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Abstract

Employing clean energy sources to produce hydrogen from the process of
electrocatalytic water splitting has become one of the long-term solutions to the
problems of depleting energy sources. To develop stable, efficient and non-noble
electrocatalyst for water splitting is very crucial. Because of their low cost, pH
stability and enhanced catalytic activity cobalt and nickel sulfide have become
popular. But due to the problems of low surface area and higher over-potentials, the
supplication of these sulfides is limited. To solve this problem different coupling
techniques of these sulfides with highly active and porous materials have been
employed.

Advancing highly stable and active bifunctional transition metal sulfide-based
electrocatalyst for water splitting is essential for fuel cell technology and the
production of hydrogen. Herein, a three-dimensional hierarchical electrocatalyst in
the form of flower pattern, aligning graphitic carbon nitride sheets with cubic
crystalline Ni-Co sulfide on a nickel foam support, is introduced as a bifunctional
electrocatalyst with an outstanding performance. CoNi.S4GCN heterostructure
prepared by using a hydrothermal method to extend g-C3Na4 porous layers, developed
in higher catalytic activity for oxygen evolution and hydrogen evolution reactions
with overpotentials of 310 mV and 160 mV to afford a current density of 30 mA/cm?
and 10 mA/cm?. It is revealed that the astonishing features of this catalyst lie in the
high porosity and surface area of conductive GCN support, the interfacial bonds
between Carbon, nitrogen and cobalt, nickel sulfide and the three-dimensional
configuration. The electrolyzer displays electrolysis at 1.58 V to reach a current
density of 10 mA/cm? with long term durability of 24 hours. This approach of
preparing CoNi2SsGCN leads to enhanced kinetics for OER/HER, more exposed
surface area, faster electron transport, enhanced diffusion of electrolyte and opened a

new path of enhancing the catalytic activity of water splitting reactions.



Chapter 1

Introduction

Due to the depleting resources, fossil fuels can no longer attain continuously
escalating energy needs of mankind, therefore undoubtedly the hunt for renewable
energy resources is the pressing priority [1]. The endowment of various sustainable
energy technologies has grown considerably over the last few years. According to the
figures from 2013, global energy demand reached 18 TW, 80% of which originate
from natural energy resources (gas, coal and oil) [3]. The increase in global energy
demand is anticipated to be 24 or 26 TW up till 2040, under the scenario of “new
policies” or “current policies” accordingly. Also, the increase in carbon dioxide
emissions is predicted to be 37 or 44 Gt/year in 2040, which was recorded to be 32
Gt/year in 2013. And all this is to happen because of the rapid population growth and
increased industrialization. The situation seems quite alarming because of the
increase in energy demand and supply and a drastic decrease in the sources
responsible for its production. Given to this, the world is putting its thought and
resources to develop energy systems which consume renewable energy sources (solar
power, hydroelectric power and wind energy) for the sake of preservation of nature
and climate.[2, 3] Owing to all these circumstances the world is focusing on the
production of chemical fuels which are sustainable and are a much more natural and
cheap resource of energy. For this, the industrial chemicals like methanol, ethylene,
propylene, hydrogen, hydrogen peroxide, ammonia etc., could be used as a
sustainable energy resource for the production of chemicals to make products needed

worldwide on daily basis with reduced emission of CO2 [4].

Hydrogen has been recognized as an auspicious renewable resource and is the most
common element on earth. Besides hydrogen high energy density with zero
emissions of byproducts that have an adverse environmental effect [5, 6]. Among
various techniques for producing hydrogen, electrocatalytic water splitting has been
known for the cleaner production of hydrogen [7]. The energy input of 237.1
kJ.mol™* with 1.23 V of potential is required for electrocatalytic water splitting. But
actually to attain required current density this potential value increases from 1.23 V
to 1.8-2.5V due to the complex kinetics of HER at cathode and OER at anode [7-9].
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To overcome this problem noble metal electrocatalysts like platinum were used.
Producing hydrogen by electrocatalytic water splitting technique still has some
limitations of higher overpotentials and fundamentally slower kinetics taking place
due to two half-cell reactions i.e. at the anode and the cathode [10]. Employing
electrocatalytic water splitting for mass production of H> is suppressed because of
the ineffective progress of HER in an acidic environment, higher overpotentials and
sluggish dynamics of 4 electron transfer process in oxygen evolution reaction and
lower durability of electrode materials [11]. The advanced catalysts used for OER are
Ir and Ruthenium based oxides and platinum-based materials for HER [12].
Nevertheless, insufficiency and over the price of these noble metals have restricted
their widespread use for large-scale industrial application. Hence, efforts are being
made to design the innocuous and inexpensive electrocatalysts for using as highly
active electrode materials for HER and OER is of great importance[13]. Various
transition metals hybrids composed of oxides, sulfides, phosphides, carbides; nitrides
have been reported as an efficient electrode for the application of water splitting [14-
18]. Because of their low cost, enhanced electrocatalytic activity, thermal and
mechanical durability; nickel and cobalt sulfides been recognized as promising
electrode material for hydrogen production. They possess engrossing properties such
as high conductivity, enhanced capacitance and outstanding reversibility for redox
reactions [19-23]. Cobalt sulfide based electrocatalysts are regarded among the most
efficient catalysts for water splitting. Still, their OER activity is very deficient [24,
25]. Cobalt sulfide with hybridized with metal ions such as nickel, copper or iron to
adjust the electronic structure of cobalt sulfide and to increase their oxygen evolution
reaction activity. Bimetallic nickel cobalt-based materials are believed to have
efficient catalytic activity when compared with NiS and CoS [26]. Properties like
enhanced conductivity and electrocatalytic activity are exhibited by nickel-based
materials [27]. Nickel cobalt sulfide (NiCo2S4) has gained much importance as an
electrocatalyst for HER because of its low cost, distinctive features and enhanced
stability for a longer time [28, 29]. However, the higher resistance between powdered
particles when comes in contact in a catalyst ink, limits its electrocatalytic activity.
But there are many possibilities of improvements in the structure of nickel cobalt
sulfide and to employ them as an efficient catalyst for electrocatalytic water splitting.
Du et al. synthesized 3D shells of CoS on a nickel foam support with increased

active sites for improved HER and OER activity [30]. Wang et al. designed CoNi2S4
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under various temperature range that exhibited higher HER activity in alkaline media
[31]. The electrocatalytic activity increases if CoNi2Ss is composited with various
conductive substrates such as graphene and various transition metal nanosheets [32,
33]. Concerning this, graphitic carbon nitride was considered as an ideal candidate to
increase the catalytic activity of various electrocatalysts for water splitting [34-36].
Li et al. used thermal polycondensation process for doping of g-CsN4 that enhanced
the active sites of graphitic carbon nitride thus displaying outstanding HER
performance in alkaline media [37]. Bhowmik et al. introduced CoFe hydroxide on
g-CsNa4 prepared by utilizing one pot co-precipitation method for enhancing the
electrocatalytic performance of CoFe hydroxide with a electrolysis potential of 1.61

Volt to attain a current density of 10 mA/cm? for the overall water splitting [38].

