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tudy of the hydrogen evolution
reaction on MoS2/BP and MoSSe/BP in acidic
media†

Arunima Singh, * Manjari Jain, Preeti Bhumla and Saswata Bhattacharya *

Molecular hydrogen (H2) production by the electrochemical hydrogen evolution reaction (HER) is being

actively explored for non-precious metal-based electrocatalysts that are earth-abundant and low cost like

MoS2. Although it is acid-stable, its applicability is limited by catalytically inactive basal planes, poor

electrical transport and inefficient charge transfer at the interface. Therefore, the present work examines its

bilayer van der Waals heterostructure (vdW HTS). The second constituent monolayer boron phosphide (BP)

is advantageous as an electrode material owing to its chemical stability in both oxygen and water

environments. Here, we have performed first-principles based calculations under the framework of density

functional theory (DFT) for the HER in an electrochemical double layer model with the BP monolayer,

MoS2/BP and MoSSe/BP vdW HTSs. The climbing image nudged elastic band method (CI-NEB) has been

employed to determine the minimum energy pathways for Tafel and Heyrovsky reactions. The calculations

reveal that the Tafel reaction shows no reaction barrier. Thereafter, for the Heyrovsky reaction, we obtained

a low reaction barrier in the vdW HTSs as compared to that in the BP monolayer. Subsequently, we have

observed no significant difference in the reaction profile of MoS2/BP and MoSSe/BP vdW HTSs in the case

of 2 × 2 supercell configuration. However, in the case of 3 × 3 and 4 × 4 configurations, MoSSe/BP shows

a feasible Heyrovsky reaction with no reaction barrier. The coverages with 1/4H+ concentration (conc.)

deduced high coverage with low conc. and low coverage with high conc. to be apt for the HER via the

Heyrovsky reaction path. Finally, on observing the activation barrier of the Heyrovsky pathway along with

that of second H adsorption at the surface, the Heyrovsky path is expected to be favoured.
1 Introduction

The availability of clean and renewable energy sources governs
the tenable development. Innovation in systems like fuel cells,
metal–air batteries and water electrolysis positively impacts the
environment.1 The cleanest alternative for the same is molec-
ular hydrogen (H2) and hence, in the present context, we
consider materials that support its production.2,3 The electro-
chemical reactions that are in sync with the clean environment
aim involve the hydrogen oxidation reaction (HOR), oxygen
reduction reaction (ORR), hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER).4 The former two are
associated with fuel cells, while the latter two are associated
with water splitting or water electrolysis. There exists a wide
range of materials that can catalyze these electrochemical
reactions by photocatalytic or electrocatalytic pathways.5–10 The
present paper focuses on the HER by electrocatalysts. The HER
requires large overpotential to be initiated, and therefore
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catalysts are required to lower the overpotential.11 In this
respect, Pt has established itself to be an efficient catalyst.12

However, its high cost and low abundance have urged the
scientic community to nd new materials for catalytic appli-
cations.13 In fact, any heterogeneous catalysis under periodic
boundary conditions faces the challenge of possessing an apt
catalytic material that decreases the reaction barrier.14

The HER can occur in both acidic and alkaline media. In
either of themedia, the reaction steps follow (i) adsorption of H,
(ii) its reduction and (iii) desorption as H2.15 Now, the HER has
been reported to have sluggish kinetics in alkaline media with
ambiguous active sites.16,17 Since the electrolytic reactions at the
electrode are acidic, we are focusing on acidic media in the
present study. The adsorption step is very fast and is termed the
Volmer step:18

Volmer reaction (fast): H+ + e− / Had

The subsequent steps take place either through Tafel or
Heyrovsky paths (Fig. 1).

