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Abstract: Molybdenum sulfide–oxide (MoS2, MS) emerges as the prime electrocatalyst candidate
demonstrating hydrogen evolution reaction (HER) activity comparable to platinum (Pt). This study
presents a facile electrochemical approach for fabricating a hybrid copper (Cu)/MoS2 (CMS) nanos-
tructure thin-film electrocatalyst directly onto nickel foam (NF) without a binder or template. The
synthesized CMS nanostructures were characterized utilizing energy-dispersive X-ray spectroscopy
(EDS), scanning electron microscopy (SEM), X-ray diffraction (XRD), and electrochemical methods.
The XRD result revealed that the Cu metal coating on MS results in the creation of an extremely crys-
talline CMS nanostructure with a well-defined interface. The hybrid nanostructures demonstrated
higher hydrogen production, attributed to the synergistic interplay of morphology and electron dis-
tribution at the interface. The nanostructures displayed a significantly low overpotential of −149 mV
at 10 mA cm−2 and a Tafel slope of 117 mV dec−1, indicating enhanced catalytic activity compared to
pristine MoS2.This research underscores the significant enhancement of the HER performance and
conductivity achieved by CMS, showcasing its potential applications in renewable energy.

Keywords: electrodeposition; hydrogen evolution reactions; catalytic activity; Cu/MoS2 nanostructures

1. Introduction

Energy and the environment are two major issues that are directly related to sustain-
able growth in society. Fossil fuels such as coal, oil, and natural gas have historically been
thought of as the primary energy source. However, the combustion of fossil fuels releases
detrimental greenhouse gases, notably carbon dioxide (CO2). Addressing this environmen-
tal challenge has prompted investigations into hydrogen as a viable alternative to fossil
fuels [1,2]. Free hydrogen does not exist abundantly and is mainly present in compounds
such as hydrocarbons and water [3]. Water electrolysis is an eco-friendly method for pro-
ducing renewable hydrogen. This electrochemical process involves the anodic generation
of O2, known as the “oxygen evolution reaction (OER)”, and the cathodic generation of H2,
known as the “hydrogen evolution reaction (HER)” [4]. The hydrogen and oxygen evolu-
tion reactions happen only when a specific thermodynamic potential is reached: 0.00 V and
1.23 V for the HER and OER (vs. RHE), respectively [5]. However, in practical applications
water electrolysis often necessitates voltages higher than the thermodynamic potential due
to challenges such as high overpotential and sluggish kinetics [6]. To address this, research
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has been focusing primarily on the design of electrodes, electrocatalysts, and electrolytes to
reduce overpotential and to obtain a better understanding of electrode kinetics [1].

During the HER, the improved electrocatalyst is a critical component that reduces
electrode overpotential resulting in a high current density and enhancing the yield of this
vital electrochemical process [7]. So far, electrocatalysts based on precious metals such
as platinum and palladium have shown significant promise. Nonetheless, their high cost
and unavailability have limited their widespread adoption [8]. As a result, much research
has concentrated on producing electrocatalysts derived from abundant and non-precious
minerals while keeping a remarkable electrocatalytic performance [9]. Earth-abundant
transition-metal dichalcogenides (TMDs), which include two-dimensional (2D) layered
materials, such as MoS2, MoSe2, WS2, WSe2, TaS2, and TiS2, with a general formula of
MX2 (M = transition metal; X = chalcogen), have gained considerable attention in the field
of electrocatalysis owing to their fascinating chemical and electronic features [10]. The
MoS2 structure has piqued the interest of TMDs in the field of electrocatalysts owing to its
S-edges with an ideal Gibbs free energy of hydrogen adsorption (GH*) of 0.06 eV, meaning
that MoS2′s active sites are located along the edges with an energy level close to 0 eV [11].

The mechanism of the HER on different catalysts was studied in 2005 by Jens Nørskov’s
research group using density functional theory (DFT) simulations. Their results showed that
MoS2 nanoparticles’ Gibbs free energy (∆G) for the HER is comparable to Pt’s, suggesting
MoS2′s potential for the HER. Furthermore, subsequent experiments confirmed that the
edges of MoS2 nanosheets are electrochemically active [10]. However, because of their
strong van der Waals contacts across layers and high surface energy, MoS2 nanostructures
tend to stack together, resulting in limited active sites and hindered electron transport. As
a result, the low electrical conductivity and restricted active edges of MoS2 have limited
its broader application [12]. To overcome these problems, the couplings of two or more
material components to produce heterostructure catalysts with rich interfaces have recently
drawn the attention of many researchers in this area [11].

