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Chapter 1

1.1 General introduction:
1.1.1 Requirement of a supercapacitor:

The world faces critical global issues like inadequate energy, environmental
pollution, growing human population, limited natural resources and decreasing fossil
fuels [1]. The worldwide rising gasoline prices are accountable for growth of eco-
friendly and fuel-efficient transportation development. To overcome these problems,
pure and sustainable energy sources are instantly needed. Easily and freely offering
renewable energy sources may tackle this problem, so they acquired an extraordinary
opportunity for improvement. Harnessing renewable energy sources such as the sun
and the wind and sea tides is an appropriate first consideration for the substitution of
fossil fuels to enable sustainable energy production [2]. So, the problem may be
resolved through renewable energy resources for the continuous creation of energy.
But these intermittent energies face challenges such as being influenced by weather
and uneven distribution [3]. Therefore, the substitution of fossil fuel employs these
renewable energy resources for continuous energy generation is more favourable.
Furthermore, energy storage in various types is one of the crucial constituents which
can resolve problems. Effective energy storage equipment should be developed since
they can store the energy when presented and retrieve it when required. Electrical
energy storage equipment plays a crucial role in several practical applications [4, 5].
Therefore, the part of energy storage technologies in the field of renewable energy
production and electric vehicles has become a prominent one. To meet future energy
requirements, the development of low-cost, flexible, lightweight, high-performance
and economically cheap energy storage is essential. The electrochemical energy
storage technologies are the most convenient choice for automobiles between various
options of energy sources. Capacitors, supercapacitors (SCs), fuel cells and batteries
are various types of power sources in electrochemical energy storage systems [6].

Numerous applications need electrical energy storage devices (ESDs) such as
hybrid vehicles, solar cells, computers, cell phones, portable electronic devices, etc. In
the area of industrial, commercial and domestic, electric machines are broadly utilized
and are essential parts of our daily life. Additionally, electrical energy can safely be
converted into heat, light and mechanical energy as per necessity. Nevertheless,
electrical energy is complicated to available as in-demand. So, there is a requirement
of capable ESDs which store the maximum amount of energy. However, there are also

some limitations in the application of ESDs, like individual applications require
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specific energy and power values. So, we needed ESDs that meet the needfuls of
particular applications. For the application in portable electronics, batteries, electric
vehicles, electrochemical ESDs are attractively fascinated. Batteries are the general
and most applicable electrical ESDs since they use a smaller volume of active material
to accumulate a maximum amount of energy with the appropriate amount of power
required for various applications. Batteries are filled with chemicals, and that
electrochemical reactions take place and produce charges. Batteries are fabricated by
two or more electrochemical cells having terminals to supply energy. The positive and
negative electrodes are isolated by the chemical electrolyte. The filled chemical
electrolyte can be a liquid or solid, but it is more possible to be a dry powder in an
ordinary battery. It generally transforms chemical energy via redox reaction at the
interface of anode and cathode. Electrolyte performs as ion carriers in charge storage
reaction in a battery. Nowadays, the storage capability of batteries upgrades by using
standard design because of their increasing demand in many applications. Still, there is
no exchange available to deal with the difficulty of batteries, like their low life span
and lowest power. Hence, in the current situation, one needs to progress a design of a
device that has special abilities such as high power density (PD), energy density (ED)
and long cycle life [7]. In recent years, the SC as alternative ESDs has been fascinated
with ample attention because they hold great assurance in a broad range of potential
applications [8]. The SCs, due to their favourable characteristics like higher PD (>10
kW kg™), faster charge-discharge system as well as cycling stability (>10° cycles), are
extensively used in memory backup systems, portable, electronic devices and hybrid
vehicles, etc. [9, 10]. The SCs can deliver and store electrical energy like batteries, but
they use various mechanisms. The batteries store electricity chemically, whereas SCs
store physically via separating positive and negative charges. The performance of
ESDs would be described in terms of their capability to provide power and energy.
Figure 1.1 demonstrates the Ragone plot, which compared all the ESDs in terms
of their specific energy and specific power. The conventional capacitors have
extremely low ED at PD beyond 10°> W kg™, while batteries have high ED and typical
PD. The specific power and energy are located against each other, indicating
increasing one factor the loss of other. Hence, if we extract energy rapidly from
lithium-ion batteries, its capacity is diminished, which implies that we need power

from batteries that are executed to extract the lowest amount of energy.
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Figure 1.1: Ragone plot for various electrical ESDs [1].

The SCs occupy a prominent position in Ragone plot as they fill out gap between
conventional capacitors and fuel cells/batteries. The SCs have high power capabilities
and relatively large ED than conventional capacitors. As a result, the SCs can provide
a substantial amount of energy at high PD. Moreover, SCs have long cycle life as
compare to batteries, low equivalent series resistance (ESR) and high capacitance than

the conventional capacitors.

1.1.2 Background and evolution of supercapacitor:

The initial capacitor demonstration occurred in the mid-eighteenth century [11].
A German priest Ewald Georg von Kleist as well as a Dutch scientist Pieter van
Musschenbroek constructed the first capacitor, which denominated the "Leyden jar," in
1745 and 1746, respectively. In a glass jar, it included only two metal foils, water, and
a conductive chain. The notion of storing static energy at the interface of a solid
electrode as well as a liquid electrolyte was created based on this design. Over a
century before the creation of the battery (1880), this provided the first idea of an
electric double layer (EDL). In the capacitor, the electrical charge-storage mechanisms

were first examined by von Helmholz in 1853 and built the first EDL model by
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analysing colloidal suspensions [12]. Between the 19" and early 20" centuries, few
pioneering interfacial electrochemists, involving Gouy [13], Chapman [14], Stern [15]
and Grahame [16], formulated the advanced theory of EDL capacitance at the
interfaces within liquid electrolytes and metal electrodes. At the starting of the 20"
century, the first electrochemical capacitor (EC) patent was not implemented until
1954 by H. I. Becker at General Electric. This invention covered ESDs, including
porous carbon electrodes dipped in aqueous electrolytes, which accumulate electric
energy at the interface as an EDL. Unfortunate this patent was never commercialized.
Robert Rightmire founded the first non-aqueous electrolyte-based EC at the Standard
Oil Co. of Ohio (SOHIO) [17]. As reported by the broad voltage range of non-aqueous
electrolytes, the system explained in this patent could deliver a greater voltages range
(3.4—4.0 V) as well as ED than Becker’s aqueous EC. Nippon Electric Corp. (NEC), a
Japanese business, gained permission for SOHIO's invention, which an EC initially
commercialised in 1978 under the name "Super-Capacitor". The NEC's EC application
for backup power for clock chips as well as complementary metal oxide semiconductor
memory in electronics has been successful in the market. In 1971, ruthenium oxide
was used to create a new type of EC termed a pseudocapacitor, which uses Faradaic
processes [18, 19]. Based on this discovery, the Pinnacle Research Institute (PRI)
started a project in the 1980s based on tantalum/ruthenium oxide pseudocapacitor to
develop a high-performance SC named PRI Ultracapacitor. The PRI ultracapacitor was
only utilized for military applications such as missile launch and laser weapons
systems due to the greater expense of noble metal (ruthenium). As part of their hybrid
and electric vehicle initiative, the US Department of Energy (DOE) began assisting a
long-term SC research study targeting better ED SCs for use in electric drivelines in
1989 [20]. Currently, the DOE has reached a deal with a world-leading SC
manufacturer (Maxwell Technologies, Inc.) to produce high-performance SCs.
Companies like Nippon Chemicon (Japan), ELTON (Russia), CAP-XX (Australia),
and Nesscap (Korea) have been developing as well as delivering various types of SCs
for different applications [21]. Since 2000, the amount of research on SCs has
increased dramatically and steadily in response to the growing demand for high-
reliability, high-power, and safe ESDs [22]. Presently, transition metal oxide and high
surface area carbon-based materials are commercially used to fabricate SC and other
metal sulphides, phosphates, and phosphides. Their composites are under study for SC

application.
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1.1.3 Present status of supercapacitor:

The battery provides high energy but suffers from low power than the capacitor.
On the other hand, SCs provide high power with a significant amount of energy and a
long lifespan, and low maintenance with ease to fabricate [23]. These special
characteristics of SC utilized in present multifunctional technologies where battery
technologies are restricted, but their commercial applications are limited because of the
self-discharging rate [24]. Nowadays, researchers focusing on enhancing ED of SC by
using various features with maintaining all other properties. SCs are three types:
electrochemical double-layer capacitors (EDLCs), pseudocapacitors and hybrid
capacitors. For EDLCs, carbon based materials (activated carbon (AC), carbon
nanotubes (CNTs) and graphene) which deliver high PD and pseudocapacitor
employing conducting polymers, transition metal based (metal
oxide/hydroxides/phosphates/sulphides) materials which provide high ED [25, 26].
Usually, carbon-based materials are used for SC due to their high surface area and
good electrical conductivity. Nevertheless, less capacitance of EDLCs restricts their
commercial usage. Presently, many research reports suggest that the pseudocapacitive
transition metal oxides are more beneficial electrode materials for SCs due to their
large abundance, cost-effectiveness, and environmentally friendly nature [26]. Also,
their fast and reversible redox reaction occurs on the surface of the electrode, which
delivers high ED and high capacitance value; even so, active material in agueous
electrolytes limits cyclic stability. The issue of less stability could be solved by
changing aqueous electrolyte with a solid one, and it overcomes the problem of
electrolyte leakage with flexibility and ease of handling [27]. Various types of ionic
liquid electrolytes have been developed to enhance the operational potential window
and SC's electrochemical performance. They have several advantages such as thermal
stability, non-toxicity and non-flammability. Further, the voltage range of SCs with
ionic liquid electrolytes can be extent up to 4-6 V [28]. Meanwhile, good electrode
material enhances the total capacitance of SC, but other factors like electrolyte, current
collector, separator, and other practical elements influence overall performance of SC.
The choice of appropriate electrode material and suitable electrolyte effectively
increases ED and specific capacitance (Cs) of SC [29]. Biocompatibility, nontoxicity,
and lightweight are some benefits of flexible solid state device (SSD) employed in
implantable medical devices. Moreover, lightweight and miniature solid-state SC

devices can be utilized in portable electronic devices [30].
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1.1.4 Working principle of supercapacitor:

The charge storage mechanism of both EC and conventional capacitors are
similar, but the difference is in separating medium (electrolyte and dielectric). In a
conventional capacitor, two conducting electrodes are isolated by an insulating
dielectric material, and the charges accumulate electrostatically. Similarly, EDLC
accumulates electric charge at metal/electrolyte surface, and opposite ions on the
electrode interface create an EDL. Created EDL is isolated by a distance order of a few
Angstrom and depends on electrolytes usage. The schematic diagram of charge storage
mechanism in EC is depicted in Figure 1.2. EC deliver high ED than conventional
capacitors and longer lifespan than batteries. To achieve excellent performance of EC,
a higher surface area electrode and a smaller thickness of double layer are required

according to following equation (1.1).

High surface area
Electrodes

Electrolytes

Pl

Electrode

g + ‘
Current \ Electrolytic

collector Charged electrolyte  separator
ions

Figure 1.2: Charge storage mechanism of EC.

The EC capacitance C is estimated by using following equation,

A

C = STE (11)
Where ¢, is the relative permittivity, A is the surface area of active material, and d is

the thickness of double layer. The energy density (E) of EC is calculated as follows,

=" (1.2)

2

Where C is capacitance and V is the voltage range of EC.
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1.2 Categories of supercapacitor:

Based on the distinct charge storage mechanisms and consumption of electrode
material, SCs are categorised into three types: EDLCs, pseudocapacitors, and hybrid
capacitors. The charge storage mechanism of EDLC is non-faradaic, where no
chemical oxidation-reduction (redox) reactions are involved, which implies charge
accumulated by fabricating a double layer between electrode surface electrolyte. The
carbon-based electrode materials are utilized for the construction of EDLCs [31-33].
Pseudocapacitors are based upon faradic redox reactions containing high energy
electrode materials based on metal oxides/hydroxide, metal
phosphides/phosphates/sulphide, metal-doped carbons or conductive polymers [34-37].
A combination of both EDLCs and pseudocapacitive mechanisms i.e. faradic and non-
faradic, are hybrid capacitors. Hybrid capacitors are designed by the combination of
carbon-based materials along with metal oxides or conducting polymers, or both [35,
38]. This section exhibits an overview of the individual SC in detail. The categorize of

SCs with different types and subtypes are demonstrated in Chart 1.

