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Abstract. Surface modification of electrocatalyst suitable for yielding reduced overpotential with improved exchange current density at the interface is highly desired for hydrogen evolution reaction (HER). Herein, the present report demonstrates
the HER performance of ordered mesoporous carbon (OMC)-supported nickel-modified MoS2 electrocatalysts [NiMoS(x)–
OMC] synthesized by hydrothermal route. Inherent activity of pristine MoS2 was improved by two vital surface strategies
utilizing OMC as the support matrix for the dispersed growth of active catalyst and surpassing the active sites formation via
augmentation of various concentrations of nickel. Crystalline phase, heterostructure vibrations, morphological orientation
and electrocatalytic property of the prepared catalysts are comprehensively studied using different spectroscopic methods.
Linear sweep voltammetric analysis suggests that the HER from the pristine MoS2 could be amplified by introducing OMC
as support matrix. Synergistic enrichment of Ni (3 and 5 wt%) on MoS2 –OMC matrix enables both the lowest onset potential (180 and 185 mV) and Tafel slope values (103 and 100 mV per decade), with retained stability promising for further
optimization and scalability.
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1. Introduction
The demand for fossil fuel-related energy supplies and its
adverse environmental effect is the severe concerns in this
century. Meanwhile, these open a new pane to find a green
alternative fuel and energy resources for the upcoming generation [1,2]. Renewable energies are the best choice, and sources
such as solar, wind and geothermal lead to the carbonless
and pollution-free environment with a low-level hazardous
effect [3], but limit their practical applications due to the low
efficiencies [4]. Recently, hydrogen attracted much attention
as an alternative green fuel, and the electrochemical water
splitting is a unique and emerging trend for clean hydrogen
production [5]. For this, platinum (Pt) is the best choice of
the catalyst; however, due to high cost and non-abundance,
it fails to meet the criteria in real industrial applications.
Therefore, searching for the cheap, robust, easily available
catalyst is a challenging task for material researchers. There
are varieties of materials that offer to be good performing electrocatalysts for hydrogen evolution reaction (HER)
[6–8], it is also observed that the many HER electrocatalyst exhibits inherent performance in the acidic medium.
Meanwhile, the catalysts withstand their unassailable performance in the neutral/alkaline medium, which are more
desirable for making an industry scale H2 production [9].
In the recent scenario, the metal dichalcogenide materials
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(MoS2 ) attracted the prime focus of new and improved
electrocatalyst for HER due to the existence of vast edge
active sites, better stability in the experimental condition and
viable synthesis [10]. Electrocatalytic activity of MoS2 can
be further enhanced by increasing the edge active sites [11]
and amplifying the electrical conductivity [12–17], via inclusion of matrix support and promoters viz., Co, Ni and B
[18,19]. A recent study by Swathi et al [20] reported that
microemulsion synthesis-mediated NiMoS2 structure exhibit
better deoxygenation reaction. Particularly, the existence of
porous structure from carbon materials and the formation
of active Ni-Mo-S phase is ascribed for enhanced catalytic
activity. Recent studies have indicated that the MoS2 -based
electrocatalyst showed better HER in the acidic electrolytic
condition. However, the activity in the neutral/alkaline environment needs to be verified for making this catalyst viable in
real industrial conditions. At this point, few studies reported
the electrocatalytic performance of MoS2 in alkaline conditions. For instance, Xing and Yongye et al [21] reported
the better performance of MoS2 catalysts in alkaline condition by modification with Ni. They identified that the
addition of Ni leads to follow the bifunctional mechanism,
in which the proton supply was originated from the water
adsorption dissociation on the nickel hydr(oxy)oxide sites.
As-generated proton undergoes further reaction on the MoS2
surface to generate H2 . The similar conduct, one-dimensional
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MoS2 /Ni3 S2 nanoarrays grown on three-dimensional (3D) Ni
foam was utilized as an HER catalyst in alkaline conditions,
the enhanced activity accounted for the beneficial effect of
MoS2 /Ni3 S2 nanoarrays, with abundant exposed active edge
sites [22]. Likewise, Ni-doped MoS2 was reported for best
HER catalyst in the KOH medium, the enhanced activity was
correlated with kinetic energy barrier diminution in the initial water dissociation step by nickel addition [23]. Though
very few studies available, however, the important points such
as dopant concentration-dependent active site formation and
role of support materials need to be examined for further
enhancement of HER activity of the MoS2 in alkaline condition. Therefore, the present work aimed to enhance the HER
activity of MoS2 in an alkaline environment; two important
approaches were adopted. The first approach involves the utilization of ordered mesoporous carbon (OMC) as a growth
matrix for the formation of finely dispersed MoS2 , and the
second involves modification of MoS2 –OMC by Ni. The
nanoporous-support carbon was derived from nanoporous
silica SBA-15 through the hard-template approach. Physicochemical properties of the developed electrocatalysts were
comprehensively evaluated and their HER activities were
tested in an alkaline medium (KOH). The efficiency of the
different catalysts was correlated with the existence of possible active phases.

