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1.1 General introduction
1.1.1 Necessity of supercapacitor

Whole world is dealing with big energy crises because of every single activity of
human needed electrical energy and this energy produced from natural resources which
are limited globally [1]. The worldwide increasing gasoline prices responsible for rise
of ecofriendly and fuel efficient transportation development. To deal with this problem,
clean and sustainable energy immediately needed. Easy and free availability of
renewable energy sources may resolve this problem, so they got an extraordinary
opportunity in development. There are numerous renewable energy sources, between
that wind, solar and hydropower are most promising energy sources for energy
generation. So, the problem can be resolved using renewable energy resources for
continuous generation of energy. However, the main issue with the renewable energy
sources is their irregular disposal [2]. So, the efficient energy storage devices should be
develop since they can store the energy when it is available and retrieve when it needed.
For the clean and green energy, the modern society moved towards development and
improvement in efficiency of energy storage devices through variety of power sources.
Presently, electrochemical energy systems are one and only who successively offers
high power for the portable electronics and hybrid vehicles. As compare to fuel
combustion system, electrochemical energy systems are more beneficial due to clean,
economical and ecofriendly nature and are important in environmental point of view.
The electrochemical energy storage technologies are most favorable choice for
automobiles between various alternative energy sources. Batteries, fuel cells and
supercapacitors are different types of power sources in electrochemical energy storage
devices. Also, more capable and active than fuel combustion system with higher

conversion efficiency [3].
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Numerous applications requisite electrical energy storage devices such as cell
phones, computers, solar cell, hybrid vehicles, etc. In the area of domestic and
industrial, electric machines are widely used and are an important part of our day-to-
day life. Also, electrical energy can easily converted into heat, light and mechanical
energy as per requirement. However, electrical energy is difficult to available all time
as in required form. So, there is need of efficient energy storage device which store
large amount of energy. However, there are also some conditions in the application of
energy storage devices like specific application required particular energy and power
values. So, we need an energy storage devices who meet requirements of specific
applications. For the application in portable electronics and electric vehicles, capacitors
and batteries attracted attention among electrochemical energy storage technologies.
Batteries are the common and most applicable electrical energy storage devices because
they use small volume of active material for storing large amount of energy with
appropriate amount of power as required for several applications. Batteries are filled
with chemicals where electrochemical reactions take place at two electrodes which are
separated by electrolyte, and it can be liquid or solid, but mostly dry powder used in
ordinary batteries. In battery, energy stored in electrode by chemical reaction, when
electrochemical reaction take place in electrode material by the electrolytic ions and
released through load across it. Electrolyte act as ion transporter in charge storage
reaction in battery. In recent years, storage capability of batteries improved by using
standard design because of their increasing demand in numerous applications. Still,
there is no any alternate available to deal with the problem of batteries like its low life
span and less power. Hence, in present situation one needs to develop a design of device
which has special abilities such as high power, energy density along with long cycle

life [4].
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Also, capacitor is another kind of energy storage device and basically it is used
as filter in electronic circuits, it stores electric energy in the order of microfarads.
Capacitors made up of with two electrically conducting plates separated by non-
conducting material called a dielectric. One plate positively and other negatively
charged when potential applied across it, after removing applied potential the charges
releases via load [5]. It plays two crucial roles in the electronic circuits. In that, one is
charging or discharging the electricity, which does numerous things in the circuits such
as, smoothing the circuits of power supplies, for microcomputers act as backup circuits
and for easier organization of electricity flow time for charging or discharging periods
managed by timer circuits. Another role of capacitors is blocking of DC flow in the
circuits. It is useful to remove or eliminate specific frequencies and very suitable where
only specific frequency appearance is essential. However, the problem with a capacitor
is, it stores a little amount of energy in the form of electricity [6]. So, it is not useful for
applications that requires high energy.

The modern high power equipment demands a large amount of energy along with
quick delivery, batteries and capacitors are unable to provide such requirement.
Supercapacitors are developed in last few decades to fulfill major requirements of
conventional energy storage devices (batteries and capacitors). Supercapacitors also
known as electrochemical capacitors or ultracapacitors. As compare to conventional
capacitors, supercapacitors achieve higher capacitance value by using high surface area
electrode material and thin electrolytic dielectrics. So, they are capable to store high
energy (compare with capacitor) along with high power (compare with batteries).
Therefore, they are applicable in such applications that want high energy in a shorter

time with good cycle life [7].
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Fig. 1.1 Comparative Ragone plot of different energy storage devices with average
discharge time [8].

The performance of different energy storage devices is plotted in Ragone plot
and shown in Fig. 1.1. This graph explains how much energy (Wh kg?) is delivered by
different devices with respective power (W kg?), which means how rapidly they
delivers energy. This comparison clears that, supercapacitor getting much attention due
to high specific power (> 10 kW kg™) with moderate specific energy (~10 Wh kg?)
[9]. Also, it is seen that supercapacitor lay between batteries and capacitors, which
means it bridges the gap between battery and conventional capacitor. Fast recharge
capability, high power density, and exceptionally long cycle lifetime of supercapacitors
have attracted significant attention in the field of power source applications such as
hybrid electric vehicles and portable electronics [10]. Also, they attracted for high
power applications such as backup system for computer memory, camera flash, lasers,
pulsed light generators, etc.

1.1.2 Background and development of supercapacitor
The next generation of capacitor is electrolytic capacitor. Their construction is

similar to batteries but they have same anode and cathode material, and they separated
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by solid/liquid electrolytes. The electrochemical double layer capacitor is the third
generation of capacitor, charge is stored at the interface of metal/electrolyte [6]. The
electric double layer charge storage technology was well known in the 19" century but
its first practical use in double layer capacitor was patented by H. I. Becker in 1957
using carbon electrodes in aqueous electrolyte [11]. However, it’s impractical working
mechanism in which electrodes need to be perfectly dipped in electrolyte container
restricts commercialization. Furthermore, in 1966 the energy storage device
successively developed using high surface area carbon material in a non-aqueous
electrolyte by the Standard Oil Company of Ohio (SOHIO) [12]. First commercial
double-layer capacitor called “Supercapacitors” was developed by Nippon Electric
Company (NEC) under the license of SOHIO and applied for memory backup systems
in 1978. At same time, “Goldcap” was invented by Matsushita Electric Industrial Co.
(Panasonic) and used in memory backup systems. NECs developed supercapacitors
using aqueous electrolyte and non-aqueous electrolyte was used in Panasonics Goldcap,
this usage of electrolyte is main difference between them. Furthermore, a new principle
for charge storage developed by B. E. Conway in 1975-1985 to replace coin cell
batteries in memory backup systems. The fast and reversible redox reaction in bulk
electrode material i.e. pseudocapacitive material used for the storage mechanism like
ruthenium oxide (RuO.) and this invention opened new trends in energy storage
development. In 1982, the first high-power double-layer capacitors ‘PRI
Ultracapacitor” prepared by PRI using metal oxide electrodes. Then “Dynacap”
(double-layer capacitor) was established by ELNA in 1987. From 1990, the whole
research world concentrated to develop high performance supercapacitor devices to
replace battery technology. Now, there are numerous companies all over the world like

ELTON, CAP-XX, Nippon Chemi-Con Corporation, NessCap, etc., manufacturing
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supercapacitor devices for commercial applications. Currently, the high surface area
carbon and transition metal oxide materials based supercapacitors are commercially
manufactured and other metal sulphides, phosphides, phosphates and their composites
are under investigation for supercapacitor application.
1.1.3 Recent trends in supercapacitor

Battery delivers high energy but suffers from low power than capacitor.
However, supercapacitors deliver high power with a considerable amount of energy and
long lifetime, and are easy to fabricate with low maintenance [13]. These features of
supercapacitor used in present multifunctional technologies where battery technologies
are limited, but their commercial applications restricted due to self-discharging rate
[14]. So, nowadays all the researchers focuses on how to improve energy density of
supercapacitor by manipulating various factors with maintaining all other properties.
Basically, electrochemical double-layer capacitors (EDLCs), pseudocapacitors and
hybrid capacitors are three types of supercapacitors. Generally, EDLCs fabricated using
carbon based material which delivers high power density and pseudocapacitors by
conducting polymers, metal oxide/hydroxides/sulphides/phosphates which delivers
high energy density. Carbon based materials used as EDLC electrodes due to good
electrical conductivity and high surface area [15]. Nevertheless, less capacitance of
EDLCs limits their commercial use. On other hand, pseudocapacitive materials are
beneficial for supercapacitive applications because of their low cost, low resistance and
earth abundancy. Also, their fast and reversible redox reaction at the surface of
electrode provides high capacitance and energy density values [16] but dissolution of
active material in aqueous electrolyte limits cyclic stability. The issue of less stability
can be resolved by replacing an aqueous electrolyte with a solid one, also it overcomes

the electrolyte leakage problem with flexible and handy nature [17]. Different types of
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ionic liquid electrolytes were invented to improve the electrochemical performance and
operational potential window of the supercapacitor. They have several advantages such
as non-flammability, non-toxicity and thermal stability. Moreover, they can extend
applicable potential window of supercapacitor up to 4-6 V [18]. However, not only
good electrode material improves total capacitance of supercapacitor but also other
elements such as current collector, separator, electrolyte and other practical factors
influence final electrochemical performance of supercapacitor. A high value of energy
and power density can be obtained by employing pseudocapacitive electrode with a
suitable electrolyte [19]. Nontoxicity and biocompatibility, lightweight are some
advantages of flexible solid state devices which can be used in implantable medical
devices. Furthermore, small and lightweight solid state supercapacitor devices can be
used in portable electronic devices [20].
1.1.4 Working principle of supercapacitor

Electrochemical double-layer capacitor is the third generation of conventional
capacitor. In conventional capacitor, two electrically conducting electrodes separated
by insulating dielectric material and charge is stored electrostatically. As like
conventional capacitor, electrochemical double layer capacitor store electric charge at
metal/electrolyte interface and opposite ions on the surface of electrode forms an
electric double layer. The schematic representation of charge storage mechanism in
electrochemical capacitor is shown in Fig. 1.2. Electrochemical capacitors offer high
energy density than conventional capacitors and longer life than batteries. For the
higher capacitance, the electrochemical capacitor required a high surface area electrode

and a smaller thickness of double layer.
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Fig. 1.2 Schematic of charge storage mechanism of electrochemical capacitor.

The capacitance of electrochemical capacitor C is calculated by following equation,

Q>

C=c¢, (1.1)
where, &, A and d are the relative permittivity, surface area of active material and
thickness of double layer, respectively. The energy density (E) of the electrochemical

capacitor is calculated as follows,

E=— (1.2)
where, C is capacitance and V is the operational potential window of electrochemical
capacitor.

1.2 Classification of supercapacitor

Unique storage mechanism and usage of electrode material distinguish
supercapacitors into three categories as electric double-layer capacitors (EDLCs),
pseudocapacitors and hybrid capacitors. A non-faradaic mechanism is used for charge
storage in EDLCs, means charge stored by forming a double layer between electrode
surface and electrolyte and carbon based electrode materials are used for the

construction of EDLCs [21, 22]. Charge storage mechanism in pseudocapacitor
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involves exchange of electrons and used materials have a number of oxidation states
like metal oxides/hydroxides/sulphides/phosphides/phosphates, conducting polymers,
etc. [23, 24]. Hybrid capacitors are fabricated by combining EDLCs and
pseudocapacitive materials and they stores energy by both faradaic and non-faradaic
mechanisms [25, 26]. The schematic presentation of classification of supercapacitor is
shown in chart 1.

1.2.1 Electrochemical double-layer capacitors (EDLCs)

EDLCs consists of two carbon electrodes, electrolyte and separator, and charge
stored electrostatically or non-faradaically as like conventional capacitor (Fig. 1.3 (a)).
So, no charge transfer between electrode and electrolyte take place. Following the
opposite charge attraction, ions diffuses through separator from electrolyte towards
oppositely charged electrodes and adsorbs on the surface of electrode when voltage is

applied. At the surface of each electrode, recombination of ions prevented by electrodes

produces double-layer of ions.

Supercapacitor

Electric Double

Layer Capacitors Pseudocapacitors
_@picy T= ~—
Tvbri
e.g. Capacitors Intrinsic
Activated e.g. RuO,,
Cal‘ UL Asymmetl‘ic MnOZ, efc,
(g Cubn "es LD
an Nb,0, etc.
I eﬁ- Carblgn Extrinsic
eroge! e.g. Ni(OH),,
o(OH),, €
e.g.
Graphene

Chart 1: Classification of supercapacitor.
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There is no chemical reaction or phase transformation due to no charge transfer
between electrode and electrolyte. This non-faradaic reaction offers high reversibility
in charge storage that responsible for higher cyclic stability of EDLC electrodes. So,
EDLCs shows stable performance of charge-discharge cycles and it is upto 10° cycles.
Due to higher cyclic stability, EDLCs are applicable at non-user serviceable locations
such as on mountains and deep sea locations. Also, the low price, higher surface area
and well established production techniques of the carbon electrode materials increases
their importance than other electrode materials. For the charge storage in EDLC
electrode different forms of carbon materials are used such as, activated carbon, carbon
aerogels, carbon nanotubes, and recently new form of carbon is graphene which
attracted much attention.

1.2.2 Pseudocapacitors

In pseudocapacitors charge is stored by faradaic mechanism, where charge
transferred between electrode and electrolyte by fast and reversible redox surface
reactions. The schematic representation of charge storage mechanism in
pseudocapacitor is shown in Fig. 1.3 (b). The faradaic process allows high capacitance
and energy densities for pseudocapacitors than the EDLCs. Less number of ions
involved in double layer as compared to exchange of ions between electrolyte and
electrode. Particle size, material conductivity, area of active material and also
electrolyte type are important factors which affects on performance of
pseudocapacitors. The charge storage procedure contains and able to do electrosorption,
oxidation-reduction reaction, and intercalation/deintercalation processes, that labeled
as pseudocapacitors. On the basis of charge storage mechanisms, pseudocapacitor
further divided into three categories such as, i) intrinsic pseudocapacitor (on or near

material surface faradaic reactions), b) intercalation-type pseudocapacitor (charge

10
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stored in tunnels or layers of materials), and c) extrinsic pseudocapacitor (faradaic

reaction at surface of nano sized battery materials).

e Load —
’—‘ }—4\/\/—\ e
G e +I e L
ollo e C ] PSR
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electrode B 3 Qe oet— N
o)lo) Q) Clo<~— ol > 9
8 g g o g | T
A‘~ R ad °<_
S 3 o~ B ° Electrode
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(a) Electric double-layer capacitor (b) Pseudocapacitor

Fig. 1.3 Charge storage mechanism of (a) EDLC and (b) pseudocapacitor [26].

1.2.2.1 Intrinsic or surface redox pseudocapacitors

Trasatti and Buzzanca [27] firstly discovered pseudocapacitive nature of RuO;
from its quasi-rectangular curves of cyclic voltammetry (CV) as like EDLC materials.
In intrinsic material, charges are stored by double layer as well as surface redox
mechanism on the surface of material or near the surface of material. Due to number of
valance states, some transition metal oxides (e.g. RuO2, MnQO) exhibit intrinsic
pseudocapacitive nature and their redox reaction at the surface of electrode makes them
better than EDLCs. Also, they have capability of high energy storage with excellent
charging-discharging rate.
1.2.2.2 Intercalation pseudocapacitors

The charge can be stored in material by faradaically via intercalation of
electrolytic ions into tunnels and layers of material without changing its phase, such
type of charge storage mechanism is investigated by Augustyn et. al. [28] and defined

as “intercalation pseudocapacitors”. The important property of intercalation
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pseudocapacitor is that, the electrode material does not change its structural phase
during electrochemical reaction [29]. In intercalation pseudocapacitor, charge storage
process is not only restricted to surface but also utilizes bulk of material for
electrochemical reactions. Some layered materials (e.g. Layer Double Hydroxide
(LDH), Nb20s) having wide interplanar spacing exhibits the intercalation
pseudocapacitive type nature.
1.2.2.3 Extrinsic pseudocapacitors

The materials, who shows battery like nature in CV (strong redox peaks) and
charge-discharge curves (with plateau) in their bulk form and transformed in
pseudocapacitive nature by decreasing its particle size (in nanosize) was investigated
by Augustyn et. al. [28] and defined as “extrinsic pseudocapacitors”. The battery type
materials overcome their phase change property when it goes in nanosize, decreases ion
diffusion length and demonstrate pseudocapacitive nature. After reducing dimensions
of material, typical battery type material serves a pseudocapacitive nature by promoting
surface dominant ion storage. The nanosized nickel and cobalt hydroxides are examples
of extrinsic pseudocapacitive materials [30].
1.2.3 Hybrid capacitors

In comparison between EDLCs and pseudocapacitors, merit of one type of
material is demerit of other. So, the combination of both systems supposed to give the
merits of both and resolve all problems of supercapacitor [31]. This can be done by
merging one electrode material based on pure EDLC type and another pure
pseudocapacitive type, such a combination is largely studied to take advantage of both
mechanisms. Simultaneously both mechanism occurs in this kind of system and is
called as hybrid capacitor [32]. Carbon based material combined with metal oxide or

conducting polymer means both mechanism combines in single electrode and termed
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as composite electrode. By using composite type electrodes fabricated capacitor called
as composite hybrid capacitor. In asymmetric hybrid capacitor, hybrid capacitor is
prepared by combining one battery type electrode and another capacitive type electrode.
This combination offers high energy of batteries and power like a capacitor with
improved cycle life. These devices may able to bridge the gap between batteries and
supercapacitors [33]. They are attractive for improved energy and cyclic stability than
EDLCs and pseudocapacitors, respectively.
1.3 Electrode materials for supercapacitors

The higher supercapacitive performance can be achieved by selecting active
material with desired properties. The features of active material plays important role in
achieving high supercapacitive performance. The required features of supercapacitor
electrode materials are listed below,
% Electrode should have a high specific surface area.
% To control rate capability and power density electrical conductivity must be high.
%+ Controlled porosity can improve performance.
% Non-toxic and low cost precursor materials are required.
% Thermal and chemically stable active materials are required.
% Easy and economic preparation method of material.
1.3.1 Carbon based materials

In carbon based material, with high surface area and less expensive activated
carbon material is the most prime choice for EDLCs. There is a correlation between
surface area and capacitance, since surface area is directly proportional to capacitance.
However, activated carbon could not achieve high capacitance due to the inaccessibility
of surface area. So, researchers focused on development of optimal porous material for

easy accessibility of electrolyte ions, which can improve total capacitance of activated
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carbon. Recently, carbon aerogels getting much attention due to low electrochemical
series resistance (ESR) than activated carbon because of binderless electrode
preparation as an EDLC material. It has ability to chemically link with current collector
and continuous structure of carbon aerogels does not require any additional binding
agent. In contrast with other carbon materials, carbon nanotubes (CNT) have one
dimensional structure that offers continuous charge distribution and fast transfer, and
uses almost all active area for electrosorption. Therefore, efficient use of surface area
of CNT material delivers high capacitance than activated carbon. Also, their
mesoporous network is important for easy diffusion of electrolyte ions and lower ESR
than activated carbon. Recently, interest increased in the use of graphene oxide and
reduced graphene oxide based material as an EDLC electrode material because of their
high surface area and conductivity. Graphene has a large theoretical surface area (2600
m?g™), high intrinsic mobility, high Young’s modulus and thermal stability (1500-5000
W m? K1) with good electrical conductivity catches attention for particularly EDLC
application among their various application [34].
1.3.2 Conducting polymers

Out of various conducting polymers polyaniline (PANI) [35], polypyrrole (PPy)
[36] and polythiophene (PTh) [37] are mostly used for supercapacitor application. Good
electrical conductivity, high porosity and wide operating potential window are the main
advantages of conducting polymer materials. However, additional potential converts
phase of conducting polymer (into non-conducting) and also causes mechanical
degradation of material that reduces supercapacitive performance. Therefore, for better
performance operative potential range is very important in case of conducting

polymers.
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1.3.3 Metal oxides

Metal oxide based electrodes are promising electrodes for supercapacitor
application due to high energy density and electrochemical stability as compare to
conducting polymers. Fast and reversible redox reaction at electrode/electrolyte
interface responsible for high energy density value. They offer multiple oxidation states
for charge storage and a wide operational potential window. The various metal oxides
such as MnO3 [38, 39], RuO2 [40], C0304 [41], NiO [42] and Fe>Oz [43] were explored
for supercapacitor application. Among these materials, RuO- is widely investigated for
supercapacitor application due to its high electrical conductivity, different oxidation
state and wide potential window. However, high cost and toxicity restrict their
commercialization in supercapacitors.
1.3.4 Metal phosphates

Metal phosphate based materials attracted attention in recent years for application
in energy storage devices due to their low cost, environment friendly and earth abundant
nature. They also have numerous additional important properties such as unique
chemical/physical characteristics and tunable multifunctionality [44]. Open structure of
metal phosphate material with hollow wide channel offers good ionic conductivity and
strong P-O covalent bond offers good chemical stability [48]. The structural stability of
phosphate materials during charge-discharge makes them best candidate in energy
storage applications. Therefore, many metal phosphates are commercially used in
battery manufacturing [45-47]. The numerous metal phosphates were investigated for
the supercapacitor application as, AgsPOs [49, 50], BiPO4 [51-54], Co3(PO4)2 [55],
Ni3(POa)2 [56], Mn3(PO4)2 [57], VOPO4 [58, 59], etc. Among these metal phosphates,
nickel and cobalt based phosphate materials are the best candidate as cathode and

widely used for energy storage devices.
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1.4 Literature survey on nickel phosphate, cobalt phosphate and nickel cobalt
phosphate

1.4.1 Literature survey on nickel phosphate

In recent years, nickel based materials are highly investigated for energy storage
applications due to its low cost, rich redox behaviour, high specific capacitance, high
corrosion resistance and good stability. Different polymorphs of nickel phosphate
prepared and investigated for supercapacitor application such as, Ni3(POa)2 [56, 60-64],
Nizo[(OH)12(H20)6][(HP4)s(PO4)4].12H20 [65, 66] and NizP.0; [67-73]. Various
structures of nickel phosphate and their composite materials were prepared using
different synthesis methods such as hydrothermal, co-precipitation, sonochemical and
calcination. Different structures with morphologies and corresponding supercapacitive
performance of nickel phosphate material are summarized in table 1.1. The different
electrochemical performance observed for different structure and morphologies such
as, nanoparticles of Ni3(POa4)2 prepared via sonochemical method by Omar et. al [56]
and observed phase transformation of nickel phosphate material after calcined at
different temperature. The nickel phosphate material calcined at 300 °C delivered
highest capacitance of 1771 F g* at 0.4 A g current density. The microwave-assisted
chemical method employed for the preparation of microflowers of Niz(PO4)2.8H20 by
Peng et. al. [60]. The prepared nickel phosphate material offered maximum specific
capacitance of 1301 F g at 2 A g* current density with 83.59 % capacitance retention
after 1000 cycles. The nanoparticles of Ni3(POs)2 composite with GO synthesized by
Li et. al. [61] via precipitation method and obtained specific capacitance of 1392.59 F
gl at 0.5 A g? current density with 93.5 % capacitive retention after 1000 cycles.
Mirghni et. al. [62] synthesized Ni3(PO4)2/GF composite material via hydrothermal

method delivered highest specific capacity of 48 mAh g™ at 0.5 A g current density.
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Omar et. al. [63] deposited silver phosphate nanoparticles (AgsPOs NPs) on amorphous
Ni3(POs4)2 by precipitation method followed by calcination, it offered maximum
specific capacity of 478 C gt at 1 A g current density in 1 M KOH electrolyte.

Zhao et. al. [64] prepared Niz(PO4)2/RGO/Co3(PO4)2 composite material via
hydrothermal method, which delivered specific capacitance of 1137.5 Fgtat 0.56 A g
L current density with 117.8 % capacitive retention over 14000 cycles. Zhao et. al. [65]
prepared nanorods of  Ni2o[(OH)12(H20)e][(HP4)s(PO4)4].12H.0 by  simple
hydrothermal method and reported specific capacitance of 1494 F g at 1.25 A g*
current density. The nanocrystal of VSB-5 (Ni2o[(OH)12(H20)s][(HP4)s(PO4)4].12H,0)
prepared by Yang et. al. [66] via hydrothermal method and it delivered highest specific
capacitance of 2740 F g at 3 A g current density. Pramanik et. al. [67] synthesized
amorphous nature of Ni>P207 via hydrothermal method followed by calcination offers
a specific capacitance of 265 F g! at 20 mV s? scan rate. Amorphous nickel
pyrophosphate (Ni2P-07) microstructures was synthesized by calcining ammonium
nickel phosphate hydrate microstructures in air by Pang et. al. [68], and it exhibited
specific capacitance of 1050 F gt at 0.5 A g* current density. Senthilkumar et. al. [69]
synthesized nanograins of Ni2P207 by simple co-precipitation technique and tested as
cathode material, which delivered a maximum specific capacitance of 1893 F g at 2
A g current density. Sankar et. al. [70] prepared nanorods of Ni,P.O7 by simple
hydrothermal method and offered maximum capacitance of 5753 mF cm at 5 mA cm’
2 current density with addition of Ks[Fe(CN)s] redox additive in 1 M KOH electrolyte.
Nanosheets of Ni2P20; decorated by NiCo-OH composite material prepared by
Chodanakar et. al. [71] on nickel foam and delivered highest specific capacitance of
2529 F g at 1 mA cm current density with high stability (92.59 %). A core-shell

structured MnO2@Ni2P>07 prepared by Chodanakar et. al. [72] using hydrothermal
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followed by a chemical bath deposition method and delivered specific capacity of 309
mAh gtat 1 A g current density with excellent stability (94 %) over 12000 cycles. Na
doped Ni2P207 hexagonal tablets are synthesized by Wei et. al. [73] via hydrothermal
method, offered maximum capacitance of 557.5 F g at 1.2 A g current density. Nickel
phosphite (Ni11(HPO3)s(OH)s) hexagonal polyhedrons were successfully synthesized
under hydrothermal conditions by Pang et. al. [74]. Also, the nanotubes and
nanocrystals of nickel phosphite (Ni11(HPOz3)s(OH)e) prepared by Li et. al. [75] and
Gao et. al. [76], respectively. Moreover, the Co-doped bouquet-like nickel phosphite
(Ni12(HPO3)s(OH)e) material synthesized by Li et. al. [77] via a simple solvothermal
method.

Table 1.1: Electrochemical performance of nickel phosphate based electrodes.

Sr. Material and Substrate Method of Electrol | Capacitance | Stability | Ref.
No. morphology deposition yte (Fg? at at cycles
current
density
(Agh
1. Ni3(POa)2 Nickel Sonochemical 1M 1771 at0.4 - 56
(Nanoparticles) Foam KOH
2. | Ni3(PO4)2.8H,0 Nickel Microwave- KOH 1301 at 2 83.59%, 60
(Microflowers) Foam assisted 1000
3. Ni3(PO4).@GO Nickel Chemical 2M 1392.59 at 93.5%, 61
(Nanoparticles) Foam precipitation KOH 0.5 1000
4, Ni3(PO.)2/GF Nickel Hydrothermal 6 M 48 mAh gtat 92%, 62
(Nanorods) Foam KOH 0.5 2000
5. Ni3(PO4)2- Nickel Sonochemical 1M 478Cgtatl - 63
AgsPO, Foam & Calcination KOH
(Nanoparticles)
6. | Niz(PO4)/RGO/ Cobalt Hydrothermal 1M 1137.5 at 117.8%, 64
Co3(P0O4)2 (Roe Foam KOH 0.56 14000
shaped)
7. Nizo[(OH)12 Nickel Hydrothermal 3M 1497 at 1.25 - 65
(H20)6] Foam KOH
[(HP4)s(POu)s].
12H,0
(Nanorods)
8. Nizo[(OH)12 Nickel Hydrothermal 1M 2740 at 3 - 66
(H20)6] Foam KOH
[(HP4)s(POu)s].
12H,0
(Nanocrystal)
9. Ni2P207 Graphite | Hydrothermal 3M 265 at 97%, 67
(Nano spheres) & Calcination KOH 20 mV st 1000
10. Ni2P.0O7 Nickel Stirring & 3M 1050 at 500 90.5%, 68
(Microstructures) Foam Calcination KOH mA g? 6000
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11. Ni>P,07 Carbon Co- 1M 1893 at 2 - 69
(Nanograins) Paper precipitation NaOH
12. NizP207 Nickel Hydrothermal 1M 5753 mF cm? | 83.59%, 70
(Nanorods) Foam KOH at 5 mA cm 5000
13. Ni2P207/NiCo- Nickel Hydrothermal 2M 2529 at1 mA | 92.59%, 71
OH (Nanosheets, Foam & KOH cm? 10000
micro-sheets) Electrodeposi
tion
14. | MnO@NizP,07 Nickel Hydrothermal 2M 309 mAh g 94%, 72
(Nanoflakes, Foam & Chemical KOH atl 12000
micro-sheets) bath
deposition
15. Na-NiP.07 Nickel Hydrothermal 3M 557.5at1.2 97.3%, 73
(Hexagonal Foam NaOH 1000
tablets)
16. (Ni11(HPO3)s Nickel Hydrothermal 3M 295 at 0.625 99.3%, 74
(OH)s) Foam KOH 1000
(Hexagonal
polyhedron)
17. Ni11(HPO3)s Nickel Hydrothermal 3M 1876 at 0.625 95%, 75
(OH)s Foam KOH 2000
(Nanotubes)
18. (Ni11(HPO3)s Nickel Hydrothermal 3M 588 at 0.5 97.7%, 76
(OH)e) Foam KOH 10000
(Nanocrystals)
19. | Co-(Ni11(HPOs3)s Nickel Solvothermal 3M 7515atl 92.8%, 77
(OH)e) Foam KOH 8000
(Bouquet-like)

The asymmetric devices were fabricated using different phases of nickel
phosphate as a cathode for evaluation of practical applicability and summarized in table
1.2. Omar et. al. [56] fabricated an asymmetric device by comprising Ni3(PO4). as a
positive electrode and activated carbon (AC) as a negative electrode in 1 M KOH
electrolyte. The device delivered specific capacity of 355 C g* at 0.4 A g* current
density with energy density of 76 Wh kg* at power density of 599 W kg*. Also, device
retained 88.5 % initial capacity after 3000 cycles. The Ni3(POa4)2.8H20//rGO device
prepared by Peng et. al. [60] delivered highest specific capacity of 122.3Cgtat1 A g
L current density with energy density of 25.48 Wh kg™ at power density of 750 W kg,
and retained 84.23 % capacity after 1000 cycles. The asymmetric device

Ni3(PO4).@GO//Fe20:@GO fabricated by Li et. al. [61] and observed maximum
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capacitance of 189 F g at 0.25 A g current density with 85 % cyclic stability after
1000 cycles. Also, it achieved maximum energy density of 67.2 Wh kg™ at power
density of 200.43 W kgt Mirghni et. al. [62] fabricated asymmetric device
(Ni3(PO4)2/90 mg GF//C-FP) by combining Ni3(PO4)2/90 mg graphene foam (GF) as
the cathode and carbonized iron (Fe**) adsorbed on polyaniline (PANI) (C-FP) as the
anode material and it achieved maximum energy density of 49 Wh kg* at power density
of 499 W kg with 53 % cyclic stability. Omar et. al. [63] fabricated Niz(PO4).-
AgsPO4//AC based supercapattery and it exhibited an energy density of 32.4 Wh kg
at 399.5 W kg* power density, and excellent cyclic stability after 5000 cycles. The
asymmetric device Niz(PO4)2/RGO/Co3(PO4)2//AC fabricated by Zhao et. al. [64]
delivered capacitance of 115.4 F gt at 0.12 A g current density with 91.9 % cyclic
stability over 18000 cycles. Also, it achieved energy density of 44.82 Wh kg* at 428.6
W kg power density. A solid state device Nizo[(OH)12(H20)s][(HP4)s(PO4)4].12H20
/lgraphene fabricated by Zhao et. al. [65] using PVA-KOH electrolyte delivered highest
volumetric energy density of 0.445 mWh cm at power density of 44 mW cm with
97.4 % capacitive retention over 5000 cycles.