Supercapacitor
EDLCs l Pseudocapacitors
e.g. . . . .
> Carbon nanotubes Hybrid capacitors — Intrinsic
e.g. MnO,, RuO,, ete.
€8 Asymmetric i
> Activated carbon ymum > Intercalation
capacitor e.g. Nb,O;, LDH, etc.
o Composite Extrinsic
> Carbon aerogels capacitor | e.g. Ni(OH),, Cu(OH),, ete.
e.g.
— Graphene

Chart 1: Categories of SCs.

1.2.1 Electrochemical double-layer capacitors:

EDLCs are fabricated from two carbon-based electrodes, a separator and
electrolyte as shown in Figure 1.3. In EDLC, charge is stored non-faradaically or
electrostatically, and no net charge is transferred amongst electrodes and electrolytes.
As potential is applied, the charge store on the electrode surface. The ions (unlike

charges) are naturally attracted from the electrolyte solution and distributed across the
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separator into the pores of the electrode with the opposite charge. Nevertheless, the
electrodes are designed to avoid ions recombination. As a result, at each electrode, a
double-layer of charge is accumulated. These double-layers coupled with a high
surface area of carbon-based electrodes and diminish the distance between electrodes

permit EDLCs to perform higher energy densities than conventional capacitors.

EDLC

Q19

Electrolyte
Separator
Electrolyte

Electric double layers

Figure 1.3: Schematic diagram of EDLC.

Faradaic processes do not include any composition or chemical changes because
there is no charge transfer among the electrolyte and the electrode. Charge storage in
EDLCs is very reversible for this purpose, allowing them to achieve extremely high
cycling stability. EDLCs typically have consistent performance characteristics
throughout a large number of charge-discharge cycles, up to ~10°. Furthermore,
electrochemical batteries are usually restricted to 10° cycles. This type of capacitor has
higher PD but very low energy because of rapid discharge rate [39]. The operating
potential restriction of EDLCs is affected by the decomposition potential (1-5 V) of
electrolytes. Due to decomposition potential, electric energy accumulates capacity of
EDLC is vigorously depends on aqueous or non-aqueous electrolytes. Higher ionic
conductivity of aqueous electrolyte than non-aqueous electrolyte exhibits the high
specific power of a capacitor. Carbon-based electrode materials typically have the
highest surface area, low price, and more constituted techniques than other materials,
like metal oxide and conducting polymer [40]. Various types of carbon materials that

can be utilised to store charge in EDLC, including AC, CNTs, carbon aerogels, and
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currently new verity of carbon fascinated much attention is reduced graphene oxide
(rGO).

1.2.2 Pseudocapacitors:

Beyond EDLCs, pseudocapacitor charge storage mechanism is based on the
transfer of charges through highly reversible surface redox reactions between electrode
and the electrolyte. The schematic illustration of charge storage mechanism in

pseudocapacitor is displayed in Figure 1.4.

Pseudocapacitor

@9

»
o) 3“
e

o0

Separator

<

Electrolyte

Redox
Pseudocapacitor

Figure 1.4: Schematic diagram of pseudocapacitor.

This faradaic process leads to pseudocapacitors having higher capacitance and
energy densities than EDLCs. However, various factors affect the performance of
pseudocapacitor, such as material conductivity, surface area of active electrode and
porosity of material, etc. The charge storage mechanism contains redox reactions,
insertion and de-insertion, and electrosorption processes, which accomplishes
pseudocapacitor. Normally, metal oxide, conducting polymer, sulphides, metal-doped
carbon and phosphates are utilized as pseudocapacitors [41-46]. Presently,
pseudocapacitive materials are growing interest because of greater Cs and higher ED
[47, 48]. Based on the energy storage mechanism, pseudocapacitor is classified into

three categories: intrinsic, intercalation, and extrinsic.
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1.2.2.1 Intrinsic pseudocapacitors:

In intrinsic material, the redox reaction was recognized as localized on the close
surface of material and charges accumulated. Because of multiple valence states, few
transition metal oxides (e.g. MnO,, RuO; and Fe30,4) show fast and reversible redox
reactions over the electrode surface, making them superior to EDLCs. For many years,
MnO, and RuO, commanded the field of pseudocapacitive materials. Buzzanca and
Trasatti [49] firstly reported pseudocapacitive behaviour of MnO, from its quasi
rectangular curves like its EDLC. However, various studies of intrinsic material have
exhibited electrochemical behaviour of bulk MnO, depending on the phase and charge-
carrying cation in the electrolyte [50, 51].

1.2.2.2 Intercalation pseudocapacitors:

Intercalation pseudocapacitance occurs when ions intercalate into the layers or
tunnels of a redox-active material along with a faradaic charge-transfer without
crystallographic phase change; such type of charge storage mechanism is reported by
Augustyn et. al. [52] and defined as “intercalation pseudocapacitors”. A significant
property of intercalation pseudocapacitor is, it avoids structural phase transformation
through electrochemical reaction [53]. In conversely to the EDLCs, the charge storage
procedure for the intercalation pseudocapacitance is not restricted to the surface,
thereby using the bulk of materials for the faradic electrochemical reactions. The
intercalation kinetics of layered dichalcogenides are very much influenced by
interlayer spacing. Multiple methods are being explored in an exertion to enhance the
spacing, ultimately increasing solid-state ion diffusion and rate capability. In
intercalation pseudocapacitor, intercalation of ions appears by a solid solution
mechanism and do not have a phase change. This process allows enhanced energy

storage at higher charge-discharge rates [54].

1.2.2.3  Extrinsic pseudocapacitors:

The materials, who exihibits charge-discharge curves (with plateau) and cyclic
voltammetry (strong redox peak) like battery behaviour in their bulk form and they can
show pseudocapacitive nature by reducing their particle size (within nanometer). Such
phenomenon was reported by Augustyn et al. [52] and defined as ‘“extrinsic
pseudocapacitors”. The electrochemical properties change notably, and the materials
show a pseudocapacitive response by few battery type materials. The battery-type

materials overcome their profile change property when it goes in nanosize (<10 nm) by
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decreasing ion diffusion length. The nanosized cobalt and nickel hydroxides are
examples of extrinsic pseudocapacitive materials [55, 56].

1.2.3 Hybrid capacitors:

In direction to overcome the restriction of pseudocapacitor and EDLCs the third
type of SC has been prepared and is known as hybrid SCs. Hybrid SCs comprise one
EDLC type electrode, and another is pure pseudocapacitive type electrode, as depicted

in Figure 1.5.

Hybrid

@,9

Redox
Pseudocapacitive

Figure 1.5: Schematic diagram of hybrid capacitor.

The hybrid capacitors store charge by faradic and non-faradic reaction
mechanism. In hybrid capacitor, faradic pseudocapacitor electrode material with high
capacitance gives higher ED, while the non-faradic EDLC electrode material allows
higher PD. The hybrid capacitor is able to achieve higher Cs, ED and PD and cyclic
stability than pseudocapacitor or EDLC. The hybrid electrode integrates the carbon-
based materials and conducting polymer or metal oxide that leads to the advantage of a
chemical and physical charge storage system combined in a single electrode. An
asymmetric hybrid capacitor is designed in such a way that one electrode is battery
type and another electrode is capacitive type. Such types of devices illustrate the
properties of capacitor and battery that mean these devices may be useful for bridge
the gap between SCs and batteries [57].

1.3 Electrode materials for supercapacitors:
To execute higher electrochemical results of SC, selection of active material with

desired properties is important. For the development of SC, active materials properties
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plays important role of such as, high surface area, optimum pores and nanostructured
morphology. The ideal SC electrode exhibits following features as listed below.

¢+ Higher specific surface area to accumulate more ions

«¢+ Electrical conductivity should be high to control PD and rate capability.

¢+ Controlled porosity can provide facile intercalation of ions.

% Low cost, as well as non-toxic materials, are needed.

¢+ Multiple active sites are required to improve electrochemical performance.

s Thermal and chemical stability should be high to achieve superior

electrochemical stability.
%+ Economic and facile synthesis process for electrode preparation

«» Minimum ohmic resistance of the actual electrode material and contacts

1.3.1 Carbon materials:

Carbon materials play a vital role in SCs due to their exclusive combination of
physical and chemical properties with desirable properties including high conductivity,
high active surface area (up to 3000 m? g*), good corrosion resistance, high thermal
and chemical stability, controlled pore structure, compatibility, and processability in
composite materials [58]. The various forms of carbon materials like as fibers,
powders, aerogels, monoliths, composites, tubes, sheets, etc. [59-61]. The capacitance
predominantly based on the surface area accessible to the electrolyte ions. Carbon-
based materials ranging from ACs to CNTs are the broadly explored electrode
materials due to the often-cited fetching physical and chemical properties [62]. Knox
and co-workers developed the template assisted synthesis of porous carbons [63].
Several porous carbon materials with well-controlled and uniform pore sizes have been
designed and synthesized [64]. Templated porous carbons of microporous, mesoporous
and macroporous sizes within a tailorable hierarchical structure hold a great promise as
SC electrode materials [65]. On the other hand, the development of SC electrodes
based on CNTs is of particular interest due to their superior electrical properties and
unique tubular porous structures, which favour easy electron and ion transportation.
More recently, graphene is a new class of two-dimensional carbon nanostructure,
having larger specific surface area as well as unique high electronic qualities, is

estimated to have attracted potential in SC application.
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1.3.2 Conducting polymers:

Considerable development has been made up in conducting polymer-based
materials for storage and electrochemical energy conversion. Conducting polymers
have great potential as electrode materials for SCs due to their high conductivity, high
capacity, good reversibility, large operating voltage, low cost and low environmental
impact [66-70]. Out of different conducting polymers, polyacetylene (PA),
polythiophene (PTh), polyaniline (PANI), poly (vinyl alcohol) (PVA), polypyrrole
(PPy) and poly(p-phenylenevinylene) (PPV) have been utilized for energy storage
application. Conducting polymers mostly including PTh, PANI and PPy has a plenty
of unique advantages such as flexibility, easy synthesis, redox behaviour which are
meant to resolve challenges in the progress of current SCs. In contrast, pure conducting
polymer electrodes show many problems, especially poor cycling stabilities and lower
PD. In order to enhance the performance of conducting polymer-based SCs, it is most
essential to improve their surface morphology and microstructure through
polymerization method, modifying oxidation level, surfactant’s type and dopants

content.

1.3.3 Metal oxides:

Metal oxides represent an attractive and promising class of electrode material for
SCs because of their high cycling stability compared to conducting polymers and high
ED compared to the carbon-based material. The fast and reversible electrochemical
reactions that occur at the interface of electrode/electrolyte are responsible for the
higher value of ED. The various transition metal oxides such as, NiO [71], Fe,O3 [72],
CO304 [73], MO, [74], RuO; [75], were extensively investigated for SC application.
Among these metal oxides, RuO, is widely studied because of high electrical
conductivity with a wider potential window of 1.2 V. Unfortunately, environmental
toxicity and scarce resources of RuO, restrict its further development. Recently, binary
and ternary transition metal oxides have attracted extensive attention due to their
outstanding electrical conductivity, and electrochemical performances compare to
single metal oxides. Binary metal oxides such as ZnCo,04, NiC0,04, CuCo0,0y,
MnCo,0, are of the origin of Co3z0,4, and they have delivered excellent performance in
SCs [76, 77].
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1.3.4 Metal phosphates:

Metal phosphates perform a prominent role in the development of SCs. While
carbon-based, conducting polymers and transition metal based oxide/hydroxide
materials have been broadly studied for application in SCs. Major attention is being
moved into metal phosphides/phosphates recently due to their high theoretical Cs, high
chemical stability, high electric conductivity, large abundance and non-toxicity [78-
80]. Several transition metal phosphates (TMPs) with an open framework, cavities
with multiple channels, and rich redox behaviour exhibit excellent ion/charge
conductivity and have thus been investigated as pseudocapacitive electrodes. Also,
TMP is probed in many fields such as sensors, SC, catalysts, solar cells, Li-ion
batteries, etc., due to their distinctive morphology and excellent electrical and
mechanical properties. Generally, different types of monometallic phosphates are
fabricated by various chemical methods for SC application. Various metal phosphates
were examined for the SC application as, Ni3(POy), [81], AgsPO, [82, 83], VOPQy,
[84-86], Co3(PO,), [87, 88], Mn3(PO4), [89, 90], BiPO,4 [91, 92]. However, bimetallic
phosphates exhibited enhanced performance compared to monometallic phosphates

because of synergy amongst different metal ions.