A volcano plot of different catalyst metals depicted that the exchange current density
of Cu is slightly lower than that of the noble Pt-group metals [13], which could mean
that combining Cu with MoS2 could potentially improve the HER performance and con-
ductivity [7]. The incorporation of Cu into the MoS2 catalyst has substantially increased
the catalytic efficiency of the HER [14] and the nanostructure has also exhibited superior
stability in acidic solutions and outstanding electrocatalytic activity with a Tafel slope of
approximately 75.8 mV dec−1 [9]. In this work, an effective, controlled, simple, environ-
mentally friendly, and cost-effective electrochemical deposition method has been employed
for the synthesis of the nanostructures. Therefore, this study introduces a Cu/MoS2 nanos-
tructure catalyst synthesized by a two-step electrodeposition method exhibiting superior
stability in alkaline solutions and promising electrocatalytic activity for HERs.

2. Material and Method
2.1. Chemicals and Reagents

Nickel foam (NF) (purity > 99.99%; surface density 346 g/cm2; and thickness 1.6 mm)
and fluorine-doped tin oxide (FTO) (resistivity 10 × 10−5 Ω/vm2) were obtained from MTI
Korea. All chemicals, HCl (37%), Ammonium molbdate thiosulphate, ((NH4)2MoS4) (99.99%),
KCl (99.95%), CuSO4·5H2O (97%), Ethanol (99.9%), and KOH ACS reagent≥85% pellets, were
purchased from Sigma-Aldrich. All chemicals were used without any further purification.

2.2. Synthesis of MoS2 and Cu/MoS2 Electrocatalysts

The MoS2 (MS) nanoparticles (NPs) were synthesized by a two-step electrochemical
deposition method. The synthesis of MoS2 NPs on nickel foam (NF) was carried out
according to the recently reported literature with a slight modification [15]. Prior to the
deposition, the NF (20 mm length × 10 mm width × 1.6 mm thickness) was sonicated with
1 M HCl for 30 min to remove the oxide layer and the HCl-soaked NF was air-dried to
remove the moisture. The electrochemical deposition was performed in a three-electrode
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cell using the NF (size 1 cm × 1 cm) as the working electrode, platinum wire as the counter
electrode, and a Ag/AgCl electrode as the reference electrode. In the first step of the
process, a voltage of −1.0 V was applied on an electrode immersed in a solution containing
7 mM ((NH4)2MoS4) and 0.1 M KCl for four different deposition times: 100 s, 200 s, 300 s,
and 500 s coded as MS1, MS2, MS3, and MS5, respectively. The prepared MoS2 NPs were
rinsed with water and ethanol and air-dried for 8 h. The Cu/MoS2 (CMS) nanostructures
were deposited with slight modification of a previously reported method [16]. Then, 0.1 M
of CuSO4·5H2O solution was deposited on MS electrode for four different deposition times,
60 s, 80 s, 100 s, and 120 s, at a voltage of −1.0 V, coded as 6-CMS, 8-CMS, 10-CMS, and
12-CMS, respectively. After the electrodeposition, the as-prepared CMS NPs were rinsed
with ethanol and water followed by air-drying for 8 h.

2.3. Characterization of CMS Nanostructure

The crystal structure of the samples was analyzed using X-ray diffraction (XRD) using
XRD-7000 X-RAY DIFFRACTOMETER, SHIMADZU Corporation (Kyoto, Japan). The
morphologies of the synthesized nanomaterial and nanostructures were characterized using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), FE-SEM
S-4700, Hitachi, and TEM, JEM-2100F, JEOL Ltd., Tokyo, Japan. The elemental composition
and distribution were investigated with energy dispersive X-ray spectroscopy (EDS, JEOL-
2010) coupled with scanning electron microscopy (SEM, S-4700), and electrochemical
measurements were carried out using Iviumstat electrochemical interface (Eindhoven,
The Netherlands).

