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Octahedral 1T-MoS,, a transition metal dichalcogenide (TMD), is a promising and cost-effective
alternative to Pt for the electrochemical hydrogen evolution reaction (HER) compared to its hexagonal
2H phase. However, the metastable nature of 1T-MoS, makes its synthesis challenging. Janus TMDs,
such as MoSSe, with their intrinsic structural asymmetry, are emerging as efficient HER catalysts, and
their 1T phase demonstrates improved stability. This study compares hydrothermally synthesized
1T-MoS, and solvothermally grown 1T-MoSSe with commercially available 2H-MoS; for the HER. Janus
1T-MoSSe exhibits superior performance with an overpotential of 87.8 mV at a current density of
10 mA cm™2, a Tafel slope of 148 mV decade™, and an enhanced long-term stability of 10 000 cycles
over 5 hours. Its low electrochemical impedance of 21 Q indicates efficient charge transfer. Density
functional theory (DFT) calculations validate the Janus material as the best catalyst with a hydrogen
adsorption free energy (AGy) of 0.46 eV. Bader charge analysis reveals the lowest charge on the Se
atom in the MoSeS Janus material. The upshifted p-band center in Janus materials, compared to their
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DOI: 10.1039/d5ma00395d pristine counterpart, optimizes the S/Se—H bond strength, enhancing hydrogen adsorption. This work

highlights how structural engineering of TMDs into Janus structures can optimize their HER perfor-
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1. Introduction

Two-dimensional (2D) layered TMDs possess a high surface-to-
volume ratio, unique electronic structures, and tunable cataly-
tic sites, making them highly efficient and versatile catalysts for
electrocatalysis applications, particularly in energy conversion
processes like hydrogen evolution and CO, reduction.’ MoS,, a
prominent TMD, is widely recognized for its tunable electronic
behaviour,” high catalytic activity,’> excellent mechanical
flexibility,* and potential in various technological applications
ranging from transistors to electrocatalysts.” In general, MoS,
showecases two different polymorphs, 2H and 1T, which differ
significantly in their structure and properties.® The 2H phase
with trigonal prismatic coordination’ is semiconducting® and
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mance, providing a route for cost-effective and efficient hydrogen production technologies.

exhibits strong photoluminescence,” making it suitable for electro-
nic and optoelectronic applications. In contrast, the 1T phase
with octahedral coordination'® is metallic'’ and often shows
ferromagnetism.'” In terms of electrocatalytic properties, the 1T
phase is more active due to its higher conductivity and abundance
of active sites," particularly for the HER'" compared to the 2H
phase.® But the 1T phase of MoS, is inherently less stable than the
2H phase,"® which tends to transform to the more thermodynami-
cally stable 2H form over time'® or under certain conditions such
as high temperature,'” stoichiometry,"® and mechanical stress."
This phase instability poses challenges in maintaining the desired
properties of 1T MoS, in practical applications, necessitating
strategies such as chemical doping® or strain engineering® to
stabilize the 1T phase for extended use. However, the processes
involved in these approaches are quite arduous and complex. For
these reasons, the researchers have slowly shifted their attention
towards Janus structures like MoSSe, i.e. replacing one sulphur
layer in MoS, with Se. Janus TMDs are a class of 2D materials,
where different chalcogen atoms are present on each side of the
transition metal layer, resulting in unique electronic, optical, and
catalytic properties due to the broken out-of-plane symmetry.>
Janus TMDs are superior to normal TMDs due to their asym-
metric structure, which creates an intrinsic dipole moment,>?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhancing charge separation and leading to unique electronic and
optical properties.>* This asymmetry results in more diverse and
active sites, making them more versatile in various applications.
For example, 1T MoSSe is more stable than 1T MoS,*® and it
possesses more defect states than 1T-MoS, because of the combi-
nation of sulfur and selenium atoms.”” This introduces variations
in binding energy®® and its electronic properties, thereby optimiz-
ing the material’s performance in areas such as electrocatalysis,
sensing, and photonics.

Hydrogen (H,) is considered as a promising renewable
energy source due to its high energy density and zero pollution.>
Currently, industrial H, production relies on methane reforming
and coal gasification, which emit significant greenhouse gases.*
In contrast, the electrochemical HER from water-splitting is more
eco-friendly, especially when powered by renewable energy
sources like solar energy.>’ However, the high cost and scarcity
of platinum (Pt), the best HER catalyst, drive the need for
developing efficient, low-cost, non-noble metal catalysts for
industrial use. As a typical 2D material, MoS,, particularly in its
1T phase, has demonstrated significant potential to replace Pt in
both theoretical and experimental studies.>” Over the past few
decades, extensive research has focused on the HER activity of 1T
MoS,. Hinnemann et al. demonstrated that for an effective HER,
the binding free energy of atomic hydrogen to the catalyst should
be nearly zero. They found that MoS, nanoparticles supported on
graphite serve as promising catalysts with a moderate overpoten-
tial of 0.1-0.2 V.** Voiry et al. showed 2H to 1T phase transforma-
tion by chemical exfoliation of MoS, nanosheets, which exhibit
brilliant catalytic activity toward H, evolution with a particularly
low Tafel slope of 40 mV dec™.* Tang et al.,** through density
functional theory (DFT) calculations, suggested that unlike the
nonreactive basal plane of 2H-MoS,, the catalytic activity of 1T-
MoS, stems from its ability to bind hydrogen at surface sulfur
sites. The binding free energy (AGy) indicates that the HER
process is most favourable at surface hydrogen coverage between
12.5% and 25%, where hydrogen prefers bonding to surface
sulfur atoms. Lukowski et al.>> reported significantly enhanced
HER performance from metallic 1T-MoS, nanosheets, chemically
exfoliated via lithium intercalation from 2H-MoS, grown on
graphite, achieving a current density of 10 mA cm 2> at an
overpotential of 187 mV vs. reversible hydrogen electrode (RHE)
and a Tafel slope of 43 mV decade . Cai et al.*® produced 1T
phase enriched MoS, nanosheets by using a graphene-oxide-
template assisted two-step hydrothermal synthetic strategy. With
an enhanced 1T phase, there is an improvement in conductivity
for MoS, as well as an increment in the number of active sites. A
low overpotential of 126 mV at 10 mA cm™ > with a small Tafel
slope of 35 mV dec ™' is achieved when the system has a 50% 1T
phase content.