2. Experimental
2.1 Materials and methods
All analytical grade chemicals such as sodium molybdate,
thiourea, polyethylene glycol (PEG), tetraethyl orthosilicate,
pluronic P123, HCl, sucrose and H2 SO4 were purchased from
global suppliers like Merck, SD fine and Aldrich chemical
Companies. The solutions for electrochemical studies were
prepared with ultra-pure water of 18 M cm−1 resistivity
(MilliQ, Millipore).

Bull. Mater. Sci.

(2020) 43:145

2.3 Synthesis of Ni-modified MoS2 –OMC catalysts
[NiMoSx –OMC]
The Ni-modified MoS2 –OMC catalysts were prepared by the
hydrothermal method by varying the weight percent of Ni
(1, 3 and 5 wt%) to constant Mo (12 wt%). In a typical synthesis, 0.0314 g of sodium molybdate, 0.037 g of thiourea,
0.005 g of PEG and different concentrations of nickel acetate
(0.00386, 0.0156 and 0.01946 g) were dissolved in 10 ml of
deionized water. The whole solution was stirred for 2 h. Then
0.04 g of OMC support was added to the above mixture and
further stirred for 12 h. The entire solution was transferred into
a Teflon lined autoclave and hydrothermally treated at 180°C
for 24 h. The obtained solid products were dried at 80°C
for 12 h. As-prepared Ni-modified catalysts were labelled as
NiMoS(I)–OMC for 1 wt% Ni, NiMoS(II)–OMC for 3 wt%
Ni and NiMoS(III)–OMC for 5 wt% Ni, respectively.
2.4 Characterization and electrochemical study
The structural properties of all the synthesized materials were
characterized by different techniques. The crystal structure
of the materials was analysed using an X-ray diffractometer
(Bruker-D8 Advance, CuKα radiation; operated at 40 kV).
Surface morphologies were examined using FE-SEM (ZEEIS
X-Max Oxford) and HR-TEM (Tecnai F20) instruments,
respectively. Raman spectroscopy was performed using Renishaw Raman spectroscopy. The electrochemical experiments
were carried out using a CH Instruments model of 1000A, and
the potential values are reported against the reversible hydrogen electrode (RHE) as the reference. The catalyst’s ink was
prepared by taking 1 mg of catalyst per millilitre of water
(1 mg ml−1 ), and then sonicated for 30 min and then drop
casted on a glassy carbon electrode and dried at room temperature. HER activity was measured in N2 -saturated 0.1 M
KOH solution in a three-electrode cell consisting of Ag/AgCl
as reference, platinum as counter and modified glassy carbon
electrode (GCE) as working electrode, respectively.

3. Results and discussion
2.2 Synthesis of OMC support, MoS2 and MoS2 –OMC
catalysts
The mesoporous silica SBA-15 was used as a hard template for
the synthesis of OMC material [24]. The MoS2 material was
synthesized by the hydrothermal method (HT). In a typical
synthesis, calculated amount of sodium molybdate, thiourea
and PEG were dissolved in deionized water. The agitation was
applied for uniform mixing for a period of 2 h and then the
entire solution was hydrothermally treated at 180°C for 24 h.
The resulting MoS2 was washed and dried at 80°C for 12 h.
The same protocol was performed for MoS2 –OMC composite
by adding 0.06 g of OMC, followed by stirring the mixture
for 12 h and hydrothermal treatment at 180°C for 24 h.

The morphology of SBA-15, MoS2 , OMC and NiMoS(x)–
OMC materials was identified through scanning and transmission electron microscopy (FE-SEM and TEM) analysis
(figures 1 and 2). The FE-SEM images of the SBA-15 materials show well-defined wheat-like structure (figure 1a) and the
MoS2 materials exhibit a sheet-like morphology, in which a
large number of sheets were connected (figure 1b). The OMC
material retained the similar wheat-like morphology of parent silica (figure 1c), which proves that the high-temperature
nanocasting synthesis does not alter the structure. Figure 1d–f
represents the morphology of NiMoS(x)–OMC catalysts. All
the three images indicate that the formation of aggregated
perpendicularly exposed sheet-like structure of Ni and Mo
sulphides on the surface of OMC support. These oriented
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Figure 1. FE-SEM images of (a) SBA-15, (b) MoS2 , (c) OMC, (d) NiMoS(I)–OMC, (e) NiMoS(II)–
OMC and (f) NiMoS(III)–OMC with the magnification of 1 µm.

