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ABSTRACT
Index No: 47/19/chem/26

Title: BIFUNCTIONAL CATALYSIS OF SOME METAL
CHALCOGENIDES IN HYDROGEN AND OXYGEN EVOLUTION
REACTIONS

Submitted by: Mousumi Mondal

In the vanguard of the 21% century, the quest for renewable and eco-friendly energy
sources stands as a paramount scientific and technological endeavor. The escalating
energy deficit and ecological ramifications stemming from the heightened reliance on
and depletion of conventional fossil fuels have catalyzed the advancement of innovative
energy transmutation technologies, including electrocatalysis and photocatalysis,
alongside energy retention mechanisms such as supercapacitors and batteries.

Hydrogen, hailed as the fuel of tomorrow, boasts a superior gravimetric energy
quotient of 120 MJ kg eclipsing that of gasoline at 44 MJ kg* in addition to unmatched
energy transformation proficiency, ecological harmony, and the virtue of emitting solely
water as a byproduct, thus ensuring zero carbon dioxide release. Furthermore, the
application spectrum of hydrogen extends to the production of ammonia via the Haber
process, methanol creation, the hydrocracking of crude oil, hydrochloric acid
manufacturing, and the hydrogenation of oils and fats. Given the absence of naturally
occurring hydrogen on our planet, its current production predominantly transpires
through the steam reforming of hydrocarbons under elevated temperatures and pressures.
This process not only consumes our finite fossil fuel reserves but also contributes to
carbon dioxide emissions. Additionally, the hydrogen procured through this method is
often tainted with oxides of carbon, nitrogen, and sulfur, which detrimentally affect the
surface of the catalysts and diminish its lifespan. Hydrogen, as the exemplary sustainable
energy vector, that is distinguished by environmental congeniality, high energy density,
and efficient conversion capabilities. It is anticipated to facilitate the seamless integration
of diverse energy networks, and thereby fulfilling the fundamental energy requisites of
the future.

The pursuit of pristine and inexhaustible energy reserves is a cornerstone of modern
scientific innovation. Electrochemical water splitting, energized by sustainable power
sources like solar, wind, and hydroelectricity, stands as a beacon of hope for the
generation of high-fidelity hydrogen (Hz). This technique, colloquially termed as “water
splitting”, has garnered significant attention over the previous decade as a captivating
solution to transmute renewable electric currents into a reservoir of chemical energy.
This energy is encapsulated in the form of hydrogen and oxygen, harvested at the anode
and cathode of the apparatus, respectively. There has been a burgeoning advancement in
this sector of energy capture technology.

Harnessing solar energy through nanoparticulate photocatalysts for the photocatalytic
division of water is at the forefront of sustainable, low-carbon hydrogen (H2) production.
This process, a non-spontaneous chemical reaction, necessitates the transfer of four
electrons from a minimum of two water molecules to facilitate the oxidation of water
into oxygen (O2). The theoretical threshold energy to spark this reaction stands at
1.23 eV. Yet, the evolution of O, from water is marred by slow kinetics and substantial



kinetic overpotentials, necessitating the use of sacrificial agents to donate electrons for
efficient photocatalytic H> generation. Notably, the oxygen evolution reaction (OER)
suffers from overpotential losses up to 30%, leading to considerable energy dissipation.
Moreover, the absence of efficient techniques to segregate the resultant O» and H> gases
poses a significant hurdle for the practical deployment of photocatalytic water splitting.
These impediments have shifted the focus towards novel alternatives to the OER, which
promise to bolster the burgeoning global hydrogen economy.

The process of overall water splitting reaction can be characterized by two different
half-cell reactions at two different electrodes: at cathode, the hydrogen evolution reaction
(HER) and at anode, the oxygen evolution reaction (OER). The thermodynamic potential
for this process is ~1.23 V that is equivalent to the minimum energy requirement of the
process, AG=237.1 kJ/mol under standard conditions. The anodic OER is notably more
complex than the HER, involving four synchronized proton-electron transfer steps and
the generation of various oxygenated intermediates, such as HO*, O*, and HOO*. This
complexity accounts for approximately 80% of the total energy consumption in the water
electrolyzer. Furthermore, despite significant progress and innovations in crafting high-
efficiency OER electrocatalysts, the journey towards optimal performance continues. In
this study cost-effective non noble metal-based catalysts, nanoparticles of some
transitional metal chalcogenides like CuSe, CuS, NiS, NiSe, etc. are synthesized by
similar hydrothermal methods, characterized and their electro catalytic performances are
compared and analyzed by varying the chalcogens, e. g., oxygen, sulphur, and selenium.
The synthesized metal nanoparticles have been characterized by microscopic (FE-SEM,
HR-TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Energy
dispersive X-ray spectroscopy (EDX), cyclic voltammetry and chronoamperometry
techniques. The study provides a comparison on the effects of various transition metals
regarding the catalytic activity of the corresponding chalcogenides and composites. In
addition, it may help to get the better catalyst for synthesis of green energy source,
hydrogen and understanding the mechanism of the reactions.

To surmount the prevailing challenges, a triad of strategies is commonly employed to
enhance the electrochemical efficacy of catalysts. Initially, the fundamental reactivity of
the active sites of the catalysts can be markedly augmented through diverse electronic
structure optimization techniques, encompassing strategies like doping with cations or
anions, defect engineering, manipulation of crystal phases and facets, as well as the
alteration of surface strain. Subsequently, the accessibility of these active sites can be
significantly expanded through innovative designs in catalyst morphology. Lastly, the
proficiency of charge transfer can be elevated by the strategic deposition of catalysts onto
structured conductive supports. In this scenario, the vanguard of advanced materials is
poised to revolutionize the electrocatalyst design landscape, paving the way for effective
and durable water splitting methodologies.
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INTRODUCTION

1.1. General background
Electrochemical water splitting, propelled by electric power derived from renewable
resources, emerges as an exemplary method for the eco-conscious production of
hydrogen (H2). This process is distinguished by its singular by product oxygen (O2) and
the notable absence of carbon emissions throughout its entirety. This discourse sheds
light on the scientific hurdles that currently impede the progress of hybrid water
electrolysis methods, with the aspiration of sparking continued ingenuity within this
swiftly evolving domain. Photocatalysis, propelled by light, orchestrates oxidation-
reduction reactions via generation of electrons and holes upon interaction with
electromagnetic radiation. The photocatalytic water splitting can occur under the
condition that the minimum of the conduction band should be more negative compared
to the corresponding reduction potential for the conversion of H* to Hz and the maximum
of the valence band should overcome the oxidation potential for the conversion of H.O
to O..

The electrolytic cell was first projected in 1789 and collected of three parts: cathode,
anode and an electrolyte [1]. The reaction involved in electrochemical water splitting

reaction,

H20 (I) — H2(9) + 1/202(g) (1.1)
AGo=+237.32 k] molt, AEg=1.23 V vs. RHE.

Two half-cell reactions—oxidation and reduction—is associated with the process of overall
water splitting reaction. The reduction of protons at the cathode can be assigned as the
hydrogen evolution reaction (HER)
2H* (aq) + 26— H2(Q) (1.2)

and oxygen evolution reaction (OER) is oxidation of water [2].

2H,0 (1) -0 (g) + 4H"* (aq) + 4e (1.3)
Molecular water is extremely stable and bears a low conductivity. To increase the
conductivity, electrolytes, such as sulphuric acid, sodium hydroxide, potassium
hydroxide, and potassium phosphate buffers can be added, resulting in an acidic, basic,

and neutral medium [3-4].
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In acidic medium [5],

Cathode: 4H" + 4¢- —2H,E°=0.0 V (1.4)
Anode: 2H,0— O + 4H" + 47, E° = +1.23 V (1.5)
In basic medium,

Cathode: 4H,0 + 4e"—2H, + 40H™, E° = —0.828 V (1.6)
Anode: 4OH — Oz + 2H,0 + 4e", E° = +0.401 V .7)

In neutral medium,
Cathode: 4H,0 + 4e — 2H, + 40H", E° = +0.413 V (1.8)
Anode: 2H,0— O2 + 4H" + 47, E° = +0.817 V (1.9)

1.1.1. Oxygen evolution reaction (OER)

While the hydroxyl ions in the alkaline or neutral electrolyte are oxidized into oxygen
and water, the H>O in the acidic electrolyte is prone to be oxidized to hydrogen and
oxygen. The oxygen evolution reactioncan be catalyzed more effectively by transition
metal-based catalysts, such as iron (Fe), nickel (Ni), and cobalt (Co), in alkaline media
[6-7]. However, in both basic and acidic environments, catalysts based on Fe and Ru
have been demonstrated to exhibit increased efficiency in OER processes. Matsumoto
and Sato [8] summarized the process in detail in 1986. This study covered the well-
known electrochemical oxide pathway as well as the pathways proposed by Yeager and
Wade, KrasilShchkov, Bockris [9], and Hackerman [10] pathways. All the proposed
mechanisms in the basic medium begin with the coordination of hydroxide ions to active
sites as the elementary step that follows through a series of stages. Because of the kinetic
barriers at different stages of the reaction mechanism, the overpotential becomes higher
[11].

OER in alkaline media

1. Electrochemical oxide path

*+ OH — *OH + ¢ (1.10)
*OH + OH(ag) — *O + H,0 + & (1.11)
2%0 — 2% + 0,(q) (1.12)
2. Oxide path
*+ OH(aq) — *OH + ¢ (1.13)
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2*0H — *O + * + H,0 (1.14)
2%0 — 2* + 02(Q) (1.15)
3. Krasil’shchkov path
* + OH (aq) — *OH + & (1.16)
*OH + OH(aq) — *O + H20 (1.17)
*O > *O+¢ (1.18)
*Q + *O — 2* + 0, (q) (1.19)
4. Yeager path
*+ OH(aq) — *OH + ¢ (1.20)
*20H — **"1OH+ * + ¢ (1.21)
2"%10H + 20H(aq) — 2* + 2H20 + 02 (g) (1.22)
5. Bockris path
*+ OH (ag) —» *OH + ¢ (1.23)
*OH + OH ™ (aq) — *H20, + & (1.24)
*H,0; + OH™ (ag) — *OOH + H.0 (1.25)
*H,0, + *O0H — 2* + OH ™ (aq) + O2(q) (1.26)
OER in acidic media
1. Electrochemical oxide path
* +H,0 — *OH + H* + & (1.27)
*OH — *O + H + & (1.28)
*0 + H20 — OOH* + H* + &° (1.29)
*0y— * + 0 (1.30)
2. Oxide path
* + HO—*OH + H" (aq) + & (1.32)
2*OH — *O + * + H,0 (1.32)
2#0 —2* + 0,(Q) (1.33)

3. Krasil'shchkov path

* + H,0 — *OH + H* (aq) + & (1.34)
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*OH — S-O+ H* (aq) (1.35)
*O — *0 + ¢ (1.36)
2%0 — 2* + 02 () (1.37)

4. Wade and Hackerman path

2* + 2H,0 — *O + *H,0 + 2H" (aq) + 2¢° (1.38)
*O + 2*OH — *H,0 + 2* + 02 (g) + 2¢ (1.39)
These are the potential OER processes; the mechanism acts as the rate-determining

step, and the synthesis of intermediates, O*, OH*, and OOH* on the electrocatalyst
surface is a prerequisite [12].

1.1.2. Hydrogen evlution reaction (HER)

The first stage in the multistep hydrogen evolution reaction is the protons being
discharged and the hydrogen being adsorbed on the electrode surface that has been
assigned as the Volmer. The desorption of H: ions from the cathode via an
electrochemical pathway (Heyrovsky step) or a chemical method (Tafel step) is the
second stage of the reaction mechanism [13-16].

HER in alkaline media

H,0 + e” —H* + OH (Volmer) (1.40)
H.0 + e — Hz + OH™ (Heyrovsky) (1.41)
(or) 2H*— H2 (Tafel) (1.42)
HER in acidic media
H" + e —H* (Volmer) (1.43)
H* + e+ H*—H; (Heyrovsky) (1.44)
(or) 2H*—H_ (Tafel) (1.45)
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+H,0,
H'+e
+OH-
e
M-OH
+OH-
.
H20(|)
+OH
Ho
*H,O( ) M-O H*

Fig. 1.1. Schematic presentation of oxygen evolution reaction in acidic and alkaline
electrolytes
The oxygen evolution reaction in alkaline (blue line) and in acidic (blue line) electrolytes
is predicted by the processes as has been shown in Fig. 1.1. The two plausible
intermediates, M—OOH and M-O, are shown by the ensuing black and green lines.

1.2. Applications of water splitting reaction

In many technological applications, such as solar energy production and catalytic fuel
cells, water splitting is an essential process. This procedure makes it possible to directly
decompose water and produce hydrogen. The energy required to cleave hydrogen bonds
can be supplied from a variety of sources, including light, electricity, and heat. Coal
gasification and natural gas replication are the foundations of industrial hydrogen
production. However, these procedures need a lot of energy [1-10]. Electrical current
when passed over water causes electrolytic water splitting. At the electrode-solution
interface, charge transfer reactions within a unit cell, referred to as an electrolyser,
transform electrical energy into chemical energy [11-18]. In industrial applications, less
energy-intensive and more sustainable technologies seem to be extremely appealing for
utilizing renewable feedstocks (biomass, water, and alcohols) and renewable primary
energy sources (sunlight, wind, wave, and hydropower). The development of novel
technologies based on non-fossil based pathways for the production of hydrogen is at
varying stages of upgradation. However, every process has its own advantages,
difficulties, and possibilities [18-20].
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I1. Oll: H, from fossilirenewable
oils via reforming or partial

IV. Alcohols: H; from bio- V. Wood: H, from biomass via VL. Algae: H; from algae
derived alcohols via reforming pyrolysis technology applying photosynthesis

processes

Fig. 1.2. An overview of the several feedstocks and process options for producing Ho.
This text was adapted from Hydrogen Production and Storage; R&D Priorities and Gaps,
OECDI/IEA, Paris 2006 by T. Riis, E. F. Hagen, J. S. Vie, P. J. S. Vie, @. Ulleberg, and
G. Sandrock.

Fuel

Applications

Fig. 1.1. Lower segment: main application of the fuel cell technology; Upper segment:
fuel and fuel cell types. AFC, alkaline (especially in the space sector); DMFC, direct
membrane; MCFC, molten carbonate; PAFC, phosphoric acid; PEMFC, polymer
exchange membrane; SOFC, solid oxide.
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1.3.  Types of water splitting reactions

Numerous methods, including photocatalytic, electrocatalytic and photoelectrocatalytic,

can be used to carry out a water splitting reaction.

1.3.1. Photocatalytic water splitting: The process of water splitting reaction is driven by
the generation of excitons upon absorption of photons. Over this process, the bandgap of
the materials under consideration is crucial. The energy of the incident photon energy is
dependent on the choice of materials. A band gap greater than 3.0 eV becomes necessary
when excited with ultraviolet radiation. Photocatalysts that possess a bandgap of 1.23
eV, which is greater than the free energy of water splitting reaction can be considered as
ideal. The choice of photocatalysts is limited by the conditions that the energy of valence
and conduction bands should be lower than the potential for water oxidation, greater than
the potential for hydrogen reduction, and inherit a low rate of electron-hole pair
recombination. By reducing charge recombination to increase the amount of visible light
under experimental conditions, carbon-based nanomaterials, such as carbon nanotubes,
carbon quantum dots, graphene and graphitic-carbon nitride have been used that can

improve the performance of photocatalytic water splitting reaction [21-22].

1.3.2. Electrocatalytic water splitting: Another way to split water is an electrochemical
approach by using an electrocatalysts in the process. In electrocatalytic water splitting
reaction, hydrogen evolution reaction occurs at the cathode and oxygen evolution
reaction occursat the anode. Under the benchmarked circumstances, the energy needed
for the reaction of water splitting is 237 kJ mol . In this process, for the transfer of

electrons, a potential of ~1.23 V potential is indispensable [23].

Total reaction: Hz+ O2 — H20 (1.46)

In acidic medium,

Cathode: 2H*+ 2e” —> H» (1.47)
Anode: H,O — 2H*+ 120, + 2e~ (1.48)

In alkaline medium,
Cathode: 2H>0 + 2" — Hz + 20H (1.49)

Anode: 20H™ — H,0O +120, + 2¢~ (1.50)

7



INTRODUCTION

The three phases of the HER method-the Volmer type reaction (hydrogen adsorption
reaction), the Heyrovsky type reaction (electrochemical hydrogen desorption reaction),
and the Tafel type reaction (chemical desorption reaction)-can be applied to both acidic
and alkaline conditions [24].

1.3.3. Photoelectrocatalytic water splitting: The process of water splitting can also be
performed using a combination of photocatalytic and electrocatalytic processes. A
conducting electrode is coated with the samples in the photoelectrocatalytic water
splitting reaction. This approach that is associated with the presence of light, the applied
potential can lead to the occurance of the hydrogen evolution reaction. However, if the
electrodes are suitably modified, the needed potential to be applied becomes shifted to
lower levels. The anode receives the photogenerated holes, which oxidize the OH™. In
this process, since the two electrodes, or reaction sites, are separated spatially and

therefore, the products as hydrogen and oxygen can be collected separately [25].
1.4. Literature review

In the issue of performing electrochemical reactions, electrocatalysts play a vital role.
The composition of the created electrocatalysts Ruthenium oxide and platinum are
optimum for oxygen and hydrogen evolution reactions. Some improvements are needed
to address cost-effectiveness issues of the catalysts. Therefore, the production of
inexpensive, highly active, stable electrocatalysts is being given top priority in research
efforts to execute water splitting processes.

Researchers have developed a novel molecular HER electrocatalysts based on a
molybdenum selenium clusters (MosSe1s) [26-30]. Precisely substituting the sulphur
molecule at the molecular level, these particles can improve the HER activity [31-36].
The dispersion of microflowers through drop casting method comprised of
interconnected NiO nanowalls decorated with very small amount of platinum
nanoparticles onto graphene paper offers cost-effective approach for the development
of HER electrodes [37-42]. The composite electrodes, under alkaline conditions, exhibits
an overpotential of 66 mV when the current density is at 10 mA cm2 and lower Tafel
slope of nearly 82 mV dec*and the high turnover frequency as 2.07 s corresponding to
Pt loading of 11.2 mg cm™2 [43-45]. Furthermore, researchers explored the characteristic
values of ruthenium (Ru)-based oxygen evolutionreaction (OER) catalysts, including

the OER mechanism, intrinsic activity, and stability issues. By introducing strain through
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laser ablation in liquid, the grain boundaries have been generated in Ru OER catalysts,
resulting in significantly lower overpotential (202 mV) for the OER in acidic media
compared to commercial RuO. (302 mV). In the NixSey system, nickel plays a vital role
as the main catalytic activity site. Its unique valence electron configuration (3d®4s?)
contributes to its effectiveness as an OER catalyst. In comparison with the same group
elements like oxygen (O) and sulfur (S), selenium (Se) possesses same number of valence
electrons and the oxidation number and exhibit inherent metal properties that render to
exhibit better electrical conductivity and the electrocatalytic activity [46-47].
Researchers have also identified promising electrocatalysts to enhance hydrogen and
oxygen evolution reactions. First, 1T'-MoS; has been emerged to act as viable substitutes
for platinum as electrocatalysts towards hydrogen evolution reaction. These materials are
advantageous as these possess low charge transfer resistance, low overpotential, and
impressive durability, achieving an efficiency of 75% at 1.0 A cm™and 1.94 V. Second,
novel NiMo-based nanorods synthesized via thermal ammonolysis exhibit extraordinary
performance for both the OER and HER. These materials can achieve small
overpotentials of 252 mV and 103 mV to attain a current density of 10 mA cm2in 1.0
M KOH solution. Lastly, when the metals are doped in two-dimensional nanomaterials,
specifically MoS; and NiMoS, deposited onto the free-standing graphene paper, serves
as effective counter electrodes in quasi solid-state at a dye-sensitized solar cells,
benefiting from high electrical conductivity and electrocatalytic activity [48-51].
Copper (Cu) plays a vital role in living systems, where maintaining an optimum
copper level is essential. Deviations from this balance can lead to metabolic disturbances
and unhealthy conditions. Researchers have extensively studied the impact of copper on
cellular cycles, emphasizing its significance as a redox-active transition metal.
Meanwhile, hydrogen (H2) holds immense promise as an energy transporter for the
future. Ho production through water splitting offers a renewable and clean energy option.
Since, we seek sustainable replacement of conventional fossil fuels, efficient and
abundant catalysts become crucial for enhancing the water splitting process. Although
Cu-based materials exhibit high conductivity and abundant reserves, they have not
received as much research attention for electrode designs compared to Fe/Co/Ni-based
compounds. Recent progress has focused on Cu foam-derived materials, leveraging their
three-dimensional network structures [52-53]. These materials demonstrate efficiency in

both pure water electrolysis and hybrid water electrolysis. The advantages of Cu foam-
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derived materials include structural porosity, low cost, and operational durability [54—
55].