Tafel reaction: 2Had / H2
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3na00215b&domain=pdf&date_stamp=2023-09-23
http://orcid.org/0000-0002-7344-9816
http://orcid.org/0000-0002-2077-7381
http://orcid.org/0000-0002-4973-2347
http://orcid.org/0000-0002-4145-4899
https://doi.org/10.1039/d3na00215b


Paper Nanoscale Advances
Heyrovsky reaction: Had + H+ + e− / H2

As previously mentioned, the concept is to obtain material
for the reaction that does not include precious metals like Pt.
The literature has shown the transition metals (Fe, Ni, and Co),
carbides, metal oxides (RuO2 and IrO2), graphene, non-layered
2D materials, metal–organic frameworks (MOFs) and transi-
tion metal dichalcogenides (TMDs) as effective HER
catalysts.11,15,19–23 We restrict our study to the 2D materials that
showcase quantum connement effects with increased carrier
mobility and large surface area.24–26 This results in their
increased catalytically active sites. The monolayer TMDs (in
place of graphene) have established themselves as a potent
material with optimal band gaps suitable for optoelectronics,
photocatalysis and electrocatalysis.27–33 In addition, due to their
exibility, these are widely studied for exible electronic
devices. The literature has reported their use as catalysts for the
HER, especially on the surface of 1T′-MoS2 and edge sites of 2H-
MoS2.34–36 The former is metastable and coexists with other
phases (1T′′ and 1T′′′).37 Hence, we consider 2H-MoS2 in our
work. MoS2 being acid-stable is an added advantage.38

Furthermore, its heterojunctions have also shown promising
HER catalytic behaviour.16,39–41 It is pertinent to mention here
that the tunability of 2D materials for specic applications is
prevalent by defect engineering, strain engineering, stacking
order, external eld implementation, alloying and forming
heterojunctions.42–48 Amongst them, formation of hetero-
junctions with van der Waals forces in between the constituent
monolayers are classied under van der Waals heterostructures
(vdW HTSs). These have proved a real boon to the eld of work
because the constituent monolayers retain their properties
simultaneously with their combined vdW HTS properties.49 In
addition, the electronegativity difference between the constit-
uent monolayers actuates electron transfer, thereby affecting
the HER.50 Even if the constituent monolayers have inactive
sites, the resulting vdW HTS can be obtained as an active
electrocatalyst due to an inbuilt electric eld at the interface.51

Presently, we explore the boron phosphide (BP) monolayer,
MoS2/BP and MoSSe/BP vdW HTSs for the HER. Recent studies
have reported vdW HTSs with BP instead of graphene as it has
a similar single atomic layered hexagonal structure, however,
along with a band gap.52 The BP monolayer has been reported
with low carrier effective mass, high carrier mobility, good
mechanical strength, and stability in water environments.53,54

Since the lattice parameter of MoS2 and BP is similar, the MoS2/
BP vdW HTS becomes a plausible system with minimal lattice
mismatch.55 The BP monolayer has also been synthesized
Fig. 1 (Color online) HER steps: Volmer is the adsorption step, and
Tafel/Heyrovsky is the evolution step.
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experimentally.56 In addition, since Janus (MoSSe) has estab-
lished itself with more catalytically active sites than MoS2, we
have also analyzed the MoSSe/BP vdW HTS. Any prior investi-
gations for the HER on these systems are hitherto unknown;
hence we have considered these systems for our work.

The aforementioned HER reaction path should account for
the proton and electron free energies.57 These are incorporated
by the computational hydrogen electrode model as proposed by
Nørskov et al.18 Themodel caters to the fundamental problem of
large-scale calculation of a real system along with electrolyte by
following the electrochemical double layer approach rather
than external charge formation. The underlying approximation
considers solvated protons up to the rst bilayer. Until now, no
study has been reported for the analysis of vdW HTSs using the
computational hydrogen electrode model for the HER in acidic
media to the best of our knowledge.58 We have initially dis-
cussed the stacking conguration and electronic structure.
Subsequently, the computational hydrogen electrode model is
discussed. Thereaer, Tafel and Heyrovsky reaction paths are
analyzed. Finally, we discuss the electrode potential and the
reaction and activation energies.

