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Chapter |

1.1 General: Introduction
1.1.1 Need of supercapacitor:

Renewable energy sources are in high demand due to their ability to
generate and store energy, as well as, cost effectiveness compared to non-
renewable energy sources which are available in limited supply. Although,
renewable energy sources such as sun, wind etc. are not stable and efficient
storage is not possible [1]. This problem is overcome by use of electrical energy
storage (EES) technologies such as batteries, fuel cells, flywheel and
supercapacitors (SCs) [2]. Batteries are being widely used nowadays can be of
rechargeable and non-rechargeable type, wherein chemical energy produced due
to redox reactions occurring at a cathode and an anode get converted into
electrical energy. The process of redox reactions is reversed for limited times in
rechargeable type of batteries [3]. Although only batteries cannot provide
complete solution for electricity storage due to limitations such as low power
density, heat generation, and limited life cycles [4, 5]. Therefore, there is a
demand for long-lasting and safe electricity storage device with high power and
energy density. This can be achieved using supercapacitor that has greater
specific capacity and specific energy related to conventional capacitors. Further,
they are characterized by greater specific power, shorter charging time, more
efficient discharging than batteries, and they cause no pollution in the
environment [6]. On the contrary, their energy density is 10 to 50 times lower
than lithium ion batteries, but supercapacitors with a near unlimited cycle life
are useful in the fields of power system, memory storage, and vehicle assistant
equipment [7]. This can be explained by example such as creating an electric
vehicle with longer life, lower costs, and more power by combining a
supercapacitor and a battery in single unit. Classification of SCs depending
upon principle of energy storage can be given as electric double-layer capacitors
(EDLCs) which stores charges using the very thin double layer structure formed
at the interface between electrode and electrolyte, and pseudo-capacitors which
use fast, and reversible redox reactions on the surface and bulk near the surface
of electrodes for energy storage [4]. In contrast EDLCs, pseudo-capacitors
exhibit higher capacitance, and higher energy density [6—10]. Energy in the

battery is stored by means of chemical reactions whereas, in SCs by simply
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electrostatic charge transfer for various energy storage devices. Figure 1.1

shows Ragone plot of energy density vs. power density.
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Figure 1.1 Ragone plot of energy density vs. power density for various energy-
storing devices.
1.1.1.1 Types of supercapacitors:

SCs have been classified by using different definitions and terms. But
these are generally termed as electrochemical capacitors to distinguish them
from the conventional capacitors. Helmholtz, first recognized that the electrical
charge could be stored not only on the surface of the conductor but also at the
interface of the electrode/electrolyte [11, 12]. Electric double-layer capacitor by
using SCs terminology is used to explain carbon-based SCs, in which the charge
and discharge processes are very rapid, due to the simple electric charge
orientation of the double layer at the electrode/electrolyte interface. Whereas, in
reality, an electric double-layer capacitor is equivalently used for two different
definitions: (i) electric double layer capacitor or (ii) electrochemical double
layer capacitor. By using features of specific capacitance (Cs), having a different
way of working, ‘Pseudo-capacitors’ have been developed. In this, there is
incomplete storage of electrical charge in the ‘double layer’ and partially is
results due to faradaic reactions (charge transfer of electrons and protons)
between the electrode and electrolyte. As can be seen working mechanisms is
shifted from conventional capacitor to electrochemical battery [13-15]. The uses
of SCs can be identified in particular materials in the electrolyte such as

organic, aqueous, ionic liquids and solids or in the electrodes such as activated
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carbons, electronically conducting polymers, metal oxides, and battery-like
components [16, 17]. As shown in chart 1.1, all the previous commercial and
under progress supercapacitor can be divided into three main categories
including a) Symmetric SCs, b) Asymmetric supercapacitor, and c¢) Hybrid
supercapacitor. Each category is explained in brief as follows:

a) Symmetric supercapacitor (SSC):

It is termed as symmetric because electrodes used in it are made up of
the same material with the identical design and, practically, similar mass is
deposited on both of them [16]. The electrodes are characterized by equal
fundamental charge storage principle efficiently working (either physical or
chemical or a combination of the two). In this category of symmetric
supercapacitor two classes are involved that are i) EDLC and (ii) Pseudo-

capacitors.

Supercapacitor
Electric Double Layer > Ppseudo-capacitor
Capacitor (EDLC) l
> Activated Carbon Hybrid capacitor —>  Metal Oxides
| .
Carbon Nanotubes —> Asymmetric Hybrid Condncting

Polymers
——>  Carbon Aerogels
—> Composite Hybrid

— Graphene Metal

g O T — > Chalcogenides

Chart 1.1 Classification of supercapacitor.
i) Electric double-layer capacitors:

In these capacitors, the electrical charge is deposited on the double layer,
which is created at the electrode—electrolyte interface under applied bias. They
are characterized by extreme reversibility and extended life due to absence of
chemical reactions and material conversions that exist during charge and
discharge cycles. Due to the use of double-layer charge storage at both
electrodes, increase Cs with respect to conventional capacitors can be obtained.
Materials such as activated carbons possessing considerably higher surface area

and extremely small thickness of double layers are used in EDLC
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supercapacitors, compared to the electrode distance in conventional capacitors
[17]. There is utilization of double layer nonfaradic capacitance, with different
electrolytes (aqueous, organic and ionic liquids) and electrodes (activated
carbons, carbon aerogels and carbon nanotubes) in all EDLC supercapacitors.

i) Pseudo-capacitors:

The second class of symmetric supercapacitors is pseudo-capacitors,
consisting of electrodes with active materials that work dissimilarly from EDLC
to store electrical charge and energy. Double-layer assures the charge storage
between electrode and electrolyte, whereas, a larger amount of charge transfer
and storage is resulted because of faradic mechanisms such as electrosorption,
redox reactions, and intercalation. The latter process is capable of doubling the
energy density more than that of EDLC. In recent years, materials possessing
good pseudo-capacitive properties have been detected such as iridium dioxide,
ruthenium dioxide, nickel oxide and their mixtures [18, 19]. Conducting
polymers enhance the attractiveness, whereas, applications needing limited
cycle number may take advantage of the substantially greater energy density of
any kind of pseudo-capacitor. These devices have some drawback in the use of
precious metals, which made their application relatively expensive.

b) Asymmetric supercapacitor (ASC):

The asymmetric supercapacitor is characterized by dissimilar processes
with respect to its nature [20]. Redox reactions are occurring on first electrodes
and charge-discharge of electrostatic charge storage in the electric double-layer
on second electrode serve as a representative example of this category of
supercapacitor. For such SCs, term hybrid is also used these days. This category
includes, all the improved symmetric supercapacitors, in which there are
changes in the electrolyte compositions and in the mass loading, geometry of
the electrodes, without changing the active materials and the operating
processes.
¢) Hybrid supercapacitor:

Hybrid supercapacitor are the most innovative which combines the
better performances of different supercapacitor. Their purpose is to improve
technical characteristics, and even reduce costs of more conventional SCs using

different materials for each electrode. Combinations of positive and negative
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electrodes coming from different technologies have been obtained due to
current research and development activities. To be able to decrease the gap
between supercapacitor and electrochemical batteries is the major technological
challenge. Two electrodes made of dissimilar materials and, eventually, using
different working processes (faradic and non-faradic) is the fundamental design
of a hybrid supercapacitor. Aims of investigated combinations are to maintain
extended cycle life of EDLC and power capacity of conventional capacitors
along with decreasing the cost constraints of pseudo-capacitors to enhance
energy density to get closer to those of batteries. This category encompasses
main three types as follows: (i) hybrid electrolytic, (ii) composite, and (iii)
battery-like supercapacitor.

1) Hybrid electrolytic capacitors:

It is a pseudo-capacitive electrode based on metal oxides, which can be
combined with the electrode of a conventional electrolytic capacitor. Due to
this, the high power characteristic of electrolytic capacitors is saved, but the
addition of the capacitance pseudo-capacitance on one electrode substantially
augments the specific of the device.

i) Composite supercapacitor:

The second class of hybrid supercapacitor is characterized by devices,
which combines the electrode of an EDLC with a composite electrode, using
carbon-based material (e.g. carbon nanotubes) that incorporates -either
conducting polymers or a metal oxide [11, 13]. Such devices are also called
asymmetric hybrid supercapacitors.

iii) Battery-type supercapacitor:

These SCs contain two different electrodes, which belong to two
different storage mechanisms. The supercapacitor electrode is attached with a
battery electrode. Different combinations of supercapacitor electrodes with
electrode derived from batteries such as lead acid (lead oxides), alkaline (nickel
oxides) and lithium are investigated in recent researches [19-21]. Apart from
need to overcome battery-related limitations, these devices are interesting due to
their usefulness.

1.1.2 Need of oxygen evolution reaction:
Among the various global problems, energy has emerged as an

inevitable one and has evoked enormous research attention into this field. The
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worldwide energy consumption is increasing every year due to rapid
industrialization as well as urbanization. This in turn increasing energy demand
exponentially. Therefore, energy crisis is going to hike to a greater extent in
coming years. Currently, large portion of energy is generated by the burning of
fossil fuels. Around 80 % of the today’s energy is generated by fossil fuels [22].
In addition, burning of fossil fuel produces lots of (CO,) which again creates
environmental pollution [23, 24]. Now it is time for humans to decrease the
dependence on fossil fuels for the generation of energy as they are going to
finish in near future. Therefore, an alternative source of energy is required to
formulate which can provide energy without producing any secondary pollution
and without affecting the environment [25, 26]. Recently, hydrogen (H;) has
gained substantial research preference as the source of clean and green energy
[27-31]. The H; has been widely considered as the alternative energy source to
replace the conventional energy generation sources and is able to deprive the
dependence on the burning of fossil fuels [32, 33]. The H, possess high energy
and it creates no pollution during combustion. Therefore, H, is widely being
considered as future energy carrier and many countries and industries are using
H, energy to fulfill their energy demands. However, H, cannot be obtained
directly but it has to be produced at industries. Different techniques for H,
production includes steam reforming, coal gasification and electrolysis of water.
Steam reforming is a process in which methane (in natural gas) is heated in
steam in presence of catalyst which produces carbon monoxide (CO) along with
H,. It is known that CO is a harmful gas that creates environmental pollution.
On the other hand, coal gasification produces CO,, CO and H, upon oxidation
of coal by air, steam or CO, under certain conditions. This process also involves
generation of environmentally harmful gases like CO, and CO,, [34].

1.1.2.1 Electrochemical water splitting:

In that context, electrochemical water splitting finds advantageous method
for the effective production of H, without creating any environmental harm.
Electrochemical water splitting has emerged as an efficient method for the
production of H, and oxygen (O;). The method offers clean and green

generation of H, and O, which involves decomposition of H,O into its
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constituent elements (H, and O,) by passing electricity through it. The simple

electrolysis reaction can be written as follows.
2H,0 (1) — 2H; (g) + 02 () 1.1

This overall water splitting reaction consists of two half reactions. One is
hydrogen evolution reaction (HER) taking place at cathode whereas oxygen
evolution reaction (OER) taking place at anode. The half reactions initiate
reduction of water at cathode and oxidation of water at anode which are

represented as follows.
4H" (aq) + 4e— — 2H, (g) (reduction of water at cathode) 1.2
2H,0 (1) — O, (g) + 4H" (aq) + 4e— (oxidation of water at anode) 1.3

In this reaction, H; is generated at cathode whereas O; is generated at anode
as by-product. A theoretical potential of 1.23 V is required to initiate water
splitting. However, due to reaction kinetics, some additional potential need to be
given. The additional potential is termed as overpotential (). Figure 1.2 shows
schematic of the electrolysis of water.

Cathode Anode

Figure 1.2: Schematic of the electrolysis of water.

1.1.2.2. Oxygen evolution reaction (OER) and measurement parameters:
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As stated above, O, is the byproduct of the electrochemical water
splitting reaction where the half reaction taking place at the anode is called as
OER [35]. Theoretically, 1.23 V is required to initiate the OER reaction at
anode [36, 37]. However, due to solution resistance, contact resistance and
intrinsic reaction activation barrier the extra potential is required which makes
the OER a sluggish one [38, 39]. In addition, OER requires transfer of 4
electrons in order to complete the reaction which generates different
intermediate products that again results into the sluggish kinetics. The transfer
of 4 electrons can be understood by following reactions.

M + H,0 (1) > MOH + H' + ¢ 1.4
MOH + OH- — MO + H,0 (1) + & 15
MO + H,0 (1) - MOOH + H* + ¢ 1.6
MOOH + H,0 () — M + O5(g) + H" + ¢ 1.7

The different intermediates include generation of O, OH, and OOH
groups which transfers electrons through multistep reactions which eventually
evolve one O, molecule [40, 41]. This slow and un-efficient reaction can be
made faster by using different electrocatalysts which increases the rate of
reactions to lower the overpotential value. To date, IrO, and RuO, are
considered as best electrocatalysts for the efficient generation of O, [42, 43].
But their non-earth abundance limits their practical use at a large scale O,
production. Therefore, there is an urgent need to find a competent material that
can produce O; at a lower overpotential value and can sustain its structure for a
longer period of time. Although, there are certain requirements for an
electrocatalysts to give best performance by working at lower overpotential. It
should possess a higher number of catalytically active sites. It should possess
well defined porous morphology to transport O, evolved during the reaction. It
should have high electrical conductivity. And it should have suitable band
positions for the oxidation of water to occur electrolysis.

The performance measurement of an electrocatalyst is very crucial factor
while studying the OER. It is well known that lower overpotential is a prime

requisite and most important aspect to compare the OER performance.
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However, some other factors are also required to consider for thorough study of
an electrocatalyst while studying OER. The different aspects of OER study are
discussed in details below.

1.1.2.2.1 Overpotential (n):

Overpotential is the most important factor to determine the OER
performance of an electrocatalyst. Overpotential is defined as the additional
potential required than that of theoretical potential (1.23 V) to initiate the
electrochemical water splitting. A good electrocatalyst is characterized by its
lower value of overpotential. That means lower the value of overpotential, the
electrocatalyst is more efficient. Generally, overpotential is measured at the
current density of 10 mA cm™. Overpotential is composed of three different
types viz. activation overpotential, concentration overpotential, and resistance
overpotentials which can be reduced by using different strategies. For example,
selecting the appropriate electrocatalyst, or stirring the electrolyte solution can
help to lower the overpotential.
1.1.2.2.2 Tafel slope (b):

Tafel slope is the measure of how efficiently an electrocatalyst can
change the current density with respect to the applied potential. In turn, Tafel
slope explains the charge transfer process. Therefore, lower Tafel slope shows
the good OER property of an electrocatalyst. Tafel slope can be calculated by
following equation:
n=a + blog (j) 1.8
where, n is overpotential, a is Tafel constant, b is Tafel slope and j is current
density.
1.1.2.2.3 Stability:

Stability is measure of the ability of an electrocatalyst to perform OER
for a longer period of time. Generally, stability study is done in almost every
applications including supercapacitor, gas sensor etc. Likewise, stability study is
conducted in OER to study the applicability of the catalyst over a long time. The
stability study can be conducted either by performing chronoamperometry (CA)
or chronopotentiometry (CP) technique for a defined time period. In CA
technique, a constant potential is given and current density is measured with
respect to time for a given period of time. In CP technique, a constant current

density is given and required potential to achieve the given current density is
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measured with respect to time for a given time period. A good electrocatalyst
need to stable for a longer time.
1.1.2.2.4 Oxygen evolution electrocatalysts:

As seen in the above section, the formation of different intermediates
takes place with the extraction of four electrons during OER. Given this, the
electrocatalyst material becomes critically eminent. Indeed, it must overcome
significant challenges to be considered an effective electrocatalysts
for oxygen evolution. A suitable catalyst must bind the reactants (intermediate
species) neither too strongly nor too feebly, because, according to Sabatier's
principle strong or feeble binding leads to either poor adsorption of reactants or
difficulty in removing final products, respectively [44]. The state-of-the-art
OER catalysts have intermediate bonding strengths, which is one of the reasons
for their excellent activity. The electrochemical water oxidation reaction takes
place only on active sites existed at the surface of catalyst material; hence, an
efficient electrocatalyst must possess a larger quantity of active sites [45].
During OER an electron is generated at each intermediate step. These electrons
must be conducted to another half part of the water splitting reaction (or to
anode) through an external circuit. For this, the electrocatalyst must be an
electrically good conductor [46]. Therefore, the catalyst materials which can
overcome these obstacles are highly appreciable in the field of electrochemical
water splitting. In the past decades, considerable efforts have been devoted to
the development of an efficient electrocatalyst for OER. As the state-of-the-art
catalysts for oxygen evolution reaction are expensive and rare, there has been
considerable interest in oxygen evolution electrocatalysts that use more
abundant elements. An extensive literature survey suggests that the first row
(3d) transition metals have long been known to be effective OER catalysts
because of their low cost, high activity and long term stability under oxidation
conditions.
1.1.2.2.5 Metal oxides as OER catalysts:

Up to now, numerous investigations have been reported while
examining transition metal oxides in the thirst for identifying suitable
electrocatalyst for water oxidation. Among the transition metal based oxide

catalysts, CoWOy, is one of the earlier used oxide as an OER catalyst in an
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alkaline medium due to its high stability and special 3d electronic configuration
[48-50]. Although CoWQ, have good stability and good catalytic activity, it is
still inferior to noble metal oxides. It is found that binary, as well as ternary
metal oxides, show better electrocatalytic OER performance than corresponding
single metal oxide [51-59]. More than one transition metals produce synergistic
effects that can effectively regulate the physicochemical properties of oxides
and further improve catalytic activity. Most of the above mentioned metal
oxides show the excellent electrocatalytic ability for OER, still, their usage is
constrained due to the poor intrinsic electronic conductivity.
1.2 Literature survey on synthesis of cobalt tungsten oxide thin films:

The transition metal tungstate has attracted great attention due to their
excellent physical and electrical properties useful for applications in electronic,
optical, and optoelectronic devices [60]. In recent years, nanostructured
transition metal tungstate have been investigated as a new class of energy
storage material. The common characteristic of tungstates is that their metal
constituent can appear in two or more valence states [61]. Also, while modelling
anodic oxidation reaction of covellite, it was established that the equivalent
electrical circuit has to contain one relatively high capacitor.

Metal tungstate represents promising and attractive electrode materials
for SCs due to their high Cs, high energy density and better cycling stability as
compared to conducting polymers. Metal tungstates had been the area of
research interest because of its size and shape dependent properties that makes
them applicable for practical applications. Metal tungstates of commonly AWQO,
type (A=Metal); the structure depends upon the metal in the metal tungstates.
The large A** cations (A = Ba, Ca, Eu, Pb, Sr) show tetragonal, scheelite
structure whereas the small A% cations (A = Co, Cd, Fe, Mg, Ni, Zn) show
monoclinic wolframite structure. The AWQ, type of metal tungstates have been
used since recent years as laser host materials, scintillators, oxide ion
conductors, magnetic materials, opto-electronic devices and antibacterial
material.

The transition metal oxide and hydroxide electrodes with pseudo-
capacitive behaviour are of great interest in SCs. Due to the different oxidation
states transition metal oxides are greatly studied as pseudo-capacitive materials;

for example oxides of Ru, Ni, Co, Mn, and Fe [62, 63]. Alloys and binary metal
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oxides have shown greater advantages than single metal oxides due to their
reasonable oxidation states and current response. Recently, binary metal oxides
such as NiCo,0, [64], FEWO, [65], NiMoO, [66], ZnWO, [67], TOWO, [68],
and NiWO, [69] have displayed outstanding pseudo-capacitive performance.
The binary metal oxides do not show the highest performance in every case and
not in all environments. The pseudocapacitive performance of electrode
material depends on number of factors, such as electrolyte concentration, type
of electrolyte (neutral, alkaline, and acidic), mass loading, electrical
conductivity, crystalline nature, etc. In fact, some single component metal
oxides have shown promising electrochemical performance. For example,
cobalt oxide showed Cs of 127.58 F g in 1 M KOH electrolyte [70]. In addition
to this, pseudo-capacitive nature of WO3 has been also reported. Ling et al. [71]
reported C, of 538 F g for hydrothermaly prepared WOs;. These reports proved
that single metal oxides also showed good electrochemical performance for
energy storage. In case of metal tungstates the crystalline structure as well as
existence of binary metal helps in the improvement in the Cs and stability [72],
some of previous reports also suggest that tungstates showed improvement in
pesudocapacitive performance than corresponding oxide [73].

Amongst these metal tungstates, CoWO, is a p-type semiconductor
compound exhibiting outstanding catalytic and electrochemical properties [74].
It shows high chemical stability and possesses narrow size distribution with
excellent phase composition. Due to optical features it has been utilized as an
efficient photocatalyst for environmental restoration. It exhibits superior
electrochemical properties than CozO, material owing to the multiple valence
states of Co, and W and higher electrical conductivity [75]. Thus, COWOQ;, is a
very favourable electrode material for supercapacitor. Li et al. [73] reported
preparation of CoWOQO, nanoparticles through hydrothermal method in the
mixture of deionized water and ethylene glycol as a solvent and achieved Cs of
1817.14 F g™ at current density of 1 A g*. Lokhande and Ji [76] prepared
CoWO, by hydrothermal process and reported C of 1372 F g™* at a scan rate of
5 mV s™. There are several methods to produce these nanostructures such as
sol-gel, chemical bath deposition (CBD), chemical vapour deposition (CVD),
and hydrothermal.

12
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1.2.1 Literature survey of cobalt tungsten oxide based supercapacitor:

Table 1.1 shows the specific energy and specific power values by
CoWOQ, and their composites using different chemical methods of preparation,
with electrolyte used in supercapacitors.
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1.2.1 Literature survey of cobalt tungsten oxide based supercapacitors

Sr. Material Synthesis Substrate Surface Electrolyte Specific Potential Stability Ref.
method morphology capacitance Window (V) (%) No.
No. (Fgh (cycles)
1 CoWO, Hydrothermal Nickel Nanosheets 1 M KOH 1127.6 0to 0.5 92.4 77
foam (3000)
2 CoWO, Hydrothermal Nickel Nanoparticles 2 M KOH 764.4 -0.2t00.8 50.6 78
foam (6000)
3 CoWO, Hydrothermal GCE Dandelion like | 6 M KOH 1871.1 0t0 0.55 92 79
(1000)
4 CoWO, Coprecipitation GCE Cauliflower 2 M H,S0O, 378 0to0.4 95 80
like (4000)
5 CoWO, Chemical and Nickel Nanoparticles 1 M KOH 403 -0.5t00.5 (10,000) 81
Hydrothermal
foam
6 Co03;0,/CoWO, Hydrothermal Carbon Hill like- 6 M KOH 331.6 0t0 0.6 70.2 82
cloth hemisphere (2000)
7 NiWQO,-CoWO, | Coprecipitation GCE Nanoparticles 2 M KOH 196.7 0to 0.6 - 83
8 CoWO,/C030, Hydrothermal Nickel Nanospheres 3 M KOH 1728 -0.25t0 0.45 85.9 84
(5000)
foam

14




Chapter |

9 rGO/CoWO, Hydrothermal GCE Nanoparticles 2 M KOH 159.9 -0.3t0 0.4 94.7 85
(1000)

10 NrGO/CoWO, Hydrothermal GCE Nanowire 2 M H,S0O, 597 0.0to0.5 97 86
(4000)

11 Co1xNi,WO, Hydrothermal carbon Nanostructure 1M KOH 430.3 -0.1to0 +0.3 85.4 87
cloth (5000)

12 CoWO,/NiCo, Hydrothermal Nickel Nanorod 6 M KOH 1076 -0.2t00.4 80 38
0O, foam (2000)

13 Col-xNixWQ, Hydrothermal Carbon Nanoparticles 1 M KOH 430.30 -0.1t00.3 85.4 89
cloth (5000)

14 NiWwQO,/CoWwO, wet chemical Al Plate like 1 M KOH 862.26 1to 2.5 96.12 90
(2000)

15 CoWOQO, Hydrothermal Nickel Nanoparticles 6 M KOH 1817.14 -0.2t00.8 92 91
foam (1000)

16 CowQO4/Co—B Hydrothermal GCE Nanoflake-like | 6 M KOH 612 -1t00 95.62 92
and (10000)

wet-chemical

17 CoWO,/NF Hydrothermal Nickel Nanoparticles 6 M KOH 1395 0t00.6 79 93
foam flower-like (3000)

18 NiWO, Hydrothermal Nickel Hill-like 2 M KOH 7978 & 0to 0.6 (3000) 76

foam hemisphere 764.4
and CowO,
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19 CuAl- Solvothermal Nickel Nanoflowers 2 M KOH 675 0to 0.5 97.1 94
LDH/CoWQ, foam (5000)
20 CoWO0,/Co,.,S Hydrothermal Nickel Rod-like 3 M KOH 1894.5 0t0 0.6 87.27 95
foam (5000)
21 CoWO, Hydrothermal Nickel Nanosheets 1 M KOH 1127.6 0.0to 0.6 92.4 96
foam (3000)
22 CoWO, Hydrothermal Carbon Spherical 3 M KOH 1372 -0.2t00.4 96 97
cloth Nanoparticle (4000)
S
23 NiwO, Hydrothermal Glassy Chain-like 2 M KOH 1524 -1.0tol1.0 -1.0-1.0 98
carbon
electrode
24 CoWO,/NrGO Sonochemical | N- doped Hierarchical 2 M H,S0O, 597 -0.5t00.5 97.1 99
graphene (4000)
25 CoWOQ,/C050, Hydrothermal Nickel Nanowire 3 M KOH 1728 0to 0.5 85.9 100
foam (5000)
26 CoNiWQO, Hydrothermal glassy Spherical 6 M KOH 723.8 -0.2t00.6 77.4 101
carbon nanoparticles (3000)
electrode
CoNiWO,/P-S- Nanosheets 1298.6 -0.2t0 0.6 89.8
GNS (3000)
27 rGO/CoWO, Hydrothermal Nickel Nanospheres 2 M KOH 159.9 -0.25t0 0.5 94.7 102
foam (1000)
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28 CoWO, Wet-chemical Nickel Nanoparticles 1 M KOH 403 0.0t0 0.6 10,000 103
foam
Hydrothermal Nickel Nanoparticles 1 MKOH 264 0.0to 0.6 10,000 103
foam
29 C0osNigsWO, Hydrothermal Nickel Nanosheets 2 M KOH 626.4 0.0to 0.7 105.3 104
foam (10,000)
30 CoWQO,/CoMn, Hydrothermal Nickel Nanoflakes 3 M KOH 2259.6 -0.2t00.6 92.6 105
0O, foam (3000)
31 CoWO; and Microwave Nickel Nanoporous 2 M KOH 45 0.0to 0.6 - 106
CoWOQ, irradiation mesh
32 CoWOQ4/C030,4 Hydrothermal Nickel Nanocones 3M KOH 3560 -0.2t0 0.5 90.5 107
foam (5000)
33 CoWO, Hydrothermal Carbon Nanosphere 1443 0to0.6 -
cloth
3M KOH 108
CNT- CoWO, Carbon Nanosphere 1486 0to 0.6 (4500)
cloth
34 CoWO, Sol-gel Nickel Nanoparticles 3M KOH 76 0t0 0.45 98 109
foam (1000)
35 CoWO,/Ni wet chemical Nickel Spherical 6M KOH 271 -0.1t00.5 86.4 110
foam nanoparticles (1500)
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36 Ni(1-xC0oxWO, Hydrothermal Nickel Spherical 3M KOH 636.8 0to 0.5 92 111
foam nanoparticles (10000)

37 | MnO,/CoWO,/ | Co-precipitation Nickel Spherical 6M KOH 209 -0.410 0.65 96 112
NCNO foam nanoparticles (3000)

38 | Li,Co(WOy,), Self-combustion Nickel Spherical 6 M KOH 1192 -0.3to 0.5V 91.8 113
foam nanoparticles (10000)

1.2.2 Literature survey of cobalt tungsten oxide based oxygen evolution reaction:

Table 1.2 contains cobalt tungsten oxide and their deposition methods along with their oxygen evolution reaction performance.
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Sr.
No.