Elemental doping of 1T-MoS, is an effective scheme for
enhancing the HER activity of the material. Certain elements
when doped into MoS, tune the d-band structure of the
material, resulting in a decrement in the hydrogen adsorption
free energy (AGy), a crucial condition for better hydrogen
evolution. Qi et al.’” reported a single-atom Co-doped distorted
1T-MoS, nanosheet with an overpotential of only 42 mV at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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10 mA cm 2. Zheng et al. employed a co-confining method in MoS,
nanofoam, incorporating selenium onto the surface and cobalt into
the inner layer, achieving a high current density of 1000 mA cm >
and a lower overpotential of 382 mV compared to 671 mV in
commercial Pt/C. First-principles calculations revealed that cobalt
stimulates neighbouring sulfur atoms, while selenium stabilizes
the structure, jointly optimizing hydrogen adsorption and generat-
ing abundant active sites.”® To address stability issues, some
studies®® have explored “chemical tuning” to enhance MoS, activ-
ity. Alloyed nanoflakes, particularly MoSSe, demonstrate improved
activity and stability compared to MoS, or MoSe,.*® The introduc-
tion of Se modulates the d-band electronic structure of Mo, thereby
optimizing the hydrogen adsorption free energy and boosting
electrocatalytic performance.”’ Gong et al’® demonstrated that
tuning of the Se composition in MoS,;_Se,, alloys (x = 0, 1/3,
1/2, 2/3, 1) can achieve a hydrogen adsorption free energy (AGy)
close to the ideal value of 0 meV. The nanoflake morphology, with
monolayer and multilayer structures, offers a high surface area and
exposed edges, which are thermodynamically more favourable for
the electrocatalytic HER than basal planes.*” Wang et al.** showed
an enhanced HER activity by optimizing the Se-to-S ratio in MoSSe
alloys, improving electrical conductivity and active site accessibility
in 2H-MoSSe. The best performance was observed in 2H-
MoS,,Se; s synthesized at 160 °C, with a Tafel slope of 50 mV
decade™® and an overpotential of 136 mvV, attributed to the
controlled disorder and improved conductivity. All these reports
for the superior electrocatalytic properties of Janus MoSSe are
based on some composite formation as well as for the 2H phase.
While 2H-MoSSe, the Janus counterpart of MoS,, has been mod-
erately explored as a hydrogen evolution catalyst, there is a lack of
comprehensive analysis comparing the electrocatalytic HER perfor-
mance of 1T-MoS, and 1T-MoSSe in isolation. Most studies include
additional materials in the form of composites or doping, making
it difficult to assess their intrinsic catalytic properties directly.

This study investigates the 1T phase of MoS, and Janus
MoSSe as HER catalysts, prepared via simple hydrothermal and
solvothermal methods. Comprehensive characterization using
X-ray diffraction (XRD), Raman spectroscopy, photolumines-
cence (PL), high resolution transmission electron microscopy
(HR-TEM) and X-ray photoelectron spectroscopy (XPS) con-
firmed the phase purity and detailed structural, morphological,
and optical properties. Janus 1T-MoSSe outperformed MoS,,
showing an overpotential of 87.8 mV at 10 mA cm™ >, a Tafel
slope of 148 mV decade ', long-term stability over 10000
cycles, and lower electrochemical impedance. Computational
DFT studies revealed that its superior HER performance arises
from lower hydrogen adsorption free energy, enhanced active
sites, and efficient charge transport due to its unique structure,
making Janus 1T-MoSSe a promising HER catalyst.

2. Experimental section
2.1. Synthesis of 1T-MoS,

Ammonium molybdate tetrahydrate ((NH,)¢M0,0,,-4H,0) and
thiourea (NH,CSNH,) were used as Mo and S sources,

Mater. Adv., 2025, 6, 4254-4266 | 4255
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respectively. Here, thiourea also acts as a reductant to reduce
Mo(vi) to Mo(v). In a typical hydrothermal synthesis procedure,
stoichiometric amounts of Mo and S precursors were added to
DI water and were stirred magnetically for 2 hours until they are
fully dissolved. Careful attention was paid to maintaining a
Mo : S molar ratio of 1:2.14 as followed by Liu et al.,** since any
deviation from this ratio makes the formation of the 1T phase
challenging. The solution with a total volume of 70 mL was
transferred to a 100 mL Teflon lined stainless steel autoclave,
which was kept in a muffle furnace for 24 hours at 200 °C. The
final product was collected after repeated cleaning in DI water
and ethanol through centrifugation followed by vacuum drying
in an oven at 60 °C for 6 hours. The main purpose behind this
synthesis method is the iz situ intercalation of ammonium ions
between the spacing of MoS, interlayers.

