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Abstract

We investigated the application of 1T-MXy; (M = Mo, W; X = S, Se, Te) 2D materials as
hydrogen evolution reaction (HER) catalysts using density functional theory. Our results show that
1T-MX5 have lower energies and are dynamically more stable than their 1T counterparts, therefore
likely more relevant to previous experimental findings and applications. We found that sulfides are
the better catalysts, followed by selenides and tellurides. Specifically, 1T-MoSs and WS, are the
best HER catalysts among MXs,. We proposed a mechanism, rather than the metallicity surmised
previously, based on the calculated density of states. On the other hand, the effectively stretched
(compressed) X site of the 1T" 2 x 1 reconstruction from 1T is shown to be more (less) active
for HER. We further exploited application of external strain to tune and boost HER, performance.
Our findings are of significance in the elucidation of previous experimental works and exploration

of potential materials for clean energy applications.
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I. INTRODUCTION

Hydrogen evolution reaction (HER) is one key mechanism by which a sustainable pro-
duction of hydrogen could be achieved [1-3]. Being emission free, hydrogen gas is highly
regarded as a clean alternative energy carrier to carbon-based fuels [4]. The strength of
hydrogen adsorption on a catalyst has been shown to be a good descriptor of HER, usually
expressed in terms of the Gibb’s free energy of adsorption [5, 6]. For superior catalytic
performance, it should be close to the thermoneutral value of approximately zero, implying
moderate H adsorption [7, 8].

Platinum is known to be the most active single-metal catalyst for HER, although its
limited availability and high cost hinder the possibility of large-scale hydrogen generation [9—-
13]. Numerous studies have been carried out to search for potential alternative, mostly on
non-precious metals [14-16], nanoparticulate structures [7, 17-19] and recently on single
layer two-dimensional (2D) materials known as transition metal dichalcogenides (TMDs) [3,
13, 20-26]. Previous findings utilizing the stable 1H phase TMDs point to the metallic edge
sites as the active sites [3, 20, 22, 24, 27| thereby rendering the basal plane as catalytically
useless. This limits the HER activity, as the edge sites are few and need to be exposed for
maximum efficiency.

Recently, the metallic phase of MoS; and WS, known as 1T (Mo and W in octahedral
coordination) phase has been found to be exceptionally better in terms of HER activity
compared to its 1H (Mo and W in trigonal prismatic coordination) counterpart [21, 23, 25,
26, 28], and are comparable to that of platinum’s HER performance [23, 25, 26]. (Pt can
reach as low as 30 mV /dec while the supposedly 1T MoS; and WS, can reach as low as 40
mV /dec and 55 mV /dec respectively). In particular, it was suggested that for 1T-MoSs, the
basal plane is active [25]. However, the perfect 1T phase is known to be metastable [29-32],
and subsequent findings revealed that such structure is dynamically unstable, and thus cast
doubts on its stability [32]. On the other hand, related theoretical and experimental works
have suggested that the energetically more stable phase is a distorted 2 x 1 reconstruction
of the 1T phase [29, 32-35]. With reference to 1T-MoS,, this structure is known as 1T'-
MoS,, and posses a stable phonon spectra [32]. It is therefore of great importance to
comprehensively analyze the HER potentials of the 1T phase, including the characteristics

of basal plane active sites, and hydrogen adsorption mechanism.
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In this work, we explored the basal plane HER activity and mechanism of select 1T'-MX,
(M = Mo, W; X = S, Se, Te), including their dynamical stability and electronic structure.
As depicted in Figure 1, the 2 x 1 reconstruction of perfect 1T phase results to two different
X sites: one under internal tensile strain (labeled as Xt in Fig. 1(a)), and the other under
internal compressive strain (labeled as X¢ in Fig. 1(b)). We found that the one under
tensile strain is more active in HER, and we showed that further application of tensile
strain significantly impacts HER, and can activate inert basal plane sites. Finally, we have
identified that sulfides generally show better HER activity compared to their selenides and

tellurides counterparts.