sites may facilitate the reaction rate by improving the electron
transport between the electrolyte and the electrode. Further,
the insight morphological information and the elemental mapping of two catalysts containing high nickel content, such
as NiMoS(II)–OMC and NiMoS(III)–OMC, were examined
using HR-TEM analysis (figure 2). As can be seen, the active
sulphide phase were perfectly covered on the OMC surface.
Figure 2b was taken to illustrate the sole MoS2 structure;
from this analysis, the interlayer distance of MoS2 was found
to be 0.6 nm, which confirms the layered nature of MoS2 . The
elemental mapping analysis from HR-TEM indicates that all

three catalysts exhibit a substantial amount (0.7, 2.5 and 4.6
wt%) of Ni on the final catalysts.
X-ray diffraction (XRD) analysis was performed to identify
the crystallographic nature of the synthesized electrocatalysts
and OMC support (figure 3). Figure 3a illustrates the XRD
pattern of OMC and found that two peaks appeared in the 2θ
range of 25 and 45°, which corresponds to (002) and (100)
plane of the graphitic carbon materials. The XRD pattern of
MoS2 is shown in figure 3b, depicting the existence of distinguished peaks at different 2θ values. The peaks located at
14.4, 33, 40 and 59° are corresponding to (002), (100), (103)
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Figure 2. (a, b) HR-TEM micrographs, (c, d) elemental mapping of NiMoS(II)–OMC, (e, f) HR-TEM micrographs and (g, h) elemental
mapping of NiMoS(III)–OMC catalysts.
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and (110) planes of the hexagonal phase of MoS2 (JCPDS
37-1492). Figure 3c–e represents the XRD pattern of pristine MoS2 –OMC and Ni-modified MoS2 –OMC. Existence
of unique planes of NiS in addition to MoS2 phase suggests
that the active sites of Ni are well overlaid on the prepared
catalyst.
Raman spectroscopy was performed to analyse the different phase existence in nickel-modified MoS2 –OMC and the
defective and graphitic band nature of the OMC (figure 4).
The OMC materials exhibit two distinct Raman peaks at
the range 1350 and 1630 cm−1 corresponding to the defective and graphitic nature of the materials (figure 4a). The
Raman spectra of MoS2 show peaks centred between 100
and 700 cm−1 (figure 4b). The peaks observed around 185,
387, 408, 467 and 645 cm−1 is corresponding to A1g(M)LA(M), E2g(), A1g(), A2u() and A1g(M)+LA(M),
respectively [25]. Figure 4c illustrates the Raman spectrum of
the NiMoS(II)–OMC catalyst. It can be observed that there are
no significant changes in the band structure of the OMC after

(e)

(d)

(c)

(b)

(a)

Figure 3. High-angle XRD pattern of (a) OMC, (b) MoS2 ,
(c) MoS2 –OMC, (d) NiMoS(II)–OMC and (e) NiMoS(III)–OMC
catalysts.
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modification with nickel, which implies the better structural
stability of OMC materials. From the structural (XRD and
Raman) and electron microscopic (FE-SEM and HR-TEM)
analyses, it is assumed that the prepared hybrid structure
has active sites of Ni with retained structural orientation of
MoS2 on OMC material suitable for enhanced electrocatalytic
studies.

3.1 Electrochemical activity results
The electrocatalytic activity of all the synthesized materials was evaluated using the HER in alkaline conditions.
The polarization curves of the various electrocatalysts in
the potential window of 0.2 to –1.0 V vs. RHE at a
scan rate of 5 mV s−1 are shown in figure 5I. All the
synthesized materials exhibit HER performance; the onset
potential significantly varies for different electrocatalysts.
The overpotential for HER of GCE, pristine MoS2 and
MoS2 –OMC exhibit ~735, ~510 and ~400 mV, respectively.
Meanwhile, the nickel-modified MoS2 catalysts showed an
onset overpotential value of ~300, ~180 and ~185 mV for
NiMoS(I)–OMC, NiMoS(II)–OMC and NiMoS(III)–OMC,
respectively. The superior HER activity of nickel-modified
catalysts [NiMoS(II)–OMC and NiMoS(III)–OMC] catalysts
can be inferred from the lower overpotential values and this
might be due to the addition of Ni to MoS2 resulting in the
formation of more HER active sites. In the present approach
of nickel modification, we anticipate that the added Ni may
decrease G H , which accelerate the recombination of adjacent Hads atoms to form H2 . Also, the Ni addition may induce
changes in the electronic state near the Fermi level of the
catalyst, this perhaps enhance the HER activity of nickelmodified catalysts. It is well known that moderate hydrogen
adsorption free energy (G H ) denote the formation of more
free electron and changes in the electronic state near Fermi
level in a catalyst, beneficial for electrocatalytic enhancement [26,27]. The presence of OMC may also act as a good
electron conductor, facilitating HER. To understand the HER
mechanism, the Tafel analyses were carried out using 0.1 M
KOH (figure 5II). Tafel slope values of GCE, MoS2 , MoS2 –
OMC/GCE, NiMoS(I)–OMC/GCE, NiMoS(II)–OMC/GCE
and NiMoS(III)–OMC/GCE were ~190, ~163, ~117, ~110,
~103 and ~100 mV per decade, respectively.
The higher Tafel value of OMC and MoS2 catalysts indicated more sluggish reaction kinetics. However, a significant
improvement of the Tafel values of MoS2 was achieved by
compositing with OMC support. Meanwhile, among the prepared catalysts, lower Tafel values of the nickel-modified
catalysts indicate faster reaction kinetics. The charge transfer
coefficient (α) calculated for different catalysts and the results
indicate that the NiMoS(II) and NiMoS(III) exhibit 0.57 and
0.6, implying the superior HER performance than the other
prepared catalysts. To elucidate the HER mechanism under
alkaline condition, the following steps were considered.
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Figure 4. Raman spectroscopy of (a) OMC, (b) MoS2 and (c) NiMoS(II)–OMC catalysts.