Senthilkumar et. al. [69] fabricated Ni.P.O7//HPGC asymmetric device delivered
capacitance of 183 F g and it achieved energy density of 65 Wh kg* at 800 W kg
power density with 83 % capacitive retention. Sankar et. al. [70] assembled
Ni2P207//rGO hybrid supercapacitor device and it delivered a high specific capacitance
of 224 F gt at 1 A g current density. Also, it delivered high energy density of 70 Wh
kg™ at a power density of 750 W kg with high coulombic efficiency (96 %) over 5000
cycles. Ni2P207/NiCo-OH//AC device fabricated by Chodanakar et. al. [71] using
PVA-KOH gel electrolyte delivered specific capacitance of 221 F g* at 3 mA cm™

current density with 91.83 % cyclic stability over 10000 cycles. Also, it exhibited high
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energy density of 78 Wh kg at a power density of 444 W kg*. Chodanakar et. al. [72]
fabricated MnO2@NPO//AC solid-state device using PVA-KOH gel electrolyte and it
exhibits specific capacity of 82 mAh g* at a current density of 1 A g and excellent
specific energy of 66 Wh kg™ at specific power of 640 W kg™. The solid state device
fabricated by Wei et. al. [73] using Na doped Ni2P-07 and graphene as positive and
negative electrodes, respectively. The fabricated device achieved maximum specific
capacitance of 32.6 mF cm™ at current density of 0.5 mA cm2 with maximum energy
density of 23.4 Wh kg? at power density of 1.29 kW kg?. A flexible solid-state
asymmetric supercapacitor device fabricated using nanocrystal of Ni11(HPO3)s(OH)e
(cathode) and graphene nanosheets (anode) by Gao et. al. [76] using PVA-KOH gel
electrolyte. The device exhibited specific capacitance of 1.64 F cm™ at current density
of 5 mA cm2 with energy density of 0.45 mWh cm™ at power density of 33 mW cm?
and 93.3 % initial capacitance retention after 10000 cycles. Li et. al. [77] prepared
aqueous and solid state devices using Co doped nickel phosphite (Ni11(HPO3)s(OH)s)
and activated carbon as positive and negative electrodes, respectively. The aqueous
device with 3 M KOH electrolyte delivered specific capacitance of 83.1 mF cm2 at 0.5
mA cm current density, also exhibits energy density of 15.48 mWh cm at power
density of 600 W cm2 with 94 % cyclic stability over 5000 cycles. The solid state
device with PVA-KOH gel electrolyte delivered specific capacitance of 77.1 mF cm™
at 0.5 mA cm current density, also exhibits energy density of 14.72 mWh cm at

power density of 600 W cm2 with 91.2 % cyclic stability over 5000 cycles.

21



Chapter — |

GENERAL INTRODUCTION AND LITERATURE SURVEY

Table 1.2: Electrochemical performance of nickel phosphate based supercapacitor

devices.

Sr. Positive Negative | Electrol | Capacitance | Energy Power | Stability | Ref.
No. electrode electrode yte (Fg?at density | density | atcycles
(cathode) (anode) current (Wh w
density kg?) kg?)
(Agh
1. Nis(PO4)2/NF AC/NF 1M 355 Cgtat 76 599 88.5%, 56
KOH 0.4 3000
2. | Ni3(PO4)2.8H,0 rGO - 122.3Cgtat 25.48 750.02 | 84.23%, 60
1 1000
3. | Nizg(PO4).@GO/ | Fe0:@ - 189 at 0.25 67.2 200.43 85%, 61
NF GO/NF 1000
4, Ni3(PO4)2/GF/ | C-FP/NF - 48 mAh gt at 49 499 53%, 62
NF 0.5 10000
5. Ni3(POg)2- AC/NF 1M 146 C g'at 324 399.5 82%, 63
A93PO4/NF KOH 0.5 5000
6. | Nig(PO4)2/RGO ACINF - 115.4 at 0.12 44.82 428.6 91.9%, 64
/C03(POa)2/ 18000
Cobalt Foam
7. Nizo[(OH)12 Graphene/ | PVA- 148.3 F 0.445 44 97.4%, 65
(H20)6][(HP4)s PET KOH cm? at 0.5 mWh mw 5000
(PO4)4].12H,0/ mA cm? cm3 cm3
PET
8. Ni2P2.07/CP HPGC/ 1M 183 65 800 83%, 69
CP NaOH 2000
9. Ni2P207/NF rGO/NF 1M 224 at1 70 750 73%, 70
KOH 5000
10. Ni2P207/ AC/NF PVA- 221 at3 mA 78 444 91.83%, 71
NiCo-OH/NF KOH cm? 10000
11. MnO,@ ACINF PVA- | 82 mAhg!at 66 640 93%, 72
Ni2P,07 KOH 1 10000
12. Na-NizP,07 Graphene PVA- | 32.6 mF cm? 23.4 1292.2 98.5%, 73
NaOH at 0.5 mA 5000
cm?
13. (Ni1z(HPO3)s | Graphene/ | PVA- | 1.64Fcm3at | 0.45mW | 33mW | 93.3%, 76
(OH)e)/PET PET KOH 0.5 mA cm? hcm?® cm® 10000
14. Co- ACI/NF 3M 83.1 mF cm? 15.48 600 W 94%, 77
(Ni11(HPO3)s KOH at 0.5 mA mWh cm? 5000
(OH)s) cm? cm?
AC/PET PVA- | 77.1 mF cm? 14.72 600 W 91.2%,
KOH at 0.5 mA mwWh cm? 5000
cm? cm?

Specifications: AC - activated carbon, NF - nickel foam, GO - graphene oxide, GF —

Graphene foam, C-FP - carbonized iron cations adsorbed onto polyaniline, PET -

polyethylene terephthalate, CP - carbon paper, HPGC - highly porous graphitic carbon,

rGO - reduced graphene oxide.
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1.4.2 Literature survey on cobalt phosphate

Also cobalt phosphate is highly investigated material for supercapacitor
application along with nickel phosphate. Cobalt based materials are abundant in nature,
low cost, non-toxic and have multiple oxidation states, so they catch attention in every
field. Cobalt phosphate material getting much attention in energy storage field due to
its excellent redox behavior and conductivity. Different methods are used to develop
cobalt phosphate material such as green precipitation, hydrothermal, solvothermal, co-
precipitation, solid state sintering and sonication. These different methods are used to
prepare various polymorphs of cobalt phosphate material as Cosz(POas)> [78-87],
Co3P,0s [88], Co2P207 [89, 90], CoHPO4 [91], Co11(HPO3)s(OH)s [92-94], Co2P4012
[95], Co7(PO4)2(HPO4)4 [96] and along with pure phase of cobalt phosphate, NH4 [97-
99] and K [100] rich cobalt phosphate materials also prepared and their study is
summarized in table 1.3. Different structure of cobalt phosphate material offers
different electrochemical properties as briefly discussed herein. Li et. al. [78] prepared
flower like Co3(PQ4)2.8H20 using green-precipitate method and it delivered maximum
specific capacitance of 350 F gt at 1 A g current density with 102 % cyclic stability.
Sankar et. al. [79] prepared 1D Cos3(POs4). nanograsses on Ni foam via simple
hydrothermal method at different reaction times and achieved maximum capacitance of
15,687 mF cm™ at 6 A g™* current density with 89 % cyclic stability over 6000 cycles.
Theerthagiri et. al. [80] prepared nanoflakes of Cos(PO4). using co-precipitation method
and it offered maximum capacitance of 188 F g* at 3 A g current density. Shao et. al.
[81] synthesized nanoflakes of Cos(PO4)28H20 by simple hydrothermal method, it
offered highest specific capacitance of 1578.7 F g at 5 A g* current density with 72.8
% capacitive retention over 1000 cycles. Xi et. al. [82] developed nanowires of

Co3(POa). via solvothermal method and obtained highest capacitance of 1174 F g* at 2
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A g? current density in 3 M KOH electrolyte. Mao et. al. [83] used hydrothermal
method for the preparation of leaf and nanoflakes like Cos(POas)2, which delivered
capacitance of 410 F g at 1 A g'* current density with 96.1 % cyclic stability. Mirghni
et. al. [84] used hydrothermal method and prepared Cos(POa4)2.4H>O/GF composite and
it offered maximum capacity of 39.8 mAh g* at 10 A g* current density. Katkar et. al.
[85] synthesized Co3(PO4)2.8H-0 and studied effect of various amounts of hydrolyzing
agent on morphology and supercapacitive performance. The prepared electrode
exhibited highest specific capacitance of 800 F g at 2 mA cm™ current density.

Li et. al. [88] prepared nanoparticles of CosP20sg.8H.0 via precipitation and it
delivered maximum capacitance of 446 F g at 0.5 A g current density with 100 %
cyclic stability over 1000 cycles. The nanorods and nanosheets of Co.P>O7 prepared by
Hou et. al. [89] and Khan et. al. [90] via stirring and hydrothermal methods,
respectively. The nanorods of Co,P-O7 delivered maximum capacitance of 483 F g* at
1 A gt current density with 90 % cyclic stability over 3000 cycles and the nanosheets
of Co2P,07 delivered maximum capacitance of 580 F gt at 1 A g'* current density with
96 % cyclic stability over 5000 cycles. Pang et. al. [91] prepared nanosheets of
CoHPO4.3H20 via hydrothermal method and tested in 3 M KOH electrolyte, and
prepared electrode offered maximum capacitance of 413 F g at 1.5 A g current
density. Pang et. al. [92] and Lee et. al. [93] prepared nanoribbons and dumbbell shapes
of Co11(HPO3)s(OH)s wusing hydrothermal method. The nanoribbons like
Co11(HPO3)s(OH)6 offered capacitance of 312 F gt at 1.25 A g* current density and
dumbbell shaped Co11(HPO3)s(OH)s exhibited capacitance of 226 F g at 1 A g*
current density. Also, Dan et. al. [94] prepared nanowires of Ni-doped
Co11(HPO3)s(OH)s via solvothermal method and it delivered capacity of 159 mAh g

at 0.5 A gt and 71.1 % cyclic stability over 8000 cycles. Patil et. al. [95] synthesized
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nanoparticles of Co,P401, delivered specific capacitance of 437 F gt at 2.5 A gt current
density with 90 % cyclic stability. Wang et. al. [96] developed rod-shaped
Co7(PO4)2(HPO4)s using organic solvent reflux method and prepared electrode
delivered highest specific capacitance of 345 F gt at 1 A g? current density in 3 M
KOH electrolyte. The chemical precipitation and hydrothermal method were used for
the preparation of microflowers and microbundles of NH4CoPO4.H.O and its
supercapacitive performance evaluated in KOH electrolyte [97-99]. Also, the
nanocrystals of K>Cos(P207)2-2H>0 were prepared via hydrothermal method by Pang
et. al. [100].

Table 1.3: Electrochemical performance of cobalt phosphate based electrodes.

Sr. | Materialand | Substrate | Method of Electrol | Capacitance | Stability | Ref.
No. morphology deposition yte (Fg? at at cycles
current
density
(Agh
1. Co3(PO4)2. Nickel Green- 3M 350atl 102 %, 78
8H.0 Foam precipitate KOH 1000
(Flower like)
2. Co3(PO4): Nickel Hydrothermal 1M 15,687 mF 89 %, 79
(Nanograss) Foam KOH cm?at6 6000
3. Co3(PO4): Carbon Co- 3M 188 at 3 95 %, 80
(Nanoflakes) Paper precipitation KOH 800
Co3(PO4)2. Nickel Hydrothermal 1M 1578.7 at5 72.8 %, 81
4, 8H.0 Foam NaOH 1000
(Nanoflakes)
5. Co3(POa4)2 Nickel Solvothermal 3M 1174 at 2 4000 82
(Nanowires) Foam KOH
6. Co3(POa4)2 Nickel Hydrothermal 3M 410 at1 96.1%, 83
(Leaf like, Foam KOH 2000
Nanoflakes)
7. Co3(POa)a. Nickel Hydrothermal 6M 39.8 mAhg? - 84
4H,0/GF Foam KOH at 10
(Flakes)
8. Co3(POa)a. Stainless | Hydrothermal 1M 800 at 2 mA 83%, 85
8H-0 Steel KOH cm? 3000
(Microflowers)
9. Co3(PO4): Nickel Sonochemical 1M 203.4Cgtat - 86
(Anisotropic Foam KOH 2
nano/ micro
rectangular)
10. Co3(POa4)2 Nickel Hydrothermal 3M 1990 80.4%, 87
(Nanoflakes/Flo Foam KOH at5 mA 2000
wer)
11. | Co3P20s.8H,0 Nickel Chemical 3M 446 at 0.5 100%, 88
(Nanoparticles) Foam precipitation KOH 1000
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12. Co2P,07 Nickel Stirring 3M 483 at 1 90%, 89
(Nanorods) Foam KOH 3000
13. Co2P,07 Carbon Hydrothermal 3M 580 at 1 96%, 90
(Nanosheets) Paper KOH 5000
14, CoHP04.3H,0 Nickel Hydrothermal 3M 413at15 58.1%, 91
(Nanosheets) Foam KOH 3000
15. Co11(HPO3)s Nickel Hydrothermal 3M 312at1.25 | 89.4%, 92
(OH)6 (Nano- Foam KOH 3000
ribbons)
16. Co11(HPO3)s Nickel Hydrothermal 3M 226 at1 - 93
(OH)s (Dumbbell Foam KOH
shape)
17. Ni-doped Nickel Solvothermal 2M 159 mAh 71.1%, 94
Co11(HPO3)s Foam KOH gtat0.5 8000
(OH)g (Nanowire Ag?
arrays)
18. Co2P4012 Carbon Solid-state 2M 437 at 2.5 90%, 95
(Nanoparticles) Cloth sintering KOH 3000
19. Co7(PO4): Nickel Organic 3M 345atl 80.14%, | 96
(HPQ4)4 (Rod- Foam solvent reflux KOH 2000
shaped)
20. | NH4CoPQO4.H-0 Nickel Chemical 3M 369.4 at 99.7%, 97
(Nano/Micro Foam precipitation KOH 0.625 4000
flowers/ plates)
21. | NH4CoPQO4.H,0 Nickel Chemical 1M 525 at 99.4%, 98
(Microflowers) Foam precipitation KOH 0.625 4000
22. | NH4CoPO4.H0 Nickel Hydrothermal 3M 662 at 1.5 92.7%, 99
(Microbundles) Foam KOH 3000
23. K2Co3(P207),- Nickel Hydrothermal 3M 1100 mF - 100
2H,0 Foam KOH cm2at 1.0
(Nanocrystal mA cm?
whiskers)

Few reports are available on fabrication of asymmetric devices using cobalt
phosphate material as a cathode for high energy and power density and tabulated in
table 1.4. Sankar et. al. [79] prepared asymmetric device using 1D Coz(POa)2
nanograsses as a cathode and activated carbon (AC) as an anode electrode, and it
exhibited specific capacitance of 85 F g at a current density of 1 A g and specific
energy of 26.66 Wh kg™ at specific power of 750 W kg. Shao et. al. [81] fabricated
C03(P04)2.8H20//AC device, which delivered highest capacitance of 111.2 F g* at a
current density of 5 mA cm2, specific energy of 29.29 Wh kg? at specific power of

468.75 W kg™ with 77.9 % initial capacitance retention over 1000 cycles. Xi et. al. [82]
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developed asymmetric device of Co3(POas)2//AC. The prepared device exhibited
maximum capacitance of 169.35 F g? at a current density of 2 A g* with excellent
cyclic stability. Mirghni et. al. [84] developed Cos(PO4)..4H.O/GF//C-FP device and
tested in 6 M KOH electrolyte. The device exhibited highest specific capacity of 24
mAh gt at 0.5 A g with excellent cyclic stability (99 % over 10000 cycles). Also, it
delivered specific energy of 24 Wh kg™ at a specific power of 468 W kg™. Katkar et.
al. [85] fabricated aqueous and flexible solid state devices using Coz(PO4).8H20 and
CuS as positive and negative electrodes, respectively. The Co3(PO4)2.8H20//CuS
aqueous device offered highest specific capacitance of 163 F g™* at current density of 2
mA cm2 with 58.1 Wh kg energy density at power density of 3520 W kg™ and 94 %
initial capacitance retention after 4000 cycles. The solid state device fabricated using
PVA-KOH gel electrolyte, which delivered highest specific capacitance of 70 F g (at
current density of 2 mA cm) with high energy density (24.91 Wh kg™) and power
density (2630 W kg1). CosP20s.8H20//AC device prepared by Li et. al. [88] delivered
capacitance of 55 F g at current density of 0.5 A g. Also, the device exhibited energy
density of 15 Wh kg at power density of 350 W kg and 100 % capacitive retention
after 3000 cycles. Dan et. al. [94] prepared Ni-doped Co11(HPO3)s(OH)s//AC device
and tested in 2 M KOH electrolyte, it offered capacitance of 55 F gt at current density
of 0.5 A gt with 58.7 Wh kg energy density at 532 W kg power density and excellent
cyclic retention (90.5 %) after 10000 cycles. Patil et. al. [95] fabricated Co2P4O12//AC
device and used Kl added KOH electrolyte for the performance evaluation. The device
delivered specific capacitance of 156 F g at current density of 2.5 A g and energy
density of 70 Wh kg* at power density of 2300 W kg* with superior cyclic retention
(94 % over 5000 cycles). Wang et. al. [96] developed Co7(PO4)2(HPO4)4//AC device

and tested in 3 M KOH electrolyte. The device offered 84.3 F g* specific capacitance
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at current density of 0.5 A g and energy density of 26 Wh kg™ (power density of

372.75 W kg*) with good cyclic performance.

Table 1.4: Electrochemical performance of cobalt phosphate based supercapacitor

devices.

Sr. Positive Negative | Electrol | Capacitance | Energy Power | Stability | Ref.
No. | electrode | electrode yte (Fg?h at density | density | atcycles
(cathode) (anode) current (Wh (W
density kg™ kg™
(Agh
1. | Co3(PO4).f ACI/NF 1M 85atl 26.66 750 86%, 79
NF KOH 6000
2. | Co3(POs)2. AC/NF 1M 111.2at5 29.29 468.75 77.9%, 81
8H,0O/NF NaOH mA cm? 1000
3. | Cos(POy)2/ AC/NF 3M 169.35at 2 - - 86%, 82
NF KOH 4000
4. | Co3(POas)a. C-FP 6M 24 mAh 24 468 99%, 84
4H,0/GF KOH gtat0.5 10000
5. | Co3(POa)2. CusS/SS 1M 163 at 2 mA 58.12 3520 94%, 85
8H,0/SS KOH cm? 4000
PVA- 70 at 2 mA 24.91 2630 -
KOH cm?
6. Co3P20s. ACI/NF - 55at 0.5 15 350 100%, 88
8H2O/NF 3000
7. Ni-doped ACI/NF 2M 55at 0.5 58.7 532 90.5%, 94
Cou KOH 10000
(HPO3)s
(OH)6/NF
8. Co2P401/ AC/CC Kl- 156 at2.5 70 2300 94%, 95
CcC KOH 5000
9. Co7(PO4)2 AC/NF 3M 84.34at0.5 26.04 372.75 | 93.08%, 96
(HPO4)4 KOH 2500
INF
10. K2Cos Graphene/ | PVA- 6.0 Fcm® at 0.96 - 94.4%, 100
(P207)2- PET KOH 10 mA cm® mWh 5000
2H,0O/PET cm®

Specifications: SS — Stainless steel, CC — Carbon cloth.

1.4.3 Literature survey on nickel cobalt phosphate

The mixed metal compounds delivered high specific capacitance than single

metals due to synergetic effects between two metal species. The ratio of two metal

species plays important role in electrochemical properties of bimetals. So, for better

results ratio of nickel and cobalt is varied in preparation of nickel cobalt based bimetals.

Different methods were used for synthesis of nickel cobalt phosphate material like
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hydrothermal, co-precipitation, irradiation of microwave, solvothermal, etc. Generally,
the nickel cobalt based phosphate material obtained by calcination of ammonium based
nickel cobalt phosphate precursors. Chen et. al. [101] prepared microplates of nickel
cobalt pyrophosphate material from calcination of ammonium nickel cobalt
pyrophosphate material at different temperatures and effect of calcination temperature
on material properties were studied. Microplates of Coo.4Ni16P207 delivered specific
capacitance of 1259 F g at current density of 1.5 A gL. Li et. al. [102] studied influence
of variation of different parameters in synthesis process of nickel cobalt phosphate on
the structure, morphology and electrochemical performance like Ni/Co ratio, reaction
temperature, reaction time, solvent quantity, surface active agent, etc. The prepared
nanosheets of NiCoPOys offer highest specific capacitance of 1132.5 F g at a current
density of 1 A g*. Liu et. al. [103] also studied effect of Ni/Co ratio variation in the
synthesis of NisP20g-C03P.0g.8H20 and compared their capacitive performance with
NisP20g and Co3P20s. The prepared NisP20s-Co3P20g.8H2O exhibits specific
capacitance of 1980 F g* at 0.5 A g current density. Similarly, ratio variation study
was done by Tang et. al. [104] and obtained nanospheres with honeycomb-like
mesoporous nickel cobalt phosphate material, and dehydration process effect also
studied. The prepared nanospheres of Coo.ssNi2.14(PO4)2 delivered capacitance of 1409
F glat0.25 A g* current density. Hollow shells of NiCo,(POa) prepared by Zhang et.
al. [105] using microwave assisted method and shell to sheet morphological evolution
was observed and it delivered 940.4 F g capacitance at 1 A g* current density.
Microplates of Ni(Co)NH4PO4 coated by rGO nanosheets composite prepared using
hydrothermal method by Zhang et. al. [106] and used as a supercapacitor electrode
which offered specific capacitance of 1451 F g (at current density 1 A g ). Zhao et.

al. [107] prepared hybridized phosphate material by adding NHs in
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(Ni,C0)3(P04)2.8H20 and studied their electrochemical properties. The prepared
microplates of (NH4)(Ni,Co)PO4-0.67H,0 delivered capacitance of 1128 F g* at
current density of 0.5 A g*. A nanospherical hollow nickel cobalt phosphate nanocages
prepared by Xiao et. al. [108] using template of metal-organic framework (ZIF-67) via
shell coating followed with controlled etching process and it offered high specific
capacitance of 1616 F g (at current density of 1 A g1). Also, Liu et. al. [109] prepared
Na-rich nickel cobalt phosphate material using microwave synthesis method, the
NaNio 33C0067P04.H20 exhibited specific capacitance of 828 F g at 1 A g* current
density. Similarly, K-rich microplates of nickel cobalt phosphate were synthesized by
Liang et. al. [110] via hydrothermal method and exhibited maximum specific
capacitance of 1166 F gt at 1.5 A g current density. Hun et. al. [111] prepared NixCo-
P-O using hydrothermal method, different Ni/Co ratios were used in the synthesis
process to determine optimum ratio of Ni/Co for good electrochemical performance
and prepared NixCo-P-O exhibited maximum specific capacitance of 952 F gt at 1 A
g current density. Chen et. al. [112] converted NixCo1 x(CO3)osOH precursor in to Ni-
Co-P/POx by low temperature phosphating process and combination of phosphate and
phosphide is observed in final material due to low temperature process.

Table 1.5: Electrochemical performance of nickel cobalt phosphate based electrodes.

Sr. | Material and | Substrate Method of | Electrol | Capacitance | Stability | Ref.
No. | morphology deposition yte (Fg? at at cycles
current
density
(Agh)
1. | Co04NipeP207 Nickel Hydrothermal 3M 1259 at 1.5 88.9%, 101
(Microplates) Foam KOH 1000
2. NiCoPO4 Nickel Hydrothermal 3M 11325at1 93%, 102
(Nanosheets) Foam KOH 8000
3. NizP20g- Nickel Co- 6M 1980 at 0.5 90.9%, 103
Co3P,05.8H,0 Foam precipitation KOH 1000
(Nanoparticle)
4, Coo.s6Ni2.14 Nickel Hydrothermal 2M 1409 at 0.25 - 104
(PO4)2 Foam KOH
(Nanospheres)
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5. NiC02(PQ4)2 Nickel Microwave 3M 940.43at1 | 84.5%, | 105
(Hollow Foam assisted KOH 1000

shells)

6. Ni(Co)NH, Nickel Hydrothermal 6 M 1451 atl 125%, 106
PO,@rGO Foam KOH 5000

(Microplates)

7. (NH4)(Ni,Co) Nickel Hydrothermal 6 M 1128 at 0.5 - 107
P0O4:0.67H,0 Foam KOH
(Microplates)

8. | ZIF-67-LDH- Nickel Solvothermal 6M 1616atl | 72.46%, | 108
NiCoPO, Foam KOH 2000

(Nanocages)

9. NaNio.33C00.67 Nickel Microwave 1M 828 at 1 83.1%, | 109
PO4.H0 Foam KOH 3000
(Particles)

10. KCoo.33Nig.67 Nickel Hydrothermal 1M 1166 at 1.5 94%, 110
PO4.H,0 Foam KOH 1000

(Microplates)
11. NixCo-P-O Nickel Hydrothermal 6 M 952 atl - 111
(Nanoflowers) Foam & Annealing KOH
12. NiCoP/POx Nickel Hydrothermal 6 M 647 Cgtlat 94%, 112
(Sea-urchin- Foam & KOH 1 1000
like) Phosphorization

The practical applicability of electroactive material is tested by preparing
supercapacitor device. The electrochemical performance of nickel cobalt phosphate
based devices is tabulated in table 1.6. Chen et. al. [101] fabricated asymmetric device
by combining Coo.4Ni1.6P2.07 and AC as positive and negative electrodes, respectively.
The Co0.4Ni16P207//AC device delivered highest capacitance of 119 F gt at 1 A g*
current density in 3 M KOH electrolyte. Also, it exhibited energy density of 42.2 Wh
kg at 800 W kgt power density with 80 % cyclic stability after 2000 cycles. Li et. al.
[102] prepared aqueous and solid state devices using NiCoPOsand AC as positive and
negative electrodes, respectively. The aqueous device performance tested in 3 M KOH
electrolyte, which delivered high capacitance of 162.8 F gt at 1 A g current density
along with energy density of 32.5 Wh kg at 600 W kg power density. The solid state
device performance was tested in PVA-KOH gel electrolyte and it achieved maximum

capacitance of 129.6 F g at 1 A g™* current density along with energy density of 35.8
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Wh kg?! at 700 W kg?! power density. Liu et. al. [103] fabricated NisP2Os-
Co3P,0s.8H,0//AC device provided capacitance of 94 F g at current density of 0.5 A
gt with 33.4 Wh kg* energy density at 399 W kg™ power density. Tang et. al. [104]
used Coo.gsNi2.14(PO4)2 as cathode and AC as anode for device fabrication and prepared
device provided capacitance of 149.6 F g at 0.7 mA current and 45.8 Wh kg™ energy
density at power density of 42.4 W kg. Zhao et. al. [107] used ammonium nickel
phosphate ((NH4)(Ni,Co)PO4-0.67H20) and hierarchical porous carbon (HPC) for
asymmetric device fabrication. The (NH4)(Ni,Co)PQO4-0.67H>O//HPC device delivered
specific capacitance of 88 F g at 0.01 A g current density and 35.3 Wh kg™ energy
density at power density of 101 W kg™,

The ZIF-67-LDH-NiCoPO4//AC device prepared using PVA-KOH electrolyte
by Xiao et. al. [108] offered 116.67 F g capacitance at 0.1 A g* current density with
33.29 Wh kg?! energy density at power density of 150 W kgl The
NaNio.33C00.67P04.H20 (cathode) and graphene (anode) electrodes combined by Liu et.
al. [109] for asymmetric device fabrication. The NaNio.33C0067PO4.H20//graphene
device exhibited specific capacitance of 95.52 F g* at current density of 0.5 A g%, with
high energy and power density of 29.85 Wh kg™ and 374.95 W kg%, respectively. Liang
et. al. [110] fabricated KCoo.33Nio.s7 PO4.H20//AC device which delivered capacitance
of 227 F gt at 1.5 A g* current density and 80.64 Wh kg energy density at power
density of 1200 W kg™. Hu et. al. [111] prepared NixCo-P-O//AC device which
provided specific capacitance of 424 F g at 1 A g* current density and energy density
of 47.68 Wh kg™ at power density of 884.78 W kg™. Chen et. al. [112] fabricated
NiCoP/POx//rGO device, delivered specific capacity of 182 C gt at 1 A g current

density with energy density of 36.84 Wh kg™ at power density of 727.8 W kg™.
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Table 1.6: Electrochemical performance of nickel cobalt phosphate based

supercapacitor devices.

Sr. Positive Negative | Electrol | Capacitance | Energy Power | Stability | Ref.
No. electrode electrode yte (Fg? at density | density | atcycles
(cathode) (anode) current (Wh w
density kg?) kg?)
(Agh
1. Coo.4Nis AC/NF 3M 119at1 42.2 800 80%, 101
P207/NF KOH 2000
2. NiCoPO4/ AC/NF 3M 162.8at1 325 600 80.4%, 102
NF KOH 5000
PVA- 129.6at1 35.8 700 90.5%,
KOH 5000
3. NisP20g- AC/NF 6M 94 at0.5 33.4 399 83%, 103
CO3P208. KOH 5000
8H,O/NF
4, Coo.5Ni2.14 AC/NF - 149.6 at 0.7 45.8 42.4 57.8%, 104
(PO4)2/NF mA 2500
5. (NH.) HPC/NF 6M 88 at0.01 35.3 101 95.6%, 107
(Ni,Co)POy- KOH 5000
0.67H,0/
NF
6. ZIF-67- AC PVA- 116.67 at 0.1 33.29 150 67.24%, | 108
LDH- KOH 10000
NiCoPO4
7. NaNio 33 Graphene/ 1M 95.52 at 0.5 29.85 374.95 76.9%, 109
C00,67PO4. NF KOH 10000
H,O/NF
8. | KCoos3Nios7 | ACINF 1M 227 at 1.5 80.64 1200 82%, 110
PO..H,O KOH 5000
9. NixCo-P- AC/NF 6M 424 at 1 47.68 884.78 69.3%, 111
O/NF KOH 8000
10. | NiCoP/POy rGO - 182Cgtatl 36.84 727.8 86%, 112
7000

From literature survey, it is found that binary metal phosphate based electrode

shows good electrochemical capacitive performance than single metal phosphate based

electrodes. Also, the binary metal phosphate based fabricated asymmetric device

delivered high energy and power density with excellent cyclic stability. However, these

materials couldn’t achieve their theoretical capacitance values. So, there is still scope

for improvement in capacitance, energy density and cyclic stability of device, and can

be achieved by preparing binder-free electrodes of binary metal phosphate thin films

along with manipulating material properties.
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1.5 Orientation and purpose of dissertation

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
based, conducting polymers, metal oxides and transition metal phosphates. Recently,
transition metal phosphates attract more attention among those active materials for
energy storage applications.

In a literature study, it is observed that single metal phosphate materials were
effective with good electrochemical performance, but they have some drawbacks such
as low stability and conductivity. These problems can be resolved easily by finding
efficient method to prepare electrode material with improved properties (surface area,
conductivity, porosity, etc.). So, it is reported that, doping or addition of proper metal
ions can hopefully change physical and chemical properties of material. Therefore,
binary material preparation is noble solution to resolve drawbacks of single metal based
materials where weakness of one material solved by another. In binary materials,
multiple oxidation states of both material reduces resistance of electrode and participate
in electrochemical redox reactions. However, co-incorporation of two transition metals

offer an effective method to tailor electrochemical performance of binary metal for
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supercapacitor application. In literature, nickel and cobalt based phosphate materials
investigated widely for energy storage devices. They both together shows better
performance than pure nickel phosphate or cobalt phosphate, because bimetallic
materials benefit from the synergistic effect of two materials and exhibit enhanced
capacitance behavior.