Material

Electrolyte

Method

Substrate

Overpotential @
10 mA cm™ (mV)

Tafel

slope

(mv/
decade)

Stability
(h)

Remark

Ref.

CoWOQ, and
NiWO,

1M KOH

Co-precipitation

Glassy carbon

255

47.6

10

The electrode  Kinetic
parameters, Tafel slope
and the reaction order for
the OER determined from
the EIS study are very
close to those obtained
from the steady-state dc
polarization techniques.

114

CoWO,

1M KOH

Complexation-
precipitation

Glassy carbon

450

82

10

Bifunctional performances
of CowWO, nano-cubes are
explored for water
electrolysis in an alkaline
medium

115

COlf(ery)Fex
Mn,WO,

1 M KOH

Hydrothermal

Glassy carbon

810

83

10

Fe and Mn codoped
CoWwO, is a highly
efficient electrocatalyst for
water splitting.

116

CTOHH

1 M KOH

Microwave heating

CcC

355

47.5

12

CTOHH-DNA was
prepared for the first time
by utilizing a greener bio-
scaffold DNA  using
microwave heating
conditions  within  short
time duration.

117

CoFeWOx

1 M KOH

Electrodepositoin

Nickel foam

300

32

10

Co—Fe-W
enriched

Trimetallic
oxyhydroxides
with Cos.

118

COWO4

1 M KOH

Co-precipitation

glassy carbon

250

50

12

Amorphous Fe-doped

119
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CowO, is a highly
efficient bifunctional
electrocatalyst  for the
overall water splitting
under alkaline conditions

CowWQO,

1 M KOH

Hydrothermal

glassy carbon

295

30.5

12

oxygen defect CoWQ,,
nanoparticles  with  a
diameter of 8 nm were
deposited on carbon black
(CoWO,,@C).
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CoosFeosW
O,

1M KOH

Hydrothermal

glassy carbon

331

36.8

10

Highly active catalyst for
the OER, consisting of
wolframite-type  ternary
tungstates with iron and
cobalt.
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CoWO./NG
@)

0.5 M KOH

Hydrothermal

glassy carbon

189

12

Starting from CoCl,-6H,0
and Na,WO,-2H,0 two
different nanoparticles of
CoWOy: the nanodots and
nanorods are synthesized
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10

CoWQO,

0.2 M Na,WO,

Dip coating

ITO

115

110

13

CowO, as a water
oxidation catalyst

123

11

CoMo,0,/C
0304(M:M0
W.V)

1 M KOH

Hydrothermal

Nickel foam

219

84.7

10

The as-prepared
electrocatalysts exhibit
catalytic activity toward
the OER with
overpotentials of 219 mV,
259 mV and 268 mV to
produce a current density
of 10

mA cm? in alkaline

124

20




Chapter |

electrolyte  which is
superior to the commercial
RuO, catalyst.

12

CoMoO,

0.1 M KOH

Precipitation

FTO

680

110

10

Tungsten-doped cobalt
molybdenum oxides
(W-CoMoQy) is
investigated as
electrocatalysts for
Oxygen evolution reaction
in alkaline media for the
first time.
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13

CowWQO,

1 M KOH

Soft template

448

61

10

Highly ordered cobalt
tungstate mesoporous
material was synthesized
by soft template method
with the aid of buffer
solution for the first

126

14

CoMnWO,

0.1 M KOH

Hydrothermal

Nickel mesh

400

10

The density functional
theory revealed that the
substitution of Mn in
CoWO, elevate the 3d
metal d band center closer
to the Fermi energy and
hence ease the electron
transfer to facilitate ORR
and OER.
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15

COWO4

0.1 M NaOH

Electrospining

Carbon paper

306

72

10

CoWO, NF-based sensor
presented a remarkable
electrocatalytic  activity
towards  H,0, oxidation,
including lower redox
potential
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16

CoWO,

1M KOH

Molten salt

Glassy carbon
electrode

450

87

10

Bifunctional performances
of CoWO, nano-cubes are
explored for water
electrolysis in an alkaline
medium (1.0 M KOH)
under various atmospheres
(N,, air and O,).

129

17

CoWO,

0.1 M NaOH

Electrodeposition

Ni mesh

970

10

High overpotential was
attributed to the instability
of oxygen radicals formed
during the oxygen
evolution.

130

18

CoFeWO,

1M KOH

Co-precipitation

Glassy carbon

327

53

10

Role of local structural
distortion played in OER
process was discussed.

131

19

WO;@CoW
O,

0.1 M KOH

Hydrothermal

Glassy carbon

380

10

Two-dimensional (2D)
bilayer  nanosheets  of
WO;@CoWO, were used
as highly efficient
catalysts for enhanced
photo, electro and
photoelectro-chemical
oxygen evolution reactions
(OERsS).

132

20

COWO4

1 M KOH

Solvothermal

Carbon cloth

310

10

The excellent OER
response was observed for
XWO, nanostructures
synthesized at optimum
processing condition.

133
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A literature study reveals that, only a few reports are available on cobalt
tungstate preparation by simple chemical successive ionic layer adsorption and
reaction (SILAR) method. So, our aim is to prepare cobalt tungstate using chemical
method SILAR. This is promising method for the preparation of metal tungstate thin
films over stainless steel substrate. This method is probably easiest, low cost, and
suitable to prepare large-area, binder-free thin film electrodes for supercapacitor and
OER applications.

1.3 Orientation and purpose of the thesis:

The transition metal oxides have been utilized in the various applications due
to their different physical and chemical properties. CoWQ, is environment friendly
and highly stable p-type semiconductor transition metal oxide which is used in
various applications such as OER activity, gas sensors, catalysis, SCs, batteries,
electromagnetic and luminescence devices, and biomedicine. CoWQ, have properties
such as various oxidation states, electrochemical stability, and high reduction
potential. Due to this properties, CoWO, are used in supercapacitors. In recent years,
researchers all over the world concentrated on improvement of electrochemical
performance of supercapacitor by means of enhanced energy density, power density,
long cycle life and preparation of cost effective electrodes, which are the important
four pillars of energy storage systems. A supercapacitor device with outstanding
electrochemical activity and low cost may raises its usage over widespread
applications. The active electrode material and electrolyte are key factors and
influence the performance of supercapacitor in terms of capacitance and energy
density. However, the energy densities of supercapacitor are still low; to overcome the
challenges in field of supercapacitor, have to develop efficient active material with
high capacitance. Previously reported major types of supercapacitor materials are
carbon, conducting polymers, metal oxides and transition metal tungstates. Recently,
transition metal tungstate attract more attention among those active materials for
energy storage applications.

The fundamental requirements for supercapacitor electrodes include high
electrical conductivity, chemical and mechanical stability, high surface area with
appropriate pore sizes optimal for an electrolyte. To improve electrical conductivity of
the electrode binder-free deposition approach is generally used for thin film electrode

preparation.
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The present work is focused on synthesis of CoWQO, thin films by simple
successive ionic layer adsorption and reaction method. Offers required material
properties such as crystal structure, surface morphology and film thickness.
Fabrication of flexible solid state supercapacitor device using CoWO,@rGO
composite thin films as an active cathode material with polyvinyl alcohol-potassium
hydroxide (PVA-KOH) gel electrolyte is carried out. The activity of electrode
material and usefulness of electrolytes are investigated by fabricating solid state
devices. The performance of asymmetric device is studied in terms of capacitance,
energy and power densities, and cyclic stability. Finally, conclusions are assessed on
the basis of the performance of CoWO,@rGO based devices.

The physical and chemical properties of prepared thin films studied by
various characterizations. The phase identification of material is carried out by X-ray
diffraction (XRD) technique. Chemical bonding in material is studied by Fourier
Transform Infrared spectroscopy analysis (FT-IR). The surface morphology of
prepared thin films is evaluated by Field Emission Scanning Electron Microscopy
(FE-SEM) technique. Elemental composition of thin films is detected by Energy-
Dispersive X-ray Spectroscopy (EDS) technique. Material confirmation, available
oxidation states and chemical composition of thin film are done with X-ray
Photoelectron Spectroscopy (XPS) technique. The supercapacitive properties of
prepared thin films are investigated by cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS)
techniques. Three electrode system used for the electrochemical study in 1 M KOH
electrolyte, consists of CoWO, thin film used as working electrode, platinum as a
counter and saturated calomel electrode (SCE) as a reference electrode. Furthermore,
the performance of prepared thin films evaluated in terms of Csand cyclic life.

It has been well documented that to store intermittent energy from renewable
sources, we need an efficient energy carrier. In this scenario hydrogen economy is one
of the promising solutions. But due to the sluggish kinetics, OER becomes a
bottleneck for large scale hydrogen production. To increase the efficiency of water
splitting, anodic half reaction (OER) must be accelerated. The high cost and low
abundance of state-of-the-art OER catalyst materials kept them away from industrial
applications. The presence of unfilled d-orbital in the 3d transition elements makes
them a center of attraction in the field of electrochemical water splitting. Up to now,

numerous materials containing these elements have been reported. Initially, oxides of
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these transition metals are considered promising OER catalysts due to their ability to
form intermediate bonds with reactants easily. But the low value of their intrinsic
conductivity makes them less compatible with practical application. On the other side,
the sufficiently high conductivity of transition metal tungstate makes them promising
candidates. It is observed that the binary and ternary metal tungstates are more active
than primary metal tungstate.

The recent trend suggests that the composites of these metal tungstates with 3-
D carbon structure (graphene oxide) enhances the mass and charge transport
efficiency. This helps to improve catalytic activity via increasing electronic
conductivity, surface area and mechanical strength. CoWO, is wildly studied
materials in the field of supercapacitor but are rarely explored for electrochemical
water splitting. Metal tungstate will give excellent OER performance, which can be
further enhanced by compositing it with rGO. The preparation of catalyst material in
the form of thin film is more admirable than the bulk form in the view of practical
application. The physical methods of thin film deposition are expensive and put
limitations on choice of substrates. Therefore, the simple successive ionic layer
adsorption and reaction (SILAR) method is more appreciable for the deposition of
thin films of various materials. Hence, the present study is focused on the synthesis of
CoWO,/rGO composite thin films using SILAR method on stainless steel (SS)
substrate. To minimize the overpotential required for OER is the main intention of the
present study. A composite thin film electrocatalyst of CoWO, with rGO is
synthesized on SS substrates by SILAR method. Various characterization techniques
such as XRD, Raman, FE-SEM and TEM are used to study material properties. The
electrochemical performance of electrocatalysts towards OER is tested in three
electrode system. Linear sweep voltammetry (LSV), CV, chronopotentiometry and
EIS techniques are used to evaluate different electrocatalysts.
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2.1 Introduction:

Material science is a branch which deals with the study of properties of
materials for various applications. Different properties of materials include their
physical, chemical, electrical, electronic, optical and thermal etc. The performance of
resultant material greatly rely on these properties in turn seeking considerable
research attention from scientific community. As a consequence, development of
sophisticated synthesis methods for taking control over these properties as well as
required instrumentation to evaluate these properties has accelerated the research in
the field of material science [1]. It is well known that last decade has experienced the
entrance of various computer based simulations and softwares that have taken the
research to the next level which further helps to study the properties of materials
through computational method [2]. However, current research trend is vastly focused
on the development of various nanostructured materials in the form of thin films with
taking control over their physico-chemical characterizations to achieve desired
functionalities. The control over these physico-chemical properties have enabled the
applications of thin films into almost every application including supercapacitor,
electrocatalysis, photocatalysis, sensing, photovoltaic as well as different biological
applications [3]. The performance of the specific application depends on the
selectivity of the material as well as the synthesis method and the post synthesis
treatments. The suitable choice of the material and synthesis method results into the
modification of various properties that results into the enhanced performance. Most of
technologies make use of the fact that many properties are thickness dependent can be
effectively controlled by altering thickness of the thin film. Thickness of thin films
range from few nanometers to several micrometers. However, there is no proper
defined thickness below which a coating can be called as thin films. This might be
because, the thickness dependent properties changes from materials to materials. But
the properties of any material at the nanoscale possess far better properties than their
bulk counterparts. This is maybe because at nanoscale level the reduction in particle
size ultimately affects the structural, morphological, optical as well as electrical
properties. One of the effective methods to control the thickness of the thin films is
the selection of appropriate deposition method. Specific deposition method helps to
induce crystallinity, desired morphology as well as surface area etc [4, 5].

Nanostructured materials have been synthesized by various deposition

methods in order to achieve control over the thin film properties. Thin film deposition
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methods including chemical bath deposition, SILAR, spin coating, dip coating,
electrodeposition, sputtering, chemical vapour deposition, physical vapour deposition,
electron beam evaporation, hydrothermal, anodization, molecular beam epitaxy, liquid
phase epitaxy, sol gel etc. have found considerable attention for the deposition of
various materials. These deposition methods are broadly divided into two major
groups viz. physical deposition method and chemical deposition methods as shown in
chart 2.1. Physical methods mainly rely on the conversion of solid material into gas
phase that later deposits on the substrates place at the top of the deposition chamber.
These methods require highly sophisticated instrumentation, well maintained
environment and highly trained person for the operation eventually increasing the cost
effectiveness of the thin film deposition process. On the other hand, chemical
deposition methods are based on the reaction of precursors in mostly aqueous media
and the deposition of the particles at the solid-liquid interface on the substrate. The
chemical methods benefit in terms of inexpensiveness, low working temperature,
large area deposition as well as flexibility to use wide variety of substrates etc [6-8].
The deposition process is just half way done. The second important task is to
characterize the deposited material using various structural and elemental
characterization techniques that supports the theoretical data with experimental
proofs. To verify the formation of desired material as well as to study different
properties of the materials, number of analytical techniques are available that
confirms the material properties. For instance, formation of the material can be
confirmed by X-ray diffraction, morphological study can be done using SEM, TEM
and AFM, electrical study can be done using two probe or four probe method,
chemical study can be carried out using X-ray photoelectron spectroscopy as well as
Fourier transform infrared spectroscopy. Surface area can be analyzed by BET
technique and Barrett-Joyner-Halenda (BJH) technique. Electrochemical study can be
done using electrochemical workstation etc [9].
2.2 Basics of Successive lonic Layer Adsorption and Reaction (SILAR) method:
The SILAR method is one of the favourable chemical methods for the
deposition of variety of thin films. SILAR finds best advantageous due to the
excellent control over reaction parameters that helps one to tune the properties of the
resultant material. This method was first reported by Ristov et al. in 1985 [10] and the

name SILAR was first given by Nicolau et al. [11]. This method allows deposition of
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various chemical compounds as well as their composite films. This method is also

known as modified version of chemical bath deposition method.

Thin film deposition methods ‘
¥
; [ ]
 Physical | Chemical
y } , ¢ }
. Vacuum evaporation ] . Sputtering | [ Gas phase ] | Liquid phase
) ¥ v ¥
# Resistive heating ~ Glow discharge DC sputtering ~ Chemical vapor deposition ~ Chemical bath depasition (CBD)
7 Flash evaporation ~ Triode sputtering # Laser chemical vapor ~ Successive ionic layer adsorption and
r Electron beam evaporation - Getter sputtering deposition reaction (SILAR)
» Laser evaporation ~ Radio Frequency (RF) sputtering  » Photochemical vapor » Electrodeposition
» Arc evaporation ~ Magnetron sputtering deposition Plasma- enhanced > Electroless deposition
» Radio frequency heating  ~ Face target sputtering chemical vapor deposition » Spray pyrolysis
# lon beam sputtering ~ Metal organic chemical vapor  ~ Anodization
~ AC sputtering deposition » Liguid phase epitaxy
- Sol gel process
~ Spin coating
~ Dip coating
~ Hydrothermal

Chart 2.1: General classification of thin film deposition methods.

The basic representation of four beakers SILAR method is shown in Figure
2.1. The different processes involved in SILAR method are elaborated below.

(a) Adsoprtion:

This is the first step of SILAR reaction. The beaker containing cations are
placed at the first place where a substrate upon dipping into the beaker adsorbs cations
onto its surface. When cations are adsorbed on the substrate, formation of Helmohltz
double layer takes place which contains positively charged ions at the inner side and
negatively charged ions at the outer side. These layers are loosely bound by Van Der
Waals force.

As the acronym implies, the SILAR method is based on the adsorption of a
layer of ionic species onto a surface, followed by a reaction triggered by a successive
adsorption of a different ionic species. This reaction leads to the formation of an
insoluble product, which constitute the thin-film coating. The process is then repeated
to increase the thickness of the deposited layer. In order to carefully control the
deposition process, a SILAR setup employs a series of steps which are depicted
in Figure 2.1.

Solution A is the primary ionic solution which in many instances is an
aqueous solution of metal cations, while S; and S, are containers of pure solvent
(usually water). During the formation of the atomic film, an adsorbed monolayer of

the primary ionic precursor is crucial in acquiring a homogenous and highly ordered
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film. Therefore, removal of the excess ions adsorbed on the substrate surface is
critical, and this is achieved by immersion into the rinsing solution S;. A similar
action is performed by the rinsing solution S,, after the desired product layer is
formed in the solution B which include the secondary ionic precursor. Following the
final rinse at S, the deposition cycle comes to a completion, after which the substrate
is moved back to A for the initiation of a new deposition cycle. At the start of the
process, the substrate needs to be cleaned of any possible contaminants such as
organic impurities, adventitious carbons and dust particles. This ensures the optimal
contact and interaction between the solution and the surface of the substrate.
Furthermore, any surface contamination may lead to film delamination at a later stage.
In some cases, cleaning of the surface could be insufficient to obtain good adhesion to
the substrate due to weak interactions between film material and substrate surface.

Repeat cycles

Cationic 7 Anionic

precursors precursors

Figure 2.1: Schematic of four beaker SILAR method.
(b) Rinsing:

This is the second step where loosely bound ions are removed by rinsing the
substrates into the rinsing solution. This step is crucial as the involvement of this step
can significantly affect the morphology, particle size and their agglomeration. For
rinsing purpose, generally double distilled water is used. One can avoid this step for
their convenience.

(c) Reaction:
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This is the third step where beaker containing anions is placed at the third
place where anions from the anionic bath reacts with the pre-adsorbed cations due to
their rapid reactivity. If the ionic product of cations and anions are well maintained
with respect to solubility product, the reaction rate of the anionic bath can be
controlled.

(d) Second rinsing:

This is the last step in the deposition process where unreacted species present
on the surface of the substrate are removed by means of dipping substrate into the
rinsing solution. It also helps to remove the excess species present on the substrate
surface. In this step also, mostly DDW is used for rinsing purpose. Some
mechanically operated SILAR systems have provision to rotate the substrate into the
solution of interest.

(e) Deposition parameters:

The deposition of thin films by SILAR method depends on many experimental
parameters that have crucial effect on the quality of the thin film. These parameters
include pH of cationic and anionic bath, temperature of the baths, concentration of the
cationic and anionic solutions, adsorption reaction and rinsing times, complexing
agent and nature of the substrate etc. these parameters are also determines the growth
kinetics on the substrate. These parameters are discussed in detail below
(i) Concentration of precursors:

The concentration of precursor plays a crucial role in determining the
thickness of the film in all chemical reactions. It is well known that suitable
concentration of the precursor results in optimized film thickness that ultimately
affects the performance of the material. If the concentration of cationic precursor is
higher, the rate of adsorption increases that unnecessarily increases the film thickness,
and if the concentration of anionic precursor is higher than the rate of reaction
increases that rapidly increases the particle size that again affect the performance of
the material. If the application to be tested is thickness dependent, then, the
concentration of the precursors can be employed to control the thickness of the film
[12].

(ii) pH:

The pH of the solution is the rate determining factor in the chemical reaction.

The main role of pH lies in the hydrolysis of cations in the cationic solution that

ultimately determines the final phase formation of the material. Also pH of anionic
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solution is maintained to control the rate of reaction and to control the film formation.
Another effect of pH is observed in tuning the microstructure or morphology of the
material that can be altered by altering the pH of the cationic and anionic solutions.
However, one should keep in mind that, highly acidic pH can result in the corrosion
of metallic substrates.

(iii) Temperature:

The temperature given to the cationic and or anionic solution results in the
crystallization of the material during its formation. It is well known that, crystallinity
largely depends on thermodynamical energy received during the reaction. Most of the
SILAR reactions do not employ heat treatment that results in the formation of
amorphous phase. However, crystallinity can be retained by providing heat treatment
to the required solutions. Most importantly, in case of using complexing agent, the
breaking of complex is done by providing heat to the proper solution.

(iv) Complexing agent:

The concentration of metal ions in the solution and their release into the
solution decides the kinetics and growth of the material. At many instances, one needs
to control the rapid hydrolysis of the metal ions with their continuous release. To
achieve this condition, complexing agents can be used that possess donor which form
coordination bond with the cations thus restraining their rapid adsorption. Adding
complexing agent provides an additional kinetics step in the reaction that provide
surface relaxation time that facilitates regular growth. The complexing agents form
the complex with the cations which can be further removed by heating the solution.
This results in avoiding the rapid precipitation as well as larger thickness. Different
chemicals can be used as a complexing agent including ethylenediamine tetraacetic
acid (EDTA), ammonia, triethanolamine (TEA), ethylenediamine etc.

(v) Number of cycles:

It is well known that thickness of the film increases upon increasing the
number of cycles during a SILAR reaction. Therefore, it is necessary to optimize the
cycle number to achieve better performance. Less number of cycles results in
irregular and non-uniform growth of the material and higher number of cycles can
cause cluster formation as well as peeling off of the thin film.

(vi) Rinsing time:
Rinsing process can avoid the unnecessary formation of clusters as well as

remove the loosely bounded counter ions in the material that can cause impurity.

