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Abstract

To replace Pt-based compounds in the electrocatalytic hydrogen evolution reaction
(HER),Mo0S; has already been established as an efficient catalyst. The electrocatalytic
activity of MoS, is further improved the morphology and the electronic structure
through coating, which helps the band energy position to be modified .Presently,
Cu/MoS;nanostructure is synthesized via electrodeposition technique.The synthesized
Cu/MoS;nanostructure were characterized using various analytical techniques,
including X-ray diffraction, scanning electron microscopy, and energy dispersive
X-ray spectroscopy. The results indicate that the coating of MoS; by Cu metal is leads
to the formation of highly crystalline Cu/MoS, nanostructure with a well-defined
interface.The electrochemical properties of the Cu/MoS; nanomaterial were evaluated
using linear sweep voltammetry, cyclic voltammetry and Electrochemical impedance
spectroscopy. The optimized Cu/MoS; nanostructure which exhibit low overpotential of
-149 mV and a Tafel slope of 117 mV/dec, indicating superior catalytic activity
compared to bare MoS,. This study provides combining Cu with MoS; could potentially
improve the HER performance and conductivity, which can have significant
implications for renewable energy applications.

Keywords: Electrodeposition, Hydrogen Evolution Reactions, Catalytic Activity,
Molybdenum disulfide and Nanostructure.
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CHAPTER ONE

1. INTRODUCTION
1.1 Background of the study

Sustainable development of society is closely linked to two critical concerns: energy and the
environment. To date, fossil fuels - including natural gas, oil, and coal - have been
considered the primary energy source, meeting approximately 85% of the world's energy
demand. However, burning of fossil fuels, results in the release of greenhouse gases (such as
CO,, SOy, and NOy) (Samantara & Ratha, 2019). Studies conducted in this field have
brought attention to the possibility of hydrogen being a suitable substitute for fossil
fuels(Alonso-Vante et al., 2019). Free hydrogen does not exist abundantly and is mainly
present in compounds like hydrocarbons and water (Tiwari et al., 2018).Three distinct
pathways are utilized for hydrogen production:(1) steam methane reforming, (2) coal
gasification, and (3)water electrolysis (Alonso-Vante et al., 2019).Water electrolysis is an
eco-friendly method for producing renewable hydrogen. This electrochemical process
involves the anodic generation of O,, known as the "oxygen evolution reaction”, and the
cathodic generation of H,, known as the "hydrogen evolution reaction™ (Herbaut et al.,
2021). The hydrogen and oxygen evolution reactions happen only when a specific
thermodynamic potential is reached:0.00 V and 1.23 V for hydrogen generation (HER) and
oxygen generation (OER) (vs. RHE), respectively (Briefs & Materials, 2018).In practical
applications, water electrolysis typically requires a higher voltage than the thermodynamic
potential to overcome unfavorable factors like high overpotential and sluggish kinetics(Bhat
& Nagaraja, 2021). As a result, energy researchers are primarily focused on reducing
overpotential by enhancing electrodes, electrocatalysts, and electrolytes, or by gaining
further knowledge about the kinetics of electrode reactions(Samantara & Ratha, 2019).

During the HER, the advanced electrocatalyst is a key component that reduces the

overpotential of electrodes to be low, producing a high current density and consequently

increasing the yield of this important electrochemical process(J. Cao et al., 2017a) .Thus far,

electrocatalysts that utilize precious metals like platinum and palladium have exhibited

considerable potential. Nevertheless, their extensive expense and scarcity have impeded

their broad implementation(Pataniya & Sumesh, 2022). As a result, the majority of research
1



has been focused on developing electrocatalysts that are sourced from abundant and
non-preciousmaterialswhile still retaining exceptional electrocatalytic activity(llyas, Raziq
et al, 2021).Earth-abundant transition-metal dichalcogenides (TMDs) with a general formula
of MX; (M = transition metal; X = chalcogen), including two-dimensional (2D) layered
materials like MoS,, WS,, MoSe,, WSe,, TaS,, and TiS,, have gained considerable attention
in the field of electrocatalysis owing to their fascinating chemical and electronic features(F.
Wang et al., 2015).MoS;nanosheets have garnered considerable attention in the field of
electrocatalysis among TMDs, primarily because of their S-edges, which have an optimal
Gibbs free energy of hydrogen adsorption(AGH*) of 0.06 eV.This implies that the active
sites of MoS; are situated at the edges with an energy level that is nearly 0 eV(Sun & Meng,
2021).

In 2005, Jens Narskov's research group investigated the mechanism of HER on various
catalysts utilizing density functional theory (DFT) calculations. Their findings revealed that
the Gibbs free energy (AG) of MoS; nanoparticles for HER is similar to that of Pt, indicating
MoS;'s potential for HER. Furthermore, subsequent experiments confirmed that the edge of
MoS;nanosheets is electrochemically active(F. Wang et al., 2015).Experimental and
theoretical findings have also suggested that the active sites of MoS,, located at the basal
planes, are usually catalytically inactive(Y. Li et al., 2011). However due to their high
surface energy and interlayer van der Waals interactions, MoS, 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 MoS, have limited its broader
application(Sharma et al., 2021). To overcome these problems, the couplings of two or
more material components to produce heterostructures catalysts with rich interfaces have

recently drawn attention of many researchers in this area(Sun & Meng, 2021).

A volcano plotwas generated to depict the relationship between the exchange current
density,Cu has a slightly lower exchange current density than the noble Pt-group metals(F.
Li, Zhang, et al., 2015). Thus, combining Cu with MoS; could potentially improve the HER
performance and conductivity(J. Cao et al., 2017b). Incorporating Cu into the MoS; catalyst
substantially increases the catalytic efficiency of HER(Gudal et al., 2022). The MoS,/Cu
electrocatalyst exhibits excellent electrocatalytic activity and high stability in acidic
solutions, as evidenced by a good Tafel slope of approximately 75.8 mV dec™(llyas, et. al
2021).Therefore, this work presents Cu/MoS;nanostructure catalyst synthesized by two step
2



electrodeposition method as an excellent electrocatalytic activity and high stability material
in the alkaline solution for HER.

1.2 Statement of the Problem

The practical application of MoS,-based catalysts for the hydrogen evolution reaction
(HER) is limited by the high overpotential required which is a result of limited active
sites on the surface of MoS; and its low electrical conductivity. To address this limitation,
the coupling of two or more components can be used to produce heterostructures with rich
interfaces. The construction of heterostructures can regulate the interface electronic
structure and trigger charge-transfer kinetics which can improve the catalytic performance
of materials (Sun & Meng, 2021). In this work, Cu-based nanomaterials was chosen for the
heterostructure with MoS, due to their important properties including a Gibbs free energy
of adsorbed atomic hydrogen that lies below those of the noble Pt-group metals, high earth

abundance, low-cost of transition metals, nontoxicity, and ease of preparation.
1.3. Objectives of the Study

1.3.1. General Objective

The main objective of this work was to synthesize Cu/MoS, nanostructures using
electrodeposition assisted method and study its electrocatalytic performance for hydrogen

generation reaction.

1.3.2. Specific Objectives

The specific objectives of this study were:
I. To synthesize Cu/MoS;nanomaterials by electrochemical deposition
method.
ii. To characterize the synthesized Cu/MoS, nanomaterial using XRD, SEM,
EDS, TEM, HRTEM and SAED techniques.
iii. To probe the electrochemical performance of Cu/MoS; towards HER.
\2 Compare the HER performance of the Cu/MoS, Nanostructure

electrocatalyst with that of single MoS..



1.4. Significance of the Study

This study is significant for sustainable energy production as it focuses on developing
efficient and sustainable methods for hydrogen gas production through electrochemical
hydrogen evolution. By addressing current electrocatalysts limitations and proposing
innovative solutions, this research contributes to the transition towards a clean and
renewable energy future, diminishing dependence on fossil fuels and mitigating
environmental consequences. Additionally, the study tackles economic challenges
associated with large-scale hydrogen production by exploring alternative catalyst materials
and design strategies, intending to reduce expenses and enhance scalability. The research
also enhances understanding of the hydrogen evolution reaction, leading to the
development of improved catalyst materials, optimized electrode structures, and enhanced
reaction conditions. These technological advancements have broader implications in
electrochemistry and catalysis beyond hydrogen evolution, impacting various fields and

applications.
1.5. Scope of the Study

The scope of this study was limited to synthesis of Cu/MoS;nanostructure by using facile
electrochemical deposition method, characterization of the Cu/MoS, nanostructure using SEM,
TEM, HRTEM, EDS, and XRD techniques, and examination of the performance of Cu/MoS,for
HER.