2 Methodology

The rst-principles based density functional theory (DFT) calcu-
lations have been employed in the present work.59–64 The associ-
ated code chosen is the Vienna ab initio simulation package
(VASP)65–67 with projector augmented wave (PAW) pseudopoten-
tials using plane wave basis. The generalized gradient approxi-
mation (GGA) that accounts for the exchange–correlation (xc)
interaction amongst electrons is incorporated by the PBE xc
functional (as proposed by Perdew–Burke–Ernzerhof (PBE)68,69).
The Brillouin zone (BZ) sampling of 2 × 2 K-mesh is used for
conjugate gradient minimization with an energy tolerance of
0.001 meV and a force tolerance of 0.001 eV Å−1. The interme-
diate, initial and nal energetics are obtained by the BZ sampling
of a 6 × 6 K-mesh. The plane wave cutoff energy is set to 500 eV.
All the structures are built with 20 Å vacuum that avoids the
electrostatic interactions among the periodic images. The two-
body Tkatchenko–Scheffler vdW scheme has been employed for
obtaining optimized structures.70,71 This is an iterative scheme
based on Hirshfeld partitioning of the electron density. We have
employed the climbing-image nudged elastic band (CI-NEB)
method to obtain the minimum energy path for the HER.72,73

Note that we have not explicitly considered entropy calculations,
as in approximation of solvated protons on the rst layer, and
0.2–0.3 eV can be added all along the energetics.18 In reference to
the previous literature, we have not included the spin–orbit
coupling (SOC) in our calculations.74–76

3 Results and discussion
3.1 Heterostructure

The present paper features the BP monolayer, MoS2/BP and
MoSSe/BP vdWHTSs for HER assessment. The lattice parameter
of the BP monolayer is 3.20 Å and that of MoS2 is 3.16 Å. Since
the lattice mismatch between them is less (1.2% as obtained by
Nanoscale Adv., 2023, 5, 5332–5339 | 5333



Fig. 2 (Color online) (a) and (b) Top view of MoS2/BP vdW HTS
stacking configurations, (c) and (d) side view of minimum energy
stacking configuration for MoSSe/BP and MoS2/BP vdW HTSs,
respectively, (e) 3 × 3 supercell of the BP monolayer schematic with 1/
3H+ conc. i.e., 1H+/3H2O, and (f) water molecule orientations of Hup,
Hdown and Hneutral. Buckling on BP can be observed at the Hads site.
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(l(MoS2) − l(BP))/l(BP), where l(MoS2) and l(BP) is the lattice
constant of MoS2 and BP, respectively), the corresponding
MoS2/BP vdW HTS formed is commensurate.77 Its correspond-
ing structural and electronic properties are obtained from unit
cell conguration (see Fig. S1–S3 in the ESI†), whereby, MoS2/BP
and MoSSe/BP form type 1 and type 2 alignment and it
corroborates with the prior research.55,78 Note that, initially, two
stacking styles (see Fig. 2(a) and (b)) between the constituent
monolayers were considered, wherein the stacking corre-
sponding to Fig. 2(b) has minimum binding energy.39 There-
fore, we have proceeded with this stacking in our work.
3.2 HER study

Now, we advance on HER study, for which we have constituted 2
× 2, 3 × 3 and 4 × 4 supercells. The former being smaller
restricts the proton concentration (conc.) variability; therefore,
we need larger supercells. In view of this, we are analyzing the 2
× 2 supercell along with 3 × 3 and 4 × 4, because, unlike the
monolayer, the vdW HTS with further large supercell size
becomes computationally demanding. The subsequent para-
graphs discuss the concepts of coverage and proton conc. for
clarity.

The rst step is to obtain the coverage that gives DGH x 0 for
our study. The number of adsorbed hydrogen (Hads) per surface
atom is dened as the coverage. DGH is the free energy of atomic
hydrogen adsorption and is expressed as:
5334 | Nanoscale Adv., 2023, 5, 5332–5339
DGH = DEH + DEZPE − TDSH

where

DEH = E[nH] − E[(n − 1)H] − 1/2E[H2]

In the aforementioned equations, DEH is the hydrogen
binding energy on the surface of the vdW HTS, E[nH] (or E[(n −
1)H]) is the energy of the conguration with n(or n − 1) number
of Hads, DEZPE is the zero-point energy of Hads and DSH is the
entropy of H2 in the gas phase. At 298 K,DEZPE− TDSH= 0.25 eV
is well established in the literature.38 We observe the 2 × 2
supercell with 25% H coverage (2Hads per 8 surface atoms) and
the 3 × 3 supercell with 11% H coverage (2Hads per 18 surface
atoms) with DGH equal to −0.024 eV and 0.049 eV, respectively.
We have deduced these coverages aer trials up to 38%. The 4×
4 supercell shares the same coverage and H+ conc. as in the case
of the 2 × 2 supercell. We have chosen consecutive B and P
atomic sites for Hads as this conguration was found to be the
most stable. Also, we observed buckling at the site of Hads (see
Fig. 2(f)).