II. METHODOLOGY

All calculations were done utilizing spin-polarized density functional theory (DFT) in the
generalized gradient approximation (GGA) as implemented in VASP 5.3.5 code [36, 37|, with
projector-augmented wave method under the Perdew-Burke-Ernzenhof (PBE) [38] exchange-
correlation functional. Our calculations also include dispersion corrections by means of the
DFT-D3 method as implemented by Grimme [39-41], in order to correct for the instanta-
neous charge fluctuations that are usually neglected in conventional exchange-correlation
functionals. To obtain 1T’ phase, following the method employed by Hu, Li and Dong [29],
we constructed a rectangular supercell from 1T phase as the initial structure to break the
symmetry. The structure was then relaxed to final 1T structure. This was done for all
1T-MX, (M = Mo, W; X = S, Se, Te) 2D materials. A vacuum space of 20 A was used
to separate each slab to avoid inter-layer interaction. A cut off energy of 550 eV was used
throughout all calculations, and positions of atoms were relaxed until the forces on each
atom is below 0.01 eV/ A, with the above-mentioned vacuum spacing fixed. Brillouin zone
integration is carried out using a 5 x5 X 1 k-point mesh. In order to look into the dynamical
stability of the 1T structures, phonon dispersions were calculated by Phonopy [42] using
force constants obtained from density functional perturbation theory (DFPT) [43] as imple-
mented in VASP. The stability of hydrogen adsorption is described by hydrogen adsorption
energy AFE,qs u defined by

1
AFads, 0 = Eiromx, + 1 — Eimovx, — iEHza (1)
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where Eivx, + 1 is the total energy of 1T'-MX, with adsorbed hydrogen atom, Ejp/yx, is
the total energy of the 1T"-MX, monolayer, and Ey, is the energy of a gas phase hydrogen

molecule. The Gibbs free energy of adsorption AG,gs, 1 is then calculated via
AGags, 1 = ABqas u + AEzpp — TASy, (2)

where AFEzpg is the difference in zero-point energy of hydrogen in adsorbed and gas phase,
and ASy is the entropy difference between the adsorbed state and gas phase of hydrogen.
This term is usually approximated as ASy = %SH2 [13, 24, 26, 44]. Here, Sy, is the entropy
of gas phase Hy at standard condition (300 K). Our working hydrogen coverage on the basal
plane is 1—16. Variation of AG,qs, i under tensile biaxial strain is investigated as well for all
1T"-MX5 monolayers. As our tests show that vibrational frequencies are not sensitive to
strain (only 2 meV ZPE correction difference for 0% and 8% strain), we used the same

corrections as for the pristine (0% strain case) for each specific strained 1T'-MX,.

IIT. RESULTS AND DISCUSSIONS

This section starts with the discussion of structural parameters, energetics, phonon sta-
bility and electronic structures of 1T-MXy (M = Mo, W; X = S, Se, Te) 2D materials
(Section IIT A). Section III B presents Gibbs free energy of hydrogen adsorption on various
basal plane sites, and their characterization. Finally, the sensitivity of Gibbs free energy

under tensile biaxial strain is discussed in Section III C.

A. 1T-MX,; (M = Mo, W; X = S, Se, Te) monolayers

We first describe the structural properties of 1T'-MX, monolayers. Fig. 1 shows a rep-
resentative optimized geometrical configuration of the 1T and 1T’ phases, particularly for
MoS,. The resulting Mo dimerization strips can be viewed from the top view (Fig. 1(b))
while the clustering of Mo atoms can be clearly seen from the side view (Fig. 1(b)). The
basic unit cell a; x by for the 1T’ structure is also indicated in Figure 1(b), which is ap-
proximately equivalent to the ag X 2aq superlattice (where bg ~ 2ay) of 1T phase reported
in previous works [29, 32-35| as the lowest energy superstructure of the 1T” phase. This is

also equivalent to the rectangular ag x v/3ag structure [35]. These two unit cells give rise
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to 2 x 1 reconstruction and zigzag distortion of M atoms in 1T'-MX, as can be seen in the
figure. The a, x by lattice parameters for 1T-MX, (M = Mo, W; X = S, Se, Te) are listed
in Table 1.

!

TABLE I: Optimized unit cell parameters of 1T-MXs monolayers. The lattice parameters az), by
and 6" are defined in Figure 1(b).

! ! ’