Very few, work had been reported on graphitic carbon nitride and CoNi.S4 as a
catalyst for the overall electrocatalytic water splitting. In this work, we utilized the
hydrothermal technique to synthesize CoNi2S4 nanotubes on a g-CsNs substrate. The
experimental results have shown that the addition of g-CsNs enhances the active
surface area and contributes to enhancing the electronic conductivity of CoNi2Sa.
Three dimensional CoNi»S4/ g-C3sNs@NF provided excellent electrolyte penetration
and faster migration of oxygen and hydroxyl released during the overall water
splitting to acquire current density of 10 mA/cm? and with an electrolysis potential of
1.58 Volt in an alkaline environment.



1.1 Characteristics of Cobalt sulfide

Unique physical and chemical properties are exhibited by transition metal cobalt
sulfide. These sulfides play a significant role in the electrocatalytic features of
hydrogen evolution reaction [39]. By employing various raw materials and by
using different synthesis techniques these cobalt sulfides have shown diverse
morphologies like layered, granular and rod-shaped. But properties like
enhanced surface area and excellent conductivity are only depicted by nano-
particles of cobalt sulfide. When compared with cobalt phosphide, cobalt
sulfides have shown lower electrocatalytic activity, because the strong bond
between hydrogen and sulfur atom, due to increased electronegativity of sulfide
ion leads to higher over-potentials for electrocatalytic water splitting. These
sulfides act as semi-conductor with reduced cost and great stability in an acid-
base environment [40]. The addition of conductive substrate solves this problem
of lower activity of cobalt sulfide [41]. Various crystalline forms of cobalt
sulfide are found such as CoSz, CoS, CosS4, CoSy, etc as shown in figure 1 [42].
Owing to its great stability in KOH electrolyte CoS> has tremendous applications
in supercapacitors and batteries due to its high specific capacitance. The
synthesis technique of these cobalt-based sulfides determines their
electrochemical properties and applications [43].Cobalt sulfides have shown
superior OER activity in alkaline electrolyte due to deficient dissociation of
water and VVolmer reactions taking place. Excellent OER and HER activities are
depicted by CoeSg in KOH electrolyte [44].



Co S

Figure 1. CosS4 crystal structure

1.2 Characteristics of nickel sulfide

Nickel sulfide is found in various forms like NizSz, NiSz, NizSs, NiS, etc. During
the electrocatalytic oxygen evolution reaction, these transition metal sulfides are
not stable and are easily changed into their relevant oxides. In an alkaline media,
for hydrogen evolution reaction NiS; is stable and requires an over-potential of
67 mV [45]. Nickel sulfide has gained much importance among various
transition metal sulfides because of its easy synthesis technique, high catalytic
efficiency and reduced cost. The crystalline structure of NiS has been shown in
figure 2. Depending on the method of preparation nickel sulfide is also available
in various forms such as nanoparticles, sheets, etc. [46] Cobalt and nickel sulfide
being the member of the same family of the periodic table almost exhibits same
electrocatalytic activity. NisSz has been known to exhibit best electrocatalytic
activity among various other forms of nickel sulfide, following the trend as NiS
< NiS; < Ni3zS2 [46].



Figure 2. NiS crystal structure

1.3 The general mechanism for HER and OER

To gain knowledge about the mechanism of oxygen and hydrogen evolution
reaction (HER) is crucial for a clearer picture of the reaction rate for overall
water splitting. Electrolysis of water takes place in two half-reactions; cathodic
hydrogen evolution reaction (HER) and anodic oxygen evolution reaction (OER)
as revealed in figure 3. For the electrolysis of water, the thermodynamic
potential required is 1.23 V under the reversible hydrogen electrode and +273
kJmol* of Gibbs Free energy [47]. Hydrogen evolution reaction (HER) is greatly
influenced by the pH conditions of the reaction and any change in pH of
electrolyte results in poor HER kinetics. Alkaline water electrolyzer and polymer
electrolyte water electrolyzer are mostly employed for electrocatalytic water
splitting. But polymer-based electrolyte water electrolyzer has limited
applications, as the only electrodes composed of noble metals exhibit stability.
Alkaline water electrolyzer being used commercially exhibits great stability for

non-precious metals [48].
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In acidic solution:
2H,0 —+ 0, + 4H* + de- E®=-1.23V

H, 0, | 4H' +4e —»2H, E®= 0.00V
2H,0 — 20, + 2H, E®=-123V

° o . .

.. ° In alkaline solution:
[ ]
o S 40H — 0, +2H,0 + de E®=-0.40V

4H,0 + 4e—» 2H, + 40H E®=.0.83V

HER OER o

Figure 3. (a) Scheme of conventional water electrolyzers. (b) Water splitting

reactions under acidic and alkaline conditions [7].

To gain insight into the HER mechanism in the acidic condition, using Volmer
reaction, due to the fusion of electron and proton at the catalytic site, a hydrogen
atom is generated [47]. In the Heyrovsky reaction, this generated hydrogen after
combing with proton and electron produces hydrogen molecule and liberates the
active site of a catalyst and then finally in the Tafel reaction, on the catalyst active
site the two absorbed hydrogen atoms combines to yield hydrogen molecule. And the
HER mechanism under basic conditions takes place with the combination of electron
and water molecule to yield adsorbed hydrogen on the active site of a catalyst in the
Volmer reaction, in Heyrovsky reaction, this adsorbed hydrogen merges again with
the water molecule to yield hydrogen molecule and finally, the same process takes
place in Tafel reaction as in the case of acidic conditions [47]. The overall potential
of the cell for electrocatalytic water splitting is dependent upon the over-potential
values, (created by the concentration difference of charges between the electrolyte
and the electrode surface thus increasing the charge transfer resistance), the
thermodynamic potential for electrolysis of water and ohmic losses [49]. The energy
to favour such a complex reaction is obtained either by using an efficient
electrocatalyst in an electrolyzer or from the renewable energy sources. The
development of an electrocatalyst for water splitting is hindered by this high over-
potential for HER at the cathode [49]. By employing an active catalyst on an

electrode surface this problem of high over-potential is solved. The catalyst
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employed for electrocatalytic water splitting lowers the activation energy thus
providing active sites on the surface to adsorb hydrogen molecule and to stabilize the
rate of charge transfer [50]. Based on Sabatier volcano plot, between current density
and hydrogen binding Gibbs free energy it was revealed that nickel has shown
enhanced catalytic activity for HER after previously used electrocatalyst for HER
platinum [51]. Belonging to the same group of the periodic table, cobalt and nickel
sulfides have been used as efficient HER catalysts, after integrating them with
various materials.