The sharp edges of the molybdenum sulfide catalysts, the crystalline phase of MoS:
and amorphous phase of MoSx structure, and the molecular clusters, play a pivotal role
in water splitting. These catalysts share similar active sites and turnover frequencies,
emphasizing that total electrode activity of primarily hinges on the number of nearby
active sites for each geometric electrode area. Researchers have also explored metal
phosphates, such as Co-phosphate (CoPO), Ni-phosphate (NiPO), and Ni-Co-phosphate
(NiCoPO), synthesized without structure-directing agents. These materials exhibit high
surface area, good interparticle porosity, and transition metals within their frameworks,
making them promising candidates for electrocatalytic OER. As an alternative to the
platinum (Pt), noble-metal-free electrocatalysts are gaining attraction, with novel
preparation methods in focus. In addition, a NiMoSe/NF-2 heteronanostructures at the
interface can be synthesized by annealing a hybrid of the crystalline NiSe and the
amorphous MoSex (NiMoSe/NF-1) [56-57]. This structure exhibited superior
performance in both HER and OER mechanism, with lower overpotentials and favorable
Tafel slopes. Lastly, the combination of nickel selenide molecules with molybdenum-
based materials accelerates reaction rates for both electrodes, leveraging unique electron
configuration of metal nickel and the significant reactivity of molybdenum for proton
desorption [58-59].

Gibbs free energy and Sabatier principle: In accordance with the Sabatier principle,
the optimal Gibbs free energy for different for intermediates in the process of HER is O
eV. For the efficient hydrogen adsorption-desorption processes, the attainment of right
balance in Gibbs free energy is obvious. Molybdenum at the +4-valence state, exhibits
excellent ability of hydrogen desorption but limits the dissociation of water during the

entire course of the Volmer step [60].

Alkaline media and strong H-OH covalent bonds: The splitting of the strong H-OH
covalent bond with high energy barrier becomes the ratedetermining step under alkalike
conditions for hydrogen evolution reaction. Nanosheets of 1T-MoSe; have been
anchored on NiSe nanowires to fabricate 1T-MoSe2/NiSe heterostructuresthat exhibit
remarkable properties towards the electrocatalytic dissociation of water. The Se sulfides
are electrochemically grown on fluorine-doped tin oxide substrates, serve as highly

active and stable in the HER electrocatalysts. Among them, Nio.96M00.04S stands out
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exhibiting capable to HER activity with the lowest Tafel slope, the value of slope is 46
mV dec™. The HER activity of Ni containing binary alloys follows the sequence: Ni-Mo
> Ni-Zn > Ni-Co > Ni-W > Ni-Fe > Ni-Cr. Synthesis of the heterogeneous catalysts
containing Ni-Mo alloy is also important. Such a catalyst optimizes the interface between
the metal and metal oxide or hydroxide, effectively lowering the dissociation kinetic
energy barrier. Non-metallic elements (e. g., carbon, nitrogen, sulphur, oxygen,
phosporus, boron, etc.) can exist exploration for incorporation into nickel molybdenium
system. These elements change the free energy of adsorption of the produced
intermediates and support for fast water dissociation. While platinum remains for the best
electrocatalysts with a AG** value of -0.09 eV (i. e., -0.33 eV of AE¥), Ni forms the
strong hydrogen bonds with a AG** value of -0.27 eV (i. e., -0.51 eV of AE?). The weak
desorption capability of the OH" species on nickel surfaces leads to essential irreversible

reactions and water dissociation by formation of the oxides and hydroxide phases [61].

Electrochemical impedance spectroscopy and slow electron transport:
Electrochemical impedance spectroscopy has revealed the slow movement of electrons
in the hydrogen evolution reaction in the presence of unstructured molybdenum
sulphides as catalysts on a glassy carbon electrodes. While metallic HER catalysts
typically exhibit rapid electron transport due to their good electronic conductivity,
electrodes made of an assembly of nanoparticles—especially non-metallic nanoparticles—
can experience bottlenecks in electron transport. This phenomenon is observed with

molybdenum sulphides [62].

Catalytic activity of p-Ni(OH). superstructures: Three dimensional hierarchical petal-
like nanosheets decorated with B-Ni(OH)2 nanoburls have been synthesized through
solvothermal method [63]. These materials upon activation with the oxyhydroxide
formed at the facets exhibits a relatively low overpotential of 0.300 = 0.003 V at current
density of 10 mA cm™2, low value of the Tafel slope ca. 0.043 V dec™! and very high
turn-over frequency of 47.14 s 'at 1.53 V vs. RHE and increased faradaic efficiency. It
has been seen that metallic platinum can act as efficient electrocatalysts in hydrogen
evolution reaction where a low overpotential close to zero and Tafel slope of 30 mV

dec! have been achieved.

Transition-metal electrocatalysts: The transition metals, such as, Fe, Co, Niand Cu are

promising cost-effective electrocatalysts for cathodic reactions because of their earth
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abundance and high electrical conductivity. Transition metal electrocatalysts are,
sometimes, shared with anions that broadens d-bands of the parent metalsupon
hybridization with the corresponding s-orbitals [64].

1.5. Objectives of the present work

Based on these backgrounds, the objectives of the present work have been formulated.
The nanoparticles have been synthesised through wet chemical techniques. The
chemically synthesized metal alloy nanoparticles have been characterized by
spectroscopic, microscopic and electrochemical studies. The morphology of the
nanoparticles has been investigated by using transmission electron microscopy, high
resolution transmission electron microscopy and selected area electron diffraction
patterns. The morphology of the electrode surface has been investigated with scanning
electron microscopy. The field emission scanning electron microscopy measures the
shape and size of the particles. The elemental composition of the particles can be
determined by using energy dispersive X-ray spectroscopy. X-ray diffraction provides
the crystalline structures and phase purity of the metallic nanocomposites. The

experiments of the present thesis work have been organized into four chapters:

Chapter 1: This chapter describes the hydrothermal synthesis of nickel containing
nanoparticles. The electrocatalytic activities of the synthesized catalysts have been
explored in reference to alkaline and acidic oxidation for the water splitting reaction. The
morphology and surface ligand characteristics of the as-synthesized nanoparticles have
been probed by using scanning electron microscopy, transmission electron microscopy,
powder X-ray diffraction technique and Fourier transform infrared spectroscopy. These
three types of nanoparticles have been employed as electrocatalysts towards the water
oxidation reaction. The best electrocatalysts, NiSe provide a current density of 10 mA
cmZat 259.0 mV overpotential while for OER in 1.0 M KOH, which is superior to state-
of-the-art catalysts RuO- in the same environment. For HER the best electrocatalyst,
NiSe provides a current density of 10 mA cmat 49.5 mV overpotential in 0.5 M H2SOx4,

which is again superior to Pt wire electrode.

Chapter 2: The hydrothermal synthesis of Cu-based nanoparticles and their
electrocatalytic activity have been covered in this chapter. Copper is one of the most
inexpensive, readily available elements on Earth that can improve electrocatalytic

activity amongst the transition metal elements. CuSe nanoparticles have been employed
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as highly effective bifunctional electrocatalysts in the water splitting reaction. Water
oxidation performance of electrocatalysis has been studied in an alkaline solution
containing 0.5 M H2SO; solution for HER and 1.0 M KOH solution for OER. The
electrocatalysts have an overpotential of 343 mV for OER and 126 mV for HER,
respectively, to achieve a current density of 10 mA cm™.

Chapter 3: This chapter deals with the hydrothermal synthesis of NiS, MoS, and NiMoS
nanoparticles and observing their electrocatalytic properties in reference to OER under
alkaline condition. It shows an overpotential of 124 mV (10 mA cm) and Tafel slope of
41.6 mV dec? in 1.0 M KOH for NiMoS nanostructures. The values of double layer
capacitance of NiS, MoS and NiMoS electrocatalysts have been calculated to be 3.72,
1.20 and 2.23 mF cm™2.

Chapter 4: This chapter deals with the hydrothermal synthesis of nickel selenide,
molybdenium diselenide and nickel molybdenium selenide nanoparticles. The
electrocatalytic water splitting towards OER overpotential with respect to RHE is 165
mV with a lower Tafel slope 83 mV dec™. The double layer capacitance of the catalyst

is 9.5 mF cm™ and electrocatalytic active surface area is 9.5 cm?.
1.6. Transition metals

A variety of the transition metals, as well as iron, cobalt, and nickel along with their
corresponding oxides, phosphides, and sulfides, have been the subject of extensive
research interest due to their role as catalysts in the splitting of water molecules. These
elements are capable of facilitating both the HER and OER, which represent the two
complementary processes of water splitting reaction. A revolutionary advancement in
this domain is the creation of a single catalyst that combines the functions of HER and
OER, offering multiple benefits. This innovation simplifies the architecture of
electrochemical cells and diminishes the financial outlay associated with the water
splitting operation. Typically, this is achieved using bifunctional catalysts. These
catalysts can be adopted at functioning under uniform conditions, which consolidates the
operational procedure and bolsters the robustness of the system. Bifunctional catalysts
are intricately designed substances capable of concurrently promoting both HER and
OER tasks that were previously assigned to distinct materials. Their dual-capability
streamlines the water splitting apparatus and fosters the economic and efficiency gains.

Predominantly, these bifunctional catalysts also consist of transition metals, such as
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nickel (Ni), iron (Fe), and cobalt (Co), which are often amalgamated with non-metallic
elements, like phosphorus (P) or sulfur (S), resulting in the formation of compounds,
such as NisFeOx nanoparticles. These compounds are distinguished by their remarkable
catalytic processes and durability, rendering them ideal for enduring water electrolysis
applications.

Bifunctional catalysts are at the forefront of innovation, yet they face hurdles in
achieving optimal performance, especially concerning their enduring stability and
reactivity across different pH levels. The focus of ongoing research is to refine the
effectiveness of these catalysts by employing methods, such as nanostructuring, alloying,
and modifying the surface properties.

1.7. Heterogeneous catalysts

In the realm of bifunctional catalysts, recent advancements have led to the creation of
both homogeneous and heterogeneous types. Homogeneous catalysts are characterized
by their soluble complexes that possess varied functionalities and catalytic actions, linked
either through covalent bonds or electrostatic interactions. Conversely, heterogeneous
catalysts feature active sites on the exterior of solid substances or on supporting
materials. These active sites may be closely packed at a molecular scale or spaced more
broadly at a mesoscopic level, as seen when various nanoparticles are anchored onto
supports. The proximity of active sites is advantageous, potentially expediting
subsequent reactions due to the concentrated presence of the initial product of the
catalysts. However, negative outcomes may arise if the product from the first catalyst
hinders the second, or if the catalytic substances interact detrimentally, leading to
inactivation. Therefore, an ideal balance must be struck, necessitating precise adjustment
of the spacing of the active sites during the formation of the catalysts.

The field of transition metal electrocatalysts, the process of nanostructure
inaugmention of the surface area of the catalysts has recently seen notable advancements,
and thereby, unveiling a greater number of active sites in the reaction. Significant
research has been invested in incorporating nonmetal elements, such as boron, carbon,
nitrogen, phosphorus, sulfur, and halides into these nanocatalysts. These elements act as
acceptor states above the valence band, markedly enhancing light absorption and charge
transportation capabilities of the catalysts. Employing novel approaches, such as

introducing different elemental dopants or engineering distinct crystal facets, has resulted
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in catalysts with superior performance and increased stability. However, the quest for
catalysts that exhibit robust performance across a broad pH spectrum and under
substantial current densities for industrial use continues. Researchers are diligently
working to surmount these challenges by fine-tuning the electronic structure and physical
form of transition metal catalysts.

1.8. Photocatalysts

Photocatalytic water splitting necessitates specific characteristics in photocatalysts,
particularly concerning their band gaps and energy levels. Photocatalysts are typically
semiconductors in powdered or colloidal forms, which may be combined with dopants
or cocatalysts to boost their performance. Upon exposure to photons with energy at or
above band gap of the semiconductor and photogenerated electrons and holes within the
valence and conduction bands respectively can initiate redox reactions. If these charges
are conveyed to water molecules, they can facilitate water splitting, with electrons
generating hydrogen and holes producing oxygen. It is key to note that recombination of
charges can occur, notably diminishing the efficiency of water splitting. The band
structure along with other bulk and surface attributes of the semiconductors profoundly
influence the recombination of photogenerated charges. Crystalline photocatalysts with
fewer defects are preferable for water splitting as defects can serve as sites for the
recombination of electrons and holes in the photogenerative pathway, and reducing
catalytic efficiency.

For water reduction reaction to occur, the conduction band of the photocatalysts must
possess a potential below 0 V versus the NHE (H*/H>), as the valence band should have
the potential greater than 1.23 V, equivalent to electromagnetic radiation of wavelength
ca.1008 nm. Photocatalysts based on ultraviolet (UV) light, which has a higher energy
per photon compared to visible light, are more efficient for hydrogen generation through
solar water splitting. However, most existing photocatalysts are activated only by UV
light, which represents a mere 4% of solar spectrum, while visible with 400 to 800 nm
and infrared (>800 nm) light energy make up 53% and 43%, respectively. Given the
limited share of UV light during the solar energy, it is crucial to develop photocatalysts
that are not only responding to a broader spectrum, including visible and infrared light,

but also enhances their solar to hydrogen conversion efficiency.
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1.9. Scope and Objectives

1.9.1. Choice of medium

The kinetic parametersin a reaction, including Gibbs free energy (AG*) and
enthalpy (AH*) of activation, free energy of the activation (AG*), and pre-exponential
factor (A), are determined by using the Arrheniusand the Eyring relations. These
parameters also play a vital role to understand the reaction kinetics on catalyst surfaces.

Specifically, for HER, the activation enthalpy (AH*) strongly depends
on overpotential that the potential difference between actual and thermodynamic
potential. This behavior holds true for both platinum (Pt) and palladium (Pd) catalysts.
Additionally, when using nafion as a binder in the coating slurry, it is essential to strike
the right balance. Using too much nafion can lead to the formation of a thicker layer
resulting in additional mass transmit resistance within nafion layer. However, the
diffusion resistance of a nafion film remains insignificant and therefore, optimizing the

additive amount of nafion is crucial.
1.9.2. Choice of catalysts

Electrocatalysts based on platinum metals have been well-recognized as efficient
electrocatalysts for the hydrogen evolution reaction during the process of water
splitting. The use in electrocatalysts remains enormously low, primarily because active
sites are confined to surface of the catalyst particles.
In the pursuit of sustainable hydrogen production, researchers have explored various
alternatives to platinum-based catalysts. These alternatives include:
1. Metal-Free Elemental Photocatalysts: These include materials, like boron,
carbon, phosphorus, sulfur, silicon, selenium, and others.
2. Binary Photocatalysts: Examples, include BCs, B4C, CxNy, h-BN, and similar
compounds.
3. Ternary Photocatalysts: BCN-based materials and their heterojunction
counterparts fall into this category.
4. Organic Photocatalysts: These encompass linear organic frameworks, covalent
organic frameworks, microporous polymers, and other organic compounds.
Among these, graphitic carbon nitride (g-CsNa4) has garnered significant attention. This
polymeric material, composed of a triazine-based pattern, exhibits a C/N ratio of 3/4 and

contains a small amount of hydrogen. The synthesis of g-C3Na typically involves thermal
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polymerization of precursors, such as dicyandiamide, cyanamide, urea, melamine, or

thiourea at temperatures ranging from 450 °C to 650 °C.

Key features of g-C3aNa:

o Metal-Free: It lacks any metal components.
o Photocatalytic Activity: g-CsNa4 serves as a promising catalyst for removing CO-
from the atmosphere.
o Energy Conversion: It can be utilized for energy conversion.
o Wastewater Remediation: g-CsN4 contributes to waste water treatment.
e Organic Synthesis: It finds applications in organic synthesis.
In summary, g-CsNa4 holds great potential as metal free photocatalyst for the HER in

water splitting reaction.

1.10. Characterization techniques

1.10.1. X-Ray diffraction (XRD)

To determine the physical characteristics, crystallographic formation of nanostructured
based materials, X-Ray diffraction (XRD) method can be performed. The diffraction
experiments are based on the scattered intensity, which is confirmed by the incident and
scattered angles by wavelength and energy after an X-ray strikes a sample [65].

For X-ray diffraction study, single crystals and powder samples both are used [66]. XRD
is an analytical technique which is employed for phase recognition of a crystalline
material. It provides the information on structural phases, crystalline orientations and
other structural parameters. XRD peaks are formed by productive interference of a
monochromatic X-rays scattered beam at a specific angle from each plane in a sample.
The peak intensities result by the sharing of atoms within the lattice.

An X-ray beam is diffracted when it is obstructed by a sample. Then, we use Bragg’s law
to calculate the distances between the atomic planes that make up the sample. This
formula is nA = 2d sinf, where A is an integer, n the order of the diffracted beam, d the
distance between the adjacent atomic planes, and 0 the angle between the incidence of
the X-ray beam. Diffraction occurs when an X-ray beam is hit by a sample. Next, Bragg's
law can be utilized to calculate the distances between the atomic planes present in the
sample. This formula is as follows: nA = 2dsinf, where A is an integer, n is the diffracted

beam order, d is the distance between the adjacent atom planes, and is the angle between
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the X-ray beam's incidence [67-69]. From peak width in the diffraction patterns, the
average crystallite size of nanoparticles can be enumerated by using Debye-Scherrer
equation: D = 0.90/Bcos6, where D is the average size (nm) of nanocrystallites, A the
wavelength of the X-ray, B the full-width at half maximum (FWHM) and 0 is the Bragg’s
angle. By measuring the values of 6, we can calculate d-spacing values. A distinct
"fingerprint” of the components or materials contained in the samples can be obtained
from the properties of d-spacings produced during an X-ray scan. The "fingerprint"”
allows for material identification when the beams are correctly understood, by
comparison with the usual reference patterns & parameters. The features of the d-
spacings produced during an X-ray scan offer a distinct “fingerprint” of the constituents
or substances found in the specimens. A “fingerprint” of a material can be used for
identification when the beams are correctly interpreted and compared to the standard
patterns and measurements as the references.

A proceeding sample platform, an X-ray source, and an X-ray detector attached to
computer-controlled electronics comprise of a modern powder X-ray diffractometer. The
sample is placed into a quartz substrate or packed into a shallow cup bent holder. In order
to minimize sample heating during the experiment, the sample holder is slowly spined.
The platform containing the sample rotates at an angle of 26 with respect to the fixed X-
ray beam. The detector is oriented at 26 angle with respect to the received X-ray beam
and rotates twice as fast as the sample. In the tube, a high voltage of 15-60 kV is applied.
High voltage accelerates the electrons as they strike the target, which is often constructed
of copper. X-rays are released when the electrons strike the object. The properties of the
target can be reflected in the X-ray wavelengths. After the X-ray signal is detected by the
detector, it is converted by microprocessor into a readable form or electronically converts
the signal count to rate. An X-ray scan occurs when the angle between the X-ray source
and the detector is altered at a regulated pace between the predetermined limits. The
sample platform revolves around the fixed X-ray beam at an angle of 6. The detector
rotates at an angle of 2° with respect to the incoming X-ray beam and rotates at a pace
twice that of the sample. On the Bruker D8 Advance X-ray diffractometer equipped with
a CuK, radiation source (A=1.5418 A° generated at 40 KV and 40 mA), the XRD patterns

for all the samples have been recorded.
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1.10.2. Fourier transform infrared (FTIR) spectroscopy

An infrared spectrum of absorption or emission of a sample either in the solid,
liquid, or gas phase can be obtained using the FTIR technique. Over a broad spectrum
range, data with high spectral resolution can be simultaneously collected using an FTIR
spectrometer. The data in the FTIR spectrum is recorded between 4000 and 400 cm™
which represents molecular fingerprint of the samples. It identifies the presence of
organic and inorganic compounds in the samples. The spectra can be used
to identify and characterize foreign materials, find additives, identify decomposition an
d oxidation, and detect any contaminants. The components of an FTIR spectrometer are
a computer, amplifier, sample cell, detector, source, and A/D converter.

Initially, the signal is enhanced before being converted to a digital signal through the us
e of an A/D converter and amplifier [70]. Then, the signal is sent to the infrared
radiation is passed through a sample; some of the radiation is absorbed while some passes
through. The absorbed radiation is converted by the sample into vibrational or rotational
energy. The resulting signal obtained by the detector is a spectrum typically ranging from
4000 to 400 cm2,

Afterwards, the signal is sent to the computer and processed through Fourier transforma
tion.A small amount of the sample is taken and finely ground with KBr salt, and this
powdered mixture is then pressed to form a pellet. For the characterization of the
samples, infrared spectra were collected using Perkin Elmer Spectrum RX1 FTIR

spectrometer with resolution 4 cm™.

1.10.3. Scanning electron microscopy (SEM)

The surface analysis of a sample is usually performed by an electron beam in the
scanning electron microscopy (SEM). This method is employed to look into the discrete
morphology and structure of materials. A persistent electron beam strikes the sample and
scans transversely a rectangular area in a standard SEM. Electrons hit a sample either be
directly backscattered or by re-emitted as secondary electrons, the frequencies of which
fall in the X-ray region of the electromagnetic spectrum. SEM images are formed by the
energy loss of secondary electrons. It is capable to imaging of bulk samples and also to
produce the 3-D shape of a sample. During this process of image analysis, firstly, the
sample is reserved on a metal stab and set with the conductive metal paste. The sample

should be conductive to permit electron interactions. For most of the samples, usually
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platinum or gold metals, are predicted to coat the samples. The SEM images help to
determine the morphological structures and chemical composition of the materials under
different operating conditions.