2.4. Electrochemical Measurements

All electrochemical measurements were performed in a standard three-electrode
system using an Iviumstat (Eindhoven, The Netherlands) workstation at room temperature
while using the as-obtained catalysts on the NF as the working electrode (WE), Pt wire
as the counter electrode (CE), and Ag/AgCl electrode as the reference electrode (RE) in
1M KOH as the electrolyte solution. For the HER, the Linear Sweep voltammetry (LSVs)
measurements were carried out at the potential range from −1.5 to 0 V vs. Ag/AgCl at a
scan rate of 2 mV s−1. Electrochemical impedance spectroscopy (EIS) was measured in a
frequency range of 1× 105 to 0.01 Hz at optimized potential of−1.16 V vs. Ag/AgCl. Cyclic
voltammetry (CVs) measurements were carried out from −0.3 to −0.2 V vs. Ag/AgCl at
scan rates of 20, 40, 60, 80, 100, and 120 mV s−1 to estimate the double-layer capacitances
(Cdl) of the catalysts. Chronoamperometry curves were obtained with a constant current
density of 10 mA cm−2. The potentials measured were converted to a reversible hydrogen
electrode (RHE) using the following equation [16]:

ERHE = E◦Ag/AgCl + 0.059 ∗ pH + EAg/AgCl

The electrochemically active surface area (ECSA) was determined through the electro-
chemical double-layer capacitance (Cdl), assessed via straightforward cyclic voltammetry
(CV) measurements conducted in a non-Faradaic region at various scan rates [17]. Figure 1
depicts schematic illustration of the fabrication of CMS nanostructures.
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Figure 1. Schematic illustration of the fabrication of CMS.

3. Result and Discussion
3.1. Fabrication and Characterization of CMS Nanostructures

The Cu/MoS2 (CMS) nanomaterials were synthesized through a two-step electrochem-
ical deposition method, as illustrated in Figure 1. Initially, MoS2 (MS) nanoparticles (NPs)
were electrodeposited onto nickel foam (NF) using a simple and cost-effective method at
an applied potential of −1.0 V vs. Ag/AgCl for four distinct deposition times: 100 s, 200 s,
300 s, and 500 s, denoted as MS1, MS2, MS3, and MS5, respectively. The resulting MS was
thoroughly cleaned using deionized (DI) water before being left to dry. Subsequently, 0.1 M
CuSO4·5H2O solutions were electrodeposited onto the optimized MoS2 (MS) electrode for
four different depositions time (60 s, 80 s, 100 s, and 120 s) at a voltage of −1.0 V, resulting
in the synthesis of 6-CMS, 8-CMS, 10-CMS, and 12-CMS, respectively. The electrochemical
deposition of MoS2 resulted in the NF turning from silvery to black. Subsequently, the
black color transformed into reddish-brown upon Cu deposition on MS/NF, indicating the
successful deposition of MoS2 and Cu/MoS2, respectively (see Figure S1).

The crystalline phases of the electrodeposited CMS/FTO films were characterized by
XRD. Figure 2a reveals that there are no apparent XRD peaks of MS indicating amorphous
MS films [16]. The presence of Cu has been confirmed by the peaks at 43.29, 50.4, and 74.13
with the crystal planes (1 1 1), (2 0 0), and (2 2 0), respectively (JCPDS card no. 04–0836) [7].
The FTO conductive glass substrate’s XRD pattern shows the characteristic diffraction
peaks at 27◦, 35◦, 39◦, 52◦, 55◦, 62◦, 67◦, and 79◦ which are attributed to the tetragonal SnO2
(JCPDS card no. 41-1445) of the CMS/FTO film (JCPDS No. 01-077-0452). The CMS/FTO
has been used instead of the CMS /NF film for XRD analysis due to the high background
signal of Ni generated by NF. High-Resolution Transmission Electron Microscopy (HRTEM)
images in Figure 2b show an interplanar distance of 0.25 nm compatible with the interplanar
distance of the the Cu (111) crystallographic plane, which is also in agreement with the XRD
results (Figure 2a). Figure 3c shows the selected area electron diffraction (SAED) pattern
of CMS NPs displaying a distinct ring pattern. This regular ring pattern is indicative of
the existence of crystalline Cu NPs. The lattice fringes characterized by spacing values of
0.25 nm, 0.2271 nm, and 0.1261 nm correspond to the (1 1 1), (2 0 0), and (2 2 0) planes of
Cu, respectively, aligning remarkably well with the XRD pattern [7].
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Figure 2. (a) XRD spectrum of bare FTO, MS/FTO, and 10-CMS/FTO NPs, (b) HRTEM images and
(c) SAED images of 10-CMS nanostructures.