The fundamental requirement for supercapacitor electrodes include high
conductivity, chemical and mechanical stability, high surface area with appropriate
pore sizes optimal for an electrolyte. To improve conductivity of the electrode binder-
free deposition approach is generally used for thin film electrode preparation. It is
accepted that, directly grown (binder-free) nanostructures of materials on conducting
substrate possess better mechanical and structural stability compared to composite
powder attached on substrate by conventional way (drop casting). Hence, binder-free
approach became the choice for preparing supercapacitor electrode. For the preparation
of binder free and additive less nickel cobalt phosphate thin films, simple and cost
effective chemical methods can be used than physical methods. Among various
chemical methods, electrodeposition and chemical bath deposition methods were
selected for the thin film synthesis. These two methods are easy to handle, cheap and
useful to deposit materials on large scale. Preparative parameters such as pH of solution,
concentration of precursor, deposition temperature and deposition time can be easily
controlled in these chemical methods.

So, the present work is focused on synthesis of nickel cobalt phosphate thin films
by simple chemical bath deposition and electrodeposition methods. These methods
offer required material properties such as crystal structure, surface morphology and film
thickness. The physical and chemical properties of prepared thin films studied by

various characterizations. The phase identification of material is carried out by X-ray
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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. Prepared 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 (using electrodeposition and chemical bath deposition methods) are
investigated by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) techniques. Three electrode system
used for the electrochemical study of single electrodes in 1 M KOH electrolyte,
prepared thin films 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 specific capacitance and cyclic life.

The main aim of this work, fabrication of aqueous and flexible solid state
supercapacitor device using nickel cobalt phosphate thin films as an active cathode
material with KOH and PVA-KOH gel electrolyte, respectively. The activity of
electrode material and usefulness of electrolytes are investigated by fabricating aqueous
and solid state devices. The performances of asymmetric devices are studied in terms
of capacitance, energy and power density, and cyclic stability. Finally, conclusions are
assessed on the basis of the performance of nickel cobalt phosphate based devices.
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2.1 Introduction: Thin films

Interest in the study of science and technology of thin films enhances due to its
applicability, properties, technical values, and curiosity in two-dimensional solids. Thin
films have been developed to study the change in physical properties and their
connection with structure of solids. Also, thin films are used in many devices such as,
optical instruments, electrical circuits, magnetic information storage devices, etc [1]. In
the formation of thin film, material deposited on surface of clean substrate up to certain
thickness of film.

“A surface bounded between two parallel planes extending infinitely in two
directions restricted in the dimension along third direction.”

Changes in physico-chemical properties are observed due to alteration of
structure (bulk to thin film) of material, which dependent on the order and periodicity.
The system of thin film possesses at most two-dimensional order or periodicity, that
highly influences the physico-chemical properties and also responsible for change in
properties than bulk material. Thin film technology highly developed in the fields like
optics, magnetism, sensors, electronics and energy storage devices. Many of these
applications required nanocrystalline form of material for enhancement in the
properties. Materials in nanometer scale offer several advantages such as large surface
area, improved diffusivity, high electrical resistivity and high mechanical properties
than their bulk counterpart [2]. Nanomaterials can be prepared by two ways, first way
is top-down approach, where nanomaterials prepared by breaking of bulk material into
nanoscale pieces via chemical or mechanical processes. Another way is bottom-up
approach, in which material allows to grow from atomic or molecular species. Most of

the research has been devoted to developing capability to control shape, size and
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structure of material. Nanocrystalline form of materials have been prepared via
numerous chemical synthesis methods and also some novel methods are developed.
Thin film properties depend on deposition method and preparative conditions,
and by selecting the proper method desired properties can be achieved. Basically, thin
film deposition methods divided into the class of physical and chemical methods [3, 4].
In physical method, there are two branches, one is vacuum evaporation and other is
sputtering [5], where material required to transfer in a gaseous state for evaporation
method and impact processes for sputtering deposition. In chemical method, there are
also two branches. One branch is gas phase chemical process and it contains different
deposition methods such as, conventional chemical vapor deposition (CVD), laser
CVD, photo CVD, metal organo-chemical vapor deposition (MOCVD) and plasma
enhanced CVD. Another branch is liquid phase chemical methods which include
electrodeposition, chemical bath deposition (CBD), successive ionic layer adsorption
and reaction (SILAR), spray pyrolysis, liquid phase epitaxy, sol gel process, reflux
method, spin coating, dip coating, etc. In chemical methods, growth of material
obtained through chemical solutions [6]. Physical methods have many drawbacks such
as high working temperature, small area deposition, requires sophisticated instruments,
costly system, material wastage, high vacuum, etc. In comparison with physical
methods, chemical methods are simple, economic, and suitable for large area deposition
over any kind of substrate [3, 5, 6]. Also, preparative parameters are easy to control like
concentration of solution, pH of solution, temperature, complexing agent, etc. Various
chemical methods operate at low temperature that eliminates issue of corrosion and
oxidation of metallic substrate. Also, these deposition methods are capable to deposit

uniform and pinhole free thin films. So, the chemical processes are advantageous in the
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preparation of various materials in thin film form. The classification of thin film
deposition techniques is summarized in chart 2.1.

This chapter contains three major parts: first part deals with theoretical
background of electrodeposition, second part deals with theoretical background of
chemical bath deposition method and third part deals with working principle of

characterization techniques (structural, morphological and electrochemical) for thin

Thin Film Deposition Techniques \

films.

i

1. Resistive heating 1. Glow discharge DC sputtering 1. Chemical vapor deposition 1. Electrodeposition
2. Flash evaporation 2. Triode sputtering 2. Laser chemical vapor 2. Chemical bath deposition
3. Electron beam evaporation 3. Getter sputtering deposition 3. Successive ionic layer
4. LASER evaporation 4. Radio frequency (RF) sputtering 3. Photochemicalvapor adsorption and reaction (SILAR)
5. Arc evaporation 5. Magnetron sputtering deposition 4. Spray pyrolysis
6. Radio frequency 6. Face targetsputtering 4. Plasma-enhanced chemical 5. Liquid phase epitaxy

7. lon beam sputtering vapor deposition 6. Sol gel process

8. AC sputtering 5. Metal organochemical 7. Reflux method

vapor deposition 8. Spin coating

\ 9. Dip coating /

Chart 2.1: Classification of thin film deposition techniques.

2.2 Electrodeposition method

In electrodeposition process, a layer of one metal simply coated on the other
metal only by exchanging electrons with ions (oxidation-reduction reaction) in the
electrolyte. Easy and economic process for fabrication of metallic coating makes it
famous in the field of coating (galvanization/electroplating). Also, it used to prepare
numerous nanostructured materials in thin film form. This method is widely used for
soft and hard coatings for decorative and protective purposes, so it is explored in

electronic industry for new emerging applications [7].
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Electrodeposition is easy, attractive and well known technique in comparison
with the other physical and chemical methods due to several advantages. By this
method, many properties can be controlled easily with accuracy like conductivity of
semiconductor (n- or p-type), variation in band gap, control over stoichiometry and
doping, etc. Up to now, several materials in the thin film form have been deposited
using electrodeposition method such as, ceramics [8], metals [9], semiconductors [10],
superconductors [11], oxides [12], hydroxides [13], etc., for different applications.
There is an incredible difference in the electrodeposition compared with chemical
reaction based methods, where electrodeposition produces a chemical substance in a
controlled manner.

2.2.1 Fundamentals of electrodeposition

An exchange of ions or atoms among the electrolyte and electrode occurs in
electrochemical deposition processes [14]. In electrodeposition process, generally
direct current delivered through a metal ion containing solution for the deposition of
metal atoms on a conducting substrate. The schematic of electrodeposition process is
shown in Fig. 2.1. The main components in the typical electrodeposition set up are as
follow,

1. Working electrode (WE) (Cathode)

2. Auxiliary electrode (Counter electrode (CE)) (Anode)
3. Reference electrode (RE)

4. Electrolyte (Precursor salt solution)

5. Electrochemical workstation (Potentiostat)

As shown in Fig. 2.1, cathode, anode and reference electrode are dipped in the
metal ions containing electrolyte, when direct current is passed through anode and

cathode then positively charged metal ions attracted towards cathode, and deposited by
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becoming electrically neutralized [15]. By controlling charge amount and charge rate
passing through electrolyte, the process of deposition can be organised. Thus, chemical

changes can be observed over the substrate or in electrolyte due to electrical energy.

Electrochemical
workstation

WE - Working electrode
RE - Reference electrode

Electrolyte— CE - Counter electrode

Fig. 2.1 Schematic diagram of electrodeposition.
The deposition of metal on the cathode from the electrolyte containing metal ions
takes place as per following reaction [16].
M"Y +nee —»M (2.1)
where, M"™ is metal ions, " is electron and n is number of charges.
On the other hand, electrolyte containing more than one cationic species, cations
get deposited on cathode simultaneously. For two different cationic species, the reaction

in electrodeposition process can be written as below,

Mr+e — M (2.2)
N‘+e — >N (23)
or M*+N*+2 —» MN (2.4)

where, N* is another metal ion. The amount of deposition can be determined according

to Faraday’s law.
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Faraday’s laws of electrolysis
In 1834, Michael Faraday established relationship between the chemical changes
in electrolyte solution and electricity passed through it for deposition or liberation of
material at electrode.
Faraday’s first law
“The amount of substance liberated or deposited on the electrode is proportional
to the quantity of electricity passed” and mathematically it can be written as,
W Q
where, W is amount of substance liberated (g), and Q is the quantity of electricity passed
through electrolyte (coulomb). If current (1) transfer for the time (t) then the quantity of
electricity is,
Quantity of electricity = Current (1) x time (t)
Q=Ixt (2.5)
Wolt or W=zIt (2.6)
Here, z is the proportionality constant, known as ‘Electrochemical equivalent’. It can
be defined as, “The amount of substance liberated (g) on the electrode on passing a
current 1 A for 1 sec or passing 1 coulomb of electricity” [17].
Faraday’s second law
“If same quantity of electricity is passed through different electrolytes, then the
amount of substance liberated on the respective electrodes will be in the ratio of their
equivalent weights”. An important implication of Faraday’s second law is that, the ratio
of mass of electrodeposit to its gram-equivalent weight is a constant equivalent to 1

Faraday or 96,500 Coulombs (C) or 26.3 ampere-hour (Ah) [18].

50



Chapter — Il THEORETICAL BACKGROUND OF ELECTRODEPOSITION, CHEMICAL
BATH DEPOSITION METHOD AND THIN FILM CHARACTERIZATION TECHNIQUES

2.2.2 Various steps associated with electrodeposition process
Following successive steps are involved in the electrodeposition process of ionic
species from the electrolyte solution as shown in Fig. 2.2.
1. lonic transport
2. Discharge
3. Breaking of ion-ligand bond (if the bath is complexed)

4. Incorporation of adatoms onto the substrate followed by nucleation and growth.

Electrode Discharge | | lonic transfer

%f A

Dissociation of
ion-ligand bond

ALRNY

Incorporation of
adatoms followed
by nucleation and

growth

Fig. 2.2 Regions in which various stages of ion transport occur leading to
electrodeposition [19].

All steps occur in the range of 1-1000 A° from the substrate and every step has a
specific region for the operation. These steps can be classified into three processes with
respect to distance from the electrode as [20]:

a. In the electrolyte

b. Near the electrode

c. At the electrode surface

a. Process in the electrolyte

lons moved towards the electrode in electrolyte due to the influence of
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1. Potential gradient, d¢/dx
2. Concentration gradient, dc/dx
3. Density convective current, dp/dx.

Above all processes can be expressed in the Nernst-Planck equation,
j=ZF§—;Z—Z+D%+CU (2.7)

Where, F, v, R and D are the Faraday’s constant, electrolyte viscosity, gas constant and
diffusion coefficient, respectively. There are three terms responsible for the transport
of mass towards the electrode as migration, diffusion and convection processes.
b. Process near the electrode

Generally, electrolyte contains a hydration sheath or complex formed or ligand
bounded ionic species. These bounded ions with surrounding moves like individuals
and reach near the electrode surface, at that place system can gain the electrons from
cathode or losses electrons to anode. This region denoted as discharge and available
between 10 to 1000 A° from the electrode.
c. Process at the electrode surface

Electrons are lighter than ions, so they easily cross the solution layer of 5-10 A°
thick, but ions do not cross it at room temperature. The ion can reach metal surface

from the solution after breaking solvation cage and then subsequent deposition takes

place as presented in schematic Fig. 2.3.

Movement of ion Deposition of ion
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Fig. 2.3 Schematic of ion transfer from solution onto the electrode surface.
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The electrically neutral (discharged) ions reach near the electrode surface and form
solid phase by nucleation and growth process through adatom. Transport, discharge,
nucleation and growth are interlinked steps in electrodeposit development.
2.2.3 Pathways for the growth of an electrodeposit

The surface of a solid metal offers various sites for metal deposition as shown in
schematic Fig. 2.4. On the plane of flat surface, a single atom signified as an adatom;
several adatom combination forms as an adatom cluster. Missing of single atom
assigned as vacancy; several vacancies combinely called as vacancy cluster. Steps and
kink sites are important for crystal growth. The addition and removal of atoms at the

kink site create new kink sites.

. Step
- Vacancy /
cluster Adatom
A:g cluster '
ink ‘

site
47

Vacancy

Fig. 2.4 Schematic diagram for a metal surface with few characteristic features [21].
There are two paths for the deposition of metal: (1) direct deposition on the
growth site from solution and (2) formation of adatom by surface diffusion to edges.
Growth of material can be divided into following steps,
1. lons are transported near the interface in bulk electrolyte.
2. Adatoms are generated by discharged ions on the electrode surface.
3. Nucleation and subsequent growth, here also different routes are possible as,
i. Surface diffusion directed growth.
ii. Clusters formation and critical nuclei based growth.

ili. Formation of monolayer and final growth of electrodeposit.
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2.2.4 Initial stages of electrodeposition

There are several principle mechanisms for deposition of metal on flat metal
substrate. The initial stage of deposition started by formation of islands or atomic
clusters on the surface of substrate which is highly mobile but small in size. In
beginning, size of nuclei decided by change in Gibbs free energy and the further growth
decides the form, shape and morphology of electrodeposit [22]. There are two kinds of
interactive forces are responsible for growth of electrodeposit as, stronger interaction
between (1) metal atoms and (2) metal atom and substrate.

2.2.4.1. Stronger interaction between metal atoms

The nucleation clusters are formed in beginning and this process can’t take place
at underpotentials. In other words, overpotential is required to start the nucleation for
deposition process. The process called “Volmer-Weber or three-dimensional island
growth” (as shown in Fig. 2.5 (a)), where the connection between atom-atom is stronger
than atom-substrate, it leads to nucleate three dimensional islands and then it grows on

the substrate surface [19].

2.2.4.2 Stronger interaction between metal atom and substrate

If the interaction between deposited atoms and substrate is stronger, a monolayer
of metal atoms on surface of substrate can be deposited at underpotential. There are two
subcases,

a) If mismatch available between the lattice structure of metal and substrate atoms
then the first layer can form with uneven structure and accordingly then three-
dimensional clusters are formed. Such a growth is mentioned as Stranski-Krastanov
growth mode and shown in Fig. 2.5 (b).

b) If no mismatch present between the structure of metal atoms and substrate then the

uniform monolayer is formed. The layer is also epitaxic and material deposit (Fig.
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2.5 (c)) layer-by-layer and it is known as Frank-van-der-Merwe growth mode. The
substrate influence is negligible after two or three layers and then deposition

continuous like on the bulk metal atoms.

(a) Volmer-Weber
growth growth Merwe growth

Fig. 2.5 Schematic of three growth modes (a) Volmer-Weber (3-D island) growth, (b)
Stranski-Krastanov growth, (c) Frank-van-der-Merwe (layer-by-layer) growth [22].

2.2.5 Various modes of electrodeposition

In electrodeposition method, three different modes can be used for deposition of

material as,

1. Potentiostatic (At constant potential)

2. Galvanostatic (At constant current)

3. Potentiodynamic (Potential and current varies with time)

2.2.5.1 Potentiostatic (At constant potential)

In potentiostatic mode, the deposition is carried out at constant dc voltage. In this
mode, different charge transfer reactions carried at constant interfacial overpotential in
steady-state condition and exchange current density. The selection of overpotential
depends on different preparative parameters such as, substrate nature, composition of
bath and reversible potential of deposited species. Approximate possible potential
required to electrodeposit particular species and it can be discovered with the guidance

of standard electrode potential (reference electrode). Nevertheless, the actual potential
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for the deposition influences by several factors like interaction between substrate and

depositant, overpotential of hydrogen evolution, the bath polarization characteristics

and interaction between the various compounds in case of compound electrodeposition.

The deposition is done in pure activation, diffusion, or mixed, it dependant on selection

of deposition potential. In potentiostatic deposition following features are important,

i) In this method working electrode potential is controlled with respect to reference
electrode.

i) To develop required potential across the working electrode, the potential is driven
through counter electrode.

iii) The cell current varies with respect to time as the output waveform.

2.2.5.2 Galvanostatic (At constant current)

In galvanostatic mode, the deposition is carried out at constant dc current. In this
method, during deposition process current between working and counter electrodes
kept constant and this is important for uniform deposition. The rate of deposition is
proportional to the corresponding current densities. Following features are important in
the galvanostatic deposition,

i) At selected current density, current between the counter and working electrode
should able to drive electrolyte ions.

i) Required cell current is generated by essential potential applied through the counter
electrode.

iii) Current is not controlled by reference electrode, the reference electrode only used
to measure potential in the electrochemical cell.

iv) The cell potential varies with respect to time as the output waveform.
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2.2.5.3 Potentiodynamic (Potential and current varies with time)

In potentiodynamic method, current of electrolysis is measured as a function of
applied potential. In potentiodynamic mode, cyclic voltammetry and linear sweep
voltammetry can be used. The cyclic voltammetry technique used to study
electrochemical processes that take place through electrolysis like, charge transfer,
electrode Kinetics, etc. Also, it provides qualitative information of electrochemical
reactions. Redox potential values of electroactive species present in the solution can be
determined using cyclic voltammogram (i.e. an electrochemical hysteresis). In this
method, the redox reaction of electroactive species can prepare new material on the
substrate. In single step, metal oxides can be easily deposited by this method. A film
can be formed on the metal substrate by the reduction of metal ions (at reduction
potential) followed by oxidation (at oxidation potential) of metal ions. The desired
thickness of film can be obtained by several repeated deposition cycles. Important
features of potentiodynamic deposition method are as follows,

i) Measures current during triangular potential sweep and both responses can be
observed (anodic and cathodic).

i) Information about electroactivity of solution and electrode provides by output
waveform which has forward and reverse peaks (redox peaks).

2.2.6 Effect of preparative parameters

The properties of material (structural, optical and morphological) directly depend
upon preparative parameters of the electrodeposits. Smooth, uniform and
stoichiometric film of electrodeposits obtained by controlling preparative parameters
like nature of substrate, applied electric field, bath temperature, complexing agents and
pH of the bath, etc., [23, 24]. Among these preparative parameters, some are discussed

below.
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% Substrate

In electrodeposition method substrate plays a significant role, acts as backbone
and mechanical support for the electrodeposit, and also influences the morphology of
growing material. Also, modifies optical and electronic properties of material.
Following criteria of substrate is important for uniform electrodeposition [25].
i) Substrate should have excellent conductivity.
ii) Thermal expansion coefficient of substrate should matches with electrodeposit.
iii) Good mechanical strength.
iv) Substrate should be stable in electrodeposit precursor solution.
Generally, metal substrates have been widely used for electrodeposit material due to
their high conductivity, low cost, easy availability and handling.
% Bath temperature

The ionic mobility and diffusion rate enhances with increasing temperature of
electrodeposit bath. Higher temperature of electrodeposit bath raises current density
and that increases nucleation rate, so smooth and fine grained particles can be obtained
in thin film form. Also, at higher temperatures, the precipitation of salts and gas
evolution potential can be decreased. So, the optimum temperature of bath is difficult
to predict and it can be optimized by performing experiments.
% Current density/Overpotential

The rate of deposition depends upon the applied current density/overpotential. At
lower current density/overpotential, slow discharge of ions occurs that decreases
growth rate and forms closely packed structure of material. On the other hand, at higher
current density/overpotential rate of nuclei formation increases resulted in a fine grain
and favours perpendicular deposition of material. However, at very high current

density/overpotential rate of hydrogen evolution is very fast that influences the growth
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of material and deposited material can be porous and spongy in nature. Also, it
responsible for salt precipitation. So, the applied current density/overpotential can
control the thickness and structure of deposited material.
% Complexing agent

The positively charged complex ion formed by chemical combination of unstable
metal ions with neutral molecules. Complex compound offers two advantages as,
continuous supply of ions for the deposition process and maintain a high concentration
of metal complex but low metal ion concentration. The complex formation responsible
for growth of small grain and also decreases precipitate formation.
% pH of solution

The pH of electrodeposit bath need to control high efficiency and desired
properties of deposit material. High pH may leads to growing hydroxide ions near the
cathode, that resulted in precipitation of basic salt and may participate in
electrodeposition, thus it alters properties of electrodeposit. Also, at low pH bath
required high current density for the deposition of electrodeposit with high efficiency.
2.2.7 Advantages of electrodeposition method
There are several mesmerizing advantages of electrodeposition method for thin films
as follows,
1. Numerous structures, alloys and compounds with tailored composition can be

deposited, which is difficult to prepare by other deposition methods.
2. By using potential and charge (current) like electrochemical parameters,
morphology and thickness of thin film can be easily controlled.

3. Uniform deposition of material on a complex shape substrate is possible.
4. Precursors like toxic gases are not required (like gas phase methods).

5. Required equipments are inexpensive.
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6. Compared to other gas phase methods, reaction in the deposition process arise
closer to equilibrium so it is easy to control with accuracy.

7. Avoids high temperature effects like contamination, dopant redistribution and
interdiffusion due to low temperature energy saving deposition process.

2.3 Chemical bath deposition (CBD) method

In chemical synthesis methods, thin film formation is based on a thermodynamic
equilibrium approach and kinetic approach. In general, CBD method is based on the
thermodynamic approach. Synthesis process in thermodynamic approach consist steps
of (i) supersaturation generation, (ii) nucleation, and (iii) subsequent growth. For
synthesis of nanomaterial in thin film form, the CBD method is very popular. In CBD
method, nanomaterial deposited by starting nucleation of depositant on surface of
substrate from the liquid phase [26].

Reproducibility, handy nature, large area deposition and commercial production
by CBD method underline its importance for thin film preparation [27]. In CBD
method, only hot plate and stirrer like simple and easily available instruments are
required for the deposition of thin film. By using such simple instruments, pinhole free
and uniform thin films can be prepared. Also, nanomaterials with controlled size, shape
and composition can be produced with the help of economic CBD method. Thin film
properties are relies upon the preparative parameters and they can be easily controlled
in CBD method. The review article published by Mane and Lokhande [28] describes
thin film formation using economic CBD method in detail. Also, there are many review

articles available in literature on the CBD method for thin film preparation [29, 30].
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2.3.1 CBD: basic principle

Controlled precipitation of required compound over substrate surface is the basic
principle of CBD method for thin film preparation. Basically, formation of thin films
through controlled precipitation contains three steps: (i) formation of species, (ii)
transport of species and (iii) condensation of species [3, 4]. For precipitate formation in
CBD method, the ionic product should exceed than solubility product [3]. lonic product
and solubility product concepts are described below; when sparingly soluble salt AB
added in water, a saturated solution containing A* and B" ions along with undissolved
solid AB is obtained and equilibrium is established between the solid phase and ions in
the solution as,

AB(S) <«——> A"+B (2.8)

By the law of mass action to equilibrium condition,

_ CiCs
"~ CaB(S) (2.9)

Where, C%,Cs and Cas are the concentrations of A*, B™ ions and AB compound in

solution.

The pure solid phase concentration is a constant number, i.e. C,g(S) = constant

= K’
.
K =278 (2.10)
KK' = CiCp (2.11)

Here, K, K' is constant and product of KK is also constant, and denoted by Ks then the
above equation can be written as,

K, = ChC3g (2.12)
Ksand C}C5 are called solubility product (SP) and the ionic product (IP), respectively.

At the saturated condition, ionic product is equal to solubility product of ions in
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solution. But when IP exceeds SP i.e. IP/SP = S > 1, solution gets supersaturated and
precipitation occurs, which leads formation of nuclei in the solution (homogeneous) as
well as on the substrate surface (heterogeneous) [28].

In the CBD method, substrate dipped in the solution where solution is the
combination of source of cations and anions, then these ions form nuclei on the
substrate surface by heterogeneous reaction at supersaturated state. For the formation
of thin film by nucleation and growth, a supersaturation state must be created in
solution.

2.3.2 Theoretical background of nucleation and growth
2.3.2.1 Fundamentals of nucleation and growth

In chemical deposition, the film formed on substrate due to reaction occurs in a
solution. There are several steps in the preparation of film such as nucleation, crystal
growth and thin film growth [26].

1) Nucleation

There are two types of nucleation depending upon deposition mechanism such
as, homogeneous and heterogeneous nucleation. Homogeneous nucleation occurs when
concentration of anions and cations are exceeded than solubility product. On the other
hand, heterogeneous nucleation occurs when individual ions/subcritical embryos
adsorbed on the substrate surface. The process of adsorption of ion/subcritical embryo
on the surface of substrate is shown in schematic Fig. 2.6. The energy required for the
formation of an interface between individual ion and substrate surface is usually less
than required for interface between ions. Heterogeneous nucleation preferred for

formation of thin layer of material on the surface of substrate.
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Fig. 2.6 Processes involved in heterogeneous nucleation on a surface of substrate.

2) Crystal growth

In several ways growth can occurs, one is based on self-assembling process and
other is disintegration and reconstruction. In first process, after formation of nuclei,
growth can be carried out by self-assembling process. On the other hand, growth occurs
by rearrangement process of particle due to aggregation and coalescence process
(second process) called as Ostwald ripening. The process of aggregation is the
adsorption of individual particles on one another and coalescence is reunion of the
particles where smaller or unstable nuclei near to large crystal start to dissolve and
becomes even smaller, and eventually disappeared which resulted in larger crystal, as

shown in Fig. 2.7.
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Fig. 2.7 Particle growth by (A) aggregation and (B) coalescence process.
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3) Thin film growth

Chemical methods are suitable for deposition of uniform and adherent thin films.
In chemical methods growth carried out by ion-by-ion or hydroxide cluster mechanisms
separately.
i) lon-by-ion growth mechanism

High degree of saturation required for the homogenous nucleation in ion-by-ion
growth mechanism. Degree of heterogeneity introduced by surface and available free
particles helps for nucleation. Surface of substrate act as a catalyst for nucleation. Once
nucleation starts on substrate surface, it helps to grow the film, so the deposition rate of
film is greater at the nucleated site than the other part of substrate. The growth of
material continued until it stopped by some processes or interrupted by some
substances.
il) Hydroxide cluster mechanism

Generally, it is used to describe growth of metal chalcogenide film. The
hydroxide cluster process is very simple, since the metal hydroxide is already present
in solid phase and the process proceeds by only substitution of hydroxide by
chalcogenide on that solid phase.
2.3.3 Preparative parameters of CBD

The deposition of thin film with adherent and uniform nature by CBD method
depends upon rate of chemical reaction. Supersaturation of solution and availability of
nucleation centres are responsible for deposition rate and thickness of film. Different
factors are responsible for growth kinetics of film such as pH, temperature, complexing
agent and so on. Effect of preparative parameters on growth mechanism is discussed

below;
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% Complexing agent

Deposition in the CBD method generally takes place in a supersaturated solution.
Therefore, complexing agents are used to prevent rapid precipitation of material by
reducing free metal ions concentration in the solution through complex formation. An
increase in complexing agent decreases the free metal ions in the solution and
subsequently reaction rate reduces that controls the particle size of material.
% pH of solution

Rate of reaction and deposition is controlled by supersaturation condition. A
complex of metal ion becomes more stable with increasing pH of reaction bath by
sacrificing free metal ions availability. That influences reaction rate and it can resulted
into change in thickness of film.
% Temperature of the solution

Temperature of bath is one more parameter that influences rate of reaction.
Increase in solution temperature, complex dissociates more efficiently and increases
kinetic energy of molecules, and improves interaction between ions. A degree of
supersaturation with temperature influences the terminal thickness (increment or
decrement) of thin film.
% Nature of substrate

Film adhesion and reaction kinetics are greatly influenced by nature of substrate.
Availability of nucleation centers on the substrate surface is important for nucleation
and further growth. Therefore, cleaning process of substrate is an important step for
thin film deposition. Substrates lattice parameters also play considerable role in film
growth, when it well matches with deposited material then a high rate of deposition and

terminal thickness can be obtained.
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2.3.4 Advantages of CBD

*

A variety of substrate can be used (conducting or non-conducting).

0

% Feasible for large area deposition.

% Low temperature reaction process.

¢+ Stoichiometric deposition can be obtained.

¢+ High reproducibility.

% Safe with less environmental hazards.

¢+ Thickness of film can be easily controlled using deposition time or other preparative
parameters.

% Pinhole free and uniform deposition of a thin film can be achieved.

2.4 Thin film characterization techniques

The physico-chemical properties of thin film material responsible for their usage
in respective applications. So, for the achievement of excellent performance of thin film
for the desired application, it is necessary to characterize the prepared material by
different techniques like structural, morphological and surface analyses with XRD, FT-
IR, FE-SEM, EDS and XPS techniques.

2.4.1 X-ray diffraction (XRD)

XRD technique is used for the confirmation of phase and crystal structure of
prepared material. XRD is a non-destructive technique and it is based on scattering of
X-rays from the structures [31]. For the identification of unknown substance, XRD
technique is very important. Diffraction data of identifying material is compared with
available data in Joint Committee on Powder Diffraction Standards (JCPDS) or
American Standard for Testing of Materials (ASTM) [32]. Commercial
monochromators with micro focused intense X-ray assembled in XRD technique which

improves detection limit of system and can be used for identification of material in thin
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film form. Accurate quantitative information of interfacial atomic arrangements (i.e.
structural information, d-spacing, lattice parameters) can be obtained from XRD
patterns. Schematic presentation of diffractometer is shown in Fig. 2.8, where 260 is the
angle between the incident and diffracted X-ray. Typically, diffraction pattern is
provided by orientation of specimen and diffracted intensity with function of 20. The

wavelength of X-ray is in the range of 0.7-2 A° with corresponding energies.
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Fig. 2.8 The schematic diagram of XRD diffractometer [33].

Chromator in the XRD technique is used as a source of diffraction beam and X-
ray beam diffracts from the surface of film and detected by oscillating detector around
the mean position of diffraction. Monochromatic radiation is important in XRD
technique for the determination of accurate d-spacing from observed diffraction angles.
The basic phenomenon of XRD technique is the X-ray reflection from the
crystallographic planes and is directed by Bragg’s equation;

2d sin = n\ (2.13)
where, d, A, n and 60 are the lattice spacing, wavelength of the monochromatic X-ray,
order of diffraction and diffraction angle, respectively. When the values of 0, A and n

are known then the value of ‘d’ can be calculated using above equation [34].
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2.4.2 Fourier Transform-Infrared Spectroscopy (FT-IR)

For the information of atomic arrangement and interatomic forces in material,
infrared spectroscopy can be used. In an electromagnetic field, two energy levels (E1
and E») are present in a material where energy level difference is equal to ‘h’ times of
incident radiation frequency (v) and it is written as,

AE =hv (2.14)
In above equation, AE is positive when energy is absorbed by molecule and negative
when radiation emitted. A unique spectrum for the molecule is found when above
equation satisfied. The plot of intensity versus frequency called as a spectrum and peaks
observed after the satisfaction of equation (2.14). In FT-IR analysis, a small region of
spectrum (close to visible) can be investigated, which contains UV, visible and IR
regions (10 to 107 cm). Different spectra raise by atoms or molecules depends on the
energy levels involved in the transition. In atom, transition between different levels of
orbital electron signifies absorption and the whole molecule rotate or vibrate when
atoms vibrate within the molecule. Therefore, the energy contribution can be
represented by the following equation [35],

Etot = Eelect + Evib + Erot + Etrans (2.15)
where, Eelect, Evin, Erot and Etrans are the electronic energy, vibrational energy, rotational
energy and translation energy, respectively.