The SEM has many advantages than other traditional microscopes.
The device has a generous depth of field, enabling a larger portion of the specimen to b
e in focus simultaneously. The comprehensible images makes the SEM instrument as
one of the most useful techniques in the research today. All the morphological studies of
the as-synthesized electrocatalysts were performed on field emission scanning electron
microscopy (FESEM, INSPECT F50 FEI)

Fig.1.2. Digital camera photograph of a scanning electron microscope

1.10.4. Transmission electron microscopy (TEM)

The TEM is an instrument which is used for high magnification studies of nanoparticles.
The HRTEM is an extremely complex device with several programmable features. It is
used with energy dispersive X-ray spectroscopy (EDS), which is a crucial tool for
characterizing the composition of the materials. The accelerate voltage in the HRTEM
instrument is exceptionally steady within the one part per million (ppm) or more range.
The operating current of the device has a great deal of sensitivity. It operates at a steady
current, and the lens current needs to be monitored at all times. When the sample is tilted
or an additional field of view is chosen, the height of the specimen needs to be
appropriately changed in accordance with the change in lens current. Direct image of the

atomic structure of a sample is made possible by this process. Currently, the HRTEM
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instrument achieves a point resolution of up to 0.05 nm possessing a power to resolve
imperfections of individual crystal atoms. In order to create a 3D map of three-
dimensional crystals, it is necessary to merge many views obtained from various angles
using the process called electron tomography. During the experiments, the sample grids
are prepared by drop casting method on carbon coated copper grids having the mess size
of 200-300. Small quantity of powder sample is dissolved in the solvent of methanol,
ethanol or isopropanol and it is sonicated to obtain the fine dispersion of powder sample.
Minimal one drop of this disseminated solutions are placed on the grid and then, dried at
room temperature under vacuum. In this way, the sample is made ready for the electron
microscope chamber [72].

The interference in the wave plane of the electrons itself causes the contrast in the
HRTEM image. Transmission electron micrographs of all the materials throughout my
research period were imaged using a JEOL JEM 2010 transmission electron microscope
with an operating voltage in the range from 100 to 200 kV.

1.10.5. Energy-dispersive X-ray spectroscopy (EDX or EDS)

Energy-dispersive X-ray spectroscopy (EDX) is an elemental composition analysis
technique. This is, basically, a kind of X-ray fluorescence spectroscopy that depends on
using the light-matter interactions to investigate a sample. Moseley’s law, which reads
as, v = a (Z-B)?, can be used to explain X-ray emission of an atom. In this equation, v
represents the frequency of the emitted X-ray line, Z the atomic number of the element,

and o and [ are the line constants [73].

1.10.6. X-ray photoelectron spectroscopy (XPS)

The surface chemistry of the catalysts can be examined by using X-ray photoelectron
spectroscopy (XPS). Finding the chemical state of the atoms and elemental composition
is the main goal of this experiment. XPS is a powerful technique for probe deep into
surface chemistry and can provide valuable information about a material. It is surface
sensitive and non-destructive technique which can be used to analyze the outermost *10
m (~30 atomic layers) of natural and synthesized materials. The Kinetic energy and the
quantity of electrons that emerges from 0-10 nm of the surface can be determined by
measuring the surface atoms of the solid catalysts under the X-ray beam. In the spectra,
the y-axis represents the surface intensity of the materials, which shows the amount of a

given element present on the surface, while the x-axis displayed the elemental and
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chemical compositions based on the position of the peaks. The relative number of
electrons with a certain binding energy is indicated as peaks in the XPS spectra. The
photoelectric effect, which is the basis of XPS, a surface-sensitive quantitative
spectroscopic technique, allows one to determine the elements present in a material, their
chemical state, its overall electronic structure, and the density of electronic states in the
material. Because it may reveal both the elements that are present and the other elements
to which they are linked, XPS is a highly effective measurement method. It is frequently
used to investigate chemical reactions in materials either in their raw form or following
cleavage, scraping, heating, exposure to reactive gases or solutions, UV radiation, or ion
implantation. The energy of each peak is unique to the particular element that is present
in the sample [74-75]. A Thermo Fisher Scientific Multilab 2000 spectrometer operating
at 150 W (12 kV, 12.5 mA) was used to capture XPS during my research work. The non-
monochromatic AlK, radiation (1486.6 eV) was used as the X-ray source.

1.11. Techniques employed for electrocatalytic study

Electrochemical measurements were performed using Ag/AgCI/Cl™ as the reference
electrode (RE), metal oxides/sulphides/selenides served as the working electrode (WE),
and Pt wire served as the counter electrode (CE) to complete the circuit. Electrochemical
measurements were performed in three electrode cells. In this technique, the parameters,
like potential (V), current (mA) and time (s) is used. In voltammetry, potential and
current are measured and in chronopotentiometry or chronoamperometry potential or
current is measured with time. The data obtained from these techniques assist to

recognize the catalytic behaviour of an electrode
1.11.1. Potentiodynamic technique: Cyclic voltammetry (CV)

An electrochemical technique called cyclic voltage monitoring measures the current that
results from cycling the working electrode. From an initial value, also known as the initial
potential (Ei), to the final potential (Ef), and back to the initial potential, the potential is
swept linearly with time (t). The system comprises as a working electrode, reference
electrode, and counter electrode in a three-electrode system. It can be used to investigate
the range of redox processes in order to ascertain the reversibility of an electrochemical
reaction and the stability of reaction products as well as the reversibility of a reaction,
the electron transfer kinetics [76], the presence of intermediates in redox reactions [77],

and the stability of reaction products to assess the stability of reaction products in the
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presence of intermediates in redox reactions [78]. ]. The stoichiometry, the diffusion
coefficient of the analytes, and the formal reduction potential can be determined using
the cyclic voltammetry measurements. In a reversible technique, the concentration is
proportionate to the current. From the calibration curve of current vs. concentration, the
concentration of an unknown solution can be determined [79]. It is employed in organo-
metallic chemistry to assess redox processes [80]. In addition, a number of requirements
can also be explained for the redox processes, such as, choice of solvents [81]. The
analyte needs to be dissolved into the solvent, having a high concentration of the
supporting electrolyte, and remain stable in the potential window of the measurements.

Faradaic EP” Anodic (oxidation)
Current - Positive Current
Capacitive (anaiyte)

Current
EDL aasatr

’I..lll." I / Potential/V

Current / A

Cathodic (reduction)
~ Negative Current Epc

Fig.1. 3. Current-potential responses of triangular potential sweep experiment and
salient features.

1.11.2. Linear sweep voltammetry (LSV)

When the potential between the working and reference electrodes is swept linearly as a
function of time, the current in a working electrode can be measured using linear sweep
voltammetry (LSV) [82-83]. At a particular potential, the oxidation or reduction peak
starts to occur. A potentiostat and a three-electrode setup are used in the LSV experiment
to generate a potential in solution, which is, then, converted to the current. The reference,
auxiliary, and three electrodes set up is operational. The scan rate, which varies in the
range of 1.0 mV s to 10°Vs?, is the slope of potential vs. time curve [84]. It could not
be stated whether any further data can be provided in specific situations where the

reaction is irreversible in the cyclic voltammetry.
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1.11.3. Controlled current technique: Chronoamperometry (CA)

The time-dependent technique known as chronoamperometry involves applying a set of
voltages to the working electrode. A square wave potential can be provided to the
working electrode in this time-dependent approach. It is employed to quantify the
temporal dependence of the diffusion processes. The controlled processes occur at an
electrode where the time dependence in the diffusion of the analytes from the bulk
solution to the electrode surface can be determined. Measuring the electroactive species
in a solution is simple when the electrode area is known. The technique is employed to
investigate the adsorption, diffusion, and reaction Kinetics. The two types of
chronoamperometry are known, i. e., controlled-potential and controlled-current. The
equation in chronoamperometry is the Cottrell equation, which describes the
experimental current at a time for a large forward potential in a reversible reaction as the

function of t1>. The Cottrell equation is known by the equation,

nFAD,"*C,

id (t) = 1/2
() (151)

where Cottrell current is denoted by iq (t), t the time (s), A the area of the electrode (cm?),
F the Faraday constant (96,485 C mol™), I current (A), n the number of electrons being
transferred in the half reaction, Da the diffusion coefficients (cm? s1), and Ca the initial
(bulk) concentration of electroactive species (mol cm™3)[85].The Cottrell equation can
be used to determine the coefficient of the electroactive species when the current is

regulated by diffusion.

1.12. Parameters for the evaluation ofelectrochemical water splitting

To study the electrochemical water splitting reaction, important parameters, viz.,
overpotential () at different current densities (j), Tafel slope, turnover frequency (TOF),

electrochemical active surface area (ECSA), exchange current density are determined.

1.12.1. Overpotential

In electrochemistry studies, the overpotential is a measure of the potential difference
between the thermodynamic reduction potential and the particular potential where the

redox reaction occurs [86]. In electrolytic cell, the overpotential implies that the cell
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requires an additional energy to drive the chemical reaction. There exist three main types
of overpotential, viz., activation, resistance and concentration [87]. The potential
difference between the equilibrium value that is required to generate a current dependent
on the activation energy of a redox process is known as the activation overpotential that
has also been coined as electron transfer overpotential. The Cottrell equation partially
explains the phenomenon of polarization overpotential, which is a component of cyclic

voltammetry measurements.

1.12.2. Concentration overpotential

Similar to the “polarization overpotential”, the “diffusion overpotential” can be
thought of as a concentration overpotential caused by a slow diffusion of charges. The
peak current is insufficient due to analyte diffusion, but the overpotential can be
computed using the activation overpotential.

The variations in charge carrier concentration between the bulk solution and the entire
electrode surface causes the potential difference. The ability of the charge carriers to
reach the electrode surface determines the rate of reaction. Another parameter called
“junction overpotentials”, which happen at the electrode surfaces and electrolyte
membrane interfaces, are included in resistance overpotentials. These may consist of the
diffusion of electrolytes, surface polarization (capacitance), and other causes of
generating electromotive forces.

Although it is not an ideal practice, the overpotential at 10 mA cm™ has been implied
in the OER and the HER [88-89]. The overpotential, which is the resultant overpotential
denoted as 1, is well known and is necessary to overcome the kinetic interference in
electrochemical water splitting reactions (in both HER and OER) [90]. For
electrocatalysts operating at varying pH levels, the standard current density for OER and
HER is 10 mA cm™.

The processes of HER and OER bear the respective thermodynamic potentials of 0
and 1.23 V. The following equations provide the overpotential at the respective current
density without any compensation of iR:

NHER = Erne — 0 V and
Noer = Erne — 1.23 V [70-72] (1.52)
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1.12.3. Turnover frequency (TOF)

The calculation of turnover frequency is the simplest and most effective way to figure
out the active sites of the catalysts. However, one important limitation of the method of
incorporation of redox maximum to its applicability to monometallic catalysts (e. g., Cu,
Ni, Pt, Fe, Co, Mn, Ru and Ir) with a redox couple inside the potential range of the
electrolytic process catalyzed by the metal surface.

Oxidative splitting of water is often caused by transition metal-based OER
electrocatalysts, which undergo unique self-oxidation to a higher valence state.
To prevent a significant loss in efficiency, tiny molecules are electrochemically
transferred into fuels and products in electrolysers using materials with energy of
connections [91-92]. Although TOF is dependent on high coverage and bears a linear
relationship, is not affected by mass loading of the catalysts [93-94]. As the catalyst is
better, the higher the turnover frequency. The definition of turnover frequency is given
by,

TOF = jxNaTl (1.53)
where, n is the number of electrons being transferred (two for HER and four for OER), |
is the current density (A cm2), G is the total/surface concentration of the active sites of
the catalysts or the number of participating atoms in the electrocatalyst material, Na is
the Avogadro number, and F is the Faraday constant. The TOF can be computed by
taking into account the number of electrons that correspond to one turnover (n = 2), the
conversion factor of the time unit for turnover frequency (1 h or 3600 s) over the Ca, and
the duration of the experiment, t.

The TOF can be calculated as,
TOF= (Q1-Qa) x3600/(Qa-Qgs)xnxt (1.54)
The calculated value of TOF has a unit of one hour (h™). To show how the addition of
base affects reaction Kinetics, voltametric and chronoamperometric analyses were carried
out under neutral reaction conditions.
The formula can be used to determine the corresponding turnover frequency values
from the Tafel plots regarding galvanostatic experiment [95],
TOF = 1/2mF (1.55)
where the current values are obtained from the chronoamperometry electrolysis and are

denoted by the numbers I, n, which stand for the number of active sites (mol), F, which
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stands for the Faraday constant (C mol™?), and 2 for the number of electrons required.
The value of m is given by,

m = Q/nF (1.56)
where Q can be derived by integrating the current vs. time plot produced from the trace
of the cyclic voltammogram.

TOF=12xFxQ/nxF
=nx1/2 xQ (1.57)
The method adopted for TOF calculation should be appropriate depending on the nature
of the catalysts [96].

1.12.4. Electrochemical active surface area (ECSA)

Electrochemical active surface area (ECSA) and the mass are the parameters that should
be taken into consideration to normalize the specific activity and mass activity of the
loaded catalysts [97-98]. The area of the electrode material close to the electrolyte
solution is represented by ECSA that can be utilized to determine the ability for charge
transfer and storage. The double layer capacitance (Car) of the electrodes can be measured
by using cyclic voltammetry in the possible window from 150-300 mV that belongs to
the non-Faradaic region. In this process, an electrocatalytic reaction is studied as a
function of scan rate [99]. Plotting the current of charging/discharging at varying scan
rate yields linear plots and the values of Cqi can be calculated from the slope of the curves.
The non-Faradaic current obtained from the cathodic sweep is subtracted from the anodic
sweep to yield both the currents. The subtraction expressed as, (Aj = ja - jc) against the
scan rates to obtain 2Cq, from which the value of Cq can be enumerated [100]. The
formula for estimating the non-Faradic current density is ECSA = Ca/Cs, where Cs is the
specific capacitance. Studies using the same chemical but with varied surface
characteristics and environments, such as pH, electrolytes, and so on-modify Csvalues
[101]. The McCrory specific capacitance average of 40 uF cm? in the alkaline solution
has widely been used in the publications [102-104].

In either acidic or alkaline solution, individual current densities can be computed to
provide a standardized value for specific capacitance [106-110]. Additional values of 80
or 20 are often employed, for the specified capacitance [111-113]. Assuming the Cgq of
electrode considering as a substrate with a smooth surface area of 1 cm?, the value of
ECSA can be computed.
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1.12.5. Electrochemical impedence spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) provides Kinetic and mechanistic
information about the electrochemical systems and is commonly utilized to determine
semiconductor characteristics, corrosion studies, energy conversion and storage
technologies, chemical sensing and last but not the least non-invasive diagnostics. The
foundation of electrochemical impedence spectroscopy (EIS) system is based upon the
perturbation which disturbs the electrochemical system either in steady state or in
equilibrium to generate a sinusoidal signal from the system [114].

Impedance means effective resistance to a discontinuous current circuit. It is
considered by an AC potential applied to an electrochemical cell. An electrochemical
cell reaction is uttered by equivalent circuit and consists of, capacitor C, resistor R, and
inductor, 1. The ideal resistance is autonomous of frequency, maintains Ohm’s law and
current and voltage are in one phase.

The excitation signal in the impedance is expressed as a function of time, E = Eo sin
(ot), where Eo, is the amplitude of the signal and o is the radial frequency (2xf), and E
is the potential at the time t. Phase shift ¢ occurs in the response signal (frequency
dependent current ).

Impedance of the system is,

Z=El

= Epsin (wt) / Ipsin (wt + ¢)

= Zpsin (wt) / sin (wt + ¢)

= Zoexp(id)

= Zo (cosd + isingd) (1.58)

From the above expression, it is seen that Z consists of both real and imaginary parts.

Nyquist plot

Corresponding to an automated control as well as signal processing, a parametric plot of
a frequency is called a Nyquist plot. The real portion on the x-axis and the imaginary
portion on the y-axis of the function in the Cartesian coordinates, gives the desired plot.

The shape corresponding to the transfer function can be determined using the Nyquist
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plot. A corroding system can be thought of as having solution resistance when it is
comprised of a resistor and a capacitor, which stand for polarization resistance and
double layer capacitance, respectively. The stability of the electrochemical system
against time, the limitation of the instrument that is available, and the connected wiring
of the system with the instrument - all have an impact on the frequency range. Most of
the electrochemical analyzers that are available commercially have a frequency range of
10 pHz to 1 MHz.

Thus, the electrochemical impedance spectroscopy (EIS) analyzes electrical resistance
and inform the capacitative behavior of a system and the corresponding Nyquist plot have
been presented in Fig. 1.6.

Nyquist plot
i Mass-transfer
Kinetic control | : control R‘__ dl
High o-yRC | |
Zlm frequency I :
I
frequendy’,” |
I

v ) Rf'
4 i
Rs Z e B+R
(a) (b)

Fig. 1.6. (a) A typical Nyquist diagram and (b) equivalent circuit in electrochemical
impedence spectroscopy

1.12.6. Butler-Volmer equation

The rate constants of k and K depends on Gibbs energy of activation, AGaat by the
subsequent equation,

AG

kaexp(— RFCI )

(1.59)

where k =k or K corresponding to Aéact or Aéact.
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The exact current density for oxidation is the net current density given by, i =i —i where
i is the backward current and i is the forward current. The net current density can also

be expressed in the form,

i =F(kC, —kC,) (1.60)

where F is the Faraday constant.
The equation for net current density can be written as,

i = F[k°C, exp{—(l‘R/);W}— K°C, exp{—%}] (1.61)

where ¢ is metal and solution potential difference, C,and C; are concentrations of

oxidised and reduced species, and k®and k°are the rate constants of the forward and
reverse reactions in the absence of a metal solution potential difference. The parameter,

£ is referred to the ‘symmetry factor’ which is correlated to symmetry of potential

energy barrier involves in the activation controlled reaction, R is the universal gas
constant and T is the temperature in Kelvin.
The rapidity of forward and backward reaction at the equilibrium is called exchange

current density (io) is expressed as,

o = FK°C, exp(- 22 - Ficee, exp SO0y
i xp( RT) xp[ o7 ] .

where io is the kinetic properties of the particular interfacial system and it can vary from

one reaction to another reaction and still from one electrode material to another. io is

dependent on the electrocatalytic activity of a catalyst of particular reaction and the
concentration of reactant and often pH of the solution. Here, ¢, is the potential difference

at the metal-solution interface at equilibrium.

Overpotential is the difference between the observable potential (¢) and the net
current flowing during the electrode (¢, ) at the potential at the interface of equilibrium,
that is, when no current flows during the electrode is called overpotential () and it is
given by,

n=¢—¢ (1.63)
Therefore, from the equations (1.62) and (1.63),
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L —exp el 2

T (1.64)

(o]

The equation is well-known as simple Butler-VVolmer equation.

When applying the high field approximation, i. e., when the 7 value is very large,

2.303RT, . 2303RT, .
=—————1logi, + ————logi
1-p)F 1-p)F (1.65)
or, n=a+Dblogi

The simple Butler-Volmer equation is the well-known name equation.
When using the high field approximation, the standards values represent the distinctive
feature of the electrode reaction, and ‘a’ and ‘b’ represent the Tafel intercept and slope,
respectively. The data comes from n vs. log j plot. The Tafel slope, or ‘b’ of an
electrochemical reaction should yield the same result for the same reaction mechanism.
The value of the exchange current density at an equilibrium state is shown by the

intercept ‘a’.

1.12.7. Stability

The accelerated squalor test, also known as prolonged potentiostatic or galvanostatic
electrolysis measurements, and the cycling of the catalysts within the potential window
using two techniques - cyclic voltammetry (CV) or linear sweep voltammogram (LSV)
at the higher scanrates - can be used to calculate the stability of HER and OER [66]. For
both the OER and HER mechanisms, the number of cycles during the process impacts
the stability of the catalysts. In HER, it can be recognized that the polarization curve

begins at 0 V vs. NHE and continues for thousands of cycles [115].
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CHAPTER 1

Bifunctional catalysis on water splitting reaction by graphitic carbon

supported NiO, NiS and NiSe nanoparticles

2.1. Introduction

Continuous increase of global pollution along with fast depletion of fossil fuel rings the
alarms of scientists for the generation of efficient carbon free renewable energy [1].
Among the different sources of energy, hydrogen is the best choice due to the high
specific energy density, diffusion ability and particularly pollution free emission [2-4].
Low quality H2 can be obtained by some environmentally hazardous expensive process
of reforming of natural gas [5-7]. In this respect, synthesis of pure hydrogen from the
abundant natural source of H20 by electrochemical water splitting is highly beneficial
[8-12]. Electrocatalysis for the decomposition of water by either in the reaction of
hydrogen or oxygen evolution is essential part in several environmentally benign energy
storage and conversion devices, for example, fuel cells, water electrolyzer, metal-air
batteries etc. [13-20]. Among different non-precious metals, Ni seems to be execellent
catalysts for energy studies and applications. The non-metallic elements, like oxygen,
sulphur, selenium possess the same group XVI in the periodic table. Compared to S and
O, Se in NiX where X=0/S/Se, has the same valence electrons but greater intrinsic metal
properties and electrical conductivity. The adsorption bond strengths of the intermediates
are also expected to be different accordingly. Therefore, a systematic comparison is
useful to understand their electrocatalytic activity.