2.2. Synthesis of 1T-MoSSe

To synthesize 1T-MoSSe, 1 mmol of ammonium molybdate
tetrahydrate and 7 mmol of thiourea were added to a water—
ethanol-N-methyl pyrrolidone mixture (50 mL, 2:2:1 v/v) and
stirred for homogeneous dispersion. Separately, 3.5 mmol of
selenium powder was sonicated in 20 mL of hydrazine hydrate,
forming a black dispersion. Both the solutions were then
combined, stirred, and transferred to a 100 mL Teflon-lined
autoclave and heated at 200 °C for 24 hours. The final product
was obtained using the same washing and drying process as for
MoS,. For a better understanding of the phase selective growth
of 1T-MoSSe, see Scheme S1 in the ESI.}

2.3. Material characterization

The physiochemical properties of the synthesized catalysts were
analyzed using various advanced analytical techniques. Crystal-
linity and phase development were determined using powder
XRD, with the patterns recorded on a Rigaku X-ray diffractometer
using Cu K, radiation (1 = 1.5406 A) over a range of 5-80° at a
scan rate of 3° min . Raman and PL studies were conducted
using a HORIBA Jobin Yvon HR800 UV Raman spectrometer with
488 nm and 632 nm laser excitations. 600 lines per mm grating
were used for PL, and 1800 lines per mm (~1 cm™~ " resolution)
were used for Raman measurements. HRTEM (JEOL Japan, JEM-
2100 Plus) was used to obtain structural and morphological
details, while XPS (model no: PerkinElmer PHI1257) was used
to analyze the elemental composition and chemical states having
an excitation source (1486.7 eV) with non-monochromatic Al-K,,
X-rays at an ambient pressure of ~4 x 10~'° Torr. Electroche-
mical measurements were performed in a three-electrode system
using a CHI 760E electrochemical workstation.

2.4. Electrochemical analysis set-up for the HER

For HER electrochemical measurements, 2 mg of synthesized
MoS, (or MoSSe) powder was mixed with 1 mL of ethanol and
10 pL of Nafion binder and then ultra-sonicated for 30 minutes
to form a uniform slurry. A 15 pL portion was drop-cast onto a
glassy carbon electrode and dried at room temperature for
3 hours. Measurements were conducted in 0.5 M H,SO, using
a CHI 760E workstation, with cyclic voltammetry (CV) at 0.1V s™*
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and linear sweep voltammetry (LSV) at 5 mV s~ over 0 to —1 V.
No external gas purging was performed. Potentials were con-
verted from Ag/AgCl to a RHE using the Nernst equation,

Erue = Eag/agal +0.059 x pH + EXy /p0ci @

where EY, . is the potential for the Ag/AgCl electrode, which is

equal to 0.197 V and the pH of the 0.5 M H,SO, solution is equal
to 1. The characterization of HER performance involved evaluat-
ing various parameters to assess the electrochemical kinetics,
efficiency, and overall effectiveness of the catalysts or materials
involved in promoting the HER.

3. Results and discussion

3.1. Characterization of 2H-MoS,, 1T-MoS,, and 1T-MoSSe

To confirm the formation of the 1T phase in the synthesized
samples, basic characterization studies were conducted on the
as-grown 1T-MoS, and 1T-MoSSe, alongside commercially pur-
chased 2H-MoS, for comparison. A detailed analysis of XRD,
Raman spectroscopy, PL, HRTEM and XPS results was per-
formed to verify that the laboratory-grown samples exhibit the
1T phase, different from the 2H-MoS,.

Fig. 1(a) shows the XRD spectra of 2H-MoS, (Panel-III), 1T-
MoS, (Panel-II) and 1T-MoSSe (Panel-I), which match with
JCPDS card no. 37-1492. For 1T-MoS,, the key observation is
the presence of characteristic first- and second-order Bragg
reflection peaks at 20 values of ~9° and 17°, corresponding
to the (002) and (004) planes of the 1T phase, respectively.*® In
contrast, the 2H-MoS, spectra show (002) and (004) peaks at 14°
and 29°, indicating a shift in the interplanar distance from
6.1 A to 9.4 A due to lattice expansion in the 1T phase.*® The
strong 9° peak suggests the predominance of the 1T phase with
a preferential orientation along the (002) plane, a trend also seen
in 1T-MoSSe. However, the absence of the (004) peak in
1T-MoSSe, along with the broader peaks, indicates the lower
crystallinity of the prepared material. Additional minor reflec-
tions are indexed as (100), (102), and (110) planes of 1T MoS,,
consistent with the JCPDS data.

The Raman spectra of the synthesized MoS, clearly demon-
strate phase differentiation between the 2H and 1T structures as
shown in Fig. 1(b). In the 2H-MoS, sample, two prominent peaks
are observed: one at 380 cm ™', corresponding to the E;, mode,
which arises from the in-plane opposite vibrations of two sulfur
atoms relative to the molybdenum atom, and the other at
404 cm ™!, attributed to the A,z mode, associated with the out-of-
plane vibrations of sulfur atoms in opposite directions.”” However,
in the case of the as-prepared 1T-MoS, sample, the E;, peak at
380 cm™ " is present, its intensity is significantly diminished, and
the Ag peak at 404 cm™ ' is entirely absent. Instead, the Raman spec-
trum exhibits signature peaks at around 147 cm ™" (J;), 196 cm ™
(), 284 em ™' (Eg), and 335 em ' (J3), characteristic of the 1T
phase.”® Among these, the E; peak, associated with the octahedral
coordination of molybdenum in the 1T phase, is particularly
notable. The strong intensities of the Ji, Eé, and J; peaks further
confirm the dominance of the 1T phase in the sample, indicating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of (I) 1T-MoSSe, () 1T-MoS,, and (lll) commercial 2H-MoS,, highlighting a shift of the (002) peak to lower 20 in the 1T phase. (b)