To gain insight into the mechanism of oxygen evolution reaction (OER), this half-

reaction of water splitting in alkaline media is demonstrated as:

C + OH —> COH (1.31)
COH+OH —>CO+H.0 (1.32)
2CO —>2C+ 03 (1.33)
CO+OH —>COOH+ ¢ (1.34)
COOH+OH" —> C+02+H;0 (1.35)

Where CO and COH are the intermediates on the catalyst surface. OER for
electrocatalytic water splitting is a heterogeneous reaction, in which the bond
interactions between intermediates (COH, CO, COOH) are very important for the
overall electrocatalytic activity of the catalyst. In the first step OH ion occupies the
active sites of the catalyst to form COH intermediate, this intermediate again
combines with hydroxyl ion to form oxygen atom which in the third step is converted

to an oxygen molecule and liberates the active site of the catalyst [52]



1.4 Benchmarks for evaluation of the electrocatalytic activity

1.4.1 The selection of the counter electrode and the appropriate calibration

of a reference electrode

To carry out HER measurements a three-electrode system is employed. Relative
to the reference electrode working electrode’s potential is measured. There are
two methods to check the reference electrode before running the electrochemical
experiments, first, is the cyclic voltammetry test calibrated for reversible
hydrogen electrode which uses highly pure hydrogen is used as electrolyte and
platinum as a counter electrode and the second is known as the cyclic
voltammetry test of potassium ferri-cyanide in which KCI-KsFe (CN)s is
employed as an electrolyte. The accuracy of the working electrode is calculated
by comparing the redox potentials of Fe?*/Fe*. Platinum used as a counter
electrode cannot be used under acidic conditions.[53]

1.4.2 Onset over potential and Over-potential for HER and OER

Onset over-potential is defined as the initial point where the current starts to rise and
is calculated from the LSV diagram. The further potential to lead the chemical
conversion up to a specific rate is known as over-potential. It is generally calculated

at 10 mA/cm? of current density, from the following equation:

E electrolysis = E irrreversible + IR + AE irreversible (Eq. 1)
E reversible IS the decomposition voltage
IR is the voltage drop by electrolyte, wires

And AE ireversible IS over-potential for hydrogen evolution reaction

Over-potential is resulted by the polarization due to concentration and
electrochemical opposition. IR losses are reduced by placing electrode face closer to
the tip and the electrochemical opposition is reduced by employing efficient HER
electrocatalysts. An ideal electrocatalyst for overall water splitting gives high current

density with low over-potential values but the high capacitive current is produced by



electrocatalysts having a high electrocatalytic active surface area (ESCA) that can be

reduced by employing low sweep rates in the linear sweep voltammetry (LSV) [53].

1.4.3 Electrochemical impedance spectroscopy (EIS)

To study the HER kinetics and to understand electrolyte/electrode interaction
reaction electrochemical impedance spectroscopy (EIS) is done. Current is measured
after applying an alternating current voltage of various frequencies during EIS
measurements. The resistance in Ohms law is known as the impedance in EIS. A
Nyquist plot is formed as a result of the frequency response to AC impedance.
Nyquist plot figure is a semicircle between real v/s imaginary impedance. Charge
transfer resistance denoted by R is attained from the semicircle diameter in high-
frequency regions. And adsorption resistance of intermediates adsorbed on the
surface of the electrode is obtained from semicircle in low-frequency regions. The
smaller diameter of this semicircle depicts smaller R¢ value and more rapid
reactions. EIS study is done after the electrochemical cell stabilizes under open-

circuit voltage (OCV) conditions.

1.4.4 Tafel slope and the exchange current density

The value of the Tafel slope gives further information about the reaction kinetics and
is obtained from the LSV curves, directly from the electrochemical workstation or
from the impedance report. A voltage applied for the calculation of Tafel slope is
same as the polarization curves. From the LSV plot, this Tafel slope is calculated by
plotting the log of current density v/s overpotential for HER or OER and then from
the slope of this plot Tafel slope value is gained, from the following Tafel equation
[8];
n=b.logj + a (Eq. 2)

Where, n = over-potential, b = Tafel slope, j = current density

Tafel slope is calculated from the impedance report by plotting linear fit of charge

transfer resistance and over-potential [54]. The value of exchange current density is
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highly dependent upon the type of electrolyte, temperature and on the electrode
surface, higher values of this current density depict advantageous HER and OER

kinetics.

1.4.5 Stability (Chronopotentiometry or Chronoamperometry)

To commercialize an electrocatalyst for overall water splitting the most important
parameter is its durability. To examine this stability of an electrocatalyst
chronopotentiometry, chronoamperometry and cyclic voltammetry are done. CV is
used to measure the current of an electrode under an applied voltage. And after
running 1000 and above CV cycles polarization curve is compared with before
running CV cycles LSV curve to check the stability of an electrode. In
chronoamperometry change in the current while applying fixed potential is recorded
for a longer period to check the stability of electrode in an electrolyte. These

techniques are used to gain insight into redox reactions. [8]
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Chapter 2

Literature review

All the latest developments are done in nickel and cobalt sulfides and their hybrids
for overall water spitting are done by either morphological and structure tuning to
enhance the electrocatalytic activity of the sulfides or by employing cobalt and nickel
sulfide together or with various active materials that increase their catalytic activity
for water splitting. By now, employing nickel foam in place of conventionally used
glassy carbon electrode reduces degradation problems in the acidic environment.
Nickel sulfide together with its various alloys like Lanthanum-Nickel-
Aluminium/Nickel sulfide has revealed increased HER activity. The benefit of metal-
organic frameworks (MOFs) has also been known to enhance the overall activity for
electrocatalytic water splitting. Tuning with these features of transition metal sulfides

enhances their intrinsic and extrinsic properties.

2.1 Hybrids with various metals

The alloy of nickel sulfide has been recognized as an efficient HER catalyst, but
during the electrocatalytic water splitting process this alloy drops off its catalytic
activity. Because of their property to avoid disintegration of the electrode under
OCV condition and their vigorous adsorption strength, hydrogen-producing
alloys have become popular like hydrogen alloys of ABs type have shown
excellent catalytic activity in alkaline media [55] but the decomposition of the
electrode, hinders their development. Most of the work has been done on
Lanthanum-Nickel-Aluminium/Nickel sulfide alloy, Ni-Fe alloy embedded in
carbon, Cobalt tungsten sulfide and nickel tungsten sulfide, cobalt iron sulfide
with carbon nanotubes [56] [57] [58].
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2.2 Hybrids on a durable support

Synthesizing an electrocatalyst directly on durable support increases electron/ion
transport rates and eliminates the use of any binder because polymer binders
block the active sites of the catalyst [59]. Peng et al. have employed 3D
CoS»/Reduced Graphene Oxide-Carbon Nano Tubes as HER catalyst.[60]
Cobalt sulfide on graphene was prepared by simple hydrothermal method and by
vacuum filtration carbon nanotubes were added to the above solution. Cobalt
sulfide sheets align vertically on the graphene, as seen from the TEM results.
XRD showed that there was no diffraction peak of reduced graphene oxide. XPS
also revealed the purity of CoS,. Raman spectroscopy confirmed the presence of
RGO. For CoS2/Reduced Graphene Oxide-Carbon Nano Tubes electrode higher
concentration of CNT gives higher bendability. SEM images showed that the
composite CoS2/RGO was wrapped and distributed uniformly over porous CNT.
TEM images confirmed the good mixing of composite with CNT sheet. From
LSV curves, it was revealed that CoS./Reduced Graphene Oxide-Carbon Nano
Tubes had lower over-potential when compared with cobalt sulfide on reduced
graphene oxide. In acidic media these CNT have little HER activity [60]. The
current density of CoS2/Reduced Graphene Oxide-Carbon Nano Tubes was also
enhanced. Due to the sheet-like structure of this hybrid, it has more active sites
available for hydrogen absorption resulting in an increased HER activity.
CoS,/Ti composite grown on a nickel foam has shown enhanced catalytic
activity [61].