Previous studies have shown that the Ni" compounds, like nickel oxyhydroxides,
chalcogenides, pnictogenides, borates, phosphates, metal-organic framework, etc. can
easily transform Ni(ll) to Ni(lll) creating in situ NiOOH sites [21]. It is revealed that
NiOOH acts as active centres of OER and becomes resculer from poisonous effect of
electrodes surface during oxidation. The electrochemical HER helps enrichment of heavy
water and has become now so popular that the scientists are also trying to set hydrogen
from non-aqueous solvents in presence of a proton donor. Synthesis of metal compounds
of greater oxidation state is, thus, beneficial to produce oxyhydroxides as the reaction
intermediates which is the main performer in the electrochemical water oxidation
process, particularly under alkaline condition. For overall water splitting, a bifunctional

electrocatalyst should be of low-cost, highly active and environmentally benign product
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which can provide long-term self and cyclic stability for both hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER). In this regard, the inexpensive and
chemically stable non-noble metal based electrocatalysts have achieved significant
attention. Non-noble metal compounds with elements, like phosphorus [22—24], sulphur
[25-28], selenium [29-31], carbon [32-33] and nitrogen [34—35], etc. have been
explored for HER and hydroxides [36—38], oxides [39—42], and chalcogenides [43], etc.
have been employed for OER. Nonprecious transition metals, such as Fe, Co, Ni, Mn,
etc., and the related structures, i. e., oxides, hydroxides, phosphates, and sulfides, have
increasingly attracted research interest to develop OER and HER electrocatalysts in the
recent years, owing to abundance, electrocatalytic activity, and their stability [44-49]. It
is widely supported in the literature that Pt alloys and Ir/Ru oxides are the state-of-the-
art catalysts for HER and OER, respectively. But their abundance and high cost [50] limit
their marketable use. Chalcogenides are usually studied separately as electrocatalysts,
but not systematically.

In the study, NiO, NiS and NiSe have been studied systematically as bifunctional
catalysts by synthesizing them using similar hydrothermal method and observing their
electrocatalytic properties in reference to OER and HER under acidic and alkaline

conditions.
2.2. Experimental section

2.2.1. Reagents and instruments

The reagents, nickel chloride hexahydrate (NiCl2.6H20), sodium hydroxide (NaOH)
(97% pure), potassium hydroxide (KOH) (99% pure) and sodium sulphide (Na2S.5H,0)
(98 % pure) were purchased from Merck. Nafion solution (5 mass %) was taken from
Sigma-Aldrich. All chemicals were used without further purification.

The purity and morphology of the synthesized catalysts were investigated with SEI
INSPECTF 50 FE-SEM. Powder X-ray diffraction (XRD) study was executed using a
Bruker D8 Advance diffractometer coupled with CuK, radiation source (A = 1.5418 A
generated at 40 kV and 40 mA). Fourier transform infrared spectroscopy (FTIR)

spectroscopic study was performed by PerkinElmer instrument.

2.2.2. Syntheses of NiO, NiS and NiSe nanoparticles
In each case of syntheses, the equal volumes of aqueous solutions of 0.5 M nickel

chloride (NiCl..6H.O) and other appropriate reagents were mixed in a beaker by
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mechanical stirring for 1 h. The mixture was, then, poured into a Teflon-lined stainless
steel autoclave which is placed in a reaction chamber kept at 180 °C for one day. Finally,
the NiX (X=0/S/Se) was collected and dried in hot air oven for 12 h at 60 °C. For NiO
synthesis, the other reagent used was 0.5 M NaOH solution; for NiS, it was 0.5 M
aqueous sodium sulphide (NazS) solution; and for NiSe, it was sodium selenite
(NazSeOs) solution. Hydrazine hydrate (N2HsO) was used to reduce the SeOs>. Na,SeOs

was used for Se source.

2.2.3. Electrochemical measurements

Cyclic voltammetry (CV), potentio-dynamic stable polarization, constant potential
chronoamperometry (CA), and AC impedance investigations were used to illustrate the
electrocatalytic activities of the catalysts. The electrochemical measurements were
conducted utilizing with a computer assisted potentiostat (AUTOLAB PG STAT 12,
EcoChemic, Netherlands). All electrochemical experiments were pursued using
Ag/AgCI/KClI reference electrodes (saturated aqueous solution). In each electrochemical
study, a large Pt-foil (0.01 m x 0.01 m) was used as an auxiliary electrode. The working
electrode was a planar graphite carbon electrode having area of 12 x 10% m?. The
working electrode was prepared by sonication of 51.2 mg of catalyst dust in 1.0 mL
ethanol for 30 min to form an almost homogeneous mixture. An aliquot of 10 uL of the
dispersion was, then, drop cast on the carbon electrode followed by drying at room
temperature (25 °C). Then, 5 uL nafion solution (1.0 mass %) was cast on the electrode
followed by drying again. Cyclic voltammogram of each electrode was registered by
immersing the electrodes in 1.0 M KOH solution and using the potential range from —0.9
V to 2.0 V at the scan rate of 50 mV/s for OER. For HER, the electrodes were dipped in
0.5 M H2S04 solution and CV study was executed in the potential range of 0 to —1.5 V.
Calibration of all the potentials with respect to Ag/AgCI,Cl electrodes was performed
with respect to reversible hydrogen electrode (RHE) using the Nernst equation,

Erne = Eagageici+ (0.1976 + 0.059pH) V (2.1)

The value of overpotential (n) was estimated by the following equation,
Nn=Erue— 123V (2.2

To determine the Tafel slope, the well-known form Tafel equation was used.

n=a+blog] (2.3)
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Using the Tafel slope (b), the constant (a), and the Ag/AgCl, CI electrodes as the
reference, all potentials were calibrated with regard to the reversible hydrogen electrode
(RHE). Under static conditions, controlled potential electrolysis was also carried out.
The cyclic voltammogram was used to compute the turnover frequency (TOF) using
the formula TOF= I/nFm, where 1 is the current (A), F is the Faraday constant, and m is
the number of catalyst moles. The turnover frequency was also determined from the
chronoamperometry profile using the formula, TOF=Q/nt, where n is the number of
electrons transferred during the related electrochemical process and Q is the total charge

spent.

2.3. Results and discussion

2.3.1. Structural characterization

Powder X-Ray diffraction (XRD) was used to analyze the crystalline structures of as-
synthesized electrocatalysts. XRD profile of NiO, NiS and NiSe nanoparticles are
displayed in Fig.1. The X-ray diffractogram of NiO nanoparticles exhibits the diffraction
peaks having 26 values of 38.29°, 42.02°, 52.36° and 73.27°, which correspond to the
planes (111), (200), (311) and (222) respectively, the diffraction pattern being correspond
to the cubic phase of NiO nanocatalysts (JCPDS card number: 04-0835).The diffraction
peaks observed for as-synthesized hexagonal NiS nanoparticles containing 20 values of
31.05°, 38.40°, 49.26° and 55.16° corresponding to planes (100), (101), (102) and (110)
(JCPDS card number: 02-1280).The hexagonal NiSe nanoparticles containing diffraction
peaks having 20 values 33.32°, 44.94°, 50.77° and 62.09° correspond to planes (101),
(102), (110) and (103) (JCPDS card number: 18-0888). The average crystallite size of
the nanoparticles was determined from the peak width at half maximum and is found
15.0 nm for NiO, 16.36 nm for NiS and 16.05 nm for NiSe by the Debye-Scherrer
equation. Since the crystallite size does not differ much among the three NiX compounds,
it can be anticipated that the difference in catalytic activity arises be a more from the

nature of the materials rather than their exposed area.
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Fig. 2.1. X-ray diffraction patterns of (a) NiO, (b) NiS and (c) NiSe electrocatalysts

Fourier transform infrared spectroscopy has been used to study the nature of the
functional groups of the produced NiX electrocatalysts. Fig. 2.2 displays the FTIR
spectra of NiO, NiS, and NiSe nanoparticles. A broad band is observed at around 3436
cm %, which can be attributed to the stretching vibration of the X—H group. This vibration

may arise as a result of a hydrogen bond with the X atom in all three circumstances. The
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FTIR spectra of the series samples show a peak at 1085 cm 2, which is significantly more
intense for NiS. This peak is linked to the stretching vibration of the C—O of adsorbed
CO. The position of absorption maximum of NiO is at 633 cm ™. A strong band is seen
at 425 cm™corresponding to the vibration of Ni-O bond in NiO nanoparticles. A broad
peak located at 611-602 cm™ is indicative of the metal-sulfur bond (Ni-S) bending
vibration. The vibrational mode composition of Se-O bonds determines the broad band
at 578 cm™.
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Fig. 2.2. Fourier transform infrared spectra of (a) NiO, (b) NiS and (c) NiSe
electrocatalysts

The morphological characteristics at the surface of an electrocatalyst have an
important role on its activity. Scanning electron micrographs of NiO, NiS and NiSe
electrocatalysts are depicted in Fig. 2.3. The particles of NiSe consists of assemblage of
small thin sheets generating numerous edges for the reaction. The gaps between the
sheets are advantageous for molecular movements of the reactants and products.
Synthesized NiS consists of rough sheets, bumps and rods of about 100 nm to 200 nm
diameter. Holes and cracks are helpful for the movement of reactants and products.

Particles of NiO consist of large brick and bump-like structure of about 500 nm thickness
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along with rods of about 100 nm diameter. Among different structures, there are gaps
through which the reactants can penetrate and gases can be escaped. The EDS spectra
indicate that the atomic composition of Ni:O = 50:50 for NiO, Ni:S= 54:47 for NiS and
Ni:Se = 57:43 for NiSe. This indicates slight less of chalcogns of higher mass number
according to the order: Se>S, during preparations of chalcogenides. It reflects plausibly
the bond strengths of chalcogenides according to the expected order: NiO>NiS> NiSe.
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Fig. 2.3. (a, b, ¢) Scanning electron micrographs and (d, e, f) energy dispersive X-ray
spectra of NiO, NiS and NiSe electrocatalysts, respectively.
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Fig. 2.4. Transmission electron micrographs of (a) NiO, (b) NiS and (c) NiSe
nanoparticles, respectively.

Transmission electron micrographs of (a) NiO, (b) NiS and (c) NiSe electrocatalysts,
respectively have been shown in Fig. 2.4. It is seen that NiO possesses nanocuboid-like
structure, NiS is nanospherical structure and NiSe is quantum dot like structure. The
average diameter of NiO, NiS, and NiSe, nanoparticles are 24+4 nm, 16+2.7, and 8+1.5
nm, respectively. Due to decrease in size, surface area increases that facilitate better

absorption of ions for NiSe in comparison with NiO and NiS electrocatalysts.

2.3.2. Electrochemical studies

Electrochemical studies have been carried out to study the decomposition of water of
NiO, NiS and NiSe, NiS and NiSe nanoparticles by cyclic voltammetry in 1.0 M KOH
and 0.5 M H2SO4 solution at a scan rate of 5 mV s™. Fig. 2.5 depicts the cyclic
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Fig. 2.5. (left) Cyclic voltammograms and (right) linear sweep voltammetry in 1.0 M
KOH solution for NiO, NiS and NiSe electrocatalysts
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voltammograms of NiX (X=0/S/Se) for oxygen evolution reaction. These exhibit initial
slow increase of current density followed by one oxidation peak and then, sharp increase
of current density in the forward scan of potential that corresponds to water oxidation.
The initial slow increase of current density without any apparent peak is due to the
oxidation Ni from metallic (zero) state to Ni' and Ni'' [45]. The only forward peak and
the corresponding reverse peak during backward scan arise due to the formation of
NiXOH (X= (0/S/Se) (Ni'"' state) from NiX and the reverse corresponding to the
interconversion of NiOOH for NiO electrode [51]. The onset overpotential (mV) of water
splitting oxygen evolution reaction on NiO electrode is much higher than that of NiS and
NiS eelectrocatalysts. The value for NiSe is less than the NiSex catalysts deposited on
Ni-foam electrode [52]. Because of the increased catalytic activity of NiSe deposited
electrode, its overpotential (mV) at 10 mA cm™ current density is much lower than that
of NiO and NiS based electrocatalysts. The observed overpotential for the as-synthesized
NiSe, NiS, NiO and RuO; electrocatalysts at 10 mA cm? current density are 259, 329,
355, 549.8 mV, respectively. At a current density of 50 mA cm?, the overpotential for
NiO, NiS, and NiSe deposited electrodes are 654, 581, and 434 mV, respectively. All
these data reveals that the order of electrocatalytic activity of the as-synthesized catalysts
is NiSe >NiS>NiO> RuOx.
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Fig. 2.6. (left) Cyclic voltammograms and (right) linear sweep voltammetry obtained in
0.5 M H2S0s4 solution for NiO, NiS and NiSe electrocatalysts

The cyclic voltammograms for HER on NiX/C electrodes (X=0/S/Se) immersed in

0.5 M H2SO0s solution, were presented in Fig. 2.6. The curves are well separated from
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each other indicating distinct catalytic difference. The final currents at —1.2 V are little
different from each other indicating almost same diffusion-controlled limiting current
situation for the electrodes. The overpotentials at 10 mA ¢cm current density for HER
on NiO, NiS, NiSe and Pt electrocatalysts are 312, 269, 49.5 and 17.9 mV respectively
and the overpotentials at 50 mA cm current density are 549.4, 449.3 and 214.1 mV
respectively for the chalcogenides. This reveals that Pt is the best in electrocatalytic
activity among the studied materials and NiSe among the chalcogenides.

To understand the electrode kinetics further, the slope obtained from the Tafel plot
has been analysed. Tafel plots (n vs. log j) for NiO, NiS, and NiSe for HER in 0.5 M
H2SO4 solution are presented in Fig. 2.7. The Tafel slopes has been calculated for the
overall reaction kinetics of OER at the same chemical environment are 125, 81 and 70

mV dec* for NiO, NiS and NiSe respectively, as have been shown in Table 2.1. It is also
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Fig. 2.7. Tafel plots obtained for NiO, NiS and NiSe electrocatalysts for HER in 0.5 M
H>SO4 solution
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Fig. 2.8. Tafel plots obtained for NiO, NiS and NiSe electrocatalysts in 1.0 M KOH
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observed that the Tafel slope of more conducting NizS2/MoSx nanosheets is almost
similar (67.5 mV dec™?) in alkali [48].

Tafel plots (n vs. log j) for NiO, NiS, and NiSe for HER in 1.0 M KOH solution are
presented in Fig. 2.8. The experimental Tafel slopes for the HER on the NiO, NiS and
NiSe electrocatalystsare 55, 37 and 26 mV dec?, respectively. It illustrates the better
catalytic properties of NiX upon going down the group XVI element (X) in the periodic
table.

The frequency dispersive electrochemical impedance spectroscopy has been
performed to determine the charge transfer resistance (Rc), solution resistance (Rs), and
capacitances (Cc); Nyquist plots of the electrocatalysts have been compared in Fig. 2.9.
A simple electrochemical system is assumed consisting of solution resistance inseries
combination with resistor and a capacitor in parallel, which correspond to the polarization
resistance and capacitance of the double layer, respectively and the presentation is called
Randles circuit model. From the model, at high frequencies, the impedance of the

—a— NiO

0 1000 2000 3000 4000 5000
Z' (Ohm)

Fig. 2.9. Nyquist plots corresponding to the electrocatalysts NiO, NiS and NiSe in 1.0
M KOH solution

electrochemical cell corresponding to the point, where the semicircle intersects at x-axis,
is produced by Ohmic resistance, Rs. The charge transfer resistance (R¢) has been
measured by taking the diameter of the semicircle into consideration at the relatively low
frequency region of the plot. The charge transfer resistance of NiSe is lowered and the
capacitance which is a measure of the extent of adsorption on the electrodes is higher

than the other two electrocatalysts NiO and NiS and for these reasons, its electrocatalytic
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performance is better than other two electrocatalysts. The Randles circuit parameters of
the NiO, NiS and NiSe electrocatalysts are shown in Table 2.1.

Table 2.1. Randles circuit parameters of the electrocatalysts

Sample Rs (Q) Ret (©2) Cet (UF)
NiO 26.82 164900 2.39
NiS 62.33 16600 3.22
NiSe 30.87 8445 3.86

To study the steady state behavior of different Ni based electrocatalysts, controlled
potential electrolysis (chronoamperometry, CA) measurements have been carried out at
a potential of 0.4 V for 1200 s in a solution of 1.0 M KOH for OER. For HER, 0.5 M
H>SO4 solution and -0.4 V constant potential were used. The profile is depicted in Fig.
2.10. All catalysts reveal typical profiles of initial decrease of current density with time
followed by almost constancy in current for OER and HER, with the order of
electrocatalytic activity in the sequence: NiSe >NiS>NiIO for both cases. All catalysts
exhibit consistent steady current density after 1200 s indicating their possible

applications as practical catalysts.
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Fig. 2.10. Chronoamperommetry study of electrocatalysts in (a) 1.0 M KOH and (b) 0.5
M H2SO4 solution

Fig. 2.11 depicts the cyclic voltammograms of three electrodes in non-Faradaic regions
at different scan rates of 10, 20, 50, 70, 90 and 100 mV s in 1.0 M KOH solution. The

order of Cqa values obtained from the study is NiSe>NiS>NiO at all the scan rates.The
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Ca values are dependent on the catalytically active sites of the electrocatalysts. The
higher Cqi value indicates a larger ECSA in the electrochemical reaction, which improves
the catalytic activity.

Thus, the ECSA which is proportional to the double layer capacitance, is a measure
of the number of active catalytic sites in the electrocatalysts and hence, their activity [53].
The values of double layer capacitance Cqi 0of NiO, NiS and NiSe are 2.72, 3.04, 3.94 uF
cm2, respectively. The ratio of the capacities of the as-synthesized nickel chalcogenides
(NiO: NiS: NiSe = 2.72: 3.04: 3.94) indicates the order of their real active surface area
and the reaction sites of the system of catalysts.The electrochemical active surface area
of the electrocatalysts NiO, NiS and NiSe are 6.8, 7.6 and 9.8 cm™ respectivelyBut the
current densities of the materials are much higher at a given potential. The ratio of the
chrono amperometric current densities of NiX materials at 0.8 V for OER after 20 min
is NiO: NiS: NiSe =0.102: 0.54: 0.75. Similar ratio of current density at -0.4 V for HER
is NiO: NiS: NiSe =0.0042: 0.0272: 0.413.
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Fig. 2.11. Cyclic voltammogramms of the (a) NiSe, (b) NiS, and (c) NiO electrodes at
different scan rates of 10, 20, 40, 50, 60, 80, 100 mV s; and (d) display of scan rate
dependences of the current densities for measurements of double layer capacitance of the
electrocatalysts.
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These data indicates that the material characteristics are the prime factor for increased
catalytic activity of nickel chalcogenides, the activity of which is increased upon going
down the periodic table, besides slight morphological improvements.

From the entire study, a plausible mechanism for the OER under alkaline medium can be
proposed as follows:

1) OH™ + NiX — NiXOH + e

2) NiXOH + OH™ — NiXO + H,0 + e~

3) NiXO + NiX0 — 2NiX + O
The process may also proceed with the slight less of X" and the formation of NiOOH by
following the equation,

4) NiXOH + 20H — NiOOH+ H,0 + X

5) NiX + NiOOH — Ni + Oz + H,0
where NiX represents the active sites which might be NiO/NiS/NiSe. The OER must
occur after generation of Ni'!' state as evident from Fig. 2.5. The initial adsorption of OH"
on Ni of NiX is found to be relatively more on NiSe than the other two electrocatalysts.
It is plausible that it has greater size and polarizability than others and thus, greater
delocalization of charge is possible around it. Therefore, the peak potential for generation
of Ni'"" species is lower for NiSe (1.38 V) than that of NiS (1.46 V) and NiO (1.48 V)
and hence, the electrocatalytic activity is greater for NiSe. Moreover, as the
electronegativity of X varies in the order: O>S=Se, the desorption of NiXO to form O
in the 3" step is gradually difficult in the sequence NiSeO<NiSO<NiO2. Therefore,
oxygen evolution is more with the NiSe deposited electrode.

Studies have been conducted to reveal the mechanism of hydrogen evolution reaction.
The first step of the reaction is the discharge step:
1) NiX + H30" + e (M) — (NiX)-H + H.O (Volmer)

Then next step is either

2)  (NiX)—H + (NiX)—H = 2 NiX + H, (Tafel)

3)  (NiX)-H + H30" + e— 2NiX + H20 + H> (Heyrovsky)
Since X is more electronegative than Ni and X contains lone pair of electrons, the
bonding of H* is expected to take place through X rather than Ni. Moreover as the H-X
bond strength is expected to be more in the order O-H>S-H>Se-H as the metallic
character increases and the electronegativity decreases in going down the periodic table,

the adsorption of hydrogen on NiX will be in the sequence NiO>NiS>NiSe. Since, the
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electrocatalytic activity of NiX follows the exact reverse trends, it indicates that the

desorption (either step 2 or 3) is the rate determining for the system of catalyst materials.

The value for NiSe is less than the NiSey catalysts deposited on Ni-foam electrode [52]

as presented in Table 2.2. The smallest value corresponding to the Tafel slope of NiSe

electrode indicates that it is more facile among the electrocatalysts studied for HER.

Considering the symmetry factor = %%, the expected values of the Tafel slope is 29 and

77 mV for Tafel and Heyrovsky steps being rate determining [54]. In this respect, both

chalcogenides NiS and NiSe follow the step 2 as rate determining step whereas NiO on

which HER occurs at relatively high potential seems to follow step 3 as the rate

determining step. Therefore, the bond strength of NiX is expected to vary in the order

NiO>NiS>NiSe.