The basic ray diagram of FT-IR spectrometer is shown in Fig. 2.9. Electronic,
vibrational and rotational energies are possible only for certain transitions due to
quantized energy levels and because of small quantity translational energy can be
ignored. In the support of XRD technique for material characterization, infrared

spectrum can be used as a fingerprint for identification of material.
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Fig. 2.9 Basic ray diagram of FT-IR spectrometer [36].

2.4.3 X-Ray Photoelectron Spectroscopy (XPS)

The surface properties of material or thin film can be identified by the X-ray
photoelectron spectroscopy (XPS) technique and it also called as electron spectroscopy
for chemical analysis (ESCA). This technique based on photoelectric effect and X-rays
are used as a source of photons. Electrons escape from the material surface when the
beam of X-ray incident on the surface of material. The escaped electron mentioned as
photoelectrons and using the kinetic energies of photoelectrons elemental identification
can be done directly. Also, the intensities of photoelectrons help to determine the
relative composition of elements in the material. The ejected electrons kinetic energy
can be calculated by the relation [37],

K.E.=hv-B.E. - s (2.16)
where, K.E., hv, B.E. and os are ejected photoelectrons kinetic energy, X-ray photons
characteristic energy, binding energy of the atomic orbital from which the electrons
originated and spectrometer work function, respectively.

lonization and emission of electrons in inner shell happen due to absorption of
photons by the atom present in a molecule. Each element represents a characteristic
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peak in the spectrum of photoelectron due to each core level atomic orbital having
characteristic binding energy. In XPS, very firstly the survey scan is done, in that all
available energies measurement are carried out and confirm present elements in the
sample. In XPS study, energy spectrum is created by plotting binding/kinetic energies

of emitted electrons and plot informs amount of elements present in the sample.
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Fig. 2.10 Ray diagram of XPS [38].

The peaks at particular energies denotes presence of specific element and these
peaks are related to electronic configuration of elements. This instrument is useful to
identify oxidation state of elements. Ray diagram of XPS technique is shown in Fig.
2.10. XPS cannot provide a complete chemical analysis, since it is a surface
phenomenon where signals used for analysis, originates generally from a few atomic
layers of surface and very few from the deeper part of solids.

2.4.4 Field Emission—Scanning Electron Microscopy (FE-SEM)
High energy focussed electron beam is used, for scanning of the specimen surface
in FE-SEM for better visualization. It has better (3 to 6 times) resolution than

conventional SEM technique and more clear images (resolution around 1 nm) can be
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obtained, which is used for elemental, compositional and topographical study of

specimen [39]. Ray diagram of FE-SEM is shown in Fig. 2.11.
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Fig. 2.11 Ray diagram of FE-SEM [40].

Secondary
Electron detector

Electrons emitted from the source of field emission called as primary electrons
are accelerated in high vacuum and electric field gradient. A narrow beam of primary
electrons is produced by focusing and deflecting it through electronic lenses to bombard
on the specimen. This beam incident over the specimen surface and due to the number
of interaction between beam and specimen, electrons ejects from the specimen. Possible
emission of electrons after interaction of primary electrons with specimen is shown in
Fig. 2.12. The secondary electrons, backscattered electrons, transmitted electrons,
auger electrons and X-rays are produced during the interaction between beam and
specimen and they are separated on the basis of energies. A digital image of specimen
surface is produced from secondary electrons detected by detector. A detector produces

an electronic signal and further it amplified and display as an image on a monitor. When
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electrons interact with specimen atoms then there is a possibility of elastic or inelastic
scattering. In scattering, if transferred energy is small then electron cannot emit from
the specimen, and transferred energy is more than work function of specimen material
then electron emits from the specimen surface. Specific information of specimen such
as topography, surface characteristics, specimen composition, etc. can be obtained from

each signals.

Electron beam

Backscattered electrons X-ray

Secondary electrons

Light Auger electrons

7~ ai =~ e -
> 3 i ~
> 4 ~Na
&L
Inelastically scattered Transmitted Elastically scattered
electrons electrons electrons

Fig. 2.12 Ray diagram of the emitted different types of electrons during interaction
between specimen and beam [41].
2.4.5 Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is generally used for elemental
analysis or chemical characterization of samples and also called as energy dispersive
X-ray analysis (EDAX) or energy dispersive X-ray microanalysis (EDXMA). The
principle used in the EDS is that, every element has a specific atomic structure and
gives a unique set of peaks in the emission spectrum.

For the emission of characteristic X-rays from the sample, a charged particle
beam or high-energy X-ray beam is focused on specimen. Ground state electrons are
present in the atom of specimen in different energy levels. Electrons in the inner shell

are excited or eject after beam incident on it and the hole is created after ejection of
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electron. Then, the electron from higher shell occupies the vacant space, so energy
difference between the shells released in the form of X-ray (shown ray diagram in Fig.
2.13). The energy dispersive spectrometer calculates energy and released number of X-
rays from the specimen. The energies of X-rays are characteristics of atomic structure
and energy difference between two shells. Hence, elemental composition of the

specimen can be measured by EDS [42].

kicked-out ..
electron - .

Fig. 2.13 Ray diagram of emission of X-ray in EDS [43].

Following components are embedded in the EDS equipment;
1. The excitation source (X-ray beam or electron beam)
2. The X-ray detector
3. The pulse processor
4. The analyzer

When emitted X-rays incident on the detector, charged pulses create. The
detector converts that charged pulse into voltage signals with the help of amplifier.
Charged pulse further deliver to a pulse processor, which measures signals and forward
to the analyzer for data display. Elemental composition of the specimen is analyzed

using spectrum from number of counts against the X-rays energy.
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2.5 Electrochemical Techniques

As discussed in chapter I, supercapacitor generally categorized into EDLCs
(charge stored by non-faradaic mechanism) and pseudocapacitors (charge stored by
faradaic mechanism). lon permeable electrodes and suitable electrolytes are comprised
in the supercapacitor devices. Following equation is used for the calculation of specific

capacitance of supercapacitor device,

C, = ! [lmax poyav (Fgh 2.17)

N MV (Vimax— Vmin) * Vmin

where, Cs, U, (Vmax— Vmin), 1(V) and m are the specific capacitance (F g), potential

scan rate (V s1), operational potential window (V), current response (A) and deposited
mass of material (g) on electrodes, respectively. Then energy density (ED) and power

density (PD) of supercapacitor are calculated using the following equations,

— 0.5 X Cs X (Vinax— Vmin)
3.6

ED

(Wh kg™®) (2.18)

And  PD = w (W kg™) (2.19)
d

where, ED, PD and ty are energy density, power density and discharge time of
supercapacitor.

The maximum value of energy and power density can be achieved by large
capacitance value and wide operating potential window of supercapacitor. Active
electrode material and electrolyte are accountable for large capacitance and wide
potential window of supercapacitor. The electrochemical capacitor stores charges at the
interface of electrode/electrolyte. The opposite charges accumulate via different charge
storage mechanisms (discussed in chapter 1), when potential is applied to the electrodes

[44-46]. Electrical charges stored in supercapacitor devices are represented as follows,

Esl+E2+ K"+ A < ELI /K + Es2° I A (2.20)
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where, Es1 and Es2 are the specific surface area of negative and positive electrodes. The
symbol // indicates charges stored on both electrodes, where K™ and A" are cations and
anions present in the electrolyte. To understand the electrochemical behavior of
electrode, CV, GCD and EIS techniques are required. Therefore, these electrochemical
characterizations of electrode are important for successful implementation in
supercapacitor device.

2.5.1 Cyclic voltammetry (CV)

Information about electroactivity of electrode in solution of electrolyte can be
provided by the fundamental electrochemical characterization technique CV. In this
experiment, electrodes dipped into electrolyte solution and three electrode system
preferred for investigation with minimized ohmic resistance. Potential is applied with
respect to reference electrode, and current is measured across working and counter
electrode in three electrode system [47, 48].

In CV, potential varied in fixed potential window with respect to time. During
first scan when voltage achieves V2 point then scan reversed and reaches point V1. This
flow of voltage schematically presented in Fig. 2.14 (a). Typical CV curve of reversible
reaction for the single electrode is shown in Fig. 2.14 (b). In this figure, V1 and V>
represent starting and final potentials, Ipc and Ipa are the cathodic and anodic peak
currents and Epc and Epa are cathodic and anodic peak voltages of resulted

voltammogram.
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Fig. 2.14 (a) Ramping applied voltage with time (b) a typical cyclic voltammogram
for a reversible single electrode transfer reaction.

In forward scan, potential increases from V1 to V>, initially cathodic current increases
and further decreases as decreasing concentration of reduced analyte. In reverse scan
potential decreases from V> to V1 and reduced analyte will start to re-oxidized which
delivers reverse polarity current, called as anodic current. Selection of initial and final
potential in the CV measurement is very important. The working potential of electrode
depends upon redox and electrolytes decomposition potential.

2.5.2 Galvanostatic charge-discharge (GCD)

The GCD technique is used for the testing capacitive performance of
supercapacitor. In this technique, constant current is applied to working electrode and
its potential measured as a function of time with respect to reference electrode. The
schematic of GCD curve is shown in Fig. 2.15. When constant current is applied,
initially potential quickly develops because of internal resistance and further it develops
gradually due to the exhaustion of reactant concentration at the electrode surface.
Similarly, potential drop occurs while discharging due to IR (internal resistance) and it
is related to electrode and solution resistance. Constant current is used to achieve the

set/required voltage during charge and discharge [49].
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Fig. 2.15 Plot of charge-discharge curve [50].

To sustain the applied current, redox reactions take place at the surface of
working electrode. Confirmation of charge storage mechanism of prepared electrode is
possible from the nature of charge-discharge curve. Linear nature of charge-discharge
curve confirms the electric double-layer mechanism and non-linear nature confirms
pseudocapacitive mechanism used for charge storage [51]. Importantly, GCD technique
is useful for determination of energy and power density of supercapacitor device.
2.5.3 Electrochemical impedance spectroscopy (EIS)

In EIS technique, electrochemical impedance and response of current are
measured by applying AC signal of potential in wide range of frequencies to a system.
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 real part, while capacitive and inductive
properties involve in the imaginary part. As the capacitor acts open circuit for DC and
inductor acts as a straight conductor wire in DC, however both appear as imaginary
resistors in an AC circuit. A wide range of frequencies (sweeping from high to low)
allows reaction steps to be separated with different rate constants such as, charge

transfer, mass transport and chemical reaction. Electrochemical reactions are
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responsible for flow of current at the electrified interface, which always contains
Faradaic/non-faradaic components.

O+ne—R (2.21)
where, O, n and R are the oxidant, number of electrons transferred and reduced species,
respectively. The accumulation of ions across the electrified interface are shown in Fig.
2.16 (a). In Fig. 2.16 (a), the counter cations united beside the electrified surface due to
negatively polarized electrode. The equivalent circuit (Fig. 2.16 (b)) contains low and
high frequency components, where, CE, Cq, Rp, Rs, Zw and WE are counter electrode,
the double-layer capacitor, polarization resistance, solution resistance, Warburg
impedance and working electrode, respectively. The electrochemical impedance can

arise from both faradaic and non-faradaic components.

(@) (b)
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@ @ -
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Fig. 2.16 (a) Schematic of electrified interface at negative electrode of cell and (b)
equivalent electrical circuit for the electrode/electrolyte interface [52].
Redox reaction is responsible for rising of faradaic components and double layer
capacitor (Cq) responsible for the rise of non-faradaic components. Availability of
oxidants and creation of reductants near the electrode surface controls rate of charge

transfer. All these characterization techniques are used to find out operating potential
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window, specific capacitance, energy density, power density and cyclic stability of
supercapacitor.
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3.1 Introduction

In recent years, supercapacitors (SCs) getting much attention due to their several
properties like longer life span and high power with considerable amount of energy as
well as easy fabrication process with low maintenance [1]. Still, the energy density
values of supercapacitor couldn’t match with current requirement of the electrical
appliances or portable devices, which is prime need of improved life style and economic
development [2]. To reach required values, numerous efforts have been taken by
researchers and number of materials are studied as electrode material for supercapacitor
application like, metal oxides [3, 4], hydroxides [5] and sulfides [6]. However, poor
stability, poor conductivity and low specific capacitance of existing materials limit their
application in supercapacitor [7, 8]. The effective and high performing device can be
developed using the electrode material which has higher specific capacitance, good
cycling ability and cost effective synthesis process [9].

Among numerous materials, the metal phosphate based materials attract much
attention due to excellent conductivity, several active sites, wide and open structural
channels are helpful for ion transformation and P-O covalent bond offers highly stable
structure [10]. In all metal phosphates, nickel and cobalt mostly used in energy storage
application due to earth abundant nature and excellent redox reaction. However, still
there is a gap between predicted theoretical and achieved performance of phosphate
electrodes [11]. Moreover, the mixed metal compounds studied for the improvement in
the performance of material, mixed metal compounds deliver high specific capacitance
than single metals due to synergetic effect between two metal species [12]. This aspect
proved by some researchers by preparing binary metal compounds and evaluating their
electrochemical performance. Yang et. al. [13] prepared nanowire arrays of Ni-Co

oxides and obtain maximum capacitance of 2282 F g at 0.5 A g than the single metal
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oxides like CoO (257 F g) and NiO (807 F g!) electrodes. Also, Patil et. al. [14]
synthesized nanorods of Coo67Nio.33(OH)2 which offers high capacitance of 1280 F g
at 60 A g* than the Co(OH), (1120 F g1) and Ni(OH)2 (130 F g) electrodes.

A similar approach was considered for the synthesis of binary metal phosphate
thin films. So, for the first time low temperature simple chemical bath deposition (CBD)
method was used for the binder-free synthesis of nickel cobalt phosphate thin film
electrodes for supercapacitor application with different nickel and cobalt molar ratio.
Effect of chemical composition variation on structure and morphology are studied and
analyzed. Furthermore, influence on supercapacitive performance (specific
capacitance) due to variation in morphology is studied. The present chapter is divided
into two sections (section A and B). Section ‘A’ deals with the synthesis of nickel cobalt
phosphate thin films by simple CBD method and their characterization. Section ‘B’ is
associated with the supercapacitive performance evaluation of chemical bath deposited
nickel cobalt phosphate thin films.

SECTION - A
SYNTHESIS AND CHARACTERIZATION OF NICKEL COBALT
PHOSPHATE THIN FILMS BY CBD METHOD
3.2.A.1 Introduction

The architecture of prepared material majorly depends on deposition process and
composition of precursors. The composition affects on the morphology of material and
change in corresponding results can be observed in the physico-chemical properties and
electrochemical performance. The variation in morphology is observed by Patil et. al.
[14] with variation of nickel and cobalt ratio in nickel cobalt hydroxide. The nanorod
size of Co(OH)2 reduces with increase in nickel content and is converted into fuzzy

nanoparticle like structure at zero cobalt content (Ni(OH).). Similarly, in the
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preparation of Coo4Ni1.6P207 using hydrothermal method by Chen et. al. [9] observed
decrement in size of microplates from Co2P.07 to Ni2P207. Li et. al. [15] observed
variation in thickness of Coz(PO4)2 nanosheets after addition of nickel content and
finally converted into nanosheets with nanoparticles for Ni3(POs)2. Conversion of
porous nanospheres structure of Co3(PO4)2 to non-porous irregular nanospheres like
structure of Ni3(POa4)2 was observed by Tang et. al. [16] with increasing nickel content.
Also, Zhang et. al. observed pompon-shaped hollow shells of Coz(POa4)2 covered by
flexible nanosheets and gradual increase in nickel content, the pompon-shaped hollow
shells eventually develop into nanosheets at zero cobalt content [17]. A similar
approach is followed and nickel cobalt phosphate thin films are prepared with tuned
morphologies to achieve better electrochemical results.

Directed to commercialization of supercapacitor, the main and unsacrificial
requirements are high energy and power density, a cost effective preparation and
electrochemical stability of electrodes. To fulfill one above mentioned requirement,
simple, binder-free and eco-friendly CBD method is used for the synthesis of cost
effective nickel cobalt phosphate thin film electrodes. In the synthesis method,
preparative parameters like reaction temperature, reaction time, concentration of
solution, etc. are optimized for the deposition of good quality nickel cobalt phosphate
thin films. The prepared films are characterized by different techniques as, XRD, FT-
IR, XPS, FE-SEM and EDS. By varying nickel and cobalt molar ratio in the synthesis
process, different morphologies of nickel cobalt phosphate thin films are achieved.
3.2.A.2 Experimental details
3.2.A.2.1 Substrate

In the development of supercapacitor electrodes, the substrate properties play a

key role. The flexibility and mechanical strength of electrode are depended upon the
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substrate material. Up to now, various flexible, eco-friendly and cost-effective
substrates are used for the fabrication of light weight flexible devices such as metals,
carbon foam, sponge, textiles, carbon papers, cables, etc., and they acts as a supporter
for the active material [18].

The carbon based substrates offer high surface area and deliver high capacitance
but processing methods for material preparation are sluggish and costly, also they have
less conductivity. The textiles substrate used for flexible, wearable and bendable device
purposes, but they have naturally low capacitance and it is main limitation in the
practical application [19]. The carbon papers have high flexibility and low weight but
they suffers from low conductivity and surface area. The sponge like substrate restricted
in most applications due to its larger volume. The cable type substrates caught huge
attraction due to their versatility of shapes, but they limit in practical application
because of low energy density and, high processing and preparation cost [18].

Metal based current collectors are investigated mostly for the practical
application of the active material due to their high conductivity. The performance of
supercapacitor can be enhanced by using a conducting substrate. The metallic substrates
like Al, Ti, Cu, Ni foam and stainless steel (SS) are investigated for the preparation of
bendable supercapacitor. Among them, the SS substrate is a promising candidate in
terms of higher stability and low cost due its natural abundance. Also, the SS substrate
is stable in acidic and basic conditions than the other metallic substrates [19]. Moreover,
the flexibility and lightweight nature of SS substrate are important factors for the
fabrication of flexible supercapacitors. Overall, the SS substrate is preferred as a
supporting substrate due to its high conductivity, high flexibility and low cost. Also,
the direct growth of material on SS substrate enhances electrochemical performance by

avoiding the usage of additives and resistive binders, and eliminate dead volume. The
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efficient electrochemical reaction may offer high capacitive performance because of
direct electrical contact between active material and substrate.
3.2.A.2.2 Substrate cleaning

The major requirement for thin film deposition is ultraclean substrate. Substrate
with an impurity responsible for the uncontrolled growth of material and resulted in the
creation of non-uniform thin film. The basic requirement of supercapacitor electrode is
a conducting substrate, so low cost and highly conductive SS is used as a substrate.
Procedure used for the SS substrate cleaning is as follow,
1. The SS substrate was mirror polished using zero grade polish paper.
2. After polishing, substrate was cleaned with detergent and double distilled water

(DDW).
3. Then, ultrasonically cleaned for 15 minutes and dried at room temperature, and
further used for the deposition.

3.2.A.2.3 Chemicals

Nickel chloride (NiCl..6H20), cobalt chloride (CoCl2.6H20), potassium
dihydrogen orthophosphate (KH2PO4) and urea (NH2CONH_) were purchased from
Sigma Aldrich (AR grade) and used as received without any purification.
3.2.A.2.4 Synthesis of nickel cobalt phosphate thin films

In the nickel cobalt phosphate material synthesis nickel chloride, cobalt chloride
and potassium dihydrogen orthophosphate were used as a source of nickel, cobalt and
phosphate, respectively. For the controlled reaction process, urea is added and it acts as
a hydrolyzing agent in the synthesis. Nickel (0.033M), cobalt (0.033M) and phosphate
(0.066M) sources were dissolved in 50 ml of double distilled water with hydrolyzing
agent (0.075M), sequentially. The above mixture was stirred vigorously up to

preparation of homogenous solution then it was used for further nickel cobalt phosphate
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thin film preparation. The effect of variation in nickel and cobalt content studied via
varying the ratio between them. Herein, the molar ratio of nickel and cobalt varied as
1:0,0.8:0.2,0.75:0.25, 0.66:0.34, 0.5:0.5, 0.34:0.66, 0.25:0.75, 0.2:0.8 and 0:1 (Ni:Co),
and named as C-NCP1, C-NCP2, C-NCP3, C-NCP4, C-NCP5, C-NCP6, C-NCP7, C-

NCP8 and C-NCP9, respectively.

NiCl,.6H,0+CoCl,.6H,0 Heated at 363K for 2h
+Urea

Photograph of prepared samples

Fig: 3.1 Schematic presentation of nickel cobalt phosphate thin films preparation by
CBD method at different nickel and cobalt molar ratio.

In prepared solution baths with different nickel and cobalt molar ratio (mentioned
above), well cleaned SS substrates were immersed vertically. After immersing the
substrate, the solution baths put into the water bath and kept at a constant 363 K
temperature for 2h. The schematic presentation of thin film preparation by CBD method

is shown in Fig. 3.1. After continuous 2h heating, the reaction bath was removed from
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water bath and substrate with deposited material taken out from solution. The substrates
with material rinsed 2-3 times in DDW for removal of residues from the surface. After
that, the prepared thin films dried at ambient conditions and used for different
characterization.
3.2.A.2.5 Materials characterization

The crystal structure analysis of prepared material was characterized using X-ray
diffractometer (XRD) from Rigaku miniflex-600 with Cu Ko (A=0.15425 nm)
radiation. Alpha (Il) Bruker unit was used to record Fourier transform-infrared
spectrometry (FT-IR) for the detection of functional groups in the prepared material. A
Thermoscientific ESCALAB 250 (Thermo Fisher Scientific, UK) instrument was used
for X-ray photoelectron spectroscopy (XPS) measurement. Field emission scanning
electron microscopy (FE-SEM, JSM-7001 F, JEOL) was used to investigate
morphology of material and energy dispersive spectrometer (EDS) for elemental
analysis. Electrochemical activities were measured using ZIVE MP1 multichannel
electrochemical workstation. All electrochemical analysis of prepared thin film
electrodes were measured in three electrode system at ambient conditions. Prepared
nickel cobalt phosphate thin films with various Ni:Co molar ratio used as a working
electrode, platinum plate and saturated calomel electrode (SCE, with saturated KCI
solution) as a counter and reference electrode, respectively. Supercapacitive
performance of prepared thin film electrodes was tested using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy

(EIS).
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3.2.A.3 Results and discussion
3.2.A.3.1 Film formation and reaction mechanism

The binder-free synthesis process is preferred and used for the synthesis of nickel
cobalt phosphate thin films on SS substrate. Basically, there are two types of growth
mechanisms in CBD method for the formation of thin film. One is ion-by-ion
mechanism where ions are deposited on the surface of substrate at the nucleation sites
and then further growth of material takes place. Another mechanism is the formation of
nuclei due to adsorption of colloidal particles and growth of thin film followed by
aggregation and coalescence, and observed like cluster-by-cluster growth mechanism
[20].

To study the effect of combination of two metal species with phosphate, nickel
cobalt phosphate thin films with different nickel and cobalt ratio (C-NCP1, C-NCP2,
C-NCP3, C-NCP4, C-NCP5, C-NCP6, C-NCP7, C-NCP8 and C-NCP9) are prepared.
In the synthesis process, urea is used as a hydrolyzing agent and reaction bath is heated
at 363 K temperature for 2h. At 363 K urea decomposes gently and releases CO, and
NHz as the following reaction,

NH2CONH: + H20 — 2NH3 + CO21 (3.1)

Furthermore, released ammonia reacts with water as follow,

NH3 + H20 — NH,OH (3.2)
Urea decomposition is responsible for the alkaline pH of solution and such alkaline
condition is favorable to form complex with metal ions as [14],
NiCl2.6H20 + CoCl2.6H20 + 2NH4OH — [Ni(NH3)] %" + [Co(NH3)] %" + 14H,0 + 4CI"

(3.3)

On other hand, phosphate decomposes as follows,

KH2POs — K* + HoPO4 (3.4)
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Moreover, as shown in equation (3.3) the amine complexes of Ni and Co as [Ni(NH3)]?*
and [Co(NH3)]?* are unstable due to unbalanced ions and react with H,PO4 ions, and
finally resulted into the film formation of nickel cobalt phosphate (NixCo@-x)(POa)2).
The possible reaction mechanism is,
X[Ni(NH3)]?* + (3-X)[Co(NH3)]?* + 2H2POs — NixCO(3-x(PO4)2 + 3NH3?T + 2H21
(3.5)
Reaction time (2h) and reaction temperature (363 K) are optimized for the
uniform coating of material on SS substrate. Before 2h deposition time, the film was
not uniform. However, if deposition time exceeds than 2h, then the film becomes
powdery due to overgrowth of material and it leads to peel off from the substrate. In
the synthesis process, NHz released from urea acts as a complexing agent and controls
the release of metal ions. So, released NHz controls the rate of reaction and the
availability of metal ions for the reaction. The gravimetric weight difference method is

used to measure deposited mass of material at different compositions.
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Fig. 3.2 Nickel cobalt phosphate thin film thickness for different compositions (C-

NCP1 to C-NCP9) of NiCl,.6H20:CoCl2.6H-0.
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The deposited mass of material increases with increase in cobalt content up to 0.66:0.34
composition (C-NCP1 to C-NCP4, 1.18 to 2.03 mg cm™) and then it decreases
continuously up to 0:1 composition (C-NCP9, 0.88 mg cm™) as shown in Fig. 3.2. The
growth rate of material is quicker due to mixing of transition metals (Ni and Co) and
may influence the terminal thickness of thin films [21].

3.2.A.3.2 XRD studies

The XRD analysis was used for the determination of structural phase of the
synthesized thin films of nickel cobalt phosphate. The XRD patterns of C-NCP series
samples are shown in Fig. 3.3 (a). The XRD pattern of C-NCP1 matches with the
JCPDS card no. 33-0951 and confirms the formation of Ni3(POa4)2.8H20. In C-NCP1
XRD pattern, diffraction peaks at angles of 11.78, 13.8, 18.88, 20.36, 22.6, 23.9, 28.7,
31.02, 34.14, 36.49, 38.11, 39.96 and 56.08° are ascribed to the (110), (020), (200),
(011), (130), (101), (031), (301), (141), (141), (301), (112) and (080) crystal planes.
Similarly, the XRD pattern of C-NCP9 matches with JCPDS card no. 33-0432 and
confirms the formation of Co3(P0O4)2.8H20. In C-NCP9, diffraction peaks at an angle
of 10.89, 13.6, 21.66, 33.87, 55.49 and 70.93° corresponds to the (110), (020), (130),
(321), (501) and (291) crystal planes of cobalt phosphate.

The peaks marked with ‘*’ are corresponds to SS substrate in XRD patterns. The
low angle XRD pattern, peak along with the (020) plane of samples is shown in Fig.
3.3 (b). Shifting of peak towards lower diffraction angle is clearly observed in Fig. 3.3
(b) as increase in cobalt content in nickel cobalt phosphate samples. The shift observed
due to combination of Ni and Co atoms during the material formation [22]. Since, Co
atom has higher atomic radius (2 A°) than the Ni atom (1.63 A®), the interplanar spacing

increases with the addition of Co atoms [23].
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Fig. 3.3 (a) Full scan and (b) low angle XRD patterns of nickel cobalt phosphate thin
films (C-NCP1 to C-NCP9).
The shifting of major peak from the angle of 13.8 to 13.6° with increase in cobalt
content confirm that compositions of C-NCP2, C-NCP3, C-NCP4, C-NCP5, C-NCP6,

C-NCP7 and C-NCP8 are nickel cobalt phosphate. Similar results of peak shifting in

"
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XRD pattern by the addition of atom in the formation of binary material observed by
Li. et. al. [24], the XRD peaks of NH4CoPO4.H20O were shifted towards higher
diffraction angle with the addition of nickel (NH4NiPO4.H2O). In present case, the
narrow and intense diffraction peaks demonstrated good crystallinity of nickel cobalt
phosphate material which can improve the electrochemical stability of the material in
electrochemical testing [25].
3.2.A.3.3 FT-IR studies

The FT-IR analysis of prepared thin films was carried out in the region of 400-
4000 cm™ and displayed in Fig. 3.4. The chemical composition and available bonding
in electrodes were analyzed by FT-IR analysis. Fig. 3.4 reveals the peak in the range of
571-583 cm* corresponds to metal-oxygen bonding, peak (y1) at 582 cm™ in C-NCP1
reveals Ni-O [26] and peak at 571 cm™ in C-NCP9 reveals Co-O bonding in the
prepared thin films [27, 28]. The peak (y2) in the range of 706-731 cm corresponds to
symmetric stretching of P-O-P linkage [29]. The absorption peaks (ys, y4) in the region

of 855-1075 cm™ represent P-O stretching vibrational mode of PO4>" anions [30-34].

The peaks (ys) at 1409 cm™ and (ye) in the range of 1594-1649 cm™ corresponds to
bending mode of water molecule (H-O-H) [31, 34, 35]. Furthermore, the peaks (y7, ys)
observed in the region of 3067-3459 cm represents the content of absorbed water (O-
H bonding) in the prepared material [31, 34, 35]. Peaks of samples from C-NCP2 to C-
NCP9 show a slight shift as compared to C-NCP1 sample may be due to the
coordination interaction between nickel and cobalt linkages in the bimetal sample [36].
Also, the samples show peaks in the similar range confirms a similar chemical bondings
are present in the samples. The overall FT-IR result confirms that, phosphate and water
content are present in the samples. The above result supports XRD analysis and

confirms the formation of hydrous nickel cobalt phosphate material in thin film form.
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Fig. 3.4 FT-IR spectra of nickel cobalt phosphate thin film samples (C-NCP1 to C-
NCPO).

3.2.A.3.4 Surface morphological studies

Herein, FE-SEM is used to observe morphological evolution in nickel cobalt
phosphate with nickel and cobalt ratio variation in synthesis process. The expected
change in morphology is observed due to nickel and cobalt molar ratio variation and
shown in Fig. 3.5. The nickel phosphate material (C-NCP1 sample) shows microflower
like structure, that formed by combining willow leafs which have average length of 32
pm. The image shows a compact connection between the willow like leafs (Fig. 3.5
(@)). The willow leaf like structure changes after addition of cobalt content in synthesis
in molar ratio (0.8:0.2) of nickel and cobalt (sample C-NCP2). The microflower like
structure by combining microsheets observed in Fig. 3.5 (b) and the average length of
microsheets is 24 pum. With increase in cobalt content shape of willow like microsheets
changes into more rectangular shape and average length of microsheets increases

continuously. From the nickel and cobalt molar ratio of 0.75:0.25 to 0.5:0.5 (C-NCP3
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to C-NCP5 sample), the material shows microflower like structure with the combining
hexagonal and rectangular sheets with the increasing average length from 29 to 49 um.
The increase in sharpness of edge in the structure with increasing cobalt content is
found in Fig. 3.5 (c), (d) and (e). Moreover, at 0.34:0.66 molar ratio of nickel and cobalt
(C-NCP6 sample), the microsheets fully converted into rectangular sheets (average
length of 65 um) with sharp edges, as displayed in Fig. 3.5 (f). For the samples C-NCP7
and C-NCP8 (with molar ratio of 0.25:0.75 and 0.2:0.8), length of the microsheets

continuously increases (from~71 to~80 um) as increase in cobalt content in material

(Fig. 3.5 (g) and (h)).

Fig. 3.5 FE-SEM images of sample (a) C-NCP1, (b) C-NCP2, (c) C-NCP3, (d) C-
NCP4, (e) C-NCP5, (f) C-NCP6, (g) C-NCP7, (h) C-NCP8 and (i) C-NCP9 at the
magnification of X2000.
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Total conversion from microflower to rectangular microsheets is observed for sample
C-NCP8 in Fig. 3.5 (h). The individual cobalt phosphate sample (C-NCP9) shows
perfect rectangular microsheets like structure with few layers stacked on each other
(Fig. 3.5 (i)).