Raman spectra of 1T-MoS, and 1T-MoSSe showing characteristic 1T phase peaks (J;, Jo, and Jz) absent in the 2H phase. (c) PL spectra of 1T-MoS; and 1T-
MoSSe showing no significant peaks, in contrast to 2H-MoS,, which exhibits a peak at 1.74 eV.

that the phase transition from 2H to 1T has been successfully
achieved. Similarly, the Raman spectra of the as-grown MoSSe
sample follow the same trend, displaying the characteristic peaks
of the 1T structure, affirming its phase.*® The absence of the A; peak
and the pronounced presence of ]y, J,, Eé, and J; peaks in both MoS,
and MoSSe indicate that the synthesis method has predominantly
resulted in the formation of the 1T phase for both the materials.
This transition is vital for their enhanced catalytic and electronic
properties. The 2H phase of MoS, is semiconducting in nature with
a band gap of around 1.8 eV, whereas 1T-MoS, is metallic.

Fig. 1(c) shows the PL spectroscopy results of the 1T-MoS,
and MoSSe samples along with the 2H MoS, sample. It is
evident from the spectra that the as-synthesized samples of
the 1T phase are metallic in nature since no PL emission is

© 2025 The Author(s). Published by the Royal Society of Chemistry

observed, confirming the 1T phase formation for MoS, and
MoSSe. On the other hand, a desired emission peak is observed
at ~1.75 eV for the 2H phase, suggesting its semiconducting
nature.

For the further structural confirmation of the as-synthesized
material 1T-MoSSe, HRTEM analysis was performed. The TEM
images with different magnifications and scales are shown in
Fig. 2(a)-(c), where a flake-type morphology is observed. The
HRTEM image depicted in Fig. 2(d) displays clear individual
planes of 1T-MoSSe. The lattice d-spacing between two consecu-
tive planes was calculated from the HRTEM images using Image]
software at the 5 nm scale, which is ~0.44 nm as illustrated in
Fig. 2(e), consistent with the (002) planes of MoSSe. This value is
consistent with the theoretical and experimental reports of Janus

Mater. Adv,, 2025, 6, 4254-4266 | 4257
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Fig. 2

structures, confirming successful synthesis. The clear lattice
fringes suggest high crystallinity, which is crucial for ensuring
efficient electron transport during catalysis. The interplanar spa-
cing is slightly larger than that of pure MoS, (typically ~0.32 nm),
reflecting the influence of selenium incorporation. The selected
area electron diffraction (SAED) pattern was calculated (Fig. 2(f))
and showed the characteristic rings corresponding to (100), (002),
and (110) planes of 1T-MoSSe, which are very well matched with
the diffraction planes from the XRD results.

(a)—(c) TEM images, (d) HRTEM image, and (e) HRTEM image showing an interplanar spacing of 0.44 nm, and (f) SAED pattern of 1T-MoSSe.

As shown in Fig. 3(a), the peaks in the XPS spectrum of the
Mo 3d orbitals correspond to the binding energies of Mo 3ds,,
and Mo 3d3,,. The deconvolution reveals contributions from the
1T phase (blue curves) and the 2H phase (green curves). The 1T
phase shows lower binding energies compared to the 2H phase
due to the electron-rich metallic nature of 1T-MoS,, which
reduces the core-level binding energies. The identification of
these peaks validates the presence of mixed phases and empha-
sizes the stabilization of the 1T phase, which is essential for

(a) 1TMoS, | |(b)
Mo 3d Mo 3p,,1T
Mo 3d,, 1T Mo 3dy, 1T Mo 3p, ,2H

g s g
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o} 2
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Fig. 3 The XPS spectra for 1T-MoS, of (a) Mo 3d orbitals, (b) Mo 3p orbitals, and (c) S 2p orbitals. The XPS spectra for 1T-MoSSe: (d) survey scan and of (e)

S 2p as well as Se 2p orbitals, and (f) Mo 3d orbitals.
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catalytic activities like the HER. The literature corroborates that
the 1T phase typically has higher catalytic activity due to the
increased electron density and active sites compared to the
semiconducting 2H phase.>”

The Mo 3p XPS spectra in Fig. 3(b) similarly show contribu-
tions from the 1T and 2H phases. The Mo 3p;/, and Mo 3p,,
peaks (blue and green) reflect the spin-orbit splitting charac-
teristic of molybdenum. The lower binding energies of the 1T
phase peaks further confirm the metallic nature of this poly-
morph. The proximity of these peaks to their 2H counterparts
signifies the phase coexistence, which could aid HER activity
through synergistic effects. The S 2p spectrum (Fig. 3(c)) shows
the doublet corresponding to S 2p;/, and S 2py/, due to spin-
orbit coupling. The peaks for the 1T phase (red) appear at
slightly lower binding energies than the 2H phase, consistent
with the metallic character of the 1T phase, as sulfur atoms in 1T-
MosS, experience a higher electron density. This peak separation
is consistent with earlier studies, e.g., the study by Chhowalla
et al.,>* which reported the distinct chemical environments of
sulfur in different phases.