38



Chapter Il

Therefore, it is important to experimentally optimize the rinsing time of the reaction
in order to obtain a uniform film thickness.
(f) Advantages of SILAR method:

The SILAR has proved to be much economical and feasible deposition method
that one can use at any lab without any sophisticated instrumentation. Apart from
these benefits, other advantages of SILAR as listed below-

% It is an inexpensive, and easy deposition method that allows deposition over large
area.

% In this method wastage of material avoiding.

%+ Being a low temperature deposition process, variety of substrates can be used for
the deposition which prevents corrosion of the metallic substrate.

% This method is very applicable for doping any foreign atom into the material with
the required proportion.

% The preparative parameters can be controlled easily to achieve desired thickness
that ultimately affects the physicochemical properties of the material.

% A comparatively uniform thin film can be deposited on any kind of substrate
having a complex configuration.

2.3 Thin film characterization techniques:

2.3.1 Structural and elemental characterization techniques:

The physicochemical properties such as chemical composition, crystal
structure, surface morphology, specific surface area, and conductivity are strongly
correlated with their electrochemical characteristics. Therefore, the characterization
and analysis of thin film material by various techniques results to explain the
relationship between different properties. This helps to decide proper thin film
material and its various application. These methods also make it easier to check
modifications in thin film materials. Thus, the thin films in the present investigation
were analysed via various characterization techniques. The comprehensive
elaboration of the basic principle, instrumentation, and working of these techniques
are described in this chapter.
2.3.1.1 X-ray diffraction (XRD):

In materials science field, XRD is a well significant, and mostly used
characterization technique to obtain information on the atomic scale structure of
different substances in a different of states [13]. This technique also provides

information on unit cell dimensions. The XRD is an important and common technique
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used to the determine crystallite size (D) and to calculate lattice strain, and phase
analysis as well.
Working principle:

The XRD analysis depends on constructive interference of monochromatic X-
rays from sample. The interatomic distance (d) in materials is on the order of few
Angstroms (A) which corresponds to wavelength of X-rays (energy between 3-8
keV). Therefore, the crystalline materials are revealed to the X-rays, both constructive
and destructive interference patterns are observed. When the intensity of diffracted X-
rays measured as a function of scattering angle, a diffraction pattern is obtained. In
Bragg’s condition (Figure 2.2), the constructive interference of diffracted X-rays
observed when path difference ((AC+CB)-AB) equals to the wavelength of X-rays
(4). The bragg condition can be written mathematically as [14],
dsiné + dsind = nA Or 2dsing = nl 2.1
where n, 0 and d are the order of diffraction, glancing angle or Bragg’s angle, and

interplaner distance, respectively.

@
%
Y %
& 7 e,
r )
7%
W g
————— G e e e
d i Crystal plane
————— e L e
————— Q- Q-—-——--————-@-——--

Figure 2.2: Bragg’s diffraction.
Working of instrument:

The X-Ray diffractometer incorporate three major components; first is a
monochromatic source of X-ray, second is specimen holder and third is X-ray
detector. The X-ray generator is known as cathode ray tube, which is made of a
cathode, monochromator and target material enclosed in glass or ceramic container at
vacuum (Figure 2.3). The cathode is heated to generate electrons; generally it is of

tungsten filament. These electrons are accelerated towards target material (Cu, Fe,
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Mo, Cr) by applying high voltage. If electrons have sufficient energy to emit inner
shell electrons from the target element, the outer electrons jump into inner shells and
to compensate energy difference the radiation is emitted, which is the characteristics
of target material. For copper as a target material, radiation including K, and Kg lines

are emitted.

Target [Copper Elgptron beam

Anode arm™ i Cathode arm

I
/

Cathode (Tungsten)

A
Y

Figure 2.3: Schematic of X-ray tube.

These radiations undergo filtering process to generate monochromatic X-rays.
The wavelength of copper radiation is CuK, = 1.5406 A. Now, monochromatic X-
rays are collimated and directed towards preferred specimen to be characterised. As
detector and specimen are rotating, when Bragg's condition satisfy, peaks in the X-ray
intensity is recorded. The Figure 2.4a shows the schematic of X-ray instrument. The
detector records the signals and converts it into count rate and a provide to output
instrument (computer) for further process.

Three methods are available to determine the crystal structure of sample i)

Laue method, ii) rotating crystal, and iii) powder method.

@ (b)

Figure 2.4: a) Schematic of X-ray instrument [15], and b) photograph of RIGAKU
Mini Flex 600 diffractometer [16].
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Laue is the oldest method for the determination of crystal structure, where
continuous spectrum of X-ray is used and angle of incidence () is fixed. This method
gives faster diffraction than other methods in which monochromatic X-rays used.
Therefore, it is used to observe dynamic process in crystal structure. If the angle of
incidence () is fixed and wavelength (d) is variable then that method is known as
rotating crystal method. In rotating crystal method, a monochromatic beam of hard X-
rays allowed to fall on sample which is rotated at a constant angular velocity. In order
to easy analysis the crystal structure of sample, powder method is mostly used. In case
of powder method, wavelength (1) is taken as a fixed and angle of incidence (6) is
variable. Figure 2.4b shows the photograph of Bruker D, phaser X-ray diffractometer.
One very crucial use of XRD when dealing with nanocrystals is to determine
crystallite dimension using the Scherrer formula [17]:

0.94

D= 2.2
pcoso

where S and 0 are the full width at half maximum (FWHM) of the diffraction peak,

and peak position in radians, respectively.
2.3.1.2 Fourier transforms infra-red spectroscopy (FT-IR):

The FT-IR spectroscopy provides qualitative information about the chemical
bonding in materials which is a non-destructive analysis. FT-IR technique can be used
for analysis of solids, liquids and gases. FT-IR stands for Fourier transforms infra-red
and the technique is highly sensitive photo spectroscopic method for the identification
of chemical bonding between the species present in the material. It is also known as
structural finger prints of the chemical nature of the material.

Working principle:

Molecular bonds vibrate at fixed frequencies which are depending on the
texonomy of bond and elements included in bonding. According to quantum
mechanics, these frequencies correspond to the several excited states and ground
state. When these bonds absorb light energy of fixed frequency they can be exited to
upper possible state of energy. For any given transition between two states the light
energy should be equal or greater than the difference in the energy between first
excited state and ground state. The wavelength absorbed via the bond is the properties

of chemical bond which can be seen in spectrum. The range of mid-infrared part is
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200 to 4000 cm™. Figure 2.5 illustrates the schematic of FT-IR instrument with

Michelson interferometer [18].

Fixed mirror

Beam splitter

IR source
< _ .
° Laser
Moving mirror Laser diode
B Sample cell
Detector

Figure 2.5: Basic schematic of FT-IR with Michelson interferometer.
Working of instrument:

A common FT-IR spectrometer consists of an IR source, sample compartment
interferometer, detector, A/D convertor, amplifier, and a computer. The photograph of
ALPHA 11 compact FT-IR spectrometer is depicted in Figure 2.6a. Figure 2.6b shows
the schematic diagram of the basic FT-IR system coupled with amplifier and
necessary electronics for conversion of acquired data. The IR spectrum is a graph of
infrared light absorbance via the substance on the vertical axis and the frequency
(wavenumber) on the horizontal axis. Silicon carbide rod, kanthanl and nichrome wire
coils, carbon arcs and Nernst glowers are used as the source of IR radiation. The beam
splitter is made of a material that reflects half of the radiation striking it while
transmits the other half. Out of these two beams, one is transmitted to stationary and
other to moving mirror. Again, these beams reflected back and undergo splitting and
only one beam directed towards sample with other to source. The stationary mirror is
made of highly reflecting material. The simplicity of FT-IR design lies in moving
mirror which mirror creates path length difference between two beams from moving

mirror and stationary mirror and forms interference pattern.
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Figure 2.6: a) Photograph of ALPHA 11 compact FT-IR spectrometer [19], and b) the
basic ray diagram of FT-IR system [20].

For FT-IR characterization the sample must be thin so the IR radiations must
pass easily through it. This serves as one of the merit of FT-IR analysis as it needs
very tiny sample. When IR radiation is passed through a sample, few of the radiation
is absorbed by the sample and remaining is transmitted. There are two types of
detector one is thermal and other is quantum detectors. Thermal detectors treat
received light as heat, while quantum detector as light. Therefore, quantum detectors
are highly sensitive. After that obtained data in terms of intensities are processes via
Fourier transform and plotted against wavenumber. For an analysis purpose, observed
data is compared with available reference spectrum. There are no two unique
molecular structures, that can yield similar infrared spectrum. Therefore the infrared
spectroscopy is helpful for several types of analysis. The following information is
obtained using the FT-IR spectroscopy [21],

Identification of unknown materials.

(a) Determination of the quality or consistency of a thin film sample.
(b) Determination of nature of bond between the species.

2.3.1.3 Raman spectroscopy:

Raman spectroscopy technique is a highly versatile technique that offers a
simple, fast and nondestructive analysis of inorganic and organic materials [22]. It
uses the interaction of light with the material to gain insight into properties of material
and its constituents. It measures different modes of molecules like vibrational,
rotational and other low frequency modes [23].

Working principle:
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Raman scattering is a two photon process. Electrons have different vibrational
levels and they are defined via specific energy differences (Figure 2.7). When an
incident monochromatic light interacts with an electron in the sample, after that
electron absorbs energy from an incident photon and electron goes to a higher energy
state. The electron falls back to an energy level via losing energy. When the energy
lost equal to the energy of the incident photon, electron falls back to its initial level
and loses one photon. Therefore the molecule doesn't have any Raman active modes.
This secondary photon has the same frequency as the incident photon and Rayleigh
scattering occurs.

However, sometimes electrons while losing energy from the virtual state can
fall back to a different vibrational level. In this case, the energy lost by the electron is
different than the energy absorbed from the incident photon. As a result, the emitted
photon has energy different than the incident photon. In this case, the frequency of the
emitted photon is not equal to the incident photon. This gives the Raman scattering.
Depending on the final vibrational level of electron Raman scattering is separated into
stokes line and antistokes lines. The radiation having lower energy as compared to the
incident radiation is known as stokes lines, while the radiation having higher energy
than incident radiations are known as antistokes line [24].

The Raman shift Av is negative for anti-stokes and positive for stokes and it is
a characteristic feature of material undergoing Raman shift. It gives the molecular
fingerprint and it is different for different molecules. By studying the Raman spectra
one can identify the rotational levels and thus a particular molecule. This helps to

analyse the sample qualitatively.

Higher energy
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Figure 2.7: Energy level diagram showing the states involved in Raman spectrum.
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Working of instrument:

Raman spectrometer consists of three primary components: An excitation
source, a sampling apparatus, and a detector. Figure 2.8 demonstrates the basic block
diagram of Raman spectrometer. In Raman spectroscopy a monochromatic excitation
source is used. Generally, a laser with extremely narrow and stable bandwidth used as
an excitation light source. The laser source must have particular properties like, small
form factor, low power consumption, narrow line width, a stable power output and a
stable wavelength output. For organic molecules it is important to shift the laser
wavelength into the near infrared to minimize fluorescence while not exceeding CCD
spectral detection limits. Owing to availability and the maximum fluorescence
reduction without the sacrifice of spectral range or resolution 785 nm diode lasers
have become more favourable, highly colored or strong fluorescence samples, suitable
for 1064 nm laser is a good choice. For inorganic molecules, 532 nm laser is the most
suitable choice as it provides increased sensitivity. Sample interface is the second
component where fibre optic probe is used. It usually offers the flexible sampling
interface. The flexibility afforded via fibre optics not only allows for the probe to be
taken to a solid sample, but also allows it to be immersed in liquids slurries in

environment as well as laboratory process.

microscope dichroic cylindrical

] ob'fective mirror lens @

sample
lens @ cCD

} detector
—| | vibrational
==| | frequency
—
position
spectrometer on sample

Figure 2.8: The basic block diagram of Raman spectrometer [28].
It can also be connected to microscopes and cuvette holders. Third component
is spectrometer which has some property such as low noise, small form factor, low

power consumption, and high resolution to detect very weak Raman scattering [25].
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Further, the desired detector is needed and is based on the type of excitation laser
being used. Mostly, charge coupled device (CCD) is used as the detector for Raman
spectroscopy. For low concentrations weak Raman scatters, it may be required to use
a back thinned CCD to further boost the spectrometer sensitivity [26, 27].

2.3.1.4 Field emission scanning electron microscopy (FE-SEM):

To find out surface morphology at high resolution FE-SEM microscope is a
dominant instrument. It employs electrons instead of photons for imaging process.
These electrons are liberated through a field emission source. The FE-SEM provides
topographical and elemental information at magnifications of 10 X to 300,000 X, with
virtually unlimited depth of field.

Working principle:

The FE-SEM images a sample surface via raster scanning over it with a high
energy beam of electrons. The primary electrons liberated from a field emission
source are accelerated in the electric field. Using electromagnetic lenses, a narrow
beam is created via focusing these primary electrons. The beam is allowed to strike
the sample. After interaction, primary electrons lose their energy inside the sample,
due to which; various type of electrons are ejected from the sample as illustrated in
Figure 2.9. This is because of an emission of secondary electrons from the sample.
The electrons interact with the atoms comprising the sample to produce secondary
electrons that contain information about surface topography, and composition. By
processing these electrons, detector generates an electric signal which is further
amplified and transformed into an image.

Working of instrument:

The schematic diagram of the FE-SEM instrument is illustrated in Figure
2.10a. An electron gun, magnetic lenses, an anode (accelerator), sample holder and
detector are the main parts of a FE-SEM instrument. Overall assembly is mounted on
a desk. For operation, the gun head, specimen and column chamber have to be
evacuated. Column chamber valve remains closed until the detected pressure is not
ready for operation. After vent command, column chamber valve closes and N, gas
flows into the specimen chamber through vent valve. Sample preparation is also one
of the parts of FE-SEM characterization technique. The sample should be conductive.
Before mounting on a special holder, the samples are first made conductive by coating
them with ultrathin layer electrically conducting metal such as gold (Au), platinum
(Pt), gold/palladium (Au/Pd), silver (Ag), chromium (Cr), or iridium (Ir) [29]. The
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conductive layer of metal on the sample prevents charging of the specimen, decreases
thermal damage and rises the amount of secondary electrons hence increases the

signal to noise ratio.
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Figure 2.9: Ray diagram for the emission of different types of electrons after the
interaction of primary electrons from source with sample.

In FE-SEM, high-energy electrons (termed as primary electrons) are
generated via placing a filament of tungsten fashioned into a sharp point; in a high
electrical potential gradient (cathode). The voltage difference between anode and
cathode allows generated electrons to accelerate towards the sample. The voltage is in
the order of magnitude of 0.5 to 30 kV, and the high vacuum (~10° Pa) in the column
of the microscope is maintained. The electron beam is focused by the electromagnetic
lenses to a small sharp spot. The condenser lens controls the amount of magnification.
Obijective lens focuses the electron beam onto the specimen. Objective lens includes
of electrostatic and electromagnetic lens. Deflection system consists of a set of scan
coils to move the electron beam in a point-to-point scan process. Once the focused
electron beam bombards on the sample surface, it penetrates the sample up to a few
microns and interacts in different ways [30]. The scattering of electrons and volume
of interaction based on the atomic number, the energy of primary electrons, and the
concentration of atoms of sample. The high energy of primary electrons rises
scattering process and interaction volume. While the high concentration of atoms and

the atomic number will decrease the interaction volume and scattering.
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All these signals are gathered via a detector and separated based on their
energy values. The secondary and backscattered electrons are used to produce a
sample image via transforming and amplifying the signals. When primary electrons
interact with electrons at the inner shell and knock it out, the electron from a higher
energy level jumps to lower energy via losing some energy. This extra energy is lost
in the form of X-rays. Hence, every element in the sample creates a characteristic X-
ray. All these characteristic X-rays from all elements are used to identify the
elemental composition of the sample by energy-dispersive X-ray spectroscopy
(EDAX) coupled to the FE-SEM instrument [31]. Figure 2.10b demonstrates
photograph of FE-SEM instrument.

(a)

— 5 Gun with filament
_ Schottky field

emitter
. Muitihole

aperture

Anode <
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In-Lens detector < chamber valve

Objective lens <
Scan coil and

Vent valve <~ i stigmator
Specimen chamber <

Figure 2.10: a) Schematic of FE-SEM [32], and b) photograph of FE-SEM instrument
[33].
2.3.1.5 X-ray photoelectron spectroscopy (XPS):

XPS in an effective analytical technique for the determination of chemical
composition as well as oxidation states present in a compound. The XPS can study
only surface of the specimen as it can go upto the depth of only 10 nm. This technique
is primarily based on the photoelectric effect which states that when a metal is
bombarded by highly energetic electrons, photoelectrons are ejected from the inner
shell of the metal atoms.

Working principle:

When an X-ray having sufficient energy is made to fall on the specimen, the

X-rays ejects the inner shell electrons from the specimen (Figure. 2.11) atoms and the

kinetic energy of the ejected electrons are recorded. If the energy of the incident X-
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ray is known, one can calculate the binding energy of the ejected electrons using
following relation
Ebinding = Epnoton — (Ekinetic + @) 2.3
Where ¢ is the work function of the element.

Photoelectrons coming out of the specimen are counted and depending their
kinetic energy, the composition and chemical states of the elements are determined.

e-

Ejected photoelectron
KE=hv-BE- ¢

. R y
" o Incoming X-ray
N s beam

Figure 2.11: Ejection of photoelectron after bombardment of Mg Ka (hv = 1253.6 eV)
or Al Ka (hv = 1486.6 eV) radiations in the XPS measurements.
Working of instrument:

In XPS, X-rays of typically MgKo or AlKo are emitted that are
monochromatized using a monochromator. These monochromatized X-rays ejects the
photoelectrons from the specimen upon their interaction and the electron detectors
detects the number of photoelectrons as well as their kinetic energy. The software
connected to the XPS instrument converts the kinetic energy of the electron into its
binding energy. This data is then represented as a spectrum that shows the electron
counts with respect to their binding energy. As every element possess specific binding
energy, one can differentiate the element present in the compound upon the binding
energy showed by the results. The X-ray photoelectron spectroscope, K-alpha XPS
system of Thermo Fisher Scientific, U. K. is used in the present study.
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Figure 2.12: Schematic diagram of an XPS instrument [34].
2.3.1.6 Contact angle measurement:

Contact angle measurement enables one to study the contact angle between the
solid surface and the liquid present over the surface of the solid. It is also useful to
study surface wettability. Surface wettability helps to understand the nature of solid
sample for the interaction with liquid, in addition, it is used to calculate the surface
free energy. Figure. 2.13a displays the Rame-Hart contact angle measurement
instrument and Figure. 2.13b shows the contact angle measurement of an unknown
sample.

Contact angle is the angle between the liquid placed on a solid surface when
tangent is drawn to the liquid and angle is measured from inside the liquid. The
hydrophobicity and hydrophilicity study of the material can be confirmed using this
instrument. For many applications, hydrophobicity or hydrophilicity and surface
wettability study is important. If the angle between liquid and solid surface is greater
than 90° it confirms the hydrophobic nature that means its surface is less wettable. If
the angle exceeds 170° that means the surface is superhydrophobic [36]. These kinds
of surfaces are very applicable in manufacturing self-cleaning materials. On the
contrary, if the contact angle between liquid and solid surface is less than 90° that
means the surface is hydrophilic. That means the surface can interact well with the
liquid. Likewise, if the material shows contact angle less than 5° that means the
surface is superhydrophilic and highly wettable. These kinds of surfaces are required

for applications like supercapacitor or OER where ions from liquid electrolyte needs
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to intercalate in the material. The contact angle (0) is calculated by the Young’s

relation [37].

75,0 = 7/5,I +}/I,u cos¢ 2.4

Vs is the solid-liquid and Vi is the liquid-vapour

Where Vsw is the solid-vapour,
interfacial energies.
In the present study, contact angle images of deposited thin film electrodes are

recorded using Rame-Hart goniometer (modal 260).

(b) vapor Y

Figure 2.13: a) Photograph of Rame-Hart NRL contact angle meter [35], and b)
contact angle of a liquid drop in contact with solid sample.
2.3.1.7 Brunauer-Emmett-Teller (BET) analysis:

This technique is basically used to measure the surface area and pore volume
available for a particular material. This is done by pouring N, gas on the surface of
the material at different relative pressures. After sometime the gas is taken out and the
difference in the amount of gas sent inside and retrieved is measured. The result in m?
g provides the surface area of the sample of interest.

Working principle:

There are two different working principles for the surface area measurements
viz. volumetric and gravimetric. In both the methods, first sample is put inside the
chamber, heated upto required temperature and N, gas is poured in it at various
relative pressures. In case of volumetric method, the change in the relative pressure is
measured with respect to the reading taken without putting material into the chamber.
In gravimetric method, the amount of N, adsorbed onto the surface and the difference
between amount of N, sent inside and retrieved is measured and based on the
calculation, surface area and pore volume are determined [38]. The isotherm is a plot
of the amount adsorbed versus the adsorptive pressure. The pressure is expressed as a

ratio of the adsorptive pressure (P) to the saturated vapour pressure (Po). Volumetric
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measurement is generally employed due to its less cost and simple mechanism.
However, uncertain results of the volumetric analysis limit their wide use. In that
context, gravimetric analysis is much precise and accurate. Depending on the
interaction of adsorbent with adsorbate, there are 5 different isotherms. The different
isotherms and their significance are given below. Five types of adsorption isotherms

in BET analysis is shown in Figure 2.14.

1. Type | isotherm- chemisorption or physisorption on a material with very fine
pores.

2. Type Il isotherm- if energy of adsorption is high in non-porous or microporous
materials.

3. Type Il isotherm- if energy of adsorption is low in non-porous or

microporous materials.

4. Type IV isotherm- if energy of adsorption is high in mesoporous materials.
5. Type V isotherm- if energy of adsorption is low in mesoporous materials.
Type I Type Il Type III
Type IV Type V

Figure. 2.14. Five types of adsorption isotherms in BET analysis.

The concept of desorption is bit different from adsorption and is called as
hysteresis. As per IUPAC system, 4 distinct hysteresis curve are present. The 4
hysteresis loops are termed as Hj, Hy, Hs and Hs. The hysteresis does not take place
below relative pressure of 0.42 in case of N, adsorption. To evaluate specific surface
area (As) from cross sectional area of adsorbate molecule (a) and number of mole of
adsorbate in a monolayer (nm),

As =nNm Naa 2.5
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M3 1/3 . -1 . .. . -3
where a = ry N, ", M is the molar mass (g mol™), p is the liquid density (gm ),

and NA is Avogadro’s number (6.022x10% mol™).
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Figure 2.15: Schematic diagram of the dynamic flow method apparatus [39].

Working of instrument:

As discussed above, the surface area of a material can be determined either by
volumetric method or gravimetric method. The typical working of the instrument rely
on the assumption that the N, adsorbs on the surface of the material. The adsorbed gas
is measured as a function of temperature and pressure which is then converted to give
specific surface area and pore size distribution of the material. The schematic of
volumetric method is shown in Figure 2.15. System parts are not to scale. Sample
chambers are usually constructed from Pyrex [40].

2.3.2 Electrochemical characterization techniques:

Need of development of diverse electrical energy storage devices specifically
designed for certain purposes such as wearable and portable electronics, health care
systems, etc., have increased interest of scientific community in electrochemical
energy storage. Ragone plot (Figure 1.1) showing performance of electrochemical
energy storage devices suggests Sg of fuel cells are very high and Sp of capacitors are
higher compared to batteries and SCs. Along with batteries, SCs bridge the gap
between fuel cell and capacitors [41]. Taking in to account that diversity of electrode
materials, electrolytes, and ability to support various designs according to requirement
in many fields (aerospace, medical, military, transportation etc.) SCs, often called

supercapacitors have attracted research interest globally. The SCs are classified
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according to mechanism of charge storage or configuration or physical state of
electrolyte into various classes. Based on charge storage mechanism, SC electrodes
are classified as EDLCs (non-Faradic mechanism), pseudocapacitors (Faradic
mechanism), and battery type. The SCs are classified as symmetric and asymmetric in
which configuration is considered and second one is liquid-state and solid-state, based
on physical state of electrolytes [42]. Generally, SC consists of two conducting
electrodes separated by porous membrane immersed in relevant electrolytes. The

specific capacitance (C;) of such device are determined by the following relations;

Specific capacitance = 1 J' 1(V)dV (CV study) 2.6
moAV

Vi

| xt
m x AV

Specific capacitance = (GCD study) 2.7

\Z
whereJ'|(v)dv is the area enclosed in a CV curve, m (g) is deposited mass of

\
material on both electrodes, v (V s7) is the potential scan rate, A (V) is an operational
potential window, and | (A) is the current response. To better understand the
electrochemical properties of the electrode material, the measurements such as CV,
ECSA, GCD, Tafel slope and EIS are necessary. Consequently, for application of thin
films as an active electrode for SC devices, the electrochemical features are
significant.