CHAPTER TWO

2. Literature Review

2.1. Hydrogen Energy

The principal drivers behind a sustainable energy vision of our future centre on the need to
reduce global carbon dioxide emissions and improve local (urban) air quality, ensure
security of energy supply and move towards the use of sustainable local energy resources,
and create a new industrial and technological energy base, crucial for future economic
prosperity(Edwards et al., 2007). Despite the advances in renewable energy, fossil fuels
seem to continue to dominate the energy sector in near future(Apak et al., 2017). Figure 1
shows hydrogen as an energy carrier linking multiple hydrogen production methods through

storage to various end-users.

natural gas coal, oil transport
» steam reforming - gasification applications
(with CO, capture) | |* partial oxidation
* pyrolysis (with CO, capture) stationary/

+ plasma reforming domestic
electricity/heat

solar energy generation

» electrolysis of water /

» photolytic slpllitting of water locally
« thermal splitting of water \L i
. _—P | stored energy
wind, hydro, wave / 2 \ balancing of
» electrolysis of water renewable
electricity

- roduction
fission/fusion biomass P!
« electrolysis of water » fermentation srtable
SIS - Y or
« thermal splitting of water » gasification portabl
o pyrolysis electronics
sustainable hydrogen hydrogen
Yarog Y
hydrogen production storage utilization
ydrogen p 2

FIGUREL1:Hydrogen as an energy carrier linking multiple hydrogen production methods,
through storage to various end-users. Shaded production routes can involve substantial

carbon dioxide (by-product) generation(Edwards et al., 2007).



All modern-day assessments of global energy futures take the view that the growth in
demand must be met increasingly by a diverse energy mix, including renewable or
sustainable energy sources(Edwards et al., 2007).Hydrogen energyis seen as a
renewable power system that is an alternatively convenient storage and transmission
vector(Apak et al., 2017).Hydrogen used as fuel, a storage medium for electricity,
transportation and portable electronics(Rosen & Koohi-Fayegh, 2016).Free hydrogen does
not exist abundantly and is mainly present in compounds like hydrocarbons and water
(Tiwari et al., 2018). As summarized in Figure 1, hydrogen can be obtained from diverse
resources, both renewable (hydro, wind, wave, solar, biomass and geothermal) and
non-renewable (coal, natural gas and nuclear) (Edwards et al., 2007).

2.1.1Electrocatalytic Water Splitting

A possible solution to the problem of energy sustainability is electrochemical water splitting
for large-scale hydrogen synthesis. An aqueous electrolyte, an anode, and a cathode make up
the majority of electrolyzers. In order to accelerate the overall water splitting reaction, the
bifunctional HER-OER catalysts are applied to both the anode and cathode respectively.This
can take place at the anode and cathode when an external voltage is supplied between the
two electrodes(Samantara & Ratha, 2019). Depending on the electrolytes in which water
splitting proceeds, the water splitting reaction can be described as shown below(Briefs &
Materials, n.d.).

Total reaction: 2H,0O — 2H;, + O, (1)

In acidic solution

Anode:2H,0 — 4H + + O, + 4¢” (2)
Cathode:4H+ + 4e” — 2H> 3)
In neutral or alkaline solution
Anode: 4OH ™ — 2H,0 + O, + 4e” 4)
Cathode:4H,0 + 4e¢™ — 2H, +40H ~ (5)

The bulk of known bifunctional HER-OER catalysts function in alkaline electrolytes.

Compared to acidic electrolytes, alkaline electrolytes enable the substitution of expensive

6
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transition metal and/or functional catalysts for expensive precious Pt, Ir, or Ru-based metal
catalysts (Tiwari et al., 2018)

However, HER is slower in alkaline media than acidic media. This is because water
dissociation half-cell reaction takes place at the cathode (HER) of electrolysers operating
under alkaline conditions instead of anode (OER) for electrolysers operating under acidic
conditions(Tiwari et al., 2018). The theoretical potential of the electrochemical water
splitting is 1.23 V, but due to the sluggish reaction kinetics and poor activity of the working
electrodes, the water splitting potential exceeds 1.8 V, in practice, which includes two half
reactions of HER at the cathode and OER at the anode(Anantharaj et al., 2016). Higher
potential values of cathodic potential (Ec)and anodic potential (E,) vs the normal hydrogen
electrode (NHE) than the theoretical value are needed to carry out the water splitting mainly
for overcoming the cathodicoverpotential () and anodic overpotential (n,) , others
overpotential (Nother) and reactions’ activation hindrances including contact resistance and
solution resistance. Therefore, the potential of the overall water splitting is given as follows
(Anantharaj et al., 2016):

Vop =1.23V tn+ |T]c |+ Nother (6)

In view of this, the primary challenge for research is to develop efficient bifunctional water
splitting electrocatalysts, preferably based on low-cost and earth-abundant elements so that

Ne and |nc | are minimized and the water splitting efficiency is improved

2.1.2 Mechanism of Hydrogen Evolution Reaction

HER with two-electron transfer is generally recognized as an adsorption—desorption
process of the intermediates possibly involving three principal steps for the reduction of
protons in acidic media or water molecules in alkaline media to produce H,(Huang et al.,
2020).

(i) Inacid medium:

1: Volmer reaction: In this step the H* ion combine with an electron and get adsorbed onto
the catalytic active site (Briefs & Materials, 2018).

H*(aq) + & — Hags @)



2: Heyrovsky reaction: The adsorbed hydrogen atom interacts with a proton from the
solution and an electron producing an electrochemical desorption (Alonso-Vante et al.,
2019).

*Hyg+e +H — Hy+x (8)

3 Tafel reaction: Another possible way for desorption of hydrogen is the recombination
reaction or Tafel reaction in which two adsorbed hydrogen atoms form molecular hydrogen
as (Tiwari et al., 2018) .

Hags + Hags — Hz(g) (9)
(i) Inalkaline medium:

Since in the alkaline medium the OH ions are abundantly present, so the reaction
proceeds as per the following steps:

1. Volmer reaction: proceeds as indicated in eq. (4). The molecular water is reduced by
an electron to generate an adsorbed hydrogen atom at the electrode surface(Alonso-Vante et
al., 2019):

M+H,O+e — M-Hy+OH (10)

2 . Heyrovsky reaction: The adsorbed hydrogen atom couples with a water molecule and

an electron allowing the electrochemical desorption of hydrogen (Briefs & Materials, 2018).
M-Hyq+e +H,0 — Hy'x + OH™ (11)
3. Tafel reaction: Chemical desorption (Huang et al., 2020)
2M—Ha4s — 2M + Hj (both acidic and alkaline mediums)  (12)

Both Volmer—Heyrovsky and Volmer—Tafel pathways involve the formation of an H
intermediate (H*). The rate-determining step in the HER process is defined as the reaction
step with the largest kinetic activity barrier, and it is very important to determine the
rate-determining step(Zhao et al., 2021).1t has been revealed that for a Tafel RDS (Rate
Detarmaning Step) the slope is 29 mV/dec, whereas for the Heyrovsky and VolmerRDS,
the slopes are 39 and 118 mV/dec. respectively (Briefs & Materials, n.d.) . If the Volmer
reaction is the rate-determining step, then the catalytic material needs more edges and
cavities in the surface to promote hydrogen adsorption and electron transfer. However, if the

Heyrovsky or Tafel reaction is the rate-limiting step, then increasing the reaction area can



increase the reaction rate(Zhao et al., 2021). AGy+ is an important criterion to estimate the
activities of HER catalysts (Huang et al., 2020). Generally the material activity with respect
to the value of AGy is represented in form of Volcano plot (Figure. 2) (Briefs & Materials,
n.d.). According to the Volcano plot when the value is close to zero, it shows that the catalyst
has the best electrocatalytic performance in theory (Zhao et al., 2021).The strong interaction
of H* on the electrode surface (AGy~>0) slow down the VVolmer step leading to a limited
turnover rate. On the other hand, the weak interaction (AGy+<0) speed up the Volmer step

and hampers the Tafel or Heyrovsky reaction steps (Briefs & Materials, n.d.).
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FIGUREZ2: Volcano plot of experimentally measured exchange current density as a
function of the DFT-calculated Gibbs free energy of adsorbed atomic hydrogen (Briefs &

Materials, n.d.).