The introduction of selenium (Se) into the lattice to form
Janus 1T-MoSSe induces new spectral features as can be seen in
the survey scan depicted in Fig. 3(d). As shown in Fig. 3(e),
peaks for Se 2p;, and Se 2p,/, (purple and cyan) appear at
distinct binding energies due to the heavier atomic mass and
different electronegativity of Se compared to S. The shift in S 2p
peaks (green and red) suggests changes in the local electronic
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environment upon Se substitution, corroborating successful
Janus heterostructure formation. For 1T-MoSSe, the Mo 3ds/,
and Mo 3d;,, peaks show splitting similar to 1T-MoS, but with
subtle shifts due to the introduction of Se as presented in
Fig. 3(f). The chemical shift is attributed to the stronger Mo-Se
bonds compared to Mo-S bonds, as Se has a larger covalent
radius and lower electronegativity. Such shifts are indicative of
structural asymmetry and heterostructure formation, which are
vital for optimizing the electronic and catalytic properties for
the HER.

The combination of XPS and HRTEM results validates the
phase-selective hydrothermal synthesis for 1T-MoS, and sol-
vothermal synthesis for Janus 1T-MoSSe. The presence of 1T
and Janus structures is confirmed through binding energy
shifts, spectral deconvolutions, and interplanar spacings. Such
structural and electronic modifications enhance the HER activ-
ity by providing more active sites, improving conductivity, and
optimizing the hydrogen adsorption free energy (AGy-). Earlier
studies, such as the study by Voiry et al.,>* have demonstrated
the superior catalytic performance of 1T and Janus structures,
which is consistent with these findings.

3.2. Electro-catalytic activities toward the HER

The electrocatalytic HER performance of the MoS, sample was
evaluated under acidic conditions using 0.5 M H,SO, as an
electrolyte, in a standard three-electrode setup. The working
electrode comprised the MoS, or MoSSe samples, which were
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supported on a conductive substrate, typically a glassy carbon
electrode (GCE). A high-surface-area platinum electrode served
as a counter electrode, while the reference electrode used was
Ag/AgCl in 3 M KCl. Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) methods were employed to assess the
HER activity, with measurements conducted at a scan rate of
100 mV s~ " for CV and 5 mV s~ ' for LSV. This configuration
allows for precise evaluation of the electrocatalytic properties of
the samples, including overpotential, current density, and the
overall efficiency of the hydrogen evolution process, providing
critical insights into the catalytic behaviour of the materials
under acidic conditions.

Cyclic voltammetry (CV) measures the current response as a
function of applied potential, allowing the determination of the
onset potential, overpotential, and electrochemical activity for the
HER. Fig. 4(a) presents the CV curves of 2H-MoS,, 1T-MoS,, and
1T-MoSSe, recorded at a scan rate of 0.1 V s~ with a sensitivity of
0.002 A V', A significant increase in the current density is
observed from 2H-MoS, to 1T MoS,, with a further substan-
tial increase for 1T-MoSSe, showing current densities of
18.95 mA cm™ 2, 68.57 mA cm™ %, and 285.24 mA cm™ 2, respectively,
at —0.74 V within the same potential window. Similar to CV, LSV
provides insights into the onset potential and overpotential for the
HER. From the LSV curves (Fig. 4(b)), a gradual decrease in over-
potential is observed, with values dropping from 684.44 mV for 2H-
MoS, to 391.65 mV for 1T-MoS, and further to 87.8 mV for 1T-
MoSSe at a current density of 10 mA cm™>. These results establish
1T-MosSSe as the most efficient HER catalyst, with an overpotential
of 87.8 mV, which approaches the performance of the Pt/C
reference electrode (45.5 mV). Previous studies indicate that 2H-
MosS, is active mainly at the edge planes, while 1T-MoS, is active
on both basal and edge planes, explaining its superior HER
activity."**> The enhanced catalytic performance of MoSSe is
attributed to its Janus structure, where sulfur and selenium atoms
create an intrinsic dipole, improving charge separation® and
optimizing hydrogen adsorption.”> The presence of Se also fine
tunes the binding energy,>® further boosting the reaction kinetics
and reducing the overpotential for the HER. The alloyed Janus
structure brings the hydrogen adsorption free energy closer to the
thermodynamically ideal value, leading to improved catalytic
performance.” Fig. 4(c) presents the Tafel plots for the samples,
with the Tafel slope serving as a key indicator of reaction kinetics.
It reflects how the current density changes with respect to the
applied potential, offering insights into the rate-determining step
and overall reaction kinetics.”” The Tafel plots are fitted to the Tafel
equation:

n=bhlogj+a, (2)