1T-MXs ag b 0
MoSs 3.14 6.48 119.0
MoSe, 3.24 6.74 118.77
MoTes 3.38 7.17 118.11

WS, 3.16 6.49 119.13
WSes 3.26 6.74 118.98
WTe, 3.45 7.14 118.86

To assess the relative energetic stabilities of the 1H, 1T, and 1T’ phases, we calculated
the energy per formula unit (per MX,). Our calculations suggest that 1T” phase is always
lower in energy compared to 17T in the order of several hundreds of meV, in exact agreement
with the previous work [33]. Starting from sulfides to selenides and finally to tellurides,
1T phase becomes more stabilized with respect to 1T. On the other hand, the 1H phase
is the most stable phase for all MX,, except for WTe,, in which the distorted 1T phase
is the lowest energy structure and consistent with experimental studies [45]. It is known
experimentally that in the case of MoS,, the 1T phase reverts back to its original trigonal
prismatic phase upon heating (at around 300° C) or aging. [46]. Meanwhile, in a recent
theoretical study, the 1T phases of all considered MX, were found to be dynamically not
stable [47]. For example, the calculated imaginary frequency of 1T-MoS, was found to be as
high as ~ 280 cm™! [32]. We thus further confirmed the dynamical stability of 1T-MX, 2D
materials by calculating phonon dispersions (see Fig. S1 and the corresponding discussion in
Supplementary Information). Meanwhile, the obtained phonon frequencies agree well with
the Raman spectra results [23].

Besides being stable, the electrode materials have to be able to conduct currents. There-
fore we calculated their band structures (Fig. S2 in Supplementary Information). The results

shows that 1T-MXj, either being metals or small gap semiconductors (= 0.10-0.15 eV), are
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suitable for electrode applications. Hence in this section we have demonstrated that 1T'-
MX, are more stable than 1T-MX5 and, in the mean time, appropriate electrode materials.

We addressed their applicability for HER in the next section.

B. Hydrogen adsorption on basal plane sites

HER is a two-step reaction [7] that can be written, in totality, as
. - 1
H +e — §H2, (3)

The initial state is the combination of a proton and an electron, intermediate state is an
adsorbed H atom on the electrode, and final state is a hydrogen molecule. These can be

described by the following reactions:
H"+e +%— H*, (4)

2H* — Hy,or HT + e~ + H* — Ho, (5)

where the * denotes an adsorption site on the surface, and H* denotes adsorbed hydrogen
on an adsorption site.

Following Ngrskov’s analyses [7, 8], AGaqs, u between the intermediate and final states
can be calculated and has been demonstrated to be a useful descriptor for HER. A catalyst
is appropriate for HER if AG,gs, 1 is close to thermoneutral, that is AGaqs, u = 0. There
are two distinct adsorption sites on 1T-MX, due to the 2 x 1 reconstruction. One X site
(denoted as X7 site in Fig. 1) has longer M-X bond lengths, which is equivalent to the effect
of a tensile strain, while the other X site (labeled as X¢ site in Fig. 1) has shorter M-X
bonds equivalent to the effect of a compressive strain. In this work, we calculated AGags
for all 1T-MX, X7 and X sites.

As shown in Fig. 2, AG,gs, 1 is lower and closer to zero on Xy site compared to X¢
site among all 1T-MX, materials, implying that HER activity is better on the tensile-
strained site. Moreover, 1T’ sulfides generally exhibit lower AG,qgs 1 and thus translates
to better HER performance, followed by selenides and finally tellurides. This finding is
similar to the observed trend for 1H phase of MX, [13]. Our calculations predict 1T’-
MoS, to be the most effective HER catalyst, with 1T'-WS, coming next. These findings

agree with previous experimental works [25, 26], wherein the samples were thought to be

6
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1T phase with the basal plane being the active sites. We, however, found that 1T-MX,
with hydrogen adsorbed undergoes a 2 x 1 reconstruction (see Fig. 1(c)) and relaxes to
1T" [32]. Therefore, 1T” can be the more experimentally relevant phase for HER, and our
present results provide a very first comprehensive DFT calculation to demonstrate the HER
performance of the 1T’ structure. As presented in Section I, Pt is the most active catalyst for
HER and operates at full hydrogen coverage [27]. The interaction of hydrogen with Pt has
been extensively investigated through various experimental techniques such as temperature
programmed desorption and thermal desorption spectroscopy [48, 49], and also through
density functional calculations [50, 51]. In comparison with Pt, the HER performance of
these select 1T’-M X, has been found to be comparable to Pt, experimentally (see Section I),
and now computationally as described by our calculated Gibbs free energy of adsorption.
We further showed that applying strain can bring these materials” HER activity closer to
that of Pt. This will be presented in detail in Section IITC. As discussed in the following
paragraph, we also found that the mechanism to interact with H atom for these 1T°-MX,
is similar to that of Pt [50], although the responsible state here is not a pure d-band, but a
hybridized p-d band.