1.4 Literature survey on nickel phosphate, copper phosphate and nickel copper
phosphate material for supercapacitor application
1.4.1 Literature survey on nickel phosphate:

TMP such as nickel phosphate has been studied for SC applications due to open
frame structure, good conductivity, low cost and rich redox behaviour. Different
composite materials of nickel phosphate and their structures were fabricated using
various synthesis methods such as chemical bath deposition (CBD), sonochemical,
hydrothermal, co-precipitation, and calcination method. In addition, the surface
morphology of electrode material (nickel phosphate) plays a crucial role in improving
Cs and the ED of electrode material.

The earlier reported various types of monometallic and bimetallic nickel
phosphate-based electrode materials are summarized in Table 1.1. Morphological
changes were observed owing to precursor variation studied by Marje et al. [93].
Amorphous nickel phosphate electrode deposited on stainless steel (SS) delivered the
C, of 1031.6 F g™ at 0.5 mA cm™ current density with 80% retention after 3000 cycles.

The effect of various calcination temperatures on the structural, morphological and Cs
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of nickel phosphate was studied via sonochemical method by Omar et al. [81] the
calcined nickel phosphate showed the specific capacity of 620 C g™ at a current
density of 0.4 A g™ The nanocrystal of VSB-5
(Ni2o[(OH)12(H20)6][(HP4)s(PO4)4].12H,0) was produced by Yang et al. [94] via
hydrothermal method, and it exhibited the C, of 2740 F g at 3 A g™ current density.
Omar et al. [95] reported a sonochemical method monitored by calcination to
synthesize nickel phosphate-silver phosphate (Ni3(PO4),-AgsPOy) it delivers maximum
specific capacity of 478 C g™ at 1 A g™ current density. Amorphous Niz(PO4).@GO
composite is successfully synthesized by Li et. al. [96] via chemical precipitation
method. A C, of 1392.5 F g™ was obtained for Niz(PO,),@GO composite sample at a
current density of 0.5 A g™*. The Nixo[(OH)12(H20)6][(HPO4)s(POs)4].12H,0 prepared
by Zhao et al. [97] via hydrothermal method, and it shows maximum Cs of 1494 F g™
at current density 1.25 A g*. A roe-shaped ternary nanocomposite of
Ni3(PO4),/RGO/Co3(PO,4), was prepared on cobalt foam by Zhao et al. [98] via
hydrothermal method. A Cs of 1137.5 F g at 0.56 A g™* was achieved for composite
electrode with a capacity retention of 117.8% after 14000 cycles. Peng et. al. [99]
synthesized Ni3(PO,)2.8H,0 via a microwave-assisted chemical method. The prepared
Ni3(PO4),.8H,0 material delivered Cs of 1301 F g at current density 2 A g™ with
83.59% capacitance retention after 1000 cycles. Mirghni et al. [100] prepared
Ni3(POy)./graphene foam (GF) composite material via hydrothermal method exhibits a
specific capacity of 48 mAh g* at current density 0.5 A g*. The fabrication of
Ni3(PO4)2-8H,0 nano/micro flakes layer on nickel foam (NF) is reported by
Padmanathan et al. [101] via facile one-pot hydrothermal method. The electrode
displays a C, of 1552 F g at an applied current of 5 mA cm™ and retains 84% of its
initial capacity after 10000 cycles. Pang et al. [102] synthesized amorphous nickel
pyrophosphate (Ni,P,07) microstructure by calcining ammonium nickel phosphate
(NH4NiPO4.6H,0) microstructures, and it illustrated Cs of 1050 F g™ at current density
500 mA g. Sankar et al. [103] synthesized nanorods of Ni,P,O; by hydrothermal
method. Ni,P,0; offered capacitance of 5753 mF cm™ at a current density of 5 mA cm”
2 with addition of Ks[Fe(CN)s] redox additive in 1 M potassium hydroxide (KOH)
electrolyte. The amorphous nature of Ni,P,O; prepared by Pramanik et al. [104] via
hydrothermal method followed by calcination delivers a C, of 265 F g™ at scan rate 20
mV s, Nanosheets of Ni,P,0- decorated by NiCo-OH composite material synthesized
by Chodankar et al. [105] on NF and achieved Cs of 2529 F g™ at current density 1 mA
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cm with stability (92.59%). Nanograins of Ni,P,O; were prepared by Senthilkumar et
al. [106] via simple co-precipitation technique, and it offered a C of 1893 F g™ at
current density 2 A g™*. Nickel pyrophosphate was successfully synthesized by Marje
et al. [107] using the CBD method, which shows maximum Cs of 482 F g™* at current
density 3 mA cm™ and stability (99.73%) after 2500 cycles. Wei et al. [108] prepared
Na doped Ni,P,O; hexagonal tablets via hydrothermal method, which delivered a
capacitance of 557.5 F g™ at current density 1.2 A g™. Pang et al. [109] studied
Ni;1(HPO3)s(OH)g superstructures accumulated by nanotubes under mild hydrothermal
conditions and offered Cs 1876 F g™ at a current density of 0.625 A g™. Chodankar et
al. [110] fabricated by a core-shell structured MnO,@Ni,P,O7 using hydrothermal
followed by a CBD method and achieved a specific capacity of 309 mAh g™ at current
density 1 A g with superior stability (94%) over 12000 cycles. Nickel phosphite
[Ni;1(HPO3)s(OH)s] hexagonal polyhedrons were prepared by Pang et al. [111] via
hydrothermal method, and it exhibited Cs of 295 F g™* at a current density of 0.625 A g
! with stability of 99.3% after 1000 cycles. Gao et al. [112] prepared microporous
nickel phosphite [Ni;1(HPO3)s(OH)s] nanocrystals using a hydrothermal method, and it
shows large Cs of 558 F g™ at current density 0.5 A g with stability (97.7%). Zhao et
al. [113] synthesized the mesoporous NH4NiPO4.H,O nanostructures through a
hydrothermal method and obtained C, of 1072 F g™ at current density of 1.50 A g™
with stability 95.0% after 3000 cycles. Nickel phosphate nanowires were prepared by
Wang et al. [114] via hydrothermal method, and they exhibited C, of 1472 F g at a
current density of 1 A g™. Li et al. [115] synthesized the co-doped bouquet-like nickel
phosphite (Niy;(HPO3)g(OH)s) material via a simple solvothermal method. The
electrode exhibited Cs of 751.5 F g™ at the current density of 0.5 A g™* with superior
stability (98.8%) over 8000 cycles.

Table 1.1: Electrochemical performance comparison of various nickel phosphate
based materials for SC application.

r?caep(""; 'tf"}; Stabil-
Sr. Material and Method of | Electr- g ity at
Substrate L at current Ref.
No. morphology deposition olyte densi cycles
ensr{y
(Agr)
Amorphous nickel
1M 1031 at 0.5 80%,
1. p_hosphate SS CBD KOH MA cm?2 6500 [93]
(Microsphere)
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Niz(POy)> . 1M i
2. (Nanoparticles) NF Sonochemical KOH 1771 at0.4 [81]
Nio[(OH)12
(HZO)G] 1M
3. [(HP)s(PO,)4]. NF Hydrothermal 2740 at 3 - [94]
KOH
12H,0
(Nanocrystal)
4 Ni3(PO,),-AgsPO, NE Sonochemical 1M 478 C g™ i [95]
' (Nanoparticles) & Calcination | KOH atl
5 Ni3(PO,),@GO NE Chemical 2M | 139259at | 93.5%, [96]
' (Nanoparticles) precipitation | KOH 0.5 1000
Nio[(OH)12
(H20)6]
6. | [(HP)(PO)]. | NF | Hydrothermal | M | 1497at : [97]
KOH 1.25
12H,0
(Nanorods)
Ni3(PO,)./RGO/
Cobalt 1M 1137.5 at 117.8%,
7. Co3(POy)2 Foam Hydrothermal KOH 0.56 14000 [98]
(Roe shaped)
Niz(PO,),.8H,0 Microwave- 3M 83.59%,
8 (Microflowers) NF assisted KOH 1301 at2 1000 [99]
Ni3(PO,),/GF 6M | 48mAhg’ | 92%,
i (Nanorods) NF | Hydrothermal |\ o | " 5t05 2000 | [100]
Ni3(POy),-8H,0 1M
. One-pot 84%
10 (Nano/micro NF Hydrothermal NaO 1552 10000 [101]
flakes) H
Ni,P,0; Stirring & 3M 1050 at 90.5%,
11 (Microstructure) NF Calcination KOH | 500mA g™ 6000 [102]
. 5272 mF
Ni,P,0; 1M -2 83.59%,
12. NF Hydrothermal cm“ats [103]
(Nanorods) KOH mA cm 5000
Ni,P,0; . Hydrothermal 3M 265 at 97%,
13. (Nano spheres) Graphite & Calcination | KOH | 20mVs*! 1000 [104]
. . Hydrothermal
14 OI\II-:ZFI\ZISSQ\SIPLS;; NF & 2M | 2529atl | 9259%, | )y
: . ’ Electrodeposit | KOH | mA cm? 10000
micro-sheets) ion
. 1M
Ni,P20; Co- )
15 (Nanograins) CP precipitation Nﬁo 1893at2 [106]
Ni,P,0;.8H,0 1M [482Fgrtat | 99.73%
16. (Microstrucure) GO CBD KOH | 3mAcm? 2500 [107]
Na-Ni,P,0; 3M 0
17. (Hexagonal NF Hydrothermal | NaO S57.5at 97.3%, [108]
1.2 1000
tablets) H
Nizz(HPOy)s
3M 1876 at 95%,
18. (OH)¢ NF Hydrothermal KOH 0625 2000 [109]
(Nanotubes)
MnO,@Ni,P,0;
Hydrothermal 2M 309 mAh 94%,
19 (I\_Ianoflakes, NF & CBD KOH glatl 12000 [110]
micro-sheets)
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(Niy1(HPO3)q
3M 295 at 99.3%,
20. (OH)g) (Hexagonal NF Hydrothermal KOH 0.625 1000 [111]
polyhedron)
(Niy(HPO3)q 0
21, (OH)e) NF | Hydrothermal | SM | sggatos | 90/ | 112
KOH 10000
(Nanocrystals)
NH,4NiPO,.H,0 3M 1072 at 95%,
22. | (Nanostructures) | NF | Hydrothermal -\ o T gy 3000 | [113]
NiHPO, 3M
23. (Nanowires) NF Hydrothermal KOH 1472 at 1 - [114]
CO'(Nill(HP03)3 0
24, (OH)e) NF Solvothermal M 7515atl 92.8%, [115]
. KOH 8000
(Bouquet-like)

Using different phases of nickel phosphate fabricated asymmetric device (ASD) for the
estimation of practical applicability and reported in Table 1.2.