2.3 Hybrids for universal pH application

Most of the electrocatalysts for water splitting cannot be employed in an acidic
electrolyte that hinders their development. Progress in developing compatible
electrocatalysts for neutral pH applications are being made to lessen the
environmental burden. Cobalt-based catalysts supported on poly-pyridine ligand
exhibit increased HER performance in water electrolysis [62, 63]. It was
investigated that electrodeposited cobalt sulfide films acted as an efficient HER

catalyst in agueous media and maintained stability for 40 hours in neutral pH
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water [39]. Tang et al. have synthesized nickel sulfide directly grown on a
carbon cloth employing hydrothermal method [64]. From the cyclic voltammetry
results of this electrode, it was revealed that this hybrid had enhanced HER
activity, extremely high double-layer capacitance Cqi of 5.7 mF/cm? and
enhanced current density. From the data of LSV curves, the over-potential of
NiS2 NA/CC is far less than bare nickel sulfide.[64] 3D graphene on nickel foam
synthesized by chemical vapour deposition method showed interesting properties

like stability, low density, flexibility and good conductivity [65].

2.4 MOFs based cobalt and nickel sulfide

Owing to their porous framework and stable support to enhance electrocatalytic
activity and electrocatalytic active surface area metal-organic frameworks
(MOFs) have gained traction. Because of their eccentric properties like varying
structure and adjustable functions, ZIFs a type of MOF has gained popularity.
Transition metal sulfides derived from metal-organic frameworks and with
carbon encapsulated in them are unique [66]. Chen et al. have worked on nickel
substituted cobalt sulfide derived from ZIF67 and incorporated in nitrogen-
doped carbon and sulfur. This hybrid has revealed excellent catalytic activity for
OER because of that nickel replacement [67]. Zhang et al. have reported that
three-dimensional zinc-cobalt-sulfide can be prepared by solvent sulfidation
technique on a ZIF template [68]. The composite depicted increased ESCA,
enhanced conductivity and excellent durability in alkaline media. Polarization
curves for this composite showed low over-potential and smaller Tafel slope
values, thus depicting the enhanced electrocatalytic activity of Cobalt-based

MOF for the application of water splitting [68].

2.5 The combined function of nickel and cobalt sulfide

The fusion of nickel and cobalt sulfide has been known by several authors to
enhance their electrocatalytic activity. Cui et al. employed a hydrothermal
method to synthesize Cobalt sulfide sheets with various doping of nickel to
enhance the overall activity of the catalyst [69]. From the electrochemical study,
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this composite with doping of only 10% revealed lower overpotential and
excellent durability after 3500 Cyclic voltammetry (CV) cycles in acidic
electrolyte. Density functional theory (DFT) calculations further confirmed the
suitable kinetics for producing hydrogen from water by employing Nickel doped
cobalt sulfide electrode. The increased electrocatalytic activity of the hybrid was
also contributed to the low energy barrier of 0.21 eV [69]. Jiang et al. have
synthesized

Nickel cobalt sulfide in a hollow sphere by employing a solvothermal method to
enhance its electrocatalytic activity [70]. Results of BET analysis, it was seen
that NiCo2Ss BHSs showed the highest BET surface area among various other
catalysts. Besides NiC02Ss BHSs revealed the smallest value of onset over-
potential among various other catalysts and as compared to another base-metal
sulphide NiCo02S4 BHSs depicted great HER activity in alkaline electrolyte. The
inclusion of cobalt on transition metals increases their electrocatalytic activity
because of the decrease in the free energy of intermediates [71]. Liu et al. have
worked on nickel-cobalt-molybdenum sulfide incorporated on nickel foam with
an interwoven nano-sheet like structure [72]. This interwoven nano-sheet
composite has shown reduced overpotential as revealed from its LSV curves
because of its unique structure. Double-layer capacitance calculated from cyclic
voltammetry in non-faradic regions has shown enhanced surface area of this

composite which was another reason behind high catalytic activity [72].
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Table 1: Compared electrocatalytic activity of various materials for

hydrogen evolution reaction

Over
Tafel ~ | Current
) Potential ]
Hybrids Supported on | slope HER density Reference
(mV.dec?) (mA.cm??)
(mV)
Lanthanum
Nickel- ) _
o ) Nickel wire 121 70 100 [73]
Aluminium/Nick
el Sulfide alloy
Ni—Fe-C A3 steel - 65 20 [58]
Nickel tungsten | Carbon
_ 96 340 5 [57]
sulphide electrode
Cobalt tungsten | Glassy carbon
_ 78 238 5 [57]
sulphide electrode
_ F-doped tin
Cobalt  sulfide )
_ Oxide 93 43 50 [39]
films
electrode
) _ ) 220 and
NizS2/Ni foam Nickel foam 108 296 10 and 100 | [74]
CoS»/Reduced
graphene oxide
RGO 51 142 10 [60]
and carbon
nanotubes
CoS>/Tin foil Ti foil 72 81 12.37 [61]
] Carbon
CoNi2S4 nanorod 53 111 10 [75]
electrode
Carbon
CuCo0,S4 cluster 63 135 10 [75]
electrode
CoSx/NizS.@ NF | Nickel foam 133 280 20 [19]
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Over

Tafel ) Current
. Potential )
Hybrids Supported on | slope HER density Reference
(mV.dec?) (mA.cm?)
(mV)
Cobalt
Glassy carbon
molybdenum 89 122 10 [76]
) electrode
sulfide-H
Nickel cobalt
molybdenum Glassy carbon
_ 51 125 10 [77]
sulphide  nano- | electrode
boxes
Ni1CosS@C- 1430 for
ZIF-67 64 10 [67]
1000 OER
) 247  for
Ni1:CosS@C-800 | ZIF-67 112 10 [67]
HER
] (flourine [78]
Nickel cobalt )
_ doped tin | 93and 70 | 280 10
sulphide -3 )
oxide)
) Glassy carbon
Coo.9Nio.1S2 52 156 10 [69]
electrode
) Glassy carbon
NiC02S4 BHSs 60.4 90 0.275 [70]
electrode
NiC02S4/NizS2/N )
Nickel foam 105.2 600 600 [79]

F
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Chapter 3

Materials and methods

3.1 Materials

Melamine, Sodium Sulfide Nonahydrate (Na2S.9H20), cobalt nitrate
hexahydrate, nickel nitrate hexahydrate, hexamethylenetetra amine (HMT), were
purchased from Sigma-Aldrich Co. Ltd. DI water was used in all experiments.