In summary it is found that, the length of microsheets increases (from 32 to 140
pm) as increase in cobalt content in the sample and it is attributed to transformation in
microstructure from willow leaf like microplates to rectangular microsheets. Such
evolution in morphology can be correlated with the XRD results, the oriented growth
along (020) leads to two dimensional growth. The reaction rate depends upon available
quantities of nickel and cobalt content that alters the morphology from willow leaf to
microsheet. It demonstrates that, the molar ratio influences the microstructure (leaf and
sheets) and corresponding morphology of the material.

The chemical composition of the samples was investigated by EDS analysis as
shown in Fig. 3.6. The C-NCP1 sample shows nickel, phosphorous and oxygen
elements, and confirms formation of nickel phosphate. Similarly, the C-NCP9 sample
shows cobalt, phosphorous and oxygen elements and confirms formation of cobalt
phosphate material. The other samples (C-NCP2 to C-NCP8) show nickel, cobalt,
phosphorous and oxygen elements in the EDS spectra, which confirm successful
preparation of nickel cobalt phosphate material. Approximately constant phosphorous
and oxygen atomic percentage is found in all samples, only difference is observed in

the nickel and cobalt atomic ratio and it is quite similar to experimental ratio.
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Fig. 3.6 EDS spectra of nickel cobalt phosphate thin film samples (a) C-NCP1, (b) C-

NCP2, (c) C-NCP3, (d) C-NCP4, (e) C-NCP5, (f) C-NCP6, (g) C-NCP?7, (h) C-NCP8

and (i) C-NCP9.

As observed in table 3.1, the atomic percentage of cobalt in the prepared material
increases as per synthesis and atomic percentage of nickel decreases. Also, the observed
atomic ratios are very close to the experimental molar ratios of the materials. The EDS
result confirms change in molar ratio of nickel and cobalt, and it is responsible for
structural and morphological evolution. Also, only nickel, cobalt, phosphorous and
oxygen elements are observed in samples confirm the formation of nickel cobalt

phosphate material in thin film form.
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Sample Experimental | Observed ratio | Obtained phase
name ratio (Ni:Co) (Ni:Co)

C-NCP1 1:0 1:0 Ni;(PO,),
C-NCP2 0.80:0.20 0.85:0.15 Ni, 55C0p 45(PO,),
C-NCP3 0.75:0.25 0.70:0.30 Ni, 1 Coy o(POy),
C-NCP4 0.66:0.34 0.56:0.44 Ni; 63C0; 3,(POy),
C-NCP5 0.50:0.50 0.46:0.54 Ni; 33C0; 5(POy),
C-NCPo6 0.34:0.66 0.37:0.63 Ni; 1;Co; 30o(POy),
C-NCP7 0.25:0.75 0.30:0.70 NigoCo, 1(POy),
C-NCP8 0.20:0.80 0.25:0.75 Nij 75C0, 25(PO,),
C-NCP9 0:1 0:1 Co3(POy),

Table 3.1: Experimental and observed nickel and cobalt atomic ratio with obtained

phase of nickel cobalt phosphate thin film samples (C-NCP1 to C-NCP9).
3.2.A.3.5 XPS studies

The valance state and the chemical environment of elements in the material were
investigated by XPS analysis. The survey spectrum of XPS for sample C-NCP5 is
shown in Fig. 3.7 (a), the survey spectrum confirms nickel, cobalt, phosphorous and
oxygen elements are present in the sample. The high resolution spectrum of Ni2p is
shown in Fig. 3.7 (b), intense peaks at the binding energies of 856.7 and 874.5 eV
correspond to Ni2pz;2 and Ni2p1s, respectively along with two satellite peaks at 862.1
and 880.2 eV, indicates oxidation state of Ni (Ni?*), which are located at the surface
[37, 38]. Fig. 3.7 (c) shows high resolution XPS spectrum of Co2p region, the peak at
781.8 eV binding energy corresponds to Co2ps2 along with satellite peak at 785.6 eV
binding energy, indicates the +2 valence state of the cobalt. Similarly, the intense peak
at 797.8 eV binding energy signifies Co2pu. orbits and the satellite peak at 802.9 eV
further proves the same assumption [39]. The high resolution XPS spectrum of P2p

region is shown in Fig. 3.7 (d), only one intense peak is observed at 133.3 eV of binding
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energy and represents P-O bonding and pentavalent state of the phosphorous [40].

Furthermore, the O1s region shown in Fig. 3.7 (e) and it is deconvoluted in two peaks.
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Fig. 3.7 (a) Survey, (b) Ni2p, (c) Co2p, (d) P2p and (e) O1s XPS spectrum of sample

C-NCPs.

First peak at 531.3 eV and second at 533.1 eV binding energies correspond to core level

of oxygen in phosphate species and adsorbed water in the material, respectively [40-
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43]. Therefore, XPS spectrum confirms the successful preparation of nickel cobalt
phosphate material on SS substrate by simple CBD method.
3.2.A.4 Conclusions

In conclusion, nickel cobalt phosphate thin films on stainless steel substrate are
successfully prepared by a simple chemical bath deposition method. XRD analysis
confirms the successful formation of nickel cobalt phosphate material in thin film form.
FT-IR, EDS and XPS result confirms formation of nickel cobalt phosphate (NixCo-
x(PO4)2) material by observing metal phosphate content and their corresponding bonds
in the prepared samples. Also, the composition variation (molar ratio of nickel and
cobalt species) influences the reaction Kkinetics, and that ultimately alters the
morphology (microflower to microsheet) of thin films. The above results complement
each other and confirms the successful preparation of hydrous nickel cobalt phosphate
material in thin film form.

SECTION - B
SUPERCAPACITIVE PERFORMANCE EVALUATION OF NICKEL
COBALT PHOSPHATE THIN FILMS

3.2.B.1 Introduction

Some research groups reported the morphology of single metal compounds (like
NiS, Ni(OH).) is altered when a another metal compound added and such
morphologically tuned binary metal compounds (like NiCoS, NiCo(OH)2) shows a high
electrochemical performance than the single metal compound due to synergistic effect.
A similar strategy is applied for the preparation of binary metal phosphate for the
improvement in supercapacitive performance. Chen et. al. [9] synthesized microplates
of Coo4Ni1.6P207 by hydrothermal method and it delivered high capacitance of 1259 F

glat1.5 A g with 88.9 % capacitive retention after 1000 cycles than the Co,P.07 (358
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F g) and NiP2O7 (945 F g?). Li. et. al. [15] prepared nanosheets of NiCoPO4 by
hydrothermal method and achieved high capacitance of 1132.5 F gt at 1 A g* with 93
% capacitive retention after 8000 cycles than the Cos(POa4)2 (417 F g1). Tang et. al. [16]
prepared nanospheres of Coo.gsNi2.14(PO4)2 by hydrothermal method and exhibited high
capacitance of 1409 F g at 0.25 A g than the Cos(POa)2 (247.7 F g1) and Ni3(POs).
(1149.2 F g1). Zhang et. al. [17] developed hollow shells of NiCo2(PO4), by microwave
assisted method and obtained high capacitance of 940.43 F g at 1 A g with 84.5 %
capacitive retention after 1000 cycles than the Cos(POa). (239.31 F g1). A similar
insights are considered in this study for preparation of nickel cobalt phosphate thin film
electrodes.

In this section, the electrochemical performance of chemically deposited nickel
cobalt phosphate thin films (C-NCP1 to C-NCP9) in 1 M KOH electrolyte is studied.
The effect of scan rate and current density on electrochemical performance of nickel
cobalt phosphate thin film electrodes (C-NCP1 to C-NCP9) is studied.
3.2.B.2 Experimental setup for electrochemical performance measurements

The conventional three electrode system is used for the electrochemical
measurements of nickel cobalt phosphate thin film electrodes in 1 M KOH electrolyte
solution. For the three electrode system, nickel cobalt phosphate thin films used as a
working electrode, platinum plate as a counter electrode and saturated calomel
electrode (SCE) as a reference electrode. The 1 cm? area of working electrode was
immersed in the electrolyte for accurate electrochemical measurement. The setup of the
experiment for the electrochemical performance evaluation is shown in Fig. 3.8. The

electrochemical studies are carried out using the ZIVE MP1 workstation.
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The CV considered a good technique for the measurement of redox potentials
and involved electron-transfer redox reactions. The specific capacitance (Cs) is

calculated from CV curves using equation 2.17.

Fig. 3.8 Photograph of (a) three electrode system and (b) experiment setup consist of
battery cycler with CV graphs on monitor.

The GCD technique is employed to estimate the rate capability of electrode
material in terms of specific capacitance, specific energy and power density of the
electrode. Also, the capacitive behavior of the electrode material is determined from
the nature of GCD curves.

The Cs of electrode material is calculated using following equation,

I Xtg
C; =——
AVxm

(3.6)
where, |, ty, m and AV are the current density, discharging time, deposited mass and
potential window, respectively. The specific energy density (ED) and power density

(PD) are calculated from the discharging curve according to equation 2.18 and 2.19,

respectively.
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3.2.B.3 Results and discussion
3.2.B.3.1 Cyclic voltammetry (CV) studies

The morphology altered due to molar ratio variation of nickel and cobalt in nickel
cobalt phosphate material and its influence on supercapacitive performance was
investigated in electrochemical cell of three electrode system. Fig. 3.9 shows CV curves
of C-NCP series electrodes in the optimized potential window of 0 to 0.5V (vs SCE).
The comparative CV curves of some electrodes (C-NCP1, C-NCP3, C-NCP5, C-NCP7
and C-NCP9) at 20 mV s scan rate are displayed in Fig. 3.9 (a). The area under CV
curve of electrode C-NCP5 is higher than the nickel phosphate (C-NCP1), cobalt
phosphate (C-NCP9) and other nickel cobalt phosphate electrodes. Combined
microstructure of microflower with microsheets show higher area under the curve than
single microflower and microsheets like structure due to large number of
electrochemical active cites. The intercalation of OH" ions from the electrolyte to the
surface of nickel cobalt phosphate material takes place at the time of charging and
deintercalate during discharging. This can be explained by the following reaction
mechanism [9, 16]

NixC03x(PO4)2 + OH <> NixC03.x(OH)*(POs), + € (3.7)
CV curves of C-NCP series electrodes at various scan rates from 1-20 mV s are shown
in Fig. 3.9 (b-j). The nickel phosphate electrode (C-NCP1) shows well established
redox peaks (Fig. 3.9 (b)) and that confirm pseudocapacitive nature of material. On the
other hand, cobalt phosphate electrode (Fig. 3.9 (j)) shows the CV nature quite different
than the nickel phosphate electrode. Increasing cobalt content influences the
morphology that ultimately affect on the electrochemical performance. The shifting of
CV nature from nickel phosphate to cobalt phosphate electrode (C-NCP1 to C-NCP9)

is very clearly observed in the Fig. 3.9 from (b) to (j). Area under the curve increases
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for every sample as increasing scan rates from 1-20 mV s*, shows that the voltammetric
currents are directly proportional to the scan rate. At the higher scan rate, only the outer
surface of material is used for the storage of electrolytic ions, but at lower scan rate,

due to the availability of more time for the diffusion process it goes in inner surface of

the material which increases the utilization of electrode material.
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Fig. 3.9 (a) Comparative CV curves at 20 mV s scan rate, CV curves at various scan
rates from 1-20 mV s of (b) C-NCP1, (c) C-NCP2, (d) C-NCP3, (e) C-NCP4, (f) C-
NCP5, (g) C-NCPS6, (h) C-NCP7, (i) C-NCP8 and (j) C-NCP9 electrode.

Capacitive and intercalation processes are contributed in total charge storage of
electrode. According to Power’s law, CV current is dependent on scan rate and can be
expressed as follows,

,(v) = av® (3.8)
where, i, v, aand b are represent the peak current, scan rate and adjustable parameters.
The slope of log (i) vs log (v) represents the b value. For C-NCP series electrode, graph
of log (i) vs log (v) plotted in Fig. 3.10 and calculated their b values. The basic criteria
for the b value is, when it is 0.5 then the electrochemical process is diffusive and it is 1
then the electrochemical process is capacitive [44]. The prepared electrodes C-NCP1,
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C-NCP2, C-NCP3, C-NCP4, C-NCP5, C-NCP6, C-NCP7, C-NCP8 and C-NCP9

exhibits b values of 0.79, 0.70, 0.89, 0.81, 0.88, 0.88, 0.83, 0.84 and 0.86, respectively.

The values of b for C-NCP series electrodes ranging from 0.5 to 1 that demonstrate the

capacitive and diffusive both type of processes contributed in charge storage

mechanism.
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Fig. 3.10 Plot of log (current density, A g*) versus log (scan rate, mV s) for
electrode (a) C-NCP1, (b) C-NCP2, (c) C-NCP3, (d) C-NCP4, (e) C-NCP5, (f) C-
NCPS, (g) C-NCP7, (h) C-NCP8 and (i) C-NCP9.

The modified Power’s law used for the calculation of respective current
contribution from the battery like bulk and pseudocapacitive process as given below
[45-47],

I = Isurface + Ibutk = Csurface? + Couiv*/? (3.9)
Where, I, v, Csurface? and Couivv'/? represents the peak current density, scan rate,
surface pseudocapacitive process (lsurface) current contribution and bulk process (Ibuik)
current contribution, respectively. Current contributions from pseudocapacitive and
bulk process for prepared electrodes are calculated from above equation and plotted in
Fig. 3.11.
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It observed that, the contribution from pseudocapacitive surface process increases with
increasing scan rate, which concluded that, diffusive process is dominant at low scan
rate and capacitive process dominant at high scan rate. So, the active material shows
battery like nature at low scan rate and more capacitive nature at high scan rates. The
C-NCP9 electrode (cobalt phosphate) shows highest capacitive contribution ¢ 84 %)

than the other samples.
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Fig. 3.11 Graphs of calculated contribution of pseudocapacitive (surface current) and

battery type (bulk current) current density at various scan rates (1 to 20 mV s?) of

electrode (a) C-NCP1, (b) C-NCP2, (c) C-NCP3, (d) C-NCP4, (e) C-NCP5, (f) C-

NCPS, (g) C-NCP?7, (h) C-NCP8 and (i) C-NCP9.

Conversely, the nickel phosphate electrode (C-NCP1) shows~63 % capacitive current

contribution in total current. The C-NCP5 electrode shows moderate capacitive current

contribution of ~70 % and other sample shows different values of current contribution

may be due to different morphology and chemical composition (nickel and cobalt).

3.2.B.3.2 Galvanostatic charge-discharge (GCD) studies

The GCD measurement is very significant method for calculating the specific

capacitance of supercapacitor electrodes at different current densities. The GCD curves

of C-NCP series electrodes at different current densities in the optimized potential
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window of 0 to 0.4 V (vs SCE) are shown in Fig. 3.12. Comparative GCD curves of C-
NCP series electrodes at 0.5 A g* current density are shown in Fig. 3.12 (a). As like
the nature of CV curve, nickel phosphate (C-NCP1) and cobalt phosphate (C-NCP9)
electrodes shows different nature of charge-discharge curve, and change in nature of

GCD curves observed from nickel phosphate to cobalt phosphate electrode as shown in

Fig. 3.12 (b-j).
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Fig. 3.12 (a) Comparative GCD curves of C-NCP series electrodes at 0.5 A g™ current
density, GCD curves at various current densities from 0.5-2.0 A g* of (b) C-NCP1,
(c) C-NCP2, (d) C-NCP3, (€) C-NCP4, (f) C-NCP5, (g) C-NCP6, (h) C-NCP?7, (i) C-
NCP8 and (j) C-NCP9 electrode.
The non-linear curve during discharge obtained due to deep ion intercalation and redox
reaction, indicates pseudocapacitive behavior of the material [48-50]. In consistent with
CV analysis, the C-NCP5 electrode shows higher discharging time as compared to other
compositions and it demonstrates material with optimum composition of nickel and
cobalt shows superior electrochemical performance.
The specific capacitance from the GCD plots are calculated for C-NCP series
electrodes using the equation 3.6 and plotted in Fig. 3.13. The C-NCP5 electrode with

high discharging time and optimum active material shows higher specific capacitance
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than other electrodes. The C-NCP5 electrode shows maximum specific capacitance of
1116 F gt at 0.5 A g* current density and it decreases up to 806 F gt at 2 A g current
density. Similarly, the C-NCP1, C-NCP2, C-NCP3, C-NCP4, C-NCP6, C-NCP7, C-
NCP8 and C-NCP9 thin film electrodes show maximum specific capacitance of 44, 73,
103, 360, 462, 366, 262 and 126 F g, respectively at 0.5 A g current density. It is
observed that, at high current density specific capacitance value decreases due to fast
charging-discharging rate. On the other hand, at lower current density maximum
utilization of active material is possible due to more penetration time for electrolyte
ions in the interior surface of the material which contributes in the high capacitance
[51]. The microstructure of C-NCP5 electrode (a microflowers consisting of
rectangular microsheets) with optimum size is good for the easy accessibility of
electrolyte ions, which offer high electrochemical active area and result in higher

capacitive performance.
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Fig. 3.13 The plots of specific capacitance at various current densities of nickel cobalt

phosphate electrodes (C-NCP1 to C-NCP9).
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3.2.B.3.3 Stability studies
The stability (in terms of capacitive retention) was investigated for best
performing nickel cobalt phosphate (C-NCP5) electrode. The electrochemical stability

of C-NCP5 electrode tested for 3000 GCD cycles at 6 A g™ current density and shown

in Fig. 3.14.
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Fig. 3.14 The plot of capacitive retention of C-NCP5 electrode at 6 A g current
density for 3000 cycles (inset: GCD curves of (i) initial and (ii) final 10 cycles).
The C-NCP5 electrode exhibits 75.5 % capacitive retention after 3000 cycles. The GCD
curves of initial 10 cycles and final 10 cycles are shown in inset of Fig. 3.14 as (i) and
(i), respectively. The decrement in charge-discharge time is observed in initial and final
GCD cycles (inset Fig. 3.14). The little increment in specific capacitance is observed
in initial cycles due to volume expansion of active material by insertion and extraction

of ions [52]. Then decrement in capacitance is detected may be due to depletion of

minute active material during cycling.
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3.2.B.3.4 EIS studies

The electrochemical impedance and ion transfer features of thin film electrodes
are investigated with the help of EIS study. The EIS study was carried out in the range
of 10mHz to 1MHz with an ac amplitude of 10 mV at open circuit potential. The
Nyquist plots of C-NCP series electrodes are displayed in Fig. 3.15 (a). In Nyquist plot,
semicircle appears in high frequency region and straight line in low frequency region.
The semicircle in the high frequency region represents the charge transfer resistance
arises due to faradaic reactions and double-layer capacitance at the interface of
electrode/electrolyte. The electrolytic ion diffusion in the active material is responsible
for the straight line in the low frequency region and it corresponds to Warburg
impedance. The solution resistance (Rs) obtained by pointing the intersection of
Nyquist plot to real axis, which is combination of electrolyte resistance and contact
resistance at the interface between electrode and electrolyte. Diameter of semicircle at
high-frequency region gives the charge transfer resistance (R¢t) value and it is related
to the faradaic leakage current [53].

160 prrrrr S— S— S S— S S— S—

-140

-120

(b) Ry

-100

-80

-60

Z" (Qcm?)

-40

-20

80 100 120 140 160
Z' (Qcm?)

0

Fig. 3.15 (a) The Nyquist plots of C-NCP series electrodes (C-NCP1 to C-

NCP9) and (b) the fitted equivalent circuit for the EIS data.
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The C-NCP series electrodes show solution resistance (Rs) in between 1.03 and
1.4 Q, such smaller value show feasible interaction between electrolyte and active
material. The cobalt phosphate electrode (C-NCP9) show very low charge transfer
resistance of 1.48 Q and nickel phosphate (C-NCP1) show high charge transfer
resistance value of 69.1 Q. The high performing C-NCP5 electrode shows lower charge
transfer resistance (34.94 Q) than other electrodes (except C-NCP9). The microflowers
with rectangular microsheets like structure (C-NCP5 electrode) provides pathways for
easy charge transfer. The sheet like microstructure of C-NCP series electrodes with
tunnels and open channel crystal structure offers easy penetration to ions in the inner
surface of microstructure which are responsible for maximum usage of active material
and increases electrochemical performance and supports the results obtained from CV
and GCD studies.

The fitted equivalent circuit for the EIS data of C-NCP series electrodes is shown
in Fig. 3.15 (b). The circuit consist of Rs, Ret, W and Q are the solution resistance,
charge transfer resistance, Warburg impedance and constant phase element,
respectively. The Q obtained due to inhomogeneities present at electrode/electrolyte
interface, porosity, nature of electrode and disorder associated with diffusion, and when
n=1 then Q=C [54-56]. The values of each fitted circuit parameter is tabulated in table
3.2. The best performing C-NCP5 electrode show fitted values of Rs, Ret, W and Q are

1.1 Q,34.9 Q, 0.5 Q and 0.35 mF, respectively.
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Sample Name | R, (Q) | R, (Q) | Q (mF) n W (Q)
C-NCP1 1.03 69.1 0.610 0.781 0.031
C-NCP2 1.4 85.3 0.479 0.703 0.250
C-NCP3 1.3 52.2 0.692 0.796 0.267
C-NCP4 1.3 43.2 0.082 0.801 0.503
C-NCP5 1.1 34.9 0.355 0.804 0.527
C-NCP6 1.3 45.2 1.039 0.940 0.411
C-NCP7 1.2 63.3 2.249 0.786 0.264
C-NCP8 1.2 43.6 1.584 0.885 0.504
C-NCP9 1.2 1.5 0.080 0.863 0.850

Table 3.2: Electrochemical impedance spectroscopic fitted circuit parameters
for Nyquist plots of C-NCP series electrodes.

3.2.B.4 Conclusions

Different morphology exhibited different electrochemical performance, the
microflowers containing rectangular microsheets show high supercapacitive
performance than the individual microflower and microsheet like structure. The
Ni138C0162(POa4)2 electrode (C-NCP5) with microflowers containing rectangular
microsheets like structure exhibits high specific capacitance of 1116 F g* at 0.5 A g™
current density and offered 75 % capacitive retention over 3000 cycles. The good
electrochemical results suggest that, Ni13s8C0162(PO4)2 thin film can be used as a
cathode material in asymmetric supercapacitor devices.
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4.1 Introduction

The characteristic of supercapacitors in terms of energy density and power
density is higher than conventional capacitors and batteries, respectively. The
supercapacitors are used to fill the gap between them (batteries and capacitors) and
generally used in electronic devices, electric vehicles and back-up power storage [1-4].
To improve the performance of supercapacitors, efficient electrodes are required. So,
the main focus is shifted towards development of efficient electrodes using low cost
and simple environmental friendly preparative methods [5, 6]. Open and wide channel
structured metal phosphate materials catch attention in the energy storage field as a
cathode material due to their excellent properties like large active sites for reaction,
excellent conducive nature and higher stability due to P-O covalent bond [7]. For the
synthesis of metal phosphate material different methods were used as hydrothermal [8],
microwave assisted [9] and co-precipitation [10].

The different morphologies and phases of metal phosphates are obtained using
various synthesis processes. The various polymorphs of nickel phosphate such as,
Ni2P207 [11], Ni3(POas)2 [9], Niw(HPOz3)s(OH)e [12], etc. were synthesized for
supercapacitor application. Similarly, the polymorphs of cobalt phosphate such as
Co3(PO4)2-8H20 [13], CoHPO4-3H,0 [14], CosP20s-8H20 [15], Co:P20; [16],
Co2P4012 [17], etc. were prepared and investigated for supercapacitor application. It is
known that, the synergistic effect between the nickel and cobalt species can offer high
electrochemical response for nickel cobalt binary phosphate material [18-21].

So considering advantage of synergistic effect, nickel and cobalt species are
combined and binder-free nickel cobalt phosphate thin film electrodes are prepared by
electrodeposition method. The simple electrodeposition method (potentiostatic mode)
was employed for the preparation of nickel cobalt phosphate thin films on stainless steel
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substrate. The ratio of nickel and cobalt species varied in nickel cobalt phosphate to
achieve better performance by tuning structural and morphological properties of
electrodes. The present chapter is divided into two sections (section A and B). Section
‘A’ deals with the synthesis of nickel cobalt phosphate thin films by electrodeposition
method and their characterization. Section ‘B’ is associated with the supercapacitive
performance evaluation of electrodeposited nickel cobalt phosphate thin film
electrodes.
SECTION - A

SYNTHESIS AND CHARACTERIZATION OF NICKEL COBALT

PHOSPHATE THIN FILMS BY ELECTRODEPOSITION METHOD
4.2.A.1 Introduction

The combination of two metal compounds offers excellent properties than the
single metal compound due to the synergistic effect. So, this strategy used by several
researchers and prepared different morphologies with different phases of nickel cobalt
phosphate material and hydrothermal method is mostly used for the preparation. The
microplates of C0o.4Ni1.6P2O7 by Chen et. al. [22], nanosheets of NiCoPOg4 by Li. et. al.
[23], nanospheres of Coo.gsNi2.14(PO4)2 by Tang et. al. [24] prepared using hydrothermal
method and, also hollow shells of NiCo2(POa4)2 synthesized by Zhang et. al. [25] via
microwave assisted chemical method. There are only a few reports found in the
literature on the preparation of nickel cobalt phosphate for supercapacitor application.
All researchers prepared nickel cobalt phosphate material in powder form and pasted it
on the substrate via the casting method to fabricate supercapacitor electrode. Still, there
is no report available on employing electrodeposition (potentiostatic) method for the

preparation of nickel cobalt phosphate thin film electrode.
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Therefore, a binder-free and eco-friendly electrodeposition method is employed
for the synthesis of nickel cobalt phosphate thin films. The electrodeposition method is
famous for the preparation of material with accurate composition and controlled
deposition. In this synthesis method, preparative parameters like reaction time, reaction
potential and concentration of the solution, etc. are optimized for the deposition of well
adherent and uniform nickel cobalt phosphate thin films. Then, different techniques
were used for the characterization of prepared films like XRD, FT-IR, FE-SEM, EDS,
XPS, etc. The change in composition and corresponding morphologies of nickel cobalt
phosphate thin films are obtained by varying nickel and cobalt molar ratio in the
synthesis process.

4.2.A.2 Experimental details
4.2.A.2.1 Chemicals

Nickel chloride (NiCl..6H20), cobalt chloride (CoCl2.6H.O) and potassium
dihydrogen orthophosphate (KH2PO4) were purchased from Sigma Aldrich (AR grade)
and used as received without any purification.
4.2.A.2.2 Experimental setup for nickel cobalt phosphate thin film deposition

In electrodeposition method, the conventional three electrode system is used as
an electrochemical cell in cylindrical container. In this setup, intentionally the glass
cylindrical cell was used because of transparency and chemical inertness during
deposition. The electrochemical cell consists of stainless steel as a working electrode,
graphite as a counter electrode and SCE (with saturated KCI solution) as a reference
electrode and all are fitted in bakelite holder on the cylindrical cell. The photograph of
experimental setup for electrodeposition of nickel cobalt phosphate thin films is shown
in Fig. 4.1. Electrodeposition synthesis processes were carried out using ZIVE MP1

multichannel electrochemical workstation.
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Fig. 4.1 Photograph of (a) electrochemical deposition cell and (b) experimental setup
consisting of battery cycler with potentiostatic (current versus time) graph on monitor.

4.2.A.2.3 Synthesis of nickel cobalt phosphate thin films

The synthesis of nickel cobalt phosphate thin films is carried out by potentiostatic
mode in aqueous solution of precursors containing nickel chloride (NiCl2.6H.0), cobalt
chloride (CoCl,.6H20) and potassium dihydrogen orthophosphate (KH2POs4). For the
synthesis of nickel cobalt phosphate thin films, the nickel chloride and cobalt chloride
precursors concentration were varied from 0.045-0 M and 0-0.025 M, respectively. The
phosphate precursor (potassium dihydrogen orthophosphate) concentration was kept
constant (0.125 M) for variations in nickel and cobalt precursor, intentionally higher
concentration of phosphate precursor used for the deposition. The deposition potential
is varied and optimized between -0.85 to -1.1 VV/SCE at room temperature. In between
the various potential, well adherent with uniform film was obtained at -0.85 V/SCE
potential from 0.045 M nickel chloride and 0.125 M potassium dihydrogen
orthophosphate precursors bath. The composition of  precursors

(NiCl2.6H20:CoCl,.6H20) is varied as 1:0, 0.85:0.15, 0.75:0.25, 0.5:0.5, 0.25:0.75,
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0.15:0.85 and 0:1 for nickel cobalt phosphate thin film deposition on stainless steel
substrate and denoted by E-NCP1, E-NCP2, E-NCP3, E-NCP4, E-NCP5, E-NCP6 and
E-NCP7, respectively. The optimized preparative parameters for thin film deposition

of nickel cobalt phosphate by potentiostatic mode are described in table 4.1.

Parameters Condition

Film Nickel cobalt phosphate
Medium Aqueous

Bath (0.045-0M):(0-0.025M)
composition

NiCl,.6H,0: 1:0 [0.85:0.15 ]0.75:0.25 0.5:0.5 |0.25:0.75 |0.15:0.85 | 0:1
CoCl,.6H,O

KH,PO, 0.125M

Total quantity |50 ml

of solution

pH ~3.5

Potential -0.85 V/ISCE

Time 5400 s

Temperature | 300 K

Substrate Stainless steel (1 X 3 cm?)

Table 4.1 Optimized preparative parameters for potentiostatic deposition of nickel
cobalt phosphate thin films (E-NCP1 to E-NCP7).

4.2.A.3 Results and discussion
4.2.A.3.1 Film formation

For the electrodeposition process of material, formal deposition potential, redox
reactions and film formation are examined by linear sweep voltammetry (LSV) study.
Fig. 4.2 shows LSV curves of NiCl,.6H20, CoCl2.6H>0 and NiCl>.6H20+CoCl,.6H>0O
with KH2PQO4 aqueous precursor solutions at compositions (NiCl2.6H20:CoCl2.6H20)
as 1:0, 0:1 and 0.5:0.5, respectively. The LSV is scanned from 0 to -1.2 V/SCE at a
scan rate of 20 mV s™. In this scan, nickel precursor solution does not show any

increment in current at initial potential, but both cobalt precursor and combined (nickel
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and cobalt) precursor solution shows a well defined cathodic peak at initial potential.
Then, as increase in negative potential almost no current observed until the potential
reaches up to -0.7 V/SCE. After that, the reduction of solution starts and the reduction
current increases rapidly from -0.7 VV/SCE due to the starting of nucleation process. Fig.
4.2 shows that, Ni precursor solution has lower current response and more negative
reduction potential than individual Co and combined Co+Ni precursor solution.
However, they have approximately similar reduction potential, so deposition can take

place at same potential from uncomplexed ions [26].

10 [ T T T T T T T
[ NiCl,.6H,0+KH,PO,
-~ [ |—— NiCI,.6H,04CoCl,.6H,0+KH,PO,
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Fig 4.2 LSV curves for precursor solution of NiCl2.6H.0, CoCl2.6H20 and
NiCl2.6H20+CoCl,.6H20 (with KH2PO4) with composition 1:0, 0:1 and 0.5:0.5
(NiCl2.6H,0:CoCl,.6H20), respectively at 20 mV s sweep rate.

Based on LSV study, it is possible to obtain tentative deposition potential to
encourage potentiostatic deposition of nickel cobalt phosphate thin films. The reduction
potentials of cobalt precursor and nickel cobalt precursor solutions were determined by

plotting tangent on the X-axis and found to be -0.7 and -0.75 V/SCE, respectively.
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Similarly, the reduction potential for nickel precursor solution is measured and found
to be -0.85 V/SCE. For the deposition of nickel and cobalt species simultaneously with
phosphate species, the overpotential of -0.85 V/SCE is applied, since the reduction
potential of cobalt and nickel cobalt precursor solution is less than nickel precursor.
The potentiostatic curves of prepared compositions during nickel cobalt phosphate thin
film formation on SS substrate at -0.85 V/SCE are shown in Fig. 4.3. Potentiostatic
deposition curves can be classified in to two regions, first region explains nuclei
formation and second region corresponds to film growth. The observed initial surge in
current response is depends upon number of available cation species at the interface of
electrode which discharge immediately after the polarization of electrode and leads to
birth of nuclei (region-1). After the initial increment, the current decreases sharply and
shows almost steady state after achieving minimum current (region-Il). In second
region, the growth process is slow which responsible for the cluster formation due to

the process like adsorption and coalescence.

| I F
-1 FRegion-1 Region-11 ]

——E-NCP1 .
——E-NCP2| [
E-NCP3| '
——E-NCP4| |
E-NCP5| -
——E-NCP§| |
E-NCP

0 1000 2000 3000 4000 5000 6000
Time (s)

Current density (mA cm™?)