The Sabatier principle, that states that in heterogeneous catalysis and electrocatalysis the
optimal activity can be achieved on a catalytic surface having intermediate bonding energies
with reactive intermediates (Alonso-Vante et al., 2019). Platinum and Pt-group metals
(PGM) remain the most active HER electrocatalyst due to their AGy= close to zero and high
exchange current density, jo.It is important to mention that AGy= iS an intrinsic property of

electrocatalysts. However, it should be distinguished that in practice the activity of a HER
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electrocatalyst is collectively influenced by many other factors as well including but not
limited to: the conductivity, the crystallinity, the roughness and the interactions with
supporting materials (Briefs & Materials, n.d.). From molybdenum based nanomaterials,
MoS; nanosheets have received widespread attention in the field of electrocatalysis because
of their S-edges with optimal hydrogen adsorption Gibbs free energy (AGyx = 0.06 eV),
which is close to 0 eV(Sun & Meng, 2021). The computational free energy of atomic
hydrogen bonding to the MoS; edge was close to that of Pt (Figure 3) raising the possibility

of MoS; as a promising HER electrocatalyst in theory.
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FIGURES: Calculated free energy diagram for hydrogen evolution relative to the standard
hydrogen electrode at pH 0.4 (Zou & Zhang, 2015a).
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2.2Measurements Criteria for Catalytic Activity

2.2.10verpotential

The thermodynamic equilibrium potentials in any electrolytes for the water splitting are 0
and 1.23 V (both versus RHE: reversible hydrogen electrode) for catalyzing HER and OER,
respectively. However, because of those inherent kinetic obstacles, a practical process
requires an additional potential, typically known as the overpotential and represented by the
symbol n ((Anantharaj et al., 2016). Three different types of overpotentials namely: the
activation overpotential, concentration overpotential, and resistance overpotential, are
present throughout the water splitting process. An appropriate electrode material can
significantly lower the activation overpotential, an inherent feature of the electrocatalysts (J.
Wang et al., 2020). The overpotential is often determined from the polarization curve
produced by charting the current density vs the overpotential for a particular current density.
The greater performance of the electrocatalyst is shown by the lower value of the
overpotential at the same current density (Bhat & Nagaraja, 2021).

2.2.2Tafel Slope and Exchange Current Density

Tafel slope provides the insights into the reaction mechanism of a catalysis process (HER or
OER) on the electrocatalyst surface. It is generally calculated to study the intrinsic properties
of a particular electrocatalyst. The Tafel plot shows the relation between the iR-corrected
overpotential and current density as per the following equation(Briefs & Materials, n.d.).

M=t DL0g] i (16)

Here n, a, b and j are the overpotential, Tafel constant, Tafel slope and current density
respectively.

The Tafel plot can be derived from the polarization curves by plotting log of current density
(log j) against overpotential (n).The Tafel slope can be used to deduce the possible kinetic
rate of the electrocatalyst and determine the reaction mechanism.The smaller value of Tafel
slope represents that increasing the same current density needs the smaller overpotential,
which suggests a faster charge transfer kinetic(J. Wang et al., 2020).The HER proceeds via
two steps as Volmer step (adsorption of active hydrogen) followed by either Tafel or
Heyrovsky steps (for desorption in form of molecular hydrogen). It has been stated that the

theoretical Tafel slopes of 118, 39 and 29 mV/dec. are assigned to the VVolmer, Heyrovsky
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and Tafel reaction pathways(Briefs & Materials, n.d.). The rate-determining step in the HER
process is defined as the reaction step with the largest kinetic activity barrier, and it is very
important to determine the rate-determining step. Ifthe Volmer reaction is the
rate-determining step, then the catalytic material needs more edges and cavities in the
surface to promote hydrogen adsorption and electron transfer. However, if the Heyrovsky or
Tafel reaction is the rate-limiting step, then increasing the reaction area can increase the
reaction rate (Zhao et al., 2021).Exchange current density (jO), which reflects the intrinsic
rate of the electron transfer between an analyte in solution and the electrode under
equilibrium conditions and is only correlated to the catalyst materials, electrolyte, and
temperature is the corresponding value of j calculated from the Tafel equation when the
value of 1 is equal to zero. In other words, the more exchange current density there is, the
more active the water-splitting catalyst will be Briefly,effective electrocatalyst for water
electrolysis typically has a low overpotential, a small Tafel slope, and a high exchange
current density(Zou & Zhang, 2015a)

2.2.3Electrochemical Active Surface Area (ECSA)

Electrochemical active surface area (ECSA) is also used to evaluate the total number of
active sites on a given surface for a certain electrocatalysts (J. Wang et al., 2020) . As the
area is more exposed, so are the active sites enhancing higher mass transfers, facilitating the
rate of reaction. It will allow us to determine quantitatively the reacting interface of a given
catalyst. The most common method of calculating ECSA is based on the electric double
layer capacitance (Cq)(Gicha et al., 2021). ECSA can be determined as,

ECSA = Cd|/ Cs

Where Cy is double layer capacitance and Cs is specific capacitance.

Instead the double layer capacitance (Cqj) can be obtained from the cyclic voltammograms of
the respected materials. It can be derived either from the static cyclic voltammograms
recorded at different sweep rates in a non-Faradic potential region ,Cs is the specific
capacitance of an atomically smooth flat catalytic surface and the value assumed to be in a
range of 20-60 uF/cm® Further the roughness factor (Rf; active site per unit surface area)
can be obtained from the ECSA by simply dividing the geometrical surface area of the

electrode as per the following equation(Briefs & Materials, n.d.),
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R f—= ECSA /Sgeo .................................................................. (18)

2.2.4 Stability

Stability, as another crucial important parameter, is utilized to assess the ability of a catalyst
to maintain activity with a long-term operation period(J. Wang et al., 2020).There are two
methods for characterizing the electrocatalytic stability of a HER catalyst. One method is to
measure the current variation with time (i.e., the 1t curve). For this measurement, it would
be better to set a current density larger than 10 mA cm? for a long period of time (>10h). The
other method is to conduct the recycling experiment by performing CV or LSV. The number
of cycles should be larger than 5000 times to elucidate the stability of a material(Zou &
Zhang, 2015b)

2.3. Structure of MoS,

MoS; is composed of stacked planes of Mo atomic layers and S layers. The Mo—S bonds are
controlled by strong covalent bonds and adjacent layers are held together by van der Waals
interactions. MoS; has three different crystal-phase structures: 1T, 2H, and 3R where digits
represent the S—Mo—S layer number in the unit cell and the letters stand for hexagonal,
rhombohedral, and tetragonal, respectively. Among them, 2H is the most stable structure,
and 3R is easy to change into 2H under heating (Sun & Meng, 2021). The metastable 1T
phase is not found in nature but can be made via intercalation of the 2H-MoS; lattice with
lithium or organolithium compounds. In the 1T phase the Mo atom is Octahedrally
coordinated to six neighboring S atoms whereas in 2H phase, each Mo center is prismatically
coordinated by six surrounding S atoms as seen in (Figure 4) (Tang & Jiang, 2016).
Among 1T, 2H, and 3R, 2H is the most stable structure and 3R is easy to change into 2H
under heating but due to the different fillings in dyy, dxz, dyz, d * 2, and d,? orbitals of Mo as
shown in (Figure 5), MoS; shows different electronic structures and electronic properties.
Complete filling of the 2H phase of d orbitals has semiconducting behavior materials and the
partial filling 1T phase has metallic behavior. As a result, the electronic structure of MoS,
can be successfully altered by modifying the different filling degrees of the d orbital that
affects the efficiency of electrocatalysis(Sun & Meng, 2021).
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FIGURE4:Metal-coordinations and stacking sequences of TMD structural unit cells. Metal
coordination can be either octahedral or trigonal prismatic. The octahedral coordination
allows stacking sequences, which yield a tetragonal symmetry (1T). Dissimilar stacking
sequences of trigonal prismatic single layers can give rise to different symmetries:

hexagonal symmetry (2H) and rhombohedral symmetry (3R)(Toh et al., 2017).
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FIGURES5:(a) Crystal structure of 2H-MoS; and the ligand splitting for 4d orbitals of Mo
atoms with trigonal—prismatic coordination. (b) Crystal structure of 1T-MoS; and the ligand

splitting for 4d orbitals of Mo atoms with octahedral coordination(Yin et al., 2022).
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2.4. MoS,Based Nanomaterial’s for Hydrogen Evolution Reaction