To analyze HER mechanism on 1T-MX,, we analyzed the projected density of states
(PDOS) of these materials before and after hydrogen adsorption. Fig. 3 shows the atomic
PDOS of the Xp site together with that of hydrogen atom. For all MXs, states near the
Fermi level (X7 p states) diminished upon hydrogen adsorption (labeled as Xr-H p states in
Fig. 3), and, in the mean time, hydrogen s states above and below Fermi level are formed.
Those X site p states near Fermi level are responsible for hybridizing with H 1s states,
resulting to bonding and anti-bonding states. If the energy splitting between the formed
bonding and anti-bonding states are large enough such that the anti-bonding states can be
shifted above Fermi level (as can be seen from H 1s discussed above), the energy of the sys-
tem is then lowered, making the adsorption favored. Therefore, the more states participating
in the hybridization near the Fermi level, the greater the energy benefit is and thus leads
to better hydrogen adsorption. This feature of PDOS can be correlated to our calculated
AG,as u(Fig. 2). The main peaks of hydrogen’s anti-bonding states shift to lower energies
as we traverse from sulfides to selenides and finally to tellurides. It indicates decreasing en-
ergy splittings between bonding and anti-bonding states and hence the adsorption energies.

Moreover, the number of X p states of pristine MX5 that is diminished within -2 eV to 0 eV
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(as done by numerical integrations of the differences of the projected PDOS without and
with hydrogen adsorption) decreases slightly from sulfides to selenides, and to tellurides.
The same is true for the X¢ site (Supplementary Information Fig. S3), with lower anti-
bonding H 1s states and less diminished states near the Fermi level than the X site. These
explain the observed HER. activity inferiority of X site compared to Xy site.

We believe that the states near Fermi level that is involved in the hybridization is a more
relevant descriptor of HER activity than the metallicity proposed in recent works on TMD
monolayers [3, 20, 22, 24, 27]. Similar discussions for transition metal catalysts can be found
in Ref. [52, 53]. It was found that not all candidate metallic catalysts are effective [52, 54].
Noted here, metallicity implies the existence of states near Fermi level, however, these states
are not necessarily be able to participate in the hybridization, as can be inferred from the
PDOS. To conclude this section, we showed that 1T-MoS; and 1T'-WS, emerge as excellent
HER catalysts rather than their selenides and tellurides counterparts, and it is consistent

with recent experiments of metallic MoS, and WS,[25, 26].

C. Tensile Biaxial Strain and Gibbs Free Energy

As noted in previous discussions, the effectively tensile-strained X site adsorbs hydro-
gen stronger than the compressive-strained X¢ site. We thus further explored the idea of
applying external strains to tune and boost the HER efficiency. Strain engineering has been
widely adopted to tune the physical and chemical properties of 2D materials[26, 55], thanks
to the strength and flexibility of 2D materials. We analyzed the variation in AG,qs, 1 under
biaxial tensile strain of up to 8% for all 1T-MX,. As evident in Fig. 4, biaxial tensile strain
lowers AGhqs, u on Xr site and thus improves hydrogen adsorption significantly, especially
for sulfides and selenides. For the case of MoSy, a modest 2% strain dropped AG,qs, u to
approximately zero which is the best value being sought for these potential HER catalysts.
Interestingly, WS, appears to be catching up with MoSs and eventually becomes better at
strains above 3% but reverts back to the original trend after 4% strain. MoSe; and WSe,
becomes significantly active for HER after 6% strain. In contrast, there is a moderate drop
in AGags, u for MoTey and WTe,, around 0.48 eV and 0.53 eV from 0% to 8% strain re-
spectively. The same trend is exhibited by X¢ sites of 1T-MXs, lowering AGygs, 1 by more

than 50%. It is interesting to note that X site of MoTey becomes significantly active for
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strains higher than 6%, with AG.qs, i, much lower than that of its X site. For larger strain,
AGgs, n can be several tens to hundreds of meV below zero, implying stronger hydrogen ad-
sorption. Since hydrogen adsorption becomes weaker for higher hydrogen coverage, AGyq4s, 1
can approach zero at higher coverage and hence higher overall HER efficiency.

Biaxial tensile strain strengthens hydrogen adsorption by reinforcing states near the Fermi
level for better interaction with that of hydrogen 1s. Fig. 5 shows the PDOS evolution for
the X7 site of a representative 1T"-MXs (1T'-MoS;) for strain values of 0% to 8%. There
is a substantial enhancement of states near the Fermi level as further strain is applied.
Comparing the PDOS before and after the adsorption, we found that the states participating
in the hydrogen binding near Fermi level is also enhanced. Focusing on 8% strain, it can
be seen in Fig. 5 that considerable states disappeared from Xp 3p states after hydrogen
adsorption compared to 0% in Fig. 5. In the mean time, hydrogen bonding and anti-bonding
states positions did not change appreciably with strain, and thus the energy splittings for
different strains are approximately the same. Therefore, the stronger adsorption for larger
strain is attributed to the enhanced PDOS below Fermi level. As it has been reported
recently that, for single-layer MoS,, strain of up to 11% can be sustained [56], our result can
be of immediate experimental relevance. Similar reports argued that the same is true for
other TMD 2D materials and nanotubes [57-59]. Subsequently, strain engineering of these
1T materials could pave the way for a controllable HER activity on basal plane that could

be of importance in advanced applications.