3.2 Synthesis of g-C3N4

Melamine was used to produce graphitic carbon nitride according to the previous
reports [80, 81]. 10 gram of melamine was placed in a crucible and heated for 5
hours at 500°C at a heating rate of 5°C/min in a muffle furnace. The resulted

yellowish powder was g-CaN4 used in this work

3.3 Synthesis of NiS and Co03S.

NiS was prepared by utilizing a simple hydrothermal method. Typically, 1.746
gram of nickel nitrate hexahydrate and 0.616 gram of HMT was added in 40 ml
deionized water and 20 ml ethanol under continuous stirring for 30 minutes.
Then, the precursor was transferred into a Teflon lined autoclave and kept at
180°C for 6 hours. The green-coloured precursor was washed with DI water and
ethanol and was dried at 70°C for 10 hours. After that 0.5 gram of Sodium
Sulfide Nonahydrate and the above precursor were added in 70 ml DI water
under continuous stirring for 30 minutes and was then transferred into a
hydrothermal autoclave and kept at 180°C for 6 hours. The black-coloured NiS
was obtained after repeating the above steps of washing and drying. CozSs was
obtained using the above method except nickel nitrate hexahydrate was replaced

by cobalt nitrate hexahydrate.
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3.4 Synthesis of CoNi2Ss and CoNi2S4/g-C3Ny

CoNi2S4GCNx was also prepared by a simple hydrothermal method. Typically,
g-CaN4 x (x=30,50 and 100 mg) was added in 40 ml DI water and 20 ml ethanol.
The solution was sonicated for 4 hours to obtain homogeneous g-CsNs
nanosheets. Then 1.164 gram of cobalt nitrate hexahydrate, 0.582 gram of nickel
nitrate hexahydrate and 0.616 gram of HMT was added in the above solution
under continuous stirring for 30 minutes. The precursor was transferred into a
Teflon lined autoclave and kept at 160°C for 12 hours. The obtained cobalt
nickel oxide precursor was then washed DI H2O and ethanol for various times
and dried at 70°C for 10 hours. After that 0.5 g of Sodium Sulfide Nonahydrate
and the above precursor were added in 70 ml DI H2O under stirring for 30
minutes and was then transferred into a hydrothermal autoclave and kept at
160°C for 12 hours. The black-coloured composite was obtained after repeating
the above steps of washing and drying. CoNi>Ss was synthesized using the same
method without the addition of g-CsNa4. The entire process has been illustrated in

figure 4.
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Figure 4.Schematic figure of the experimental procedure of CoNi2S4/GCNX.

3.5 Chapter-Characterization Techniques

The as-synthesized electrodes were analyzed by X-ray diffraction(STOE-Seifert
X’Pert PRO), using 20 values from 20° to 70° using Cu-Ka radiation for the
determination of the crystallographic structure of as-synthesized materials.
Scanning electron microscopy (JEOL-instrument JSSM-6490A) equipped with an
EDX was used to study the structure/morphology of the prepared materials. The
Raman spectroscopy of the sample was done using a Model Raman spectrometer
with a wavelength of 514 nm by Argon ion laser as excitation wavelength to
determine the vibrational modes and any change in the bandwidth/ shift of all
prepared samples. The pore structure and obtained surface area of the composite
sample were measured by BET (Quantachrome, Virginia, USA), at 130°C for 5
hours sample was degassed.
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3.6 Electrochemical Characterization

The electrochemical tests for OER and HER were run on a Biologic workstation
equipped with three-electrode assembly. The reference and counter electrodes
were Ag/AgCI and Pt mesh. The ink for working electrode was prepared by the
addition of 2 mg of active material, 20 puL of Nafion and 80 puL of ethanol under
sonication for 4 hours with a 3.3 mg/cm? mass loading of catalyst on pre-treated
nickel foam (1x1 cm) which was then dried at 80°C for 2 hours. After drying the
coated nickel foam (NF) was pressed under a pressure of 10 MPa using a
hydraulic press. The catalytic activities of all electrodes have been analyzed in 1
M KOH solution using a three-electrode assembly at a scan rate of 5mV s™*. For
simplicity, reversible hydrogen electrode potential was used for further
calculations, which was obtained by the following equation:

ErHE = Eagiagel + 0.059pH + 0.1976 (Eq. 3)

With pH = 14, for KOH solution. All the data of electrochemical measurement is
balanced by the ohmic potential drop (iR). The Tafel slope for OER and HER is
calculated from the equation [19]

n=a+blogj (Eq. 4)
Over potential was calculated according to the following equations:
Hydrogen evolution reaction, n=0— E vs R (Eq. 5)
Oxygen evolution reaction, n = 1.23—E vs R (Eq. 6)

Besides, electrochemical impedance spectroscopy was done at a frequency
range of 200 kHz-100 MHz, by providing a 10 mV alternating voltage
amplitude. The stability of the as-prepared electrocatalysts was analyzed by

chronoamperometry results.
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Chapter 4

Results and discussion

4.1

Characterizations

4.1.1 X-ray diffraction (XRD)

To find out the crystalline structure and phase of all synthesized materials XRD
study was done with the results shown in figure 5 (a, b). The XRD of nickel-
cobalt sulfide structure in figure 1a, has shown characteristic peaks at 26.66°,
31.47° 32.90° 38.16°% 47.20° 50.25° 55.00°, 57.71° 58.68°, 64.77°, 65.59°,
68.99°, that referred to crystal plane of (220), (311), (222), (400), (422), (511),
(440), (531), (620), (533), (622), (444). The cubic CoNi2Ss4 structure has a cell
dimension of ap=bo=c0=9.47, in which a and b sites are occupied by Co and Ni
and c-site by S (JCPDS No. 00-024-0334). The diffraction peak of g-CsNa
appeared at 27.4° correspondings to diffraction plane of (002) [82]. Whereas, the
XRD of CoNi2S4GCN (30, 50, 100) as revealed in figure 1b, all the diffraction
peaks successfully manifested to cubic CoNi.Ss (JCPDS No. 00-024-0334).
There is no obvious diffraction peak for g-CaN4 in GCN (30, 50) catalysts which
might be due to lower g-C3Na4 content and the surface was covered by CoNizSa
nano-sheets, but a small peak of g-CsNs is indicated in CoNi2S4GCN100 which
might be due to higher graphitic carbon nitride content in this catalyst. The
intensity of the peaks of g-CsN4 became weaker in CoNi2S4GCN50 indicating

that there are rich defects in graphitic carbon nitride[83].
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Figure 5. XRD spectrum of (a) CosSs, NiS, CoNi>Ss and (b) CoNi>SsGCN30,
CoNi2S4GCN50, CoNi2SsGCN100 catalysts

4.1.2 Raman Spectroscopy

Raman spectroscopy is performed to characterize the successful fabrication,
chemical states and structural defects of CoNi.SsGCN composites. Raman
spectra of CoNi2SsGCN composites are shown in figure 6. Raman spectra of
pure g-CsN4 demonstrate peaks in the region of 1400 and 1564/cm [84, 85]. The
as-prepared CoNi2SsGCN composites have shown sharp Raman peaks in the
area from 100 to 500/cm in which vibrational modes of CoNi»Ss and D, G and
2D bands of graphitic carbon nitride could also be observed in 1200 to 1600/cm
region. CoNi2SsGCN composites have shown Raman peaks of CoNi>Ss in the
magnified 100 to 400 cm™ region at 160, 255, 310 and 344/cm [86, 87]. Raman
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peak around 2100/cm is due to the formation of a 2D band formed due to the
lattice vibrations of two phonons in the carbon-based materials and the position
of this band identifies several graphite layers which are consistent with the
previous reports[88]. The 2D band of CoNi2SsGCN composites is around
2100/cm lower than that of typical graphite 2703/cm indicating reduced number
of graphite layers due to the exfoliation of g-CsN4 during sonication for 4 hours.
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Figure 6. Raman analysis of CoNi2SsGCN30, CoNi.SsGCN50 and
CoNi2S4GCN100 nanocomposites

4.1.3 Scanning Electron Microscopy (SEM)

The SEM of NiS as shown in Figure 7a has well-defined nano-rods with a
diameter of 80 nm formed at 180°C. These interconnecting rods are responsible
for electrolyte penetration. CosSs in figure 7b has also shown nano-rods like
structure with a diameter of about 75 nm but there are several agglomerates in
the structure which are responsible for the lower surface area of this sample.
SEM image of CoNi>Ss depicts a spherical flower-like pattern with a slight
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agglomeration. The diameter of this sphere is around 114 nm and this petal-like
pattern benefit the increase of the surface area. However serious agglomeration
is still a problem in CoNi2Sa. The addition of g-C3N4 as depicted in figure 7(d-f)
have defined the structure of CoNi.Ss and resolved the problem of
agglomeration. The well-defined spherical flower petals of CoNi>S4GCN50 have
enhanced the surface area with more interconnecting layers of g-CsN4 and have
increased the exposure of active sites of CoNi2Ss. The higher catalytic
performance of CoNi2SsGCN50 is exhibited by this petal-like highly aligned

composite structure.