The energy density (ED) and power density (PD) of CoWQ, electrodes are

calculated using following equations,

ED = M 2.8
3.6
PD = E x 3600 29
Td

where, AV is the potential window in (Volt).
To achieve higher values of ED and PD, the working voltage and Cs of SC must
be large with lower interfacial resistance [43]. However, Cs and working voltage

depend on the combination of electrode and electrolyte used in SC fabrication.
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Generally, EDLC type materials can operate up to 1 V in water based
electrolytes, while in organic electrolytes potential window can be extended to 2.5 V
(sometimes up to 3.0 V). In EDLCs, the electrically conducting electrode and
ionically conducting electrolyte, in which electric double layer is formed at the
interface. The electric charge storage in EDLCs type SC shown in Figure 2.16a can be
written as,

Esq+Eo+ K '+ A" Eq /IK" + E 1IA 2.10

where Eg; and Es, are corresponding to the specific surface area of negative
and positive electrodes. The symbol // indicates the electric double layer, where
charges are stored on either side and K*and A~ are cations and anions present in the
electrolyte, respectively. The process of adsorption and desorption is accountable for
charging and discharging of EDLCs, consequently no charge transfer occurs around
the interface. Hereafter, the active electrodes are chemically inert; so this process is
called as non- Faradaic [44]. The fast and reversible redox reactions with double layer
capacitance give pseudocapacitance. The charge stored in pseudocapacitor is due to
the Faradaic reaction at an interface of electrode and electrolyte. The schematic of
different charge storage mechanisms observed in the pseudocapacitive materials is
shown in Figure 2.16b-d. In Faradaic process, during charging discharging, the
charges are transmitted on the electrode material as well as in the bulk of electrode
material [45]. The charge storage in pseudocapacitor is done by two way process. In
the first step accumulation of charges on the electrode material surface takes place. In
second process, the redox reaction takes place in electrode surface as well as in the
bulk of electrode material. Above two processes are mainly dependent on the applied
potential, so the pseudocapacitance is also dependent on potential. To better
understand the electrochemical properties of the electrode material, the measurements
such as CV, GCD and EIS are necessary. Consequently, for application of thin films

as an active electrode for SC devices, the electrochemical features are significant.
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Figure 2.16: Schematics of charge-storage mechanisms for a) an EDLC [46] and
(b—d) different types of pseudocapacitive electrodes: b) surface redox
pseudocapacitor, c) intercalation pseudocapacitor, and d) battery-type Faradaic
reaction [47].

2.3.2.1 Cyclic voltammetry (CV):

The CV offers a plentiful experimental information and insights into both
thermodynamic and the Kkinetic details of many chemical systems. This is a
fundamental characterization technique which provides information about
electroactivity of electrode in various electrolytes. The reversal linear scan
voltammetry carried out by switching direction of the scan at certain potentials is
called CV. In CV measurement, the stationary electrode with 1 cm? area is used,
which immersed in an electrolyte solution. The three electrode system is beneficial for
minimization of ohmic resistance of electrode. The potential is applied between the
working electrode and reference electrode, simultaneously the current measured
between the working electrode and counter electrode.

In CV measurement, the potential is swept between given potential range,
nevertheless, when the voltage reaches maximum potential limit then scan is reversed
and the voltage is swept back to the minimum voltage range. Figure 2.17 illustrates
CV curve for a reversible single electrode transfer reaction in the potential limit of V,
to Vi. The Iy and Iy, are cathodic and anodic peak currents, while Ey. and Ep, are
cathodic and anodic peak voltages of the electrode material. In CV measurement, the
selection of potential limit is important due to the oxidation and reduction positions of
CV curve. One state of electrode material change to another during charging, while at
reverse direction the electrode material achieves an initial state with reduction

process.
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Figure 2.17: The typical cyclic voltammogram for a reversible single electron transfer
reaction [44].

There are many fields in which CV technique is used extensively. These
include metal-ligand interaction, in which electron pair transfer to form complex
compound. Other applications include analysis of solids [45], solutions, polymers
media with and without added supporting electrolyte, membrane [46], frozen
solutions [47], emulsions and suspensions [48], and liquid-liquid systems [49], and
biological systems such as enzymes [50]. Cyclic voltammetry (CV) is a
potentiodynamic electrochemical measurement technique. In CV, the potential of the
working electrode is ramped forward and backward through a predefined range with a
constant sweep rate and the corresponding current is measured. Figure 2.17 shows a
typical CV curve when the potential of the working electrode is ramped between V;
and V,. As the potential increases, the current increases and the anodic peak is
obtained. This anodic peak is called an oxidation peak. As the potential comes back
the current decreases at a certain potential cathodic peak is obtained which is called a
reduction peak.

As the CV begins from V; the negative ions from the electrolyte get adsorbed
on the surface of working electrode. As the potential of the working electrode
increases slowly the concentration of positive charge also increases and resultantly
more and more negative ions get adsorbed. Hence, a double layer of charge is formed

on the surface of the electrode. This is called charge storage by double layer or non-
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faradic mechanism. But when the potential of the working electrode further increases,
at a potential value the current suddenly starts to increase and an anodic peak is
obtained. This positive current is due to the oxidation of the electrode material. After
reaching V», the direction of ramping reversed from V; to V. In this reverse scan, the
oxidized material gets reduced and the cathodic peak is obtained. This oxidation and
reduction of material in a higher potential region are combined called a redox reaction
of a material and the charge storage through this process is called a redox or faradic
mechanism [51]. The capacitance of material due to the non-faradic mechanism is
called a double layer capacitance (Cgj) and the potential range in which it is measured
is called a non-faradic potential region.

To better understand the origin of electrocatalytic performance, the
electrochemically active surface area (ECSA) of thin film electrocatalysts prepared in
the present study is estimated from the Cq values. The CVs are recorded at different
scanning rates in the non-faradic region of potential. The difference between anodic
and cathodic current density at a fixed potential is plotted as a function of scan rate.
The slope of linear fitting to the measured values represents the double-layer
capacitance (Cgq). ECSA is directly related to the Cgy of the material. For that purpose,
one should record CV curves in the region of potential, where the faradaic process
cannot be happening. Generally, that region is around the open circuit potential
(OCP), hence the CV can be measured in the potential range with the OCP is at the
middle of that window, where Faradic reactions not occurred. Cgy is calculated by
plotting the anodic charging currents (ic) at OCP of each CV curve against the scan
rate by the equation:

ic =V Cal 2.11

where, V is the scan rate. It yields a straight line with a slope equals to Cy.

The ‘Cqg’ can be further converted into ECSA using the specific capacitance
value of a standard 1 cm? flat surface, which is normally between 0.02-0.06 mF cm™
for an alkaline medium [52]. Therefore, an average value of 0.04 mF cm™ is used for
the estimation [53]. Therefore, the ECSA for an electrode is estimated through Cy
value using the relation,

CdI

ECSA=—————
0.04(mFem~?)

2.12
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2.3.2.2 Galvanostatic charge-discharge (GCD):

In GCD technique, constant current is applied to the working electrode. The
corresponding potential is measured against the reference electrode as a function of
time. At initial the potential is suddenly changed because of the potential drop
afterwards slowly changes in potential. Figure 2.18 shows charge discharge curve of
SC. This is due to the concentration of the reactant exhausted at the electrode surface
[54, 55].
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Figure 2.18: Charge discharge curve of a SC [56].

During discharging potential drop due to the solution and interfacial
resistance, which can be corrected through the constant potential offset. From the
nature of the charge discharge curve, the type of charge storage mechanism for
sample electrode is confirmed. The symmetric shape of the charge discharge curve
indicates the charge storage mainly due to the double layer mechanism if not then
charge storage due to the pseudocapacitive mechanism [57, 58]. Additionally, GCD
analysis is important to determine the Sg and Sp of the SC.
2.3.2.3 Linear sweep voltammetry (LSV):

Linear sweep voltammetry is a voltammetry method where current at the
working electrode is measured while the potential between the working electrode and
a reference electrode is swept linearly in time. The only difference between CV and
LSV is that, in CV the potential is ramped between V; and V; in a cyclic manner
(V1—V2—V;) while in LSV potential is ramped from V3 to V; in a linear way
(V1—V>) as shown in Figure 2.19 (a). Hence LSV is nothing but the forward scan of
CV (Figure 2.19 (b)).
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Figure 2.19: a) Potential sweep between V; and V, with time in LSV and b)

corresponding current response as a function of voltage.

As discussed in CV, the peak occurs due to the oxidation of the material. After
the peak potential, the oxidized species get saturated hence no material can oxidize on
further increasing potential. Now if we further increased the potential of the working
electrode the water oxidation reaction starts to occur at active sites. As we discussed
in chapter 1, four electrons are removed in the evolution of one oxygen molecule (O5).
Hence current starts to increase. The scan rate during LSV measurement makes a
great impact on the current response. The current increases with increasing scan rate.
Hence while examining and comparing the LSV of more than two electrodes the scan
rate must be similar. In the present study, all LSVs are measured with a scan rate of 2
mV s™. All the potentials measured (in SCE scale) in the present study converted to a
reversible hydrogen electrode (RHE) scale by the Nernst equation:

Erng= Esce+ 0.059 x pH + E%cg 2.13
where ‘Erpe’ is the converted potential vs. RHE, ‘Esce’ is experimentally
measured potential versus reference electrode (SCE), and ‘EOSCE’ 1s the standard redox
potential of SCE at 298 K (0.244 V % 0.002 V). From the polarization curve,
overpotential, 1 at current density, j (mA cm™) is estimated through the relation,
ne= Erne— 123V
2.14 2.3.2.4 Tafel slope:
The current in electrochemistry is related exponentially to the overpotential as

shown in equation 2.12.

I[=a'en/b' 2.15
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where I is current, 1 is overpotential and a' and b' are constants. By taking logarithmic

scale, the above equation can be written as,
n=a+blog (I) 2.16

where a and b are constants. The above equation (2.16) is nothing but the Tafel
equation. Tafel equation relates the rate of an electrochemical reaction to the
overpotential. The low value of Tafel slope suggests the high rate of reaction or fast
reaction kinetics while a high value of Tafel slope suggests the low rate of reaction or
slow reaction kinetics [60]. To determine the Tafel slope first the Tafel plots are
plotted from LSV curves for each electrode and then the linear component of the
Tafel plot is fitted with the above Tafel equation.

2.3.2.5 Electrochemical impedance spectroscopy (EIS):

The charge storage mechanism at an electrode electrolyte interface is studied
using EIS technique which is also called as an AC impedance spectroscopy. EIS
works on a wide range of frequencies beneficial for accurate determination of
resistances at an electrode electrolyte interface. The small AC signal (5 to 10 mV) is
applied to the SC cell over a wide range of frequency from 1 mHz to 1 MHz. The
output signals are the current response to the applied AC signals. The plot of
imaginary impedance against real impedance is called as the Nyquist plot [61, 62]. A
SC behaves as a pure resistor and capacitor at low and high frequencies, respectively.
Moreover, in the medium frequency range, the physical and morphological properties
of electroactive material play a crucial role in achieving the capacitance value and
serving as an association of resistors and capacitors.

Figure 2.20 illustrates a Nyquist plot with equivalent circuits and involves the
following circuit elements: R: ohmic resistance, Rs+R: charge transfer resistance,
CPE: constant phase element and W: Warburg impedance element. The EIS technique
is essential because it determines the frequency dependent and independent electrical
components from Nyquist plot. Equivalent circuit models based on basic electric
circuit elements such as capacitors and resistors are used to simulate complicated
electrochemical processes near the electrode-electrolyte interface [68]. Components
of equivalent circuits and the equations of their current-voltage relationships are
illustrated in Table 2.1.

Table 2.1: Common electrical elements.
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Component Current Vs. Voltage Impedance
Resistor E=1IR Z=R
Inductor E = L di/dt Z=joL

Capacitor | = C dE/dt Z=1/joC

The oxygen evolution reaction (OER) is considered to occur with numerous
elementary multi-step reactions such as adsorption, dissociation, charge-transfer and
desorption. Each of these elementary reactions is expected to contribute some
particular resistance to the overall operation, also called polarization. To perform an
insightful analysis of the oxygen evolution reaction at the thin film electrocatalysts in
the present study, electrochemical impedance spectroscopy (EIS) is employed.
Impedance is nothing but the AC resistance of the cell, which consists of imaginary
and real parts. The electrochemical cell contains resistive, capacitive and inductive
properties. Resistive properties involve in the real part, while capacitive and inductive
properties involve in the imaginary part. Figure 2.20 represents a typical Nyquist plot
obtained from EIS. Where Z* and Z” represent the real and imaginary parts of EIS,
respectively. The intercept of Nyquist plot to the X-axis (i.e. real part) in the lower
frequency region represents the solution resistance (Rs). While the intercept in the
higher frequency region represents the sum of a solution resistance (Rs) and charge
transfer resistance (Rc;). Hence the diameter of the semicircle is nothing but R. EIS in
present study is measured with a nominal root-mean-square amplitude potential (Vms)
of 10 mV, in the frequency range of 0.1 MHz to 10 mHz. The Warburg impedance is
smaller at higher frequencies, because the diffusing reactant does not need to go very
far. Also, real-axis intercept (at high frequencies) corresponds to the ohmic resistance.
At lower frequencies, the reactors have to diffuse more distance, increases the
Warburg-impedance. In Nyquist plot, Warburg impedance described by diagonal line
with an inclination of 45° arises due to mass transport of ions.

All electrochemical tests mentioned above (section 2.3.2) were analysed using
ZIVE MP; electrochemical workstation. The EIS measurement was performed at AC
amplitude of 5 mV in between frequency range of 0.01 Hz to 0.1 MHz at bias
potential of open circuit potential.
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Figure 2.20: A Nyquist plot with electrical equivalent circuit.
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3.1 Introduction:

The upcoming global energy crisis requires moderated solutions in terms of
energy storage and conversion that can lift the continuously increasing energy
demands. As of now, supercapacitors are being considered the face of the energy
storage solution which possess ability to fulfill energy demands. In addition, the
portable electronic devices and many new generation systems are being investigated
which requires the energy storage system to have safety and long cycle life.
Therefore, different materials are being studied vastly for the supercapacitor
application [1].

There are basically EDLC type and pseudocapacitive type materials which
mainly differs by their charge storing mechanism. However, current global
supercapacitor market largely rely on the supercapacitors based on EDLC type
material. Though, EDLC type materials have good stability, they do not reach up to
capacitance showed by pseudocapacitive materials. Therefore, it is needed to study
and develop an asymmetric device having EDLC as well as pseudocapacitive type
material that could exhibit high capacitance, moderated energy density, high stability
as well as long cycle life [2].

On the other hand, energy conversion also plays an important role for the
generation and supply of clean energy. In that context, H, generated through
electrolysis possess potential application towards the large scale production. The side
product of the electrolysis is O, which is also very useful in medical as well as other
fields. The O, is generated through oxygen evolution reaction (OER) in which
electro-oxidation takes place at the anode that generates O,. However, this OER can
be accelerated by using suitable catalyst that can enhance the rate of electrolysis. The
performance of a catalyst is measured on the basis of overpotential required for the
generation of O,. Therefore, a suitable electrocatalyst plays a crucial role in the
generation of O, through electrolysis [3].

The literature illustrates vast materials for the purpose of supercapacitor as
well as OER. Several inorganic materials have shown their promising applicability
towards the respective applications. Many ELDC and pseudocapacitive type materials
are employed for supercapacitor while RuO, and IrO, have proved their excellent
usage for OER. In addition, different synthesis strategies have been employed to
prepare various nanostructured materials including CBD, SILAR, hydrothermal etc.

that have significantly changed the structural, morphological and electrical properties
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of the material in order to enhance the performance [4]. However, scarce literature on
a single material can be found showing good applicability towards supercapacitor as
well as OER applications. Therefore, it is important to find a material that can shows
good performance for both the applications. In that context, CoWO, material has
recently gained much attention due to its favorable physico-chemical properties for
both the applications. Literature shows the synthesis of CoWO, by various methods
for the application of supercapacitor as well as OER.

Among the metal tungstates, CoWO, is a p-type semiconductor compound
which exhibit outstanding catalytic and electrochemical properties [5]. It shows high
chemical stability and possesses narrow size distribution with excellent phase
composition. Due to optical features, it has been utilized as an efficient photocatalyst
for environmental restoration. It exhibits superior electrochemical properties than
Co304material owing to the multiple valence states of Co, and W as well as higher
electrical conductivity [6]. Thus, CoWO;, is favorable electrode supercapacitor. Li et
al. [7] reported the preparation of CoWO, nanoparticles via hydrothermal method in
the mixture of deionized water and ethylene glycol as a solvent and achieved Cs of
1817.14 F g ' at a current density of 1 A g~'. Lokhande and Ji [8] prepared CoWOQ, by
hydrothermal process and reported Cs of 1372 F g' at a scan rate of 5 mV s '. Chen
et al. [9] used hydrothermal method to deposit CoWQ, on nickel foam substrate and 1
M KOH as an electrolyte used to study of supercapacitor properties The Cs found to
be 1127.6 F g™ with energy density 48 Wh Kg™ and power density 365 kW kg™
Stability was found to be 92.4 % for 3000 cycles. Ding et al. [10] prepared
C0304/CoWO, powder by hydrothermal method and reported C, of 331.6 F g with
70.2 % stability for 2000 cycles.

The CoWOQ, is quite competitive material to metal oxide and metal hydroxide
due to its electrochemical properties. Cobalt tungsten oxide has been investigated for
its catalytic activity for OER. Karkera et al. [11] formed Cobalt— Manganese
Tungstate on Ni mesh by hydrothermal a novel oxygen evolution anode in basic
media. It needs overpotential of 400 mV to drive current density of 10 mA cm™ and
its Tafel slope is 84 mV dec™. Luo et al. [12] deposited CoWO, on carbon paper using
electrodeposition method and obtained an overpotential 306 mV with 72 mV dec™
Tafel slope. Rani et al. [13] formed mixed metal tungstate XWO, (X= Co, Mn) and
reported an overpotential 310 mv for CoWQ,. The present chapter deals with the

synthesis of CoWQy thin films by SILAR method and their characterization.
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SECTION - A
Synthesis and characterization of CoWO, thin films
3.2A.1 Introduction:

To be considered as a good electrochemical electrode, the electrode material
must be inexpensive, scalable processing, high performance with high power density,
energy density and good electrochemical rate capability. From these point of view,
CoWO, electrodes are synthesized by simple, binder—less and low temperature
SILAR method.

The SILAR is also an effective method for deposition by layer-by-layer
assembling of material with easily control over the thin film thickness and large scale
area of on any type of substrate without use of binders [14]. It is based on successive
reaction on the substrate surface using different reacting precursor and hence
unnecessary bulk precipitation is avoided. In SILAR method, rapid growth rate results
into inappropriate thickness, therefore reaction rate should be controlled.
3.2.A.2. Experimental details:
3.2.A.2.1 Cleaning substrate:

A substrate with an impurity is responsible for the uncontrolled growth of
material and results in the deposition of a non-uniform thin film. Therefore, substrate
cleaning is critical for uniform film deposition. In this work, stainless steel (SS) is as
used as a substrate.

The procedure used for the SS substrate cleaning is as follow,

Step 1: The SS substrate is wiped with acetone to remove the dirt,

Step 2: The SS substrate is mirror polished using zero grade polish paper,

Step 3: After polishing, the substrate is cleaned with double distilled water (DDW);
and

Step 4: Finally, the substrate is ultrasonically cleaned in DDW for 15 minutes and
dried at room temperature.

3.2.A.2.2 Chemicals:

Analytical grade cobalt chloride (CoCl,-6H,0), sodium tungstate
(Na;WQ4.2H,0) and potassium hydroxide (KOH) were purchased from S. D. Fine
Chem. Ltd. and used without further purification. The SS substrates of thickness 0.5
mm (purchased from a local supplier) were used for film deposition. The KOH
(Sigma Aldrich, USA) was used to prepare an aqueous electrolyte. The DDW was

used throughout the experiment.
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3.2.A.2.3 Synthesis of CoWQO, thin films using SILAR method:

The CoWO, thin films were synthesized using AR grade cobalt chloride
hexahydrate (CoCl,.6H,0) and sodium tungstate (Na,WO,.2H,0) chemicals using
SILAR method on SS substrate of 1 x 5 cm? dimensions. Solutions of 0.1 M
CoCl,.6H,0 and 0.1 M Na,WO, were employed as cationic and anionic precursors,
respectively. The SS substrate was first dipped into Co®* ion containing solution for
adsorption process for 15 s. Then, the substrate was rinsed in DDW for 15 s to remove
loosely adsorbed Co** ions. Furthermore, the substrate was dipped in anionic
precursor for 15 s, where WO,* ions reacted with preadsorbed Co** ions to form
CoWO, layer. Again, SS substrate was rinsed in DDW for 15 s to remove loosely
bounded CoWO, molecules. Ideally in SILAR process, only a single layer of material
is deposited on the substrate in one cycle of deposition. Thus, a single SILAR cycle
forms a layer of CoWQ,; and such 120 cycles results in uniform and adherent thin
film. Figure. 3.1A shows photograph of SILAR machine used to deposit thin film
electrodes in the present study.

/’\‘B)
Repeated cycles
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Figure 3.1: A) Photograph of SILAR unit used to deposit thin film electrodes in the
present study, and B) schematic of SILAR method deposition of CoWQO, thin film.

Further, Figure 3.1B shows schematic of deposition of CoWQ, thin film by
SILAR method. In CoWO, thin film formation, ion-by-ion type deposition occurs via
nucleation sites over the substrate surface. The optimized preparative parameters;
such as concentration of anionic and cationic solutions, adsorption, rinsing and
reaction time periods, and total number of deposition cycles are summarized in Table
3.1
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Table 3.1: Optimized preparative parameters for deposition of CoWO, thin film by
SILAR method.

Cationic solution 0.1M CoCl; (pH = 4.60)
Anionic solution 0.1M Na;WO, (pH = 10.00)
Adsorption time in cationic solution (cobalt chloride) 15s

Reaction time in anionic solution (sodium tungstate) 155

Rinsing time in 2" and 4" beakers 15s

Number of deposition cycles 60, 90, 120, 150

3.2.A.2.4 CoWO, Film formation mechanism:

The thin film growth process in SILAR method is ion-by-ion adsorption at
nucleation sites on the immersed surface [4]. CoWO, thin film was developed by
immersing the substrate in individually placed cationic and anionic precursors with
rinsing between every immersion. The thin film growth is ion-by-ion adsorption at
nucleation sites on the immersed surface. The first precursor consists of Co®" ions

with pH ~ 4.6. The formation of Co" can be represented as,

CoCl, — Co* +CI* 3.1

When SS substrate is immersed in cobalt chloride (CoCl,) solution, Co*" ions
are adsorbed onto SS surface due to adhesive force and van der valls force on the
surface of a substrate. In the next step, a substrate is rinsed in DDW for removal of
loosely adsorbed Co®" ions. Further reaction is followed by immersion of the substrate
in Na,WO, anionic solution consisting of WO,> ions. The formation of WO,* ions

can be represented as,
Na,WO, — Na* +WO0,” 3.2

The chemical reaction between Co>" and WO42' 1ons leads to the formation of CoWQ;,

thin film as,

Co* +WO0,” — Cowo, 3.3
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Then CoWO; thin film was rinsed in DDW to remove loosely bounded CoWO,4
molecules from the substrate.

In SILAR method, thin film deposition proceeds in four different successive
steps viz. nucleation, aggregation, coalescence and growth of particle. In the first step,
nucleation takes place by the adsorption and reaction of Co?* ions with WO, ions on
the substrate which forms the nuclei required for the nucleation. This process
facilitates the nucleation process by providing enough ions to form the crystallites.
Further, these nucleation sites act as platform for the aggregation of particles by
attracting other cobalt and tungstate ions present in the solutions. In the next step,
these particles are merged with each other to form the larger particles. This process is
known as coalescence where all the small particles gather to form a large crystallites
of cobalt tungsten oxide. In the last step, the film formation takes place by the
stacking of layers of cobalt and tungstate ions giving rise to the growth of CoWQO, in
thin film form.

3.2.A.2.5 Thickness measurement:
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Figure 3.2: A) Photograph of cobalt tungstate thin film electrodes prepared at
different SILAR deposition cycles, and B) Graphical representation of thickness
variation with mass deposited of CoWQO, on SS substrate at 60 (CW60), 90 (CW90),
120 (CW120) and 150 (CW150) SILAR deposition cycles.

The thickness of the film is important since it influences electrochemical
properties of thin film electrode. The accurate measurement of CoWQ, film thickness
was not possible due to the rough morphology and porosity. The thickness of CoWQ,
thin film was determined by weight difference method using bulk density of CoWO,
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as (8.42 g.cm™). Photograph of cobalt tungstate deposited using different SILAR
cycles shown in Figure 3.2A. The graphs of thickness and mass loading of CoWO,
with deposition cycles are illustrated in Figure 3.2B.