We now discuss the optimized systems consisting of a water
layer (water–solid interface with a 3 Å thick water layer) without
and with solvated protons (i.e., H+). Fig. 2(e) shows the BP
monolayer (2Hads) with H+ in the 3 × 3 supercell. Note that the
H+ is in the form of hydronium (H3O) in the water layer. The 2×
2 supercell is a small supercell and therefore, only 1H+ is been
considered. However, the corresponding H2O molecules in the
water layer are varied, thereby constituting 1/3 (i.e., 1H+/3H2O)
and 1/4 (i.e., 1H+/4H2O) H+ conc. The conguration corre-
sponding to the 3 × 3 supercell size has been studied for 1/8
(i.e., 1H+/8H2O) H

+ conc. The 4 × 4 supercell size with 12 and
16H2O has been studied for 1/3 and 1/4H+ conc. The water
orientation (see Fig. 2(f)) over the Hads species is at and Hup

orientation is usually seen on the topmost layer. Further, all
H2O molecules are not Hdown, rather, they are at some angular
orientations other than strict Hup and Hdown congurations.
These orientations are essential because the electrostatic
potential, as seen from the solid surface, also depends on the
same. The stability of the vdW HTS along with water layer
orientation is established by the similar prole of the radial
distribution plot at 0 K and 300 K (see Fig. S8 in the ESI†).

3.3 Tafel reaction step

Fig. 3(a) and (b) give Tafel and Heyrovsky reaction steps,
respectively on the BP monolayer. This corresponds to the 2 × 2
supercell with 3H2O molecules and 1/3H+ conc., respectively.
The BP monolayer acts as a reference to analyze the reactions
for the MoS2/BP and MoSSe/BP vdW HTSs. Here, we observe
a reaction barrier in the Heyrovsky reaction step (1.19 eV) and
not in the case of the Tafel reaction step. The reaction steps for
the 3× 3 supercell and 1/8H+ conc. are given in Fig. 3(c) and (d),
whereby the Tafel reaction steps show no barrier and the
Heyrovsky reaction steps show a reduced reaction barrier as
compared to that in the 2× 2 supercell. Further, we rst discuss
the Tafel reaction step analysis for the vdW HTSs. Fig. 4
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 (Color online) 2 × 2 supercell of the BP monolayer showing (a)
Tafel reaction path and (b) Heyrovsky reaction path. The 3 × 3
supercell of the BP monolayer showing (c) Tafel reaction path and (d)
Heyrovsky reaction path.
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highlights the Tafel reaction step on the MoS2/BP ((a), (c) and
(e)) and MoSSe/BP ((b), (d) and (f)) vdW HTSs. Firstly, no
signicant difference is observed between MoS2/BP and MoSSe/
BP vdW HTSs for the 2 × 2 supercell. The overview of the Tafel
reaction analysis is consistent with Tafel being a surface reac-
tion, thereby, lower or no observed reaction barrier. We
observed that the minimum energy prole in the Tafel reaction
is not continuously decreasing; instead, a slight hump is
present. This corresponds to the buckling in the BP monolayer.
As previously mentioned, the site of Hads is buckled with respect
to other sites, and during the H2 evolution process, the corre-
sponding BP site adjusts itself to the planar conguration (see
Fig. 5). Note that the BP surface is considered for the reaction
analysis as the basal plane of MoS2 is not catalytically active.
Fig. 4 (Color online) (a)–(f) Tafel reaction path (upper row) on MoS2/BP
Heyrovsky reaction path (lower row) on MoS2/BP and MoSSe/BP vdW H