ASD was constructed using amorphous nickel phosphate thin film electrode as
cathode electrode and rGO as anode electrode by Marje et al. [93] and it gives Cs of
100.7 F g™* at 6 mA cm current density with ED of 45.33 Wh kg™ at 1.5 kW kg™ PD,
and delivered 80% Cs retention after 3000 GCD cycles. Omar et al. [81] fabricated
ASD by using Ni3(PO,), (positive electrode) and AC (negative electrode) in 1 M KOH
electrolyte. The ASD delivered a specific capacity of 355 C g™* at current density 0.4 A
g™ with ED of 76 Wh kg™ at PD of 599 W kg™. Also, the device exhibits 88.5% initial
capacity after 3000 cycles. Omar et al. [95] prepared Ni3(PO4)2-AgsPO4//AC based
supercapattery, which delivered an ED of 32.4 Wh kg™ at PD 399.5 W kg™ with cyclic
stability (82%) over 5000 cycles. Li et al. [96] fabricated ASD using
Fe,03@GO//Ni3(PO4),@GO and observed ED of 67.2 Wh kg™ as well as superior
long term stability (88%) after 1000 cycle. Zhao et al. [97] fabricated SSD based on
Ni2o[(OH)12(H20)6][(HP4)s(PO4)4].12H,0//graphene using PVA-KOH electrolyte, and
it delivered volumetric ED of 0.445 mWh cm™® at 44 mW cm™® PD with 97.4%
capacitive retention after 5000 cycles. Zhao et al. [98] fabricated
Ni3(PO.),/RGO/Co3(PO4)-//AC device, and it delivered C of 115.4 F g™ at current
density 0.12 A g* with ED of 44.82 Wh kg™ at PD 428.6 W kg™, also retention of
91.9% over 18000 cycles. The Ni3(PO,),.8H,0//rGO device fabricated by Peng et al.
[99] delivered a large specific capacity of 122.3 C g™ at a current density of 1 A g*
along with ED of 25.48 Wh kg™ at 750 W kg™ PD. It showed cycling performance
(84.23%) after 1000 cycles. ASD fabricated by Mirghni et al. [100] using carbonized
iron (Fe**) adsorbed on PANI (C-FP) as the anode electrode and Nis(PO4),/90 mg GF
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as the cathode delivered ED of 49 Wh kg™ at 499 W kg™ PD with 53% cyclic stability.
Padmanathan et al. [101] fabricated ASD based on Ni(PO,),-8H,O/NF//AC has
offered specific energy of 33.4 Wh kg™ with the power of 165.5 W kg™ with 89%
capacitive retention after 10000 cycles. Sankar et al. [103] fabricated Ni,P,O-//rGO
hybrid SC device, and it exhibited a Cs of 224 F g™ at current density 1 A g™*. Also, it
delivered a maximum ED of 70 Wh kg™ at 750 W kg™ PD with superior cycling
stability (73%) over 5000 cycles. The Ni,P,O7;/NiCo-OH//AC device prepared by
Chodankar et al. [105] using PVA-KOH gel electrolyte offered Cs of 221 F g™ at
current density 3 mA cm™ with cyclic stability (91.83%) over 10000 cycles. Also, it
shows ED 78 Wh kg* at 444 W kg™ PD. Senthilkumar et al. [106] prepared
Ni,P,07//HPGC ASD, and it exhibited a capacitance of 183 F g* with ED of 65 Wh
kg™ at PD 800 W kg™ as well as 83% capacitive retention. Marje et al. [107] fabricated
ASD by using nickel pyrophosphate (positive electrode) and rGO (negative electrode).
The ASD shows a capacitance value of 74.81 F g™ and ED of 26.6 Wh kg™ at PD of
870.6 W kg™. Also, ASD exhibits 87.35% capacitive retention after 5500 cycles. Wei
et al. [108] fabricated SSD using Na doped Ni,P,07 (positive electrode) and graphene
(negative electrode). The fabricated device delivered C, of 32.6 mF cm™ at 0.5 mA cm’
2 current density with ED of 23.4 Wh kgt at 1.29 kW kg™* PD. Fabricated
MnO,@NPO//AC SSD by Chodankar et al. [110] using PVA-KOH gel electrolyte
showed specific capacity of 82 mAh g™ at 1 A g™ current density along with specific
energy of 66 Wh kg™ at 640 W kg™ specific power and 93% retention over 10000
cycles. A flexible solid-state ASD was constructed using nanocrystal of
Ni;1(HPO3)s(OH)s (cathode) and graphene nanosheets (anode) by Gao et al. [112]. The
device exhibited Cs of 1.64 F cm™ at current density of 5 mA cm with ED of 0.45
mWh cm™ at PD of 33 mW cm™ and 93.3% initial capacitance retention after 10000
cycles. ASD cell in which Ni/NiHPO, as the cathode and AC as the anode was
fabricated by Wang et al. [114]. The device delivered C, of 98.62 F g™* at 0.5 A g™
current density with ED 26.8 Wh kg™ at 68.8 W kg™ PD and 90.03% retention over
6000 cycles. Li et al. [115] fabricated aqueous and SSD using Co-doped nickel
phosphite (Ni;1(HPO3)g(OH)g) (positive electrode) and AC (negative electrode). The
aqueous device with 3 M KOH electrolyte delivered Cs of 83.1 mF cm™ at current
density 0.5 mA cm™, also exhibited ED of 15.48 mWh cm™ at 600 W c¢cm™ PD with
cyclic stability (94%) over 5000 cycles. The SSD with PVA-KOH gel electrolyte
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delivered Cs of 77.1 mF cm™ at current density 0.5 mA cm™, also exhibits ED of 14.72
mWh cm at 600 W cm™ PD with cyclic stability (91.2%) over 5000 cycles.

Table 1.2: Literature survey of nickel phosphate based devices.

Capacita- .
Positive Negative nce (F g™ Energy | Power | - Stabil-
Sr. Electr- density |density| ity at
electrode electrode at current Ref.
No. olyte . (Wh (W cycles
(cathode) (anode) density 1 1
Amorphous
nickel 1M | 100.74 at 6 80%,
L | phosphaterss/ | "C© KOH | mAcm? | 2533 | 1500 5550 | [93]
IrGO/SS
T 0
2. | Nig(PO4),/NF | AC/NF éol\ﬁ 3‘1? g f 76 599 8?6%60' [81]
Nis(POy),- 1M 146 Cg* 82%,
3. AQ.POL/NF AC/NF KOH L OE 324 | 3995 | oo [95]
Ni3(PO,),@G | Fe,0,@ ] 200.4 | 85%,
4. OINE GOINE 189at0.25 | 67.2 3 1000 [96]
Nizo[(OH)12
s | (HONII(HP,) | Graphene/ | PVA- | _ i}‘_‘zsé‘:’ g : ?ﬁ‘\t\‘}ﬁ | 97, -
" | §(PO)4].12H, PET KOH | ) om? em® | om? 5000
O/PET
Ni3(PO,),/rG .
6. | O/Cos(PO.),/ | ACINF oo | MeAat ) 480 | azs6 | 99 | og)
0.12 18000
Cobalt Foam
" -1 0,
; N|3(P%)2.8H2 GO ] 12259; 1c 0" | 5 4g 753.0 841.530/0, [99]
< -1 0
8, N'3(P84F)2/ CFI| c-rpiNF S a”t"ggg 49 | 499 155066 [100]
161.8F g™
Ni(PO,),-8H, 1M 25m 89%
% | OINFIIAC NF NaOH |  cm? 334 11655 | 4q0gp | [1OU
0
10. | Ni,P,04/NF rGO/NF éol\ﬁ 224 at 1 70 750 236‘8 [103]
Ni,P,0,/ PVA- | 221at3 91.83%,
11| Nico-ornE | ACNF O kol | maem? | 78 | % | 10000 | [109
0
12. | NiP,0,/CP HF(’:%C/ e 183 65 | 800 | 5% | [106]
. 7481Fg*
Ni,P,0-//KO 1M 87.35%
13. e rGO KoH | & %r?fEnA 266 | 8706 | "o | [107]
32.6 mF
. PVA- ) 1292. | 98.5%,
14, Na-Ni,P,0; Graphene NaOH cnrr:A actn(])_.ZS 23.4 5 5000 [108]
MnO,@ PVA- | 82mAhg? 93%,
15. NiP.O, AC/NF KON atl 66 640 10000 | 1101
. 1.64Fcm®| 045 33
Ni;;(HPOg)g | Graphene/ | PVA- 93.3%,
161 (OH)PET PET KoH | AOSMA T mWh | mW 6500 | [112]
cm cm cm
o 3M 98.62 at 90.3%
17. | Ni/NiHPO, AC KOH 05 268 | 688 so00 | [114]
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18. Co- AC/NF | 3M [ 831mFcm | 1548 | 600W | 94%,
(Nip(HPO3)s KOH | 2at0.5mA mw cm? 5000
(OH)s) cm? cm? [115]

AC/PET | PVA- | 77.2mFcm | 1472 | 600 W | 91.2%,
KOH | 2at0.5mA mWh cm? 5000
cm? cm

1.4.2 Literature survey on copper phosphate:

Copper based materials are abundant in nature, and also they are non-toxic, so
they are in focus for application in various fields. Copper phosphate is a low-cost, air-
stable, environment-friendly material and exhibits electrochemical performance.
However, there are very few reports on copper phosphate for SC application and
described in Table 1.3.

Copper phosphate hydroxide [Cu,(PO,)(OH)] thin films were synthesized by
Pujari et al. [116] via hydrothermal method and reported maximum Cs of 280 F g™ at a
scan rate 5 mV s™ with (91%) capacitive retention after 2000 cycles. Karaphun et al.
[117] CuyP,0; nanocrystals were obtained by calcination of the NH4CuPO4-H,O
powder at low temperature. The Cs of 297.521 F g™* at a current density of 1 A g and
cycling stability after a 1000 cycle test of 94.04% was achieved. Binder-free Cu,P,0;
were synthesized by Agarwal et al. [118] via successive ionic layer adsorption and
reaction (SILAR) method and reported maximum Cs of 332.9 F g™ at a scan rate 10 A

g™ with 68% capacitive retention after 4500 cycles.

Table 1.3: Electrochemical performance comparison of various copper phosphate

based materials for SC.

Capacitance Stabil
) (Fghat tabil-
Sr. | Material and Method of Electr- ity at
Substrate L current Ref.
No. | morphology deposition olyte density cycles
(Ag?)
Cu,(PO4)(0OH) 1M 280 919,
1 (microstrip) SS Hydrothermal | oy | ats mAcem? | 2000 | [116]
Cu,P,04 3M 297.521 94.04%
2 | (Flake like ) - Hydrothermal | o | a1 Ag? | 1000 | (171
1M
Cu,P,04 . 332.9 68%
3| ( Nanoflakes) SS SILAR LICL 1 At10A g1 | 4500 | [118]
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One report is available on the fabrication of SSD using copper phosphide material as
cathode and tabulated in Table 1.4.

Agarwal et al. [118] Cu,P,O; based flexible SSD. The device achieves a
capacitance value of 102.5 F gt at 5 A g™*. A specific ED of 11.54 Wh kg™ at 2.76 kW
kg™ of PD with retention of 80% at a current density of 12.5 A g™.

Table 1.4: Literature survey of copper phosphide based devices.

Sr. Positive Negative | Electr- | Capacitance | Energy | Power | Stabil- Ref.
No. | electrode electrode olyte (Fg™hat density | density | ity at
(cathode) (anode) current (Wh (W cycles
density kg™ kg™)
(Agh
1. | CuP,0/ | CuP,0; | PVA- | 1025Fg"' | 11.54 | 2760 85% | [118]
Cu,P,0; LiCl at5 Ag* 4500

1.4.3 Literature survey on nickel copper phosphate:

The fabrication and design of SC electrodes are essential with required properties
as wide potential window, high Cs, high PD, and rapid charging-discharging rate.
Therefore, combining the benefits of both metal phosphates (nickel and copper
phosphate) is a very effective scheme to optimize each metal phosphate for enhancing
its electrochemical performance. Unfortunately, to date, there is no report available on
nickel copper phosphate based supercapacitor devices. Hence, for the present study,

nickel copper phosphate is chosen for SC application.

1.5 Orientation and purpose of the dissertation:

Recently, researchers all over the world focused on the progress of SC
performance with high PD and ED, cost-effective electrodes and long cycle lifespan,
which are the important backbone of ESDs. An SC device with electrochemical
activity as well as low cost may promote its utilization over widespread applications.
However, the electrolyte and active surface area of electrode material are key factors
and impacts on the performance of SC relating to ED and capacitance. Furthermore, a
moderately quick discharge is essential for SC to give pulse power, obtained by
lowering ESR. Therefore, the improvement and design of active electrode materials to
acquire the above terms become challenging for many electrochemists.

The craze of recent research is concentrated on fabricating binary metal
phosphate materials to obtain superior electrochemical efficiency with a high value of
ED and PD. Binary metal phosphate-based SCs are a novel incoming class of EC and
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are likely to offer high charging-discharging rates with high ED. Enhancements in the
Cs, ED and operating potential window of binary metal phosphate-based electrodes
considerably extend the whole electrochemical efficiency of the SC. Additionally, the
deficiency of one active (nickel) material can be accomplished by another active
(copper) material, and synergy between both (nickel copper phosphate) materials can
outcome in increased electrochemical performance. With their high electrical
conductivity and multiple oxidation states, the nickel and copper promote Cs, ED and

PD of SC devices consisting of aqueous or neutral electrolytes.

In preparation of such electrode materials, a simple, convenient and inexpensive
synthetic approach to retain the cost of SC cells is essential. Among various other
deposition techniques, SILAR and hydrothermal methods have lots of advantages.
These two methods are facile to handle, cheap and helpful to deposit materials on a
large scale area. These methods offer desired material characteristics such as surface
morphology, crystal structure and optimum film thickness. Chemical methods give
well adherent, uniformly, and pinhole-free deposited thin films. The nucleation and
growth in chemical systems play an important part in the formation of nanocrystalline
materials. Also, these methods are utilized for large area deposition, which is

favourable for device fabrication.