The loaded mass of CoWO, material was measured for 60, 90, 120, and 150
cycles as 0.2, 0.5, 0.8, 0.6 mg cm, respectively. Consequently, the film thickness
increases up to 0.8 um for 120 cycles and decreases after 150 cycles due to the
formation of nonadherent particles on the surface. The thickness of film increases
with the number of cycles; however, once the thickness reaches its threshold value, it
decreases. In thin films, the adherency of the film tends to decrease upon certain
thickness due to overgrowth [15].
3.2.A.2.6 CoWOQ, thin film Characterization:

For determination of crystal structure of synthesized material, X-ray
diffraction (XRD) technique (Rigaku 600 miniflex) was used. The valence states and
chemical composition of CoWOQO, film were studied using X-ray photoelectron
spectrometer (XPS). The Fourier transform infrared (FT-IR) spectrum was recorded
using Alpha (11) Bruker unit. The surface morphology of film was observed using
field emission scanning electron microscope (FE-SEM) unit. The electrical resistivity
was measured using two point probe method. The surface area and pore size
distribution of film material were analyzed using Brunauer-Emmett-Teller (BET) and
Barrette-Joyner-Halenda (BJH) techniques, respectively. The Rame-Hart instrument
was used to find out water contact angle of thin film electrode. The electrochemical
performance of CoWO, thin film electrode was studied in 1 M KOH electrolyte using
ZIVE MP1 electrochemical workstation.
3.2.A.3 Results and discussion:
3.2.A.3.1 XRD analysis:

The X-ray diffraction patterns of bare SS substrate and CoWO, thin films
deposited on SS substrates at different SILAR deposition cycles are shown in Figure
3.3A. All the samples have a similar diffraction patterns. The diffraction peaks at are
well matched to the (110), (011), (-111), (002), (-102), (-202), (-113) and (-311)
planes of monoclinic structure of CoWQ, (JCPDS card no. 01-072-0479). The peaks
shown by an asterisk (*) in the pattern are of SS substrate. The thickness of CoWO,
thin films increases with an increase in the number of deposition cycles. Therefore,
with an increase in deposition cycles, the intensity of the diffraction peaks of SS

substrate gradually decreases while the intensity of diffraction peaks from CoWO,

Page 75



Chapter Il

increases. The presence of sharp and intense diffraction peaks in XRD pattern of
CW120 indicates its high crystallinity. Also, the absence of any other additional peaks
demonstrates the high purity of CoWO,.
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Figure 3.3: A) The XRD patterns, B) FT-IR spectra, and C) Raman spectra of CoWQ,
series thin films prepared at different deposition cycles.
3.2.A.3.2 FT-IR study:

The molecular bond vibrations in CoWO, thin films deposited at 60, 90, 120, and
150 cycles were investigated using FT-IR. The FT-IR absorption spectra in the
wavenumber range of 4000-400 cm*of CoWO, are shown in Figure 3.3B. The narrow
bands of Co-O along with W—O and W—-O-W observed in the low frequency region
(400-1000 cm™) [16]. The absorption bands at 450 cm™ belong to the deformation
modes of W-O bands in WO, The band at 604 cm™ represents Co-O stretching mode
whereas the adsorption band at 822 cm™ highlights W-O-W stretching vibrational

mode [17]. The presence of moisture leads to the band formation at 1388 cm™
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corrosponding to the —OH group. The peak at 1633 cm™ is due to the bending mode
of H-O-H from structural water. The strong intense band of the -OH stretching
vibration observed between wavelength of 3000-3800 cm™ is due to surface adsorbed
and structural water [18]. Thus, FT-IR spectrum analysis confirms formation of
hydrous CoWQO, material on the substrate.

3.2.A.3.3 Raman analysis:

The structure of cobalt tungstate material was studied using Raman spectrum.
The strength of bonding between the molecular structure and constituent atoms were
evaluated from Raman spectrum. In the case of CoWQ,, Co-O bonds have the same
bond length and W-O bonds have an asymmetric nature. The distorted crystal
structure forms due to asymmetric bonds. Therefore, the Raman spectrum is
influenced by tungstate octahedron peaks [19]. Figure 3.3C displays Raman spectra of
CoWO, series revealing seven peaks confirming the formation of CowO, on SS
substrate. All peaks correspond exactly to the characteristic monoclinic CoWQO, active
modes reported in the literature [20]. The main peak at 880 cm™' resembles to W=0
bond originated due to symmetrical stretching vibration. The peak of 686 cm™' depicts
O-W-0 bond originated due to asymmetric stretching vibration. The weak peaks
observed at 415 and 344 cm™' shows deformation and rotation indicating bridging W-
O bonds. The stretching vibration of Co—O bond is observed at 280 cm™ [21]. The
lowest wavelength peak seen at 204 cm™' is related to the off-plane vibration.
Therefore, the formation of CoWO, nanostructures is supported by Raman spectra
studies [22].
3.2.A.3.4 Field emission scanning electron microscopy:

It is known that, the performance of active material extensively depends on
morphology of electrode material. The material with microstructured morphology
may improve specific surface area allowing easy adsorption/desorption of electrolytic
ions that enhances electrochemical performance of the electrode. Figure 3.4 shows
FE-SEM images of CoWQ, thin films at two magnifications (10,000X and 25,000X).
The images show the correlation between the deposition cycles and morphology of
surface. The irregular arrangement of particles took place due to higher reaction
kinetics at alkaline baths where grain growth as well as nucleation occur together. The
FE-SEM images of CW60 film exhibited in Figure 3.4A and B, illustrate sponge-like
porous structure containing uniform nanoparticles. FE-SEM micrographs of CW90

thin film shown in Figure 3.4C and D indicate that the microstructure of thin film is
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Figure 3.4: The FE-SEM images of CoWQ, thin films deposited at different SILAR
cycles, (A, B) CW60, (C, D) CW90, (E, F) CW120 and (G, H) CW150 at 10,000 X
and 25,000 X magnifications.
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affected with deposition cycles. Figure 3.4E and F represent spongy nanospherical-
like structures connected to each other. As the deposition cycle of CowO, (CW120
thin film) increases, morphologically similar spherical nanoparticles are obtained with
some individual hypertrophic particles showing overgrown nanoparticles with a
compact morphology. Most crucially, spherical nanoparticles are connected to each
other, which efficiently help to carry electrons through the active material to the
current collector.

Similarly, CW150 thin film (Figure 3.4G and H) indicates a cluster of
nanoparticles, indicating that the sample consists of overgrown nanoparticles with an
uneven porous structure having compact morphology. Most importantly, the spherical
nanoparticles are interconnected with each other, which help efficiently to carry
electrons from active material to the current collector.
3.2.A.3.5 EDAX study:
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Figure 3.5: The EDAX spectra of A) CW60, B) CW90, C) CW120, and D) CW150
thin films (Insets show atomic percentages of constituting elements of CoWQ, thin
film).

The energy dispersive X-ray analysis (EDAX) plays an important role to find
out composition in the thin film material. The chemical composition of CoWO, thin
films was investigated by EDAX and presented in Figure 3.5A-D. The EDAX spectra

confirm the presence of Co, W and O elements in a material without any other
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impurity. The atomic percentage of Co in CW120 thin film is 16.13%, O is 65.37%,
and that of W is 18.50%. The atomic percentage of constituting elements for CoWO,
thin films is shown in inset of each image, shows uniform distribution of each
elements in the thin film. The CoWO, thin film formation was confirmed from the
EDAX analysis.

3.2.A.3.6 Contact angle measurement:

The surface wettability is one of the important parameter that affects the
electrocatalytic performance of an electrode. Therefore, the wettability study of the
CoWO, thin films was carried out using contact angle measurement. The contact
angles vary according to thin film content, surface morphology, particle size,

cleanliness, porosity, and surface roughness [23].
(A) i (B) i
(C) i (D) i

Figure 3.6: Contact angle images of A) CW60, B) CW90, C) CW120, and D) CW150
thin films.

The images showing contact angles for CW60, CW90, CW120, and CW150
are displayed in Figure 3.6 having values of 78, 61, 45 and 30°, respectively. Because
of the diverse morphologies, diverse contact angles are obtained. The material nature
keeps effective contact at electrode electrolyte interface that leads to minimal
resistance for transfer of charge. The rough morphology of CowO, thin film brings
about higher hydrophilicity. In general, maximum interaction between electrode and

electrolyte is desirable for optimal performance in case of electrochemical established
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applications [24]. Therefore, superior supercapacitive and electrocatalytic behavior
can be forecasted for film presenting at small contact angle (sample CW120).
3.2.A.3.7 BET study:

The high specific surface area of the material enhances the rate of reactions
owing to increased number of reaction sites on materials surface [25]. The specific
surface area of CoWO, nanoparticles along with pore size distribution was examined
at 77 K using BET and BJH techniques, respectively. The N, adsorption isotherms of
CW120

nature of isotherm (type 1V) suggests the presence of mesopores structure of CoWO,.

in the relative pressure between 0 to 1.0 are shown in Figure.3.7A. The

The specific surface area of CW120 is 60 m* g signifies the applicability of SILAR
method for the preparation of CoWO, electrode material with high surface area.
Zhang et al. [26] prepared CoWO, by hydrothermal method and reported specific
surface area of 49.3 m? g™. The BJH curve presenting pore size distribution curve of
CW120 is shown in Figure 3.7B. The observed average pore radius 1.8 nm is smaller
than the previous reports of CoWOy; such as Taneja et al. [27] reported an average
pore radius (12.68 nm) for CoWO, material synthesized by hydrothermal method.
Room temperature synthesis and precise control over reaction in SILAR method
enable preparation of microporous CoWQO, material. Lower average pore size and
higher specific surface area are beneficial for electrochemical reactions which provide

more electroactive sites.
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Figure 3.7: A) Nitrogen adsorption —
distribution curve of CW120 thin film.
3.2.A.3.8 XPS study:

The oxidation states and chemical components in CW120 thin film were

desorption isotherms, and B) pore size

identified using XPS technique. The wide survey scan of CW120 thin film is
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presented in Figure 3.8A The presence of Co2p, O1s, and W4f peaks in the spectrum
confirms possible formation of CowO,. The deconvoluted spectrum of Co2p is
shown in Figure3.8B.For Co2p, the binding energies for Co 2pi;, and Co 2psp, are
noted at 796.87 and 780.71 eV, respectively. The difference between the binding
energies (BE) of Co 2pi, and Co 2p3, is characteristic of the chemical state of the
cobalt ion. For instance, Co 2p1; — Co 2ps» = 16 eV resembles the presence of Co?*

ions, whereas a BE difference of ~15 eV signifies that the presence of Co®" ions.
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Figure 3.8: The XPS spectra of CW120 thin film: A) survey spectrum, B) Co2p
spectrum, C) WA4f spectrum, and D) O1s spectrum.

In this study, the difference in BE is noted to be ~16 eV, revealing the
existence of Co? ions. In addition, the corresponding satellite peaks appeared at 803.3
and 786.59 eV for Co 2pi, and Co 2psp, respectively, which further confirms the
presence of Co?* ions [28, 29]. As illustrated in Figure 3.8C, the spectrum of O1s
shows major peak at 531.13 eV corrosponding to the metal oxygen bond [30]. Figure
3.8D shows W4f spectrum which is disassembled in to four peaks correspond to W®*
and W°* state. The binding energies of 37.65 and 35.53 eVs refering to the WA4fs, and
W4f,, states of W®*, while the peaks at 36.01 and 38.26 eV correspond to W>*. The
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binding energy values observed for tungsten are close to those reported for WOsg,
confirming tungsten to be in a hexavalent state. The spin orbits separation of 2.09 eV
indicates good arrangement for W with +6 valance in the compound [31]. The
formation of CoWQy is thus confirmed by XPS results.
SECTION - B
Supercapacitive evaluation of CoWQO, thin films by SILAR method

3.2. B. 1 Introduction

The present section deals with the electrochemical measurements of SILAR
prepared CoWOQy thin films in 1 M KOH. This section includes the CV, GCD and EIS
measurements. These electrochemical tests are essential to decide the superior
electrode material for fabrication of supercapacitor device. Moreover, the effect of
scan rate, current density and electrochemical durability of CoWO, thin films are
investigated.
3.2.B.2 Experimental setup for supercapacitative measurements:

For investigation of electrochemical measurements of CoWQ, thin films, the
three electrode system was used which includes CoWO, thin film, platinum plate and
saturated calomel electrode (SCE) as a working electrode, counter electrode and
reference electrode, respectively in 1 M KOH electrolyte. The working electrode area
was 1 cm?. Figure 3.9 (A, B) show the actual experimental set up and schematic for
the electrochemical study, respectively. The supercapacitive properties of CoWO,
electrode such as Cs, Ep, Pp, and electrochemical stability were studied using CV,
GCD and EIS techniques. The CV and GCD studies were conducted using ZIVE MP1
electrochemical workstation in the range of frequency from 0.001 Hz to 1 MHz with
AC amplitude of 10 mV.
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Figure 3.9. A) Experimental setup consisting of (up) automatic battery cycler with CV
cycles graph on monitor and (down) three electrode system and B) schematic
representation of three electrode system.

3.2.B.3 Results and discussion:

3.2.B.3.1 The CV study:

Figure 3.10A shows the CV curves of CW60, CW90, CW120, and CW150
electrodes at scan rates of 100 mV s™ in the potential window of 0 to +0.65 V//SCE.
The shape of all CV curves reflects a nearly symmetric and rectangular shape, similar
to the ideal capacitive behavior. From CV curves, it is seen that strong oxidation and
reduction peaks for CoWO, arise at a potential of -0.57 and -0.79 V/SCE,
respectively. The area under CV curves is directly proportional to the scan rate. The
current response of CW120 film electrode in CV curves is more, indicating CW120
may facilitate fast electronic and ionic transport. The increase in current passing
through the scan rate exhibits the exceptional use of electrode substance with
electrolyte owing the electrochemical reaction [32].

The effect of scan rate on specific capacitance is illustrated in Figure 3.10 B.
The maximum values of Cs observed for CW60, CW90, CW120, and CW150
electrodes are 304, 482, 714 and 590 F g, respectively at 5 mV s* scan rate. At a

lower scan rate, K* ijons from KOH electrolyte take more time for
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intercalation/deintercalation reaction, which gives more charge transfer during a low

scan rate compared with higher scan rates.
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Figure 3.10. A) Comparative CV curves of CoWQ, thin films at a scan rate of 100
mV s, B) variation of Cs with the scan rates, and the CV curves at various scan rates
from 5- 100 mV s™ of C) CW60, D) CW90, E) CW120, and F) CW150 thin film
electrodes.

The decrease in Cs with a rise in a scan rate is due to the least time available

for reversible redox reactions at higher scan rate. At higher scan rate, all the
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electrolyte ions do not undergo reversible redox reaction due to time constraint so Cs
decreases with the scan rate. The increase in current response with the scan rate is
observed for all thin film electrodes. From the CV curves it is concluded that CoWO,
thin film electrodes may be used as an electrode material at various current ratings.
The CV curves of CW60, CW90, CW120, and CW150 thin film electrodes at
different scan rates from 5 to 100 mV s are shown in Figure 3.10C-F. The increase
in current response with the scan rate is observed for all thin film electrodes. From the
CV curves one can conclude that CoWO, thin film electrodes can be used as an
electrode material at various current ratings.

3.2.B.3.2 The GCD study:
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Figure 3.11: A) Comparative GCD curves of CoWOQ, thin film electrodes at a current

density of 1 A g™, B) variation of C with the current densities, and the GCD curves at
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various current densities from 1-5 A g* C) CW60, D) CW90, E) CW120, and F)
CW150 thin film electrodes.

The GCD curves at a current density of 1 A g* for CowQ, electrodes
deposited at 60, 90, 120, and 150 cycles are shown in Figure 3.11A. The GCD profile
of CoWO, film electrode is nontriangular indicates charge storage from the surface
redox reactions [33]. The values of Cs calculated using Eg. 2.7 are 290, 409, 680 and
500 F g* for CW60, CW90, CW120, and CW150 film electrodes at charge discharge
current density of 1 A g™. The easy ion transfer path is delivered by the surface of the
electrode, which changes the intercalation/deintercalation rate by decreasing the
internal resistance (IR) of material [34]. Variation of Cs with the current density is
shown in Figure 3.11B.

An increase in IR and time constraint for the reversible redox reactions at
higher applied current densities cause a decrease in Cs with rising applied current
density. The GCD plots of CW60, CW90, CW120, and CW150 electrodes at different
current densities are shown in Figures 3.11C-F. The nontriangular GCD profiles
suggest that charge storage is of the pseudocapacitive type. The highest discharge
time is observed for CW120 electrode compared with other electrodes, which indicate
excellent electrochemical performance.
3.2.B.3.3 Stability study:

The stability was investigated for all CowWO, electrodes over 3000 GCD
cycles at a current density of 5 A g™ and the capacitive retention plot for CW120 is
presented in Figure 3.12. The capacitive retention for CW120 electrode is 94%. As
the thickness of film electrode increases, more electrochemical stability of the film
electrode was observed.
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Figure 3.12: Capacitance retention for CW120 electrode for 3000 repeated GCD
cycles (Inset GCD curves at 1 and 3000™ cycles).
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SECTION-C

Electrochemical characterizations of CoWO, thin films for OER
3.2.C.1 Introduction:

The present section deals with the electrochemical measurements of SILAR
prepared CoWO, thin films in 1 M KOH. This section includes the LSV, Tafel slope,
ECSA, and EIS measurements. These electrochemical tests are essential to decide the
superior electrode material for electrocatalytic performance. Moreover, the effect of
overpotential, current density and electrochemical durability of CoWQ, thin films are
investigated.
3.2.C.2 Electrochemical characterization:
3.2.C.2.1 LSV and Tafel slope:

The OER activity of CoWO, thin film electrodes was evaluated by performing
linear sweep voltammetry (LSV) in 1 M KOH solution. The potential of working
electrodes was swept linearly from 1.1 to 1.7 V vs RHE at a 2 mV s scan rate. The
LSV of bare SS substrate was also measured at similar conditions, to compare the
performance of CoWO, thin film electrodes. The obtained LSV curves are shown in
Figure 3.13A. The catalytic activity is measured in terms of overpotential, calculated
using equation (2.9) (given in the previous chapter), required to achieve a current
density of 10 mA cm™. The overpotential required for bare SS substrate to reach 100
mA cm™ current density is 500 mV. The absence of any active material, hence
catalytically active sites, bare SS substrate requires such high overpotential to reach
benchmarking current density. The value of overpotential further decreases with an
increase in deposition cycles. CoWO, deposited with 60 and 90, 120, and 150 SILAR
cycles i.e., CW60 and CW90, CW120, and CW150 require 420, 370, 320 and 340 mV
overpotential to reach 100 mA cm current density is shown in Figure 3.13B. For the
CoWO, thin film electrode deposited with 120 deposition cycles, 320 mV
overpotential is required to reach 100 mA cm™ current density. When compared with
bare SS substrate, there is a decrement in overpotential due to the deposition of
CoWO.,.

Hence, the electrochemical OER activity increases with an increase in the
number of SILAR cycles. The high overpotential of bare SS substrate than CoWQ,
thin film electrode suggests poor catalytic activity of bare SS substrate. Therefore, it

can be concluded that SS substrate does not contribute to the catalytic performance of
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thin film material. It is observed in the LSV curves, as the number of deposition
cycles increases, the current density at higher potentials (> 1.48 V vs RHE) also
increases. The mass loading of CoWO, has increased with increase in the number of
SILAR cycles. Also, at a scan rate of 2 mV s, the electrolyte gets sufficient time to

interact with electrode material, as well as the diffusion of electrolyte into electrode is

maximum.
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Figure 3.13: A) The polarization curves at the scan rate of 1 mV s™, B) overpotential
values for CW catalyst at 100 mA cm 2, and C) Tafel plots extracted from LSV
curves of CoWOq thin film electrocatalysts prepared at different deposition cycles.
Hence, the interaction of electrolyte and electrode material increases with the
increase in the number of deposition cycles. Therefore, the current density increases
with number of deposition cycles of CoWQ,. These results suggest the importance of
optimization of mass loading of active material on substrate. To extract the Tafel
slope from LSV curve, the current density is first converted into a logarithmic scale.
The log of current density is then plotted against overpotential (by subtracting 1.23 V
from measured values). The resultant graph is called the Tafel plot. The Tafel plots
for all CoWQq thin film electrodes are shown in Figure 3.13C. The slope of these

Tafel plots is nothing but the corresponding Tafel slope. The bare SS substrate
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possesses a Tafel slope of 157 mV dec'. While, A) CW60, B) CW90, C) CW120,
and D) CW150 electrodes possess 150, 143, 110 and 130 mV dec™' Tafel slopes,
respectively. This indicates fast reaction kinetics with increasing deposition cycles.
The large Tafel slope of bare SS substrate than CoWQ, thin film electrocatalysts may
be due to the absence of any catalytically active material and hence catalytically
active sites. Hence, CoWQ, thin film electrocatalysts deposited with 120 SILAR
cycles i.e. CW120 required low overpotential and have fast reaction kinetics than
others. A rough and porous surface of CW120 might have provided more catalytically
active sites open to the electrolyte, due to which the total OER reaction increases than
other electrodes.

3.2.C.2.2 Electrochemical active surface area:

The electrochemically active surface area (ECSA) of CoWO, thin film
electrocatalysts is estimated from the electrochemical double-layer capacitance (Cgj).
To obtain Cq, cyclic voltammetry (CV) at varied scan rates (25-125 mV s?) is
performed in a narrow potential window of +1.0 to +.1.15 V vs RHE, where no
faradic reaction is observed. The obtained CV curves at different scan rates for all
electrocatalysts are shown in Figure 3.14 (A-D). In this potential window, the current
is generated only for charging of a double layer. From CV curves, the current density
is measured @ 1.31 V vs. RHE and plotted as a function of scan rate, as shown in
Figure 3.15. The plots show linear nature and slope of it is nothing but the ‘Cg’ [35].
The ‘Cy’ can be further converted into ECSA using the specific capacitance value of
a standard 1 cm? flat surface which is normally between 0.02-0.06 mF cm™ for
alkaline medium [34]. Therefore, an average value of 0.04 mF cm™ is used in the
calculation by equation (2.3). The values of ECSA obtained for samples CW60,
CW90, CW120, and CW150 are 2.8, 6.15, 8.22, 11.36 and 12.16 cm?, respectively.
Hence, cobalt tungsten oxide thin film electrocatalyst deposited with 120 SILAR
cycles i.e. CW120 possess higher ECSA. The higher ECSA value of sample CW120
compared to other electrodes can be attributed to the surface roughness. The rough
and porous morphology of CW120 probably has more open sites than the smooth
texture which acts as catalytic active sites. Figure 3.15 shows current density vs. scan
rate plots obtained from CV curves for A) CW60, B) CW90, C) CW120 and D)
CW150. The values of Cq are 0.10, 0.13, 0.24, and 0.17 mF cm™ or CW60, CW90,
CW120, and CW150 thin film electrodes, respectively.
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Figure 3.14: The CV curves in a potential window of +1.1 to +1.15 V vs RHE for A)
CW60, B) CW90, C) CW120 and D) CW150.
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Figure 3.15: Current density vs. scan rate plots obtained from CV curves for A)
CW60, B) CW90, C) CW120 and D) CW150.
3.2.C.2.3. Electrochemical impedance spectroscopy and stability:

The electron and charge transferability during the electrochemical process is

studied using the electrochemical impedance spectroscopy (EIS) technique. The Figure

Page 91



Chapter Il

3.16 shows the Nyquist plots of A) CW60, B) CW90, C) CW120 and D) CW150
electrodes in frequency range of 0.1 kHz to 1 MHz with bias potential 10 mV. All

Nyquist plots consists of partial semicircle in high frequency region and straight line
in low frequency region. The slope of straight line in the low frequency region at 45°
gives Warburg resistance (W). The Nyquist plots of CoWO, display the small
semicircle in the high frequency region indicating the low series resistance (Rs) and
charge transfer resistance (Rc). This is mainly ascribed to its good diffusion rate due
to higher surface area. The solution resistance (R;) values of 0.69, 0.65, 0.67, and 0.70
Q cm™ and charge transfer resistance (Re) of 44.98, 48.71, 55.90 and 83.80 Q cm™
are observed for CW60, CW90, CW120 and CW150 electrodes, respectively. The
Zview EIS data analysis software was used for experimental data fitting and the fitted
values are provided in Table 2. The smaller R¢; values signify faster charge transfer
between electrode and electrolyte. As known, the smaller R, means faster charge
transfer rate in the reversible reaction between electrode and electrolyte. Therefore,
being a CW120 electrode of smaller R among all samples has superior charge
transfer rate. The high specific surface area can increase charge transfer rate, enhance
contact area between electrode and electrolyte, so as to decrease the charge transfer

resistance [20].
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Figure 3.16: Nyquist plots (obtained from EIS) of CoWO, electrode prepared at

different deposition cycles.
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Table 3.2: Electrochemical impedance spectroscopic fitted circuit parameters for
Nyquist plots of CoWO, thin film electrodes.