© 2023 The Author(s). Published by the Royal Society of Chemistry
Now, the Tafel reaction path discussed in the manuscript is
for two adjacent H-atom desorption as a molecular H2. We have
also performed the calculations on the 2 × 2 supercell to check
the sites and the corresponding activation barrier (Volmer step).
The rst step consists of the transfer of H+ to H adsorbed at the
P (HadsP) or B (HadsB) site, where the HadsB shows lower barrier
than HadsP. The second step is the H adsorption when the
surface already has Hads at any other site. In the case of second
HadsB, with already existing HadsP we obtain a barrier in the
range of 0.05 eV – 0.08 eV. However, when the HadsB precedes
HadsP, the nal structure is at a higher ground energy state than
the initial structure. Hence, this reaction path is not possible.
The aforementioned observation is for both MoS2/BP and
MoSSe/BP vdW HTSs (see Fig. S9 in the ESI†).
3.4 Heyrovsky reaction step

Unlike Tafel, the Heyrovsky reaction step is not a pure surface
reaction. It involves charge transfer, thereby affecting the reac-
tion barrier and Fig. 4(g)–(l) substantiate the same. We have
observed a reduction in the reaction barrier in the vdW HTSs as
compared to that in the BPmonolayer (refer to Fig. 3 and 4). The
4 × 4 supercell conguration puts forth the lowest reaction
barrier amongst the three supercell congurations. MoS2/BP
and MoSSe/BP demonstrate this reduction from 0.43 eV
(Fig. 4(g)) to 0.08 eV (Fig. 4(k)) and 0.28 eV (Fig. 4(h)) to 0 eV
(Fig. 4(l)), respectively. Apart from previously discussed, we also
considered the 4 × 4 supercell corresponding to the 15.6% H
coverage (5Hads per 32 surface atoms) with DGH equal to
0.026 eV and 1/3H+ conc., for the Heyrovsky reaction step. In
this case, a 0.09 eV reaction barrier is observed for MoS2/BP,
whereas MoSSe/BP showed 0 eV. Further, we observe a signi-
cant change in the case of MoSSe and this may be attributed to
the combined effect of the coverage and the electronegativity
and MoSSe/BP vdW HTSs for 2 × 2, 3 × 3 and 4 × 4 supercells. (g)–(l)
TSs for 2 × 2, 3 × 3 and 4 × 4 supercells.

Nanoscale Adv., 2023, 5, 5332–5339 | 5335



Fig. 5 (Color online) Tafel (upper row) and Heyrovsky (lower row) reaction profile snapshots on the 3 × 3 BP surface.
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difference within the MoSSe layer that affects the charge
transfer at the interface.

Apart from the factors that are discussed above, there are
structural parameters that affect the reaction steps. The H
bonds in H3O

+ stretch before combining with the Hads. At the
transition state, H2 is formed. Aer that, the atoms adjust
themselves to low energy conguration. Aer the intermediate
step, the B and P atoms adjust, corresponding to Hads, along
with the other H2Omolecules. As in the Tafel scenario, the steps
post H2 formation optimize the H2 molecule in the water layer.
The reaction barrier, therefore, depends on the buckling in the
monolayer, the water molecule's orientation, and the coexisting
water molecules with H+ (see Fig. 5).

Finally, we discuss the Heyrovsky reaction in MoS2/BP for 1/
4H+ conc. in the cases of 2 × 2 (i.e., 1H+/4H2O), 3 × 3 (i.e., 2H+/
8H2O) and 4 × 4 (i.e., 4H+/16H2O) supercells. We observed that
the reaction barrier decreases from 0.43 eV (Fig. 4(g)) to 0.09 eV
(Fig. 6(a)), 0.44 eV (Fig. 4(i)) to 0 eV (Fig. 6(b)) and 0.08 eV
(Fig. 4(k)) to 0 eV (Fig. 6(c)) in 2 × 2, 3 × 3 and 4 × 4 supercells,
Fig. 6 (Color online) Heyrovsky reaction path for the MoS2/BP vdW
HTS with 1/4H+ conc. in (a) 2× 2 supercell, (b) 3× 3 supercell and (c) 4
× 4 supercell.