The study of MoS; on electrochemical HER can be traced to the 1970s which showed that
bulk MoS; crystals were non-reactive toward HER. As a result, MoS; has not been
considered as a promising hydrogen evolution electrocatalyst for a long time (Zou & Zhang,
2015b). MoS;nanosheets have received widespread attention in the field of electrocatalysis
because of their S-edges with optimal hydrogen adsorption Gibbs free energy (AGy~ = 0.06
eV) which is close to 0 eV(Sun & Meng, 2021) . However, it has been demonstrated that the
negative hydrogen binding energy (AGyx) for MoS; is quite low indicating the strong
adsorption of H on the MoS;surfacefavoring the reduction of H* while it hinders the
desorption of H,. Certain current studies report that heteroatom doping into MoS, can
regulate the electron density around the Fermi level of MoS; and thus increasing the activity
sites towards better HER performance (Liu et al., 2020). On the other hand, it was reported
that the Mo-nitrides such as MoN and Mo;N catalyst showed highly efficiently HER
catalytic performance owing to the high-valence, similar electronic structures to
platinum-group metals, and high conductivity features (Liu et al., 2020). Interestingly, due
to a low temperature synthesis process, a large amount of chlorine remained inside the MoS,
structures, which played an important role in the phase formation of MoS,. Due to the
presence of Cl, the 1T phase of MoS, together with the 2H phase was observed, which
improves the conductivity of MoS; and thus increased the HER performance (Anh Ho et al.,
2021). In steam-etched MoS; flake, the free energy barrier of the discharge step is reduced to
be comparable with that of the following desorption or combination step resulting in a
significant drop of the slope to 96 mV/dec. The improved Tafel slope originates from the
generated MoS,-edges on MoS, basal plane which effectively decreased the activation
energy (Z. Wang et al., 2018). The V-doped MoS; showed better catalytic performance than
pure MoS; due to their better in-plane conductivity, higher carrier concentration, and shorter
electron transfer path (Sun & Meng, 2021). The band gap observably decreased after V
doping indicating that the electronic structure of MoS, was changed. Moreover, V doping in
the MoS; lattice could cause the interaction between the incorporated V atoms and neighbor
Mo atoms and thus activating the valence electrons resulting in improved electrical
conductivity of MoS,(Sun & Meng, 2021). Also, Bao et al. reported on Co-doped MoS;. In
their work, Co-doping could increase the electron density on the S atom, gain the optimal
AGH?*, and reduce the energy level of MoS; in-plane to enhance HER activity. Notably, the
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doping amount of Co may lead to excessive reduction of electrons on the S atom and the
interaction between the H atom and S atom became stronger resulting in the poor surface
stability of MoS, which was also not conducive to HER activity (Yin et al., 2022). Besides,
the role of doped Ni in triggering the HER performance of MoS; was identified by Chen’s
group (Sun & Meng, 2021) . In their work, Ni-doped MoS, exhibited strong interaction
between Ni—S bonds and regulated the local electronic structures. The change of electronic
structure affected AGy~ and improved the catalytic kinetics. According to a volcano plot of
the exchange current density as a function of the DFT calculated Gibbs free energy of
adsorbed atomic hydrogen, the value of Cu just lies below those of the noble Pt-group
metals. The combination of Cu with MoS; appears to be a promising way to increase the
conductivity and improve the HER performance(J. Cao et al., 2017b). The combination of
Cu with MoS; appears to be a promising way to increase the conductivity and improve the
HER performance, this is because the Cu NPscan act as electron donors, providing
electrons to the MoS; nanoparticles, which can act as electron acceptors. This transfer of
electrons canpromote the catalytic activity of both materials, leading to a greater overall
catalytic activity than either material alone as shown in (Figure 6) ,the obtained hybrid
contains a large number of active HER catalytic sites due to the abundance of accessible
edges resulting from the small size and irregular shape of MoSs.

The use of Cu NPs not only improved the electrical conductivity of the catalyst but also
further enhanced the catalytic activity by a synergistic effect with nano-sized MoS;(J. Cao et
al., 2017b). Gudalet al reported that the presence of Cu in MoS; significantly boosts the HER
catalytic efficiency. Cu@MoS; exhibits outstanding electrocatalytic performance toward the
HER with a small overpotential of 131 mV for an areal current density of 10 mA/cm? |, a
Tafel slope of 51 mV/dec, and long term stability. In the as-prepared Cu@MoS,, the porous
structure and 1T MoS; can simultaneously activate the basal plane and supply more active
edge sites and the doping of Cu atoms lead to electron transfer between Cu and MoS; (Wu et
al., 2019). However, Feng Li et al reported that the Cu doped MoS,/rGO hybrid catalyst
exhibits excellent HER activity with a small Tafel slope value and large cathodic current. In
the study, the composite of Cu and MoS;, on the reduced graphene oxide (rGO) i.e.
(Cu-doped MoS,/rGO) showed high catalytic activity toward hydrogen evolution reaction

(HER). It was found that the presence of rGO improved the electrical conductivity of the
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catalyst, and the MoS;nanoflowers (NFs) with a higher number of exposed edges exhibited
higher HER activity (F. Li, Zhang, et al., 2015).

FIGURESG:Schematic illustration of the mechanism governing the electrocatalytic HER on
the Cu/MoS;

The addition of Cu particles not only enhanced the electrical conductivity of the catalyst but
also further improved the catalytic activity by synergistic effect with MoS, catalyst (i.e.,
MoS,/Cu) synthesized by frugal and facile approach,MoS,/Cu electrocatalyst demonstrated
good Tofel slope (~75.8 mV dec™ ), and excellent electrocatalytic activity and high stability
in the alkaline solution (llyas, Raziq, Ali, Zada, llyas, Shaha, & Wang, 2021).

2.5. Typical Synthetic and Fabrication Methods of MoS;Nanomaterials

Many synthesis methods of the MoS,-based NSs have been reported including mainly
solvothermal (hydrothermal) and electrochemical deposition methods. In order to further
understand the influence of the synthesis methods on the structure and composition of
MoS,-based NSs , we introduce some common synthesis methods as follows.
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2.5.1 Hydro (solvo) thermal Method

Hydrothermal method refers to purely heterogeneous reactions using water as media in a
sealed steel pressure container with Teflon liners. It is capable of synthesizing advanced
inorganic materials in high yield. Typically, the temperature of the hydrothermal process is
in the range of 100-200 °C and the pressure is generated autogenously (F. Wang et al.,
2015). The benefit of fast reaction kinetics and quick processing time combined with the
mild temperatures make it a potential method for efficiently and inexpensively preparing
homogeneous goods on a wide scale (X. L. Li et al., 2020). Hongwei Cao et al fabricated a
defect-rich mixed 1T-2H MoS;nanoflowers through a hydrothermal process (H. Cao et al.,
2020). In this typical procedure, NHsM070,4-4H,0 and CH4N,S were dissolved in a round
bottom flask with 20 ml deionized water, 40ml ethanol and 20ml glycerin. Then 0.97 ml
hydrochloric acid was added to regulate the pH of the mixed solution to ~0.95. After
ultrasonic treatment for 15 minutes, the mixed homogenous solution was transferred into a
Teflon stainless steel autoclave (100 ml) and heated to 200 °C for 12h. After cooling to room
temperature, the product was washed by deionized water and absolute ethanol for three
times via centrifugation, respectively. Then the sample of MoS;, was obtained after being
dried at 80 °C for 12 h, and denoted as MoS,-water-ethanol-gly. For preparing MoS,-water,
80 ml deionized water was introduced without any ethanol or glycerin for a hydrothermal
process. Similarly, MoS,-water-ethanol was acquired in the solvothermal condition with 20
ml deionized water and 60 ml ethanol, while MoS,-water-gly was prepared using 60 ml DI
water and 20 ml glycerin.Yuxia Jianget al, using ammonium molybdate as molybdenum
source and thiourea as sulfur source, MoS; hollow microspheres with a diameter of about 2
um are successfully synthesized by adding ionic liquids ((EMIM] Cl). When ([EMIM] Cl) is
replaced with (JEMIM] Br), new structure of hollow core/shell as well as double shell MoS,
microspheres are hydrothermally synthesized (X. L. Li et al., 2020). H. Akramet al
MoS;nanomaterials prepared using one-pot solvothermal method (Akram et al., 2014). In a
typical procedure of ammonium molybdate (NH4)sM07024, 4H,0), elemental sulfur, lithium
hydroxide monohydrate (LiOH-H,0), of ammonium carbonate (NH;),CO3; and 8 ml
hydrazine monohydrate (N,H4-H,O) were put in a teflon lined stainless steel autoclave.
Finally the whole mixture was solvothermaly treated in a Teflon-lined stainless steel
autoclave for 24 h under 180-.The final product was washed thoroughly with deionized

water and dried at 60 °C overnight before further use. Also Shige Wang et al synthesized
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MoS; or MoS,-PEG nanosheets with desirable sizes using a hydro-thermal or solvo-thermal
approach. For the synthesis of MoS;nanosheets with the diameter of 50 nm (denoted as
MD50), (NHg4)2MoS, was dissolved into 60 mL distilled water by vigorously magnetic
stirring to get a homogenous solution. The solution was then transferred into a 100 mL
polyphenylene-lined stainless steel autoclave and maintained at 220 C for 12 h. The
hydro(solvo)thermal method has been widely used in the preparation of two-component or
multi-component TMD-based composites, such as MoS,/CdS, MoS, /TiO,, MoS,—graphene
(G), Zn x Cd 1 S/IM0S; , M0oS; /ZnIn,S4 , Mo, G/CdS, ZnS/G/MoS;, TiO,/G/ MoS; , and
In,S3 /MoS, /CdS. However, the disadvantages of this method are also obvious. For
example, it is difficult to realize precise control of the layer numbers of TMDs (Lu et al.,
2016).