Figure 7. SEM images of (a) NiS ,(b) Co3S4 ,(c) CoNi2Ss and (d-f) CoNi2SsGCN50

at different magnifications.

4.1.4 Energy-dispersive X-ray spectroscopy (EDS)

In figure 8, the Energy-dispersive X-ray spectroscopy indicates the composite
CoNi2S4GCN50 has a uniform distribution of elemental S, Co, Ni, N, C and O.
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The higher concentration of S, Co, Ni, N and C reveals the successful fabrication

of CoNi2S4 on g-CsNa4 substrate. Their atomic percentage is shown in table 2.

Table 2: EDS of CoNi»S4GCN50

Element Weight % Atomic %
CK 20.52 36.07

N K 2.47 3.73

OK 28.66 37.83

SK 16.79 11.06
CoK 23.16 8.30

Ni K 8.39 3.02
Totals 100.00

Intensity (a.u)

0 2 4 6 8 10 12 14 16 18 20

Energy (keV)

Figure 8. EDS of CoNi2SsGCN5
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4.1.5 BET analysis

The BET (nitrogen adsorption-desorption isotherms) of CoNi2SsGCN50 are
shown in fig.9. From these curves, the composite has shown hysteresis loop at
high P/Po demonstrating type IV isotherms curve. CoNi2S4GCN50 composite
has shown meso —macropores for efficient the transport of electrolyte to the
sides of active layers as depicted from BET results. From the previous reports,
CoNizSs has a microporous structure with Sger of 3.5 m?g™t [89]. In the
CoNi2S4GCN50 composite small amount of meso-macropores of g-CsN4 and
more micropores of CoNi2Ss obtained from stacking of porous graphitic carbon
nitride layers between nickel-cobalt sulfide have resulted in enhanced surface
area of this electrocatalyst with an Sget of 11.6121 m?g* and a pore volume of
0.0528 cm?3g?. Thus the incorporation of graphitic carbon nitride efficiently
increases the surface area and enough redox reactions at CoNi>S4 electrocatalyst.
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Figure 9. Nitrogen adsorption-desorption isotherms and pore size distribution of
CoNi2S4GCN50
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4.1.6 Electrochemical Characterization

4.1.6.1 Oxygen evolution reaction

To demonstrate the electrocatalytic activity of all the prepared catalysts towards
OER, three-electrode assembly of Pt mesh, Ag/AgCl, NiS/NF, Co3Sa/NF,
CoNi2S4/NF, CoNi2SsGCN30/NF, CoNi2S4GCN50/NF and CoNi2S4GCN100/NF in
1M KOH electrolyte was used. For comparison, bare Ni-foam was also tested in 1
molar KOH solution. The OER activity of as-prepared catalysts was assessed
through its LSV. Figure 10a, represent the LSV curves for OER of all samples, the
polarization curve of CoNi2Ss, CoNi2SsGCN30, CoNi2S4sGCN50 and NiS exhibited
oxidation peaks at ~1.38 V, ~1.35 V and 1.45V (vs RHE) because of the oxidation of
Ni(2) to Ni(3) and Co(2) to Co(3) [90]. The anodic current density of
CoNi2S4GCN50 increases quickly after 1.5 V. Linear sweep voltammetry reveals a
great difference in the OER activities of all electrocatalysts. To avoid the effect of
oxidation peaks of all samples on the current density, over-potential is taken at 30
and 100 mA/cm?.  As shown in fig. 10d the overpotential required for
CoNi2S4sGCN50 to reach a current density of 30 mA/cm? is 310 mV lower than
CoNi2S4GCN30 (340 mV), CoNi2Ss (340 mV) and CoNi»2SsGCN100 (350 mV) and
NF (480 mV). CoNi2Ss (340 mV) even has a lower overpotential than NiS (380 mV)
and CosS4 (410 mV) at 30 mA/cm?, depicting the influence of the combined effect of
Ni and cobalt sulfide. LSV of graphitic carbon nitride on nickel foam is revealed in
figure 11. The OER catalytic activity of CoNi2SsGCN50 is nearly equal to
RuO@NF (300 mV at 30 mA/cm?) [19] and various other electrocatalysts reported
previously as depicted in table 3. The improved OER activity of CoNi2SsGCN50
electrocatalyst may be due to the synergistic coupling of Ni and Co with C and N.
The addition of g-C3N4 lowers the affinity of active sites of Co and Ni and leads to
adsorption binding energy of Nickel and cobalt to the intermediates (oxygen and
hydroxyl molecule). g-CsNs allows equilibrium coverage of intermediates on
CoNi2S4 active sites and this porous network is responsible for enhanced diffusion of
ions. Adding 30 mg of graphitic carbon nitride has almost no influence in enhancing
the OER activity of CoNi»S4. Higher concentrations of g-CsNa4 blocks the active sites
and causes agglomeration of CoNi2Ss, decreasing its electrocatalytic activity.
CoNi2S4GCN50 has lowest over-potential for OER among the various as-prepared

catalysts. Another standard to estimate the reaction kinetics for oxygen evolution
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reaction is the Tafel slope shown in figure 10c, CoNi.SsGCN50 has shown the
lowest Tafel slope (49.86 mVdec™?) than CoNizSs (93.35 mVdec?), CoNiSsGCN30
(93.21 mVdec™), CoNizSsGCN100 (109.01 mVdec?), NiS (113.52 mVvdec?), Co3Ss
(121.50 mVdec™?) and Ni foam (167.21 mVdec™). From the values of Tafel slope, the

r.clSt

RTD (rate-determining step) as predicted is the “1*-electron transfer step” as:

EC + OH" —> EC-OH+¢ Eq. (7)

Where EC stands for electrocatalyst.
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Figure 10. (a) Polarization curves OER for NiS, C03Ss, CoNi2Ss, CoNi2SsGCN30,
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CoNi2SsGCN100. (d) Required overpotential at 10 mA/cm?and 100 mA/cm?.
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Table 3: Compared OER activity of electrocatalysts

Electrocatalyst Over potential Current density | Reference
MOF derived NiCoS 340 mV 30 mA cm™ [91]
Ferrocene incorporated 350 mV 30 mA cm™ [92]
CoS
WS,/CoS/carbon materials | 390 mV 30 mA cm™ [93]
CoFe/NiCoS 260 mV and 280 | 10 mA cm?and | [94]

mv 30 mA cm™
NiCoS/CoS on nickel 350 mV 30 mA cm™ [95]
foam
Nickel phosphate/NiO 332 mV 10 mA cm™ [96]
NiCoS supported on 290 mV 30 mA cm™ [97]
CuO/Cu
CoNi2S4GCN50 310 mV 30 mA cm™ This work
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4.1.6.2 Hydrogen evolution reaction