Parameters Electrocatalysts
Cwe0 CwWa0 Cw120 CW150
Rs (Q cm™) 0.69 0.65 0.67 0.70
Ret (Q cm?) 44.98 48.71 55.90 83.80
CPE (F) 13.80 6.20 6.80 7.00
A 180
& 1604 — Initial
w 1.5 g —— After24 h
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Figure 3.17: A) 24 h stability test of CW120 electrode at 10 mA cm™, B) The LSV
curves measured before and after stability study, and C) Tafel plots extracted from
LSV curves before and after stability study.

The stability of electrocatalyst is also an important criterion to assess the

performance of the catalyst in practical applications. Herein, the electrochemical
stability of CW120 electrocatalyst towards OER is measured by chronopotentiometry

mode at a constant current density of 10 mA cm™ for 13 h (Figure 3.17A). The
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CW120 electrocatalyst displays a negligible change in the polarization curve after 24
h of continuous oxygen evolution, as shown in Figure 3.17B, indicating good stability
towards the OER. Figure 3.17C shows Tafel slope of CW120 electrocatalyst,
extracted from LSV graphs, before and after stability test. The value of Tafel slope
increased from 110 to 122 mV dec™. This may be due to the blocking of some
catalytically active sites during the long term OER.

3.3. Conclusions:

In conclusion, SILAR method is developed to prepare nanocrystaline CoWO,
film electrodes directly on SS substrate. The mass loading of CoWQ, as thin film
electrodes is significantly changed with the number of deposition cycles which
influenced the surface morphology. CW120 showed maximum Cs of 590 F g™ at the
scan rate of 100 mV s™ in 1 M KOH electrolyte. The surface texture of thin film was
like nanospheres, possessing a specific surface area of 49.3 cm? g™ and an average
pore radius of 12.68 nm. The mesoporous surface showed a hydrophilic nature. Lower
resistive parameters such as Rs (0.88 © cm™) and R (4.5 Q cm™) as well as capacitive
retention of 88 % after 3000 GCD cycles of CW120 thin film electrode are ascribed to
its nanostructured morphology consisting of nanospheres that provides easy access for
electrolyte ions. The present strategy provides a new opportunity for promoting
further development of SCs by enhancing the involvement of the nanocrystalline and
mesoporous materials. As an impact of change in morphology and mass loading,
CW20 (deposited at 120 SILAR cycles) thin film electrode exhibited an efficient
electrocatalytic OER performance with 320 mV overpotential at 10 mA cm™ and
Tafel slope 110 mV dec™. The rough, porous surface and binder free synthesis are the
main reasons for high ECSA (47 F cm™) and low R values (4.5 Q) which enhance
OER performance of CW120 thin film electrode. Also, this study gives the
importance of optimization of mass loading of catalyst material on the substrate. As
the SILAR method is useful for large scale deposition, it can be scaled up for the large
scale production of CoWQ, films.
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Chapter IV

4.1. Introduction:

The composition of pseudocapacitive materials with modified graphenes (rGO
and GO) has been widely studied due to their exceptional characteristics, particularly
high surface area, moderate electrical conductivity, and good thermal stability [1].
Different morphologies can be achieved by employing composition. Also, the
composition of pseudocapacitive materials with EDLC materials shows an effective
way to enhance electrochemical cycling stability. The functional groups attached to
the rGO such as -COOH, -OH, -CHO, etc., provide excellent defect sites for the
growth of pseudocapacitive material [2]. However, the binder free synthesis of the
composite electrode on the conducting current collector is still a challenge [3].

SILAR is a facile and low cost thin film deposition method used to synthesize
variety of nanostructures via governing parameters like temperature, time, and
precursor concentration. Therefore this method is effective in preparing composite
materials for various application. In this investigation, cobalt tungstate/reduced
graphene oxide (CoWO,@rGO) composite materials were synthesized using SILAR
method. This method replaces the conventional drop casting method where, the
synthesized composite materials are in powder form and they are deposited on SS
substrates which create dead volume caused by tedious process of mixing active
material without binders [4].

In the present work, effect of change in concentration of rGO on physico-
chemical properties, and their effect on the supercapacitive as well as electrochemical
water splitting in terms of OER are studied. Meanwhile, pristine CoWO, 120
(CW120) and CowO,@rGO composite (CoWO,@rGO) at different concentrations of
rGO (0.05, 0.10, 0.15, 0.20, and 0.25 mg mL™ concentration) are synthesized and
compared their electrochemical study to investigate the best performing
electrocatalyst. Present investigation gives the detailed study of CoWO,@rGO
composite materials and their physico-chemical characterizations. Further, analysis of
thin film deposited electrodes were done for the supercapacitive and electrochemical
splitting of water in the forms of OER properties were studied.

SECTION - A
Synthesis and characterization of CoWO,@rGO composite thin film electrode
4.2.A.1 Experimental details:

4.2.A.1.1 Materials used and substrate cleaning:
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To prepare rGO, analytical grade sulfuric acid (H,SO,4), sodium nitrate
(NaNO3), graphite flakes, potassium permanganate (KMnO,), hydrochloric acid
(HCI) and hydrogen peroxide (H,O,), etc. chemicals were required. For the synthesis
of CoWO,@rGO, cobalt chloride (CoCl,.6H,0) and sodium tungstate (NaWO,4 2H,0)
were, purchased from Thomas Baker. The SS substrates were cleaned by acetone and
DDW.
4.2.A.1.2 Synthesis of reduced graphene oxide (rGO):

The Hummers method was used to synthesize GO [5]. First of all, NaNOs3 (2.5
g) and graphite flakes (5 g) were mixed in H,SO,4 in 1 L Beaker (120 mL) and stirred
for 30 min at room temperature. After 30 min, the reaction bath was kept in ice to
maintain the reaction temperature bellow 5°C. After that, KMnO, (15 gm) was slowly
added to the reaction bath [rate:~1g/6min].

2 g Graphite Powder +
100 mL H,SO, + NaNO - :
i 2 Graphite
Stirringl in Ice bath Washing with DDW
until pH ~ 7.5
Slow addition of
8 g KMnO; Heating
368k ff 3h
StirringlAfter 1h w0~ on Addition of
e ' ~* e ," . hydrazine hydrate
Sol}xtlon diluted | ,;_-",‘ - - -N _".\ - coo (5mL/L) to
with 100 mL T e o suspension of GO
DDW
Reduced Graphene I‘
S"”'"?l Oxide (rGO)

S u Tachi Washing with
Again diluted Addition of Washing 4
with300m;, M SmLof NP slurrywith mmmp DDW until pH ~

DDW Stirring ~ 30% H,0, 5% HCl 6.5

Figure 4.1: Schematic flow chart of rGO synthesis.

After completion of addition, the prepared mixture was stirred for 6 h at room
temperature. After 12 h, the colour of solution was changed from black to dark
reddish. Later, DDW (50 mL) was added and reaction temperature was increased to
95 °C for 30 min (color changes to brown). The 50 mL mixture of 30 % H,0O, and 150
mL DDW was slowly added while maintaining temperature of solution at room

temperature. During the addition of H,0,, the color of solution turns dark brown to

Page 98



Chapter IV

yellow. Furthermore, 100 mL solution containing 25 mL HCI and 75 mL DDW was
added in the mixture for washing purpose (color changes to blackish brown). Then,
resultant mixture was centrifuged at low rpm (2000) to remove unreacted graphite
flakes and further centrifuged at high rpm (10000) several times to wash GO
nanosheets until pH becomes ~5, to obtain brown colored GO solution. From
hydrazine hydrate process we convert GO solution to rGO. The whole process of
synthesis of the rGO is schematically represented in Figure 4.1. The schematic of
SILAR method for prepration of CoWO.,@rGO thin film preparation is shown in
Figure 4.2.

4.2.A.1.3 Synthesis of CoWO,@rGO:

The concentration of rGO suspension was calculated by drying 1 mL of rGO
solution at temperature of 373 K and then measuring its weight. From the determined
concentration, dispersions of rGO with concentration of 0.05, 0.10, 0.15, 0.20, and
0.25 mg mL™* were prepared in DDW. The rGO sheets were deposited on SS substrate
using layer by layer method followed by single deposition cycle of CoWO,
nanoparticles using the SILAR method. Where, the SS substrate was dipped in rGO
solution for 60 s for adsorption of rGO sheets, followed by insertion in cationic
solution for 20 s, to adsorb Co®" ions. In this process, some Co?* species may react

with extraplanar hydroxyl or carboxyl groups of rGO sheets.

.
"

Sl ]F 'II" ]I’

Substrate

&0)

S

rGO CoCl, DDW Na,WO, DDW

Figure 4.2: The schematic of SILAR method for prepration of CowWO,@rGO thin film

on SS substrate.
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Figure 4.3: A) Photograph of CowWO,@rGO composite deposited using SILAR
method, and B) The variation of CoWO,@rGO composite series thickness and mass
of electrodes with the different concentrations of rGO deposited on SS substrate.

To remove loosely bound Co?* ions, SS substrate was rinsed in DDW for 25 s
subsequently, and dipped in the anionic precursor (WO,*) for 20 s for reaction and
again rinsed in DDW for 30 s. In this way, a cycle of CoWO,@rGO deposition was
completed and 100 such cycles were repeated with different concentrations of rGO
suspension. The process of deposition was carried out using an automated SILAR
coating system (HOLMARC-HO-TH-03A). Thin film growth becomes uniform as
both rGO sheets and CoWO, have hexagonal structure. The synthesized
CoWO,@rGO composite thin films prepared with 0.05, 0.10, 0.15, 0.20, and 0.25 mg
mL™ concentrations of rGO suspension are denoted as CWRO0.05, CWRO.10,
CWRO0.15, CWR0.20 and CWRO0.25, respectively. The photograph of CowO,@rGO
composites is shown in Figure 4.3A, the graph of thickness and mass loading of
CoWO,@rGO composites is illustrated in Figure. 4.3B.
4.2.A.2 Results and discussion:
4.2.A.2.1 Material Characterization:
4.2.A.2.1.1 XRD analysis:

The XRD patterns of CW120 CWRO0.05, CWR0.10, CWRO0.15, CWRO0.20,
and CWRO0.25 thin films are shown in Figure 4.4A. Intense peaks correspond to (100),
(011), (-111), (002), (-102), (202), (-113), and (-311) planes of hexagonal crystal
structure of CoWO, (JCPDS card no. 01-078-0877) [6]. The variation in the peak
intensity at (-111) indicates that the concentration of rGO affects the growth rate of

CoWOQ, nanoparticles on rGO sheet. The calculated ‘d’ values (from Eq. 2.2) match
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well with standard ‘d’ values which confirm the hexagonal crystal structure of
CoWO, in CoWO,@rGO thin films. The prominent diffraction peaks observed for
CoWO,@rGO thin films are different from that of CoWQy, thin films. The crystallite
size calculated using Scherrer’s formula (Eq. 2.2) along (-111) plane is 0.35 nm.
Compared to the crystallite size of COWQ,, crystallite size of CoWO,@rGO is higher.
The XRD peaks highlighted by the symbol * correspond to the SS substrate. No other
diffraction peak is observed indicating the absence of any other impurity. The XRD
study confirms that the composition of rGO with CoWO, affects growth of CoWwO,
particles.

4.2.A.2.1.2 FTIR analysis:

The FT-IR spectra in the wavenumber range of 4000-400 cm™* for CW120,
CWRO0.05, to CWRO0.25 thin films are shown in Figure 4.4B. The deformation mode
of W-O bonds in WOy is observed at 428 cm™. The Co-O stretching mode is observed
at 616 cm™. A sharp peaks at around 817 cm™ assigned to the characteristic absorption
of CoWO,. The peak at 1370 cm™* corresponds to -COOH symmetric stretch [7, 8].
The broad peak at 1625 cm ™ indicates the presence of sp® bond of C-C in rGO. The
peaks at 2258, 2666 and 2916 show stretching vibration mode. Also, peak at 3281
cm ! is associated with bonded and nonbonded -OH groups from adsorbed water
molecules. Compared to FT-IR spectrum of CoWQO, thin films, additional absorption
bands from the rGO is observed in the CoWO,@rGO thin films [9]. From the results,
the formaion of CoWO,@rGO on SS substrate was confirmed.
4.2.A.2.1.3 Raman analysis:

The Raman spectra of CowWO, and CWR series are shown in Figure. 4.4C.
The G bands at ~1608 cm™ are characteristic of sp? hybridized carbon-carbon bonds
in graphene while the D bands at ~1346 cm™ are characteristic of lattice distortions
and sp-like defects caused by the oxidation process. In the case of CoWO,, Co-O
bonds have the same bond length and W-O bonds have an asymmetric nature. The
distorted crystal structure forms due to asymmetric bonds. Therefore, the Raman
spectrum of tungstate enclosing molecules is influenced by tungstate octahedron
peaks [10]. All peaks correspond exactly to the characteristic monoclinic CowO4
active mode reported in the literature. The main peak at 880 cm™* corresponds to
symmetrical stretching vibration of terminal W=0O bond. The peak of 767 and 680
cm * reaches to the asymmetric stretching of O-W-O vibration mode bridges. The

weak peaks observed at 405 and 340 cm * meet to deformation and rotation indicate
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bridging W—O bonds. The stretching vibration of Co—O bond observed at 280 cm™
[11]. The lowest wavelength peaks seen at 195 and 132 cm* is related to the off-
plane vibration. Therefore, the formation of CoWO, nanostructures is supported by
Raman spectra studies. In the spectra of CoWO,@rGO nanocomposites, the
characteristic peaks of CoWQ, and rGO still exist, indicating the successful synthesis

of their composites.
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Figure 4.4: A) XRD patterns, B) FT-IR patterns, and C) Raman spectra of CWR thin
films deposited using different concentrations of rGO suspension.
4.2.A.2.1.4 Field emission scanning electron microscopy:

Microstructures of CoWwO,@rGO thin films investigated from FE-SEM
analysis, the microstructure at different magnifications are shown in Figure 4.5 (A-L).
Figure 4.5 (A-B) indicates microstructure of CW120 thin film exhibits spherical-like
nanoparticles. Figure 4.5 (C-D) shows morphology of the CWRO0.05 thin film at
10,000X and 25,000X magnifications, displaying a discontinuous and irregularly

arranged rGO sheets structure. As increase in concentration of rGO discontinuous and
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irregularly arranged rGO sheets are observed from Figure 4.5 (C-L). The FE-SEM
images at 10,000X magnification indicate rGO network is interconnected by CoWQO,

nanoparticles and the nanoparticles are sandwiched between rGO sheets.
bl o

10000 X

25000 x 8 25000 X 25000 X

10000 X 10000 X

25000X

Figure 4.5: FE-SEM images of A-B) CW120, C-D) CWR0.05, E-F) CWRO0.10, G-H)
CWRO0.15, 1-J) CWRO0.20, and K-L) CWRO0.25 at the magnification of 10,000X, and
25,000X.

The rGO sheets are uniformly coated with CoWO, nanoparticles in all thin
films prepared at various concentrations of rGO suspension. These nanoparticles
prevent the stacking of rGO sheets and provide easy access to electrolyte ions at the
bulk of electrode material through diffusion [12-14]. Compared to FE-SEM images of
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CoWO, thin films (Figure 3.4), the pores are observed on topography of
CoWO,@rGO thin films. These pores are beneficial for the diffusion of electrolytic
ions.

4.2.A.2.1.5 EDAX study:

The EDAX plays an important role to find out composition in the thin film
material. The chemical composition of CoWwO,@rGO thin films deposited using
different concentrations of rGO suspension was investigated by the EDAX. The
EDAX spectra of CoWO,@rGO thin films are shown in Figure 4.6A-D. The atomic
percentages of C, O, Co, and W elements are shown in the inset of each spectrum,

which confirm the composite nature of the thin films.

At %
8.33
63.06
Co 14.40
14.20
Total: 100

At %

1233

59.82
Co 14.05
w 13.80
Total: 100

Ful Scale 430 cts Cursor: 0.000 eV

Figure 4.6: The EDAX spectra of A) CWRO0.05, B) CWRO0.10, C) CWRO0.15, D)
CWRO0.20 and E) CWRO0.25 thin films (Insets show atomic percentages of constituting
elements).

The approximately similar atomic percentage of Co, W and O indicates the

possible formation of CoWO4 on rGO sheets. Slightly higher content of oxygen
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shows effective oxidation of the graphite flakes into rGO sheets. The rGO sheets have
nonplaner oxygen containing groups which allow the growth of CoWO4
nanoparticles, and also, these groups provide more active sites for interaction with K+
ions from electrolyte, which may increase the energy storage capacity of a composite
thin film [15].

4.2.A.2.1.6 Surface Wettability:

The contact angle measurement was carried out in order to study the
interfacial properties between water and electrode. The hydrophilic or hydrophobic
nature of material can be confirmed by contact angle [54]. The water contact angle
photographs of A) CW120, B) CWR0.05, C) CWR0.10, D) CWR0.15, E) CWRO0.20,
and F) CWRO0.25 composite films presented in Figure 4.7 show contact angles of 61°,

(A) (B)
(€) i (D)
(E) (F)

Figure 4.7: Contact angle photographs of A) CW120, B) CWR0.05, C) CWRO0.10, D)
CWRO0.15, E) CWRO0.20, and (F) CWRO0.25 thin films.
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55°, 48°, 35° 30°, and 20°, respectively. The enhanced hydrophilicity of CWR
composite series decreases the contact angle of composites as compared to pristine
CW120 films making CWR composite film more favorable for supercapacitor
application in water based electrolytes [16]. For supercapacitive and electrocatalytic
applications, hydrophilic surfaces are useful for making intimate contact with water
based electrolytes. It is acknowledged that the hydrophilic surface of the electrode is
an essential element in an electrochemical supercapacitor for good performance [17].
4.2.A.2.1.7 BET analysis:

The high specific surface area of the material enhances the rate of reactions
owing to increased number of reaction sites on materials surface [18]. The specific
surface area of CWRO0.20 nanoparticles along with pore size distribution was
examined at 77 K using BET and FBJH techniques, respectively. The N, adsorption
isotherm of CWRO0.20 in the relative pressure between 0 to 1.0 are shown in Figure
4.7. The nature of isotherm (type V) suggests the presence of mesopores structure of
CWRO0.20. The specific surface area of CWR0.20 is 65 m? g™ which signifies the
applicability of SILAR method for the preparation of CWRO0.20 electrode material

with high surface area.
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Figure 4.8: A) Nitrogen adsorption — desorption isotherms, and B) pore size
distribution curve of CWRO0.20 thin film.

The pore size distribution curve of CWRO0.20 is shown in inset of Figure 4.8. Room
temperature synthesis and precise control over reaction in the SILAR method enable
preparation of microporous material. Lower average pore size and higher specific
surface area are beneficial for electrochemical reactions which provide more

electroactive sites [16].
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4.2.A.2.1.8 XPS analysis:

The surface composition and the chemical states of CoWO,@rGO are
investigated by XPS. The XPS survey spectrum of CoWO,@rGO is shown in Figure
4.9A, the survey spectrum confirms Co, O, C and W elements are present in the
sample. In the high resolution of cobalt (Figure 4.9B), there are two major peaks at
781.2 eV and 797.5 eV along with two satellite peaks at 786.1 eV and 803 eV
corresponding to Co2ps;, and Co2pys,, respectively. The peak positions revealed and
confirmed that, the detected Co element have Co?* electronic state [19]. The observed
broad peak of oxygen is at 531.3 eV, which is deconvoluted into three peaks as 530.1,
531.13, and 531.5 eVs, where the peaks at 530.1 and 531.13 eVs corresponding to the
M-O and P-O bonding and peak at 531.5 eV are due to surface adsorbed water (Figure
4.9C) [20].

High resolution C1s peaks in the XPS proves that oxygen-containing groups
have been less due to reduction of GO at high temperature in hydrothermal process
[20]. The intense peak shown in Figure 4.9D at 284.7 eV is due to C=C in-plane
bonding of sp? hybridization. On the other hand, out of plane bonding of sp®
hybridized C-C is very short. The present result provides the explicit indication
regarding reduction of GO. The carboxylate carbon (O-C=0) is observed at 289.5
eV/21]. The XPS spectrum of WA4f has four peaks assigned to W®" and W°* (Figure
4.9E). The peaks at binding energy (B.E.) of 37.43 eV and 35.28 eV originated from
Wifs, and WA4f, states of W®*. The B. E. values of tungsten approve tungsten
designation in a hexavalent state. The separation of spin-orbit of 2.15 eV shows great

ordering as W among +6 valance in the compound [22, 23].
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Figure 4.9: The XPS spectra of CWRO0.20 electrode: A) survey spectrum, B) Co2p

spectrum, C) C1s spectrum, D) O1s spectrum, and E) W4f spectrum.

SECTION B

Electrochemical Supercapacitive performance of CoWO,@rGO composite thin

film electrode

4.2.B.1 Electrochemical characterizations of CoWO,@rGO thin films:
4.2.B.1.1 CV study:
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To find out the effect of the composition of CowWO, with rGO on the
electrochemical charge storage performance of electrodes, CV curves of CowO, and
CoWO,@rGO composites were measured in a 1 M KOH electrolyte using a half cell
(three electrodes) system with potential window 0.0 to 0.65 V/SCE. As shown in
Figure 4.10A, there is a higher current response for the CWRO0.20 thin film compared
with CWRO0.05, CWR0.10, CWRO0.15, CWR0.20 and CWRO0.25 thin film electrodes.
The area enclosed by the CV curve of rGO was too smaller compared to
CoWO,@rGO electrodes. The specific capacitance of rGO (90 F g?) is very low
compared to CWR0.20 (1201.8 F g) at the scan rate of 5 mV s,
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Figure 4.10 A) Comparative CV curves of rGO and CoWO,@rGO thin films at a scan
rate of 5 mV s, B) variation of Cs with the scan rate, and the CV curves at various
scan rates from 5-100 mV s* of C) CWR120, D) CWRO0.05, E) CWRO0.10, F)
CWRO0.15, G) CWRO0.20, and H) CWRO0.25 thin film electrodes.

Hence, further electrochemical characterization of rGO does not reported in

further study. This shows that CWR0.20 thin film electrode may facilitate fast
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electronic and ionic transport which raises the current response capacity of the
electrode [24, 25].

The nonrectangular shape of the CV curves confirm the presence of a
pseudocapacitive charge storage mechanism [26]. The C; values of CW120,
CWRO0.05, CWRO0.10, CWR0.15, CWR0.20 and CWRO0.25 film electrodes are 714,
750, 901.6, 1109.1, 1201.8, and 1022.9 F g * a scan rate of 5 mV s™ respectively. The
graphs of variation of Cs with the scan rate for all films displayed in Figure 4.10B
shows a decrease in Cs with a higher scan rate due to least time for reversible redox
reactions to occur [27]. At a higher scan rate, all the electrolyte ions do not undergo
reversible redox reaction due to time constraint so Cs decreases with the scan rate. The
CV curves of CWR0.05, CWR0.10, CWRO0.15, CWR0.20 and CWRO0.25 thin film
electrodes at different scan rates from 5 to 100 mV s * are shown in Figure 4.10C-H.
From the CV curves one can conclude that CoWO, thin film electrodes can be used as
an electrode material at various current ratings. As specific capacitance of
CoWO,@rGO composite electrode is larger than CoWO, electrode, further
electrochemical properties of CoOWO,@rGO are studied [28].
4.2.B.1.2 GCD study:

The GCD curves of CW120 and CoWO,@rGO composite variations are
shown in Figures 4.11 A. The GCD curves show transformation of charge storage
mechanism due to the composition of CoWO, with rGO [29]. The C; value from GCD
plot is 1300 F g™ at the current density of 1 A g™* for CoOWO,@rGO. Variation of Cs
with the applied current density is shown in Figure 4.11 B. The values of Cs for
Cw120, CWRO0.05, CWR0.10, CWRO0.15, CWR0.20, and CWRO0.25 composite
electrode are 714, 820, 900, 1080, 1290, and 1100 F g, respectively. The GCD study
shows good reversibility of CoWO,@rGO composite electrode. As Cs decreases with
the increasing scan rate, in the same way, it decreases with the rising current density.