As depicted in Figure 3a, the SEM analysis reveals that MS exhibits spherical particle
shapes with a particle size of 246. The large size of the particles results in a small surface area
to volume ratio and limited active sites of the material that negatively affects its catalytic
activity. On the other hand, the electrodeposition of Cu on MS resulted in spherically
shaped and uniformly distributed particles with a particle size of 154 nm (Figure 3b). This
indicates that Cu has played a crucial role in dispersing the MS particles on the substrate,
leading to an increase in the surface area to volume ratio and active sites available for
catalysis which could significantly improve the catalytic activity of CMS.



Micromachines 2024, 15, 495 6 of 13

Micromachines 2024, 15, x FOR PEER REVIEW 6 of 13 
 

 

examined by TEM. Figure 3e shows the TEM micrographs of 10-CMS exhibiting very 
finely grained Cu NPs with spherical shapes which agrees with the result obtained from 
the SEM image (Figure 3b). The EDS analysis shown in Figure S2 confirms the presence 
of Mo, Cu, S, O, and Ni (from NF) in the sample. Furthermore, the air contact causes 
CMS�s surface to be oxidized which may be the cause of the oxygen peaks [9]. 

 
Figure 3. SEM images of (a) MS, (b) 10-CMS NPs, (c,d) the corresponding elemental mapping, and 
(e) TEM image of 10-CMS NPs. 

3.2. HER Catalytic Performance 
The as-synthesized materials (MS, CMS) were utilized directly as HER working 

electrodes, platinum wire served as a counter electrode, and Ag/AgCl was used as the 
reference electrodes in a three-electrode system to analyze the electrochemical perfor-
mance of the materials. The electrochemical behavior for the HER of all the materials 
was analyzed in alkaline media (1M KOH at a scan rate of 2.0 mV/s). In order to opti-
mize the catalytic activity of MoS2 in the HER, the deposition time of MoS2 was varied at 
a constant concentration (7 mM) and potential (−1 V). Considering the results of the lin-
ear sweep voltammetry (LSV) and cyclic voltammetry (CV) shown in Figure S3a,b, the 

Figure 3. SEM images of (a) MS, (b) 10-CMS NPs, (c,d) the corresponding elemental mapping, and
(e) TEM image of 10-CMS NPs.

The elemental mapping data provide additional information about the distribution
of elements on the sample surface. Accordingly, the map shows the uniform distribution
of Cu on the surface, appearing as bright spots, Figure 3c,d. Moreover, the Mo and S
elements appear to be more evenly distributed across the surface, suggesting that the MoS2
layer is still present and intact despite the presence of Cu. To further study the detailed
microstructure of the as-prepared products, CMS was scratched from the NF and examined
by TEM. Figure 3e shows the TEM micrographs of 10-CMS exhibiting very finely grained
Cu NPs with spherical shapes which agrees with the result obtained from the SEM image
(Figure 3b). The EDS analysis shown in Figure S2 confirms the presence of Mo, Cu, S, O,
and Ni (from NF) in the sample. Furthermore, the air contact causes CMS’s surface to be
oxidized which may be the cause of the oxygen peaks [9].

3.2. HER Catalytic Performance

The as-synthesized materials (MS, CMS) were utilized directly as HER working elec-
trodes, platinum wire served as a counter electrode, and Ag/AgCl was used as the reference
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electrodes in a three-electrode system to analyze the electrochemical performance of the
materials. The electrochemical behavior for the HER of all the materials was analyzed in
alkaline media (1M KOH at a scan rate of 2.0 mV/s). In order to optimize the catalytic activ-
ity of MoS2 in the HER, the deposition time of MoS2 was varied at a constant concentration
(7 mM) and potential (−1 V). Considering the results of the linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) shown in Figure S3a,b, the MS2 exhibited a better
HER performance compared to the MS1, MS3, and MS5 NPs. The CV and LSV results
showed that the MS2 had a larger area under the HER peak and a lower overpotential than
MS3 and MS5. The larger area under the HER peak indicates a higher level of catalytic
activity towards the HER, whereas the lower overpotential indicates a more efficient HER
process [18]. The decreased HER performance of MS3 and MS5 compared to the MS2 can
be attributed to the mass loading on the NF surface. Due to the high mass loading of the
catalyst on the electrode, not every surface of the catalyst can actively engage in electro-
chemical reactions. This limitation arises because not all areas of the catalyst’s surface can
be adequately wetted by the electrolyte, particularly in regions distanced from the interface
between the electrolyte and the surface of the casted catalyst layer on the electrode [19].
Furthermore, the amount of Cu deposited in the host material of MoS2 materials has been
tuned. Accordingly, as shown in Figure S4, large CV curve areas have been obtained for
all MS electrodes coated with Cu (6-CMS, 8-CMS, 10-CMS, and 12-CMS) as compared
with MS-only electrodes. Among all CMS electrodes, 10-CMS has shown the largest area
resulting in an increase in the electro-catalytic activity for the HER. The inclusion of Cu
in MS boosted the conductivity of the nanostructure as Cu NPs can act as electron donors
providing electrons to the MS. This transfer of electrons can promote the catalytic activity
of both materials, leading to a greater overall catalytic activity than either material alone.
Furthermore, the resulting hybrid has a large number of active HER catalytic sites due to
the number of accessible edges resulting from the small size and irregular shape of MS.
Through its synergistic effect with nano-sized MS, the copper coating not only increased
the catalyst’s electrical conductivity, but also increased its catalytic activity [7]. However,
for 12-CMS, the area of the CV curve diminished due to the fact that the overloaded Cu
NPs restricted the hydrogen/electron transfer process, negating the beneficial effect of
mechanical strain on the MoS2 (MS) NPs’ electrochemical activity in the direction of the
HER. High charge transfer resistance and inadequate in-plane alignment are the causes of
this effect [20].