Therefore, a new class of nickel copper phosphate based electrode materials can
be prepared, and ASDs can be constructed using polymer gel electrolytes. Metal
phosphates (nickel phosphate, copper phosphate, nickel copper phosphate) with
different morphologies could be synthesized by simple chemical methods and applied
as electrode materials in SCs. The goal behind fabrication of asymmetric SCs is to
examine the feasibility of active electrode material at the device level. Our prior aim of
the present work is a facile synthesis of nickel copper phosphate thin films by chemical
methods and characterization with different physico-chemical techniques. The
chemical methods (SILAR and hydrothermal) can offer additive-less and binder-free
thin film electrodes, which can increase the interfacial contact between SS substrates
and active material. The oxidation and corrosion of metallic substrates can be
controlled utilizing low temperature deposition methods. Preparative factors such as
deposition time, concentration of precursor, pH of solution, and deposition temperature
are controlled in chemical methods. Moreover, uniform and adherent nickel copper

phosphate thin films are characterized for phase analysis, structural explication,
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compositional analysis, surface and morphological analysis. The phase confirmation of
material is carried out by X-ray diffraction (XRD) technique. Chemical bonding in
material is examined by fourier transform infrared spectroscopy analysis (FT-IR).
Surface morphology of prepared thin film is visualized by field emission scanning
electron microscopy (FE-SEM) technique. The elemental composition of synthesized
thin films is recognized by energy dispersive X-ray spectroscopy (EDS) technique.
Prepared material confirmation, available chemical composition and oxidation states of
thin film are done with X-ray photoelectron spectroscopy (XPS) technique. The
electrochemical properties of prepared thin films are investigated by cyclic
voltammetry (CV), ogalvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) techniques. Three electrode cell configuration is
employed for the electrochemical study of single electrodes in 1 M KOH electrolyte,
where prepared thin films are used as working electrode, platinum plate as a counter
and mercury/mercury oxide (Hg/HgO) as a reference electrode. Furthermore, the
performance of prepared thin films is estimated in terms of a potential window, Cs,

specific energy, specific power and cyclic life.

The main purpose of research is to fabricate asymmetric aqueous and solid state
SC devices using nickel copper phosphate thin films as an active cathode material with
KOH and PVA-KOH gel electrolyte, respectively. The activity of electrode material
and the utility of electrolytes are studied by fabricating aqueous and SSD. The
performances of ASDs are examined in terms of capacitance, ED and PD, and cyclic
stability. Lastly, conclusions are evaluated based on the performance of nickel copper

phosphate based devices.
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Chapter 2

2.1 Introduction to thin films:

Nowadays, the attention of researchers is focused on thin film technology due to
its unique electrical, optical and magnetic properties and its usage in optoelectronic
and electronic storage devices [1, 2]. In the fields of energy storage (e.g. batteries),
generation (e.g. solar cells) and conversion (e.g. water splitting), material synthesis
with desired properties plays a crucial role. In all the above mentioned research areas,
different materials are synthesized mostly in two forms: 1) bulk form (powder) and 2)
thin film form. The usage of electrically insulating binding agents hinders the actual
electrochemical performance of powder material. Thus, the direct deposition of active
material on the conducting backbone in thin film form has attracted the attention of
many researchers.

Any liquid or solid system that possesses at most 2-D order or periodicity is
known as thin film or a surface bounded between two parallel planes extending
infinitely in two directions restricted in the dimension along the third direction is
called a thin film. Thin film is a layer of material with a thickness of few micrometres,
or the process of thin film synthesis on any substrate is called a thin film deposition
method. The process of thin film synthesis on any substrate is called a thin film
deposition method. The extensive classification of thin film deposition methods is
listed in Chart 2.1. There are two primary ways to develop nanomaterials in thin film
forms: physical and chemical methods. The first approach is to start with bulk material
and then break it into smaller pieces using mechanical or other forms of energy (top-
down). An opposite way is to synthesize the material from molecular or atomic species
via chemical reactions, allowing the precursor particles to grow in size (bottom-up).
The recent technologies require various types of thin films for a variety of applications
due to their scientific curiosity and potential technical values. The properties such as;
a) particle composition, b) particle size, ¢) particle shape and e) degree of particle
agglomeration affects their performance in a particular application. Numerous
traditional chemical and novel routes of preparation (bulk/thin films) allow materials

to be in nanocrystalline form.

The physio-chemical properties of materials can be modified mostly in thin film
form compared with their bulk counterpart. Nanocrystalline thin film materials provide
advantages like lower thermal conductivity, higher electrical conductivity, large
surface area, and enhanced diffusivity [3]. In general, the properties of thin films are
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dependent on the method of deposition. The physical techniques are subdivided into
vacuum and sputtering. The deposition performed after the material to be deposited is
moved to a gaseous state either by evaporation or an impact procedure. In chemical
methods, there are also two branches. One branch is the gas phase, and it contains
various types like conventional chemical vapor deposition (CVD), laser chemical
vapor deposition (LCVD), photo CVD, plasma enhanced CVD and metal organo-
chemical vapor deposition (MOCVD). Another branch is liquid phase which include
spray pyrolysis, sol gel process, SILAR, liquid phase epitaxy, electrodeposition,
hydrothermal, reflux method, etc. However, physical and gas-phase chemical
deposition has some drawbacks, such as sophisticated instrumentation and
maintenance, high working temperature and pressure, material wastage, and high cost.
On the other hand, the solution phase chemical methods are facile, low cost, economic
and convenient for large area deposition of various materials [4, 5]. Therefore,
chemical methods are extensively used to prepare nanostructured materials in thin film

form for various applications.

Chart 2.1: Classification of thin film deposition method.

Thin Film Deposition Method

Physical Methods

Chemical Methods

Glow discharge DC < Resistive heating % Chemical vapor » Spray pyrolysis
sputtering «+ Flash evaporation deposition < Sol gel method

<+ Triode sputtering <+ Electron beam % Laser chemical %+ Successive ionic layer

< Getter sputtering evaporation vapor deposition adsorption and

% Radio frequency < Laser evaporation < Photochemical reaction (SILAR)
(RF) sputtering % Arc evaporation vapor deposition < Liquid phase epitaxy

< Magnetron < Radio frequency % Plasma enhanced < Electrodeposition
sputtering chemical vapor < Hydrothermal

<+ Face Target deposition < Reflux method
sputtering 4 Metal organo-chemical

< lon beam vapor deposition
sputtering

*  AC sputtering
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2.2 Hydrothermal method:
2.2.1 Theoretical background of hydrothermal method:

A hydrothermal method has been the most efficient and popular method it
gathers much interest from researchers and technologists from various fields. The
concept of hydrothermal is purely originated from a geological term. The term
‘hydrothermal’ is described from the Greek words ‘hydros’ and ‘thermos’, which
defines water and heat. British Geologist Sir Roderick Murchison (1792-1871) used
this word for the first time to represent water activity at high temperature and pressure
for modifications in the earth crust, which resulted in the production of many minerals
and rocks [6, 7]. In the presence of water, elevated temperature, and pressure, most
minerals created in metasomatic and post-magmatic phases are considered by
hydrothermal origin. It is generally known that, the higher single crystal created in
nature (>100 gm of beryl crystals) and number of the highest amount of single crystal
formed by man in one experimental run (many hundreds of grams of quartz crystal)
both have a hydrothermal origin. Although hydrothermal technique has achieved
tremendous development, there is still no unanimity in its evaluation. In the
hydrothermal process, heterogeneous reaction executed in aqueous solvents or
minerals at elevated temperature and pressure, re-crystallize and dissolve in
moderately insoluble materials under standard conditions. As reported by Morey and
Niggli (1913), “In a hydrothermal method, the mechanisms are exposed to action of
water at temperatures normally close or slightly above critical temperature of water
(=370 °C) in closed bombs, and consequently below higher pressure prepared by such
solutions” [8]. Lobachev defined it as, “A method where crystallization is carried out
from superheated aqueous solution at high pressure” [9]. Laudise [10] defined it as,
“hydrothermal growth implies growth from aqueous solution at ambient or nearby
ambient conditions.” Yoshimura [11] defined it as, “reactions taking place under the
conditions of high temperature and pressure (>100 °C, >1 atm) in aqueous solutions
under a closed system”. Rabenau in 1985 defined as, “hydrothermal synthesis as the
heterogeneous reactions in aqueous media above 100 °C temperature and 1 bar

pressure” [12].

2.2.2 Basics of hydrothermal method:
Nowadays, some chemical reactions in the existence of minerals or water under

pressure and temperature conditions are called hydrothermal reaction processes. The
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preparation of nanomaterials by hydrothermal method provides numerous advantages
over other conventional methods. It offers a synthesis of various dimensional
nanomaterials relevant to the cost effective for instrumentation, precursors salt and
energy used. Significant features of the hydrothermal method, such as heat capacity,
ionic product, dielectric constant, thermal conductivity, and viscosity, depend on
extreme pressure and temperature. The stoichiometric control is less for the materials
synthesized at higher temperature reaction processes due to volatilization of
components and stress-induced defects caused by phase transformations. But, a
relatively low temperature hydrothermal process can prevent such undesirable
problems and provides the capability to precipitate the powders directly from the
solution; also, uniformity of nucleation regulates the rate, ageing and growth, which
impact the size, aggregation control and morphology. Hydrothermal methods can
synthesise materials with different particle sizes and morphologies that can be obtained
by varying different growth parameters.

Pressure-temperature interchange is one of the well-known physical processes in
hydrothermal solution, and due to that, it isn't easy to synthesize various phases of the
materials [13]. The main consideration of researchers about hydrothermal experiments
is that the system should operate reliably under extreme pressure-temperature
conditions [7]. Figure 2.1 exhibits a conventional hydrothermal synthesis process,
where precursors are directly dissolved in a water bath. The bath is placed in an
autoclave, which can endure high temperature and pressure. A reaction
container/vessel called an autoclave is desired for crystal growth under hydrothermal
conditions. The autoclave is enclosed and heated to the requisite temperature, and most
of the time, pressure is self-generated. The pressure greater than several hundred bars
can be simply achieved even at low temperatures and is dependent on the degree of
autoclave filling. The extreme temperature and pressure can be as high as 1273 K and
500 bar. For commercial applications, a purpose temperature under 773 K is generally
preferred [14]. Temperature fluctuations due to the rise in temperature of the growth
medium which leads to a higher dissolution rate. This method is also favourable to the
industrial production of morphologically controlled materials with desired shape and

size.
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LEQUITRON/*
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Figure 2.1: The photograph of programmable hydrothermal equipment used for
preparation of thin films.

2.2.3 Effect of preparative parameters:

The deposition of thin film with well uniform and adherent nature by
hydrothermal method depends on rate of the chemical reaction. The number of
nucleation centres responsible for the rate of deposition and thickness of thin film.
Different parameters decide growth kinetics of film, such as the nature of substrate,
precursors, temperature and pressure, pH, and complexing agent. Effect of preparative

parameters on growth mechanism is discussed below;

a) Nature of substrate:

The creation of thin film strongly depends on the reaction kinetics and film
adhesion. The substrate surface is very significant for nucleation and further growth
since it provides nucleation centres as an essential building block. Therefore, substrate
purification is a primarily important step in the method of thin film preparation. The
high deposition rate and terminal thickness can be achieved when the lattice
parameters of substrates and growing material match well with each other. However,
for thin film deposition, any kind of substrates such as conducting (SS) and non-
conducting (glass) substrates can be used with the only condition that they should

provide a nucleation centre.

b) Temperature & pressure:
Temperature and pressure is another very important parameter which influences

the reaction rate of a bath. The rise in bath temperature and pressure enhances the
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diffusion rate and increases ionic mobility, consequently the increase bath reaction
rate. As a result, the film thickness increases until specific reaction temperature and
pressure; after that, the film thickness decrease. At high temperatures and pressure, the

high reaction rate in solution creates more precipitate, reducing the thin film thickness.

c) pH of solution:
The supersaturation condition determines the rate of chemical reaction as well as
the rate of deposition. As the pH value of the reaction bath increases, the metal
complex usually becomes more stable by reducing the availability of free metal ions,

which will decrease the reaction rate resulting in higher terminal thickness.

d) Complexing agent:

In hydrothermal method, most of the depositions are executed in alkaline
solution. Therefore, to avoid the precipitation of metal ions, a complexing agent is
added. It helps to decrease the concentration of free metal ions in solution bath, which
prevent the rapid bulk formation of the desired product. A high concentration of

complexing agents decreases the concentration of free metal ions.

2.2.4 Advantages of hydrothermal method:
The hydrothermal synthesis method gives many advantages, which are listed
below: [15, 16]

» This procedure is eco-friendly since it is conducted in an enclosed
system, and contents can be reutilized and retrieved after cooling down
to ambient temperature.

» By controlling the hydrothermal pressure and temperature, different
crystalline products and crystal structures can be achieved.