where j is the current density, # is the overpotential, b is the
Tafel slope and a is the log of exchange current density to
determine the Tafel slopes. Among the various samples eval-
uated, the 1T-phase MoSSe exhibited the lowest Tafel slope of
148.96 mV dec !, highlighting its superior electrocatalytic
performance in terms of electron transfer efficiency and faster
HER kinetics. In comparison, the 2H-phase MoS, and the
1T-phase MoS, samples showed higher Tafel slopes of
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220.41 mV dec™ " and 170.49 mV dec™ ', respectively, indicating
comparatively slower charge transfer and reaction kinetics.
Electrochemical impedance spectroscopy (EIS) is a powerful
technique for investigating the impedance response at the
electrode—-electrolyte interface, particularly in electrocatalytic
reactions like the HER. EIS provides critical insights into charge
transfer resistance (R.), a key parameter that reflects the ease
with which electrons are transferred between the electrode and
the reactants during the HER process. Fig. 4(d) presents the EIS
plots for three materials: 2H-MoS,, 1T-MoS,, and 1T-MoSSe. Each
plot shows a semi-circular shape, which is characteristic of
charge transfer resistance in electrochemical systems. Among
the three, 2H-MoS, exhibits the largest semi-circle, corres-
ponding to a significantly higher R, value, which is measured
at 750 Q. A lower R value indicates more efficient electron
transfer and faster reaction kinetics, both of which are essential
for optimizing the performance of a catalyst. This high R
suggests that electron transfer is hindered in 2H-MoS,, resulting
in slow HER kinetics. This outcome is consistent with the
semiconducting nature of 2H-MoS,, where charge transport is
limited primarily to the edge sites, leaving the basal plane
inactive for catalytic processes. In contrast, 1T-MoS,, with an
R value of 202 Q, shows a substantial reduction in charge
transfer resistance compared to 2H-MoS,. The metallic nature
of the 1T phase provides a more favourable environment for
electron transfer, activating both the basal and edge planes for
the HER. This improvement in conductivity and activation of
more catalytic sites results in better HER performance, which is
reflected in the lower R value. The most remarkable finding is
for 1T-MoSSe, which exhibits an R, value of only 21 Q, an order of
magnitude lower than that of 1T-MoS,. This dramatic reduction
in charge transfer resistance highlights the enhanced catalytic
performance of 1T-MoSSe. The Janus structure of MoSSe, with
sulfur and selenium atoms on opposite sides of the molybdenum
layer, creates an intrinsic dipole that further improves charge
separation and electron mobility. Additionally, the mixed com-
position of sulfur and selenium provides optimal hydrogen
adsorption energies, leading to more efficient catalytic activity.
The stark differences in R, values between 2H-MoS,, 1T-MoS,,
and 1T-MoSSe demonstrate a clear trend: as the materials
transition from the semiconducting 2H phase to the metallic
1T phase and further to the Janus structure of 1T-MoSSe, there is
a significant improvement in charge transfer kinetics. This is
evidenced by the progressively lower R.. values, with 1T-MoSSe
showing the fastest electron transfer and, consequently, the
highest HER efficiency. In conclusion, 1T-MoSSe exhibits the
lowest charge transfer resistance and superior HER kinetics,
making it a far more efficient and effective hydrogen evolution
catalyst compared to both 2H-MoS, and 1T-MoS,. The observed
R, value, or solution resistance, for 2H-MoS, is 202 Q, while both
1T-MoS, and 1T-MoSSe have significantly lower R values of 13 Q.
This notable difference in Ry signifies that 1T-MoS, and 1T-
MoSSe exhibit much better electrical conductivity compared to
2H-MoS,. In electrochemical processes like the HER, a lower R
value indicates lower resistance to ionic and electronic transport
within the electrolyte and between the electrode and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrolyte. This results in more efficient charge transfer pro-
cesses. The higher R, value for 2H-MoS, suggests that its semi-
conducting nature hinders efficient electron movement through
the material, leading to poor conductivity. In contrast, 1T-MoS,
and 1T-MoSSe, being metallic, allow for faster and more efficient
electron flow, leading to lower Ry values and improved perfor-
mance in electrocatalytic applications like the HER. The much
lower R in 1T-MoS, and 1T-MoSSe implies that they are more
suitable for the HER, as their superior conductivity allows for
better electron transport, reducing energy loss and enhancing
reaction kinetics. This also highlights the advantage of the 1T
phase and the Janus structure (in the case of MoSSe) over the 2H
phase in terms of electrochemical performance. Overall, these
results clearly demonstrate that 1T-MoSSe has, with its drastically
reduced R, value, the lowest Tafel slope and the highest current
density and the considerably lower overpotential value offers
significantly superior HER kinetics, which makes 1T-MoSSe the
most efficient hydrogen evolution catalyst compared to both 2H-
and 1T-MoS,.

To evaluate the practical viability of 1T-MoSSe as a hydrogen
evolution catalyst, long-term stability tests and electrochemical
active surface area (ECSA) measurements were conducted. Long-
term stability assessments are crucial to determine the catalyst’s
durability under continuous operation, ensuring consistent
performance over extended periods. ECSA measurements were
performed to quantify the number of electrochemically active
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sites available for catalysis, which directly correlates with the
catalyst’s efficiency in promoting the hydrogen evolution reac-
tion. These tests provide comprehensive insights into both the
operational longevity and the active site accessibility of 1T-
MoSSe, which are critical factors in assessing its effectiveness
for large-scale H, production.

Fig. 5(a) presents the chronoamperometry curve of 1T-
MoSSe measured at a fixed potential of —0.6 V vs. RHE over a
duration of 3 hours. The stable current density, without notice-
able degradation or fluctuations, indicates excellent electroche-
mical stability under prolonged HER operation. To further
validate the durability, an extended chronoamperometry test
was conducted for 5 hours under identical conditions. The
corresponding data, shown in Fig. S4 of the ESL{ reaffirm the
long-term operational stability of 1T-MoSSe. Similarly, Fig. 5(b)
presents the LSV curves taken before and after 5000 cycles,
revealing no noticeable change in current density, further demon-
strating the catalyst’s durability for extended use. Moreover, to
assess the ECSA, CV graphs at different scan rates were analyzed,
as shown in Fig. 5(c). The measured electrochemical double-layer
capacitance (Cyq)), used as a proxy for ECSA, for 1T-MoSSe was
approximately 11.68 mF cm ™, as depicted in Fig. 5(d), indicating
a large surface area with abundant active sites, thereby confirming
the catalyst’s efficient charge transfer and faster kinetics for
hydrogen production. These results highlight the material’s prac-
tical potential for long-term applications in the HER.
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The solvothermal synthesis of Janus 1T-MoSSe offers sig-
nificant advantages as a HER catalyst compared to other MoS,
polymorphs listed in Table 1. While materials such as 1T-MoS,
quantum dots and hybrid 1T/2H-MoS, nano-flowers exhibit
impressive HER performances with lower Tafel slopes and
onset potentials, the Janus structure of 1T-MoSSe distinguishes
itself through its unique catalytic features. It demonstrates an
overpotential of 87.8 mV at 10 mA cm > and a Tafel slope of
148 mV dec ™, outperforming most hydrothermally synthesized
counterparts. The Janus structure, characterized by asymmetric
chalcogen atoms (S and Se), introduces an intrinsic dipole
moment, optimizing hydrogen adsorption energy and enhan-
cing charge transfer dynamics. Compared to 1T-MoS,, its Janus
counterpart provides additional active sites, lower electroche-
mical impedance (21 Q), and enhanced stability over 10000
cycles. These features result in more efficient and durable
catalytic activity. Unlike complex synthesis methods (e.g,
lithium intercalation or chemical vapor deposition), our hydro-
thermal and solvothermal approach is straightforward, scal-
able, and environmentally benign. This synthesis method,
coupled with the structural advantages of Janus TMDs, posi-
tions 1T-MoSSe as a cost-effective and highly efficient alterna-
tive for sustainable hydrogen production. These findings
underline the potential of Janus materials in advancing HER
technologies.