Fig. 4.3 A potentistatic curves of nickel cobalt phosphate (E-NCP1 to E-NCP7) for

various bath compositions at potential of -0.85 V/SCE on stainless steel substrate.
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The steady nature of current after the nucleation corresponds to uniform growth
of material. After achieving minimum current response, little increment in current
observed for E-NCP1 sample may be due to higher conductivity of nickel phosphate
material. On the other hand, continuous decrement (compare to other solutions) and
then steady response in the current density is observed with increasing time for E-NCP7

sample suggest faster growth kinetics of cobalt phosphate.

(@) (b)

N
[

- N
(8] o

Weight deposited (mg cm)
P

e
»

Fig. 4.4 (a) Nickel cobalt phosphate thin film thickness at different compositions of
NiCl2.6H20:CoCl,.6H20 and (b) photograph of prepared thin film electrodes.

Variation observed in the weight of the deposited nickel cobalt phosphate for the
different bath compositions of NiCl..6H20:CoCl2.6H20. The electrodeposition
(potentiostatic) method is used for the deposition of nickel cobalt phosphate thin films
at constant potential of -0.85 V/SCE for 5400 s at room temperature. Thickness of film
varies from 1.5 to 1.95 mg cm with respect to bath composition as shown in Fig. 4.4
(@). The well adherent and uniform film of nickel cobalt phosphate with various
compositions are obtained and photograph is shown in Fig. 4.4 (b). The lowest
thickness observed for the bath composition of 1:0 i.e. nickel phosphate (E-NCP1). As

increase in Co content, the deposited weight increases up to sample E-NCP4
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(composition of 0.5:0.5) and decreases up to sample E-NCP7 (composition of 0:1) i.e.
cobalt phosphate. It concludes that, the deposition rate increases by increasing Co
content up to optimum limit at constant deposition time and potential.
4.2.A.3.2 XRD studies

The structural study of synthesized thin films was investigated by XRD analysis.
The XRD patterns of prepared E-NCP series samples are shown in Fig. 4.5. The peaks
denoted by ‘*’ correspond to stainless steel. The XRD pattern of E-NCP1 sample shows
only stainless steel peaks and confirms amorphous nature of prepared material. On the
other hand, XRD pattern of E-NCP7 sample matches with the JCPDS card no. 34-0844
and confirms the formation of Co3(PQO4)2.4H.0 material in thin film form. The XRD
pattern of E-NCP7 sample shows diffraction peaks at an angle of 14.5, 24.19, 28.96,
31.52 and 34.55° ascribed to the (020), (101), (310), (231) and (330) crystal planes,

respectively.

Intensity (a.u.)

20 (degree)

Fig. 4.5 XRD patterns of nickel cobalt phosphate thin films (E-NCP1 to E-NCP7).
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The E-NCP1 sample shows pure amorphous nature in XRD analysis. As like E-NCP1,
the other sample with less cobalt content shows amorphous nature up to E-NCP4
sample. With increase in cobalt content, the structure of composition changes and some
peaks are observed in XRD. Further increase in cobalt content, samples after E-NCP4
show peaks which match with cobalt phosphate. The XRD result confirms, amorphous
nature of nickel phosphate totally converted in to crystalline phase (at lowest nickel
content) after addition of cobalt. Also, it confirms the prepared material is nickel cobalt
phosphate in thin film form over SS substrate.
4.2.A.3.3 FT-IR studies

The FT-IR spectra of E-NCP series thin films was carried out in the region of
400-4000 cm* and displayed in Fig. 4.6. The presence of functional groups of material
in electrodes is analyzed by FT-IR analysis. Peaks (y1) in the range of 568-595 cm™
represent the metal-oxygen bonding in samples. The peak at 595 cm™ ascribed to Ni-O

bonding [27] and peak at 571 cm™ ascribed Co-O bonding in thin films [28, 29].

E-NCP7 ; ; ]
. ENCPE N/
2 L i Py : : -
g Pyt W Ewces s ]
= ' ' : ' 4
© . ' C
£ ENCP4 N S
E : | : 4
e IR ™ : ! :
s FViaw o ENCR P — '
'— [ ' '

E-NCP2 \4/_—'
EncPt . N~V |

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm')

Fig. 4.6 FT-IR spectra of nickel cobalt phosphate thin films (E-NCP1 to E-NCP7).
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The symmetric stretching of P-O-P linkage observed at the absorption peak (y2) in the
range of 708-741 cm™ [30]. The symmetric and asymmetric P-O stretching vibrational

mode of PO4* anions are confirmed by the peaks (ys, ya, ys) observed in the region of

857-1076 cm™ [31-35]. The absorption peaks (ys, y7) in the region of 1400-1644 cm™
are corresponds to bending mode of water molecule (H-O-H) [32, 35, 36]. Moreover,
the peaks (ys, yo) in the region of 3000-3464 cm™ are corresponds to O-H stretching
vibration mode of adsorbed water content in the material [32, 35, 36]. Moreover, the
slight shifting in peaks from sample E-NCP1 to E-NCP7 confirm the coordination
interaction between nickel and cobalt elements [37]. The FT-IR results confirm
successful preparation of hydrous nickel cobalt phosphate material in thin film form.
4.2.A.3.4 Surface morphological studies

FE-SEM analysis is used for the investigation of surface morphology of
electrodeposited nickel cobalt phosphate thin films. Fig. 4.7 shows the morphologies of
electrodeposited thin films at different magnifications (20,000X and 50,000X). The
morphological evolution is observed from E-NCP1 to E-NCP7 sample due to variation
in nickel and cobalt composition. Fig. 4.7 (al, a2) shows the surface architecture of
nickel phosphate thin film (E-NCP1). The E-NCP1 sample shows microsphere like
structure and it grows on one another due to the overgrowth of material. The average
diameter of the microspheres is 3.5 um and rough surface of microsphere (Fig. 4.7 (a2))
is observed due to number of nanoparticles exists in it. Addition of cobalt content
influences the morphology of thin film (E-NCP2 sample) through decrease in diameter
of microspheres, in the range of 2.5-2.9 um as observed in Fig. 4.7 (b1). As like sample
E-NCP1, the E-NCP2 sample shows rough surface of microspheres and it shows larger
size of pores than E-NCP1 (Fig. 4.7 (b2)). Again increase in cobalt content, highly

merged microspheres are observed for sample E-NCP3 as shown in Fig. 4.7 (c1) and
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they are ranging in diameter of 1.2-2.5 um. At higher magnification, the merged
structure of microspheres easily observed from Fig. 4.7 (c2). Also, some nanocracks
are observed on the microsphere structure and shown in the inset of Fig. 4.7 (c2).

Similar, merged microspheres are observed in E-NCP4 sample with different

dimensions as shown in Fig. 4.7 (d1).
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100nm

Fig. 4.7 FE-SEM images of sample E-NCP1 (al, a2), E-NCP2 (b1, b2), E-NCP3 (c1,
c2), E-NCP4 (d1, d2), E-NCP5 (el, e2), E-NCP6 (f1, f2) and E-NCP7 (g1, g2) at the
magnification of 20,000X and 50,000X, respectively.

Similar to sample E-NCP3, the sample E-NCP4 show nanocracks on the surface of the
microspheres (inset of Fig. 4.7 (d2)) and higher content of cobalt may be responsible
for formation of nanocracks on the surface of microspheres. The drastic change in
microstructure is observed for the sample E-NCP5, which shows sheets like structure
in combination with extremely merged microspheres and seems mud like structure (Fig.
4.7 (el) and (e2)). The nanosheets with thickness of 257-299 nm are observed in Fig.
4.7 (el). Further increase in cobalt content, microsphere like architecture is completely
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vanished and displays extremely close packed nanosheets like architecture (Fig. 4.7 (f1)
and (f2)) for sample E-NCP6. The decrement in thickness of nanosheets observed up
to 173-217 nm (Fig. 4.7 (f1)). At the most higher cobalt content (zero content of nickel),
sample E-NCP7 shows nanosheets like structure with curved edges (Fig. 4.7 (g1) and
(92)). The thickness of curve edged nanosheets is higher than the close packed
nanosheets and has thickness of 350-411 nm (Fig. 4.7 (gl)). The variation in
morphology observed with the change in precursor concentrations and confirms
morphology of electrodeposited thin film is sample depend upon the Ni:Co
composition.

Elemental mapping of E-NCP series thin film samples was carried out using
energy dispersive spectroscopy (EDS) analysis and displayed in Fig. 4.8 (a-g). Thin
films with different nickel and cobalt compositions formed by combining nickel, cobalt,
phosphorous and oxygen elements (Fig. 4.8). The presence of nickel, cobalt,
phosphorous and oxygen elements in the sample E-NCP2 to E-NCP6 confirm the
successful deposition of nickel cobalt phosphate material on SS substrate in thin film
form via electrodeposition method. Also, the absence of cobalt in E-NCP1 and nickel
in E-NCP7 samples confirm formation of nickel phosphate and cobalt phosphate

materials, respectively.
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Fig. 4.8 EDS spectra of nickel cobalt phosphate thin film samples (a) E-NCP1, (b) E-

NCP2, (c) E-NCP3, (d) E-NCP4, () E-NCP5, (f) E-NCP6 and (g) E-NCP?7.

The experimental and observed nickel and cobalt ratios for E-NCP series samples are

summarized in table 4.2. The observed and experimental ratios of nickel and cobalt

contents are nearly similar. So, the EDS and FE-SEM results confirm the composition

varied in the sample from E-NCP1 to E-NCP7, ultimately influences the morphology

of thin film samples. No other elements are observed in the EDS spectra that confirm

the formation of nickel cobalt phosphate material in thin film form.
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Sample Experimental | Observed ratio | Obtained phase
name ratio (Ni:Co) (Ni:Co)

E-NCP1 1:0 1:0 Ni3(POy),
E-NCP2 0.85:0.15 0.82:0.18 Ni; 46COq 54(POy)»
E-NCP3 0.75:0.25 0.76:0.24 Ni, ,5COy 72(POy),
E-NCP4 0.50:0.50 0.48:0.52 Ni; 44CO; 54(POy),
E-NCP5 0.25:0.75 0.29:0.71 Nij §7CO, 13(POy),
E-NCP6 0.15:0.85 0.10:0.90 Nig3CO, 1(POy),
E-NCP7 0:1 0:1 CO;(POy),

Table 4.2 Experimental and observed nickel and cobalt atomic ratio in nickel cobalt
phosphate thin film samples (E-NCP1 to E-NCP7).

4.2.A.3.5 XPS studies

The surface elements with existing valence states in the material was investigated
by XPS analysis. The XPS spectra of sample E-NCP4 is displayed in Fig. 4.9. The
nickel, cobalt, phosphorous and oxygen elements are observed in the XPS survey
spectrum of sample E-NCP4 (Fig. 4.9 (a)). The high resolution Ni2p XPS spectrum
confirms the Ni2pz,2 and Ni2p1., state by intense peaks at binding energies of 856.2 and
874 eV, respectively along with satellite peaks at 860.8 and 879.3 eV binding energies
present at surface of the material, indicates oxidation state of Ni (Ni?*) (Fig. 4.9 (b))
[38, 39]. The high resolution XPS spectrum of Co2p region is shown in Fig. 4.9 (c), the
peak at 781.3 eV binding energy correspond to Co2ps2 along with satellite peak at
784.2 eV binding energy, correspond to +2 valence state of cobalt. Similarly, the intense
peak at 797.8 eV binding energy signifies Co2p1. orbits along with satellite peak at
802.9 eV further proves the same assumption [40]. Fig. 4.9 (d) shows the high
resolution XPS spectrum of P2p region. In this region, only one intense peak is
observed at 133.2 eV binding energy represents P-O bonding and pentavalent state of

the phosphorous [41].
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Fig. 4.9 (a) Survey, (b) Ni2p, (c) Co2p, (d) P2p and (e) O1s XPS spectrum of sample

E-NCP4.

Moreover, one broad peak is observed in the O1s region of XPS spectrum and

shown in Fig. 4.9 (e). The broad peak is deconvoluted into two peaks in O1s region at

531 eV and 532.3 eV binding energies which are correspond to core level of oxygen in

phosphate species and structural water in the material, respectively [42-44]. Thus, XPS
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spectrum confirms the successful preparation of the nickel cobalt phosphate material
on SS substrate by electrodeposition method.
4.2.A.4 Conclusions

In conclusion, electrodeposition (potentiostatic mode) method is feasible for
successful deposition of nickel cobalt phosphate material on stainless steel substrate.
Amorphous to crystalline phase conversion from nickel to cobalt phosphate is observed
from XRD analysis and confirms formation of nickel cobalt phosphate material in thin
film form. FT-IR, EDS and XPS analyses confirm the presence of nickel, cobalt,
phosphate bonding in the prepared thin film samples. Also, the variation in nickel and
cobalt content changes the morphology of nickel cobalt phosphate thin films from
microspheres to nanosheets (with increase in cobalt content). The above result confirms
the successful preparation of nickel cobalt phosphate material in thin film form.

SECTION - B
SUPERCAPACITIVE PERFORMANCE EVALUATION OF NICKEL
COBALT PHOSPHATE THIN FILMS

4.2.B.1 Introduction

The electrode with high capacitive performance and higher stability is required
to achieve best performance of supercapacitor device. The binary metal compounds like
NiCoO, NiCoP and NiCoSe showed superior electrochemical performance than the
single metal compounds, such as NiO (or P, Se) and CoO (or P, Se) materials, due to
richer redox chemistry (Ni%*, Ni®*, Co?*, Co®"), the faster electrochemical kinetics and
the strong synergistic effect between Ni and Co redox species [45]. Depend on these
considerations, the proper ratio of nickel and cobalt with phosphate structure could
effectively enhance the electrochemical performance than the single nickel or cobalt
phosphate. However, very few reports are available on nickel cobalt phosphate
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electrode material for supercapacitor application. So, the composition of nickel and
cobalt varied in synthesis process and supercapacitive performance of prepared nickel
cobalt phosphate electrodes is studied and discussed in this section.

Electrochemical measurements of electrodeposited nickel cobalt phosphate thin
film samples E-NCP1 to E-NCP7 are discussed in this section. Also, the influence in
electrochemical performance of E-NCP series thin films due to scan rates, current
densities and electrochemical cycling are studied.
4.2.B.2 Results and discussion
4.2.B.2.1 Cyclic voltammetry (CV) studies

Electrochemical activity of E-NCP series electrodes in electrolyte (1 M KOH)
was investigated by CV analysis. Typical CV curves of E-NCP series electrodes at 20
mV s scan rate within potential window of 0 to 0.5 VV/SCE are measured and plotted
in Fig. 4.10 (a). The E-NCP4 electrode shows higher current area in the curve than other
electrodes. Area under the CV curves increases with increasing cobalt content in the
electrode up to E-NCP4 sample, furthermore area under curve decreases with
increasing cobalt. Redox peaks in CV curve reveal pseudocapacitive (surface and bulk
process) nature of the material [46]. The different nature of CV curves are obtained for
nickel (E-NCP1) and cobalt (E-NCP7) phosphate electrodes. It is observed that, the
nickel and cobalt ratio variation influences the morphology and that ultimately affects
the electrochemical performance. The CV curves of electrodes (E-NCP1 to E-NCP7)
at 1-20 mV s sweep rates are shown in Fig. 4.10 (b-h) and area under the CV curve
increases with increasing scan rate. It is observed that, the equal composition of nickel
and cobalt in E-NCP4 sample having microspheres with nanocracks like morphology
exhibits higher CV area than the other electrodes (microspheres or nanosheets like

architectures). The higher CV current area is responsible for higher areal capacitance.
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Fig. 4.10 (a) The comparative CV curves of E-NCP series electrodes at 20 mV s*
scan rate, the CV curves at various scan rates from 1-20 mV s for (b) E-NCP1, (c) E-

NCP2, (d) E-NCP3, (e) E-NCP4, (f) E-NCP5, (g) E-NCP6 and (h) E-NCP7 electrode.
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Charge stored in the electrode can be the combination of two mechanisms
(battery type and electrochemical pseudocapacitive type) and it is investigated by
Power’s law using scan rate dependent CV curves. The b value of E-NCP series
electrodes is calculated from the slope of graph log (i) vs log (v) [47] and shown in Fig.
4.11. Graphs represent b values of E-NCP1, E-NCP2, E-NCP3, E-NCP4, E-NCP5, E-
NCP6 and E-NCP7 electrodes are 0.57, 0.55, 0.6, 0.61, 0.81, 0.88 and 0.90,
respectively. The obtained b values for E-NCP series electrodes are greater than 0.5 and
less than 1 suggests that total current is contributed from a combination of both battery
and pseudocapacitive type. The b values of electrode increases from E-NCP2 to E-
NCP7, it means as increase in cobalt content the electrode show more pseudocapacitive
contribution.

Furthermore, modified Power’s law was used to evaluate specific current density
contribution from bulk battery type and surface pseudocapacitive type [48-50].
Pseudocapacitive and battery type current contribution for E-NCP series electrodes are
calculated at different scan rates and displayed in Fig. 4.12. Figure reveals that, current
contribution from surface pseudocapacitive process increases as increasing cobalt
content in the sample. The contribution of surface pseudocapacitance is more for high
scan rate and more bulk battery type at low scan rate. The result concludes that, at lower
scan rate bulk battery current contribution is dominant over surface pseudocapacitive
current and vice versa. The E-NCP4 electrode offers ~32 % capacitive current
contribution at 20 mV s scan rate and it is higher than nickel phosphate (E-NCP1)
(~20%) and lower than cobalt phosphate (E-NCP7) (~87%) electrode. Also, other
electrodes show different current contribution values due to different concentration of

nickel and cobalt in the material.
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NCP7 electrode.
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4.2.B.2.2 Galvanostatic charge-discharge (GCD) studies

GCD analysis is carried out within optimized potential window of 0 to 0.4 V (vs
SCE) for E-NCP series electrodes. At constant current density of 1.5 A g, GCD
analysis of E-NCP series electrodes is studied and displayed in Fig. 4.13 (a). In a
comparative study, E-NCP4 electrode shows large charging and discharging time than
other electrodes. The GCD curves of E-NCP series electrodes at different current
densities from 1.5-3.5 A g* are shown in Fig. 4.13 (b-h). Likewise CV curves, the
nickel (E-NCP1) and cobalt (E-NCP7) phosphate electrode shows different charge-
discharge curves like battery type and surface redox type, respectively. The E-NCP
series electrodes show conversion in nature of GCD curve from E-NCP1 to E-NCP7
and it corresponds to battery-intercalation-surface redox type mechanism. Non-linear
discharging curves of E-NCP series electrodes show deep ion intercalation and obtained
due to redox reaction, and represents pseudocapacitive behavior of the material [51-
53]. GCD study concludes that, the E-NCP4 electrode offers higher charge-discharge
response may be due to high surface area by specific microstructure (microspheres
consisting nanocracks) and optimum composition of nickel and cobalt.

From the GCD plots, the specific capacitance values of E-NCP series electrodes
are calculated and plotted in Fig. 4.14. The E-NCP4 electrode shows higher discharging
time that responsible for high specific capacitance than other electrodes. The E-NCP4
electrode shows maximum specific capacitance of 2228 F g™ at 1.5 A g* current density
and it decreases up to 1750 F g at 3.5 A g* current density. Similarly, the E-NCP1, E-
NCP2, E-NCP3, E-NCP5, E-NCP6 and E-NCP7 thin film electrodes offer maximum
specific capacitance of 722, 926, 1563, 1575, 1299 and 211 F g, respectively at 1.5 A

g current density. The decrement in specific capacitance observed with respect to
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Fig. 4.13 (a) The comparative GCD curves of E-NCP series electrodes at current
density of 1.5 A g1. The GCD curves at various current densities from 1.5-3.5 A g*
for (b) E-NCP1, (c) E-NCP2, (d) E-NCP3, (e) E-NCP4, (f) E-NCP5, (g) E-NCP6 and

(h) E-NCP7 electrode.

145



Chapter — IV SYNTHESIS, CHARACTERIZATION AND SUPERCAPACITIVE
PERFORMANCE EVALUATION OF ELECTRODEPOSITED NICKEL
COBALT PHOSPHATE THIN FILMS

increase in current density due to less time for electrochemical reaction and difficult to
react with microstructures by electrolytic ion at high current density [54]. On the other
hand, the longer interaction of electrolyte ions with the inner and outer surface of

material at lower charge-discharge rate offers high specific capacitance values [55].
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Fig. 4.14 The plots of specific capacitance at various current densities for nickel
cobalt phosphate electrodes (E-NCP1 to E-NCP7).

4.2.B.2.3 Stability studies

The long term applicability of the electrode tested by stability and is an important
parameter for the good supercapacitive electrode. The stability in terms of capacitive
retention of best performed electrode (E-NCP4) carried out at 15 A g™ current density
for 3000 GCD cycles. The capacitive retention study of E-NCP4 electrode is shown in
Fig. 4.15. The E-NCP4 electrode exhibits ~81 % capacitive retention at high current
density over 3000 cycles. The GCD curves of initial and last 10 cycles are shown as
inset of Fig. 4.15. The decrement in capacitance is observed due to minute depletion of

active material after many charge-discharge cycles because of swelling and shrinking
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of material. It concludes that, the microspheres with nanocracks like morphology of E-

NCP4 electrode offer good cyclic life at high charge-discharge current density.
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Fig. 4.15 The plot of capacitive retention of E-NCP4 electrode at 15 A g current
density for 3000 cycles (inset: GCD curve of (i) initial and (ii) final 10 cycles).
4.2.B.2.4 EIS studies
The Nyquist plots of E-NCP series electrodes are shown in Fig. 4.16 (a). The EIS
technique is used to investigate electrochemical conductivity and ion transformation

properties of electrodes [56].
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Fig. 4.16 (a) The Nyquist plots of E-NCP series electrodes (E-NCP1 to E-

NCP7) and (b) the fitted equivalent circuit for the EIS data.
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The fitted equivalent circuit of EIS data for E-NCP series electrodes is shown in Fig.
4.16 (b). In this figure, Rs, Ret, W and Q are the solution resistance, charge transfer
resistance, Warburg impedance and constant phase element, respectively. The values
of each fitted circuit parameters are tabulated in table 4.3. The impedance of Q is

defined as follows,

_ 1
T Qo)

Zq (where 0 < n>1) (4.2)

The constant phase element arises due to inhomogeneities present at

electrode/electrolyte interface, porosity and disorder associated with diffusion.

Sample Name | R (©) | R, (®) | Q mF) n W (Q)
E-NCP1 1.31 4.39 2.95 0.831 0.360
E-NCP2 1.44 11.19 0.422 0.895 0.233
E-NCP3 1.87 0.95 0.036 0.602 0.432
E-NCP4 1.47 0.2 9.449 0.771 0.222
E-NCP5 1.75 73 191.9 0.876 0.825
E-NCP6 1.33 99.6 229.5 0.842 0.009
E-NCP7 1.25 356.7 118.1 0.756 0.002

Table 4.3 Electrochemical impedance spectroscopic fitted circuit parameters
for Nyquist plots of E-NCP series electrodes.
The Q value related to surface and electroactive species, n is the correction factor due
to the roughness. The Q is considered as pure capacitance when n=1, resistance when
n=0 and Warburg impedance when n=0.5. In table 4.3 the n values are higher than 0.5,
so the Q is pseudocapacitor in present study [57-59]. The E-NCP4 electrode shows low
charge transfer resistance (0.2 Q) as compared to other electrodes. Less value of charge
transfer resistance offered by E-NCP4 electrode due to good active material contact
with substrate and microspheres with nanocracks like morphology, which may be

responsible for high pseudocapacitive performance of electrode.
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4.2.B.3 Conclusions

The CV and GCD analyses confirm that electrochemical response depends on
morphologies of nickel cobalt phosphate electrodes. The microspheres with nanocracks
like morphology of E-NCP4 electrode with lower charge transfer resistance (0.2 Q)
offers higher electrochemical response than other electrodes. The microspheres with
nanocracks like morphology of Ni144Co156(PO4)2 thin film electrode exhibits
maximum specific capacitance of 2286 F g* at current density of 1.5 A g** and good
capacitive retention (~81 %) over 3000 cycles. The good electrochemical capacitive
results suggest that, electrodeposited Ni1.44C0156(PO4)2 thin film can be excellent
choice as a cathode for asymmetric supercapacitor device fabrication.
4.3 References

1. A Arico, P. Bruce, B. Scrosati, J. Tarascon, W. Schalkwijk, Nat. Mater., 4
(2005) 366-377.

2. L. Zhang, X. Zhao, Chem. Soc. Rev., 38 (2009) 2520-2531.

3. C. Abbey, G. Joos, IEEE Trans. Ind. Appl., 43 (2007) 769-776.

4, Q. Lu, M. Lattanzi, Y. Chen, X. Kou, W. Li, X. Fan, K. Unruh, J. Chen J. Xiao,
Angew. Chem. Int. Ed., 50 (2011) 6847-6850.

5. H. Chen, J. Jiang, Y. Zhao, L. Zhang, D. Guo, D. Xia, J. Mater. Chem. A, 3
(2015) 428-437.

6. J.Li, M. Liu, L. Kong, D. Wang, Y. Hu, W. Han, L. Kang, RSC Adv., 5 (2015)
41721-41728.

7. X.Li, A. Elshahawy, C. Guan, J. Wang, Small, 13 (2017) 1701530-1701554.

8. A. Mirghni, M. Madito, K. Oyedotun, T. Masikhwa, N. Ndiaye, S. Ray, N.
Manyala, RSC Adv., 8 (2018) 11608-11621

9. X.Peng, H. Chai, Y. Cao, Y. Wang, H. Dong, D. Jia, W. Zhou, Mater. Today
Energy, 7 (2018) 129-135.

10. B. Senthilkumar, Z. Khan, S. Park, K. Kim, H. Ko, Y. Kim, J. Mater. Chem. A,
3 (2015) 21553-21561

149



Chapter — IV SYNTHESIS, CHARACTERIZATION AND SUPERCAPACITIVE

PERFORMANCE EVALUATION OF ELECTRODEPOSITED NICKEL
COBALT PHOSPHATE THIN FILMS

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

F. Omar, A. Numan, N. Duraisamy, S. Bashir, K. Ramesh, S. Ramesh, RSC
Adv., 6 (2016) 76298-76306.

Y. Gao, J. Zhao, Z. Run, G. Zhang, H. Pang, Dalton Trans., 43 (2014) 17000-
17005.

H. Li, H. Yu, J. Zhai, L. Sun, H. Yang, S. Xie, Mater. Lett., 152 (2015) 25-28.
H. Pang, S. Wang, W. Shao, S. Zhao, B. Yan, X. Li, S. Li, J. Chen, W. Du,
Nanoscale, 5 (2013) 5752-5757.

M. Liu, J. Li, Y. Hu, Q. Yang, L. Kang, Electrochim. Acta, 201 (2016) 142-
150.

Z. Khan, B. Senthilkumar, S. Lim, R. Shanker, Y. Kim, H. Ko, Adv. Mater.
Interfaces, 4 (2017) 1700059 (1-7).

D. Patil, B. Koteswararao, K. Begari, A. Yogi, M. Moussa, D. Dubal, ACS
Appl. Energy Mater., 2 (2019) 2972-2981.

M. Liu, L. Kong, C. Lu, X. Ma, X. Li, Y. Luo, L. Kang, J. Mater. Chem. A, 1
(2013) 1380-1387.

H. Chen, J. Jiang, L. Zhang, T. Qi, D. Xia, H. Wan, J. Power Sources, 248
(2014) 28-36.

F. Yang, J. Yao, F. Liu, H. He, M. Zhou, P. Xiao, Y. Zhang, J. Mater. Chem.
A, 1 (2013) 594-601.

U. Patil, J. Sohn, S. Kulkarni, S. Lee, H. Park, K. Gurav, S. Jun, ACS Appl.
Mater. Interfaces, 6 (2014) 2450-2458.

C. Chen, N. Zhang, Y. He, B. Liang, R. Ma, X. Liu, ACS Appl. Mater.
Interfaces, 8 (2016) 23114-23121.

B. Li, P. Gu, Y. Feng, G. Zhang, K. Huang, H. Xue, H. Pang, Adv. Funct.
Mater., 27 (2017) 1605784-1605795.

Y. Tang, Z. Liu, W. Guo, T. Chen, Y. Qiao, S. Mu, Y. Zhao, F. Gao,
Electrochim. Acta, 190 (2016) 118-125.

J. Zhang, Y. Yang, Z. Zhang, X. Xu, X. Wang, J. Mater. Chem. A, 2 (2014)
20182-20188.

W. E. G. Hansal, B. Tury, M. Halmdienst, M. Varsanyi, W. Kautek,
Electrochim. Acta, 52 (2006) 1145-1151.

S. Navale, V. Mali, S. Pawar, R. Mane, M. Naushad, F. Stadler, V. Patil, RSC
Adv., 5 (2015) 51961-51965.

150



Chapter — IV SYNTHESIS, CHARACTERIZATION AND SUPERCAPACITIVE

PERFORMANCE EVALUATION OF ELECTRODEPOSITED NICKEL
COBALT PHOSPHATE THIN FILMS

28.

29.

30.
31.

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.
44,

45.
46.

H. Wen, M. Cao, G. Sun, W. Xu, D. Wang, X. Zhang, C. Hu, J. Phys. Chem.
C, 112 (2008) 15948-15955.

T. Nguyen, V. Nguyen, R. Deivasigamani, D. Kharismadewi, Y. Iwai, J. Shim,
Solid State Sci., 53 (2016) 71-77.

H. Liu, T. Chin, S. Yung, Mater. Chem. Phys., 50 (1997) 1-10.

N. Prokopchuk, V. Kopilevich, L. Voitenko, Russ. J. Appl. Chem., 81 (2008)
386-391.

M. Al-Omair, A. Touny, M. Saleh, J. Power Sources, 342 (2017) 1032-1039.
D. Yang, Q. Yu, L. Gao, L. Mao, J. Yang, Appl. Surf. Sci., 416 (2017) 503-
510.

C. Lee, F. Omar, A. Numan, N. Duraisamy, K. Ramesh, S. Ramesh, J. Solid
State Electrochem., 21 (2017) 3205-3213.

N. Priyadharsini, A. Shanmugavani, L. Vasylechko, R. Selvan, lonics, 24
(2018) 2073-2082.

P. Noisong, C. Danvirutai, T. Srithanratana, B. Boonchom, Solid State Sci., 10
(2008) 1598-1604.

Y. Zhu, Y. Liu, T. Ren, Z. Yuan, Nanoscale, 6 (2014) 6627-6636.

J. Chang, Q. Lv, G. Li, J. Ge, C. Liu, W. Xing, Appl. Catal. B, 204 (2017) 486-
496.

W. Bian, Y. Huang, X. Xu, M. Din, G. Xie, X. Wang, ACS Appl. Mater.
Interfaces, 10 (2018) 9407-9414.

H. Shao, N. Padmanathan, D. McNulty, C. Dwyer, K. Razeeb, ACS Appl.
Mater. Interfaces, 8 (2016) 28592-28598.

N. Jiang, B. You, M. Sheng, Y. Sun, ChemCatChem, 8 (2016) 106-112.

T. Sun, L. Xu, Y. Yan, A. Zakhidov, R. Baughman, J. Chen, ACS Catal., 6
(2016) 1446-1450.

P. Feng, X. Cheng, J. Li, X. Luo, ChemistrySelect, 3 (2018) 760-764.

J. Li, W. Xu, D. Zhou, J. Luo, D. Zhang, P. Xu, L. Wei, D. Yuan, J. Mater. Sci.,
53 (2018) 2077-2086.

X. Li, R. Ding, W. Shi, Q. Xu, E. Liu, Chem. Eur. J., 23 (2017) 6896-6904.
X. Bai, Q. Liu, Z. Lu,J. Liu, R. Chen, R. Li, D. Song, X. Jing, P. Liu, J. Wang,
ACS Sustain. Chem. Eng., 5 (2017) 9923-9934.