5336 | Nanoscale Adv., 2023, 5, 5332–5339
respectively. This indicates that high coverage prefers low H+

conc. and vice versa for a reduction in the reaction barrier.
Note that till now we discussed the H2 evolution that

includes H+ and HadsB. The trend with supercell size is the same
in the case of HadsP as well (see Fig. S10 and S11 in the ESI†).
However, for a particular supercell the reaction barrier for the
latter is smaller than the former, indicating that H+ would
initially prefer combining with HadsP. We correlate this with the
overpotential of the reaction, as discussed in the following
section. Overpotential is the difference between the experi-
mentally obtained reaction potential and the electrode poten-
tial. The electrode potential is analyzed only in the Heyrovsky
reaction as it involves proton transfer. Therefore, this affects the
work function and the potential at which the reaction takes
place.
3.5 Electrode potential

The electrode potential (U) of the slab is reported relative to the
normal hydrogen electrode (NHE):

U = f − fNHE

Here, f (Evac – Efermi) is the work function and fNHE is taken to
be 4.44 eV.18,38,79 The work function depends on the surface H
coverage, the thickness or number of water bilayers, the water
molecule orientation, and the system size. In small systems
(here 2 × 2), the range of electrode potential analysis is limited
to a few H+ conc. considerations. Fig. 7 presents the electrostatic
potential plot where we have deduced the work function of 3× 3
MoS2/BP and MoSSe/BP. The same for 2 × 2 and 4 × 4 is shown
in Fig. S14 and S15 of the ESI.† The potential drops are evident
in Fig. 7, with a signicant drop at the interface of BP and the
water layer. The values of U corresponding to the water layer
with and without H+ are reported in Table 1, which are in the
range of −2.5 V to 1.3 V. We have incorporated dipole correc-
tions as the vdW HTSs with two different surfaces maintain two
potentials. Moreover, the Hads and, therefore, the coverage
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 (Color online) Electrostatic potential plot of (a) MoS2/BP and (b)
MoSSe/BP vdW HTSs depicting the water layer with and without H+ in
3 × 3 supercell (i.e., 1/8H+ conc. and 8H2O molecules, respectively).

Table 1 Electrode potential (U) of MoS2/BP and MoSSe/BP with and
without H+ in the water layer

vdW HTSs

With H+ Without H+

U1 (V) U2 (V) U1 (V) U2 (V)

MoS2/BP (2 × 2) −2.31 0.48 1.04 0.70
MoSSe/BP (2 × 2) −1.83 1.07 −0.68 1.31
MoS2/BP (3 × 3) −2.09 −0.05 −0.09 0.84
MoSSe/BP (3 × 3) −2.55 0.90 −0.79 1.19
MoS2/BP (4 × 4) −2.12 0.39 −0.20 −0.75
MoSSe/BP (4 × 4) −2.08 1.02 1.27 1.27

Fig. 8 (Color online) Variation of (a) reaction energy (DER = Efinal −
Einitial) and (b) activation energy (Ea), of configurations with respect to
the change in electrode potential (DU = U1initial − U1

final
) from initial to

final.
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affect the dipole–dipole interactions. As a result, we report the
two values of U, i.e., U1 and U2, corresponding to two vacuum
levels of Evac_1 and Evac_2, respectively (Fig. 8).

As the dependence of f on water orientation has been
previously discussed, we have explicitly optimized the Hdown

conguration for H2O molecules. The Heyrovsky reaction path
for the same in MoS2/BP and MoSSe/BP 3 × 3 supercells can be
seen in Fig. S16(a) and (b) of the ESI.† The obtained barrier is
reduced as compared to the 2 × 2 supercells of MoS2/BP and
MoSSe/BP and the 3 × 3 supercell of MoS2/BP. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
corresponding electrode potential is also reported in Fig. S16(c)
and (d) of the ESI.†

Now we progress towards the extrapolation approach to
address the problem of potential change from initial to nal in
the case of the proton transfer Heyrovsky reaction. In this
approach, we obtain reaction energies and activation energies
of the system with different supercell sizes and H+ conc. The
former represents the energy difference between the initial and
nal states, while the latter is the amount of energy required to
overcome the reaction barrier. Thereaer, we obtain DER and Ea
vs. DU plot. DU signies a change in electrode potential from
initial to nal. Moreover, the change in U1 (corresponding to
water layer potential) is signicant as compared to the change
in U2 (corresponding to MoS2 layer potential). The potential
drop and charge transfer would accordingly affect the U1 and U2.
Hence, the reaction taking place at the BP layer surface is crucial
and we must consider U1 for our analysis of electrode potential.
Therefore, DU represented in the plot is corresponding to U1.
On extrapolating DER to DU = 0, we obtain −1.24 eV. The
negative value indicates the spontaneity of the Heyrovsky reac-
tion step. In the case of positive DER, the Heyrovsky reaction
would have been the rate-determining step. The corresponding
Ea is obtained as 0.05 eV. Hence, on comparing the vdW HTS
with the monolayer, the synergistic effect of the two layers plays
a role in affecting the overpotential and hence the reaction
mechanism.