3.3. DFT calculations

To demonstrate the catalytic activity of the prepared materials,
we performed DFT calculations as implemented in the VASP
code and the details of the computation are given in the ESL1
From our experiment, we have considered 2H-MoS,, 1T-MoS,,
MoSSe, and MoSeS for the DFT study. All the modelled surfaces
are shown in Fig. 6(a)-(d).

The AGy of a catalyst surface is considered to be a theore-
tical descriptor to evaluate the HER activity. It is well estab-
lished that the closer the absolute value of AGy to zero, the
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better the HER activity.®”*® So, we performed a DFT calculation
to evaluate the AGy of our catalyst. In this study, H atoms were
absorbed on the S/Se atom of the 2H-MoS,, 1T-MoS,, 1T-MoSSe,
and 1T-MoSeS surface as shown in Fig. 6(e). We found a strong
hydrogen adsorption value for the 1T phase. It is due to the
high instability of this phase which undergoes reconstruction
during hydrogen adsorption, which is in line with the previous
findings.*® Janus 1T-MoSeS is the best catalyst in our studied
series with an absolute AGy value of 0.46 e€V. Furthermore, the
Bader charge analysis depicted in Fig. 6(g) shows the lowest
charge present on the Se atom of the MoSeS Janus material
among the studied catalysts. As the hydrogen atom directly
interacts with the S/Se atom, we calculated the p-band center of
the catalyst (Fig. 6(f)), to correlate it with the S/Se-H bond
strength. The p-band center of the Janus materials is upshifted
from their pristine counterpart. It is observed that up-shifting
in the p-band center helps in optimum hydrogen adsorption.
A tactical analysis has been performed based on some
strategic observations of the DFT results to explain why Janus
1T-MoSeS shows the best catalytic properties for hydrogen
evolution among the materials, which is depicted in Fig. 7(a).
The derived results are shown in tabular form in Table S1 of the
ESL{ For 1T-MoSeS, significant changes in bond length are
observed upon hydrogen adsorption. Without hydrogen adsorp-
tion, the Mo(1)-Se/S bonds are longer compared to other materi-
als, although with hydrogen adsorption, the bond lengths slightly
decrease but still show a considerable variation compared to 2H-
MoS, and 1T-MoS,. The larger bond lengths in 1T-MoSeS indicate
a more stretched lattice, which can reduce rigidity and enhance
the ability to interact with adsorbed hydrogen atoms. Nonethe-
less, the bond angles in 1T-MoSeS show substantial changes.
Without hydrogen adsorption, the Mo(1)-Se-Mo(2) and Mo(2)-
Se-Mo(1) angles deviate significantly from 90° (76.40°). With
hydrogen adsorption, the angles approach a more distorted but
stabilized geometry (e.g., ~96° for one angle). Such changes in
bond angles upon adsorption suggest a moderate coupling

Table 1 Comparison of the overpotential and Tafel slope for HER performance among different polymorphs of MoSSe and MoS, (2H and 1T phases)

Nuer (MV) Tafel slope

MoS, polymorph Synthesis technique —10 mA cm > (mV dec™") Ref.
1T-MoS, nanosheets Lithium intercalation 187 43 35
1T@2H-MoS, Template-assisted strategy by RGO 126 35 36
Co array bound to 1T MoS, nanosheets Assembly/leaching process 42 32 37
MoS, nanofoam catalyst co-confining selenium 3-Step chemical synthesis process over 104 67 38
onto the surface and cobalt in the inner layer  the SiO, template
Hybrid 1T/2H-MoS, nano-flower Solvothermal process with DMF 146.6 71.7 58

Hydrothermal process with a guest ion agent 214.1 66.6

(ammonium bicarbonate)
1T/2H-MoS, NH," intercalation - hydrothermal method 234 46 59
Porous 1T-MoS, Liquid ammonia-assisted lithiation route 153 43 60
1T/2H-MoS, - hierarchical nanorods NH," intercalation - hydrothermal method 156 47.9 61
1T-MoS, quantum dots Electrochemical Li" - intercalation 92 44 62
MoOS,(; —x)S€,, nanobelts Chemical vapor deposition method 139 (@20 mA cm™?) 65 63
MoSSe@RGO nanocomposite heterostructures Chemical vapor transport followed by liquid 153 51 64

exfoliation followed by self-assembly through

the hydrothermal process
MoOS;(;—x)S€;y alloys High temperature solid state reaction technique ~200 56 65
2H-MO0S,,Se,(;_x) Nanosheets Hydrothermal synthesis 136 50 41
1T-MoSSe Solvothermal synthesis 87.8 148 This work
4262 | Mater. Adv., 2025, 6, 4254-4266 © 2025 The Author(s). Published by the Royal Society of Chemistry
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between the adsorbed hydrogen and the electronic structure of
the material, which is vital for the HER. Also, the lattice distortion
facilitates charge redistribution, which is crucial for the HER.