Figure 5. (I) Polarization curves and (II) Tafel plots of different catalysts: (a) GCE, (b) MoS2 –GCE,
(c) MoS2 –OMC/GCE, (d) NiMoS(I)–OMC/GCE, (e) NiMoS(II)–OMC/GCE and (f) NiMoS(III)–
OMC/GCE at a scan rate of 5 mV s−1 .

H2 O + e−  Hads + OH−
−

Hads + H2 O + e  H2 + OH
2Hads  H2

(1)
−

(2)
(3)

The primary step is the electrochemical hydrogen
adsorption step, i.e., the Volmer step (equation 1) and the consecutive steps can be either Heyrovsky step (equation 2) or
the Tafel step (equation 3). According to the reported works,
the second step of the HER mechanism of Ni-modified MoS2
electrocatalyst is the Heyrovsky step than the Tafel steps under

alkaline condition. This is because of the formation of more
electronic clouds around Mo by addition of nickel, which
speed up the H2 desorption steps rapidly [28]. Hence, the
present NiMoS–OMC electrocatalysts may also undergo the
rapid Heyrovsky desorption and produce more H2 in the second step.
The maximum current achieved by all the synthesized catalysts and the durability of the NiMoS(III)–OMC catalyst
were recorded in the same experimental condition (figure 6I
and II). The result indicates that the maximum current of
3 and 5 wt% nickel-modified OMC catalysts reaches close
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Figure 6. (I) Maximum current of different catalysts: (a) GCE, (b) MoS2 –GCE, (c) MoS2 –
OMC/GCE, (d) NiMoS(I)–OMC/GCE, (e) NiMoS(III)–OMC/GCE and (f) NiMoS(II)–OMC/GCE
at a scan rate of 5 mV s−1 . (II) Stability test of NiMoS(III)–OMC at 10 mA cm−2 .

to 60 mA cm−2 , which is higher than all other catalysts.
Meanwhile, the MoS2 -decorated OMC catalyst shows better
current compared to bare GCE and MoS2 catalysts. Electrocatalytic composites comprising 3 and 5 wt% of added Ni
exhibit similar value of maximum current. The durability is
an important phenomenon for developing a better electrocatalyst convenient for industrial scalability. High-performance
electrocatalysts are also expected to have better durability
in terms of withstanding over a long period at the given
experimental condition. To test the durability of the nickelmodified catalyst, the NiMoS(III)–OMC was chosen and the
experiments were carried out in the same alkaline condition
(figure 6II). From the experimental results it can be observed
that NiMoS(III)–OMC exhibit better stability throughout the
studied condition suitable for further application. Based on
the experimental evidence, it is clear that the surface modification strategy, inclusion of Ni, deployed on the pristine
MoS2 supported by OMC enable considerable enhancement
on the electrocatalytic activity towards HER.

4. Conclusion
In summary, the HER performance of MoS2 electrocatalyst
has been improved by dual surface modification strategy.
The primary one is the utilization of OMC as a support
matrix for improved and size restricted the growth of MoS2 ,
which apparently supported the catalyst with better HER performance than the pristine MoS2 . Co-existence of optimal
concentrations of Ni significantly enhanced the HER performance in alkaline conditions, with lowest onset potential and
Tafel slope. Addition of 1 and 3 wt% of Ni concentrations
indicate that the activity of MoS2 is enhanced considerably
and further increment (5 wt%) does not influence much in the
reaction kinetics. The enhancement of nickel-modified catalysts is due to the synergistic effect of Ni active sites and OMC
support effect. With better edge active sites derived from NiS

phase in association with MoS2 , coherently enable the better
electrocatalytic activity of the prepared catalyst.
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