, the VBM or CBM level shifts away from the
K point, leading to the observed direct to indirect band gap
transformation. In terms of light absorption, a direct band gap
is always more desirable than an indirect band gap because the
promotion of electrons from the valence to the conduction
band does not require the assistance of lattice phonons; in the
present case, however, the huge reduction of the band gap as
induced by tensile biaxial strain (e.g., as high as ∼72% in the
WS2 monolayer for a strain of +7%) largely compensates for
this issue. In addition, for photocatalytic applications, an
indirect band gap generally is considered as beneficial since,
due to the same reasons as mentioned above, charge
recombination rates are lower as compared to materials with
direct (and equivalent in size) band gaps (i.e., excited electrons

Figure 4. 3D band structures of 2H MoSe2 at different strains. The bottom of each panel shows the 2D contour map of the 13th and 14th bands,
where the positions of the CBM and VBM are labeled correspondingly. The results were obtained with the semilocal PBE DFT functional.
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Figure 5. Calculated band alignments of 2H TMDC monolayers estimated as a function of epitaxial strain (see Figure S4 for analogous results
obtained for the 2H MoS2 system). Red and black dots represent the CBM and VBM levels, respectively. The results were obtained with the hybrid
HSE06 DFT functional.

Figure 6. Calculated H adsorption free energies expressed as a function of epitaxial strain for the six considered monolayers (see Figure S5 for
analogous results obtained for the 2H MoS2 system). Linear extrapolations on the tensile side render necessary strains of about +20% for achieving
null ΔGH values, which are impracticable. The results were obtained with the semilocal PBE DFT functional.
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remain more stable at the bottom of the conduction band,
leading to longer lifetimes and greater mobility and thus better
photocatalytic performance).

To clearly visualize the direct to indirect band gap
transformation, we took MoSe2 as a case to study its 3D
band structure. Figure 4 shows the 3D band structure of
MoSe2 obtained under three different strain conditions. In all
the cases, the VBM and CBM correspond to the 13th and 14th
electronic bands, respectively. In the absence of biaxial strain,
the top of the valence band and bottom of the conduction
band are located at the same k point, K, resulting in a direct
band gap. Under 7% of compressive strain, the CBM shifts
away to a nonhigh symmetric point, while the VBM remains at
the M point, thus leading to an indirect band gap. Similarly,
under 7% of tensile strain, the VBM shifts to the G point while
the CBM remains at the K point, which also leads to an
indirect band gap.

Figure 5 shows the calculated band alignments of the five
TMDC monolayers expressed as a function of epitaxial strain.
Let us start commenting on the special case of WS2. When no
strain is applied, the band alignments of this monolayer are
located at −6.1 and −4.34 eV, respectively, which indicate that
unstrained WS2 is already suitable for driving the water
splitting reaction and generating molecular hydrogen. Under

compressive biaxial strain, the band edge positions of WS2 are
slightly elevated, making the VBM closer to the oxidation
potential; however, compressive strain also increases the WS2
band gap (e.g., 2.23 eV at −7% strain), which is not good for
light absorption purposes. In contrast, tensile strain, which also
induces a slight increase of the VBM level, significantly reduces
the band gap of WS2 by lowering its CBM level, which suggests
that the photocatalytic activity of WS2 could be optimized in
practice by introducing a small amount of tensile biaxial strain
on it.

Besides WS2, the VBMs of the other four TMDC
monolayers are all situated higher than the oxidation potential
of oxygen, which makes them unsuitable for photocatalytic
water splitting due to insufficient overpotential for the oxygen
oxidation reaction. Interestingly, under increasing tensile
biaxial strain, the VBM levels of MoTe2 and WTe2 are
systematically reduced, and those of MoSe2 and WSe2 reach
their minimum at +2% and +4%, respectively. The CBM levels
of all five monolayers generally decrease under tensile biaxial
strain, thus resulting in an overall reduction of the band gap
that is consistent with the results shown in Figure 2. Thus, in
all the analyzed TMDC monolayers, the effects of tensile strain
on the band alignments are overall beneficial, although in
different measures.

Figure 7. (a) Charge density difference of the MoSe2 monolayer with an adsorbed H atom under different biaxial strains. The cyan lobe represents
charge depletion while the yellow one represents charge accumulation; the isosurface for the charge density difference is 0.003 electrons/Bohr3 for
all the cases. (b) Charge analysis of the adsorbed H atom as a function of epitaxial strain in MoSe2. ΔQH is defined as the electronic charge
difference between the H atom on the TMDC surface and the free H atom. (c) Comparison of ΔQH and ΔGH as a function of epitaxial strain (see
Figures S6 and S7 for analogous results obtained for the 2H MoS2 system).
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Figure 6 shows the H adsorption free energies, ΔGH,
calculated for the six TMDC monolayers and expressed as a
function of epitaxial strain. At zero strain, the hydrogen
adsorption energies are all positive and large (i.e., of the order
of 1−2 eV), thus suggesting that the interactions between H
atoms and the TMDC monolayers are repulsive and
moderately strong. 1T-MoS2 presents the smallest ΔGH
value; hence, despite of its unsuitability to drive the full
water splitting reaction due to its metallic character, it can be
the most appropriate for HER purposes. Meanwhile, it is
expected that any strategy that can reduce the sizable ΔGH
values estimated for unstrained TMDC monolayers will
improve their HER performances. Figure 6 clearly shows
that tensile biaxial strain can be used to consistently decrease
the values of the H adsorption energies, thus potentially
improving the HER performances of all TMDC monolayers.
For instance, under a tensile strain of +7%, the achieved
reduction in ΔGH as referred to the equilibrium state turns out
to be ≥30% in all the analyzed cases.