Figure 4a shows LSV curves of NF, MS, 6-CMS, 8-CMS, 10-CMS, and 12-CMS. To
achieve a current density of 10 mA cm−2, nickel foam (NF) necessitates a voltage of
−0.378 V, while MoS2 (MS) requires −0.258 V, and 10-CMS requires only −0.149 V vs.
the reversible hydrogen electrode (RHE). This represents a reduction of approximately
1.736 times compared to the MS nanostructure at 10 mA cm−2. After Cu and MS were
successfully combined, there was a noticeable cathodic change in the onset potential, which
suggests that a Cu and MS nanostructure combination significantly enhanced the electrocat-
alytic performance of the MS nanostructure. Additionally, as illustrated in Figure 4b, a clear
comparison of overpotential is presented, revealing that 10-CMS exhibits notably small
overpotential. Furthermore, the high hydrogen evolution reaction activity of 10-CMS is
comparable with many previously reported MS-based CMS/NF electrocatalysts, as shown
in Table 1.



Micromachines 2024, 15, 495 8 of 13Micromachines 2024, 15, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 4. (a) LSV polarization curves at a scan rate of 2 mV s−1, (b) overpotential comparison, (c) 
Tafel curve of various CMS NSs carried out under a constant current density of 10 mA cm−2, and 
(d) capacitive current differences (Δ𝑗 = 𝑗𝑎𝑛𝑜𝑑𝑒 − 𝑗𝑐𝑎𝑡ℎ𝑜𝑑𝑒) at −0.25 V vs. Ag/AgCl. 

Table 1. Comparison of the electrocatalytic activity of the as-prepared CMS (current density of 10 
mA cm−2) nanomaterial toward HER with previously reported MoS2-based catalysts. 

Prepared Sample Electro-
lyte 

Over-Pote
ntial η 
(mV) 

Synthesis Method Ref 

10-CMS KOH 149 Electrodeposition Method This work 
MWCNTs@Cu@

MoS2 H2SO4 146 Solvothermal Method [21]  

MoS2/Cu KOH 160 Etching Method [9] 

Ag-Ag2S/MoS2 H2SO4 150 Microwave-assisted tech-
nique 

[12] 

Etched MoS2 H2SO4 316 One-step micro-
wave-assisted method 

[7] 

MoS2 Quantum 
Dot 

H2SO4 190  Hydrothermal Method [22] 

MoS2NTs array H2SO4 296 Electrophoretic Deposi-
tion 

[8] 

Cu-MoS2-SV H2SO4 197  Chemical Etching Method [23]  

Cu9S5@MoS2 KOH 146 
Chemical Vapor Deposi-

tion (CVD) [24]  

In electrochemistry, the reaction kinetics of electrochemical reactions are described 
by a Tafel slope. The sensitive response of the current to overpotential can be illustrated 
by plotting the logarithm of the current density (log(j)) against η [17]. Faster reaction ki-

Figure 4. (a) LSV polarization curves at a scan rate of 2 mV s−1, (b) overpotential comparison,
(c) Tafel curve of various CMS NSs carried out under a constant current density of 10 mA cm−2, and
(d) capacitive current differences (∆j = janode − jcathode) at −0.25 V vs. Ag/AgCl.