Now, we revisit the observations systematically. HadsB shows
lower ground state energy and reaction barrier than HadsP. Also,
we obtain a barrier in the range 0.05 eV – 0.08 eV when HadsP

precedes HadsB at the surface. The vice versa observes higher
ground state energy of the nal structure state than the initial
structure. Therefore, though the Tafel reaction path shows no
reaction barrier, the above mentioned proton transfer (Volmer
step) is restricted on sites. Subsequently, for the Heyrovsky
reaction path, we observe the lower barrier for H2 evolution that
includes H+ and HadsP. Hence, the extrapolated Heyrovsky Ea of
0.05 eV further indicates the Heyrovsky reaction path to be
plausible.

Finally, it is pertinent to discuss the challenges for any
further study. The present attempt to analyze the bilayer vdW
HTSs with the explicit solvation approach (with few water layer
molecules of 3 Å) would be computationally cumbersome if the
monolayers or atomic layers increase. The large atomic size of
the system also affects the proton concentration data and
transition state search. Hence, the accountability of charge and
potential should shi towards an approach that entails both
explicit and implicit, and the employability of machine learning
potentials. This would ensure the study of large systems with
reduced computational time and cost.80–82

4 Conclusion

In summary, we have modelled dynamically stable MoS2/BP and
MoSSe/BP vdWHTSs. They have been studied for the HER using
the computational hydrogen electrode model. The optimized
structure with the water layer showed a signicant potential
drop at the surface–water interface. The electrostatic potential
Nanoscale Adv., 2023, 5, 5332–5339 | 5337
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is further affected by the proton solvated in the water layer and
the Hads constituting coverage over the surface. 2 × 2, 3 × 3 and
4 × 4 supercells with 25%, 11% and 25% H coverage have been
deduced for the calculations. First, MoS2/BP andMoSSe/BP vdW
HTSs show reduced barrier height for both Tafel and Heyrovsky
reactions in comparison to the BP monolayer. The Tafel reac-
tion, being a surface reaction does not require charge transfer,
herein corroborates with no or lower barrier observed in the
MoS2/BP and MoSSe/BP vdW HTSs. The analysis of H adsorp-
tion at B and P sites infers HadsB with lower ground state energy.
The second Volmer step restricts the path of HadsB preceding
the HadsP. In the case of the Heyrovsky reaction, a reduced
reaction barrier has been reported for HadsP. Further, there is no
signicant difference between the MoSSe/BP and MoS2/BP vdW
HTS, as observed from the minimum energy reaction paths,
except in the case of 11% coverage of MoSSe/BP with no reaction
barrier. Hence, the MoSSe-based vdW HTS has shown that the
Heyrovsky reaction favoured the HER for low coverage. On
comparing the supercells (and hence different coverages) with
respect to the same H+ conc., we observe high coverage to favour
low H+ conc. and vice versa for a reduced reaction barrier.
Finally, as per the extrapolation approach for DER vs. DU, the
Heyrovsky reaction mechanism is plausible.
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52 H. Şahin, S. Cahangirov, M. Topsakal, E. Bekaroglu,
E. Akturk, R. T. Senger and S. Ciraci, Phys. Rev. B: Condens.
Matter Mater. Phys., 2009, 80, 155453.

53 J. Wu, J.-H. Li and Y.-X. Yu, ACS Appl. Mater. Interfaces, 2021,
13, 10026–10036.

54 T. V. Vu, A. Kartamyshev, N. V. Hieu, T. D. Dang,
S.-N. Nguyen, N. Poklonski, C. V. Nguyen, H. V. Phuc and
N. N. Hieu, RSC Adv., 2021, 11, 8552–8558.