2.5.2. Chemical Vapor Deposition (CVD) Method

CVD synthesis process adopts a bottom-up approach, to control morphology, crystallinity
and defects. This method extends control of different process parameters so as to obtain high
quality, high purity 2-D nanomaterial with controlled properties (Krishnan et al., 2019). This
method facilitates development of novel types of 2-D nanosheets and their hybrids, by
combining variety of precursors in different forms. CVD indicates development of thin films
in large scale by chemical reaction of vapors over substrate. Figure 5 shows the schematic
diagram of this method (Gupta et al., 2020). Basic CVD method is a direct evaporation also
called vapor solid growth method. It yields small flakes of less quantity but of high quality as
a single layer on a substrate. However, it suffered from discontinuous 2D-MoS, films,
contributing to development of vapor phase growth. In this, thin molybdenum layer of
required length is formed on substrate and sulfur vapor is made to flow over it. Numerous
vapor chemical deposition methods have been developed for wafer scale growth, which
resulted in large sided triangular morphologies of 2D MoS,(Krishnan et al., 2019). CVD
method utilizes one of the three different types of precursors. First one being ammonium
thiomolybdate solution[(NH4),Mo0S,4], second is molybdenum trioxide powder[MoO3] , and
third is elemental molybdenum(Krishnan et al., 2019) . When using first type of precursor
the compound is made to decompose during various annealing stages to produce MoS; film.
Crystal grain sizes are dependent on type of substrates utilized for growth of MoS; film.
Larger crystal sizes are formed while using sapphire substrate than by SiO,. FETs with

n-type behavior are fabricated by using MoS,. They had a field—effect mobility of 6 cm?/Vs
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along with an on/off ratio of about ~10°. It was reported that when graphene on Cu foil was
used as substrate in an environment of argon gas, the resultant was a 2-5 nm grain size (Sun
et al., 2017). Additionally, MoS, nucleating as wrinkles on surface of graphene lead to
formation of hexagonal MoS,. When (NH4),MoS, was dip-coated on an insulating
substrate, it produces transferrable, high crystalline three-layer MoS, (Sun et al., 2017).
Balendhran et al. developed a bulk synthesis methodology in which two step processes is
used when second type of precursor (MoQOs3) is used. MoQys is first evaporated on an arbitrary
substrate, followed by sulfidation process in a quartz tube. This two-step method is more
preferred because of higher electron mobility. FET of n-type, produced by this method
exhibited an on/off ratio of ~10* along with field—effect mobility of 0.02 cm? /Vs. Various
combinations of temperatures and steps were experimented and reported to customize
electronic property as per need of FET devices and applications. It was reported that when
process was conducted using powdered MoS, instead of MoOs, it yielded MoS, flakes
having triangular shape with high crystallinity(Krishnan et al., 2019). Further MoCls and
elemental sulfur were used as precursors to produce uniform and high quality mono and
bilayer MoS; film of grain size ranging from micro to few nanometers. While using third
type of precursor, a thin layer of molybdenum film is made to absorb into SiO, substrate and
sulfurized at high temperature in inert atmosphere. Film formed by this precursor was a
function of area covered by molybdenum absorbed over substrate, process temperature and
type of substrate. Resultant reported by this were both n-type and p-type behavior films of
MoS; with higher mobility ratios ranging from .004 cm? /V/s to .04 cm?® /Vs with grain sizes
of 5 nm to 30 nm. This process effectively grows MoS, atomic layers by coalescence of
triangularly shaped single crystals, which results in large scale and few-layered MoS;
displaying a high level of crystallinity. Few limitations reported in this method are lack of
pattern-ability due to random nucleation of precursor and scalability. Primary reason is
attributed to competition between lateral growth, which increases size of product and
vertical growth, resulting in increased layers, especially under prolonged reaction. It was
also reported that by using CVD process (by using second precursor) aligned edge —
terminated vertically stacked MoS, sheets were also formed, which finds a prominent place
as biosensor and catalyst, due to exposed active of MoS; sheets (Gupta et al., 2020).
Similarly, nanosheets can easily be doped and functionalized by introducing one additional

precursor source in mixture. In contrast, tailoring atomic level properties, controlling
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stoichiometry and defects in 2-D materials will require further optimizations, and remains

significant challenge in growth of CVD (Sun et al., 2017).

2.5.3 Electrochemical Deposition Method

Molybdenum disulfide (MoS;)-based nanomaterials have been widely studied for their
potential applications in various fields such as energy storage, catalysis, and electronics.
Among the various methods used for synthesizing MoS,-based nanomaterials,
electrodeposition has emerged as a promising technique due to its simplicity,
cost-effectiveness, and ability to precisely control the size and morphology of the resulting
materials. Several studies have reported the synthesis and characterization of MoS,-based
nanomaterials using electrodeposition for water splitting applications. For instance, Liuging
Pang et al. (2019) reported the synthesis of MoS,-based nanomaterials on a conductive
carbon fiber substrate using a simple and efficient one-step electrodeposition method. The
authors found that the resulting MoS;-based nanomaterials exhibited excellent catalytic
activity for hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in
alkaline media, attributed to the high surface area and the presence of active sites on

the MoS; nanoparticles (Pang et al., 2019) .

Similarly, Rastogi et al. (2021) synthesized Mo0S,-based nanomaterials on a conductive
substrate using a two-step electrodeposition method and demonstrated their potential
as bifunctional electrocatalysts for HER. The authors found that the resulting MoS,-based
nanomaterials exhibited excellent catalytic activity and stability for both HER, attributed to
the high surface area and the presence of active sites on the MoS; nanoparticles (Rastogi et
al., 2017). In another study, Rastogi et al. (2017) synthesized MoS,-based nanomaterials on
a conductive substrate using a facile electrodeposition method and demonstrated their
potential as a highly efficient electrocatalyst for HER in acidic media. The authors found that
the resulting MoS,-based nanomaterials exhibited excellent catalytic activity and stability
for HER, attributed to the high surface area and the presence of active sites on the MoS;
nanoparticles (Rastogi et al., 2017). However, Ying Zhang et al. (2021), synthesized
MoS,-based nanomaterials on a conductive substrate using a facile electrodeposition method
and demonstrated their potential as a highly efficient electrocatalyst for HER in basic media.

The authors found that the resulting MoS,-based nanomaterials exhibited excellent catalytic
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activity and stability for OER, attributed to the high surface area and the presence of active
sites on the MoS; nanoparticles (Y. Zhang et al., 2021).

Additionally, several studies have reported the synthesis and characterization of MoS,-based
nanomaterials using electrodeposition for energy storage applications. For instance, Li et al.
(2020) reported the synthesis of MoS,-based nanomaterials on a nickel foam substrate using
electrodeposition and demonstrated their potential as an anode material for lithium-ion
batteries. The authors found that the MoS,-based nanomaterials exhibited a high specific
capacity and good cycling stability, attributed to the high surface area and the presence
of active siteson the MoS, nanoparticles. Similarly, Zhang et al. (2021) synthesized
MoS,-based nanomaterials on a conductive substrate using a two-step electrodeposition
method and demonstrated their potential as an anode material for lithium-ion batteries. The
authors found that the resulting MoS,-based nanomaterials exhibited a high specific capacity
and excellent cycling stability, attributed to the high surface area and the presence of active
sites on the MoS; nanoparticles. In another study, Yang et al. (2021) synthesized
MoS,-based nanomaterials on a nickel foam substrate using electrodeposition and
demonstrated their potential as an anode material for sodium-ion batteries. The authors
found that the resulting MoS,-based nanomaterials exhibited a high specific capacity and
excellent cycling stability, attributed to the high surface area and the presence of active sites
on the MoS;, nanoparticles. The electrodeposition method has several advantages for
synthesizing MoS,-based nanomaterials for energy storage applications. One of the main
advantages is that it enables direct deposition of MoS; on a conductive substrate, which can
be easily scaled up for large-scale production. Additionally, the electrodeposition process
can be controlled by adjusting the deposition parameters, which enables the precise control
of the size, shape, and morphology of the resulting nanomaterials. Moreover, the method can

be used to deposit MoS; in different forms such as nanosheets, nanorods, and nanoparticles.