IV. CONCLUSIONS

In summary, we used DFT to investigate HER activity on basal plane of 1T-MX, (M
= Mo, W; X = S, Se, Te) 2D materials. Our results show that these single-layer materials
have lower energies and are dynamically more stable than their 1T counterparts, therefore
likely more relevant to previous experimental findings and applications. They are also shown
to be appropriate electrode materials as their electronic structure character lies within the
semi-metal and narrow-gap semiconductor regime. We found that distortion in the 1T’
structure results to tensile-strained more active and compressive-strained less active sites.
We observed a general trend that in terms of AG,gs 1, sulfides are better compared to

selenides and tellurides, with MoS; and WS, garnering the closest values to thermoneutral
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at 0.15 eV and 0.28 eV respectively. We further exploited the application of tensile strain
to improve hydrogen adsorption. AG,qs u is reduced by reinforcing states near the Fermi
level for better interaction with hydrogen. We found that MoS; and WS, basal plane active
sites can be fully activated at above 2% strain, while MoSe; and WSe, at above 6% strain.
Noteworthy, higher hydrogen coverage can be achieved if larger strain is applied. Thus,
we are proposing a tensile strain-based tuning of HER activity on 1T-MX, basal plane as
a cheap alternative to rare and expensive catalyst such as platinum. Our findings are of
significance in the exploration of potential materials for clean energy applications.

After finalizing our results, we were aware of very recent HER studies on 1T'-MoS,
monolayer, done by Gao, et al [60] and Fan, et al [61]. The edge site activity of 1T'-MoS,
was discussed in Ref. [60], and both the edge sites and basal-plane sites were discussed in
Ref.[61]. Our findings on MoS, stability and reactivity are in agreement with their results.
Our results on other 1T'-MX, and the corresponding density of states analysis render a
systematic trend, an integrated picture of HER using 1T TMDs, and an unified mechanism
throughout 1T TMDs. These results could be useful to future studies utilizing 1T'-MX,

monolayers for HER and other catalytic reactions.
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FIG. 1: Structural configuration of (a) perfect 1T and (b) distorted 1T phases for 1T/-MoS,. The
respective unit cells are shown for each phase. For 1T’, two distinct adsorption sites appear: the
tensile-strained sulfur site we refer to as X site (shown as dark green sphere) and the compressive-
strained sulfur site denoted as X¢ site (shown as light green sphere). In general, Xp and X¢ sites
also refer to selenium and tellurium atoms for non-sulfide 1T/-MXs. As such, these X7 and X¢
sites can be referenced as adsorption positions and constituent atoms at the same time. Also shown
in (c) is the resulting structural reconstructions upon H adsorption on the perfect 1T phase that

leads to 1T’ transition.
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FIG. 2: Calculated AG,gs, 1 of hydrogen adsorption on (a) perfect 1T phase X, (b) 1T’ phase Xr¢
and (c) 1T" X¢ phase sites. The tensile-strained X site adsorbs hydrogen better than the X¢ site,

as manifested by lower AG,gs 1 for all 1T" 2D materials.
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FIG. 3: PDOS plots of 1T'-MXy (M = Mo, W; X = S, Se, Te) monolayers projected to different
X7 sites before and after hydrogen adsorption. PDOS of H 1s are scaled up by a factor of five for
better visualization. States near the Fermi level disappear after hydrogen adsorption, and in the
meantime hydrogen 1s state splits into bonding and anti-bonding states. The amount of diminished
states near the Fermi level, combined with the magnitude of hydrogen 1s splitting, determine the

strength of hydrogen adsorption.
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FIG. 4: Variation of AG,qs, 1 on (a) X7 and (b) X¢ sites under different biaxial tensile strain values.
Biaxial tensile strain lowers AG,qs, 1 and improves hydrogen adsorption significantly, notably for

sulfides and selenides.
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FIG. 5: PDOS Evolution of 1T'-MoS, X7 site subject to varying biaxial tensile strain before and
after H adsorption. It can be observed that biaxial strain reinforces states near the Fermi level for

better interaction with hydrogen 1s and thereby strengthening hydrogen adsorption.
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