151



Chapter — IV SYNTHESIS, CHARACTERIZATION AND SUPERCAPACITIVE

PERFORMANCE EVALUATION OF ELECTRODEPOSITED NICKEL
COBALT PHOSPHATE THIN FILMS

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

M. Sathiya, A. Prakash, K. Ramesha, J. Tarascon, A. Shukla, J. Am. Chem.
Soc., 133 (2011) 16291-16299.

H. Kim, J. Cook, H. Lin, J. Ko, S. Tolbert, V. Ozolins, B. Dunn, Nat.
Mater., 16 (2017) 454-460.

P.Yang, Z. Wu, Y. Jiang, Z. Pan, W. Tian, L. Jiang, L. Hu, Adv. Energy Mater.,
8 (2018) 1801392-1801402.

J. Duay, S. Sherrill, Z. Gui, E. Gillette, S. Lee, ACS Nano, 7 (2013) 1200-1214.
S. Kandalkar, H. Lee, S. Seo, K. Lee, C. Kim, J. Mater. Sci., 46 (2011) 2977-
2981.

F. Omar, A. Numan, S. Bashir, N. Duraisamy, R. Vikneswaran, Y. Loo, K.
Ramesh, S. Ramesh, Electrochim. Acta, 273 (2018) 216-228.

K. Sankar, Y. Seo, S. Lee, S. Jun, ACS Appl. Mater. Interfaces, 10 (2018) 8045-
8056.

F. Butt, M. Tahir, C. Cao, F. Idress, R. Ahmed, W. Khan, Z. Ali, N. Mohmood,
M. Tanveer, A. Mohmood, I. Aslam, ACS Appl. Mater. Interfaces, 16 (2014)
13635-13641.

J. Cherusseria, K. Kar, J. Mater. Chem. A, 4 (2016) 9910-9922.

Z.Huang, G. Natu, Z. Ji, P. Hasin, Y. Wu, J. Phys. Chem. C, 115 (2011) 25109-
25114.

P. Deshmukh, S. Pusawale, V. Jamadade, U. Patil, C. Lokhande, J. Alloys
Compd., 509 (2011) 5064-5069.

D. Dubal, D. Dhawale, R. Salunkhe, C. Lokhande, J. Electrochem. Soc., 157
(2010) A812-A817.

M. Singh, S. Semwal, A. Kumar, S. Singh, Turk. J. Elec. Eng. & Comp. Sci.,
23 (2015) 2208-2214.

152



CHAPTER -V

ASYMMETRIC SUPERCAPACITOR
DEVICE FABRICATION AND
PERFORMANCE EVALUATION




CHAPTER -V

ASYMMETRIC SUPERCAPACITOR DEVICE FABRICATION AND

PERFORMANCE EVALUATION

Sr. No.

Title

Page no.

5.1

Introduction

153

SECTION -A

SYNTHESIS, CHARACTERIZATION AND SUPERCAPACITIVE
PERFORMANCE EVALUATION OF REDUCED GRAPHENE OXIDE

ELECTRODE
5.2.A.1 | Introduction 154
5.2.A.2 | Experimental details 155
5.2.A.2.1 | Chemicals 155
5.2.A.2.2 | Synthesis of graphene oxide 155
5.2.A.2.3 | Synthesis of reduced graphene oxide 155
5.2.A.3 | Results and discussion 156
5.2.A.3.1 | XRD studies 156
5.2.A.3.2 | Raman studies 156
5.2.A.4 | Supercapacitive performance of reduced graphene oxide 158
5.2.A.5 | Conclusions 161

SECTION-B

FABRICATION AND ELECTROCHEMICAL PERFORMANCE EVALUATION

OF ASYMMETRIC AQUEOUS SUPERCAPACITOR DEVICES

5.2.B.1 | Introduction 161

5.2.B.2 | Electrodes preparation 161

5.2.B.3 | Electrochemical supercapacitive performance evaluation of 162
chemical bath deposited Nii33C01.62(PO4)2//rGO asymmetric
aqueous supercapacitor device

5.2.B.4 | Electrochemical supercapacitive performance evaluation of 166
electrodeposited Ni144C0156(PO4)2//rGO asymmetric aqueous
supercapacitor device

5.2.B.5 | Conclusions 171




SECTION-C

FABRICATION AND ELECTROCHEMICAL PERFORMANCE EVALUATION
OF ASYMMETRIC FLEXIBLE SOLID STATE SUPERCAPACITOR DEVICES

5.2.C.1 | Introduction 172

5.2.C.2 | Experimental details 173
5.2.C.2.1 | Preparation of PVA-KOH gel electrolyte 173
5.2.C.2.2 | Fabrication of asymmetric flexible solid state 173

supercapacitor devices

5.2.C.3 | Electrochemical supercapacitive performance evaluation of 175
chemical bath deposited Ni133C0162(PO4)2//rGO asymmetric
flexible solid state supercapacitor device

5.2.C.4 | Electrochemical supercapacitive performance evaluation of 180
electrodeposited Ni1.44C0156(POs)2//rGO asymmetric flexible
solid state supercapacitor device

5.2.C.5 | Conclusions 185

53 References 186




Chapter -V ASYMMETRIC SUPERCAPACITOR DEVICE
FABRICATION AND PERFORMANCE EVALUATION

5.1 Introduction

The supercapacitors and batteries are most liked energy storage devices and they
are used in smart, portable and flexible technologies due to higher storage capacity [1,
2]. In comparison with batteries, the supercapacitors gain much attention because of
high charge-discharge rate, high power and long cyclic stability [3, 4]. In case of
supercapacitor, the terms of energy and power density are related to rate of charging-
discharging, potential window and capacitance [5]. Still, low energy density values of
supercapacitors than batteries restricts their usage in various applications. The energy
density of supercapacitor is depended upon specific capacitance and operational
potential window. So, the energy density can be enhanced by increasing either one of
them or both and it can be achieved by developing electrode material with high
capacitance, electrolytes with wide potential window or combined system [6]. The
overall performance of device depends on the electrochemical properties of active
electrode material and electrolyte. Therefore, the good active material needs to
corroborate with proper electrolyte for higher performance of supercapacitor device.

According to requirement of energy density, two types of devices are generally
fabricated such as symmetric and asymmetric. The same or different kinds (EDLCs and
pseudocapacitive) of electrode materials are used to develop the symmetric and
asymmetric supercapacitor devices. The asymmetric device is more beneficial than the
symmetric one, since the electrodes in asymmetric device are based on the EDLC
capacitive and pseudocapacitive mechanism which can provide large working voltage,
higher energy density and long term stability [7]. For this purpose, the asymmetric
devices were fabricated by combining electrodes with different working potential

windows and charge storage mechanisms.
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In present work, asymmetric aqueous and solid state supercapacitor devices are
prepared using good performing nickel cobalt phosphate thin film as a cathode and rGO
as an anode material to achieve high performance. This chapter is divided into three
sections (A, B and C). Section ‘A’ deals with preparation and electrochemical
performance evaluation of rGO electrode. Section ‘B’ explains the fabrication and
electrochemical performance evaluation of aqueous asymmetric devices and section
‘C’ is related to fabrication and electrochemical performance evaluation of asymmetric
flexible solid state devices.

SECTION - A
SYNTHESIS, CHARACTERIZATION AND SUPERCAPACITIVE
PERFORMANCE EVALUTION OF REDUCED GRAPHENE OXIDE
5.2.A.1 Introduction

In the development of asymmetric supercapacitor devices, the carbon based
materials are largely investigated because of their good specific capacitance, excellent
electrical conductivity and high power density [8-11]. Generally, carbon based
materials such as activated carbon, CNTSs, carbon aerogels, graphene, etc. were used as
negative electrode in the asymmetric devices [12, 13]. Among them, graphene is most
promising material due to its unique physical, chemical, electrical and mechanical
properties, which are useful to apply in various applications. So, various physical and
chemical methods are used to produce graphene. Among them, the Hummer’s method
has been paid the most intensive attention due to its high efficiency and satisfying
reaction safety [14]. Also, it is more prominent and suitable for mass production.
Further, the reduction of graphene oxide improves its electrical conductivity and
possesses large surface area. Among various reduction methods for graphene oxide,

chemical reduction of graphene oxide is feasible and attractive method, to produce
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single layered reduced graphene oxide in large scale at relatively low cost. Present
section describes the preparation of reduced graphene oxide by modified Hummer’s
method followed by hydrothermal reduction. Further, the reduced graphene oxide films
are characterized by different techniques and supercapacitive performance is evaluated
in 1 M KOH electrolyte.
5.2.A.2 Experimental details
5.2.A.2.1 Chemicals

Graphite flakes, sulfuric acid (H2SOa), potassium permanganate (KMnOy),
sodium nitrate (NaNOs3), hydrogen chloride (HCI) and hydrogen peroxide (H20.) were
purchased from Sigma Aldrich and used as received to synthesize graphene oxide.
5.2.A.2.2 Synthesis of graphene oxide (GO)

The graphene oxide (GO) was synthesized by modified Hummer’s method [15].
In primary step, graphite flakes (3 g) and NaNOs (1.5 g) mixture was prepared then
H2S04 (69 ml) added slowly in mixture, maintained at 273 K. Then, KMnOQg4 (9 g) was
added slowly in the mixture with stirring and temperature maintained below 293 K.
After that, the prepared mixture was stirred for 12h at room temperature. Later, double
distilled water (420 ml) with 30 % H202 (3 ml) was added slowly (30 min) maintaining
temperature below 308 K. Furthermore, HCI (50 ml) with DDW (500 ml) was added in
the mixture for washing purpose. Then, resultant mixture was centrifuged at low rpm
(2000) to remove unreacted graphite flakes and further centrifuged at high rpm (10000)
to collect GO nanosheets. The resulting GO suspension solution was washed and
centrifuged until supernatant becomes neutral (pH~7).
5.2.A.2.3 Synthesis of reduced graphene oxide (rGO)

For the preparation of graphene hydrogel, the well dispersed 50 ml GO solution

(4 mg mlI'Y) was heated in hydrothermal autoclave at 433 K for 12h. Prepared hydrogel
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was cooled using liquid nitrogen for solidification and freeze dried for 70h. Finally, the
reduced graphene oxide foam was obtained and crushed into powder. Then, the slurry
coating technique is adapted to prepare rGO electrode (anode).
5.2.A.3 Results and discussion
5.2.A.3.1 XRD studies

The XRD patterns of GO and rGO are shown in Fig. 5.1. The intense
characteristic peak at 11° in the XRD of GO confirms the successful preparation of GO
by modified Hummer’s method [16]. The broad peak at 24.9° observed in the XRD
pattern of rGO, confirms stacking of GO sheets due to removal of oxygen containing
groups and also it indicates formation of multilayered rGO nanosheets [17]. A change

in peak from 11 to 24.9° confirms successful reduction of GO to rGO.

Graphene oxide

Reduced graphene oxide

Intensity (a.u.)

10 20 30 40 50 60 70
20 (degree)

Fig. 5.1 XRD patterns of GO and rGO samples.
5.2.A.3.2 Raman studies
The structural and electronic properties of graphene were characterized by

Raman spectroscopy, which is popular for the identification of defects and disordered
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structures of graphene. Raman spectroscopy is mostly useful for carbon based material
characterization. The two characteristic peaks of GO in Raman spectra are G-band and
D-band. The D-band arises due to breaking translational symmetry or defects and the
G-band arises due to first-order scattering of sp?> domain of graphite. The relative
response of D and G-bands depend on the quantity of disorder present in the graphitic
material [17]. The Raman spectra of GO and rGO samples are shown in Fig. 5.2. The
G-band and D-band for GO and rGO samples arise at 1342 and 1604 cm™, respectively.

The ratio of D/G intensity increases after reduction of GO sample.

Intensity (a.u.)

500 1000 1500 2000 2500 3000
Raman shift (cm™)

Fig. 5.2 Raman spectra of GO and rGO samples.
Interestingly, the D/G intensity ratio increased from 0.92 to 1.01, indicates that during
reduction some defects are introduced in the structure of GO [16]. Also, it reveals
change in electronic conjugation state due to reduction process. Furthermore, the peaks
at 2697 and 2934 cm correspond to 2D and D+G bands, which correspond to better
graphitization and no charge transfer due to absence of impurities [18]. The XRD and
Raman results confirm the successful conversion of GO to rGO by hydrothermal

reduction.
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5.2.A.4 Supercapacitive performance of reduced graphene oxide electrode
5.2.A.4.1 Preparation of reduced graphene oxide (rGO) electrode

The electrode of rGO is prepared by slurry coating technique, combining 75%
rGO, 20% carbon black, 5% polyvinylidene fluoride (PVDF) with N-methyl 2-
pyrrolidone (NMP) for making slurry. The prepared slurry coated on stainless steel
substrate (1 X 1 cm?) and dried at 333 K for an hour. The prepared thin film electrode
was used for further electrochemical characterization.
5.2.A.4.2 Cyclic voltammetry (CV) studies

The CV curves of rGO electrode at various scan rates from 5-100 mV s* in the
optimized potential window of -1 to 0 V/SCE in 1 M KOH electrolyte are shown in Fig.
5.3. The quasi-rectangular shape of CV curves confirms EDLC based capacitive nature
of rGO electrode. Also, large and symmetric current response in anodic and cathodic
direction is observed which represents EDLC capacitive nature of material. The area
under the CV curve increases with increasing scan rate, this shows voltammetric current
is proportional to the scan rate of CV and represents typical EDLC capacitive feature

of electrode.
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Fig. 5.3 The CV curves of rGO electrode at various scan rates from 5-100 mV s in 1

M KOH electrolyte.
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5.2.A.4.3 Galvanostatic charge-discharge (GCD) studies

The GCD study of rGO electrode carried out in the potential window of 0 to -1
VISCE is shown in Fig. 5.4 (a). The nearly linear charge-discharge curves are obtained
for rGO electrode, which shows its double layer capacitive nature. The specific
capacitance of rGO electrode calculated by GCD analysis and is plotted in Fig. 5.4 (b)
as a function of current density. The specific capacitance of 200 F g is obtained for

rGO electrode at 2 A g* current density and it decreases to 171 F g* at the current

density of 2.6 A gL.
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Fig. 5.4 (a) The GCD curves of rGO electrode at various current densities from 2.0-
2.6 A g and (b) the plot of specific capacitance of rGO electrode at various current
densities.

5.2.A.4.4 Stability studies

The electrochemical stability (in terms of capacitive retention) of rGO electrode
tested by GCD analysis for 3000 cycles at 8 A g current density is shown in Fig. 5.5.
The rGO electrode shows 73 % capacitive retention after 3000 cycles. A decrement in
charge-discharge time in initial and final GCD cycles is observed and shown as inset
Fig. 5.5. Moreover, observed decrement in capacitance may be due to depletion of

minute active material during cycling.
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Fig. 5.5 Capacitive retention of rGO electrode at 8 A g* current density for 3000
cycles (inset: (i) initial and (ii) last 10 GCD cycles).
5.2.A.4.5 EIS study
The Nyquist plot of rGO electrode is presented in Fig. 5.6. The fitted circuit is

shown as inset of Fig. 5.6.
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Fig. 5.6 Nyquist plot of rGO electrode (inset: equivalent circuit of the fitted data).
In fitted circuit, Rs is the solution resistance (0.45 Q), Rt is charge transfer resistance
(40 ), W is Warburg impedance (0.033 Q) and Q is general imperfect capacitor (0.903

mF) with 0.75 correction factor (n). Imperfect capacitor is obtained due to semi-infinite
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diffusion of charges [19]. The higher electrochemical performance of rGO electrode
attributed to smaller values of Rs and Rt.
5.2.A.5 Conclusions

In summary, modified Hummer’s method followed by hydrothermal treatment is
used to produce rGO nanosheets. The reduction of GO to rGO is confirmed by XRD
and Raman analyses. The rGO electrode shows good supercapacitive performance with
highest specific capacitance of 200 F g* at 2 A g current density. Also, it exhibits ~73
% capacitive retention after 3000 GCD cycles. The results suggest that, rGO electrode
is a promising candidate (anode) for supercapacitor application.

SECTION-B
FABRICATION AND ELECTROCHEMICAL PERFORMANCE
EVALUATION OF ASYMMETRIC AQUEOUS SUPERCAPACITOR (AAS)
DEVICES

5.2.B.1 Introduction

The present section deals with the electrochemical performance evaluation of
asymmetric aqueous devices based on nickel cobalt phosphate as the cathode and rGO
as the anode. The electrochemical performance of prepared asymmetric aqueous
devices is measured using CV, GCD, cyclic stability and EIS techniques. The aqueous
electrolyte is used, since it is inexpensive and easy to handle, and does not require any
specific arrangements. Also, aqueous electrolyte has high ionic conductivity than solid
electrolyte which also simplifies the fabrication and assembly process.
5.2.B.2 Electrodes preparation

As concluded from chapters Il and IV, the best performing nickel cobalt
phosphate electrodes are selected for device fabrication. The nickel cobalt phosphate

(positive) electrodes are prepared by chemical bath deposition (Ni1.38C01.62(PO4)2) and
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electrodeposition (Ni144C0156(PO4)2) methods on large area of flexible stainless steel
substrate (5 X 5 cm?) using preparative parameters described in chapters Il and 1V,
respectively. Also, the rGO (negative) electrode is prepared as discussed in section A
of this chapter.
5.2.B.3 Electrochemical supercapacitive performance evaluation of chemical bath
deposited Ni138C01.62(PO4)2//rGO asymmetric aqueous supercapacitor (AAS)
device

The important requirement for asymmetric device is that, both electrodes
(positive and negative) should have different operating potential windows. Asymmetric
device was fabricated using chemical bath deposited nickel cobalt phosphate as positive
and rGO as negative electrodes with 1 M KOH as electrolyte. The important task in
preparation of AAS device for high electrochemical performance is the balance of
charge between both electrodes through mass variation, and it is determined by

following equation,

my — C_ X AV_ (5.1)

m_ Cy XAV,

where, my or—y, AVi4or-y, aNd Ci4or—y Is the mass of active material (g), potential

window (V), and specific capacitance (F g) of positive and negative electrodes,
respectively [20]. In this case, the operative potential window (0 to 0.5 and -1 to 0
V/SCE) and capacitances (1116 and 200 F g*) of positive and negative electrodes are
different. The calculated optimal mass ratio of positive and negative electrode is found
to be 0.35:1. Accordingly, the obtained optimum mass is used to fabricate asymmetric
device.

The electrochemical performance of Ni1.38C01.62(PO4)2//rGO AAS device is

tested by two electrode cell configuration. The potential window of
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Ni138C0162(POa4)2//rGO AAS device optimized in range of 0 to 1.2-1.7 V and displayed
in Fig. 5.7 (a). The quasi-rectangular shaped CV curves are obtained up to potential
window of 0 to 1.6 V and sudden increase in current is observed due to oxygen
evolution reaction process at 1.7 V, which may be responsible for irreversible reaction.
From this study, the 0 to 1.6 V potential window is chosen for the electrochemical study
of Ni1.38C0162(PO4)2//[rGO AAS device. The CV curves of Ni133C01.62(PO4)2//rGO
AAS device at various scan rates from 5-100 mV s within the potential window of 0
to 1.6 V are shown in Fig. 5.7 (b). Reversible and similar shape of CV curves is

observed even at higher scan rate suggests good rate capability of device.
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Fig. 5.7 The CV curves of Ni1.38C01.62(PO4)2//rGO AAS device (a) in different
potential windows and (b) at different scan rates from 5-100 mV s,

The GCD curves of Ni138C0162(PO4)2//rGO AAS device in different potential
windows at a constant current density of 2.1 A g* are shown in Fig. 5.8 (a). The GCD
curves show better performance in potential window of 0 to 1.6 V by displaying
symmetric nature. So, from CV and GCD analyses the operational potential window of
0 to 1.6 V was chosen for AAS device and used for further study. The GCD graphs of
Ni1.38C01.62(POa)2//rGO AAS device at different current densities from 1.3-2.1 A gt are

displayed in Fig. 5.8 (b). The non-linear GCD curves are observed for
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Ni138C0162(PO4)2/[rGO AAS device. The specific capacitance of AAS device
calculated from GCD curves is illustrated in Fig. 5.8 (c). The AAS device achieves
highest specific capacitance of 120 F g at 1.3 A g current density and it decreases up
to 103 F g* at current density of 2.1 A g™*. The specific capacitance of device decreases
with an increase in current density due to less time available for electrode-electrolyte

interaction [21, 22].
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Fig. 5.8 The GCD curves of Ni1.38C0162(PO4)2//rGO AAS device (a) in different
potential windows and (b) at different current densities. Plot of specific capacitance as
a function of current density (c) and the Ragone plot (d) of Ni1.38C01.62(POa)2//rGO
AAS device.

The AAS device maintained 89 % specific capacitance at higher current densities,

which suggests that it is efficient at high current densities. The energy and power
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densities are two crucial factors in the supercapacitor performance evaluation. The
energy and power densities of AAS device are calculated and illustrated in Fig. 5.8 (d).
The AAS device achieves highest energy density of 42.3 Wh kg* at 1 kW kg power
density and it decreases up to 36.7 Wh kg* at power density of 1.7 kW kg™.

The stability (in terms of capacitive retention) of AAS device is tested by
continuous 4000 GCD cycles at the current density of 12 A g*. The cyclic stability of

AAS device with cycle number is shown in Fig. 5.9.
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Fig. 5.9 The plot of capacitive retention at the current density of 12 A g with respect
to cycle numbers (4000) of Ni1.38C01.62(PO4)2//rGO AAS device (inset: (i) initial and
(ii) last 10 GCD cycles).

After 4000 continuous cycles, the AAS device shows ~80 % of initial capacitance
retention. Initial and final 10 GCD cycles are shown as inset of Fig. 5.9. The decrement
in capacitance observed due to minute depletion of active material after several number
of charge-discharge cycles. The good cyclic stability promotes usage of nickel cobalt
phosphate and rGO electrodes in the energy storage device application.

Furthermore, the properties of ion transfer in AAS device are investigated by EIS

analysis. The Nyquist plot of AAS device is presented in Fig. 5.10. The equivalent
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circuit of impedance spectroscopy is shown as inset of Fig. 5.10. Low Rs(1.89 Q) and
Ret (70 Q) values are observed due to high electrochemical conductivity of electrodes.
Also, in fitted circuit W (0.026 Q) and Q (0.2 mF) are Warburg impedance and general
imperfect capacitor (correction factor n=0.84), respectively. The complementary nature
of both electrodes is responsible for good electrochemical performance of AAS device

with improved operating potential window, specific capacitance and energy density.
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Fig. 5.10 Nyquist plot of Ni1.38C01.62(POa4)2//rGO AAS device (inset: equivalent
circuit of the fitted data).
5.2.B.4 Electrochemical supercapacitive performance evaluation of
electrodeposited Ni1.44C0156(PO4)2//rGO asymmetric aqueous supercapacitor

(AAS) device

In this case, the operative potential window (0 to 0.5 and -1 to 0 V/SCE) and
capacitances (2286 and 200 F g1) of positive (Ni1.44C01.56(POs)2) and negative (rGO)
electrodes are different. To achieve highest electrochemical performance of AAS
device, the charge balance was maintained by varying mass of electrodes and calculated
optimal mass ratio of positive and negative electrode is 0.17:1. Furthermore, the

obtained optimum mass is used to fabricate asymmetric device. The operational
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potential window of Ni144C0156(POa4)2//rGO AAS device is found by measuring CV in
range of 0 to 1.2-1.7 V. The CV curves of Ni1.44C0156(PO4)2//rGO AAS device in
different potential windows at fixed 50 mV s scan rate are shown in Fig. 5.11 (a). The
CV curves in potential range of 0 to 1.6 V shows good quasi-rectangular shape and it
shows sharp increment in current which demonstrates irreversible reaction. So, the
optimum potential window for the AAS device from the CV analysis is found to be 0
to 1.6 V. The CV curves of AAS device at different scan rates from 5-100 mV s* are

shown in Fig. 5.11 (b).

L) T L] T
40 F b 3
20 — f—5mvs’!
< o 30 10mvs" J
< < ——20mvs*
> 220 F——50mvs’ ' :
210 @ . 4
‘? < ] -70mV's’ ’
& < 10F ——100mvs? /s
o o >
- : 3 f_
Y ® oF - Z J
= = Z —7
3 Sk~ ;
10 -20 4
L L 1 1 L 1 L 1 L L
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
Potential (V) Potential (V)

Fig. 5.11 The CV curves of Ni1.44C01.56(POa4)2//[rGO AAS device (a) in different
potential windows and (b) at different scan rates from 5-100 mV s.
The CV curves show approximately equal current response in cathodic and anodic
regions. Also, the CV curves remain unaltered at higher scan rate indicating the good
rate capability of AAS device.

The GCD curves are measured at different potential windows for finding
operational potential window of Niz.44C01.56(POa)2//rGO AAS device. The GCD curves
at constant current density of 6.7 A g in various potential windows are displayed in
Fig. 5.12 (a). The symmetric GCD curves are observed from 0 to 1.6 V potential

window. So, from CV and GCD analyses the optimal potential window for AAS device
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was found to be 0 to 1.6 V. The GCD analysis carried out in the potential window of 0

to 1.6 V at different current densities from 2.7-6.7 A g* and corresponding graphs are

shown in Fig. 5.12 (b). As increase in current density discharging time decreases, may

be due to insufficient usage of active material at higher current density. The specific

capacitance of AAS device is calculated and plotted with respect to the current density

in Fig. 5.12 (c). The specific capacitance of device increases with decreasing current

density due to more availability of time for active material and electrolyte interaction.
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Fig. 5.12 The GCD curves of Ni1.44C01.56(PO4)2//rGO AAS device (a) in different

potential windows and (b) at different current densities. Plot of specific capacitance as

a function of current density (c) and Ragone plot (d) of Ni1.44C0156(PQOa4)2//rGO AAS

device.

The highest specific capacitance achieved by Ni1.44C0156(PO4)2//rGO AAS

device is 185 F g* at current density of 2.7 A g and it decreases up to 159 F g* at
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current density of 6.7 A g. The AAS device maintains almost 86 % of specific
capacitance at higher current density which suggests that device can be useful at high
current density. Moreover, the energy density and power density of AAS device
calculated from GCD curves are plotted in the Ragone plot as Fig. 5.12 (d). The AAS
device achieves highest energy density of 65.7 Wh kg™ at power density of 2.2 kW kg~
L and energy density decreases up to 56.4 Wh kg at power density of 5.4 kW kg*. The
asymmetric aqueous device Niy44C0156(PO4)2//rGO shows higher energy and power
density as compared to available supercapacitor devices based on nickel cobalt
phosphate [23-31]. But, Ni1.44C01.56(PO4)2//rGO device shows less energy density than
reported energy density by Liang et. al. [29] for KCoo.33Nio.67PO4//AC supercapacitor
device. The main reason to obtain higher performance by Liang et. al. is due to use of
nickel foam as a current collector, which added self-contribution to the total capacitance
of the device. However, in present work SS substrate is used as a current collector for
both positive and negative electrodes, and it doesn’t interfere with the capacitive
performance of device. The high energy density is achieved by Ni1 44C0156(PQOa4)2//rGO
AAS device at lower current density due to slow discharge of device and at higher
current density energy of supercapacitor discharge rapidly reveals a high power. The
Ni1.44C0156(PO4)2//rGO AAS device exhibits high energy and power values. So, the
device can be used at higher or lower current densities as per requirement of high power
or energy values.

The GCD analysis is wused to study electrochemical stability of
Ni1.44C0156(PO4)2//rGO AAS device. The stability (in terms of capacitive retention) of
AAS device is measured at 15 A g current density for 4000 GCD cycles. The
capacitance retention with respective cycles is plotted in Fig. 5.13 and the GCD curves

of initial and last 10 cycles are displayed as inset of figure.
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Fig. 5.13 The plot of capacitive retention at the current density of 15 A g with
respect to cycle numbers (4000) of Ni1.44C01.56(POa4)2//rGO AAS device (inset: initial
(i) and last (ii) 10 GCD cycles).

The AAS device shows 97 % capacitive retention after 4000 GCD cycles. The AAS
device shows decrement in the specific capacitance at initial cycles then increase in
specific capacitance due to expansion of electrochemical active volume of material after
several GCD cycles. The stable nature with good capacitance of AAS device
encourages further usage of electrodeposited nickel cobalt phosphate thin films and

rGO electrodes in the energy storage device application.

Nyquist plot of AAS device with an equivalent fitted circuit is shown in Fig. 5.14.
The lower values of Rs (2 Q) and Rt (72 Q) of AAS device suggest easy interaction
between electrode and electrolyte and good contact of active material with current
collector. Also, in circuit W (0.02 Q) and Q (0.56 mF) are Warburg impedance and

general imperfect capacitor (correction factor n=0.9), respectively.
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Fig. 5.14 Nyquist plot of Ni1.44C0156(PO4)2//rGO AAS device (inset: equivalent
circuit of the fitted data).

5.2.B.5 Conclusions

The aqueous asymmetric supercapacitor devices are successfully fabricated by
combining nickel cobalt phosphate (prepared by CBD and electrodeposition methods)
and rGO electrodes. The chemical bath deposited Ni138C01.62(PO4)2//rGO AAS device
exhibited maximum specific capacitance of 120 F g with energy density of 42.3 Wh
kg™ at power density of 1 kKW kg. The electrodeposited Ni144C0156(PO4)2//rGO AAS
device achieves higher specific capacitance than chemical bath deposited
Ni138C0162(P04)2/[rGO AAS device. The electrodeposited Ni1.44C01.56(POa)2//rGO
AAS device exhibited highest specific capacitance of 185 F g and energy density of
65.7 Wh kg at power density of 2.2 kW kg™. Also, the Ni1.44C01.56(PO4)2//rGO AAS
device retains 97 % initial capacitance after 4000 cycles. The results suggest that, AAS
device fabricated using electrodeposited nickel cobalt phosphate electrode offers

excellent supercapacitive performance.
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SECTION-C
FABRICATION AND ELECTROCHEMICAL PERFORMANCE
EVALUATION OF ASYMMETRIC FLEXIBLE SOLID STATE
SUPERCAPACITOR (AFSSS) DEVICES

5.2.C.1 Introduction

The performance of supercapacitor device is not only depended upon the
electrode material but also on the choice of electrolyte. The terms like boiling point,
viscosity and freezing point of electrolytes can mostly affects the stability of device.
The device with aqueous electrolyte is easy for fabrication and handling in the
laboratory but practical usage is restricted due to operating temperature range [8]. In
comparison with aqueous electrolyte, the solid/gel electrolyte gains great attention due
to its solid nature which erases the problems arises from the aqueous electrolyte. The
flexible solid state energy storage device becomes an attractive topic in the research
field due to their application in flexible portable devices. Flexible energy storage device
offers many advantages such as easiness in handling due to light weight, wide
operational potential range and good stability [32]. Also, possible to produce in various
shape and size as preferred for the application, since these devices are leakage free [6].