Table 2.2. A comparative account of electrochemical performance towards OER

Electrocatalyst  Electrolyte Overpotential Tafel slope Reference
of OER (mV dec™)
NiO 1M KOH 340 mV @onset 125 Present
355 mV@10mAcm™ work
654 mV@50mAcm™
NiS 1 M KOH 309 mV@onset 81 Present
329 mV@10mAcm™ work
581 mV@50mAcm™
NiO 1 M KOH 400 mV@40mAcm 70 21
NiS 1 M KOH 220 mV@40mAcm? 65 21
NiO/NiS 1 M KOH 209 mV@40mAcm? 60 21
NiS 1 M KOH 430 mV@10mAcm= 101 51
N-NiMoS 1MKOH  1.54 mV@10mAcm™ 46 53
NizSe, 1 M KOH 310 mV@onset 97.1 54
Nio ssSe 1 M KOH 450 mV@onset 120 55
NiSe/NF 1 M KOH 329 mV@20mAcm™ 110 47
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NiSe 1 M KOH 328 mV@50mAcm™ 72.2 56

NiSe 1M KOH 230 mV@onset 70 Present
259 mV@10mAcm™ work
434 mV@50mAcm

The performance of the present NiSe based electrode with other benchmark Ni based
electrode for OER [55—62] is presented in Table 2.2. The performance is almost same
when onset potential is considered but different when overpotential at a particular current
density (say, 10 mA cm?) has been taken into consideration. In respect to these
references, the electrode generated in the present experiment is better than some other
electrodes but worse with respect to some others [21], the greater overpotential in the
present experiment with respect to that arises plausibly because of less loading of catalyst
(0.625 mg cm?) with respect to the (0.426x 102 mg cm?) (as computed from their
report). On the other hand, the performance of NiSe based electrode is very high for HER
with respect to that in the literature as found in Table 2.3.

Table 2.3. A comparative account of electrochemical performance towards

hydrogen evolution reaction

Electrocatalyst  Electrolyte Overpotential Tafel slope Reference
of HER (mV
dec?)
NiO 0.5 M H2S04 203 mV@onset 55 Present work

312 mV@10mAcm™
549.4 mV@50mAcm

NiS 0.5 M H2S04 151 mV@onset 37 Present work
269 mV@10mAcm™?
449.3 mV@50mAcm™

NiS 1 M KOH 430 mV@10mA cm? 130 51
NiSe. 05MHS0s 156 mV@10 mAcm 54 52
NiSe. 1 M KOH 164 mV@10 mAcm2 96 52
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NiSe 1 M KOH 153 mV@10mA cm? 99 47
NiSe 1M KOH 198 mV@10mAcm™ 115.7 56
NiSe 0.5 M H»S0, 31.23 mV@onset 26 Present work

49.5 mV@10mAcm™
214.1 mV@50mAcm?

2.4. Conclusions

The NiO, NiS and NiSe catalysts ware synthesized by utilizing similar one-pot
hydrothermal method. The order of electrocatalytic activities corresponding to the both
hydrogen and oxygen evolution reactions are NiSe>NiS>NiO. In both cases, NiSe
electrocatalysts exhibit an excellent electrocatalytic activity and stability. The activity
order has been related to suitable physicochemical characteristics along with increased
ECSA values of NiSe compared to others and the characteristics of the rate determining
step of the reactions.
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Superiority of CuSe as a non-noble electrocatalyst among copper

chalcogens for overall water splitting reactions

3.1. Introduction

One of the serious upsurging global problems is the energy crisis that is world facing
today. Energy demand is skyrocketing in the last few decades. Sources of non-renewable
energy are depleting fast and the world is looking for new handy non-traditional energy
sources. Splitting of water into oxygen and hydrogen is one of the best ways to overcome
the current energy crisis and reduce air pollution simultaneously. For natural
photosynthesis, which converts light energy into chemical energy, this is crucial. Cu is
essential for the water splitting process in the biological systems. Some of the ongoing
research efforts demonstrate an eagerness to comprehend the contribution of Cu to
biological water splitting. In the effort to generate artificial photosynthetic systems
employing sustainable and noble metal-free catalysts, highly crystalline CuSe has been
deployed in alkaline media as active electrodes for overall water splitting (OWS) [1].
The low abundance of these precious elements limits their wide practical application.
Copper is a more abundant and cheaper metal among the transition metal elements (such
as cobalt, nickel, iridium and manganese). Recently, some copper-based compounds
have been researched as OER catalysts, such as oxides, hydroxides, phosphides, nitrides
and selenides [2—-4]. Copper selenide is an important member of first row transition metal
chalcogenides [5-7], can exist in a wide range of compositions, both stoichiometric
(CuSe, CuzSe, CuSez, CusSe;, CuzSes) and non-stoichiometric (Cu.xSe) [8-9].
Although, they are rarely formed as minerals in nature, synthetic selenides represent a
remarkable group of compounds with great potential in various scientific fields (such as
photovoltaics, thermoelectric, or optoelectronics) due to their extraordinary electric and
thermal properties. The state-of-the-art electrocatalysts to perform water splitting mainly
rely on the noble-metal-based materials (RuO. and 1rO> for OER, and Pt for HER). But
their high cost has prevented their practical applications [10-11]. Conversely, recent
studies infer that higher OER or HER catalytic activity could be achieved by a subtle choice of
earth-abundant transition metal-based catalysts, particularly the first-row metallic components
[12—17]. However, only a few of them have been shown to mediate efficient bifunctionality for
water splitting reactions [18—19]. The metal organic framework (MOF) can act as an efficient

bifunctional electrocatalyst for HER and OER [20].
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Electrochemical water splitting continues to be a frontier field of study. In this
respect, it is worth to point out that many transition  metal
nitrides, phosphides, chalcogenides, MOF, polymers and their composites that have been
established to realize the comparable efficacy to substitute the state-of-the-art catalyst,
Pt. In comparison, very few works have been done with Cu" chalcogenides as
electrocatalysts [21]. In search of low overpotential material, we concentrated in this
study on Cu" chalcogenides which may help in understanding the chalcogen group, since
some Cu' and Cu"' compounds, like Cu,Se, CusN, CusP, etc. are already found in the
literature [22—-24].

3.2. Experimental section

3.2.1. Chemicals

Copper nitrate (Cu(NOs). (99.99% Merck), sodium sulphide (Na2S) (99.99% Merck),
sodium hydroxide (NaOH) (99.9%, Sigma-Aldrich), sodium selenite (Na2SeO3) (99.99%
Merck), hydrazine hydrate (N2Hs.H20) (99%, Sigma-Aldrich) have been used without
further purification. The deionized water has been used throughout the study. Any other

solvents have been purchased from Sigma-Aldrich and used without further purification.

3.2.2. Synthesis of copper oxide, sulphide and selenide nanoparticles

An aliquot of 2 M copper nitrate and 1 M sodium selenite (Na>SeOs) were mixed
thoroughly and equivalent amount of hydrazine hydrate was added in the solution. The
mixture was put into the autoclave and heated for 24 h at 180 °C. Then, the mixture was
cooled to room temperature. The solution was centrifuged and the product was heated at
60 °C in a hot air oven. Copper nitrate and sodium sulphide was used for the synthesis
of copper sulphide nanoparticles. Similarly, copper nitrate and sodium hydroxide were

used for synthesis of copper oxide nanoparticles in the same hydrothermal procedure.

3.2.3. Structural characterization

The crystal structure of synthesized nanoparticles was investigated by X-ray diffraction
(XRD) study was performed using a (Bruker D8 Advance) diffractometer equipped with
a CuK, radiation source (A=1.5418A generated at 40 kV and 40 mA.). The field emission
scanning electron spectroscopy (FESEM) and energy dispersion X-ray spectroscopy
(EDX) with SEI INSPECT F50 FE-SEM was used for the characterization of
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morphology and composition. The chemical valence was characterized by X-ray
photoelectron spectroscopy.

3.2.4. Electrochemical characterization
The electrocatalytic responses of the catalysts were demonstrated using cyclic
voltammetry (CV) and fixed potential chronoamperometric (CA) studies. The
electrochemical measurements were conducted using a computer aided
potentiostat/galvanostat of AUTOLAB PG STAT 12 (Eco Chemic, Netherlands). The
reference electrode used in all electrochemical measurements was Ag/AgCl (KCI
saturated). In all of the electrochemical studies a large Pt-foil (1 cm % 1 cm) was used as
counter electrode. The working electrode was a planar graphite carbon electrode having
area as 12 x 10° m?. The working electrode was prepared by sonication of 5 mg of
catalyst dust in 1 mL ethanol for 30 min to form an almost homogeneous mixture. 10 uL
of the dispersion was, then, drop cast on the carbon electrode followed by drying at room
temperature (25 °C). Then, 5 uL Nafion solution (1 mass %) was cast on the electrode
followed by drying again cyclic voltammogram of each electrode measured in 1 M KOH
solution at the scan rate of 50 mV s for OER and 0.5 M H,SO; solution for HER. The
measurement potentials were converted to the reversible hydrogen electrode (RHE) by
using Nernst equation,
ErrE = Eagiagel + (0.059 pH + 0.197) V (3. 1)
The value of overpotential (1) was calculated by the equation,
n=Erue— 123V (3.2
The electrochemical kinetics of the catalysts towards water splitting reaction the
overpotential n with was evoluted by Tafel equation,
n=a+blogj (3.3)
where j is the current density, b is Tafel slope and a is constant.

The electrochemical active surface area (ECSA) was calculated from double layer
capacitane, Cq by cyclic voltammograms measured as various scan rates 10, 20, 40, 50,
80, 100 mV s? in the potential range in the non-Faradic region. The Cq was evaluted
from the average value of cathodic and anodic slopes. The turnover frequency was
calculated from CV and CA plots.
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3.3. Results and Discussion

3.3.1. XRD analysis

Powder X-Ray diffractometer (XRD) was used to analyze the crystal structure of the as-
synthesized samples as has been shown in Fig. 3.1. Copper selenide nanoparticles contain
27.31 (103), 31.23 (110), 45.06 (111), 46.95 (106), 50.14 (200), 53.35 (202), 56.12 (116)
and 72.84 (220) planes. The mean size of the nanoparticle has been calculated from the
peak width at half maximum as 18.4 nm by the Debye Scherrer equation. Copper
sulphide nanoparticles contain 28.1 (101), 29.01 (102), 31.50 (103), 32.01 (006), 49.01
(110), 53.1 (108) and 60.1(116) planes (JCPDS No.: 06-0464) and half maxima is 17.23
nm. Copper oxide nanoparticles contain 29.1 (110), 45.5 (002), 55.5 (200), 68.9 (113)
planes (JCPDS No0.89-2531) and half maxima is 16.10 nm.
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Fig. 3.1. X-ray diffraction plots of (a) CuO, (b) CuS and (c) CuSe nanoparticles. The 20
values along the x-axis have been expressed in degrees.

3.3.2. FTIR analysis

Fourier transform infrared spectra of CuO, CuS and CuSe nanoparticles have been
exhibited in Fig. 3.2. CuO nanoparticles bands at around 601 cm™ and 487 cm? for
vibrations confirm the formation of Cu-O bonds. The sharp peak observed at 601 cm™

characteristics of Cu-O bond formation. A broad peak at 3433 cm™ for O-H stretching
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arises due to moisture content [25]. For CuS nanoparticles, 3435 cm™ vibration mode
corresponding to —OH group indicating the presence of small amount of water absorbed
on the particle 1631 cm™ for —OH bending [26]. CuSe exhibits two major peaks at 1609
cmt and 3471 cm. The peak at 1609 cm™ may be attributed to the presence of Cu?* ion
in the present system. The peak at around 3471 cm™ may corresponds to N-H stretching
vibration band which can be attributed to the interaction of N2H4 with copper ions [27].
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Fig. 3.2. Fourier transform infrared spectra of CuO, CuS and CuSe nanoparticles
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3.3.3. FESEM and TEM analysis

Fig. 3.3. (a) Field emission scanning electron micrograph; (b) energy dispersive X-ray
spectrum; and (c, d) transmission electron micrographs of CuSe nanoparticles at different
magnifications

The FE-SEM, EDX and TEM observation giving the morphology and composition of
CuSe nanoparticles are shown in Fig. 3.3. Here, we are obtaining nanoscale images and
chemical data using HR-transmission electron microscopes (S/TEM) in conjunction with
energy dispersive X-ray spectroscopy (EDX), providing crucial insights into the
configuration and potential functions of deployed Cu-catalyst. The contrast of TEM

image arises from the interference in the image plane of the electron wave itself.
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3.3.4. XPS analysis
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Fig. 3.4. X-ray photoelectron spectra corresponding to (a) Cu and (b) Se of CuSe
nanoparticles

In this study, we also employed X-ray photoelectron spectroscopy to analyze the surface
chemistry of our catalyst samples as has been presented in Fig. 3.4. The purpose of this
experiment was to determine the elemental composition and chemical state of the atoms
within our sample. Using an X-ray beam, the surface atoms of the solid copper chalcogen
samples being excited and measured the Kinetic energy and the number of electrons that
escaped from the top 0 to 10 nanometers of the sample. On the generated spectra, the
position of a peak on the x-axis indicated the elemental and chemical composition while
the y-axis recorded the intensity of surface material how much of a particular element
can be found at the surface. Peaks from the XPS spectra gave relative number of electrons
with a specific binding energy. Our results showed that our sample contained Cu and Se
elements. In the high-resolution XPS, the Cu2p envelope consisted of two peaks
corresponding to Cu2ps;z and Cu2py2 at the binding energies of 932.1 eV and 952.2 eV,
respectively. The Se3d envelope recorded with the powder sample showed an overlapped
spin-orbit component with two maxima for 3ds;2 and 3ds2 peaks at 53.8 and 54.5 eV (D
= 0.7 eV). These energy values (after deconvolution) are consistent with the presence of
Se(ll), as shown for reported CuSe materials. Moreover, a weak loss feature at 56.1 eV
and a weak peak corresponding to Se(1V) arise from surface passivation at 58.3 eV, as

observed in other metal selenides.
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3.4. Electrochemical results

The electrochemical performances are studied in 1.0 M KOH and 0.5 M H2SO4 solutions
at the scan rate of 50 mV s for OER and HER, respectively as have shown in Fig. 3.5.
These exhibit shoulders before oxygen evolution and corresponding small peaks in the
reverse scan plausibly due to Cu/Cu*?and reverse transition, respectively. The oxidation
state of chalcogens seems to be much more stable in the scan range. The onset potential
of CuSe, CuS and CuO catalysts for OER follows the order: CuSe < CuS < CuO as
presented in the Table 3.1, indicating the reverse order of catalytic activity near the
equilibrium region. The overpotential (mV) at the benchmark current density, 10 mA cm-
2are 410, 385, and 343 for these synthesized materials, CuO, CuS and CuSe, respectively
revealing superiority of CuSe over others in catalytic property. During activation process
of the CuSe based electrode by repeated cyclic voltammetry, it is found that the
overpotential decreases with increase of catalytic cycle. In the first 100 cycles, the
overpotential decreases by about 120 mV. It is expected that there might be some
compositional/morphological change of the catalyst at least at the surface of the electrode

which is responsible for such positive effect.
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Fig. 3.5. (a, b) Cyclic voltammogram and linear sweep voltammetry for OER in 1 M
KOH solution; (c) cyclic voltammogram up to 100" cycle; and (d, e) cyclic
voltammogram and linear sweep voltammetry for HER in 0.5 M H2SO4 solution.
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The reason behind such trend might be due to the formation of a thin layer of Cu(OH)-
which acts as electro-post-catalyst in alkali as suggested elsewhere [1]. The Cu(OH):
layer is thin over CuSe; since, the latter is enough stable and found in nature as selenide
materials [28-29]. The trend of greater catalytic ability of CuSe over CuO and CusS is
also found at much higher current density. The order of overpotential @10 mA cm? is
found to be CuSe < CuS < CuO, (343, 385, 410 mV) but that for 50 mA cm™ is CuSe <
CuO < CusS, (768, 823, 943 mV) implying that CuO is a better catalyst over CuS at higher
potentials/current density. This indicates a large change of catalytic activity of CuO based
electrode at higher potential in comparison to CuS, which might be due to the greater
formation of Cu(OH)2 or CuOOH on the surface of CuO based electrode at higher
potential [20-21].

To assess the constancy in catalytic activity and long-term stability of catalysts,
chronoamperometric measurements were carried out at a potential of -0.4V for 1200 s in
a solution of 0.5 M H>SOsand 0.8 V in 1 M KOH solution as have been presented in
Figure 3.6.
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Fig. 3.6. Chronoamperometry plot corresponding to the electrocatalysts in (a) 1.0 (M)
KOH and (b) 0.5 (M) H2SO4 solution
Turnover frequency (TOF) is an integral property of an ideal catalyst. The TOF for both
HER and OER can be calculated by assuming 100 % faradic efficiency for the catalysts
as,

TOF = I/nFm = JA'/nFm (3.4)
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where | = current (A), J = average current density (A cm), A’ = geometrical surface area
= 0.12 cm?, n = number of electrons being transferred = 4 (for OER)/2 (for HER), F =
96485 C, m = moles of catalyst per active site [30—31]

Table 3.1. Cyclic voltammetry and chronoamperometry data of oxygen and hydrogen

evolution reaction

Turnover frequency Cv CA
() OER HER OER HER
Cuo 0.76 0.59 0.51 0.49
CusS 0.33 1.81 0.54 0.77
CuSe 1.40 7.18 1.20 5.47

The onset potential of hydrogen evolution reaction (HER) on CuSe, CuS and CuO are
108,136 and 142 mV vs. RHE. The overpotentials at current density 10 mA cm for the
reaction are 126, 320 and 345 mV respectively. The electronegativity of Se is greater
than Cu. Thus, Cu is slightly +ve and Se is —ve in CuSe nanostructures. Therefore, for
OER, Cu center acts as OH adsorption center to initiate the reaction. CuSe + OH—
HO-CuSe + e (M). The intermediate HO....CuSe subsequently causes OER. On the
otherhand, Se acts as a center for adsorption of H* accordingly to the reaction, CuSe +
H20 — CuSe....H + OH". The intermediate, CuSe.....H subsequently undergoes HER.
These are obtained from the detail experimental kinetic measurements and theoretical
studies on the energy and stability of the involved intermediates of the reactions.
According to periodic table down the group, the size of the elements increases and so the
bond length increases and bond energy decreases. The component, Cu...Se is thermally
broken easily than CuS and CuO; as a consequence, CuSe shows better water splitting
reaction (bond lengths of CuO, CuS and CuSe are 1.98, 2.24 and 2.51 A). The formation
of Cu(OH): layer is thin over CuSe since the latter is enough stable and found in nature
at higher potential. This indicates a large change in catalytic activity of CuO based
electrode in comparison to CuS which might be due to the formation of Cu(OH)2 or
CuOOH at higher potential [32-33].
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OER Mechanism

CuX + OH — CuXOH + ¢ (3.5)

CuXOH + OH — CuXO + H20 + & (3.6)
CuXO + CuXO — 2CuX + O2 (3.7)
2CuCOH + 40H — 2CuOOH + 2H2X + O2 (3.8)
CuXOH + CuOOH — CuX + O2+ H,0 (3.9)

HER possess through three distinct routes by 2e" transfer mechanism in acidic medium
which can be expressed as,

Volmer step: H3O™ + * +¢— H* + H,0 (3.10)
Heyrovsky step: H3O* + H* + e — Hy + H,O + * (3.11)
Tafel step: H* + H¥* — Hy+ 2* (3.12)
— Cu0
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04 — CuSe
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Fig. 3.7. Caplots CuO, CuS and CuSe electrocatalysts
The Ca values for CuO, CuS and CuSe electrocatalysts are 2.18, 2.27 and 4.12 mF cm?,

respectively.The electrochemical active surface area of CuO, CuS and CuSe
electrocatalysts are 5.5, 5.7 and 10.3 c respectively. From the Randles equivalence circuit
model, Rs, series resistance, can be calculated at the intersection of the real axis (x-axis)

in the high-frequency region. The series resistance, Rs represents the ohmic resistance

88



CHAPTER 2

and ionic resistance at the electrode and electrolyte interface. However, the charge
transfer resistance (Rc) has been found from the lower-frequency region of the Nyquist

plot [34] as have been shown in Fig. 3.8.
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Fig. 3.8. Nyquist plots of (a) OER in KOH medium and (b) HER in H2SO4 medium

To study the reaction kinetics electrochemical impedence spectroscopy (EIS) measured
as have been presented in Table 3.2. The OER involves a four electron transfer process,
higher potentials than the theoretical potential (>1.23 V vs. RHE) are required to
surmount the overall energy barrier in each electron transfer step [35-36]. Overpotential
(n) is one of the most crucial parameters that affect the OER/HER performance of the

electrocatalysts which is usually measured at a specific current density of 10 mA cm™.
n=a+ blog (j) (3.13)

Table 3.2. Electrochemical impedance spectroscopy data corresponding to CuO, CuS

and CuSe electrocatalysts

Electrocatalyst  Electrolyte Rs (Q) Ret (Q) Cet (UF)
1 (M) KOH 71.82 2198 4.20
cuo 0.5 (M) H2S04 56.78 2325 5.98
1 (M) KOH 44.04 1157 1.83
cus 0.5 (M) H2S04 53.90 776 1.33
CuSe 1 (M) KOH 42.00 1137 1.56
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0.5 (M) H2S04 52.08 285 1.26
Low overpotential shines as advantages of good OER electrocatalysts. Because of the

high overpotential, leads to more energy consumption reducing energy conversion
efficiencies. It is highly suggested that the loading mass and turnover frequency are
reported while comparing the OER/HER activities of electrocatalysts as overpotential is

strongly influenced by the loading mass of electrocatalysts.
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Fig. 3.9. (a) OER and (b) HER Tafel plots for CuO, CuS and CuSe nanoparticles

Tafel slope (n) is another crucial parameter that reflects the kinetics of OER and
HER. According to the Tafel equation, the slope is the rate of augmentation of
overpotential (n) in relation to current density (j). A diminished Tafel slope implies a
rapid escalation in the current density with the increment of overpotential, which signifies
swift of OER and HER kinetics of the electrocatalysts. The Tafel slopes (mV dec?) found
for OER are 166, 131 and 94 for CuO, CuS and CuSe, respectively. The experimental
Tafel slopes (mV dec?) for HER with CuO, CuS and CuSe are 124, 110, 83.9,
respectively. The Tafel slopes for HER indicate that the Tafel-Heyrovsky mechanism is
followed for all the materials. Table 3.3 compares the efficacy of the synthesized
materials with some others used as electrocatalysts in reference to HER and OER. It is
found that the study on Cu'" bssed materials is few and the overpotetial and Tafel slopes

using the synthesized Cu'" chalcogenides are comparable with those of the others.
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Table 3.3. Comparative account of electrochemical performance of copper

chalcogenides with similar materials

Overpotential  Tafel slope

Electrocatalyst  Electrolyte  Reaction () (MV) (MV dec) Reference
IMKOH  OER 410 188 Present
work
CuO Present
05M 124
H,S0. HER 345 work
IMKOH  OER 385 131 Present
work
Cus 0.5M Present
HoSOu HER 320 110 work
IMKOH  OER 343 94 Present
work
Cuse 0.5M Present
H,SO4 HER 126 83.9 work
CuSe film 1 M KOH OER 270 [29]
CusP/Cu0O
core/shell 1 M KOH OER 315 [33]
nanorod arrays
CuSbranch 4 \1on  OER 284 [35]
arrays
Cuo 1 M NaOH OER 290 [36]

nanoparticles

3.5. Conclusions

Electrocatalytic water splitting is an emerging and challenging area of chemistry that has
received limited attention until the last two decades. To explore the potential of powdered
catalysts for water splitting reaction, especially those based on earth abundant metals, we
synthesized Cu based nanoparticles via a hydrothermal approach and evaluated their
electrocatalytic performance for both oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER). Powdered catalysts offer advantages for large-scale

application of water splitting due to their high turnover numbers and low overpotential.
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We also investigated other copper chalcogenides, such as copper oxide and copper
sulphides (which were prepared under similar conditions by the same method) and
demonstrated that CuSe exhibited superior catalytic activity for both OER and HER
compared to the other copper chalcogenides. This indicates that the activity and
electronic structure of electrocatalysts for water electrolysis can be modulated by varying
the chalcogen element in the same group. The present study provides a new opportunity
to design and fabricate novel catalysts from noble-metal-free and earth-abundant sources,
and to disseminate valuable information and knowledge to the scientific community
interested in electrocatalytic water splitting.