The significant changes in bond lengths and angles upon
hydrogen adsorption indicate that the lattice structure of 1T-
MoSeS undergoes notable distortion, enhancing electronic
conductivity and charge transfer.”® This also bolsters the fact
that the Gibbs free energy of hydrogen adsorption (AGy;) for 1T-
MosSeS is closer to the optimal value (~0 eV) compared to the
other materials, which suggests that hydrogen adsorption and
desorption occur more readily on 1T-MoSeS, facilitating the
efficient HER. Also, the mixed chalcogen environment in 1T-
MoSeS (Se and S atoms) contributes to a unique electronic
structure that promotes selective and efficient HER activity.
Other materials like 2H-MoS, and 1T-MoS, show fewer struc-
tural changes and suboptimal adsorption energies, indicating
their relatively low catalytic efficiency.

The plausible mechanism of the hydrogen evolution reac-
tion (HER) on MoSeS involves a sequence of crucial steps, as
depicted in Fig. 7(b). Initially, water molecules (H,O) from the
surrounding electrolyte are adsorbed onto the active sites of the
MosSeS surface. These active sites are predominantly located on
both the basal and edge planes of the 1T-MoSeS sheets, with
selenium (Se) sites playing a particularly important role due to
their enhanced reactivity and ability to facilitate the HER
process effectively. Following the adsorption, the adsorbed
water molecules undergo protonation, wherein protons (H)
from the electrolyte interact with the adsorbed water species.

© 2025 The Author(s). Published by the Royal Society of Chemistry

This step involves the transfer of an electron from the MoSeS
catalyst to the protonated water molecules, leading to the
formation of hydrogen atoms (H*) adsorbed onto the Se sites.
The electron transfer is facilitated by the metallic 1T phase of
MoSeS, which offers superior electrical conductivity and active
site accessibility.

Subsequently, two adsorbed hydrogen atoms (H*) on adja-
cent or nearby Se sites combine to form molecular hydrogen
(H,). This step, known as the Volmer step, represents the
coupling of H* species into a stable H, molecule. The formation
of molecular hydrogen is critical, as it is the primary output of
the HER process. In the final stage, the formed H, molecule
desorbs from the surface of MoSeS, which regenerates the
active sites for further HER. This desorption step is referred
to as the Tafel step, ensuring the release of H, gas into the
electrolyte or surrounding environment and resetting the
catalyst surface to continue the catalytic cycle. The seamless
progression through these steps — adsorption, protonation, H*
coupling, and desorption - is key to the efficiency of MoSeS as a
catalyst for the HER. The overall process highlights the catalytic
significance of selenium sites in optimizing hydrogen evolution
performance by enhancing both the adsorption and desorption
kinetics. The combination of significant lattice distortions,
near-optimal Gibbs free energy, and the synergistic effects of
selenium and sulfur makes 1T-MoSeS the most effective mate-
rial for the hydrogen evolution reaction among the materials
studied. Its ability to facilitate electron transfer through struc-
tural flexibility underpins its superior catalytic performance.

Mater. Adv., 2025, 6, 4254-4266 | 4263
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representation of the plausible mechanism responsible for the HER.

4. Conclusions

In this study, we successfully synthesized the 1T phase of MoS,
and Janus 1T-MoSSe via a phase-selective hydrothermal and
solvothermal method, respectively, and evaluated their perfor-
mance in the electrocatalytic HER. The metallic 1T-MoS,
demonstrated superior catalytic performance compared to the
semiconducting 2H phase due to its enhanced conductivity and
increased density of active sites. A further improvement was
achieved with the asymmetric Janus 1T-MoSSe structure, which
exhibited an overpotential of 87.8 mV at 10 mA cm 2 and a
Tafel slope of 148 mV dec™ ", outperforming 1T-MoS,. Electro-
chemical impedance spectroscopy revealed a lower charge
transfer resistance of 21 Q for 1T-MoSSe, ensuring efficient
charge transport during the HER. Additionally, the 1T-MoSSe
catalyst displayed remarkable durability, maintaining stability
for over 10000 cycles and 5 hours of continuous operation.
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High-resolution characterization techniques confirmed the
structural integrity and phase stability of these materials. Also,
the DFT calculations confirm 1T-MoSeS as the most effective
catalyst, exhibiting an optimal hydrogen adsorption free energy
(AGy) of 0.46 eV. The Bader charge analysis highlights the
lowest charge on the Se atom in the MoSeS Janus material,
while the upshifted p-band center in the Janus structure,
relative to its pristine counterpart, enhances hydrogen adsorp-
tion by optimizing the S/Se-H bond strength. The exceptional
catalytic performance of 1T-MoSeS in the hydrogen evolution
reaction arises from a combination of substantial lattice dis-
tortions, near-optimal Gibbs free energy, and the synergistic
interplay between selenium and sulfur. Its structural flexibility
enhances electron transfer, making it the most efficient mate-
rial among those studied. The synergistic effect of phase
engineering and Janus structural asymmetry enhances the
catalytic efficiency, making the 1T-MoSSe material a promising
candidate for HER applications. These results provide critical
insights into the design of advanced electrocatalysts for sus-
tainable hydrogen production.
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