Table 1. Comparison of the electrocatalytic activity of the as-prepared CMS (current density of
10 mA cm−2) nanomaterial toward HER with previously reported MoS2-based catalysts.

Prepared Sample Electrolyte Over-Potential η (mV) Synthesis Method Ref

10-CMS KOH 149 Electrodeposition
Method This work

MWCNTs@Cu@MoS2 H2SO4 146 Solvothermal Method [21]

MoS2/Cu KOH 160 Etching Method [9]

Ag-Ag2S/MoS2 H2SO4 150 Microwave-assisted
technique [12]

Etched MoS2 H2SO4 316
One-step

microwave-assisted
method

[7]

MoS2 Quantum Dot H2SO4 190 Hydrothermal Method [22]

MoS2NTs array H2SO4 296 Electrophoretic
Deposition [8]

Cu-MoS2-SV H2SO4 197 Chemical Etching
Method [23]

Cu9S5@MoS2 KOH 146 Chemical Vapor
Deposition (CVD) [24]

In electrochemistry, the reaction kinetics of electrochemical reactions are described by
a Tafel slope. The sensitive response of the current to overpotential can be illustrated by
plotting the logarithm of the current density (log(j)) against η [17]. Faster reaction kinetics
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are indicated by a lower Tafel slope value, while slower reaction kinetics are indicated by a
greater Tafel slope value and this is typically calculated using the Tafel equation: η = blog
J + a [12]. The rate-limiting step of the HER can be inferred from the Tafel slope, which
indicates different reaction mechanisms via Volmer–Heyrovsky reactions between 40 and
120 mV dec−1 or Volmer–Tafel reactions between 29 and 39 mV dec−1 [5]. As shown in
Figure 4c, Tafel slopes of 10-CMS are around 117 mV dec−1 in the 40–120 mV dec−1 range
suggesting that the Volmer–Heyrovsky mechanism might have been followed by the HER
process on the electrode surface in conjunction with the reaction mechanism.

H2O + e− + ∗ → H* + OH− (Volmer reaction)

H* + H2O + e− → H2 + OH− + ∗ (Heyrovsky reaction)

where ∗ is active site. This suggests that the barrier of the electrochemical water dissociation
controls the first electron transfer step (Volmer step). CV is a helpful method to calculate
the electrochemically active surface area [12]. The CV measurements were carried out
in 1 M KOH at different scan rates between 20 and 120 mV s−1, within the potential
window of −0.3 to −0.2 V vs. Ag/AgCl, as shown in Figure S5. The values of the double-
layer capacitance (Cdl) for NF, MS, 6-CMS, 8-CMS, 12-CMS, and 10-CMS are determined
by calculating the slope of the current density vs. the scan rate. The values were 0.36,
0.8, 0.96, 1.12, 1.26, and 4.8 µF, respectively, as shown in Figure 4d. The Cdl values are
normalized by CS (specific capacitance) to find out the ECSA. The specific capacitance
value for a standard with 1 cm2 of real surface area can be used to further convert the
Cdl into ECSA [25]. A flat surface’s specific capacitance typically ranges from 0.02 to
0.06 mF cm−2. Based on commonly reported values, a specific capacitance of 0.04 mF
cm−2 was used for this work, which is a typical value for a metal electrode in an aqueous
1M KOH solution [26]. The calculated ECSA values for NF, MS, 6-CMS, 8-CMS, 12-CMS,
and 10-CMS are 0.009, 0.02, 0.024 0.028, 0.0315, and 0.121 cm2, respectively. Additionally,
10-CMS exhibits stronger electrocatalytic activity than MS, as evidenced by the improved
double-layer capacitance and ECSA. A further measure used to analyze an electrocatalyst’s
electrocatalytic performance is the roughness factor (Rf). Values for the Rf (active site
per unit surface area) are calculated by normalizing ECSA using geometric surface areas
(1 cm2) [5]. The highest Rf value of 0.121 was determined for 10-CMS.

An additional quantitative metric for analyzing an electrocatalyst at a specified over-
potential value is the turnover frequency (TOF). The number of moles of O2/H2 evolved
in a unit of time is known as the catalyst’s TOF [27]. The following formula was used to
determine the TOF for the HER.