55 M. K. Mohanta, A. Rawat, N. Jena, Dimple, R. Ahammed and
A. De Sarkar, ACS Appl. Mater. Interfaces, 2019, 12, 3114–
3126.

56 B. Padavala, C. Frye, X. Wang, Z. Ding, R. Chen, M. Dudley,
B. Raghothamachar, P. Lu, B. Flanders and J. Edgar, Cryst.
Growth Des., 2016, 16, 981–987.

57 Y. Xiao and W. Zhang, Nanoscale, 2020, 12, 7660–7673.
58 J. D. Wiensch, J. John, J. M. Velazquez, D. A. Torelli,

A. P. Pieterick, M. T. McDowell, K. Sun, X. Zhao,
© 2023 The Author(s). Published by the Royal Society of Chemistry
B. S. Brunschwig and N. S. Lewis, ACS Energy Lett., 2017, 2,
2234–2238.

59 R. M. Martin, Electronic Structure: Basic Theory and Practical
Methods, Cambridge University Press, 2004.

60 R. M. Martin, L. Reining and D. M. Ceperley, Interacting
Electrons, Cambridge University Press, 2016.

61 C. Freysoldt, B. Grabowski, T. Hickel, J. Neugebauer,
G. Kresse, A. Janotti and C. G. Van de Walle, Rev. Mod.
Phys., 2014, 86, 253.

62 L.-p. Feng, J. Su, S. Chen and Z.-T. Liu, Mater. Chem. Phys.,
2014, 148, 5–9.

63 P. Hohenberg and W. Kohn, Phys. Rev., 1964, 136, B864.
64 W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133.
65 G. Kresse and J. Furthmüller, Phys. Rev. B: Condens. Matter

Mater. Phys., 1996, 54, 11169.
66 P. E. Blöchl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,

50, 17953.
67 V. Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren,

K. Reuter and M. Scheffler, Comput. Phys. Commun., 2009,
180, 2175–2196.

68 C. Stamp and C. Van deWalle, Phys. Rev. B: Condens. Matter
Mater. Phys., 1999, 59, 5521.

69 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

70 A. Tkatchenko and M. Scheffler, Phys. Rev. Lett., 2009, 102,
073005.

71 A. Tkatchenko, R. A. DiStasio Jr, R. Car and M. Scheffler,
Phys. Rev. Lett., 2012, 108, 236402.

72 G. Henkelman, B. P. Uberuaga and H. Jónsson, J. Chem.
Phys., 2000, 113, 9901–9904.

73 G. Henkelman and H. Jónsson, J. Chem. Phys., 2000, 113,
9978–9985.

74 C.-F. Fu, Q. Luo, X. Li and J. Yang, J. Mater. Chem. A, 2016, 4,
18892–18898.

75 J. Weng and S.-P. Gao, Phys. Chem. Chem. Phys., 2018, 20,
26453–26462.

76 K. Ren, W. Tang, M. Sun, Y. Cai, Y. Cheng and G. Zhang,
Nanoscale, 2020, 12, 17281–17289.

77 A. U. Rahman, J. M. Morbec, G. Rahman and P. Kratzer, Phys.
Rev. Mater., 2018, 2, 094002.

78 K. Ren, M. Sun, Y. Luo, S. Wang, J. Yu and W. Tang, Appl.
Surf. Sci., 2019, 476, 70–75.

79 Q. He, X. Chen, S. Chen, L. Liu, F. Zhou, X.-B. Li and
G. Wang, ACS Appl. Mater. Interfaces, 2018, 11, 2944–2949.

80 M. Liu, Y. Jin and J. Pan, Mater. Today Commun., 2022, 31,
103425.

81 S. Steinmann, Q. Wang and Z. W. Seh, Mater. Horiz., 2023,
10, 393–406.

82 C. Schran, F. L. Thiemann, P. Rowe, E. A. Müller,
O. Marsalek and A. Michaelides, Proc. Natl. Acad. Sci. U. S.
A., 2021, 118, e2110077118.
Nanoscale Adv., 2023, 5, 5332–5339 | 5339


	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b

	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b
	Electrocatalytic study of the hydrogen evolution reaction on MoS2/BP and MoSSe/BP in acidic mediaElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00215b