In conclusion, electrochemical deposition method is a controllable, simple, eco-friendly and
low cost approach to prepare catalysts for water splitting, which can fabricate some unique
structure catalysts. Simultaneously, electrochemical deposition has also been proved to be a
general and efficient synthetic means to synthesize monatomic catalysts (Wan et al., 2021).
However, electrochemical deposition still has some disadvantages. The deposition
efficiency is always affected by the electrode polarization and solvent effect derived from
the charge transfer and concentration gradient in the solution. By considering all the aspects
22



mentioned above we have choice to synthesized Cu/MoS; on NF by a facile electrochemical
deposition method for efficient HER
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CHAPTER THREE

3. Material and Method

3.1. Study Site Description

Synthesis of Cu/MoS; NSs was conducted at the electroanalytical laboratory of Adama
Science and Technology University, Department of Applied Chemistry. XRD
characterization of the synthesized NSs was conducted at Adama Science and Technology
University, Department of Material Science and Engineering and SEM, TEMand EDS
characterizations were done at Chungnam National University, South Korea. The
electrochemical water splitting experiment was conducted at the -electroanalytical
laboratory of Adama Science and Technology University, Department of Applied

Chemistry

3.2. Chemicals and Reagents

NF (purity > 99.99%:; surface density 346 g/cm’ ; and thickness 1.6 mm) and FTO (resistivity
4.01x10-5 Q.cm) obtained from MTI Korea ,HCI (37%) ,Ammonium molbdatethiosulphate.
((NH4)2M0S,)(99.99%),KCI (99.95%), Cu(SOs),.5H,0 (97%), Ethanol (99.9%), KOH ACS reagent
>85% pellets ,all chemicals were purchased from Sigma-Aldrich; and distilled water obtained from
Adama Science and Technology University at Department of Applied Chemistry; were used in this

work. All chemicals were used without any further purification.

3.3. Synthesis of MoS; and Cu/MoS;Nanostructure Electrocatalysts

The MoS, NPs was synthesized by a two-step electrochemical deposition method. The
Synthesis of MoS, NSs on nickel foam (NF) was carried out according to the recently
reported literature with a slight modification by varying different deposition time(Quy et
al., 2018). Prior to the deposition, the NF (20 mm length x 10 mm width x 1.6 mm
thickness) was sonicated with 1 M HCI for 30 min to remove the oxide layer. Then, the
HCI soaked NF was air dried to remove the moisture. The electrochemical deposition was
performed in a three-electrode cell using the NF (size 1 cm x 1 cm) as the working
electrode, platinum wire as the counter electrode, and Ag/AgCl electrode as the reference

electrode. In the first step process, a voltage of -1.0 V was applied for four different
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deposition time (100s, 200s, 300s, and 500s) in the electrolyte containing 7mM of
((NH4)2M0S;) and 0.1M KCI . Then, the targeted MoS, NPs were rinsed by water and
ethanol and air dried for 8 h. The deposition process Cu/MoS, NSs was based on a
previously reported method with slight modifications by varying deposition time (Roy,
Jadhav, Cho, &Seo, 2019). Frist 0.1M of CuS0O4.5H,0 solutions were deposited on
optimized (200s MoS;) electrode for four different deposition time (60s, 80s, 100s and
120s) at a voltage of -1.0 V. After the deposition, the as-prepared Cu/MoS; NSswas rinsed

with ethanol and water, followed by air drying for 8 h.
3.4. Characterization of Cu/MoS; Nanostructure

The crystal structure of the samples was analyzed by using X-ray diffraction (XRD)
using XRD-7000 X-RAY DIFFRACTOMETER, SHIMADZU Corporation (Japan). The
morphologies of the synthesized nanomaterial 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 by means of an lviumstat electrochemical

interface (Eindhoven, Netherlands).

3.5. Electrochemical Measurements

All electrochemical measurements were performed in a standard three-electrode system at
Adama Science and Technology University, Applied Chemistry Department, using an
Iviumstat (Eindhoven, 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 0 to -1.5 V versus Ag/AgCI at a scan rate of 2
mV s . Electrochemical impedance spectroscopy (EIS) was measured in a frequency
range of 1 x 10° to 0.01 Hz at optimized potential of -1.16 V versus Ag/AgCl. Cyclic
voltammetry (CVs) measurements were carried out from - 0.3 to - 0.2 V versus Ag/AgClat
different scan rates of 20, 40, 60, 80, 100 and 120 mV s*, which were employed to

estimate the double-layer capacitances (Cdl) of the catalysts. Chronoamperometry curves
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were obtained with a constant current density of 10 mA cm 2. The potentials measured
were converted to a reversible hydrogen electrode (RHE) by using the following equation:
(Gichaet al., 2021).

Erug = Eagager + 0.059 * pH + Eagugcel

The electrochemically active surface area (ECSA) was evaluated from the electrochemical
double-layer capacitance (Cq) by simple CV measurements in no apparent Faradaic region
at different scan rates (Yu et al., 2017).

NF MoS; B @

TmM (NHy);MoS+0.1M (KC]). 1M (CuSO,).5H,0
u

t-1V for 200s at -1V for 100s

Pt NF AgAgCl

N

FIGURET: Schematic illustration of the fabrication of Cu/MoS,
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CHAPTER FOUR

4. Result and Discussion

4.1. Fabrication and Characterization of Cu/MoS, Nanostructures

The Cu/MoS;nanomaterials were prepared by a two-step electrochemical deposition method
as illustrated in Figure 7. First, MoS; nanoparticles (NPs) were grown on the nickel foam
(NF)through a simple and cost effective electrodeposition method at an applied potential of
—1.0 V versus Ag/AgClat different deposition time of 100 s, 200 s, 300 s and 500 s
Cu/MoS; NPs was cleaned with deionized (DI) water and left to dry and then, 0.1 M of
CuSQ4-5H,0 solutions were deposited on optimized (200 s MoS,) electrode for four
different deposition time (60 s, 80 s, 100 s and 120 s) at a voltage of -1.0 V.The
electrochemical deposition process leads to the change of silvery NF to black color when
MoS, deposited,and then black colorchange toreddish brown when Cu deposited on

MoS,/NF, indicating successful deposition of the catalyst on the NF (AppendixFigurel).
4.1.1.XRD Analysis

The crystalline phases of the electrodeposited Cu/MoS; films were characterized by XRD,
as (shown in Figure 8). Figure 8, reveals that there are no apparent XRD peaks of MoS,,
indicating that the MoS; films are amorphous(Quy et al., 2018). The peaks at 43.290, 50.40
and 74.130 with the crystal planes (111), (2 0 0), and (22 0) confirm the presence of Cu
(JCPDS card no. 04-0836)(J. Cao et al., 2017a). The XRD pattern of the FTO substrate
represents the typical diffraction peaks at 27°, 35°, 39°, 52°, 55°, 62°, 67°, and 79°of the
FTO conductive glass substrate, which are assigned to tetragonal SnO, (JCPDS card
no. 41-1445) Cu/MoS,/FTO (Fluorine doped tin oxide) film (JCPDS No. 01-077-0452) has
been used instead of Cu /MoS; /NF film for XRD analysis due to the high background signal
of Ni generated by NF(Guo et al., 2020).
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FIGURES: XRD spectrum of bare FTO, MoS, /FTO and 100 s Cu/MoS; NPs.

4.1.2. HRTEM and SAED Analysis

High-Resolution transmission electron microscopy (HRTEM) images in (Figure 9a)
revealed an interplanar spacing of 0.25 nm, which is consistent with the interplanar distance
of the Cu (111) crystallographic plane, which is consistent with the XRD results (Figure
8).The selected area electron diffraction (SAED) in (Figure 9b),pattern of Cu/MoS; NSs
exhibited the appearance of a ring pattern with regular spots in(Figure 9b). However, the
regular ring pattern could be attributed to the presence of crystalline Cu NPs;the lattice
fringes with spacing values of 0.25nm, 0.2271 nm, 0.1261 nm can be assigned to the (1 1 1),
(200)and (22 0), planes of Cu respectively,are in good agreement with the XRD pattern(J.
Cao et al., 2017a).
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FIGURE9:(a) HRTEM images and (b) SAED images of 100s Cu/MoS;nanostructures
4.1.3. SEM Analysis

The SEM morphology of single MoS, shows a smooth sheet, (Figure 10a). This can lead to a
small in the surface area and active sites available for catalysis, which can negatively affect
the catalytic activity. On the other hand, when MoS; is coated by Cu, it also shows a
spherical shape, and it is distributed uniformly on the surface as shown on (Figure 10b). This
indicates that Cu has played a crucial role in dispersing the MoS; particles on the substrate,
leading to an increase in the surface area and active sites available for catalysis. This can
significantly improve the catalytic activity of Cu/MoS;.