References
[1] B. Chakraborty, R. Beltr-Suito, V. Hlukhyy, J. Schmidt, P. W. Menezes, M.
Driess, Crystalline copper selenide as a reliable non-noble electro(pre)catalyst for
overall water splitting, ChemSusChem 13 (2020) 3222-3229.

[2] G. Jia, W. Zhang, G. Fan, Z. Li, D. Fu, W. Hao, C. Yuan, Z. Zou., Three-
dimensional hierarchical architectures derived from surface-mounted metal e
organic framework membranes for enhanced electrocatalysis, Angew. Chem. Int.
Ed. 56 (2017) 13781 1-5.

[3] T. N. Huan, G. Rousse, S. Zanna, I. T. Lucas, X. Xu, N. Menguy, V. Mougel, M.
Fontecave, A dendritic nanostructured copper oxide electrocatalyst for the
oxygen evolution reaction, Angew. Chem. Int. Ed. 56 (2017) 4792 1-6.

[4] L. Bie, X. Lue, Q. He, D. He, Y. Liu, P. Jiang, Hierarchical Cu/Cu(OH)2 nanorod
arrays grown on electrode for enzyme-free glucose sensing, RSC Adv. 6 (2016)
95740-95746.

[5] M.D. Khan, M.A. Malik, N. Revaprasadu, Progress in selenium based metal-
organic precursors for main group and transition metal selenide thin films and
nanomaterials, Coord. Chem. Rev. 388 (2019) 24-47.

[6] R.A. Hussain, I. Hussain, Fabrication and applications of nickel selenide, J. Solid
State Chem. 277 (2019) 316-328.

92



CHAPTER 2

[7] R. A. Hussain, I. Hussain, Copper selenide thin films from growth to

applications, Solid State Sci. 100 (2020) 106101 1-3.

[8] E. Andrade, V. M. Garci, P. K. Nair, M. T. S. Nair, E. P. Zavala, L. Huerta, M.

F. Rocha, lon beam analysis of copper selenide thin films prepared by chemical
bath deposition, Nucl. Instrum. Methods Phys. Res. B 161-163 (2000) 635-640.

[9] V.M. Garci, P. K. Nair, M. T. S. Nair, Copper selenide thin films by chemical

bath deposition, J. Cryst. Growth 203 (1999) 113-124.

[10] P. Chakadola, M. Prashanth W, Zheng Min, O. Steven, D. Matthias. In-situ

[11]

[12]

[13]

[14]

formation of nanostructured core-shell CusN-CuO to promote alkaline water
electrolysis, ACS Energy Lett. 4 (2019) 747-754.

D. Thanh, H Tuan, T. Luu, L. Doan, N. Hoon, J. Hee, Pt nanodots monolayer
modified mesoporous Cu@CuxO nanowires for improved overall water splitting
reactivity, Nano Energy 59 (2019) 216-228.

S. Zhao, J. Huang, Y. Liu, J. Shen, H. Wang, X. Yang, Y. Zhu, C. Li,
Multimetallic NieMo/Cu nanowires as nonprecious and efficient full water
splitting catalyst, J. Mater Chem. A 5 (2017) 4207-4214.

J. Theerthagiria, S. J. Leea, A. P. Murthy, J. Madhavanb, M. Y. Choia,
Fundamental aspects and recent advances in transition metal nitrides as electro
catalysts for hydrogen evolution reaction, A review Curr. Opin. Solid State
Mater. Sci. 24 (2020) 100805 1-3.

Y. Yiseul, J. Theerthagiri, J. Seung, G. Muthusamy, M. Ashokkumar, Y. C.
Myong, Integrated technique of pulsed laser irradiation and sonochemical
processes for the production of highly surface-active NiPd spheres, Chem. Engg.
J. 411 (2021) 128486 1-3.

93



[15]

[16]

[17]

[18]

[19]

[20]

[21]

CHAPTER 2

Y. Yiseul, J. L. Seung, J. Theerthagiri, S. Fonseca, L. M. C. Pinto, G. Maia, M.
Y. Choi, Reconciling of experimental and theoretical insights on the electroactive
behavior of C/Ni nanoparticles with AuPt alloys for hydrogen evolution

efficiency and non-enzymatic sensor, Chem. Engg. J. 435 (2022) 134790 1-3.

S. N. Shreyanka, J. Theerthagiri, S. J. Lee, Yu. Yiseul, M. Y. Choi, Multiscale
design of 3D metal-organic frameworks (M-BTC, M: Cu, Co, Ni) via PLAL
enabling bifunctional electrocatalysts for robust overall water splitting, Chem.
Engg. J. 446 (2022) 137045 1-3.

J. Theerthagiri, K. Karuppasamy, S. J. Lee, R. Shwetharani, H. S. Kim, S. K. K.
Pasha, M. Ashokkumar, M. Y. Choi, Fundamentals and comprehensive insights
on pulsed laser synthesis of advanced materials for diverse photo- and
electrocatalytic applications, Light Sci. Appl. 11 (2022) 250 1-47.

S. Chatterjee, S. Shaymal, M. Mukherjee, D. Halder, S. Chongdar, A. Paul, A.
Bhaumik, Metal-Thiolate ~ framework  for  electrochemical and
photoelectrochemical hydrogen generation, ChemSusChem 15 (2022)
e202200114 1-7.

S. Zhao, J. Huang, Y. Liu, J. Shen, H. Wang, X. Yang, Y. Zhu, C. Li,
Multimetallic Ni-Mo/Cu nanowires as nonprecious and efficient full water
splitting catalyst, J. Mater. Chem. A 5 (2017) 4207-4214.

Y. Hou, M. Qiu, T. Zhang, X. Zhuang, C. Kim, C. Yuan, X. Feng, Ternary porous

cobalt phosphoselenide nanosheets an efficient electrocatalyst for electrocatalytic
and photoelectrochemical water splitting, Adv. Mater. 29 (2017) 1701589 1-9.

K. K. Bera, M. Chakraborty, S. R. Chowdhury, A. Ray, S. Das, S. K.
Bhattacharya, Significantly improved and synergistic effect of Pt-ZnO-Bi,O3

94



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

CHAPTER 2

ternary hetero-junctions toward anode-catalytic oxidation of methanol in
alkali, Electrochim. Acta 322 (2019) 134775 1-7.

W. Shi, J. Lian, Facile synthesis of copper selenide with fluffy intersected-
nanosheets decorating nanotubes structure for efficient oxygen evolution reaction
international, J. Hydrogen Energy 44 (2019) 229831-922990.

A. Sajeev, A. M. Paul, R. Nivetha, K. Gothandapani, T. S. Gopal, G. Jacob, M.
Muthuramamoorty, S. Pandiaraj, A. Alodhayb, S. Y. Kim, Q. V. Le, P. L. Show,
S. K. Jeong, A. N. Grace, Development of CusN electrocatalyst for hydrogen
evolution reaction in alkaline medium, Sci. Rep. 12 (2022) 2004 1-13.

W. Shuting, Q. Kun, J. Zhao, C. Jiashu, W. Zheng, H. Chen, X. Cui, One-Step
synthesis of a self-supported copper phosphide nanobush for overall water
splitting, ACS Omega 1 (2016) 1367-1373.

A. Radhakrishnan, B. Beena, Structural and optical absorption analysis of CuO
nanoparticles, Ind. J. Adv. Chem. Sci. 2 (2014) 158-161.

S. Riyaz, A. Parveen, A. Azam, Microstructural and optical properties of CuS

nanoparticles prepared by sol-gel route, Perspecive Sci. 8 (2016) 632—635.

N. N. Krishnan, S. Vijayakumar, P. Gnanadurai, R. Shabu, K. C. Preetha,
Structural and optical characterization of copper selenide (Cuz-xSe)
nanoparticles, J. Nanosci. Tech. 4 (2018) 345-347.

J. Masud, W. P. R. Liyanage, X. Cao, A. Saxena, M. Nath, Copper selenides as
high-efficiency electrocatalysts for oxygen evolution reaction, ACS Appl. Energy
Mater. 1 (2018) 4075—4083.

R. A. Hussain, I. Hussain, Copper selenide thin films from growth to applications,
Solid State Sci., 100 (2020) 106101 1-9.

95



[30]

[31]

[32]

[33]

[34]

[35]

[36]

CHAPTER 2

S. L. Goes, M. N. Mayer, J. E. Nutting, L. E. Hoober-Burkhardt, S. S. Stahl, M.
Rafiee, Deriving the turnover frequency of aminoxyl-catalyzed alcohol oxidation
by chronoamperometry, An introduction to organic electrocatalysis, Chem. Ed.
98 (2021) 600-606.

H. Rahaman, S. Kundu, S. K. Ghosh, Size-selective silver-induced evolution of
Mnz0s-Ag nanocomposites for effective ethanol sensing, Chem. Select 2 (2017)
6991-6999.

C. Wei, Z. J. Xu, The comprehensive understanding of 10 mA c¢cm? as an
evolution parameter for electrochemical water splitting, Small 2 (2018) 1800168
1-6.

J. Du, F. Li, Y. Wang, Y. Zhu, L. Sun. CuzP/CuO core-shell nanorod arrays as
high-performance electrocatalysts for water oxidation, ChemElectroChem, 5
(2018) 2064—-2068.

A. Ghosh, S. Shyamal, A. Palui, R. N. Manna, S. Mondal, M. Jana, A. Ghosh, A.
Bhaumik, Photoelectrochemical water oxidation over novel semiconducting
zinc-based metal—thiolate framework, ACS Appl. Mater. Interfaces 14 (33)
(2022) 37699-37708.

T. N. Huan, G. Rousse, S. Zanna, I. T. Lucas, X. Xu, N. Menguy, V. Mougel, M.
Fontecave, A dendritic nanostructured copper oxide electrocatalyst for the
oxygen evolution reaction, Angew. Chem. Int. Ed. 56 (2017) 4792-4796.

S. Deng, Y. Shen, D. Xie, Y. Lu, X. Yu, L. Yang, X. Wang, X. Xia, J. Tu,

Directional construction of Cu.S branch arrays for advanced oxygen evolution
reaction, J. Energy Chem. 39 (2019) 61-67.

96



CHAPTER-III

WATER SPLITTING
REACTION ON NICKEL
SULPHIDE, MOLYBDENIUM
SULPHIDE,
NICKELMOLYBDENIUM
SULPHIDE
ELECTROCATALYSTS




98

CHAPTER 3



CHAPTER 3

Water splitting reaction on NiS, MoS, NiMoS electrocatalysts

4.1. Introduction

Due to increasing global energy demand while on the contrary, to protect the
environment, it is obvious to lessen our dependence on fossil fuels and therefore, to
increase the amount of sustainable and renewable energy resources [1]. During the past
couple of decades, various approaches to encompass the efficient production of biofuels
with hydrogen, methane, and bioalcohols have been demonstrated [2-5]. Hydrogen has
been considered as a model fuel to meet the need as one of the energy resources of the
future.

One of the most effective and fascinating processes for producing hydrogen is the
water splitting reaction in the presence of light or electricity [6—12]. The splitting of water
using electrochemical techniques is a viable method to convert electricity into chemical
energy [13]. The transition metal sulphides possessing typical structural character rich
with active sites, and adjustable to the electronic properties and components have been
paying attention to widespread research, for example, in layered MoS2, WS, and non-
layered NisS; and CosS4[14]. As bifunctional electrocatalysts, a variety of earth abundant
and economically friendly transition metal-based compounds, including oxides,
hydroxides, carbides, sulphides, nitrides and phosphides have been employed towards
the overall water splitting reaction [15]. A multi-step process involving proton-coupled
transfer of electrons can occur in oxygen evolution reaction. However, the reaction
necessitates a large overpotential, which causes energy loss and therefore, lowers the
total efficiency of energy conversion [16]. The kinetic bottleneck for the electrochemical
decomposition of water that has an addiction to the hydrogen oxygen is the oxygen
evolution reaction. To speed up the OER process, several catalysts have been explored
[17]. Because of their optimal binding to reaction intermediates, active metal oxide
catalysts, such as IrO2 and RuO2, have shown the maximum activity towards OER.
However, their rarity, corrosiveness, and high expenses have limited their uses in a wide
range of applications [18]. Through numerous studies, it has been established that

composites of molybdenum sulphide and nickel sulphide could increase the
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electrocatalytic activity [19-21]. A lot of work has been carried out into finding reliable,
affordable, and effective electrocatalysts for OER [21-23].

In the study, NiS, MoS and NiMoS have been studied systematically as bifunctional
catalysts by synthesizing them using similar hydrothermal method and observing their
electrocatalytic properties with special emphasis to OER under alkaline condition. It
demonstrates that in 1 M KOH for NiS and NiMoS, there is a an overpotential of 160
mV (10 mA cm2) with a Tafel slope of 69.9 mV dec™* and lower overpotential of 124
mV (10 mA cm2) with a Tafel slope of 41.6 mV dec™?, and. However, in case of MoS,
an overpotential of 210.1 mV (10 mA c¢cm) and Tafel slope 0f97.6 mV dec * have been

determined.
4.2. Experimental Section

4.2.1. Materials: Nickel chloride (NiCl2.4H.0), ammonium molybdate ((NH4)sM07024),
sodium sulphide pentahydrate (Na>S.5H,0) were purchased from Sigma Aldrich. Nafion
was purchased from Arora Matthey Ltd.

4.2.2. Synthesis: The electrocatalysts have been synthesized by hydrothermal method.
An aliquot of 1 M nickel chloridewas mixed thoroughly into 1 M sodium sulphide
solution. The solution was poured into a teflon-lined stainless steel autoclave and heated
to 24 h at 180 °C. For the synthesis of molybdenum sulphide nanoparticles, the same
procedure was followed. For the synthesis of nickel molybdenum sulphide nanoparticles,
1 M nickel chloride and 1 M molybdenum sulphide were mixed thoroughly and then, 1
M sodium sulphide was mixed. After the mixture was added, the autoclave was heated
to 180 °C for 24 h. The mixture was, then, cooled down to room temperature. After
centrifugation of the solution, the obtained product was heated in a hot air oven at 60 °C.
4.2.3. Characterization of materials: The X-ray diffraction (XRD) was performed by
using a (Bruker D8 Advance) diffractometer along with a CuK, radiation source
(A=1.5418 A generated at 40 kV). The surface morphology of the electrocatalysts were
investigated with SEI INSPECT F 50 FE-SEM. Surface composition of electrocatalysts
were analyzed by energy dispersive X-ray spectroscopy (EDX) attached with the same
instrument. Transmission electron microscopy was carried out using JEOL JEM 2010
transmission electron microscope. X-ray photoelectron spectroscopy (XPS) was

performed with Omicron Nanotechnology XPS 0571 spectrometer.
4.2.4. Electrochemical Performance: An aliquot of 90 pL of isopropanol was mixed

with 10 pL of 5% nafion solution to produce a 4:1 mixture, which was, then, added to
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the solution containing 2 mg of electrocatalysts. Subsequently, the mixture was sonicated
for 6 h. Next, 5 uL of the catalyst was drop-cast in a graphite carbon electrode with a
0.12 cm? geometric surface area, which serves as the working electrode for these
electrochemical investigations. The cyclic voltammogram of the electrode was measured
at a scan rate of 50 mV s in a 1 M KOH solution. The Tafel slope of the catalysts has
been calculated by taking the plot of overpotential against the current density into
consideration. The Tafel slope (b), the current density (j), and the overpotential (1) are
related by the equation, n = a + b log (j). Electrochemical impedance spectroscopy (EIS)
has been used in these investigations. Capacitance corresponding to the electrical double
layer (Ca) has been used to calculate the electrochemically active surface area (ECSA)
of the catalysts. The slope from I¢ vs. v plot, the value of double layer capacitance (Ca)
can be obtained.

lc = (lanodic'lcathodic) (4.1)
Ca(F) = slope = Al /2Av 4.2)
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4.3. RESULTS AND DISCUSSION

4.3.1. XRD analysis
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Fig. 4.1. X-ray diffraction patterns of (a) NiS, (b) MoS, and (c) NiMoS nanoparticles.
The diffraction angle (20) along x-axis has been expressed in degrees.
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X-ray diffraction patterns of NiS, MoS and NiMoS nanoparticles have been presented in
Fig. 4.1. It reveals that NiS nanoparticles containing (100), (101), (102), (110) planes
(JCPDS Card No.: 02-1280); MoS containing (101), (102) and (110) planes (JCPDS Card
No.: 37-1492) and NiMoS containing (101), (111), (102) and (110) planes (JCPDS ard
No.: 73-1508).

4.3.2. SEM analysis: Scanning electron micrographs and energy dispersive X-ray
spectra of NiS, MoS, and NiMoS nanoparticles have been displayed in Fig. 4.2. NiS
exhibit weathered rock-like structures, MoS the solid rock-like structures and NiMoS the
chloral flower-like structurestructures. In these superstructures, there are gaps through
which the reactants can penetrate and gases can be escaped. The EDS spectra indicate
that the atomic composition is Ni:S = 50:50 for NiS, Mo:S =54:47 for MoS, and Ni:Mo:S
= 57:43 for NiMosS.

(d)

e)

(f)

kev.

Fig. 4.2. (a, b, ¢) Scanning electron micrographs and (d, e, f) energy dispersive X-ray
spectra of NiS, MoS, and NiMoS nanoparticles
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4.3.3. TEM analysis:

Fig. 4.3. Transmission electron micrographs of (a) NiS, (b) MoS and (c) NiMoS
nanoparticles

Transmission electron micrographs of NiS, MoS and NiMoS nanoparticles have been
displayed in Fig. 4.3. The NiS nanoparticles shows the bubble-like structures, MoS
nanoparticles the bricks-like structures and NiMoS nanoparticles the flowers-like
structures. The average diameter of the NiS, MoS and NiMoS nanoplarticles are 15+2.8,
and 25%3.9, 28+4.3 nm, respectively. Due to decrease in size, surface area increases and
therefore, better absorption of ions for NiMoS electrocatalysts rather than NiS and MoS

electrocatalysts.