» The processing and equipment required are easier and consumes low
energy.

» The morphology and crystalline size can be modified to nanoscale
simply by changing the preparative parameters, e.g. pH, temperature,
deposition time, precursor concentration, etc.

» A hydrothermal method is unique for the preparation of
thermodynamically metastable phases.

» A variety of particle sizes and morphologies are possible through

hydrothermal technique.
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» This method is also favourable for the industrial production of

morphologically controlled materials.

2.3 Successive ionic layer adsorption and reaction (SILAR) method:
2.3.1 Theoretical background of SILAR method:

SILAR is one of the latest solution methods for the deposition of thin film, also
known as a modified version of the CBD process. In CBD method, the cations and
anions are represented in the same chemical bath, while in SILAR method, separate
chemical baths are prepared from cationic and anionic precursor solutions. Thus,
SILAR is a low-cost, simple, and hence low energy consumption method that is
beneficial for preparing uniform, large area and well adherent thin films.

SILAR process was developed for thin films preparation in the mid-1980s [17-
22]. The name SILAR was first given to this method by Nicolau [23]. In 1985, Ristov
et al. [24] developed a new chemical method for the deposition of oxide thin film by
using SILAR technique. The distinguishing property of SILAR is the usage of
alternating cationic solution (a metal salt solution) and anionic solution (a hydrolyzing
solution) baths. In principle, this is the purpose to allow ion-by-ion growth of the thin
film via sequential addition of separate atomic layers.

In most chemical methods, a thin film is generated on a substrate when
heterogeneous precipitation performs on a substrate surface, and homogeneous
precipitation performs in a precursor solution or bath. Nevertheless, the chemical
method exhibits an unwanted precipitate formation in precursor solution and can't be
eliminated. To avoid such a problem, the CBD method is modified and reported in a
new method known as the SILAR method. Figure 2.2 and 2.6 shows the schematic
presentation and actually used of SILAR method, respectively. In modified method,
thin films are made from the insertion of a substrate in specifically positioned cationic
and anionic precursors, and the substrate is washed with ion-exchange water during
every immersion.

The theoretical background and basics of SILAR are reported with details in the
review article of Pathan and Lokhande [25]. The SILAR method depends on pre-
adsorption followed by reaction of ions in precursors solution and rinsing in double
distilled water (DDW) during every immersion. Pre-adsorption is an essential
backbone of the SILAR system. It is predicted that the contact between heterogeneous

phases expedited the growth of material. Liquid-solid, gas-solid, and gas-liquid are
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three adsorption systems. SILAR system utilized in this work concerned on adsorption
in a liquid-solid system. Adsorption is a surface phenomenon generated by attractive
forces (Van-der Waals or chemical attractive or cohesive forces) among surface of a
substrate and solution of ions. Due to Van-der Waals or chemical attractive or cohesive
forces, the cations adsorbed on a substrate surface are significant to the formation of a
monolayer. In the reaction process, the adsorbed ion reacted with anions aimed at the
desired material's monolayer formation. By repeating such cycles, layer-by-layer
formation of film occurs on the substrate surface. The adsorption process depends on
the physical preparative parameters like the nature of substrate, temperature, the

concentration of a solution, area of a substrate, etc.

2.3.2 Basics of SILAR method:

The SILAR process is aimed to grow CyDm type through a heterogeneous

chemical reaction on the solid surface via a reaction among adsorbed yC%* (cations)
and mD?Y~ (anion) as per following reaction,
yC + zA™ +n'BZ" + mDY™ - CyDmg | +zA™ +n'B?" (2.1)
With, my =nz=n’z".
Where, C cation (Cu*, Ni**, Co*, Mn**, Fe* etc.); y: number of cations, a*:
numerical value of charge on cation, A: an ion in cationic precursors having a negative
charge (A = NOs*, CI*, SO,%, etc.) z: represent the number of A in cationic precursors,
and n is the numerical value of charges on A. z”: the numerical value of charge on B, B:
the ion in anionic precursor having a positive charge, »’: number of B in the anionic
solutions, D: represent the anion (O, OH™ and PO,¥), m: the number of anions and y  is
charge on D.

Basically, the SILAR method works in four beakers system, which is generally
used to deposition of metal oxide and sulfide films. However, this system has been
modified into a three-beaker system for deposition of binary metal phosphate films.
Figure 2.2: displays a schematic of the experimental setup of SILAR in 3 steps.

The first and second beakers contain cationic and anionic precursors,
respectively, whereas the third beaker contains DDW for rinsing purposes. Thus, the
substrate is successively immersed in separate beakers one by one during the

deposition process beginning from 1.
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1. Adsorption:

In this first step of SILAR process, when the substrate is dipped into a cationic
precursor, different layers of charges are formed on its surface (Figure 2.2 and 2.3).
Nearest to the substrate, a very thin layer is formed of solvent molecules (water
molecules in the current case) called as an inner layer. This inner layer sometimes

contains other species called specifically adsorbed anions [26].

/ Repetition of cycle\
SS substratm

Thin Film

1st step 2 step 3 step
Adsorption Reaction Rinsing
of cations of anions with DDW

Figure 2.2: Schematic illustration of SILAR method.

The points of the electrical centres of these specifically adsorbed anions are
called as inner Helmholtz plane (IHP). The solvated (complexed by solvent molecules
or solvated ions are surrounded) cations present in solution closer to the substrate and
get adsorbed on to surface for charge equilibrium. This adsorption is possible because
of the Van-der Waals or chemical attractive or cohesive forces among them [25]. The
location of points of these closest solvated cations is called the outer Helmholtz plane
(OHP). From bulk of solution to OHP non-specifically adsorbed solvated cations are
present. This layer of non-specifically adsorbed solvated cations is called as a diffuse
layer. The thickness of this diffuse layer depends on the surface charge of the
substrate. Surface charge of the substrate decides the thickness of this diffuse layer. In
the CBD process anions and cations both are present in a single chemical bath hence
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one could not eliminate the unwanted homogeneous precipitation. While in the SILAR
method there is no chance of homogeneous precipitation until substrates are

appropriately rinsed.

II-:P OliiP Diffuse layer R
 ob
o WwH <
HY @9 _ =
HOIIO @ooz o ®.a
%
H 1 "O\.\\—\I N
) ) To@® °=x W
1 \'\'H < & (o] Oz < 0 o x
"® TOF.- veos 0@ °=x
2 HO T @ . ©= ""90 Q=
S i Z OO w H B © w Bz
s Hol = "-‘H € zTo0 O
3 I S @oI IO@ozlz
ol @ W H o 0@ x % @»© =z
5 o | 1‘0‘0 B "W W e £ ©
= 00 @ °©= z@©© _=
. I“'&O &= IOQO:
I | » S “ ©6© =
HO 1 T amn
W e
O, =
H IIOQOI
0 ’9 o OI - . .
g5, Taw Cationic solution
:
5+ 5+ % ‘: <
H OH ‘@@ .-
B~
g:ow@:oxg @
o« ‘6' ’9'0 .
Polarized water -, - w ¢  Specifically adsorbed
molecule > @ Ta anlons
Solvated cation

Figure 2.3: Schematic of development of Helmholtz double layer during 1
step of SILAR.

2. Reaction:
In this step, the chemical interaction among solvated adsorbed cations and anions
is achieved by dipping the substrate in the solution to generate stable solid layer at the
interface as shown in Figure 2.4. Some of the counter ions also get attached to this

solid layer.

3. Rinsing:

In this last step, the unreacted and excess species and reaction by-products are
eliminated. At this last step, a monolayer of targeted material grows uniformly on the
substrate as exhibited in Figure 2.5.

These three steps combinly complete one SILAR deposition cycle. After few

cycles, enough material is deposited on the substrate in the form of adherent and
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uniform thin film. The standard of the thin film in SILAR method (in terms of

uniformity, adherence, etc.) is strongly influenced by the adsorption, reaction and
rinsing time.
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Figure 2.4: Schematic of development of water insoluble solid compound during 2™
step of SILAR.

In this study, many attempts were performed in order to obtain uniform and
adherent deposition of material and eventually experimental parameters optimized by
varying adsorption, reaction and rinsing time.

The SILAR deposition process can be operated by three ways,

1. Manual operation: In which dipping of the substrate in each beaker is carried
out manually. So, this process is a time-consuming.

2. Computer-based operation: The computer program operates the translational
and vertical movement of the spindle to which substrates are attached.

3. Microprocessor-based: The substrates are suspended to a horizontal robotic
spindle in the vertical direction and a microprocessor regulates its movements
in translational and vertical movements. Presently, a microprocessor-based

SILAR instrument (displayed in Figure 2.6) is popular among researchers
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because of its easy and facile operation settings, also applicability for the
binary, ternary metal phosphate as well as composite materials synthesis.
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Figure 2.5: Schematic of formation of a monolayer of targeted material during 3" step
of SILAR.

2.3.3 Effect of preparative parameters:
In SILAR method, the growth kinetic depends on various parameters such as,
substrate nature, ion concentration, adsorption, reaction, and rinsing time. The effect of

different deposition parameters on film growth formation are discussed below:

a) Concentration of cation and anion:

From higher concentration of precursor solution thick film can be achieved while
for lower concentration precursor solution non-uniform thin film with lower thickness
can be obtained. Since, at lower concentration solution there is a deficiency of required
number of ionic species for the superior quality of film. Also, stoichiometric formation

of thin film can be obtained by changing precursor concentrations.
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Figure 2.6: Photograph of programmable SILAR machine used for deposition of thin

film electrode.

b) Adsorption and reaction time:

Adsorption and reaction time have the crucial role in the thin film production
process. As the adsorption time is more than that of reaction time the film creation
takes place by assorted reaction and it outcomes into higher terminal thickness. Equal
adsorption time and reaction time, leads to consistent reaction and steady growth can

give uniform film formation.

¢) Rinsing Time:
To remove poorly bonded species from the substrate surface and to evade the
precipitation in reaction bath, rinsing of substrate is required. A superior quality of thin
film can be obtained by sufficient rinsing time.

2.3.4 Advantage of SILAR method:
Besides the simplicity, SILAR method has many advantages as given below:

> SILAR is a facile, inexpensive method and it is convenient for
deposition over a large area.

> Foreign elements can be doped into thin film material by easily
including it into the cationic solution.

> In several applications, the thickness of thin film plays a key role and it
can be easily controlled in SILAR method by varying the deposition

cycles.
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» It is a low temperature process, so various kinds of substrates such as
metal, semiconductor, insulator and polymer can be used. Also, it
prevents oxidation or corrosion of metallic substrates.

» It does not need any sophisticated instrumentation.

» The deposition rate, film thickness and morphology can be effectively
manipulated by changing the preparative conditions.

» There are practically no limitations on the substrate material and

dimensions.

2.4 Physicochemical characterization techniques:

The effective performance of a material is strongly associated with its different
physicochemical properties. Therefore, the characterization of material through
different techniques and careful study of obtained results is essential task in the
research field. The as-deposited thin film electrodes in the current study were
examined through different material characterizations like XRD, FT-IR, BET, FE-
SEM, EDS and XPS techniques.

2.4.1 X-ray diffraction (XRD):

XRD is a well-known analytical technique to get the information of crystallite
phase and orientation of growth of the material [27]. Lattice parameters, grain size,
strain, defect structure, epitaxy, structure identification and preferred orientation of the
materials can be analysed by the XRD pattern. XRD is a fundamental non-destructive
technique and gives detail information based on scattering of X-rays from the
structures [28]. Due to improved detection methods of X-rays, commercial
monochromators, and intense micro-focused X-ray source, the XRD technique is
applicable to probe thin films of 100 A thickness [29]. To identify the unknown
material, obtained diffraction data is compared with American Standard for Testing of
Materials (ASTM) or Joint Committee Powder Diffraction Standards (JCPDS) cards
[30]. The intensities measured by XRD can give accurate and quantitative information
about the atomic arrangements at interfaces (e.g. in multilayers). The basic principles
of XRD are found in textbooks e.g. Tayler [31], Buerger [32], Cullity [30] and Guinier
[33]. Schematic representation of diffractometer is exhibited in Figure 2.7, where 260 is
the angle between the incident and diffracted X-ray. Typically, diffraction pattern is
provided by diffracted intensity with function of (20) orientation of specimen. The

wavelength of X-ray is in the range of 0.7-2 A with corresponding energies.
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Figure 2.7: Schematic diagram of the XRD diffractometer.