This section gives the information about electrochemical performance of
asymmetric flexible solid state supercapacitor devices based on nickel cobalt phosphate
and rGO electrodes. The electrochemical performance of prepared asymmetric flexible
solid state supercapacitor devices is measured using CV, GCD, cyclic stability and EIS
techniques. The chemical bath deposited nickel cobalt phosphate and electrodeposited
nickel cobalt phosphate are used as positive (cathode) electrode and rGO as negative

(anode) electrode to fabricate the AFSSS devices.
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5.2.C.2 Experimental details
5.2.C.2.1 Preparation of PVA-KOH gel electrolyte

To prepare the AFSSS device, the water soluble PVA polymer with KOH used
for the preparation of gel electrolyte. The optimized amount of PVA (3 g) was
separately dissolved in 30 ml of double distilled water at 363 K under vigorous stirring.
Until dissolution of polymer in water and formation of clear solution, the solution was
continuously stirred. Then, 10 ml of 1 M KOH solution added in PVA solution and
stirred continuously up to clear, viscous and homogeneous appearance of solution [33].
This viscous and transparent solution was used as a gel electrolyte and separator in the
fabrication of AFSSS devices.
5.2.C.2.2 Fabrication of asymmetric flexible solid state supercapacitor devices
5.2.C.2.2.1 Chemical bath deposited Ni1.38C01.62(PO4)2//rGO AFSSS device

The AFSSS device fabricated by comprising chemical bath deposited
Ni138C01.62(PO4)2 thin film as cathode and rGO electrode as anode with PVA-KOH as
gel electrolyte as well as separator. The AFSSS device fabrication steps are illustrated
in Fig. 5.15 (a-d). In first step, the large area electrodes (5 X 5 cm?) are prepared as
shown in Fig. 5.15 (a) and used as electrodes for the fabrication of AFSSS device. Then,
the gel electrolyte painted on each electrode material and dried at room temperature
(shown in Fig. 5.15 (b)). After drying, the edges of electrodes are sealed with plastic
tape as illustrated in Fig. 5.15 (c) to avoid short circuit and again one more time the gel
electrolyte painted on the surface of active material for proper contact between
electrode and electrolyte. Then, the electrodes are packed together using transparent
plastic strips. Later, the prepared device is pressed under hydraulic pressure of 0.5 ton

for 12h. Photographs of prepared AFSSS device with it’s flexibility are shown in Fig.
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5.15 (d). The electrochemical performance of AFSSS device was tested using ZIVE

MP1 electrochemical workstation.

Ni; 35C04 62(POy);

Asymmetric device|

Ni138C01.62(POa)2/
PVA-KOH/rGO

Fig. 5.15 The digital photographs of (a) Ni1.3sC01.62(POa4)2 (chemical bath deposited)

and rGO thin film electrodes on flexible stainless steel substrate, (b) electrodes
painted by PVA-KOH gel electrolyte, (c) sealed edges with tape and (d) fabricated
flexible device.
5.2.C.2.2.2 Electrodeposited Ni1.44C0156(PO4)2//rGO AFSSS device
As discussed above, similar fabrication process was used for the electrodeposited

Ni1.42C0156(POa)2//rGO AFSSS device and steps are illustrated in Fig. 5.16 (a-d).
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Ni; 44C0, 56(PO,), Ni; 44C0, 56(PO,), |

NIIMCDISG(PO4)2

Fig. 5.16 The digital photographs of (a) Ni1.44C01.56(POa4)2 (electrodeposited) and rGO
thin film electrodes on flexible stainless steel substrate, (b) electrodes painted by
PVA-KOH gel electrolyte, (c) sealed edges with tape and (d) fabricated flexible

device.

5.2.C.3 Electrochemical supercapacitive performance evaluation of chemical bath

deposited Ni138C01.62(POa)2//rGO asymmetric flexible solid state supercapacitor

device

The working potential window of individual Ni138C0162(POs). and rGO
electrodes is 0 to 0.5 V/SCE and -1 to 0 V/SCE, respectively. The CV curves of AFSSS
device in different potential ranges of 1.2 to 1.7 V were measured at constant scan rate
of 50 mV st and demonstrated in Fig. 5.17 (a). Area under CV curve increases in anodic
and cathodic regions up to the potential window of 0 to 1.6 V. After that potential
window, the current suddenly increases in cathodic region which demonstrates
irreversible electrochemical reaction due to oxygen evolution reaction. It is found that,
the potential window of 0 to 1.6 V is suitable for further electrochemical investigation

of AFSSS device. Fig. 5.17 (b) shows the CV curves of AFSSS device at different scan
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rates ranging from 5-100 mV s*. The shape of CV curves is not rectangular that

confirms the combined pseudocapacitive and EDLC behavior of AFSSS device.
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Fig. 5.17 The CV curves of Ni1.38C01.62(PO4)2//[rGO AFSSS device (a) in different
potential windows and (b) at different scan rates from 5-100 mV s,

The GCD curves of AFSSS device measured in different potentials range of 1.2
to 1.7 V at 1.75 A g current density are displayed in Fig. 5.18 (a). In potential window
of 0 to 1.6 V, the AFSSS device shows symmetric nature for charging and discharging
profile and asymmetric nature up to 1.7 V. It concludes that, the GCD curves of AFSSS
device shows better performance in potential window of 0 to 1.6 V. So, the 0to 1.6 V
potential window is chosen for the further electrochemical study of AFSSS device. The
GCD curves of AFSSS device at various current densities are measured and shown in
Fig. 5.18 (b). The non-linear GCD curves confirm the combined charge storage
mechanism of EDLC and pseudocapacitive electrodes. The AFSSS device shows a
maximum specific capacitance of 79 F g* at 0.75 A g* current density (Fig. 5.18 (c)).
The AFSSS device maintains approximately 90 % of capacitance at a higher current
density. Energy and power density of AFSSS device calculated from GCD curves and

plotted in Fig. 5.18 (d). The AFSSS device exhibited highest energy density of 28 Wh
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kg™ at power density of 0.6 kW kg™ and it decreases up to 25.2 Wh kg at power

density of 1.4 kW kg™
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Fig. 5.18 The GCD curves of Ni133C0162(PO4)2//rGO AFSSS device (a) in different
potential windows and (b) at different current densities. Plot of specific capacitance as
a function of current density (c) and the Ragone plot (d) of Ni1.38C01.62(POa)2//rGO
AFSSS device.

The mechanical flexibility of supercapacitor device is important for usage in
portable electronic devices. The CV curves of AFSSS device are recorded at various
bending angles (0, 45, 90, 135 and 170°) for the examination of mechanical stability of
device. The CV curves (at 100 mV st) at different bending angles are displayed in Fig.
5.19 (a). The shape of CV curves is not much altered with varying bending angles and

that indicates good mechanical flexibility of the AFSSS device. The AFSSS device

maintains~90 % of initial capacitance at different bending angles (even at 170°) as
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shown in Fig. 5.19 (b). This study proves good adhesion of active material with the

flexible stainless steel substrate.

L L T 1 120 L}

2 (a) E (b)

100 mV s? /
i _10of [\ J

-
(&)

— 0°
——45°
—90°
— 1359

-
o
I

Current density (A g™)
o,
1

Capacity retention (%)

Potential (V) Bending angles (Degree)

Fig. 5.19 (a) The CV curves at different bending angles and (b) plot of capacitive
retention with bending angle of Ni1.33C01.62(PO4)2//rGO AFSSS device.

The electrochemical cyclic stability (in terms of capacitive retention) of
Ni138C01.62(PO4)2//rGO AFSSS device is studied by GCD analysis (4000 cycles) at
constant current density of 5 A g*. The capacitive retention plot of AFSSS device is
shown in Fig. 5.20.

120 v
5Ag?

100 [3-9. 3

“~g-a_ 83.7% 1
-9 o~0~o-o-o-o-o—o-o-o-:‘§

=]
o
T

60 F ik

e
Potential (V)

5
40

Capacitive retention (%)

20 F o2

00 N R . 2 N N 00 N N L
0 20 40 60 80 100 120 140 44080 44100 44120 44140 44160 44180 9
Time (s) Time (s) b

0 | T Ay | A | I | IR A Y l:
0 1000 2000 3000 4000
Cycle number

Fig. 5.20 The plot of capacitive retention at the current density of 5 A g™ with respect
to cycle numbers (4000) of Ni1.38C01.62(POa4)2//rGO AFSSS device (inset: initial (i)

and last (ii) 10 GCD cycles).
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The fabricated AFSSS device shows 83.7 % capacitive retention after 4000 GCD
cycles. The initial and last 10 GCD cycles are shown as inset of Fig. 5.20. The good
cyclic stability of device is observed and attributed to usage of gel electrolyte.

The Nyquist plot of Ni1.38C01.62(POa)2//rGO AFSSS device along with equivalent
circuit is shown in Fig. 5.21. The low values of Rs (0.19 Q) and Rt (14.2 Q) of AFSSS
device suggest the easy interaction between electrode and electrolyte due to good
contact of active material. Also, in equivalent circuit, W (0.067 Q) and Q (1.79 mF) are

Warburg impedance and general imperfect capacitor when n=0.84, respectively.

) T | L] L Il

-40 -

Q
1
LTI
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Fig. 5.21 Nyquist plot of Ni138C01.62(PO4)2//rGO AFSSS device (inset: equivalent
circuit of the fitted data).

The practical applicability of AFSSS device is tested by charging two serially
connected devices for 30 s by applying constant potential of +3.2 V and discharged
through 201 red light emitting diodes (LEDs) arranged in text of “DYPU CDL
GROUP”. The text contains “DYPU” stands for D. Y. Patil University, “CDL” stands
for Prof. C. D. Lokhande and “GROUP” stands for group. The 201 LED panel lights
up for 130 s by charging only for 30 s. The digital photographs of glowed LED panel

at different time periods are shown in Fig. 5.22. The demonstration of AFSSS device
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suggest that, it is a promising flexible energy storage device and can be used in various

applications.

Fig. 5.22 Digital photographs of serially connected two AFSSS devices glowing 201
LEDs panel at different time periods.

5.2.C.4 Electrochemical supercapacitive performance evaluation of
electrodeposited  Ni144C0156(PO4)2//rGO asymmetric flexible solid state
supercapacitor device

The potential window of positive (electrodeposited Ni1.44C0156(POa4)2) and
negative (rGO) electrode is 0 to 0.5 V/SCE and -1 to 0 V/SCE, respectively. To find
the operational potential window, the CV curves of AFSSS device are measured at
different potentials in range of 1.2 to 1.7 V at constant scan rate of 50 mV s™. The CV
curves of AFSSS device are measured in various potential windows and plotted in Fig.
5.23 (a). The current response enhances with increasing potential window of the AFSSS
device. The AFSSS device shows excellent performance in potential window of 0 to
1.6 V and it used for further study. The CV curves of AFSSS device recorded at various
scan rates from 5-100 mV s are displayed in Fig. 5.23 (b). Maintained CV shapes at

various scan rates suggest good rate capability of device.
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Fig. 5.23 The CV curves of Ni1.44C0156(PO4)2//[rGO AFSSS device (a) in different
potential windows at scan rate of 50 mV st and (b) at different scan rates from 5-100
mV s,

The charge-discharge curves of AFSSS device in different potential windows at
constant current density of 2 A g were measured and plotted in Fig. 5.24 (a). The
AFSSS device shows good performance in potential window of 0 to 1.6 V. The non-
linear GCD curves observed for AFSSS device at various current densities in potential
window of 0 to 1.6 V are displayed in Fig. 5.24 (b). The AFSSS device achieves high
potential window with large discharging time can enhances capacitance and energy
density of device. The specific capacitance of AFSSS device calculated from GCD
curves at different current densities are shown in Fig. 5.24 (c). The AFSSS device
exhibited highest specific capacitance of 90 F g at 0.4 A g current density and
decreases up to 65 F g at 2 A g current density. The AFSSS device maintains 72 %
initial capacitance at high current density. Fig. 5.24 (d) shows the Ragone plot of
AFSSS device, the device achieved maximum energy density of 32 Wh kg™ at power
density of 0.32 kW kg and retains 23.1 Wh kg* energy density at power density of 1.6

kW kg, which suggest good rate capability of AFSSS device.
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Fig. 5.24 The GCD curves of Ni1.44C0156(PO4)2//rGO AFSSS device (a) in different
potential windows and (b) at different current densities. Plot of specific capacitance as
a function of current density (c) and the Ragone plot (d) of Ni1.44C01.56(POa)2//rGO
AFSSS device.

By measuring CV curves at different bending angles (0-170°), the mechanical
flexibility of AFSSS device is tested. The CV curves (at 100 mV s™) of AFSSS device
at different bending angles are shown in Fig. 5.25 (a). Nearly similar shape of CV
curves demonstrates good mechanical stability of the device. Furthermore, the
capacitive retention with respect to bending angles is plotted in Fig. 5.25 (b) and the

device shows 88 % capacitive retention.
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Fig. 5.25 (a) The CV curves at different bending angles and (b) plot of capacitance
retention with bending angles of Ni1.44C0156(PO4)2//rGO AFSSS device.
Electrochemical stability (in terms of capacitive retention) of
Ni1.44C01.56(PO4)2//rGO AFSSS device is tested for 4000 GCD cycles at 5 A gt current
density. The device retains 89 % of initial capacitance after 4000 cycles, the capacitive
retention graph with respective cycle number is shown in Fig. 5.26. The initial and last

10 GCD cycles are shown as inset Fig. 5.26.
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Fig. 5.26 The plot of capacitive retention at the current density of 5 A g* with respect
to cycle numbers (4000) of Ni1.44C01.56(PO4)2//rGO AFSSS device (inset: initial (i)

and last (ii) 10 GCD cycles).
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The device shows good cyclic performance for large number of cycles at very high
current density, which suggests the AFSSS device efficiently works at very high rate
and can be used in various portable devices.

The Nyquist plot of Ni144C01.56(PO4)2//rGO AFSSS device is shown in Fig. 5.27
with equivalent circuit. The low values of Rs (0.25 Q) and Rt (15.13 Q) arise due to
the good ionic conductivity of gel electrolyte and its compatibility with active material.
Warburg impedance (W) and general imperfect capacitor (Q) are found to be 0.037 Q

and 1.87 mF (correction factor n=0.74), respectively in equivalent circuit.

0 10 20 30 40 50 60 70
Z' ()

Fig. 5.27 Nyquist plot of Ni1.44C01.56(PO4)2//rGO AFSSS device (inset: equivalent
circuit of the fitted data).
The AFSSS device practical applicability is tested by charging two serially
connected AFSSS devices for 30 s by applying constant potential of +3.2 V. The
serially connected AFSSS devices discharged through parallelly connected 201 red

light emitting diodes (LEDs).
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Fig. 5.28 Digital photographs of serially connected two AFSSS devices glowing 201
LEDs panel at different time periods.

201 red LEDs are lighted from two serially connected AFSSS devices for 190 s by
charging only for 30 s and digital photographs taken at different discharge time intervals
are shown in Fig. 5.28. The demonstration of practical usage of AFSSS device suggests
that, it can be used in various electronic appliances.
5.2.C.5 Conclusions

Asymmetric flexible solid state devices are successfully fabricated using nickel
cobalt phosphate (CBD or electrodeposition methods) as a positive electrode and rGO
as a negative electrode. The chemical bath deposited nickel cobalt phosphate based
solid state device exhibited maximum specific capacitance of 79 F g with energy
density of 28 Wh kg at power density of 0.6 kW kg*. The electrodeposited nickel
cobalt phosphate based solid state device showed good performance than the chemical
bath deposited nickel cobalt phosphate based solid state device and it achieves highest
specific capacitance of 90 F g at 0.4 A g current density with 32 Wh kg energy
density at power density of 0.32 kW kg™. Additionally, the electrodeposited nickel
cobalt phosphate based flexible solid state device shows 89 % capacitive retention over

4000 cycles and 88 % retention over various bending angles. The electrodeposited
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nickel cobalt phosphate based flexible solid state supercapacitor device exhibits
excellent mechanical stability, good rate capability with superior cyclic stability and
these features suggest significant potential of AFSSS device (Ni1.44C01.56(POa4)2//rGO)
for application in various portable and flexible electronic devices.
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Summary and conclusions

Technology in the field of portable electronic devices is developing with
increasing demand in a sustainable economy. To fulfill the all necessities in this sector
efficient energy storage devices are needed. Therefore, energy storage technology is
now a worldwide trending in research field. Among the various energy storage devices,
supercapacitors fascinate in the field of portable electronics due to its storage
performance stands between the batteries and conventional capacitors. The attention of
researchers in the field of science and industry is now focused on supercapacitors,
which makes it a rising star in the energy storage field. Supercapacitor offers higher
power density, larger cyclic life and most importantly it is safe and almost maintenance
free compared with battery.

The bulky and restricted nature of present supercapacitors is main problem in its
usage for electronic devices. In the field of micro, portable and flexible electronic
devices, flexible and gel based electrochemical energy storage devices are needed. With
this concern, the recent research work is diverted towards the development of a flexible
supercapacitor devices. The flexible nature of supercapacitor eliminates the problem
that arises from the bulky nature of supercapacitors. Also, it offers high power, long
cyclic stability with environmental friendly nature and safety. Moreover, along with
these features, the flexible devices are light weight and small in size with high
mechanical stability in bending, twisting and folding. The limited energy density values
of flexible supercapacitor devices are the main restriction in the practical application.
So, the important task in the flexible supercapacitor is improvement in energy density
without changing its other electrochemical features. The most important requirement
for high electrochemical performing supercapacitor is development of efficient

electrode material with high surface area and conductivity, which enhances cyclic
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stability and ion transfer rate due to easy electrochemical reaction. Along with electrode
properties, the electrolyte is most effective parameter in the electrochemical capacitive
performance. The combination of best performing active material with suitable
electrolytes commendably enhances the energy and power of device. So, the final
performance of the flexible device depends on the synthesis of high performing active
material with use of proper electrolytes. The gel/solid state electrolyte offers high ionic
conducting media and also works as a separator in the device. The simplest packaging
process, high operating temperature range, and leakage free nature are some other
advantages of gel/solid state electrolytes.

The aim of the present research was a synthesis of nickel cobalt phosphate thin
films using simple chemical methods and fabricate asymmetric supercapacitor devices.
So, the nickel cobalt phosphate thin films were synthesized on conducting (stainless
steel) substrate via chemical bath deposition and electrodeposition methods. The
composition of nickel and cobalt ratio varied to achieve better results by using synergy
between them. Binder-free and good quality thin films of nickel cobalt phosphate were
characterized by different physico-chemical methods. The best performing thin film
electrodes were used for the fabrication of aqueous asymmetric device with 1 M KOH
electrolyte and solid state device with PVA-KOH electrolyte. The present thesis work
is described in six chapters.

Chapter I starts with the general introduction which talks about the necessity of
supercapacitor in the recent world, current developments and working principle of
supercapacitors, also the classification of supercapacitors based on charge storage
mechanism is discussed. The high electrochemical performance of supercapacitor can
be achieved by manipulating required active material with desired properties. So, the

required properties of electrode material are discussed in detail with the type of
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available active materials for supercapacitors. Furthermore, chapter consists of a
literature survey of nickel phosphate, cobalt phosphate and nickel cobalt phosphate
materials for supercapacitor application. Also, the Na, K rich nickel phosphate, cobalt
phosphate and nickel cobalt phosphate materials with their composite for
supercapacitor application are discussed. In the last part, the purpose and orientation of
dissertation are described.

Chapter Il contains introduction of thin film with different types of deposition
techniques. Theoretical background of chemical bath deposition and electrodeposition
methods with various preparative parameters and advantages are briefly explained. The
working principles of characterization techniques used for thin film analysis such as X-
ray diffraction (XRD) for structural analysis, X-ray photoelectron spectroscopy (XPS)
for elemental analysis, field emission scanning electron microscopy (FE-SEM) for
surface morphological study and energy dispersive X-ray spectroscopy (EDS) for
elemental mapping are given in this chapter. Also, the electrochemical techniques used
for the electrochemical performance evaluation of electrode material such as cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) with their features are discussed in detail.

Chapter 111 deals with synthesis, characterization and electrochemical
performance evaluation of chemical bath deposited nickel cobalt phosphate thin films.
This chapter is divided into two sections ‘A’ and ‘B’. Section ‘A’ consists synthesis of
nickel cobalt phosphate thin films by simple and cost effective CBD method. The
conducting and highly stable (in acid/base) stainless steel (SS) substrate is chosen for
the deposition and nickel cobalt phosphate is directly grown on SS substrate by CBD
method. The effect of nickel and cobalt molar ratio variation on structure and surface

morphology of nickel cobalt phosphate thin film is studied. The deposited nickel cobalt
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phosphate thin films are characterized by different characterization techniques. The
XRD analysis confirms successful synthesis of nickel cobalt phosphate material in thin
film form. The nickel, cobalt, oxygen and phosphorous elements are detected and
confirmed by XPS study. The nickel and cobalt molar content influences the
morphology of prepared thin film as it converts from microflower to microsheets like
structure and EDS analysis confirms achievement of expected molar ratio (nickel and
cobalt) in the samples.

Section ‘B’ consists of the supercapacitive performance evaluation of chemical
bath deposited nickel cobalt phosphate thin films. The influence of molar ratio of nickel
and cobalt on electrochemical performance is studied. Three electrode system is used
for the supercapacitive performance evaluation. The highest specific capacitance of
1116 F g*! is achieved by microflowers containing rectangular microsheets like
structure of nickel cobalt phosphate (Ni1.38C01.62(PO4)2) thin film at 0.5 A g* current
density with 75 % capacitive retention over 3000 cycles. The good electrochemical
results concluded that, microflowers containing rectangular microsheets like structure
of nickel cobalt phosphate (Ni138Co162(PQOa4)2) thin film offers a large number of
channels for easy ion penetration and charge transportation.

Chapter 1V contains synthesis, characterization and electrochemical
performance evaluation of electrodeposited nickel cobalt phosphate thin film
electrodes. As like chapter Ill, chapter IV is divided into two sections ‘A’ and ‘B’.
Section ‘A’ deals with synthesis of nickel cobalt phosphate thin films by
electrodeposition method. The electrodeposited nickel cobalt phosphate thin films are
used as working electrode for supercapacitive study. The impact on structure and
surface morphology with the variation in molar ratio of nickel and cobalt is studied.

The XRD, XPS, FE-SEM and EDS analysis are used for confirmation of prepared
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material. Amorphous to crystalline phase conversion from nickel phosphate to cobalt
phosphate is observed in XRD analysis with composition variation (nickel and cobalt).
The nickel, cobalt, oxygen and phosphorous elements with expected composition are
detected in XPS and EDS study. The morphological evolution from microsphere to
nanosheets is observed with increasing cobalt content in nickel cobalt phosphate thin
films. Section ‘B’ describes the supercapacitive performance of electrodeposited nickel
cobalt phosphate thin film electrodes and change in response is observed at different
compositions of nickel and cobalt. The high specific capacitance exhibited by
microspheres with nanocracks like morphology of nickel cobalt phosphate
(Ni1.44C01.56(POa)2) thin film electrode of 2286 F g at 1.5 A g* current density and
81.3 % capacitance maintained at high current density. Also, the electrode shows 81 %
capacitive retention over 3000 cycles. The good performance of electrodeposited nickel
cobalt phosphate (Ni1.44Co1.56(PO4)2) material is observed due to good contact between
deposited material and stainless steel substrate (binder-free synthesis) and microspheres
consisting nanocracks like morphology.

Chapter V deals with the preparation of anode and, fabrication and performance
evaluation of asymmetric devices. This chapter divided into three sections as ‘A’, ‘B’
and ‘C’. Section ‘A’ describes the synthesis, characterization and supercapacitive
performance evaluation of rGO electrode. The famous modified Hummer’s method is
used for GO synthesis and then it reduced hydrothermally. The XRD and Raman study
confirms successful conversion of GO to rGO. For electrochemical study, the anode is
prepared by coating rGO material on stainless steel substrate by casting method. The
electrochemical study of rGO electrode carried out in 1 M KOH electrolyte in three

electrode system. The rGO electrode exhibits maximum specific capacitance of 200 F
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glat 2 Ag?current density. So, the rGO electrode is used as negative (anode) electrode
for device fabrication.

Section ‘B’ deals with the preparation and performance evaluation of asymmetric
aqueous supercapacitor (AAS) devices. The best performed nickel cobalt phosphate
thin film (C-NCP5 and E-NCP4) and rGO electrodes are selected as cathode and anode,
respectively for the preparation of aqueous devices. This section subdivided into two
parts. The first part related to fabrication and performance evaluation of chemical bath
deposited nickel cobalt phosphate//rGO aqueous asymmetric supercapacitor (AAS)
device. The chemical bath deposited Ni1.33C01.62(PO4)2 and rGO used as positive and
negative electrodes, respectively in two electrode system with 1 M KOH electrolyte.
The charges are balanced between positive and negative electrodes to achieve good
electrochemical capacitive performance of device. The Ni138C01.62(PO4)2//rGO device
achieved 0 to 1.6 V potential window and specific capacitance of 120 Fgtat 1.3 A g?
current density. Also, the AAS device achieved highest energy density of 42.3 Wh kg
Lat 1 KW kg™ power density and shows 80 % capacitive retention after 4000 cycles.
The second part contains fabrication and performance evaluation of electrodeposited
nickel cobalt phosphate//rGO aqueous asymmetric supercapacitor (AAS) device. The
electrodeposited Ni1.44C0156(PO4)2 and rGO are used as positive and negative
electrodes, respectively for device fabrication, and supercapacitive performance of
device is studied in 1 M KOH electrolyte. The Ni144C01.56(PO4)2//rGO AAS device
achieved maximum potential window of 0 to 1.6 V. The device exhibits maximum
specific capacitance of 185 F g at current density of 2.7 A g** and energy density of
65.7 Wh kg at power density of 2.2 kW kg?. Also, the AAS device shows 97 %
capacitive retention after 4000 cycles. The electrochemical capacitive performance of

asymmetric aqueous supercapacitor devices is summarized in table 6.1.
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Table 6.1 Electrochemical performance of asymmetric aqueous supercapacitor

devices
Deposition AAS Device Specific capacitance Energy Power Stability
method (F g 1) at current density density (%0) at 4000
density (A g?) (Wh kg') (kW kg?1) cycles
CBD Ni, 35C0; 2(PO,),// 120 at 1.3 423 1 80 %
GO
Electrodeposition | Ni, ,,Co, ss(PO,),// 185 at 2.7 65.7 22 97 %
GO

Section ‘C’ encloses fabrication and supercapacitive performance evaluation of
asymmetric flexible solid state supercapacitor (AFSSS) devices. As like section ‘B’, it
is also subdivided into three parts. In first part, preparation of electrodes and PVA-KOH
gel electrolyte is discussed. Also, it describes stepwise fabrication process of solid state
devices. Chemical bath deposition and electrodeposition methods are used for direct
growth of nickel cobalt phosphate material on conducting and flexible stainless steel
substrate (area = 5 X 5 cm?). The prepared gel electrolyte PVA-KOH sandwiched
between the flexible nickel cobalt phosphate and rGO electrodes and sealed with
transparent tape. The second part describes performance of chemical bath deposited
nickel cobalt phosphate (C-NCP5) and rGO electrodes based asymmetric flexible solid
state supercapacitor device. The AFSSS (Ni138C01.62(POa4)2//rGO) device achieves
potential window of 0 to 1.6 V and maximum specific capacitance of 79 F g at 0.75
A g current density. Also, the device shows good flexibility and capacitive retention
(90 %) at various bending angles. Also, the AFSSS device exhibits energy density of
28 Wh kg* with power density of 0.6 kW kg™ and 83.7 % capacitive retention after
4000 cycles. The practical applicability of device is tested by connecting two flexible
devices in series, charged for 30 s and discharged through 201 red LEDs panel as shown

in Fig. 6.1.
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Fig. 6.1 Digital photographs of serially connected two Ni133C01.62(PO4)2//rGO AFSSS
devices glowing 201 LEDs panel at different time periods.

The third part contains supercapacitive performance evaluation of
electrodeposited nickel cobalt phosphate (E-NCP4) and rGO electrodes based
asymmetric flexible solid state supercapacitor device. The solid state device
(Ni1.44C0156(PO4)2//rGO) achieved operational potential window of 0 to 1.6 V. The
AFSSS device shows maximum specific capacitance of 90 F g* at 0.4 A g* current
density and energy density of 32 Wh kg achieved at power density of 0.32 kW kg™.
Also, Ni1.42Co156(PO4)2//[rGO AFSSS device retains 89 % of capacitance after 4000
cycles. The good cyclic stability and high capacitive retention at high current density
suggests that, the device can be used in flexible, portable and bendable electronic
devices where high energy is required. Also, the practical usefulness of flexible device
is tested by charging two series connected devices for 30 s and then discharged through
201 red LEDs panel. Interestingly, the panel lights up for 190 s after charging only for

30 s as displayed in Fig. 6.2.
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Fig. 6.2 Digital photographs of serially connected two Ni1.44C01.56(PO4)2//rGO AFSSS

devices glowing 201 LEDs panel at different time periods.
The obtained results suggest commercial usefulness of  prepared
Ni1.44C0156(PO4)2//rGO AFSSS device. The supercapacitive performance of flexible
devices is summarized in table 6.2.
Table 6.2 Electrochemical performance of asymmetric flexible solid state

supercapacitor devices

Deposition AFSSS Device Specific capacitance Energy Power Stability (%)
method (F g'!) at current density density at 4000
density (A g) (Wh kg?t) (kW kg1) cycles
CBD N1, 33Co0, 6,(PO,),// 79 at 0.75 28 0.6 83.7 %
1GO
Electrodeposition | Ni, ,,Co, ((PO,),// 90 at 0.4 32 0.32 89 %
GO

Chapter VI provides the extracts of all chapters i.e. summary and conclusions.
In this work, nickel cobalt phosphate thin films are successfully prepared by chemical
bath deposition and electrodeposition methods. The characterization techniques are
used for analyses and confirmation of prepared nickel cobalt phosphate thin films. Their
supercapacitive performance studied in terms of specific capacitance and cyclic
stability. The result obtained from chapter 1l and IV proposes that, the ~1:1 ratio of

nickel and cobalt content in nickel cobalt phosphate thin film exhibits high

197



Chapter — VI SUMMARY AND CONCLUSIONS

electrochemical performance than other compositions. The microstructures of best
performing electrodes prepared by both method (CBD and electrodeposition) are shown
in Fig. 6.3 with their supercapacitive performance. The chemical bath deposited
microflowers of nickel cobalt phosphate (Ni133Co0162(PO4)2) electrode shows less
performance than the electrodeposited microspheres with nanocracks like morphology
of nickel cobalt phosphate (Ni1.44C01.56(PO4)2) electrode. The microspheres containing
nanocracks may offer high electroactive surface area than microflower for the
electrochemical reaction and delivered enhanced electrochemical performance. Also,
capacitive retention suggests efficient long durability of electrode during

electrochemical reaction.
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Fig. 6.3 The FE-SEM images of (a) Ni1.38C01.62(PO4)2 (X2000) and (c)
Ni1.42C0156(POs)2 (X20000) thin films. The plots of specific capacitance versus
current densities for (b) Ni138C01.62(POa4)2 and (d) Ni1.44C01.56(PO4)2 thin film

electrodes.
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The best performed chemical bath deposited (C-NCP5) and electrodeposited (E-
NCP4) nickel cobalt phosphate flexible electrodes are used for the device fabrication
and studied their supercapacitive performance. The aqueous and gel/solid state
electrolyte are used for the supercapacitor device fabrication. The comparative energy
density and power density (Ragon plot) of prepared asymmetric devices are plotted in
Fig. 6.4. The available supercapacitors are unable to achieve high energy density than
batteries and higher power density than capacitors. But, the asymmetric devices based
on nickel cobalt phosphate electrode achieves higher values than the available
supercapacitor devices, they exhibits energy density nearly equal to batteries and little

less power density than capacitor.
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Fig. 6.4 The comparative Ragone plots of prepared asymmetric devices based on
nickel cobalt phosphate as positive and rGO as negative electrodes.
The electrodeposited nickel cobalt phosphate (Ni1.44C0156(PO4)2) based aqueous
asymmetric device shows higher energy and power density than the other prepared
aqueous and flexible solid state devices. The aqueous devices have limitations in their
commercial application and that can be diminished by fabricating solid state devices.

So, the electrodeposited nickel cobalt phosphate (Ni1.44C01.56(POa)2) thin film electrode
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based flexible solid state supercapacitor device with comparable energy (32 Wh kg™)

and power density (0.32 kW kg™) can be applicable at commercial level in flexible

portable electronic devices.
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