4.3.4. XPS analysis: Using X-ray photoelectron spectroscopy (XPS), the chemical
composition and oxidation states of the NiMoS nanoparticles have been examined as has
been presented in Fig. 4.4. The two distinct peaks in the Mo 3d spectra, located at 231.9
and 23.1 eV, are related to the binding energies of Mo3ds/2 and Mo3ds/, which stand for
the oxidation states of the Mo** in MoS, or MoS3[24]. The Ni 2p spectrum is displayed
by the binding energies of Mo 3dz and 3ds2, which are bound to the oxide states of
Mo®*. For Ni2p1. and Ni2ps, the peaks become broadened with binding energies of
approximately 872.7 and 855.2 eV, respectively. These indicate the Ni* and Ni?*

oxidation states corresponding to the
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Fig. 4.4. X-ray photoelectron spectroscopic analysis of NiMoS nanoparticles
NisS2. The other two satellites peaks situated at 860.9 eV and 879.7 eV corresponds to
the nickel and oxygen, respectively. The S 3d spectra shows that binding energies
corresponding to the S2ps2 and S2py2 orbitals are 162.3 and 163.5 eV, respectively. This
could be indicative of the presence of bridging S2*or inarticulate to S* [25]. It is possible
to assign the S 2p spectra with two S 2p doublets, indicating the possibility of the
presence of amorphous Moy structure and NixSy in the samples. The peak located at 168.7
eV can be assigned to the remaining SO4% species due to the oxidation of surfaces S

caused by molybdate oxidation [26].

4.3.5. Electrochemical Studies

The electrocatalytic performance of NiS, MoS, and NiMoS nanoparticles has been
studied electrochemically using cyclic voltammetry in a 1.0 M KOH solution at a scan

rate of 5 mV st
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Fig. 4. 5. Cyclic voltammograms for NiS, MoS and NiMoS electrocatalysts in 1 M
KOH solution

By immersing the electrodes in a 1 M KOH solution, the cyclic voltammograms (Fig.
4.5) of these electrocatalysts for oxygen evolution reaction have been recorded. Oxygen
evolution reaction is an electron transfer process that occurs through multiple steps. High
potential walls with significant overpotential are required for the reaction to occur [27].
The potential has been measured with respect to AgCIl/Ag, CI* electrode and normalized
with respect to reversible hydrogen electrode (RHE). At 10 mA cm™ current density, the
overpotentials are (mV) 160, 210.1 and 124.3 for NiS, MoS, NiMoS based electrodes,
respectively.

OER occurs through four steps by 4e” transfer in alkaline medium

OH +* ——» OH*+¢ (4.3)
OH* + OH® — > O*+ H,0 + ¢ (4.4)
O* + OH' ———> OOH* +¢° (4.5)
OOH* + OHF ———> O, +H0 + ¢ (4.6)
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where * represents the active site of the catalyst and H* and OH* represents the species
adsorbed on the catalytic surface.

4.3.5.1. Tafel plots: The Tafel plots corresponding to different electrocatalysts have been
presented in Fig 4.6. The values of Tafel slope of NiS, MoS and NiMoS (mV dec™) are
69.9, 97.6 and 41.6 respectively
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Fig. 4.6. Tafel plots of NiS, MoS and NiMoS nanoparticles
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4.3.5.2. Chronoamperommetry study:
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Fig. 4.7. Chronoamperometry plots corresponding to NiS, MoS and NiMoS
nanoparticles as the electrocatalysts of 1.0 M KOH solution

The chronoamperometry measurement reveals that to study the constancy of the
activeness in the catalysts and long term stability during the electrocatalytic performance.
The study has been presented graphically in Fig. 4.7. Chronoamperometric studies have
been performed with a 0.8V fixed potential for 2500 s in 1 M KOH solution.
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4.3.5.3. Electrochemical impedence spectroscopy:
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Fig. 4.8. Nyquist plots of NiS, MoS and NiMoS nanoparticles

The kinetics of the reaction has been followed through electrochemical impedence
spectroscopy (EIS). The Nyquist plots corresponding to NiS, MoS and NiMoS
nanoparticles have been presented in Fig. 4.8. From the equivalent circuit model
proposed by Randles, Rs signifies the ohmic and ionic resistances at the electrode-
electrolyte interface. Moreover, the charge transfer resistance (Ret) was started from the
lower frequency region in the Nyquist plot. Cc represents the capacitance of the electrical
double layer [28]. The values of Rs, Rctand Cet have been given in the Table 4.1.

Table 4.1. Comparative account of electrochemical impedence spectroscopy of the NiS,

MoS and NiMoS electrocatalysts

Electrocatalyst  Electrolyte Rs (2) Ret (€2) Cet (UF)
NiS 1 M KOH 67.1 2196 3.97
MoS 1 M KOH 56.3 2051 2.01
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NiMoS 1 M KOH 46.7 1424 1.05

4.3.5.4. Electrochemical active surface area: Cyclic voltammetry has been performed
using three electrodes in non-Faradaic regions at different scan rates of 10, 20, 50, 70, 90
and 100 mV s? in 1.0 M KOH solution. The values of double layer capacitance of the
electrocatalysts NiS, MoS and NiMoS are 3.04, 1.20 and 3.80 mF cm?, respectively. The
ECSA vlues have been calculated by the following equation, ECSA (cm?) = Ca/Cs, Where
Cs is the specific capacitance; the conventional specific charge density, Cs is taken as, 40
uF cm?. The ECSA values for NiS, MoS and NiMoS are 7.6, 3.4 and 9.3 cm? which
indicates the better electrocatalytic activity.
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Fig. 4.9. Cyclic voltammograms of (a) NiMoS, (b) MoS, and (c) NiS electrodes at
different scan rates of 10, 20, 40, 50, 60, 80, 100 mV s*; (d) scan rate dependence of the
current densities derived from double layer capacitance measurements of the
electrocatalysts
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Table 4.2. Electrochemical performance of catalysts

CHAPTER 3

Electrocatalysts Overpotential for Tafel slope (mV Reference
OER (mV) dec?)

NiMoS 124@10 mA cm™ 41.6 Present work
Ni3S2/MoSx 215@10 67.5 [2]
N-NiMoS 167@onset potential 72 [3]
NiMoS 1.54@10 102 [3]
Mo0S2/NiS; 1.67@10 58 [4]

303 mV@10 OER
NiS 160 69.9 Present work
MoS 210.1 97.6 Present work

4.4, Conclusion: The hydrothermal approach makes it simple to synthesis the

catalysts. The OER of the NiMoS nanoparticles at 10 mA cm? is 124 mV and the Tafel

slope is 97.6 mV dec, and the values of double layer capacitance is 3.72 mF cm™ of the

electrocatalysts. The electrochemically active surface area of the nanostructures is 9.3

cm? which indicates the presence of more active sites that have been found to be

advantageous for OER. Sulphur-containing transition metals are inexpensive and

effective electrocatalysts for the water splitting reaction.The transition metals on

affordable and effective electrocatalysts for the total water splitting processes may be

initiated by the current work.
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CHAPTER 4

Hydrothermally synthesized nickel selenide, molybdeniumdiselenide
and nickel molybdenium selenide are cost effective and bifunctional

electrocatalysts for Water splitting reaction

5.1. Introduction
The intercalation of diverse guests into chalcogenide hosts has been the focus of
numerous research investigation over the last few decades [1-6]. Certain compounds,
such as nickel selenide (NiSez) and iron selenide (FeSe), have been found to exhibit
large cathodic current densities at lower overpotentials along with good electrocatalytic
activity. High cathodic current densities and low overpotentials boost the electrocatalytic
activity of the active sites, which are consisting of Ni or Fe molecules [7-13]. The
transition metal based selenides have been considered as one of the most electrifying
class of electrocatalysts that performed opponents of noble metal based electrocatalysts
[14-19]. The variety of nickel selenides, such as NiSe [20-23], Nio.gsSe [24], NiSez [25—
27], and NizSe> [28-29], have been extensively observed for the HER and OER
processes. Materials, such as FeSe, CuSe, MoSe, CoSe and their corresponding alloys
have been reported earlier to water splitting reactions and other applications related to
energy demands [30-35]. Molybdenum selenide (MoSe2) is an another gifted
electrocatalyst with better electrocatalytic performance, low cost, and earth abundant
elements [36—40]. RuOz or IrO, has been found to be the best electrodes for OER [41—
42]. Platinum has been proven to be the most valuable HER electrocatalyst reported so
far in the literature [43-44].

In the present study, it is reported that molybdenum selenides, nickel selenides and
their composites could enhance the electrocatalytic activity [45-51]. The electrocatalytic
water splitting reaction of the NiMoSe electrocatalysts towards OER at 10 mAcm™

overpotential with respect to RHE is 165 mV and the Tafel slope value is 83 mV dec™.
5.2. Experimental Section
5.2.1. Reagents: Nickel chloride (NiCl2.4H20), ammonium molybdate ((NH4)sM07024),

sodium selenite (Na2SeOs) and hydrazinehydrate (N2Hs.H2O) were purchased from
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Sigma Aldrich and were used as received. Nafion was purchased fromArora Matthey
Ltd.and was used without further purification.

5.2.2. Instrumentation

The morphologies of the selenide-based materials were investigated using scanning
electron microscopy (SEM) on a SEI INSPECT F 50 FE-SEM and their elemental
compositionswere assessed using energy-dispersive X-ray spectroscopy (EDS) on an
EDS spectrometer. HRTEM images of the specimen were collected ona JEOL JEM 2010
transmission electron microscope. The hydrothermally synthesized crystal structure of
synthesized nanoparticles was investigated by X-ray diffraction (XRD) study that was
performed using a Bruker D8 Advance diffractometer equipped with a CuK, radiation
source (A=1.5418 A generated at 40 kV and 40 mA.). The chemical valence was
characterized by X-ray photoelectron spectroscopy (XPS) performed in the Omicron
Nanotechnology XPS 0571 spectrometer. Fourier transform infrared (FTIR
spectroscopic study was performed by PerkinElmer instrument.

5.2.3. Synthesis of nickel molybdenium selenide nanoparticles

The electrocatalysts were synthesized by following hydrothermal protocol. An aliquot of
1 M nickel chloride was mixed thoroughly to 1 M sodium selenite solution. An
equivalent amount of hydrazine hydrate was added in the solution. The solution was
poured into a stainless steel autoclave and heated at 180 °C for 24 h. For the synthesis of
molybdenium selenide nanoparticles, the same protocol was applied. For synthesis of
nickel molybdenium selenide nanoparticles, 1 M nickel chloride and 1 M molybdenium
selenide were mixed thoroughly and then, 1 M sodium selenite was reduced by hadrazine
hydrate. After the mixture was agitated and sealed into an autoclave and the mixture was
heated at 180 °C for 24 h. The mixture was, then, allowed to cool down to room
temperature. After centrifugation of the mixture, the resulting product was agitated at 60

°C in a hot air oven.

5.3. Characterization of materials

5.3.1. Electrochemical performance

The bifunctional activity of the electrocatalysts has been investigated in water splitting
that involves the individual testing of oxygen evolution reaction under three electrode
setups (Autolab). In this experiment, Ag/AgCl electrode has been used as the reference
electrode, Pt foil as the counter electrode, and graphite electrode as the working

electrode. The working electrode has a geometric surface area of 0.12 cm™2. Now, 2 mg
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of the powdered catalystshas been dissolved in 80 pL of isopropanol and 20 pL of 5%
nafion to produce a mixture of 4:1. The solution was, then, sonicated for 2 h and
subsequently, 5 pL mixture was dropped over the working electrode. The following

equation,

ErHe = Eagiager +0.197+ (0.059%pH) (5.1)

has been used to make the electrode potentials equivalent to the reversible hydrogen
electrode (RHE).

The Tafel equation, expressed as, n = a+ b log j, indicates the electrokinetic character
of OER. In this equation, 1 is the overpotential, j represents the current density, a stands
for the Tafel constant, and b for the Tafel slope. The non-faradic portion of cyclic
voltammograms at various scan rates (v) has been used to calculate the electrochemical
active surface area. The charging current (I¢) has been calculated from the ECSA data.
We have calculated the value of double layer capacitance (Cal) by taking the slope from

the Icvs. v plot into consideration.
le = (lanodic-l cathodic) (5.2)

Ca (F) = slope = Al /2Av (5.3)

5.4. Results and discussion

5.4.1. Structural characterization
5.4.1.1. XRD Analysis

X-ray diffraction patterns of NiSe, MoSe, and NiMoSe nanoparticles have been
displayed in Figure 5.1. For MoSe>, the prominent peak appears at 29° corresponding to
the (100) planes. Other peaks appearing at 41°, 47°, 56° and 65° angles can be assigned
to the planes of (006), (105), (110), (200) respectively (JCPDS card number:29-0914.
The hexagonal NiSe nanoparticles containing diffraction peaks having 20 values 33.32°,
44.94°,50.77° and 62.09° corresponding to planes (101) ,(102), (110) and (103) planes,
respectively (JCPDS card number: 18-0888).For NiMoSe nanoparticles containing
diffraction peaks having 2 6 values 44.5, 51.9, 76.4 corresponding to planes (111), (200),
(220) planes.
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Fig. 5.1. X-ray diffraction patterns of (a) NiSe, (b) MoSe; and (c) NiMoSe nanoparticles.
The diffacion angle 26 along has been expressed in degrees.
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5.4.1.2. FTIR spectroscpy
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Fig. 5.2. Fourier transform infrared spectroscopy of (a) NiSe, (b) MoSe; and (c)
NiMoSe nanoparticles
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To understand the nature of the functional groups of the synthesized Ni and Mo based
electrocatalysts, Fourier transform infrared spectroscopy spectroscopy has been used.
FTIR spectra of NiSe, MoSe, and NiMoSe are shown in Fig. 5.2. The characteristic
peaks observed at 601 cm™ and 930 cm™ are related to the Mo—Se and Se—Se molecules;
the peaks are shown in 1412 and 1617 cm™ were indicated the Mo—O functional groups;
the broad peak is investigated at 1114 cm™ for the aromatic ring C—H stretching and
bending mode; the peak is observed at 715 cm™ is to bending out of plane; the MoSe
nanosheet peaks are shifted slightly towards lower the intensity. These results are clearly
confirmed by the accurate chemical interaction in the presence of the functional groups
that can change in the structural phase of the nanostructures.

124



CHAPTER 4

5.4.1.3. SEM analysis
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Fig. 5. 3. (a, b, ¢) Scannng electron micrographs and (d, e, f) energy dispersive X-ray
spectrum of NiSe, MoSe; and NiMoSe nanoparticles

Scannng electron micrographs and energy dispersive X-ray spectrum of NiSe, MoSe;
and NiMoSe nanoparticles have been shown in Fig. 5. 4. Using SEM, the morphologies
of the synthesized samples were examined. The dense and compact coral-like surface

shape of the NiMoSe composites can be thought to be more advantageous for an effective
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electron transport process [33]. The EDS spectra indicate that the atomic compositions
as Ni:Se = 41:54 for NiSe, Mo:Se= 54:45 for MoSe, and for Ni:Mo:Se = 12:49:38
NiMoSe composites.

5.4.1.4. TEM analysis

Fig. 5.5. Transmission electron micrographs of (a)NiSe, (b)MoSe, and (c)NiMoSe
nanoparticles
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Transmission electron micrographs of NiSe, MoSe, and NiMoSe nanoparticles have
been exhibited in Fig. 5.4. It is observed that NiSe possesses quantum-dot like structures,
and MoSe>, NiMoSe the spherical structures. The average diameter of the NiSe, MoSe,
and NiMoSe nanostructures are 16+2.3, 8+1.6, and 24 £2.7 nm, respectively.

5.4.2. Electrochemical Studies

70
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Fig. 5.6. Cyclic voltammograms for NiSe, MoSe> and NiMoSe electrocatalysts in 1 M
KOH solution

5.4.2.1. Oxygen Evolution Reaction (OER)
The inherent potential corresponding to the OER activity has been observed in 1 M KOH
solution at pH~14. At a scan rate of 50 mV s?, the OER activity was conducted in a
cyclic voltammograms in the potential regime of +1 to + 2.8 V with respect to RHE. For
NiSe, MoSe,, and NiMoSe, the measured current density at 10 mA cm is 180, 210, and
165 mV, respectively. Oxygen evolution reaction can be considered as a multi-step

electron transfer reaction that requires an overpotential, or high potential energy barrier.

OH +* ——> OH* +¢ (5.4)
OH* + OH' ——> O* + H,0 + ¢ (5.5)

O* + OH' ——> OOH* + ¢ (5.6)
OOH* + O —— O, + H0 + ¢ (5.7)

In an alkaline medium, OER happens in four steps by 4 electron transfer, where * denotes

the active site of the catalyst and H* and OH* represent the species adsorbed on the
surface [52].

127



CHAPTER 4

The Tafel diagram provides the mechanistic pathway for the OER reaction. Fig. 5. 6
displays the Tafel slopes that have been measured for the NiSe, MoSe>, and NiMoSe .
The plot of the logarithm of current density against the overpotential has been used to
calculate the Tafel slope. The polarization plots provide the current density j, which is
needed to evaluate the Tafel plot.
The Tafel equation states that slope is the relationship between current density, j and the
overpotential, n. For NiSe, MoSe,, and NiMoSe nanoparticles, the Tafel slopes (mV dec
1) have been enumerated as 126, 96, and 83 respectively. Tafel slope for NiMoSe
suggests that the electrochemical reaction occurs through a Volmer-Heyrovsky process.
Therefore, in the current work, the electrocatalysts exhibit improved activity towards the
oxygen evolution reaction in 1 M KOH solution.

024 4 — MoSe
] —— NiSe
o2 | —— NiMoSe 126 mV dec-1
8 o020
f=
o 96 mV dec-1
8 o01s-
o
- E
o
0.16 ~ 1
014 -
012 ! 1 ! I ' 1 I 1 I I I

Logj {macm )

Fig. 5.7. Tafel plots corresponding to oxygen evolution reaction for NiSe, MoSe, and
NiMoSe nanoparticles. The overpotential along the y-axis has been expressed in mV.
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5.4.2.2. Chronoamperommetry study:
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Fig. 5.8. Chronoamperommetry study of the electrocatalysts in 1.0 M KOH solution

Fig. 5.7 shows the chronoamperometric stability of the three electrocatalysts against the
oxygen evolution reaction over a continuous period of time at a fixed potential of 0.8 V.
These investigations show that consistency occurs throughout the electrochemical

process.

5.4.2.3. Electrochemical active surface area: Cyclic voltammograms at various scan
rates, ranging from 10 mV s? to 100 mV s?, have been displayed in Fig. 5.8. The
electrochemical active surface has been computed from the non-faradic region. The
values of double layer capacitance (Ca) of the NiSe, MoSe> and NiMoSe nanoparticles
have been calculated as 2.6, 1.9 and 3.8 mF cm2, respectively under the non-faradic
potential region (1.06 V- 1.26 V). The ECSA values for NiSe, MoSe; and NiMoSe have
been enumerated from the equations are 6.5, 4.8 and 9.5 cm? (ECSA (cm?) = Cal/Cs,

specific charge density, Cs = 40 uF cm?).
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Fig. 5.9. Cyclic voltammograms of (a) NiSe, (b) MoSe, and (c) NiMoSe electrodes at
different scan rates of 10, 20, 40, 50, 60, 80, 100 mV s*; (d) scan-rate dependences of
the current densities derived from double-layer capacitance measurements of the
electrocatalysts.
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Fig. 5. 10. Nyquist plots of NiSe, MoSe; and NiMoSe nanoparticles
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Electrochemical impedance spectroscopy has been used to study the kinetics of the
reaction. The Nyquist plots of NiSe, MoSe; and NiMoSe nanoparticles have been shown
in Fig. 5.9. From the equivalence circuit model proposed by Randles, where, Rs is
solution resistance can be calculated from the intersection of real axis which is x-axis
corresponding to the high frequency region. Retrepresents the ohmic and ionic resistances
at electrode-electrolyte interface which is found from lower frequency state of the
Nyquist plot. Cc represents the double layer capacitance value from these equivalence
circuit model. Electrochemical impedance spectroscopic results corresponding to NiSe,
MoSe, and NiMoSe electrocatalysts have been presented in Table 5.1.

Table 5.1. Electrochemical impedance spectroscopic results corresponding to NiSe,

MoSe2 and NiMoSe electrocatalysts

Electrocatalyst  Electrolyte Rs (Q) Ret (Q) Cet (UF)
NiSe 1 M KOH 30.87 8507 3.248
MoSe,
1 M KOH 26.25 6258 2.129
NiMoSe
1M KOH 24.01 1815 1.264

A comparative account of the electrocatalysts with some other similar catalysts towards

oxygen evolution reaction have been shown in Fig. 5.2.