For the structural investigation of thin films, several researchers have been using
an XRD system. Monochromator is used in the XRD technique as a source of
diffraction beam and X-ray beam diffracts from the film surface and detected by
oscillating detector around the mean diffraction position. Monochromatic radiation is
most significant in XRD technique for the analysis of accurate d-spacing from
observed diffraction angles, according to Bragg's law as exhibited following equation
[34],

2d sinf = nl (2.2)

Where, d, 4, n and @ are the interplaner distance, wavelength of monochromatic X-ray,

order of diffraction and 4 is diffraction angle, respectively.

2.4.2 Fourier transform infrared spectroscopy (FT-IR):

FT-IR spectroscopy is powerful tools for identifying inter atomic forces and
atomic arrangement in the crystal lattice. FT-IR can be utilize to analysis a wide range
of materials in thin film or bulk forms, pastes, fibres, liquids, solids, powders and other
forms. FT-IR spectroscopy is a technique that delivers information about the molecular
structure or chemical bonding of materials, either organic or inorganic. It is used to
recognize unknown materials present in a specimen. In an electromagnetic field, two
energy levels (E1 and E2) are located in a material where energy level difference is
equal to ‘h’ times of incident radiation frequency (v) and it is written as,

AE = hv (2.3)
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The positive AE defines molecule absorbs energy; when AE is negative defines it
emits energy in form of radiation, and thus emission spectrum is obtained. When
equation 2.4 is satisfied, a unique spectrum for the molecule is found. The intensity
plot versus frequency called as a spectrum and peaks found after the satisfaction of

equation (2.4).

Fixed mirror

Beam splitter

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

Figure 2.8: Basic ray diagram of FT-IR spectrometer.

In FT-IR analysis, a small portion of spectrum (near to visible) can be
investigated, which includes UV, visible and IR regions (10°-10° cm). In atom, the
absorption illustrates transition among the different allowed levels for the orbital
electrons in molecules, illustrates the atoms within the molecule as a rotates or a
vibrate and the entire energy contributions can be represented by the equation [35, 36],

Etotar = Eetect + Eviv + Evor + Etrans (2.4)
Where, Egioctr Evin, Eror, @nd Ep-qns are the electronic energy, vibrational energy,
rotational energy and translation energy, respectively. Figure 2.8 depicts the basic
schematic ray diagram of FT-IR spectrometer. Electronic, rotational and vibrational
energies are possible only for certain transitions because of quantized energy levels

and small quantity translational energy can be neglected. Infrared spectrum can be
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employed as a finger print for identification of material, in support of X-ray technique

for material characterization.

2.4.3 Brunauer-Emmett-Teller (BET):
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Figure 2.9: Schematic representation of the dynamic flow method [37].

BET is generally used for the analysis of specific surface area and porosity of the
materials. The specific surface area of thin film material is evaluated by the adsorption
of gas molecules on solid surface by calculating the quantity of adsorbate gas
corresponding to a monomolecular layer on the specimen surface. The quantity of gas
condense or adsorbed on the surface of solid at a constant temperature (at 77 K
temperature of the liquid nitrogen) depends on the pressure of gas. The gas is adsorbed
in the pores as well as on the surface of the specimen. The quantity of gas condensed
or adsorbed at a given pressure delivers the detail information about pore structure. In
general, the non-corrosive gases like nitrogen are utilized for BET measurement.
Specific surface area is a scale-dependent property, with no single true value of
specific surface area definable, and thus quantities of specific surface area determined
through BET theory may depend on the adsorbate molecule utilized and its adsorption
cross-section [38]. The schematic representation of the dynamic flow method
apparatus utilized for the determination of specific surface area is indicated in Figure
2.9.
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The specific surface area in the m? g offering crucial information about the

impact of particle size and surface porosity. In general, BET isotherm data collected

and plotted as adsorbed amount of N, gas concentration as a function of relative

pressure of system. Six types of adsorption isotherms are possible [38, 39].

n,4

Type | Type I Type Il

Type IV Type V Type VI

p/po

Figure 2.10: Six types of adsorption isotherms in BET study [38].

1)

2)

3)

4)

5)

Type I: When, P/Po<1 and c>1, where P/Py is a relative pressure and c is the
BET constant which is related to obtained adsorption energy of first monolayer.
The micro porous materials having pore diameter less than 2 nm illustrates
such type of isotherm as shown in Figure 2.10.

Type IlI: It occurs if ¢>1 in BET equation and most usually observed.
Monolayer formation begins at knee point and at medium pressure multilayer
formation occurs.

Type I11: A type I isotherm is possible when c<1 and directly multilayer
formation takes place, it means multilayers are not formed, and where BET is
not applicable.

Type 1V: This curve detected when capillary condensation is formed.
Monolayer formation happens at low pressure followed by multilayer produced
by increase in pressure. A material with 2 to 50 nm called mesoporous
materials expresses such type of isotherm.

Type V: It is associated to the Type Il isotherm in that the adsorbent-

adsorbate interaction is weak, but obtained with certain porous adsorbents.
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6) Type VI: In which the sharpness of the steps depends on the system and the
temperature, denotes stepwise multilayer adsorption on a uniform non-porous
surface.

The BET theory is an extension of the Langmuir theory, which is a theory for
monolayer of molecular adsorption to multilayer adsorption with the following
hypotheses:

(a) Gas molecules physically adsorb on the solid surface.

(b) There is no interaction among each adsorption layer.

(c) The Langmuir theory can be implemented to each layer.

The BET technique is commonly used in surface science for the evaluation of solids
surface areas by the physical adsorption of gas molecules. The total specific surface

area (St) as well as surface area (Sg) are analysed from the following expression;

VN

and

Sp= = (2.6)

a

Where, S, N, V;,, and a are the adsorption cross section of the adsorbing species,
Avogadro’s number, molar volume of the adsorbate gas and mass of the adsorbent,

respectively [40].

2.4.4 X-Ray photoelectron spectroscopy (XPS):

XPS also known as Electron Spectroscopy for Chemical Analysis (ESCA) is the
most widely used surface analysis technique because it can be applied to a broad range
of materials and provides valuable guantitative and chemical state information from
the surface of the material or thin film. XPS technigue is based on the photoelectric
effect and monochromatic X-rays are used as a source of photons [41]. In XPS
investigation, when X-ray beam is incident on the surface of thin film it causes
electrons to release from a top surface layer of material and these electrons are
mentioned as photoelectrons. These photoelectrons (released electrons) are essential to
decide the elemental structure, stoichiometry, quantity of an element and chemical
state present in a thin film material. The binding energy of photoelectron is calculated
by the following equation,

Epindaing = Epnoton — Ekinetics + ¢ (2.7)
Where,
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Epinaing = Binding energy of atomic orbital
Epnoton = Photon energy

Exinetics = Ejected photoelectrons of kinetic energy

¢ = Spectrometer work function

Energy

analyzer
Photon Source

N

hv

Sample

Figure 2.11: Ray diagram of XPS technique.

During the photoelectron emission, there is a probability of emission of an auger
electron. The electrons of different energy ranges are released because of different
energy levels present in different atoms. Electrons undergo far more interactions with
matter than photons, this result in extreme short path length of electrons in comparison
to photons. The peak in spectra indicates the background signal and presence of
escaped electrons occur due to absorption in material. The schematic diagram of XPS
technique is displayed in Figure 2.11. The energy, spatial and depth distribution of
specific electrons are three main basic modes of data arrangement from XPS
technique. The elemental mapping and chemical state of an element is executed by
depth distribution and spatial distribution gives the probability of electron emission.

2.4.5 Field emission-scanning electron microscopy (FE-SEM):
FE-SEM is a versatile and convenient tool for studying surface morphology of

thin and bulk samples. FE-SEM microscopy is a type of microscope which uses a
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focused beam of electrons to scan a surface of a specimen to create a high resolution
image. FE-SEM produces image that can show information of a material’s surface

topography and elemental analysis [42].

Electron Gun - w

—— Electron beam

Anode —
(accelerator)
Magnetic
lenses i
Detector
///'
7 N
—/
Specimen

; \.9

Figure 2.12: Schematic of FESEM instrument.

The resolution of the FE-SEM can approach upto a few nm. Also, it can operate
at magnifications that are simply adjusted from about 10X to 300,000X and larger
depth of field up to 100 times than that of optical microscope [43]. The ray diagram of
FE-SEM exhibited in Figure 2.12. In the FE-SEM, a source of primary electrons
(high-energy electrons) is focused (in vacuum) into a fine probe (through
electromagnetic lenses) and rastered on the surface of the specimen as exhibited in
Figure 2.13. As electrons bumbard on the surface, a number of interactions produce
that can result in the emission of electrons or photons from (or through) the surface.
This interaction includes the emission of back-scattered electrons, auger electrons,

elemental X-rays and secondary electrons as displayed in Figure 2.13.

When the electron beam hits the surface of the sample, it penetrates the sample
to a depth of few microns, depending on the density of sample and accelerating

voltage. Backscattered and secondary electrons are conventionally separate out
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according to their energies. The secondary and backscattered electrons are used for the
formation of a sample image by amplifying and transforming the signals. When a high-
energy primary electron interacts with a specimen atom, it undergoes either inelastic or
elastic scattering with the atomic nucleus. In scattering, if transferred energy is not
enough then electron cannot emit from the specimen, and when transferred energy is
higher than work function of specimen then electron emits from the specimen, surface.
Details about the specimen, such as specimen composition, surface characteristics and

topography etc. can be achieved from each signal.

Primary electrons from the source

Backscattered electron
SRCRnURIEo Cathodoluminescence

Auger electron .+ X-ray

Elastically scattered <~ ¢ ™ Inelastically scattered
electron Transmitted electron
electron

Figure 2.13: Ray diagram of the released different categories of electrons during

interaction between beam and specimen.

2.4.6 Energy dispersive X-ray spectroscopy (EDS):

EDS (also known as EDS, EDX, or EDAX) is a powerful technique that enables
the user to analyze the elemental composition or elemental analysis of a desired
sample. The major operating principle that allows EDS to function is the capacity of
high energy of electromagnetic radiation (X-rays) to eject 'core’ electrons (electrons
that are not in the outermost shell) from an atom. This principle is known as Moseley's
Law, which determine direct correlation between the frequency of light released and
atomic number of the atom. The EDS analysis works as an integrated property of FE-
SEM and cannot be operated its own without the latter.
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Figure 2.14: Principle of Energy-dispersive X-ray spectroscopy [44].

In this investigation, high energy beams of X-ray incident on the specimen to
initiate the emission of characteristics X-ray or Continuum or background X-rays. At
rest, an atom within the sample consists of ground state (or unexcited) electrons in
discrete energy. An electron from an inner shell is excited by an incident beam,
thereby removing electron from its shell and generating a hole (as shown in Figure
2.14). This hole can be occupied by an electron of a higher-energy shell. The
difference in energies of the higher- and lower- energy shells is emitted in form of X-
ray. Quantitative measurement of the energy and number of X-rays can be done with
energy-dispersive analysis of X-rays. Since, the energy of these X-rays is characteristic
feature of energy difference between two shells and atomic structure of discharging
element. Thus, this technique can be used for elemental analysis. When K shell
electrons are excited, they emit characteristic X-rays which are termed as “K Lines”
and those emitted from L and M shells are called “L Lines” and “M Lines”
respectively. If the element is heavy then its characteristics X-rays energies are also

higher, therefore incident electrons of higher energies are required.

2.5 Electrochemical characterization techniques:

The SC gained much attention in electronics and power engineering, due to its
high PD compared to the batteries and high capacitance compared to ordinary
dielectric capacitors [45]. The SCs are categorized into two groups i.e. EDLCs (charge

stored by non—faradic mechanism) and pseudocapacitors (charge stored by faradic
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mechanism). Generally, suitable porous electrodes and electrolytes are used in the SC

device. Using following equation the Cs of SC device can be calculated [46, 47].

_IxAt
ST mxAV

(For GCD) (2.8)

Where, Cs, I, 4V, m and 4t are the Cs (F g), current density (mA cm™), potential
window (V), deposited mass of material (g), and discharging time (s), respectively.

The ED and PD of SC are calculated using by following equations:
ED = %CVZ (2.9)

PD = (2.10)

E
At

Where, ED, C, V, PD and 4¢ are the ED (Wh Kg™), Cs (F g%, operating voltage (V),
PD (W kg™) and discharging time (s). The Cs and operating potential window of
electrode material must be large to get the higher values of ED and PD. Electrolyte and
active material are important to obtain wide potential window and large capacitance of
SC device. Therefore, electrochemical features of electrode are significant for
successful utilization in SC device and to know the electrochemical behavior of
prepared electrode, CV, GCD and EIS techniques are necessary and used for analysis.