The GCD curves for different rGO concentrations of CWR0.05, CWRO.10,
CWRO0.15, CWR0.20, and CWRO0.25 are shown in Figure 4.11 (C-H) with the
changing current density from 1 to 4 A g*. From the CV and GCD studies, it is
concluded that the charge storage for CoWO,@rGO electrode is mainly attributed to
surface faradaic charge transfers as a result of the insertion of electrolyte ions into
layer structured CoWO,@rGO electrode [30, 31]. The decrease in Cs with rising
current density is because of limited time available for reversible redox reactions at

higher values of changing current densities [32].
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Figure 4.11: A) Comparative GCD curves of CoWO,@rGO thin film electrodes at a
current density of 3 A g™, B) variation of Cs with the current densities, and the GCD
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curves at various current densities from 1-4 A g™ of C) CW120, D) CWRO0.05, E)
CWRO0.10, F) CWRO0.15, G) CWRO0.20, and H) CWRO0.25 thin film electrodes.
4.2.B.1.3 Stability study:

The electrochemical stability of electrode material is one of the decisive
parameters to determine applicability of synthesized thin film electrode for SC device
fabrication [33, 34]. The GCD studies at a current density of 2 A g™ were carried out
to examine electrochemical stability of both electrodes for 3,000 cycles. The 93%
retention of Cs for CWRO0.20 electrode for 3,000 GCD cycles are shown in Figure
4.12. CWRO0.20 thin film electrode shows improved cycling stability as compared to
CoWO;, thin film electrode as rGO sheets assist rapid electron mobility in CWRO0.20
composite to accelerate the reversible electrochemical redox reactions. Increased
electrical conductivity also results in improved stability of the composite electrode
material [35].
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Figure 4.12: Stability curves of CWRO0.20 thin film electrode.
SECTION C
Electrocatalytic OER performance of CoWO,@rGO composite thin film
electrode

4.2.C.1 Electrocatalytic characterizations of CoWwO,@rGO thin films:
4.2.C.1.1 LSV and Tafel slope:

The influence on electrochemical water splitting due to the incorporation of
rGO into the active catalyst material was further studied. The concentration of rGO in
the reaction solution was varied and the electrochemical performances were analyzed

in terms of OER in basic 1M KOH aqueous electrolyte, individually. For that purpose,
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the electrodes were made by depositing material on SS substrates by means of slurry

coating technique.
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Figure 4.13: Electrochemical OER analysis A) LSV polarization curves, B)
comparative bar diagram of overpotentials, C) Tafel plots of the CowO,@rGO
composite electrodes.

The electrochemical water splitting in the form of OER properties of the as
prepared CoWO,@rGO composite electrodes were tested. The LSV analysis was
conducted to evaluate the catalytic activity in 1 M KOH electrolyte at scan rate of 1
mV/s as shown in Figure 4.13A. The nature of the all LSV polarization curves is
similar and continuous change in current density with change in rGO concentration
from 0.05 to 0.25 mg/ml. It is observed that due to composition, the material become
electrochemically more active. Sample CWRO0.20 requires the smallest overpotential
of 287 mV to deliver the current density of 10 mA/cm? suggesting outstanding
oxygen evolution catalyst than the previously reported cobalt-tungstate catalysts. The
bar diagram (Figure 4.13B) reveals the values of overpotential for all other electrodes
from series. The Tafel slope gives the catalytic activity in the form of reaction rate

kinetics indicating diverse rate defining steps surrounded in the reaction process.
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By plotting applied potential against the logarithmic current density at the
shoot-point of current density, the Tafel plots are shown in Figure 4.13C. Tafel slopes
are 91, 89, 85, 80, and 83 mV dec” for all CWR0.05, CWR0.10, CWRO.15,
CWRO0.20, and CWRO0.25 composite electrodes, respectively [36]. Figure reveals that
CWRO0.20 electrode has smallest Tafel slope of 80 mV dec™. It suggests that the OER
reaction process is faster and highly efficient reaction kinetics at surface of CWRO0.20
electrode. The EIS was carried out to explore the electrochemical kinetics activity [37,
38].
4.2.C.1.2 ECSA analysis:

It is necessary to calculate ECSA related to the double layer capacitance (Cq)
of the prepared materials prior to study electrocatalytic OER. The cyclic
voltamograms were recorded at different scan rates in non-Faradic region with small
potential range as shown in Figure 4.14 (A-F) for all CowO,@rGO composite
electrodes. Cgq is calculated by plotting the anodic charging currents (i) of each CV
curve against the scan rate by the equation (2.9).

By plotting the anodic current versus scan rate (Figure 4.15), the values of Cgy
have been calculated as 0.24, 0.74, 1.39, 1.80, 1.92, and 1.27 mF cm™ for CW120,
CWRO0.05, CWR0.10, CWR0.15, CWR0.20, and CWR0.25 composite electrodes,
respectively. The ECSA were calculated using Cq values as 18.60, 34.75, 44.25, 48.0,
and 45.0 cm?. The electrocatalytic interface texture can be derived from roughness
factor (RF) by dividing the ECSA with the geometric area of the electrode in contact
with electrolyte. The values of RF are the same as ECSA values due to 1 cm?

geometric area in contact with electrolyte.
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Figure 4.14: The CV curves of A) CW120, B) CWRO0.05, C) CWR0.10, D) CWRO0.15,
E) CWRO0.20, and F) CWRO0.25 at various scan rates in a potential window of 1.05 -
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Figure 4.15: Anodic current linear fit for Cy values to calculate ECSA of the
CoWO,@rGO series composite electrodes.
4.2.C.1.3 EIS and stability:

The typical Nyquist plots of CWRO0.05, CWR0.10, CWR0.15, CWRO0.20, and
CWRO0.25 electrodes with fitted equivalent circuit are presented in Figure 4.13D. Inset
shows the EIS circuit and magnification of nyquist plots. The fitted R, values are
1.20, 1.81, 2.84, 3.25, and 5.29 Q for CWRO0.05, CWRO0.10, CWRO0.15, CWRO0.20,
and CWRO0.25 electrodes, respectively. It reveals that, easy charge transfer process is

one of the reason for low overpotential.

21 « —s— CWR0.05
18] —e— CWR0.10
‘ —a— CWRO0.15
15 4 ~v— CWRO0.20
; —+— CWRO0.25

Figure 4.16: Nyquist plots of CoWO,@rGO thin films.

Due to the hybridization of material with rGO, the charge transfer process
becomes easy. The EIS data reveals that CoWO,@rGO film electrode has lower
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resistance and better electrochemical performance. This proves that resistive
parameters of electrodes are modified due to lateral paths provided by rGO in
CoWO,@rGO composite electrode [37]. The electrochemical impedance
spectroscopic fitted circuit parameters for Nyquist plots of CoWO,@rGO thin film
electrodes are shown in Table 4.1.

Table 4.1: Electrochemical impedance spectroscopic fitted circuit parameters for
Nyquist plots of CoWO,@rGO thin film electrodes.

Parameters Electrocatalysts
CWRO0.05 | CWRO0.10 | CWRO0.15 | CWR0.20 | CWRO0.25
Rs (Q cm™) 0.69 0.65 0.67 0.70 0.73
Ret (Q cm™) 1.20 1.81 2.84 3.25 5.29
Q 13.80 6.20 6.80 7.00 6.20
W (Q) 0.56 0.54 0.45 0.65 0.65

The catalytic stability for OER at overpotential was studied by three electrode
cell in 1M KOH bath to achieve 10 mA/cm? current density for the best performing
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Figure 4.17: A) CA (I-t) curve for OER stability, B) LSV before and after 24 h OER
catalysis, and C) Tafel plots extracted from LSV curves before and after stability
study.

Figure 4.17A gives the OER catalytic stability test by chromoamperometry
(CA) for 24 h. At the initial stage, material started to activate electrochemically and
current density rose to 10 mA/cm? and became stable. After 24 h, the catalysis
remained 97% stable and overpotential becomes 293 mV with loss of small amount of
current density as shown by comparative LSV plot (Figure 4.17B). Because of the
material consumption in the electrolyte during the catalytic activity, the decrement in
catalytic performance was observed by LSV curve [39]. The comparative Tafel slope
before and after 24 h catalysis and increase in Tafel slope predicted the slowed down
reaction rate (Figure 4.17C).

4.3 Conclusions:

In conclusion, SILAR method is developed to prepare sequential layered
CoWO,@rGO composite thin film electrodes directly on SS substrate. The formation
of CoWO,@rGO composite material was confirmed by observing their corresponding
bonds and elemental content in the prepared samples via EDAX, FT-IR, and XPS.
The CoWO,@rGO showed maximum Cs of 1201 F g'1 at the scan rate of 5 mV s in
1 M KOH electrolyte. The value of Ry decreased for CoWO,@rGO electrode
compared to pristine CoWO,. The electrochemical cycling stability of CoWO,@rGO
film electrode (93%) is more compared to CoWO, film electrode (88%). The
CoWO,@rGO demonstrates minimum overpotential of 287 mV for OER to deliver
the current density of 10 mA cm™ with Tafel slope of 80 mV dec™ and 97% catalytic
OER retention after 24 h in alkaline medium. The CoWO,@rGO composite electrode
showed better performance for supercapacitive and electrocatalytic properties. These
electrochemical investigations indicate that CowWO,@rGO is a good candidate as a
future electrode material for energy storage and electrocatalytic applications.
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5.1 Introduction:

In recent times, extensive research exertions have been dedicated to the
preparation of transition-metal sulfides which have differents to ichiometric
compositions, crystal structures, oxidation states, providing them redox activities. It is
possible to achieve higher specific capacitance using metal sulphides compared to
other electrode materials [1, 2]. As compared to metal oxides, consistent transition-
metal sulfides show improved electrical conductivity as well as thermal stability.
Especially, ternary metal sulfides can offer comfortable redox reactions, resulting in
higher Cs [3]. Among metal sulfides, CuS is a significant multifunctional
semiconductor material with excessive applications in lithium ion batteries, solar
energy devices and gas sensors [4-6]. Furthermore, CuS displays a property of
characteristic of ion exchange processes. This permits to prepare different materials
without the destruction of morphology by exchanging Cu or S for other elements [7].
Hence, it is noteworthy for CuS and CuS-derived materials for study the connection
between the morphology and electrochemical supercapacitive property. The
supercapacitive performance of electrode materials mainly depend on surface
morphologies. Recently, nanostructured electrodes have much attention as
supercapacitor electrode materials due to availability of large electroactive sites [8-
10].

Presently, some efforts have been made to explore CuS as an electrode
material for supercapacitors due to its electronic conductivity (10s* S cm™) and high
theoretical capacity (561 mAh g?) [11, 12]. Nevertheless, it is not auspicious for
applications in electrochemical superpcapacitor because of semiconductor like
properties of pure CuS. Also, cycling stability of CuS electrode material is less as
compared to carbon nanomaterials [13-17]. Thus, it is highly necessary to have
geometrically control during preparation of CuS composites. The strategy to enhance
the supercapacitor performance of CuS is to combine with electronically conductive
substance like SS substrate.

SECTION -A
Synthesis, characterization and supercapacitive performance of CusS thin films
5.2.A.1 Introduction:

The present section deals with the synthesis and characterization of CuS thin
film by SILAR method.
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5.2.A.2 Experimental details:
5.2.A.2.1 Chemicals:

For preparation of CuS thin film, copper sulphate (CuSO,), triethylamine
(TEA), hydrochloric acid (HCI) and sodium thiosulfate pentahydrate (Na,S,03.5H,0)
were used without further purification (Sigma Aldrich). Acetone and KOH were
provided by Loba chemicals. The commercially available flexible SS material (304
grade) was used as current collector material.
5.2.A.2.2 Synthesis of Cus thin films:

To deposit CuS thin film; solutions of 0.1 M CuSO,4 (50 mL) and 0.05 M Na,S
(50 mL) were used as cationic and anionic sources, respectively. The SS substrate was
immersed in the cationic precursor for 30 s, followed by 25 s rinsing in DDW. The
same substrate was immersed in an anionic precursor for 30 s for reaction purposes
and further rinsed in DDW for 25 s to remove loosely bounded CuS molecules. Thus
a single cycle of SILAR forms a monolayer of CuS; further, such 100 cycles were
repeated to get adherent thickness of CuS on SS substrate.
5.2.A.3 Results and discussion:
5.2.A.3.1 XRD study:

The XRD pattern of CuS thin film is presented in Figure 5.1A. The XRD
patterns of CuS thin film sample do not show any peak of desired materials rather
than SS peak denoted by sign #; which confirms amorphous nature of films [3].
Amorphous nature of thin film is beneficial to enhance electrochemical activities
because of more active sites are available due to irregular arrangement of the
particles. Broad peaks confirm the amorphous nature of the film. No other diffraction
peak was observed indicating the absence of any other impurity.
5.2.A.3.2 FT-IR study:

The molecular bond vibrations in CuS thin film deposited at 100 cycles was
investigated using FT-IR. The FT-IR absorption spectrum in the wavenumber range
of 4000-400 cm™ of CuS is shown in Figure 5.1B. The strong absorption bands at
617, 830 and 1115 cm™ are assigned to the characteristic absorption of CuS [19]. The
broad absorption peaks at 1338 and 1598 cm™ indicate the presence of -OH bond of
adsorbed H,O; also, broad peak at 3390 cm™ is associated with bonded and
nonbonded -OH groups from adsorbed water molecules [20]. The results of FT-IR
study confirms presence of adsorbed water in the prepared CuS thin film. From the

results, formation of CuS on SS substrate was confirmed.
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Figure 5.1: A) The XRD pattern, B) the FT-IR pattern, and C), and D) FE-SEM of
Cus thin film at different magnifications.
5.2.A.3.3 FE-SEM study:

It is known that, the performance of active material is extensively related to
morphology of electrode material. The material with microstructured morphology
may improve specific surface area allowing easy adsorption/desorption of electrolytic
ions and it enhances electrochemical performance of the electrode. The FE-SEM
images of CusS thin film deposited on the SS substrate at two different magnifications
(20 KX and 70 KX) are shown in Figure 5.1 (C-D). The FE-SEM images reveal the
random arrangement of particles is attributed to the higher reaction rate in the alkaline
bath in which nucleation and grain growth take place simultaneously [21]. The FE-
SEM images of CuS film shown in Figure 5.1 C) and D) indicate sponge like porous
structure consisting of uniform nanoparticles. Most importantly, the nanoflakes are
interconnected with each other, which help efficiently to carry electrons from active
material to the current collector.
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Figure 5.2: A) The Raman spectrum, B) photograph of water contact angle, C) N,
adsorption isotherms, and D) BJH pore size distribution curve of Cu$S thin film.
5.2.A.3.4 Raman study:

The Raman spectroscopic study of CuS thin film was carried out using Ar
laser with an excitation wavelength of 473 nm which explores the chemical bonding
of the material. The Raman spectrum of CusS thin film recorded over 200-800 cm™ is
shown in Figure 5.2A. The sharp peak at wavenumber 473 cm™ corresponds to S-S
bonding in Cu$S film. Bulakhe et al. [22] reported similar results for Cu,S compound.
5.2.A.3.5 Surface wettability:

The nature of surface structure of solid film creates considerable impact on the
wettability of the water based electrolytes with film surface. The smaller contact angle
and higher surface energy has profoundly positive influence on the electrochemical
performance of the material. The particle shape, particle size, purity, roughness,
cleanliness of surface and heterogeneity affect the contact angle values [23]. The
hydrophilic nature is suitable for SCs application as it provides more interface for
electrolyte ions with active electrode. The water contact angle image of CusS film is

shown in Figure 5.2B. The contact angle of CusS thin film is 47°. The porous surface
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of CusS film is beneficial for lower water contact angle. The hydrophilic nature of the
thin film surface helps to create intimate contact with the water based electrolyte
which may result in the lower contact resistance.

5.2.A.3.6 BET study:

It is well known that as the specific surface area of the electrode material
increases, the charge accumulation on the electrode increases in proportion. The
specific surface area and average pore size distribution of material scratched from
CuS thin film electrode were measured by N, sorption isotherms. CuS thin film
exhibits type IV isotherms (Figure 5.2C) having a Hs-type hysteresis curve in the
range of 0.40 to 1.0 of relative pressure, indicating the presence of meso and
micropores [24]. The average pore diameter of the electrodes was analysed by
Barrett- Joyner-Halenda (BJH) method and results are provided in Figure 5.2D. The
BET specific surface area of CuS sample is 32.4 m? g™ and observed average pore
diameter is 29 nm.
5.2.A.4 Supercapacitive performance of Cus thin films:
5.2.A.4.1 CV study:

The electrochemical evaluation of CuS thin films was carried out in an
aqueous 1 M KOH electrolyte. The potential window for Cu$S electrode was 0.0 to -
1.2 VISCE. The CV curves are shown in Figure 5.3 A, with different scan rates
ranging from 5 to 100 mV s™. From CV curves, it is seen that strong oxidation and
reduction peaks for CusS arise at a potential of -0.43 and -0.37 V/SCE, respectively.
The area under CV curves is directly proportional to the scan rate.

The current response of CusS film electrode in CV curves is more, indicating
CuS may facilitate fast electronic and ionic transport. The change of oxidation states

of Cu?* at an interface of CuS and electrolyte is shown in the following equation,
cu®™s + xK* - Cu’S.K," + ¢ (5.1)

The Cus electrode has excellent supercapacitive capacitance, as 687, 550, 420,
310, and 270 F g* of Cs at scan rates of 5, 10, 20, 50 and 100 mV s, respectively.
The non-rectangular nature of CV curves indicates reversible faradic reactions at the
electrode surface i.e. change in the oxidation state of the electrode material [25].
Variations of Cg with scan rate is illustrated in Figure 5.3B, at high scan rate, the large
amount of electrode material remains unutilized due to fast intercalation-

deintercalation process hence Cs decreases as scan rate raises.
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5.2.A.4.2 GCD study:

The GCD curves of CuS electrode at different current densities are shown in
Figure 5.3C. The electrode exhibit Cs of 672, 500, 390, 250, and 180 F g™ at current
densities 3 to 7 F g, respectively. The variation of Cs with different current densities
are shown in Figure 5.3D.
5.2.A.4.3 EIS study:

The EIS analysis was carried out to understand the resistive parameters of
(CuS) electrolyte junction, Figure 5.3E shows Nyquist plot of CuS electrode at
potential amplitude of 10 mV between frequency range 100 kHz to 100 mHz. The
observed value of solution resistance (Rs) is 0.52 Q cm. The lowest value of Rs is
attributed to the direct contact of electrode material to the substrate. The initial barrier
in the electrochemical reactions is the charge transfer resistance (R) which is
represented by the semicircle in the Nyquist plot [26]. A lower value of the R (17.4
Q cm™) for the electrode-electrolyte system represents facile charge transfer at the
electrode-electrolyte interface. The Warburg resistance obtained from matched
equivalent circuit (Inset of Figure 5.3E) is 0.041Q.
5.2.A.4.4 Stability study:

The stability of CuS electrode is tested for 3,000 GCD cycles at the current
density of 3 F g*. As shown in Figure 5.3F, 89 % capacitance is retained by the
electrode after 3,000 cycles. Image in inset (Figure 5.3F) shows 1™ and 3000™ cycles
from the GCD curves. The small drop in peak current after the cycling suggests the

decrease in active sites of the electrode.
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Figure 5.3 A) The CV curves of CuS electrode at different scan rates ranging from 5
to 100 mV s, B) the variation of specific capacitance with applied scan rates, C) the
GCD curves of CuS electrode at different current densities, D) the variation of
specific capacitance with applied current densities, E) Nyquist plot of CusS electrode,

and F) capacitance retention of CuS electrode (Inset show the CV curves of 1% and
3000™ cycle).
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SECTION-B

Fabrication of asymmetric FSS—ASCs device based on CoWQ,//rGO and CuS
thin films
5.3.B.1 Introduction:

The portable and small size SCs are required in the fabrication of recent
energy storage devices [27, 28]. The mechanical flexibility, lightweight, inexpensive,
and environment friendly energy storage of SCs provides uses in portable, wearable,
and commercialized pocket electronic devices [29, 30]. There is a need to increase Sg
and Sp of energy storage devices using different electrode materials and electrolytes.
The asymmetric design of SC is an effective method to enhance the operating voltage
of the device [31]. The specific energy (Sg) and Cs of asymmetric supercapacitor
(ASCs) are higher as compared to the symmetric supercapacitor (SSCs) [32-35].
Various combinations of the anode and cathode have been reported in literature as,
MnO,//CuS [36], CuS-AC//AC [37], CuS@CD//RGO [38], Co3;0,@CoWO,//rGO
[39], CoWO,//NRGO [40]. The solid electrolyte based SC holds many advantages
such as small size, lightweight, excellent reliability, and a wider range of operating
temperature. The polymer based gel electrolytes offer mechanical flexibility to the SC
devices [41, 42].

The transition metal based electrode chalcogenides such as copper sulfide can
be operated in the wide potential window. Therefore, the combination of polymeric
gel electrolytes with these electrode materials will be a good contribution to the FSC
devices. The CoWO,@rGO holds great attention as a positive electrode to fabricate
the FSS—ASCs device due to higher Cs and operating voltage as compared to carbon
based materials. In addition, the low cost, large abundance, higher conductive and
nontoxic nature of copper based chalcogenides makes them possible to develop the
FSS—ASCs devices [43-45].

In this section, FSS—ASC device is fabricated using CoWO,@rGO thin film as
an anode and CusS thin film as a cathode with ionically conducting PVA-KOH gel as
an electrolyte as well as a separator. This section deals with the fabrication and
electrochemical performance evaluation of flexible solid state asymmetric
supercapacitor (FSS—ASCs) device with configuration of CoWO,@rGO//CusS.
5.3.B.2 Experimental details:
5.3.B.2.1 Introduction:
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The present section describes the electrode preparation (CuS, CoWwO, and
CoWO,@rGO) by SILAR method, polymer gel electrolytes (PVA-KOH) preparation
and fabrication of CoWO,@rGO//CuS FSS-ASCs device.
5.3.B.2.2 Preparation of polymer gel electrolytes:

To fabricate FSS-ASCs device, water soluble PVA polymer was selected to
prepare gel electrolyte using salt of KOH. To prepare polymer based PVA-KOH gel
electrolyte, 3 g PVA was added in 30 mL DDW and mixed properly with continuous
heating for 4 h at 350 K and to it, 1 M KOH [20 mL] solution was added slowly. This
solution was stirred continuously, till it becomes transparent. This polymer based gel
electrolyte was used to fabricate FSS-ASCs device. This viscous solution was used as
a gel electrolyte to fabricate CuS//CoWO,@rGO FSS-ASCs device. A similar process
is followed to prepare PVA-KOH gel electrolyte.
5.3.B.2.3 Fabrication of FSS—ASCs devices:

The FSS—ASCs device having configuration CuS/PVA-KOH/rGO@CoWO,
was fabricated employing CuS and CoWO,@rGO thin films as cathode and an anode,
respectively and PVA-KOH gel as solid-state electrolyte. The electrodes of size 5 x 5
cm?® were used. Initially, PVA-KOH gel electrolyte was applied uniformly on both
electrodes and allowed to dry at room temperature to remove the water content. The
edges of electrodes were sealed with plastic tape to avoid short circuit. After drying
one more time polymer gel electrolyte was painted on electrodes for proper contact
between electrode and electrolyte. Then for fabricating the device, both electrodes
were pressed in such a way that PVA-KOH electrolyte was sandwiched between
them. The device thickness measured using a digital micrometer screw was found to
be 0.565 £ 0.001 mm.
5.3.B.3 Electrochemical performance of CoWO,@rGO//CuS FSS-ASCs device:

The FSS-ASC device with configuration CuS/PVA-KOH/rGO@CoWO, was
fabricated having area 5 x 5 cm?. The rtGO@CoWO, and CuS electrodes were used as
an anode and an cathode, respectively. By considering the operating potential window
of the two electrodes, the optimized voltage of 1.7 V was used for the ASC device.
Different CV curves of FSS-ASC device at scan rate of 100 mV s™ within voltage 0.0
to +1.7 V are shown in Figure 5.4A. The GCD curves at voltages varying from 0 to
+1.7 V at an applied current of 5 A g are shown in Figure 5.4B. The maximum
possible working voltage for water based electrolyte depends on electrode materials.

So, from analysis of CV and GCD curves, a suitable working voltage of +1.7 V was
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decided and further electrochemical characterizations were carried out in that working
voltage (0 to +1.7 V).

Also, Figure 5.4C shows CV curves at the scan rates 5-100 mV s™ in voltage 0
to +1.7 V. All CV curves show improved current response. At the scan rate of 5mV s
! the maximum Cs of 158 F g™ was observed. Also, the GCD curves at different
current densities of 2, 3, 4, and 5 A g™ are displayed in Figure 5.4D. The curves show
excellent pseudo-capacitive behavior within a given potential window. The C, of FSS-
ASC decreases with respect to the scan rate as shown in Figure 5.4E. The constituting
electrodes possess excellent capacitance and rate performance which results in the
extraordinary electrochemical activity of the FSS-ASC device. The capacitance was
decreased from 122 to 25 F g™ for the increase in charge-discharge current from 2 to 5
A g, as exhibited in Figure 5.4F.