To further unveil the influence of biaxial strain on the H
adsorption free energies of TMDC monolayers, we analyzed
the MoSe2 system in detail since this is a representative case.
Figure 7a shows the charge density difference calculated for the
H atom adsorbed on the TMDC monolayer, taking the free H
atom as the reference system. The cyan isosurface indicates
charge depletion; namely, the H atom transfers electronic
charge to the Se atom to which it is directly bonded (see
yellow isosurface therein). This effect is due to the higher
electronegativity of Se as compared to that of H and occurs at
any strain. Nevertheless, in this representation, the differences
in H charge depletion between the three analyzed strain cases
are quite small, and thus, it is difficult to infer any clear
dependence of this effect on biaxial strain. To better
understand these results, we conducted complementary charge
analyses of the adsorbed H atom under different strain
conditions, the results of which are shown in Figure 7b. In
particular, we numerically estimated the charge difference in
the H atom considering the TMDC and free atom cases, ΔQH.
Negative (positive) values of this quantity indicate electronic
charge depletion (accumulation) as compared to the free atom
case.

At zero strain, the charge difference in the H atom adsorbed
on the MoSe2 monolayer is negative and approximately equal
to 0.14e in absolute value, thus indicating charge depletion as
compared to the free atom case (in consistent agreement with
the charge density difference results shown in Figure 7a).
When charge is transferred from the H atom to the Se atom
that is underneath of it, the first gets positively charged and the
second negatively charged. As a consequence, a surface dipole
is created, and attractive interactions of the Coulomb type act
between the two ions. Thus, the larger the amount of charge
that is transferred between the H and Se atoms is, in principle
the more attractive the electrostatic interactions between them
should be and the smaller the value of ΔGH.

Under compressive strain, the absolute value of ΔQH slightly
decreases, and the minus sign is conserved. Hence, in
comparison to the unstrained case, a bit less of charge is
transferred from the H to the chalcogenide atom. Con-
sequently, the electrostatic H−Se attraction diminishes, and
ΔGH somewhat increases, as is shown in Figure 6. At the
maximum compressive strain considered in this work, ΔQH is
practically identical in size to that calculated under no strain;
hence, the H adsorption modes should be very similar in the

two cases. This latter point is corroborated by the H−Se
distances shown in Figure 7a since the one corresponding to
the −7% strain case (1.55 Å) is practically the same as that
obtained under equilibrium conditions (1.56 Å).

Conversely, the steady ΔGH decrease observed under
increasing tensile strain (Figure 6) can be understood in
terms of enhanced electrostatic interactions between the H
atom and MoSe2 surface. As is shown in Figure 7b, under
increasing tensile strain, the amount of charge donated by the
H atom rapidly increases as conveyed by the almost linear
growth in absolute value of the quantity ΔQH. For instance, in
the +6% biaxial strain case, the relative H charge change is
roughly equal to −0.16e; likewise, the H−Se distance now is
reduced to 1.49 Å. Reassuringly, Figure 7c shows explicitly the
strong correlation between the two quantities ΔGH and ΔQH,
which as explained here can be rationalized in simple terms of
practically constant and enhanced electrostatic Coulomb
interactions under compressive and tensile biaxial strains,
respectively.

■ CONCLUSIONS
We have demonstrated by means of first-principles simulation
methods that electric field-driven biaxial strain can be used to
improve the HER performance of TMDC monolayers by
tuning their optoelectronic and photocatalytic properties in a
systematic and predictable manner. The piezoelectric constants
of the monolayers increase under biaxial strain, thus suggesting
that in principle it is possible to introduce considerable biaxial
strains in the monolayers by using small electric fields. 1T-
MoS2 shows metallic behavior under all considered strain
cases; hence, it is not suitable for driving photocatalytic
hydrogen production out of water due to the lack of
overpotential. In contrast, the zero-strain band gaps of the
other five monolayers vary from 1.5 to 2 eV, and tensile biaxial
strain can be used to reduce them systematically. In addition,
our band alignment calculations suggest that at equilibrium
conditions most TMDC monolayers are not suitable for
photocatalytic water splitting since their VBM levels are higher
than the oxidation potential for oxygen. However, tensile
biaxial strain again can lower those VBM levels in a systematic
and beneficious manner. Furthermore, the HER performance
of all analyzed TMDC monolayers can be significantly
enhanced also by means of tensile strain. Therefore, by
introducing a proper amount of biaxial strain on the TMDC
monolayers they can be potentially turned into ideal
photocatalysts with suitable band gaps, proper band edge
positions, and increased HER activities. Our work demon-
strates that strain engineering of TMDC piezoelectric
monolayers, facilitated by the application of external electric
fields, represents an efficient and very promising strategy for
developing novel water splitting photocatalytic materials. This
work may drive and motivate extensive experimental efforts for
better rational design of TMDC photocatalysts for hydrogen
production.
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