The HER activity of all the prepared catalysts was studied in 1M KOH solution and
on a three-electrode assembly of Pt mesh, Ag/AgCl and catalysts coated on nickel
foam(NF) as a working electrode. For comparison, Platinum mesh and bare nickel
foam were also tested under similar conditions. The LSV curves of all the prepared
catalysts are depicted in figure 12. g-CsN4 on nickel foam has shown very low
activity for HER at a current density of 10 mA/cm? as shown in figure 13. NiS and
Co03S4 have shown inferior activity for HER with an onset-potential of 250 mV and
280 mV and over-potential of 280 mV and 290 mV to maintain 10 mA/cm? CoNi2Ss
and CoNi2S4GCN50 have exhibited an onset-potential of 160 mV with an over-
potential of 200 mV and 210 mV to 10 mA/cm? as shown in figure 12b.
CoNi2S4GCN50 has shown higher activity for HER among all as-prepared catalysts
with lower over-potential of 160 mV to attain a current density of 10 mA/cm? and
with an onset potential of 140 mV revealing the addition of g-C3N4 increases the
HER activity of CoNi>Ss. Further increasing the g-CsN4 concentration in CoNi2S4
lowers its electrocatalytic activity due to the problems of agglomeration as confirmed
from the CoNi2SsGCN100 HER polarization results, requires over-potential of 215
mV to achieve 10 mA/cm? of current density and an onset potential of 140 mV.
Introducing g-CsNa4 in higher concentrations decreases the active sites of CoNi2Sa.
These results confirmed the successful fabrication of CoNi2S4GCN50, implying that
50 mg g-C3Na4 exposes more surface area and allows uniform distribution of CoNi2Ss
on graphitic carbon nitride. To gain further knowledge about HER mechanism Tafe

slope of all the as-synthesized catalysts is shown in figure 12c.
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Figure 12. (a) Polarization curves HER for NiS, C03Ss, CoNi2S4, CoNi2S4sGCN30,
CoNi2S4GCN50 and CoNi2SsGCN100 samples at a scan rate of 5 mV/s in 1M KOH.
(b) LSV curves of CoNi2Ss, CoNi2SsGCN30, CoNi2S4sGCN50 and CoNiSsGCN100.
(c) Tafel slopes of NiS, CosSs, CoNi2Ss, CoNi2S4GCN30, CoNi.SsGCN50 and
CoNi2S4GCN100. (d) Required overpotential at 10 mA/cm? and 100 mA/cm?

HER rate-limiting step is determined from its Tafel slope and smaller Tafel slope
depicts higher HER rate. Tafel slope of CoNi2S4GCN50 (90.76 mV/dec) is lowest
among all other catalysts CoNi>Ss (110.45 mV/dec), CoNi2SsGCN30 (99.48
mV/dec),CoNi>S4sGCN100 (116.63 mV/dec), NiS (141.89 mV/dec), CosSs (160.91
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mV/dec) and bare nickel foam (323.45 mV/dec). The lower Tafel slope for
CoNi2S4GCN50 (90.76 mV/dec) demonstrates that the rate-determining step is
Heyrovsky reaction and Volmer- Heyrovsky reaction is taking place in this
electrocatalyst [98]. These results depict that the catalytic activity of CoNi2Ss
enhances by the addition of g-C3N4. A comparison with the previous reports is given
in table 3.

| —ogcCn,

104
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Current density (mA cm?)
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06 05 04 03 02 01 00
Potential (V vs RHE)

Figure 13. Polarization curve HER of graphitic carbon nitride.

Table 4: Compared HER activity of electrocatalysts

Electrocatalyst Over Current Reference
potential density

NiCoS 280 mV 10 mA cm™ [99]

NiCoS(1:2) 282 mV 10 mA cm™ [29]

NiCoS nano array 228 mV 10 mA cm™ [100]

NiS.CusFeS, 140 mV 10 mA cm™ [101]

CoO and TiO2 coupled with 367.8 mV 10 mA cm™ [102]

CNT and graphitic carbon on
MXene nanosheets

FeS2/MoS2/g-CsNa 334 mV 10 mA cm™ [103]

CoNi2S4GCN50 160 mV 10 mA cm™ This work
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4.1.6.3

Cyclic Voltammetry
The CV curves of all prepared samples shown in figure 14 and 15 at a
scan rate of 5-100 mV/s in 1M KOH electrolyte. A compared cyclic
voltammetry of all the as-synthesized samples shown in figure 16, clearly
indicates two well-defined redox peaks of all sulfides, suggesting their
electroactive nature. Furthermore from the data of this cyclic
voltammetry, it can be depicted that the intensity of redox peaks increases
on the addition of graphitic carbon nitride to nickel-cobalt sulfide
attributing to its enhanced electroactive nature. This can be allocated to
the coupling of Co and Ni with C and N [104, 105]. By increasing the
scan rate the CV of all samples maintains a constant curve shape
suggesting the excellent cyclic stability and smaller resistance of

electrocatalysts.
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Figure 14. Cyclic voltammetry curve of (a) NiS, (b) CosSs, (c) CoNi2Ss and (d)
CoNi2S4sGCN30
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4.1.6.4 Electrochemical impedance spectroscopy

The kinetics of as-prepared samples was further investigated by EIS measurements in
1M KOH electrolyte shown in figure 17. EIS results indicate the circuit elements,
ohmic resistance between electrodes associated with the electrolyte (R1), polarization
resistance (R2) associated with the charge transfer resistance, C> indicates the faradic
capacitance and W represents Warburg impedance. The radius of a semi-circle in the
Nyquist plot depicts Rz2. From the data of table 4, CoNi2S4GCN50 has shown the
least charge transfer resistance (0.11 Q) among all the as-synthesized
CoNi2S4GCN30 (0.384 Q), CoNizSsGCN100 (0.481 €), CoNizSs (0.368 ), NiS
(3.235 Q) and Co03S4 (2.322 Q). Therefore, it is logical to argue that C, N bond with
Co and NiS are favourable for enhanced electron transfer rate. Lower values Ry and
R2 reflects higher kinetics for OER and HER. CoNi2S4 when compared with NiS and
Co3Ss has the least resistance of electrolyte and lower charge transfer resistance,
depicting the synergistic effect of Ni and Co sulfide. Fitting EIS data in an equivalent
electric circuit as shown in figure 17b, gives the value of the constant phase element
Q for double layer response. However, the adsorption of reaction intermediates is
modelled with relevant adsorption capacitance and resistance. This is not just an
arbitrary model to fit electrochemical impedance data each value in this model has a
clear physical meaning. Randles model fitted in the EIS data indicate the circuit
elements, ohmic resistance between electrodes associated with the electrolyte (Ra1),
polarization resistance (R2) associated with the charge transfer resistance, Q indicates
the CPE value with the units of mF.s** and is related to the phase angle of frequency.
It is worth mentioning that when a=0 constant phase element behaves as a pure
resistor and when a=1, CPE acts as a pure capacitor. The radius of a semi-circle in
the Nyquist plot depicts Ro. From the data of table 4, CoNi2SsGCN50 has shown the
least charge transfer resistance (0.384 Q) among all the as-synthesized
electrocatalysts. Therefore, it is logical to argue that C, N bond with Co and NiS are
favourable for enhanced electron transfer rate. Lower values R: and R: reflects
higher kinetics for OER and HER. CoNi2Ss when compared with NiS and CosS4 has
the least resistance of electrolyte and lower charge transfer resistance, depicting the
synergistic effect of Ni and Co sulfide.
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Table 5. Rc, Ca and ESCA of NiS, Co03Ss, CoNi2Ss, CoNi2SsGCN30,

CoNi2S4GCN50 and CoNi2S4sGCN100.