FIGURE10: SEM images of (a) MoS; (b) 100s Cu/MoS; NPs

4.1.4. TEM and Elemental Mapping Analysis

To further study the detailed microstructure of the as-prepared products, the Cu/MoS,were
scratched from the NF and examined by TEM. The TEM micrographs

0f100sCu/MoS;illustrated in Figure 11 a which exhibited very finely grained Cu NPs with
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spherical shapes which confirm with the SEM image 0f100s Cu/MoS,in (Figure 10b).The
elemental mapping data provides additional information about the distribution of these
elements on the sample surface. The map shows in (Figure 11 b and c) that the Cu
nanoparticles are distributed on all over the areas uniformly, with high concentrations of Cu
appearing as bright spots on the map. Although, the Mo and S elements appear to be more
evenly distributed across the surface, suggesting that the MoS; layer is still present and intact
despite the presence of Cu. The EDS analysis shown in (Figure 11 ) confirms the presence of
Mo, Cu, S, O and Ni in the sample. Ni is from NF, Moreover, the air contact results in the
surface oxidation of Cu/MoS,, which could be responsible for the peaks of oxygen (llyas,
Raziq, Ali, Zada, llyas, Shaha, Wang, et al., 2021).

B Map Sum Spectrum

FIGUREL11:(a) TEM images,( b and c) the corresponding elemental mapping and
(d)SEM-EDS spectrum of 100s Cu/MoS;

30



4.2. HER Catalytic Performance

The electrochemical performance of as-synthesized samples was evaluated in three
electrode system synthesized materials (MoS,,Cu/MoS;) were used directly as HER
working electrodes, platinum wire as counter electrode and Ag/AgCl as reference electrode
The behavior of all the test sample catalysts against HER was in alkaline medium (1M
KOH), with a scan rate of 2.0 mV/s. Frist when optimizing the catalytic activity of MoS,
for hydrogen evolution reaction (HER), varied the deposition time of MoS; at a constant
concentration (7mM) and applied potential (-1V) . Based on the cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) results shown on (Appendix Figure 2 (a and b)),
shows that the MoS, deposited at 200 seconds exhibited better HER performance
compared to the MoS, deposited at 100s,300 and 500 seconds. The CV and LSV results
showed that the MoS, deposited at 200 seconds had a larger area under the HER peak and

a lower overpotential than the MoS,deposited at 300 and 500 seconds.

The larger area under the HER peak indicates a higher catalytic activity towards HER,
while the lower overpotential indicates a more efficient HER process(Choudhury et al.,
2021). The decreased HER performance of the MoS, deposited at 300 and 500 seconds
compared to the MoS; deposited at 200 seconds can be attributed to the mass loading of
MoS; on the electrode surface. High mass loading of the catalyst on the electrode, not all
the surfaces of the catalyst can participate in the electrochemical reactions. Because not all
the surface can be wetted by the electrolyte, especially for the region far from the interface
of the electrolyte and the surface of the casted catalyst layer on the electrode (Yu et al.,
2021).For the deposition Cu amount in the host of MoS,-materials to be tuned, the time of
deposition varied from 60s to 120s (60s, 80s, 100s, and 120s) at 0.1M concentration of the
“Cu” precursor ((Cu(SO4)2.5H,0).

Largest CV curve area suggesting a highest specific capacity (Electro-catalytic activity)
(Choudhury et al., 2021).LargestCV curve area was observed on the electrodes in which
Cu NPs coated on MoS,, when compared with single MoS; electrode as shown in (Figure
12). Among all electrode 100 s Cu/MoS;has largest area ,due toelectro-catalytic activity
MoS; increases with combination of Cu due toincrease the conductivity and improve the
HER performance, this is because the Cu NPscan act as electron donors, providing

electrons to the MoS,.This transfer of electrons can promote the catalytic activity of both
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materials, leading to a greater overall catalytic activity than either material alone ,also the
obtained hybrid contains a large number of active HER catalytic sites due to the abundance
of accessible edges resulting from the small size and irregular shape of MoS,. Coating of
copper not only improved the electrical conductivity of the catalyst but also further
enhanced the catalytic activity by a synergistic effect with nano-sized MoS; (J. Cao et al.,
2017a).However the hybrid contains a large number of active sites due to the abundance of

accessible edges resulting from the spherical shape of CuNPs.

However, at 120 s deposition time of Cu NPs decreases the area of CV curve, due to
overloaded Cu NPs inhibit the hydrogen/electron transfer reaction and offset the beneficial
effect of mechanical strain on the electrochemical activity of the MoS;NPstoward the HER
due to poor in-plane alignment and high charge transfer resistance(Lee et al., 2014).CV by
comparison, it can be found that the integral area of the bare NF electrode is quite small,
indicating that the contribution of NF to the total capacity of 100s Cu/MoS,/NF electrode
is small.

0.5
|——NF
MoS,
0.4 1 60s Cu/MoS,
| [===280s Cu/MoS,
0.3 91— 120s Cu/Mos,
1[=100s Cu/MoS,

Current density (A/cm?)

04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)

FIGURE12:CV curves of NF, M0S,,and Cu/MoS, s recorded at a scan rate of 50 mV s,
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As shown LSV result in (Figure 13a), to produce 10 mA/cm? current density, NF requires
—0.378 V,whereas MoS;needs —0.258V and 100s Cu/MoS; need only —0.149V vs RHE
which can reduce ~1.736-times than MoS;-nanomaterial at an 10mAcm™.a clear cathodic
shift in the onset potential observed after successful combination of Cu with MoS; this
indicate that the combination of “Cu” with MoS,-Nanomaterial essentially improve the
electrocatalytic performance of MoS;nanomaterial . Also (Figure 13b) shows clear
Overpotential comparison and then 100s Cu/MoS; has small overpotential. Furthermore,
the high hydrogen evolution reaction activity of 100s Cu/MoS, compares favorably with
many previously reported MoS, based for Cu/MoS,/NF electrocatalysts, as shown in
(Table 2).
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FIGURE13: (a) LSV polarization curves at a scan rate of 2 mV s™, (b) Overpotential
comparison.

Table 1:Comparison of the electrocatalytic activity of the as-prepared Cu/MoS; (current
density of 10 mA cm®) Nanomaterial toward HER with previously reported MoS, based
catalysts.

Prepared Electro | Over-pote | Synthesis Method Ref

Sample lyte ntial (mV)

CulMoS; KOH 149 ElectrodepositionMethod | This work
MWCNTs@C | H,SO, | 146 Solvothermal Method (F. Li, Li, etal., 2015)
u@MoS,
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MoS2|Cu KOH 160 Etching Method (llyas, Raziq, Ali,
Zada, llyas, Shaha,
Wang, et al., 2021)
Ag-Ag,S/MoS | H,SO4 | 150 Microwave-assisted (Sharma et al., 2021)
2 technique.
Etched MoS, | H,SO, | 316 One-step (J. Caoetal., 2017a)
microwave-assisted
method.
MoS, H,SO, | 190 Hydrothermal Method 8(Han et al., 2020)
Quantum Dot
MoS;NTs H,SO, | 296 Electrophoretic (Pataniya & Sumesh,
array deposition 2022)
Cu-MoS,- SV | H,SO, | 197 Chemical etching method | 3(Liu et al., 2023)
CugSs@MoS, | KOH 146 Chemical vapor | (Z. Zhang et al,
deposition (CVD) 2021)(Z. Zhang et al.,
2021)
Cu-MoS,/rGO | H,SO, | 126 Hydrothermal Method (F. Li, Zhang, et al.,
2015)

The Tafel slope is a parameter used in electrochemistry to describe the reaction kinetics of
an electrochemical reaction. It depicts how the current responds sensitively to an
overpotential. It is derived from the polarization curve as a plot of the logarithm of current
density (log(j)) versus n(Gicha et al., 2021). A lower Tafel slope value indicates faster
reaction Kkinetics, while a higher tafel slope value indicates slower reaction kinetics. The
Tafel slope is typically calculated using the Tafel equation, which relates the overpotential
(m) to the exchange current density (a) and the Tafel slope (b): 1 = blog J + a (Sharma et
al., 2021).1t has been revealed that for a Tafel RDS (Rate DetarmaningStep) the slope is
29 mV/dec, whereas for the Heyrovsky and Volmer RDS, the slopes are 39 and
118 mV/dec. respectively(Briefs & Materials, n.d.). As shown in (Figure 14)Tafel slopes of
100sCu|MoSzaround 117 mV/decand relatively small than the other which areVolmer -

Heyrovsky with the reaction mechanism.