The value of Sg obtained by the present FSS-ASC device is 53 Wh kg™ at a Sp
of 1080 W kg™. Figure 5.5A exhibits the plots of Sg and Sp. Mechanical flexibility
without losing the electrochemical efficiency of the SC is important for the usefulness
of the device in different portable and flexible electronic devices [46, 48]. Therefore,
for flexibility measurement of FSS-SSC device, the CV analysis was performed at
bending angle of 0°, 45°, 90° and 165°, and corresponding voltammograms are shown
in Figure 5.5B. It is inspiring to note that the shape of CV curves are the same even
when the device was bent at an angle of 165°, highlighting extreme adherent nature of
the electrode material with SS substrate. Also, it affirms the good contact between the
electrode-electrolyte interface. Figure 5.5C shows the percent Cs retention versus
bending angle and it is observed that the device retains 90% of initial Cs even at the
twisting of the device at an angle of 165°.

The resistive characteristics of CuS//CoWO,@rGO device were evaluated by
EIS measurement in the frequency range of 0.01 Hz to 0.1 MHz. EIS measurement of
the asymmetric device was performed in order to understand the capacitive,
electronic, and ionic resistive properties of the device. Figure 5.5D shows a Nyquist
plot of the CuS//CoWO,@rGO device with a fitted circuit. As depicted in Figure
5.5D, the intercept at real Z-axis is related to the solution resistance (Rs), and it is
observed to be 2.1 Q. Also, the charge transfer resistance (R¢) i 3.5 Q. The low R
and R¢ values manifesting the good conductivity of the electrolyte and very low
internal resistance of the electrode [49, 50]. The low value of the R for FSS-ASC is
the cause of the improved values of the Cs, Sg and Sp.
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Figure 5.4: A) The CV curves, B) the GCD curves at different voltage ranges (0 V to
1.7 V), C) the CV curves at various scan rates, D) the GCD curves at various current
densities, E) variation of specific capacitance with the scan rate, and (F) variation of
specific capacitance with applied current densities of CuS//CowWO,@rGO ASC
device.

The life span of SC is considered as a core parameter that reduces the cost of
maintenance of any portable electronic device that leads to economically affordable
appliances. The Cs retention over a large number of cycles is one of the major needs
of FSS-ASC devices and to test cycling stability of FSS-ASC device 5000 CV cycles
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were repeated at the scan rate of 100 mV s™. The plot of the Cs retention versus cycle
number is shown in Figure 5.5E. Inset shows 2" and 5000™ CV curves. The excellent
electrochemical stability (94%) can be accredited to a proper combination of faradic
and pseudocapacitive electroactive material forming a porous hybrid electrode with an
appropriate pore size [51]. The excellent performance of FSS-ASC is a result of good
contact establishment between gel electrolyte and electrode material. In general, FSS-

ASC (CuS/ICoWO,@rGO) device shows excellent supercapacitive features.
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Figure 5.5: A) Ragone plot, B) the CV curves at different bending angles, C) change
in specific capacitance with different bending angles, D) The Nyquist plot (Inset
shows equivalent circuit), and E) variation of specific capacitance with CV cycles
(Inset show 1% and 5000™ cycles) of CuS//CoWO,@rGO ASC device.

5.3.B.4 Demonstration of CuS//CoWO,@rGO FSS-ASCs device:

For practical demonstration, two asymmetric devices (5 x 5 cm?) were
connected in series. Each device has an operating voltage of 1.7 V, which in turn
provides potential of 3.4 V for charging. Initially, these CuS//CoWO,@rGO devices
were charged at 3.4 V for 30 s and discharged through LEDs panel consisting of 211
red LEDs. The discharging of the CuS//CoWO,@rGO device through LEDs panel
was observed for more than 150 s. Fig. 5.6 (A-C) demonstrates photographs captured
while discharging an CuS//CoWO,@rGO device at 4, 9 and 150 s. The measured
power output of single device (0.179 mW cm™) signifies excellent charge storage
capability of a CuS//CoWO,@rGO device.

/(C)

Figure 5.6. A-C) Photographs of two series connected CuS//CoWO,@rGO devices
charged at +3.4 V for 30 s, and the discharged through a panel of 211 red LEDs
(DYPU CDL GROUP) glows for 150 s.
5.4 Conclusions:

In summary, CuS//CoWO,@rGO asymmetric FSS-ASC device has been
fabricated using CuS as a negative and CoWO,@rGO as a positive electrode using
PVA-KOH gel electrolyte. The CuS//CoWO,@rGO FSS-ASCs device exhibits the
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excellent electrochemical performance with a maximum specific capacitance of 158 F

g, energy density of 53 Wh kg™ and power density of 1080 kW kg ™. Furthermore,

CuS//CoWO.,@rGO FSS-ASC device reveals excellent cycling stability of 94% with

a wide operating potential window of +1.7 V for 5000 CV cycles. The

CuS/ICoWO,@rGO asymmetric FSS-ASC device displays outstanding mechanical

flexibility and high rate capability. In an actual demonstration of CuS//CoWO,@rGO

asymmetric FSS—ASC device, 201 red LEDs is illuminated using a series combination

of two CuS//CoWO,@rGO asymmetric FSS-ASCs devices (area of 5 x 5 cm?). The

series combination of two CuS//CoWO,@rGO asymmetric FSS-SCs devices gives

maximum power of 0.350 W. This shows the possible use of CuS//CoWO,@rGO

asymmetric FSS-ASC device for supercapacitor applications.
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Conclusions

The electrical energy storage systems such as battery, capacitor and SCs are
available in recent years. In which SC have ability to store charge rapidly and it has
higher power density than batteries. The tremendous use of SCs in the flexible and
wearable electronics has been intended for a number of applications like medical bio-
monitoring devices for military equipment. The batteries have limited service lifetime,
safety issue and small-scale power which restrict applications of batteries in portable
electronic devices. In contradict, SCs offers higher power density, electrochemical
cycling stability, better energy density and environmental energy storage. Therefore, SC
technology is rising rapidly to substitute capacitors and batteries. Currently, SCs are being
used in several applications such as telecommunications, hybrid electric vehicles, power
back up sources, flash camera’s, etc. In hybrid electric vehicles, the higher power during
start is required.

The SCs give high power and energy to hybrid electric vehicles during start and
so hybrid electric vehicles use SCs. Nevertheless, SCs have limitations with aqueous
electrolytes, lower reduction potential of metal cations and higher resistivity of metal
oxides. The FSS-ASCs device is the innovative member of energy storage SC and
attracted due to its high power density, long cycle life, environmental friendliness and
safety. To overcome these drawbacks of device, further electrode material investigation is
necessary to enhance the performance of SCs. Temporarily, the combination of best
active electrode materials with supportable electrolyte efficiently raises both the energy
and power capability of the FSS-SCs device.

The previous reports suggest that the materials like metal oxides, conducting
polymers and carbon based materials enhance the electrochemical performance of SC
device. The transition metal oxide and hydroxide electrodes with pseudocapacitive
behavior are of great interest in SCs. Due to the different oxidation states transition metal
oxides are greatly studied as pseudocapacitive materials. The binary metal oxides does
not show highest performance in every case and not in all environments. The
pseudocapacitive performance of electrode material depends on number of factors, such
as electrolyte concentration, type of electrolyte (neutral, alkaline, and acidic), mass
loading, electrical conductivity, crystalline nature, etc. In fact, some single component
metal oxides have shown promising electrochemical performance.

The electrochemical water splitting or electrolysis of water is the most feasible

hydrogen production method at the time being. Among the reaction (HER) and oxygen
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evolution reaction (OER), OER is sluggish and complicated because it demands high
overpotential which affects the overall water splitting. For this reason, the present study is
focused upon the development and characterization of novel transition metal tungstate
materials by successive ionic layer adsorption and reaction (SILAR) route for application
as OER electrocatalysts in water splitting.

To fulfill the requirement, cobalt tungstate and cobalt tungstate/reduced graphene
oxide composite electrodes were prepared via the SILAR methods on SS substrates. By
these method, pristine cobalt tungstate was synthesized by varying the number of cycles
in SILAR. Further in the optimized cobalt-tungstate, rGO concentration was varied and
cobalt tungstate /reduced graphene oxide composite electrodes were synthesized for the
study of supercapacitor and water splitting electrochemically in the forms of OER.

Chapter 1 gives an introduction about the energy economics and the present
situation of energy generation. The drawbacks of fossil fuels and the need of renewable
energy sources for example solar, wind, and hydrogen energy were discussed. Chapter
deals with a general introduction and literature survey of different transition metal
tungstates for SC and OER application. It displays information regarding mechanisms of
energy exploitation from different energy sources. Consequently, the importance of
energy storage from renewable energy sources is noted. It clarifies the most simple
energy storage devices specifically capacitor, battery, and SC. It deals with a general
introduction and literature survey of different transition metal tungstates for SC and OER
application. It displays information regarding mechanisms of energy exploitation from
different energy sources. Consequently, the importance of energy storage from renewable
energy sources is noted. It clarifies the most simple energy storage devices specifically
capacitor, battery, and SC. The different types of SCs along with their energy storage
capabilities are discussed. The benefits of SCs over capacitors and batteries in terms of
energy and power densities are mentioned. The reaction mechanisms of OER along with
performance parameters have discussed thoroughly. The objectives of the research work
such as to develop nanomaterial cobalt-tungstate/reduced graphene oxide composite
electrodes, using effective SILAR method, which can work as efficient electrocatalysts
for supercapacitor and OER.

Chapter 2 presents thin film preparation method and the advantages of chemical
methods over physical thin film deposition methods. Out of chemical methods, the
SILAR method is deemed to be more controllable on thin film deposition process. This
method is comprised of three processes, i) adsorption, ii) reaction, and iii) rinsing. To

evaluate the structural, morphological, and elemental compositional parameters different
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characterization techniques such as XRD, FESEM, FT-IR and Raman spectroscopy, XPS,
contact angle measurement and BET were used. The basic principle and working
mechanism of these techniques are discussed in chapter Il in order to understand obtained
results. Further, fundamental aspects and applications of various electrochemical
techniques for energy storage application were studied in this chapter.

Thickness affects the charge storage, cycling stability, resistive parameters of the
film electrode material. Considering this, the optimization of thin film thickness or mass
loading is necessary which can be done by varying deposition cycles in SILAR method.
Similarly, the theory behind electrochemical techniques used to evaluate supercpacitive
and electrocatalytic OER performance was also studied in chapter 2. Since the film
thickness or mass loading of the electrocatalyst significantly affects the OER
performance.

Chapter 3 deals with the synthesis of CoWO, thin films by SILAR method gives
the study of the effect of the mass loading on the physicochemical properties,
electrochemical, electrocatalytic performance of cobalt tungstate. The mass loading of
active material was found to significantly change with the number of SILAR deposition
cycles and influenced the surface morphologly of the thin film. This chapter have three
sections (A, B and C). Section A deals with the synthesis, physicochemical
characterizations of CoWO, thin film by SILAR method. Co®* ions were obtained by
dissolving CoCl, precursor in DDW. The source of anion, WO,* ions was taken from
Na,WO,, and deposition was taken for 60, 90, 120, and 150 SILAR cycles respectively.
The formation of CoWO, thin film was identified from XRD and FT-Raman
investigations. The field emission scanning electron microscopy (FE-SEM) study showed
the nano-grained surface morphology. The surface wettability study examined using drop
of water over CoWQO, film showed hydrophilic nature.

Section B deals with the electrochemical behaviour of CoWOQO, electrode was
tested in an aqueous (1 M KOH) electrolyte. The three-electrode system configuration
with platinum plate as a counter, CoWO, film as working, and mercury/mercury oxide
(Hg/HgO) as a reference electrode were used. The supercapacitive properties of CoOWQO,
film electrode were studied using the CV, GCD, and EIS tests. From the CV
investigation, the electrochemical performance was investigated in terms of specific
capacitance by varying scan rate. The GCD showed that CoWO, film electrode has good
discharge ability. Further, the electrochemical cyclic stability was tested up to 3000 CV

cycle at constant scan rate. The 88% electrochemical stability of CoWO, film electrode
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retained. These electrochemical tests are essential to decide the superior electrode
material for fabrication of supercapacitor device.

Section C presents the study of the effect of mass loading on the OER
performance of cobalt tungstate electrocatalyst. The mass loading of active material was
found to significantly change with the number of SILAR deposition cycles and influenced
the surface morphology of the thin film. As an impact of change in morphology, CW
(deposited at 120 SILAR cycles) with mass loading 0.8 mg cm™, exhibited an efficient
OER performance with 320 mV overpotential at 10 mA cm™ and Tafel slope 110 mV dec’
! The porous surface is evidenced as the main reasons for high ECSA (12.16 cm?) and
low R¢ values (4.5 Q) which possibly enhanced the OER performance. This chapter
highlights the importance of optimization of mass loading in the field of electrocatalytic
OER.

To enhance the charge and mass transport efficiency, the coupling of transition
metal tungstates with 3D conductive nanocarbon supports such as reduced graphene
oxide (rGO) is a most efficient strategy. Therefore, in Chapter 4, the composite thin
films of cobalt tungstate and reduced graphene oxide were synthesized. For this, the
experimental conditions of previously optimized CW120 electrode was carry forwarded
and varied concentration of rGO in composite electrode. This chapter have three sections
(A,BandC).

Section A deals with the preparation and characterization of CoWwO,@rGO
composite thin films by the SILAR method. The mass loading of CoWO,@rGO thin
films was 0.091 (£0.01) mg cm™ and 0.106 (£0.01) mg cm™, respectively. The effect of
rGO on chemical composition, crystal structure, and surface morphology was studied.
Due to low concentration of rGO in cobalt tungstate, there is no any change in XRD
pattern. The spherical-like morphology of CoWOQO, thin film modified to randomly
distributed sheet-like morphology. The nanospheres of CowWO, coated on rGO sheets
were observed in CoWO,@rGO thin film. This mesoporous structure exhibited specific
surface area of 65 m? g compared to 49 m? g™ of CoWO, material. Shift in average pore
radius to lower dimension side (12.68 nm for CoWO, to 1.5 nm for CoWO,@rGO) was
the main cause of increased specific surface area.

Section B exhibits the supercapacitive properties of CoWO,@rGO thin film were
assessed using CV, charge-discharge, electrochemical stability and EIS study. The
optimum rGO concentration (CWR 0.20) shows high Csof 1201 F g™ was achieved at the
scan rate of 5 mV s®. The charge-discharge curves were non-linear indicating

pseudocapacitive behaviour of CWR 0.20 composite thin film exhibited maximum C; of
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1280 F g* at the scan rate of 5 mV s™. The stability of CWR 0.20 thin film increased
impressively from 88 to 93% after composition. The values of Ry for CoWQ, thin film
were 4.5 Q cm™ and that of CWR 0.20 were 3.2 Q cm™, respectively. In conclusion, the
highest specific surface area offered by CWR 0.20 material helps to reduce ion diffusion
resistance and maximum active sites exposed to the electrolyte improves the infiltration
of electrolyte ions (OH") in the electrode.

Section C shows the electrocatalytic performance of CoWwO,@rGO composite
thin film. For this, the experimental conditions of previously optimized CWR 0.20
electrocatalyst were carry forwarded and the quantity of rGO in composite
electrocatalysts was optimized by changing the number of rGO concentration.
Impressively, the CWRO0.20 composite electrocatalyst showed excellent electrocatalytic
OER performance. It required a notably low, 287 mV overpotential to reach 10 mA cm™
current density and demonstrated a Tafel slope as low as 80 mV dec™. The significantly
high OER performance was found to be facilitated by the optimum atomic stoichiometry,
high electrochemically active surface area, improved electronic structures and better
electronic conductivity. This part highlights the importance of controlling the amount of
rGO during the synthesis of composite materials. CoWO,@rGO composite thin film
electrocatalysts requires low overpotential to reach 10 mA cm™ current density as
compared to pristine CoWOs;.

Chapter 5 contains the fabrication and demonstration of CuS//CoWO,@rGO
asymmetric FSS-ASCs device. In the first step, the CuS thin films synthesized by the
SILAR method. For asymmetric device fabrication high performance positive electrode
material is required. CuS has negative potential window with nanostructure morphology.
Furthermore, this chapter includes the fabrication and electrochemical evaluation of
CuS//CoWO,@rGO asymmetric FSS-ASCs device using PVA-KOH polymer gel
electrolyte. The CuS//CoWO,@rGO asymmetric FSS—ASCs device exhibits the
prolonged operating window of +1.7 V, which is due to different operating potential
windows of CuS and CoWO,@rGO thin films. It demonstrates the excellent C of 158 F
g with maximum Sg of 53 Wh kg * at power density of 1080 W Kg™.

In the present study, a system of transition metal oxide and its composite with
a highly conducting carbon structure (rGO) was systematically optimized for energy
storage and electrocatalytic OER by controlled experiments. Despite this work, there
is a lot of work one can do to further improve the supercapacitive and OER
performance as well as to enlighten the various aspects of electrocatalysts.

Heteroatoms such as S and N doped rGO can be used instead of rGO. Also, zero-
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Chapter VI

dimensional (OD) fullerene or one dimensional (1D) carbon nanotubes (CNT) can be
used instead of two-dimensional (2D) rGO sheets to enhance the performance of
transition metal oxide. In the present study and also in other numerous reports the
basis of supercapacitive and OER performance of electrocatalysts is
evaluated/concluded based on their physical properties such as phase, microstructures,

hydrophilicity, etc.
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CHAPTER-7

80-Recommendations




80-Recommendations
7.1 Recommendations:

In the presented research work, thin films of cobalt tungstate are prepared
using SILAR method. The charge storage capacity of these thin film was improved by
means of improvement in surface area. To achieve this rGO was composited with the
cobalt tungstate using the SILAR method. The objective of the preparation of
composite electrodes was to improve specific capacitance, stability and overpotential
of the material than pristine materials. The solid state supercapacitor fabricated using
these thin films delivered an energy density of 40.5 Wh kg™ at 1087 W kg™ power
density.

Finally, it is recommended that, at 120 SILAR cycles, CoWO, thin film show
best electrochemical and electrocatalytic performance. To get best electrochemical
performance optimized concentration of rGO is 0.20 mg mL™. Due to the simplicity,
scalable nature of the deposition method, it can be potentially translated at industrial
level with minimum modification.

7.2 Conclusions:

The conclusions from the present research work are listed as follows:

1. The mass loading per unit area of electrode is controlled through variation of
deposition cycles. Optimum mass loading of electrode was essential for highest
electrochemical and electrocatalytic performance.

2. At the optimum mass loading charge transfer resistance per unit mass is
minimum and thereafter it increased. Cobalt tungstate thin film deposited at 120
SILAR cycles showed best electrochemical and electrocatalytic performance.

3. Composition of rGO with cobalt tungstate improve specific surface area. This
leads to increase in electrochemical active sites and improvement in charge
storage through capacitive assisted mechanism. As the pristine rGO has very low
specific capacitance, optimization of composition of each material need to be
considered. For cobalt tungstate 0.20 mg mL™ concentraion of rGO suspension
provide better effect on electrochemical properties.

4. Composition of cobalt tungstate with the rGO increased in electrochemical
stability of the electrodes. Stability of CowWO, was improved from 88% to 93%
(CowO,@rGO).
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5. Compared to composite electrodes of cobalt tungstate/reduced graphene oxide
(CowWO,@rGO) electrochemical performance of electrodes of cobalt tungstate
(CoWOQy,) is lower.

6. Asymmetric solid-state supercapacitor fabricated using CuS and CowO,@rGO
delivers energy density of 53 Wh kg™ at the power density of 1080 W kg™.

7.3 Summary:

The present work deals with the synthesis of cobalt tungstate thin films by
simple, cost effective and binder—free chemical approach. The numbers of preparative
parameters were optimized to get highly porous surface morphology with higher
specific surface area, which successfully increase the electrochemical features of
CoWOQ, thin film. The composite thin films showed better SC performance than
CoWOQ, thin films. Therefore, the composite thin films with excellent electrochemical
features were used as one electrode for fabrication of FSS-ASCs device. Furthermore,
CusS was selected as negative electrode with a wide potential window (0.0 to -1.2 V).

The significance of thin film and different nanostructure morphologies of
material is explained in brief. The different electrode materials such as carbon based
materials, metal oxides/hydroxides, and conducting polymers are discussed. The
significance of metal tungstate for SC and OER application is described concerning a
contribution from non-faradaic reactions in addition to faradaic reactions. The
literature survey of transition metal oxides includes preparation methods, properties,
and applications. Furthermore, the literature survey of cobalt tungstate based electrode
materials for supercapacitive and electrocatalytic applications is carried out and
finally, the orientation and purpose of the thesis are described.

The thin film preparation method and the advantages of chemical methods
over physical thin film deposition methods are discussed. Out of chemical methods,
the SILAR method is deemed to be more controllable on thin film deposition process.
This method is comprised of three processes, i) adsorption, ii) reaction, and iii)
rinsing. To evaluate the structural, morphological, and elemental compositional
parameters different characterization techniques such as XRD, FE-SEM, FT-IR and
Raman spectroscopy, XPS, contact angle measurement and BET were used. The basic
principle and working mechanism of these techniques are discussed to understand
obtained results. Further, fundamental aspects and applications of various
electrochemical techniques for energy storage and electrocatalytic applications are

discussed.
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Thickness affects the charge storage, cycling stability, resistive parameters of
the film electrode material. Considering this, the optimization of thin film thickness or
mass loading is necessary which can be done by varying deposition cycles in SILAR
method.

From this perspective, the study of the effect of mass loading on the physico-
chemical properties, electrochemical, and electrocatalytic performance of cobalt
tungstate is evaluated. Since the ratio of rGO in the composite film decides the overall
electrochemical performance of the film, the effect of amount of rGO on the
electrochemical performance of CoWO,@rGO thin films was evaluated. The
crystalline nature of CoWQ, thin films changes with the composition of rGO. With
mass loading 0.0126(+0.001) mg cm?, CW120 thin film (CoWOj, film prepared at
120 cycles) exhibited the specific capacitance of 1201.8 F g™* at the scan rate of 5 mV
s and stability of 93 % after 3000 GCD cycles.

The mass loading of CoWO,@rGO 0.20 (CWRO0.20) thin film of
0.0137(+0.001) mg cm, indicated an increase in mass loading with the introduction
of rGO. The Cs of the composite film was 1201.8 F g™ at the scan rate of 5 mV s™ and
stability of 93% over 3000 GCD cycles. The values of Rs and Rt for CW120 thin film
were 0.88 and 4.5 Q cm™ and that of CoWO,@rG00.20 were 0.78 and 3.20.Q cm™,
respectively. Thus the composition of CoWO, with rGO in proper ratio can be used to
modify structural and morphological properties and able to improve specific
capacitance. Due to higher mass loading Rs of CoWO,@rGO composite thin film was
more. This highlights superiority of CoWO,@rGO thin film over CoWO, and rGO
thin films.

The thin films of CuS were prepared using SILAR method and characterized
for electrochemical performance evaluation. CuS thin film exhibited a specific surface
area of 32.4 cm? gm™ and an average pore radius of 29 nm. The mesoporous surface
showed a hydrophilic nature. In addition to this, CuS thin film exhibited C; of 687 F
g™ at a scan rate of 5 mV s™. Low resistive parameters such as Rs (1.94 Q cm™) and
Ret (17.4 © cm™) and capacitive retention of 89% after 3000 GCD cycles of CusS thin
film electrode ascribed to its nanostructured morphology consisting nanospheres.

The FSS-ASC devices with configuration of CuS//CoWO,@rGO was
fabricated. The CuS//CoWO,@rGO FSS-ASC device exhibited the operating voltage
of +1.7 V, which is due to different operating potential windows of CowO,@rGO

and CusS thin films. It exhibited the excellent Cs of 158 F g‘l with a maximum Sg of
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53 Wh kg at the power density of 1087 W kg™. The CuS//CoWO,@rGO FSS-ASC
device showed capacitance retention of 94% after 5000 CV cycles.

Finally, FSS—ASC devices connected in series were able to glow a panel of
211 red LEDs efficiently. The initial power dissipated through CuS//CoWO,@rGO
FSS-ASC was 31 mW/cm?. Finally, the observed results conclude that the cobalt
tungstate based FSS-ASCs can power up small electronic gadget requiring power in
the range of 0.01 mW to 0.1 mW.

7.4 Future findings:

In this study, cobalt tungstate thin films and their composites with rGO were
synthesized using automated SILAR method. The introduction of rGO improves
electrical conductivity, specific surface area, and overall electrochemical performance
of pristine material. Instead of rGO, other carbon allotropes like fullerene, CNTSs,
carbon aerogel, and carbon foam for the composition can be used. Along with this, the
composition of other transition metals (Ni, Co, Cr) to form a bimetallic compound
will also enhance the electrochemical energy storage and catalytic properties of the
electrode material. To understand the process of energy storage in cobalt tungstate
based compounds, physical characterization of these materials should be performed to
analyze changes in the crystal structure, surface morphology, and chemical

composition using techniques such as XRD, SEM, TEM, and XPS.
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