Electrocatalyst | R1(Q) R2(Q) Q (mFs*Y) |a Cal ESCA
(mFcm?)

NiS 0.761 0.111 7.48 0.995 7.464 186.6

C03S4 0.968 5.28 5.33 0.815 7.28 182.3

CoNi2Ss 0.870 0.763 941 0.804 13.03 325.7

CoNi2S4sGCN30 | 0.750 0.863 10.12 0.791 14.49 362.2

CoNi2S4GCN50 | 0.399 0.384 27.1 0.826 38.47 961.7

CoNi2SsGCN100 | 1.17 10.61 3.54 0.71 5.87 145

To gain more understanding of the kinetics of catalysts, electrocatalytic active
surface area (ESCA) is an important parameter to estimate the enhanced catalytic
activity of catalysts in a system. BET only measures the physical surface area but the
estimation of ESCA is crucial in scheming electrocatalysts for water splitting.
Electrochemical double-layer capacitance is employed to estimate the
electrocatalytic active surface area (ESCA) of an electrocatalyst. The most
commonly employed method for its calculation is by measuring non-faradic current
at different scan rates of CV related to the double-layer charging. But as depicted in
figure 17a, it is difficult to measure non-faradic current zones as the synthesized
materials have shown sharp redox peaks. Another approach of measuring this Cq is
by computing the frequency-related impedance of the entire electrochemical cell
employing electrochemical impedance spectroscopy [106, 107]. Cai value measured
by CV and EIS varies within the range of £15%. The electrochemical system is
estimated within the region of non-faradic response and high frequency by a Randles
circuit of EC-lab demo, as depicted in figure 17b. The double-layer capacitance (Cai)
of all electrocatalysts was calculated using equation 6 [108].

Ca = [Q.[1/R1+1/Ro]*1] Y2 (Eq.8)

CoNi2S4GCN50 has shown the enhanced value of double-layer capacitance depicting
the addition of graphitic carbon nitride enhances the catalytic activity of nickel-
cobalt sulfide. The electrocatalytic active surface area (ESCA) is commonly
estimated using equation 7.

ESCA= Cai/Cs (Eq.9)

Where Cs, the specific capacitance is usually taken as, 0.040 mFcm2 for common
electrocatalysts in 1M KOH solution [109]. CoNi>SsGCN50 has depicted the highest
value of ESCA (961.7) in table 1, employing that the electrocatalytic active surface
area of nickel cobalt sulfide improves drastically by graphitic carbon nitride addition.
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and CoNi2SsGCN100 at a frequency range of 200 kHz-0.1 Hz.

4.1.6.5

Chronoamperometry

Stability is an important issue which should be taken into consideration while

commercializing electrocatalyst for water splitting. CoNi2S4GCN50 has shown
long term stability for 24 hours in figure 18. As expected CoNi,SsGCN50

depicted excellent activity and has kept 90% of its initial current density after 12

hours of chrono-amperometric responses in 1M KOH solution, higher than [33,

110, 111]
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Table 6: Compared catalytic activity of electrocatalyst for overall water

splitting.
Electrocatalyst Required Current density | Reference
potential
CuCo2S4 1.66 V 10 mA cm™ [112]
NiFeO(OH)/MoS, | 1.57V 10 mA cm™ [113]
C0oSa/NizSe2 1.62V 10 mA cm? [114]
CoNi2S4GCN50 158V 10 mA cm™ This work
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4.1.6.6 CoNi2S4GCN50 as electrolyzer for overall water splitting

CoNi2S4GCN50 in alkaline solution displayed outstanding performance
for OER and HER. The bifunctional device was constructed with
CoNi2S4GCN50 as anode and cathode and for comparison two-electrode
cell of bare NF (nickel foam) was also investigated under same process
conditions shown in figure 19. A cell voltage of 1.58 Volt was required at
a current density of 10 mA/cm?, which is lower than Pt. C | IrO2 with an
electrolysis voltage of 1.81 Volt and other water-splitting devices
reported in table 5. The current density of CoNi2SsGCN50 has shown
negligible decrease after 12 hours and produced a large number of easily
visible gas bubbles indicating CoNi2SsGCN50 has formidable
performance for overall water splitting with excellent stability in an

alkaline media.
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Figure 19. Overall water splitting performance of electrolysis cells:
CoNi2S4GCN50@NF 11 CoNi2S4GCN50@NF and Bare NF 11 Bare NF.
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5 Conclusion

The thesis report gives a deep insight into progressive developments done in
transition metal sulfides as an electrocatalyst for OER and HER. The main aim
of this work is to find low cost, non-precious metal catalyst showing high
catalytic activity and stability. Thus, this demand brought nickel-cobalt sulfide
quite favourable for effective catalytic properties.

In summary, a hybrid was composed of CoNi2S4 cubic crystals which were
covered by a graphitic carbon nitride porous sheet synthesized through the
simple hydrothermal method and investigated the activity in alkaline media for
OER and HER. CoNi>SsGCN after optimizing the ratio of graphitic carbon
nitride (CoNi2SsGCN50) at a current density of 100 mA cm exhibited low
overpotential of 350 mV for OER and an HER overpotential of 150 mV to
maintain a 10 mA cm current density, respectively. All the experimental results
depicted the enhanced OER and HER catalytic activity, due to the C and N-
bonds with Co and NiS that induced higher charge transfer rates, enhanced the
diffusion of electrolyte and conductivity. The hierarchical petals of
CoNi2S4GCN50 prevented agglomeration and enhanced the active surface area
of CoNi>S4. Furthermore, the structure provided the hierarchy of well-connected
nickel-cobalt sulfide and graphitic carbon nitride allowing efficient transfer of
electrons and lead to the change in the intermediates binding energy for HER
and OER. The bifunctional electrocatalyst required a voltage of 1.58 mV to
acquire 10 mA cm. This study provides a new approach to design sulfide

heterostructure catalyst for electrocatalytic water splitting.
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6 Future Recommendations

Despite the great progress made electrocatalysts, some challenging issues
remain. On the surface of the cathode, is not only the reason for pH polarization
between anode and cathode but it causes alkylation of electrolyte. This enhanced
over-potential can be recovered using pH stable electrocatalysts. Due to
electrolyte flow and other stresses stability is another important issue for HER
electrocatalysts. Furthermore, these nickel and cobalt sulphides can be used as
OER catalysts in acidic media. More work needs to be done on these catalysts
for OER. Future breakthrough is needed in the structure and design of these

electrocatalysts.
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