TOF =
|J| A
2F·n

where A is the geometric area of the working electrode (1 cm2), F is the Faraday constant
(96,485 C·mol−1), and n is the number of active sites. In the LSV measurement, |J| (A·cm−2)
is the current density at a fixed voltage. By integrating the acquired CV curve, one may
determine the charge Q, which is proportional to the number of active sites (n). Thus, the
following equation was used to determine the active sites:

n =
Q
2F

=
I·t
2F

=
I·V/u

2F
=

S
2F·v

where S is the integrated effective reduction area, I is the current (A), V is the voltage
(V), and v is the scan rate [28]. Using the reduction area of the CV curves recorded at
50 mVs−1, as shown in Figure 5, the surface’s active site concentrations were calculated
and found to be 2.1 × 10−6 atoms cm−2, 2.8 × 10−6 atoms cm−2, 3.4 × 10−6 atoms cm−2,
3.95 × 10−6 atoms cm−2, 3.83 × 10−6, and 5.2 × 10−6 atoms cm–2 active components for
NF, MS, 6-CMS, 8-CMS, 12-CMS, and 10-CMS, respectively. The addition of more copper
nanomaterial (Cu) to molybdenum disulfide (MoS2) results in a slight increase in the
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concentrations of the number of active sites. The calculated TOF for 10-CMS was found
to be 22 s–1 at 240 mV, which is higher than those of NF (12.5 s−1), MS (14 s−1), 6-CMS
(16 s−1), 8-CMS (19 s−1), and 12-CMS (18.4 s−1), indicating the superior intrinsic HER
activity of 10-CMS.
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Electrochemical impedance spectroscopy (EIS) was utilized to investigate the kinetics
of the electrode at the electrolyte/electrode interface [29]. The charge transfer between the
electrolyte and the electrocatalyst is a crucial factor that affects the efficiency of the HER
process. The EIS analysis aids in identifying both the solution resistance and charge transfer
resistance which arises from charge transport at the interface between the electrocatalyst
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and electrolyte. A lower value indicates a faster rate of charge transfer [12]. The results
depicted in Figure 6a indicate that 10-CMS has a smaller Rct value of 2.704 Ω compared
to MS (16.9 Ω) and bare NF (25.7 Ω), indicating a more rapid charge transfer rate that
is beneficial for an efficient HER process. This suggests that 10-CMS is a more effective
electrocatalyst for the HER process compared to the other materials. The stability of an
electrode can be evaluated by performing chronoamperometry, which involves applying
a constant potential to the electrode and measuring the resulting current over time. In
this case, the 10-CMS electrode produced a constant current density of 10 mA/cm2 for a
continuous 24 h period, as shown in Figure 6b, suggesting that the electrode is stable and
has good electrocatalytic activity for the reaction being studied.
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4. Conclusions

In this study, the electric-field-assisted synthesis method has been employed for
synthesizing highly dispersed CMS catalysts with improved catalytic activity for the HER.
The 10-CMS catalysts exhibited the highest hydrogen production due to the synergistic
effect of the morphology and electron distribution across the interface, exhibiting a low
overpotential of −149 mV at 10 mA cm−2 and a Tafel slope of 117 mV dec−1, showing
superior catalytic activity than bare MoS2. In addition, the Cu deposited on the MoS2
surface served as active sites for the HER and improved the electrical conductivity of
the MoS2 substrate by facilitating electron transfer during the HER. Hence, the findings
of this study highlight the potential of the electric-field-assisted synthesis method and
modifications to the MoS2 substrate in improving the performance of MS-based catalysts
in HER catalysis. Furthermore, this study contributes to the development of efficient
and cost-effective catalysts for the HER and advances the progress towards a sustainable
hydrogen economy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi15040495/s1, Figure S1: Digital photographs of (a) bare NF,
(b) MS, and (c) CMS NSs; Figure S2. SEM-EDS spectrum of 10-CMS; Figure S3. (a) CV curves recorded
at a scan rate of 50 mV s−1, Electrochemical performance of various MS NSs electrodes carried out
under a constant current density of 10 mA cm−2 in 1 M KOH aqueous solution. (b) HER polarization
curves; Figure S4: CV curves of NF, MoS2, and CMS s recorded at a scan rate of 50 mV s−1. Figure S5:
Double layer capacitance measurements with scan rates at 20, 40, 60, 80, 100 and 120 mV s−1 in the
region of –0.3 to –0.2 V vs. Ag/AgCl for CMS/NF.
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