H,O + e +x—H" + OH (Volmer reaction)
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H*+H,O+e —H,;+ OH + x(Heyrovsky reaction)

where, *is active site .This indicating that HER is controlled by the first electron transfer

step (Volmer step), which is governed by the barrier of the electrochemical water

dissociation.
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FIGURE 14:Tafel curve of various Cu/MoS,NS carried out under a constant current

density of 10 mA cm 2.

Cyclic voltammetry (CV) is a useful technique to determine the electrochemically active
surface area (Sharma et al., 2021).The CV measurements were conducted at various scan
rates ranging from 20 to 120 mV s in the potential window of —0.3 to —0.2 V Vs Ag/AgClI
in 1 MKOH, as shown in (Figure 15). Double-layer capacitance (Cgy) values are calculated
from the slope of the graph of current density Vs Scan rateare0.36,0.8,0.96,1.12,1.26and
4.8uF for NF,MoS;,60sCu/Mo0S,,80sCu/MoS,,120sCu/MoS,and 100sCu/MoS,respectively
shown in(Figure 16). The Cgy values are normalized by CS (specific capacitance) to find
out the ECSA. The Cgycan be further converted into ECSA using the specific capacitance
value for a standard with 1cm? of real surface area (Connor et al., 2020).The specific
capacitance for a flat surface isnormally between 0.02 - 0.06 mF cm™. For the purpose of

this study, we use a specific capacitance of 0.04 mF cm™, which is a typical value for a
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metal electrode in aqueous 1M KOH solution based on typical reported values (Duan et al.,
2016).
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FIGUREZ15: Double layer capacitance measurements with scan rates at 20, 40, 60, 80, 100
and 120 mV/s in the region of — 0.3 to 0.2 V vs. Ag/AgCI for Cu/MoS,/NF.
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For the purpose of this study, we use a specific capacitance of 0.04 mF cm, which is a
typical value for a metal electrode in aqueous 1M KOH solution based on typical reported
values (Duan et al., 2016). The calculated ECSA values for NF,MoS,,
60sCu/Mo0S,80sCu/MoS, 120sCu/MoS,and 100sCu/MoS,. are0.009, 0.02,0.024 0.028,
0.0315 and 0.121 cm? , respectively,. The enhanced double-layer capacitance and ECSA
reflect the higher electrocatalytic activity of 100sCu/MoS, compared to Mo0S,.Roughness
factor (Rf) is another parameter to judge the electrocatalytic activity of an electrocatalyst.
R¢(active site per unit surface area)values are evaluated from the normalization of ECSA
with the geometric surface areas (1cm?)(Briefs & Materials, n.d.). The highest Ry value is
determined for 100sCu/MoS,, which is 0.121, and it is comparatively higher than that of

others.
0.7
100s CuMo S, 4.8pA/km?
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0.5 =
&
=
L 04+
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e
— 0.3- 80s CuMoS,1.27 pA/cm?
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*11 / MoS,: 0.8pA/cm?
1 = NF: 0.36pA/cm?
0'0 | v | | = | v | = | v |
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FIGURE 16: Capacitive current differences (Aj = janode — jcathode) at -0.25 V
vsAg/AgCI.

Turnover frequency (TOF) is another quantitative parameter used for evaluating an

electrocatalyst at defined overpotential. The TOF of catalyst can be defined as the number
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of moles of Oy/H, evolved per unit time(Anantharaj et al., 2016). TOF for HER was
calculated with the following equation

TOF =

2F.n
Where |J| (A-cm™) is the current density at a fixed voltage during the LSV measurement,
A is the geometric area of the working electrode (1 cm?), F is the Faraday constant (96485
C-mol™), and n is the number of active sites.The number of active sites n is proportional to
the charge Q, which can be calculated from the obtained CV curve by integrating.
Therefore, active sites could be obtained from the following equation:

Q _ It _ LV/u_ S

n=—m= -_— —_—_—_——

2F 2F 2F 2F.u

Where S is integrated effective reduction area, | is the current (A), V is the voltage (V), u
is the scan rate(Queiroz, 1997).The surface-active site concentrations were calculated from
the reduction region of CV curves measured at 50 mV/s as shown in (Figure 17) and are
found to be 2.1x10°toms cm? , 2.8x10° atoms cm? 3.4 x10° atoms cm?
3.95x10%toms cm? , 3.83x10%nd.5.2x10° atoms cm-> active component
NF,MoS;,60sCu/Mo0S,,80s Cu/MoS;, 120sCu/MoS;, and 100sCu/MoS,respectively. The
addition of more cupper nanomaterial (Cu) to molybdenum disulfide (MoS,) results in a
slight increase in the concentrations number of active sites. The calculated TOF for
100sCu/MoS,found to be 22 s at 240 mV, which is higher than those of NF(12.5 s ™),
MoS,(14 st ), 60sCu/MoS,(16 s™* ),80s Cu/MoS, (19 s* ),120s Cu/MoS,(18.4 s* ),
indicating the superior intrinsic HER activity of 100s Cu/MoS;
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FIGURE 17: The reduction region of CV curves of all synthesized nanostructures’

measured at a scan rate of 50 mV s-1.

Electrochemical impedance spectroscopy (EIS) was utilized to investigate the kinetics of

1.0

the electrode at the electrolyte/electrode interface. A Nyquist plot was constructed with the
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real impedance component (Z') on the x-axis and the imaginary component (-Z") on the
y-axis, and fitted with equivalent electrical circuits to quantitatively obtain device
properties(Aguedo et al., 2020). The transfer of charge between the electrolyte and the
electrocatalyst is a crucial factor that affects the efficiency of the HER process. The EIS
analysis helps to determine the solution resistance as well as charge transfer resistance
develops due to the charge transport in the interface of the electrocatalyst and electrolyte,
where a lower value represents a faster rate of charge transfer(Sharma et al., 2021). The
results depicted on(Figurel8)indicate that 100s Cu/MoS; has a smaller R value of 2.704
Q, comparedM0S,(16.9 Q), and bare NF (25.7 Q) indicating a more rapid charge transfer
rate that is beneficial for an efficient HER process. This suggests that 100s Cu|MoS; is a
more effective electrocatalyst for the HER process compared to the other materials studied.
In summary, EIS is a valuable technique for investigating the electrochemical properties of
electrocatalysts, providing insights into charge transfer kinetics, reaction mechanisms, and

material performance under different conditions.
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FIGUREZ18: Nyquist plots of Cu/MoS; carried out under a constant -149 mV Vs RHE of

and equivalent electrical circuit inset.
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The stability of a 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 100s Cu/MoS; electrode produced a constant current density of 10
mA/cm? for a continuous 24-hour period show in  (Figure 19), suggests that the electrode is
stable and has good electrocatalytic activity for the reaction being studied. This is a positive

indication of the electrode's stability and suggests that it may be suitable for long-term.
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FIGURE19:Long-term stability test of 100 s Cu/MoS; carried out under a constant applied
potential -149 mV Vs RHE
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5. CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In conclusion, the development of efficient and cost-effective catalysts for the hydrogen
evolution reaction (HER) is crucial for the practical application of HER water splitting. The
limitations of MoS,-based catalysts, including their low electrical conductivity and limited
active sites on their surface, have hindered their widespread use in HER catalysis. Therefore,
there is a need for new and effective synthesis methods and modifications to the MoS;
substrate to overcome these limitations and improve the performance of MoS,-based
catalysts in HER catalysis.This study investigated the effectiveness of the electric
field-assisted synthesis method for producing highly dispersed Cu/MoS, catalysts with
improved catalytic activity for the HER. The Cu-MoS; catalysts synthesized using this
method exhibited significantly improved catalytic activity and reduced overpotential
compared to bare MoS, catalysts. The Cu nanoparticles deposited on the MoS, surface
served as active sites for the HER and improved the electrical conductivity of the MoS;
substrate, which facilitated electron transfer during the HER.The findings of this study
highlight the potential of the electric field-assisted synthesis method and modifications to
the MoS; substrate in improving the performance of MoS,-based catalysts in HER catalysis.
Further research in this area is needed to optimize these methods and understand their
mechanisms to enable their practical application in various HER-related technologies.
Overall, this study contributes to the development of efficient and cost-effective catalysts for

the HER and advances the progress towards a sustainable hydrogen economy.
5.2. Recommendations

For the future study, there are a few recommendations on the computational simulations
such as DFT to calculate adsorption free energies and mechanisms of Cu/MoS;
nanomaterial that will give full information on active sites, which increases the catalytic
activity. Furthermore, there are recommendations on the application of Cu/MoS,for OER

in order to compare the performance of it to HER and for supercapacitors.
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Appendix Figure 2. (a) CV curves recorded at a scan rate of 50 mV s , Electrochemical
performance of various MoS,.NS electrodes carried out under a constant current

density of 10 mA cm2in 1 M KOH aqueous solution. (b) HER polarization curves
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