Table 5. 2. A comparative account of the electrocatalysts towards oxygen evolution

reaction
Electrocatalysts Overpotential for Tafel slope (mV Reference
OER (mV) dec?)
NiMoSe 124@10 mA cm? 96 Present work
NiosMo0o5Se 157V @ 10 mA [1]
cm?
MoeNieSe@NF 397 mV@ 10 mA 44.9 [53]
cm?
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NiSe 160 83 Presnt work

MoSe 210.1 126 Present work

5.5. Conclusions

In conclusion, the electrocatalysts have been successfully synthesized by the
hydrothermal method and their electrocatalytic activities have been studied. The low
overpotential value of the nanoparticle is 165 mV with a lower Tafel slope of 83 mV dec
Land electrochemical active surface area of 9.5 cm™ that makes it a preferable catalysts
towards oxygen evolution reaction. The hydrothermally synthesized NiMoSe
nanoparticles can be used as electrocatalysts for its low cost values and ease of synthesis

in the labarotary that can be useful in the water splitting reactions.
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NOTABLE ACHIEVEMENTS AND CONCLUSIONS

The thesis deals with the synthesis of electro-catalytically active nanoparticles by using
various protocols in absence of any capping agent.Synthesized nanoparticles are
characterized by spectroscopic analysis FTIR, microscopic (FESEM, HRTEM), XRD,
EDS and XPS analysis.The electrocatalytic studies are done in these work.The CV,CA,
impedence are carried out during the process.The electrocatalytic active surface area is
calculated for the measurement of the surface area of the electrocatalysts. The catalytic
proficiency of the synthesized nanomaterials are evaluated with respect to water splitting
reaction of metal and metal-oxide nanoparticles.The experimental findings of the
electrocatalytic activity of the pure metals like Ni, Cu, Mo etc are combined with
sulphide and selenide molecules to form the bimetallic nanoparticles.The significance
of water splitting is promising technology that confirmed water is split to generate clean

pure hydrogen fuel.Hence the green fuels is to be useful for different resolutions.
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Future aspects:

Previously noted, the division of water splits into hydrogen and oxygen throughout
solar energy is thoroughly investigated challenge, pivotal for addressing future energy
demands. Photocatalysts activated by visible light offer significant benefits, as they
circumvent the need for sophisticated energy conversion technologies typically
associated with non-renewable sources like solar or wind power. Heterogeneous
photocatalysis not only yields hydrogen but also produces oxygen—avaluable
byproduct. However, this process faces issues such as catalyst degradation due to oxide
formation during the oxygen evolution reaction. Additionally, the existing
photocatalysts exhibit a low turnover frequency, warranting further exploration. The
development of durable photocatalysts that can be effortlessly separated from the
reaction mix and reused presents an expansive research opportunity. Investigating
catalysts composed of novel or readily available transition metals remains an intriguing
avenue for future study. Adjusting existing transition metal catalysts with diverse
ligands opens up vast possibilities for engineering more efficient and stable catalysts,
potentially surpassing current limitations. Modifying the metal composition in
heterogeneous catalysts also presents the gifted opportunity to increase the performance
of earlier reported electrocatalysts. The escalating global energy demand compels us to
innovate superior and cleaner energy solutions, and photocatalytic water splitting

stands out as an exceptionally promising direction.
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Introduction researched as OFR catalysts, such as oxides, hydroxides, phosphides,

O of the sarious upsurging global problems i the energy crisis that
is world facing today. Energy demand is skyrocketing in the last few
decades. Sources of pon-renewable energy are depleting fast and the
world is looking for new handy non-traditional energy sources. Splitting
of water into oxygen and hydrogen is one of the best ways to overcome
the current energy crisis and reduce air pollution simultaneously. For
matural photosymthesis, which comverts light energy into chemical en-
ergy, this is crucial. Cu is essential for the water splitting process in the
hinlogical systems . Some of the angoing research efforts demanstrate an
eagerness to comprehend how Cuo comtributes to biological water split-
ting. In the effort to create artificial photosymthetic systems employing
sustainable and noble metal-free catalysts, highly crystalline CuSe has
been deployed in alkoline media as active electrodes for overall water
splitting (OWS) [1].

The low abundamce of these precious elements limits their wide
practical application. Copper is & more abundant and cheaper metal
among the transition metal elements (such as cobalt, nicked, iridium and
manganese). Recently, some copperhased compounds have been
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nitrides and selenides [ 4]. Copper selenide is an important member of
first row transition metal chaleogenides [5- 7], can exist in & wide range
of compesitions, both stoichiometric (Cufe, CofSe, CuSe;, CugSe,
Cipies) and nom-stoichiometric (CugaSe) [£9]. Although, they are
raredy formed as minerals in nature, synthetic selenides represent a
remarkable group of compounds with great potential in various scien.
tific fields (moch as photowoltaics, thermoelectric, or opéoelsctromics)
due to their extroordinary electric and thermal properties The
state-of the-art electrocatalysts to perform water splitting (WE) mainhy
rely on the noble-metal-based materials (Fud; and In(; for OER, and Pt
for HER). But their high cost have prevented their practical application
[10,11]. Comversely, racent studies infer that higher OFR or HER cata-
Iytic activity could be achieved by a subfle choice of Earth-abundant
transition-metal (TM) based catalysts, particularly the Grstrow This
[12-17). However, oaly & few of them have been shown to misdiste
efficient bifunctionality for water-splitting reactions [14,15]. The metal
organic framework (MOF) can act a5 an efficient bifunctional electro-
catalyst for HER and OFR [20].

Elertrochamical water splitting continues to be o frontier field of
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study. In this respect, it is worth to point out that mamy transition metal
nmitrides, phosphides, chalcogenides, MOF, polymers and their compes-
ftes, have been established to reslize the comparable efficacy to sub-
stitute the state-of-the-art catalyst, Ft. In comparison, very few works
have been done with Cu” chaleogenides as electrocatalysts [217. In
szarch of low owerpotential material, we concentrated in this study an
already found in the literature [22-24].

Experimental section
Chemicals

Copper nitrate (Cu(MNOs)s (99,99 % Merck], sodium sulfide (Na%)
(59,99 % Merck), sodium hydroxide (NaOH) (99.9 %, Sigma- Aldrich),
sodliuen salenite (MagSe0y) (99,99 % Merck], bydrazine yrdrate (N;H.)
(%% %, Sigma-Aldrich) are ussd without further purification. The
deionized water is used throughout the study. Any other solvents are
purchased from Sigma-Aldrich and used without further purification.
Synthess of copper aride, sulfide ond selemide nomoparticles

An aliguot of 2(M) copper mitrate and (M) sodium sdenite
(MazSely) were mixed theroughly and equivalent hydrazine bydrate
was added in the solution. The mixture was put into the auteclave and
bheated for 24 hoat 180 *C. Then, the mixture was cooled to room fems
peratare. The slution was centrifuged and the product was hested st
&(FC in a hot air oven. Copper nitrate and sodium salfide (Naz8) was
wsed for synthesined copper sulfide namoparticles. Similarly, copper ni-
trate and sodium hydroxide was wsed for synthesis of copper oxide
mamoparticles in the same hydrothermal procedure.

Structure charackerisation

The crystal structure of synthesized nanoparticles was investigated
by Xeray diffraction (MRD) study was performed using a (Bruker DE
Advance) diffrctometer equipped with a CuKn radiation soarce (I =
15418 & generated af 40 KV and 40 mA ] The field emission scanning
electron spectroscopy (FESEM) and energy dispersion X-ray spectros-
copy (ELX) with SEI INSPECT F 50 FE-SEM was characterization tech-
logies and composition. The chemical valence was ch red by M-
my photoelectron speciroscopy.

P ical o _—

ﬁe:lmlmuulyhcrupmnfclﬂptmdmﬂndw
cyclic voltammetry (CV) and fixed Ip (V]
mmmmmmu mEing &

mpauter aided potesti ‘gal of AUTOLAB PG STAT 12 (Bco
Chemic, Metherlands). The reference slectrode used in all slectro-
chemical measarements was Ag/AgCIKC sturated).In all of the e
trochemical studies a large pt-foil (1 cm « 1 cm) was used as counter
electrode. The working electrode was a planar graphite carbon dectrode
baving areal2 = 10~% m® The working electrode was prepared by
sonication of 5 mg of catalyst dust in 1 ml. ethanel for 30 mins to form an
almost homogensous mixture. 10 pl of the dispersion is then drop cast
on the carbon elsctrode followsd by drying st room temperatures (25 4C).
Then, &l Mafion solution (1 mass %) was cast on the electrode followed
by drying agnin cyclic voltammogram of each dectrode messured in 1 &
KOH solution at the sean rate of 50 m¥/s for OER and 0.5 M HS0,
solution for HER. The messurement potentials were converted to the
reversible bydrogen electrode (RHE) by using Memst equation,

Emm = Exgagn + (0058H + 0197}V 1)
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Fig. 1. XRD phots al (1) Culd, () CuS and (r) CuSe nanopartichs. The 20 valus
along the T-axis have beon oxpremed in degeoss

The value of overpotential (1) was caloalated by the equation,
7= Eygg ~ 123V @
The electrochemical kinetics of the catalysts towards water splitting
reaction the overpotentisl n with was svoluted by Tafel squation,
§ = blogi + & (3
where j is the current density, b is Tafel dope and a is constant.

The slectrochemical active surface area (ECSA) was caleulated from

various sean rates 10, 20,40,50,80,100 m¥ 5! in the potential range in
the non-Faradic region. The Ca was evoluted from the aversge value of
CV and CA plots.

Results and diseussion
XRD amalysis

Powder X-Ray Diffractometer (XE0) was used to analyze the crystal
structure of synthesized sample Powder X-Ray Diffrsction (FYRD)
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Ll 26.1(101), 29.01(102), 31.50(103), 32.01(006)49.01
| Cus (110),53.1(108),60.1(116) planes JCPDS No.06-0464 and half maxima
D is 17.23 nm. Copper oxide nanoparticles contains 29.1 (110), 45.5(002),
L& 55.5(200), 68.9(113) planes JCPDS No.89-2531 and half maxima is
4 16.10 nm.
€ w
l FTIR analysis
»- CuO particles bands at d 601 cm™" and 487 cm™! for vi-
! brations confirm the formation of Ca-O bonds. The sharp peak observed
at 601 cm™' characteristics of Cu-O bond formation. A broad peak at
Ll 3433 e~ for O—H stretching arises due to moisture content { 2], For

Fig. 2. FTIR spectroscopy of CeO, CuS and CuSe nanoparticies.

experiment of the prepared powdered sample was accomplished using a
(Bruker D8 Advance) diffractometer along with a CuK,; radiation source
(.~1.5418 A generated at 40 kV and 40 mA) Cupper selenide nano-

CuS nanoparticles, 3435 cm™ vibration mode of water OH group indi-
cating the pr of small of water absorbed on the particle
1631 cm-1 for OH bending [ 26 ]. CisSe two major peaks were observed at
1609 cm~" and 3471 cm™. The peak at 1609 cm™ ' may be attributed to
the presence of Cu” ion in the present system. The peak at around 3471
cm™! may corresponds to N—H stretching vibration band which can be
attributed to the interaction of NyH, with copper jons [27].

FESEM and TEM analysis

The FESEM, and TEM observation of the morphology of CuSe

particles contain 27.31 (103), 31.23(110), 45.06 (111), 46.95(106),
50.14(200),53.35 (202),56.12(116), 72.84(220) planes. The mean size
of the nanoparticle was designed from the peak width at half maximum
is 18.4 nm by the Debye Scherrer equation. Copper sulfide nanoparticles

particles is shown in Fig. . Here, we are obtaining nancscale im-
ages and chemical data using HR v ission electron mi pes (5/
TEM) in conjunction with energy dispersive X-ray spectroscopy (EDX),
of deployed Cu<atalyst. The contrast of TEM image arises from the
interference in the image plane of the electron wave itself.

Fig. 3. a) FESEM image of CuSe; (b) EDX graph of CuSe and (¢ & d) TEM images.
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XPS analysis

In this study, we also employed XPS to anahyze the surface chemistry
of our catalyst samples. The purpose of this experiment was to determine
the elemental composition amd chemical stnfe of the atoms within cur
sample. Using am x-ray beam, the surface atoms of our solid copper
chaleogen catnlysts samples being excited and measared the linetic
energy and the oumber of electrons that escaped from the top O to 10
manometers of the sample. On the genemted spectm, the position of o
peak on the x-mxis indicated the slemental amd chemicsl composition
while the y-axis reconded the intensity of surface material how moch of
particular element can be found at the surfoce. Peaks fom the XPS
spectra gave relative nomber of elsctrons with & specific binding snergy.
Cur results sk i that our ] ined. In the high luticn

showed an overlapped spin-orbit component with two maxima for 3d5/
2 amd 343/2 penks ot 538 and 545 &V ([F = (.7 V). These energy values
{after deconvaluti on) are wiith the pre of e [, as shown
for reported Cufe materials. Moreover, & weak loss fenture ot 56.1
amd aweak peak corresponding to Se [V arising from surface passhmation
at 583 =V, as observed in cthier metal s=lenides.

Blecirochemicnl nemls
Thee electrochemical perti are studied in 1.0 M KOH and 0.5
M Hz50y (Fig. 5) solutions ot the scan rate of S0 my £ " for OFR and

M\ﬂpumingmdlpnis in hmmﬂlmlﬂydmhﬁ:ﬂm"’z

XPS, the Co2p envelope comsisted of two pesls ing to
Cudpd, 2 and Cu2p1/2 at the binding energies of 932.1 &V and 9522 &V,

147

transition respectively. The oxidation state of chalcogens
mmhm&mmﬂem&emmphnmmﬂd
Cufe, Cuf and CuCh catalysts for OFR follows the order: CuSe< CuS-cCudy
a5 presented in the Table 1, indicating the reverse order of catalbytic
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Table 1
Cyelic volt v and chr v data of caygen and hydeogen
vl FECTIOnS.
Tesmover Preqaency{he- 1)
Commpound o [~ 1
N HER [ HER
iy (%] (L] [10] [T
Cuf (%] 1.8 [ X7 o
Cute 14 718 1.3 .47

capahility of them near squilibrium region. The over potential (mV) at
the temch mark corrent deasity, 10 mA/om® are 343, 385 and 410 for
these synthesized materials respectively revealing superiarity of Cufe
over others in catalytic property. Dwring activation process of the Cufe
based dectrode by repeated cyclic voltammetry, it is found that the
overpotential decresses with increase of catalytic cyde. In the first 100
cycles the overpotential decreases by about 120 mV. It is expected that
there might be some compositional ‘morphological change of the cata.
Lyst at least at the surface of the electrode which is responsible for such
pasitive efect.

The reasan behind such trend,/ change might be due to the formation
of a thin layer of ColOH)zwhich acts as electro post catalyst in alkali as
suggesied elsewhere [1]. The Cu{OH); loyer is thin over CuSe, since,
since the latter is encugh stable and found in natare as selenide materials
[22,29). The tremd of greater catalytic capability of CuSe over Cif and
Culy is also found at much higher current density. The order of over-
potential F10 mAcm™ s found to be e CusoCul, (343,395,410
mV) but that for 50 mA em? is Cubes ColcCuf (F802,543 mV)
implying that Cul) is a better catalyst over Cuf at higher potentials/
current density. This indicates alarge change of catalytic activity of Cu0
based electrode at higher potential in comparison to CaS, which might
be dise to the greater formation of Cu(0H); or CuCOH o the sarface of
Curly based electrode at higher potential [20,21].

To nssess the constancy in catalytic activity and long term stability of
catalyst, chroncamperometric (CA) measurement were carmied oat at &
potential of 0.4 V for 1200 second in a solution of 0.5 (M) Ha50,and
0.8 Vin 1 (M) EOH.

Tum over frequency (TOF) is an integral property of an ideal cats.
lyst. Tum ower frequency for both HER and OER is calealated by
assuming 100 % faradic efficiency for catalyst as,

TOF = IjoFm = JA/oFm...... vy

where | = current (A), J = average current density (A em™2), A =
anﬂriulﬂ.rflnelru-ﬂ.limi.n-nudd:mmulﬂmd-t

H m —G0

N -

-

¥

I
i':'n'i':"'i-'-'n'i

Enargy N 14 (504) 0028

(for OER) 2 (for HER), F = 96,485 C, m = males of catalyst per active
site [30-311

The omset potential of hydrogen evalution resction (HER) on CuSe,
CunS and Cul) are 108,136,142 mV¥ vs RHE. The overpotentials at current
density 10 mA/emfor the reaction are 126, 320 and 345 mV respec:
tively. The electronegativity of Sz is greater than Cu Thus Cu is slighthy
+ veand Se is —ve in CuSe molecule, So for OER Cu center acts as o OH™
adsorption center to initiate the reaction. Cuse 4 OH —HO—Cule 4 £
(M).The intermediate HO.._.CuSe sbsequently couses OFR. Om the
other hand, S acts a5 & center for adsorption of B accordingly to the
reaction CuSe 4 H0 —<CuSe _H 40H . The intermediate CuSe. . H
mbssquently mndergoes HER. These are obtained from the detsil
experimental kinetic mensurements and theoretical studies on the e
ergy and stability of the imvolved intermediates of the reactions. Ace
cording to pericdic table down the group the size of the elements
increased so the bond length is increased and bond energy is decrensed.
Ci._Se is thermally broken ssily than Cuf and Colx so CuSe shows
better water splitting reaction (band lengthe of Cuse, Cuf and Cul) are
251,224,1.98 A} The reason behind such charge might be due to the
formation of a thin layer of Cul(H); (dectro part catalysis) is alkali as
suggested elsewhere, The formation of Cu{OH); loyer is thin over Cuse
sinee the latter is encugh stable and found in natare at higher potential
This indirates alarge change in catabytic activity of Cu bassd dlectrode
in comparison to Cus which might be dus to the formation of Co{OH), or
Cur00H at higher potesrtial [32, %), Tabl= 3 compares the effieacy of our
synthesized compounds with some others used a5 electrocatalysts in
refermce to HER and ORIt is found that the shady on Cu” compounds
is few and the overpotetial and tafel sopes using the syntheszed Cu®

chalrogenides are comparable with these of others.

OFR Merhanism
CuX + OH = CuXOH4+ ....... (R1)
CuXDH 40H— CuXD 4 HDde ... (R2)
CuXD4CuN—+ FouX 40 ............ (R3)
Xwl0H+40H™— wD0H + HX 405 ... (R}
CuXDH 4 Col0H— CuX O HAD .. (B5)

HER possess through three distinet rowte by 2e ™ transfer mechanism
in acidic medium which can be expressed as,

Valmer stege
HyOt 4% 4 —H" 4 H2D .. ®1)
Heyrovsky step:
[ Ihl — )y
] —Ga
H —Cubs

e iy

Fig. 6. Chramcampercanerry phot of 1.0 (M) KOH and 0.5 (M) H;50, sobetion.

-}
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HO 4 B =y 4 HO4 % 23]
Tafel step:

H 4 B = Hyd 2 "3
Elertrochemical active surfsce aren

The Cy values for CuSe, CuS and Cu) electrocatalysts are 4.12, 227
and 2.18 mFem—, respectively. From the Randles squivalence cirenit
modd, Rs, series resistance, is caloalated ot the intersection of the real
axis (X-axis) in the high-frequency region. Rs represents the ohmic
resistance andionic resistance at the dlectrode and lectrolyte interface.
However, the charge transfer resistance (Ret) was found fromthe lower.
frequency region of the Nyquist plot [,

To study the reaction kinetics electrochemical impedence spectros-
copy (EI5) mensured

OER imvolves a four electron transfer process, higher potentinls than
the thenretical potential (= 1.23 V vs RHE) are required to surmount the:
overall energy barrier in each electron transfer step [2.95]. Owers
potential (1) is one of the most crucial parameters that affect the
COER/HER performance of the electrocatalysts which is usually
mensured at a specific current density of 10 mA/em®.

= BXLog(j)4a

Low overpotentinl shines as advantages of good OFR electro-
catalysts. Becouse the high owverpotential (n) lead to more emergy

Energy Neous 14 (N0M) 002

comsumption reducing energy conversion efficiencies. It should be noted
that it is highly saggested that Here in the following Table | the loading
HER activities of electrocatalysts as overpotential is strongly influenced
by the loading mass of

Tafel slope () is another crucial parameter that reflects the kineties
of OER and HER. According to the Tafel equation, the Tafel slope is the
ratr of augmentation of owverpotential () in relation to carrent density
(JL A diminished Tafel slope implies a rapid escalation in the carent
density with the increment of overpotential, which signifies swift OFR
and HER kinetics of the electrocatalysss. The Tafel slopes (mVdee ')
foumnd for OER are 166,131,9%4 for Cul), Cuf and CuSe respectively. The
experimental Tafel sopes (mV dee™ ") for HER om Cud, Cus and CuSe are
124,110,839 respectively. The Tafel slopes for HER indicate that the
Tafel-Heyrovsky mechanism is followed for all the materials.

Conclusions

Electrocatalytic water splitting is an emerging and challenging area
of chemistry that has received limited attention until the last two de-
cades. To explore the potential of powdered catalysts for water splitting
reaction, especially those based on earth abundant metals, we synthe.
siped Cu hased manoparticles vin o hydrothermal approach and evals.
ated their electrocatalytic performance for both cxygen evolution
reaction ((ER) and bydrogen evolution reaction (HER). Powdered cat-
alysts offer advantnges for large-scale application of water splitting due
to their high tumover numbers and low overpotential. We also invest-
gated other copper chaleogenides such as copper oxide and copper
salphides (which were prepared under similar conditions by the same
tivity for both OFR and HER compared to the other copper chalcogen-
ides. This indicates that the activity and electronic srocture of
electrocatalysts for water electrolysis can be modulated by varying the
chaleogen element in the same growp. The present shady provides a new
opportunity to design and fabricate novel catalysts from noble-metal-
free and earth-abupdant sources, and to disseminate valuable

Tahle 3
Elarrrohesinal impedance specoroaropy dara.
Elactrocaialyst Elatrolyis B R () Caa (BF}
Gl 1 {8 KoH naz 1w 418
0.8 (M) MBS0, L% ] v o8
o 1 {8) BoH 404 158 163
0.5 (M) HaSiy 39 el 1433
Cuifin 1 {8 KoH a1 ne 156
L5 (M) oS0, 5108 s 136

.

T ]
Fig. B. Myqubst ploc of (2] OFR in KO mediam and (k) HER in K50, mediun.

]
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dlectrocatalytic water splitting. Fig. 1, 2, 4, 6-9, Tables 1-3.
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