2.5.1 Cyclic voltammetry (CV):

CV is a potentiodynamic electrochemical measurement technique. In CV, the
potential of the working electrode is ramped forward and backward through a
predefined range with a constant sweep rate and the corresponding current is
measured. Figure 2.15 shows a typical CV curve when the potential of the working
electrode is ramped between V1 and V2. As the potential increases, the current
increases and the anodic peak is obtained. This anodic peak is called an oxidation
peak. As the potential comes back the current decreases at a certain potential cathodic
peak is obtained which is called a reduction peak.

As the CV begins from V1 the negative ions from the electrolyte get adsorbed on
the surface of working electrode. As the potential of the working electrode increases
slowly the concentration of positive charge also increases and resultantly more and
more negative ions get adsorbed. Hence, a double layer of charge is formed on the
surface of the electrode. This is called charge storage by double layer or non-faradic
mechanism. But when the potential of the working electrode further increases, at a

potential value the current suddenly starts to increase and an anodic peak is obtained.
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Current

=
V2 Voltage

Figure 2.15: A typical cyclic voltammogram for a reversible single electrode transfer
reaction.

This positive current is due to the oxidation of the electrode material. After
reaching V2, the direction of ramping reversed from V2 to V1. In this reverse scan, the
oxidized material gets reduced and the cathodic peak is obtained. This oxidation and
reduction of material in a higher potential region are combined called a redox reaction
of a material and the charge storage through this process is called a redox or faradic

mechanism [48].

2.5.2 Galvanostatic charge-discharge (GCD):

GCD also called as a chronopotentiometry which is a prominent measurement
technique that can provide valuable information about Cs, ED and PD, capacitance,
cycle life as well as internal resistance (IR). In this technique, a constant current is
provided to working electrode and corresponding potential measured with respect to
reference electrode as a function of time. The charging-discharging are governed at
constant current until the set voltage is attained. When reverse current is applied, the
measured potential is quickly changed because of the IR drop, and after that it
gradually changes. The schematic illustration of charge-discharge curve is displays in
Figure 2.16.
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Figure 2.16: Schematic of charge-discharge curve.

The nature of charge-discharge curve and charge storage mechanism is depend
on the prepared electrode. Symmetric linear nature of charge-discharge curve indicates
the EDL mechanism and asymmetric non-linear nature indicates pseudocapacitive

mechanism used for charge storage in electrodes [49].

2.5.3 Electrochemical impedance spectroscopy (EIS):

In EIS technique, response of current and electrochemical impedance is
measured by providing AC signal of potential in wide range of frequencies (from mHz
to MHz) to a electrochemical cell. EIS technique is beneficial to obtain information
about the resistance of electrode-electrolyte interface and charge transfer process [50].
Impedance is nothing but the AC resistance of the cell, which contains imaginary and
real parts. The electrochemical cell consists of resistive, capacitive and inductive
properties. Resistive properties determined in the real part, while capacitive and
inductive properties obtained in the imaginary part of impedance Z’ vs Z’’ plots called
Nyquist plot [51]. Figure 2.17 displays a typical Nyquist plot obtained from EIS
analysis. Where Z’ and Z” indicate the real and imaginary parts of EIS, respectively.
The intercept of Nyquist plot to the X-axis (i.e. real part) in the higher frequency
region denote the solution resistance (Rs). While the intercept of semicircle in the
higher frequency region denote the sum of Rg, and charge transfer resistance (Rc).

After semicircle at initial curve the straight line at low frequency indicates the
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Warburg constant. In this study, EIS is measured with a nominal root-mean-square
amplitude potential (Vms) of 10 mV.

Z'/a

Kinetically controlled
region
R,

Diffusionally
controlled
region

Z/0

Increasing w

Figure 2.17: A typical Nyquist plot obtained from EIS [52].

The EIS technique is significant because it estimates the frequency independent
and dependent parts of the Nyquist plot individually. If the input signals of a sinusoidal
voltage V(,,y = Vpsinwt and [,y = lpsin(wt + @) be its output response, then the

impedance of the electrode material is given by,

= Y@ _ _Vosinwt

(w) — I(w) T Ipsin(wt+®) (2.11)
_ g _sinwt)

Z(w) = Zo sin(wt+®) (2.12)

The impedance is expressed in terms of magnitude, (Z,) and phase shift (¢).

In order to forecast the performance of a SCs dependent on operating conditions
and load, simulations based on an equivalent circuit model are broadly used [53]. The
generalized method to recognise equivalent circuit models is presented in Figure 2.18.
Initially the parameters of the model have to be assessed. Thus impedance spectra
acquired by the equivalent circuit are fitted to experimental data via numerical
optimization. After that the assessed parameters are executed into a cell model.
Finally, the model is authenticated by evaluation to experimental data.
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Raw data from impedance measurements

.

Import of data into optimization software

=

Fit of measured data against equivalent circuit

-

Storage of estimated parameters

-

Implementation of parameters into equivalent circuit model

-

Approximation of complex EC-elements by basic ones

-

Validation of model against drive cycles

2

Comparison and evaluation of modelling approaches

Figure 2.18: Approach of system identification for an equivalent circuit model [53].
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Chapter 3

3.1 Introduction:

Developed energy storage and energy conversion devices have been actively
implemented in the background of rapid growth of energy demand and insufficient of
fossil fuel resources [1]. Amongst the different ESDs, SCs are the best option for clean
and green ESD [2]. The attractive characteristics of SCs are their better cycling
performance, high PD, quick charging and discharging rate. These fantastic
characteristics of SC motivate its usage in different applications, either single or into
combined [3]. SCs are currently employed in consumer electronics, aircrafts, electric
vehicles, smart grids and hybrid vehicles [4-7]. Depending on the mechanism of
charge storage, SCs are generally divided into two types such as, EDLCs and
pseudocapacitors.

TMPs demonstrated good electrochemical performances in various applications
[8] such as lithium-ion batteries [9], electrocatalysis [10], photocatalysis [11] and SCs
[12]. The outstanding performance of metal phosphates would be associated their
metallic property like excellent electrical conductivity, which performs high PD and
fast electron transport [13, 14]. As a result of various TMPs based on Ni, Cu, Fe, Co,
etc. was reported as earth-abundant electroactive materials [15]. Motivated by research
interests in the synergistic impact of binary TMPs for SC application, nickel copper
phosphate thin films are deposited directly (binder-free approach) on SS substrate at
various concentrations of nickel and copper using hydrothermal method. Further, the
influence of nickel and copper concentrations on physico-chemical properties of nickel
copper phosphate thin films is examined. This chapter is divided into two sections
(section A and B). Section ‘A’ deals with the synthesis of nickel copper phosphate thin
films by hydrothermal method and their morphological and structural characterization.
Section ‘B’ is associated with the SC performance analysis of nickel copper phosphate

thin film electrodes.

SECTION - A
Hydrothermal synthesis and characterization of nickel copper phosphate thin

films

3.2.A.1 Introduction:
For the large scale commercialization of SCs electrode material must have high
electrochemical performance (high PD and ED), long durability, and low cost. From

these points of view, the Ni-Cu based compound are prepared by simple, additive-free,
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scalable, binder-less, low temperature, low cost, and eco-friendly hydrothermal
method. Some successful works have been done to prepare nickel copper phosphide by
hydrothermal method [16]. The hydrothermal is a most convenient method to prepare
large scale thin films with environmental friendly nature and low cost. A hydrothermal
method is broadly utilized to prepare functional nano/micro materials with certain sizes
and shapes. The predicted micro/nanostructured thin films can be simply achieved by
controlling the growth and rate of reaction through hydrothermal method. According to
the literature survey, analyse on the development of nickel copper phosphate material
by a hydrothermal method for energy-relevant SC applications is scarcely examined.
So, there is opportunity to analyse the performance of a novel nickel copper phosphate
electrode for SC application. This chapter is about the characterization of nickel copper
phosphate thin film electrodes synthesized by hydrothermal method with changing

concentrations of nickel and copper.

3.2.A.2 Experimental details:
3.2.A.2.1 Substrate:

The deposition substrate properties play a vital role in the construction of
flexible SC electrodes. The mechanical strength and flexibility of SCs electrode are
based upon the substrate material. Several substrates such as carbon-based paper,
flexible metal substrates, conventional paper, graphene sponges, textiles, cables, Ti
foil, carbon cloth, SS, NF, etc. act as a conductive backbone to assist active materials
[17]. Till now cost-effective and, eco-friendly, flexible substrates are employed for the
fabrication of flexible devices. It is known that the high surface area, mechanical
flexibility, high porosity and good conductivity of support substrates help to improve
the performance of SCs.

The carbon based substrates provide high capacitance and offer high surface area
but synthesizing methods for material preparation are expensive and sluggish, also
they have low conductivity. The CPs are light weight and highly flexible but they
suffer from low surface area and conductivity. The textiles substrate used for bendable,
wearable and flexible device purposes, but they have naturally low capacitance and it
is main restriction in the practical application [18]. The cable natured substrates caught
major attraction because of their adaptability of shapes, but they limit in practical

application due to low ED, high processing and preparation cost [17].
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In present work, flexible SS is used as a current collector for the direct growth of
metal phosphate. The material is directly grown on SS conductive substrate without
using any polymer binder (binder-free). The direct (in-situ) growth of active materials
on conductive current collector has been regarded as an effective route to improve the
interfacial contact than the conventional binder enriched coating technique. Also, the
SS substrate is stable in acidic and basic conditions than the other metallic substrates.
Moreover, the lightweight and flexible nature of SS substrate is prominent features for
the construction of flexible SCs. The efficient electrochemical performance may be
delivered due to direct electrical contact between active material and substrate [18].
Earlier reports have displayed that, the enhanced morphology and structure of active
materials with good adhesion on the current collector assist the charge transfer process
more efficiently [19-21].

3.2.A.2.2 Substrate cleaning:

To deposit adherent, contaminant free, pinhole free and uniform thin films, the
substrate surface plays a crucial role during deposition. The heterogeneous growth of
material in chemical deposition methods initiates from nucleation sites delivered by
substrate. A substrate with a contamination is responsible for the uncontrolled growth
and results into non-uniform thin film. The SS substrates for thin film deposition of
nickel copper phosphate were cleaned employing following steps;

Step 1: The SS substrate was wiped out with acetone to eliminate the dirt.

Step 2: The SS substrate was mirror polished by applying zero grade polish paper.

Step 3: The substrate was washed with detergent and DDW.

Step 4: Finally, the substrate was ultrasonically cleaned in DDW for 15 minutes and

dried at ambient condition, and further utilized for deposition.

3.2.A.2.3 Chemicals:

Analytical grade nickel sulphate (NiSO4.6H,0), copper sulphate (CuSQO,4.5H,0),
potassium dihydrogen orthophosphate (KH,PO,;) and urea (NH,CONH;) were
purchased from Sigma Aldrich and used as received without any purification. SS
substrates with thickness of 0.5 mm (purchased from a local dealer) were used for film

deposition. The DDW was used as solvent during the experiment.

3.2.A.2.4 Synthesis of nickel copper phosphate thin films:
In the Ni-Cu phosphate material synthesis NiSO4.6H,0, CuS0O,.5H,0 and

KH,PO, were used as a source of Ni, Cu and phosphate, respectively. For the
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controlled reaction procedure, urea is added and it acts as a hydrolyzing agent in the
synthesis. NiSO,4.6H,0 (0.0333M), CuSO,4.5H,0 (0.0333M) and KH,PO, (0.0667M)
sources were dissolved in 50 ml of DDW with hydrolyzing agent (0.075M),
consecutively. The above mixture was stirred vigorously till preparation of
homogenous solution, then it was utilized for further Ni-Cu phosphate. The effect of
variation in Ni and Cu content examined via varying the ratio between them. Herein,
the molar ratio of Ni and Cu varied as 0.0333:0 (1:0), 0.0249:0.0083 (0.75:0.25),
0.0166:0.0166 (0.50:0.50), 0.0083:0.0249 (0.25:0.75) and 0:0.0333 (0:1) M, and
named as H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4, and H-NCP-5, respectively.

& W :; W

60 min

388K

NiSO,.6H,0+CuS0,.5H,0+ Hydrothermal
CO(NH,), autoclave

0 Gt L i 0
-9 -9 -9 -9 -9
Q QO Q Q Q
e ] & e
= = o= o= o=
|
-
Photograph of prepared
samples

Figure 3.1: Schematic presentation of nickel copper phosphate thin films preparation
by hydrothermal method at different nickel and copper molar ratio.

In prepared solution baths with different Ni and Cu molar ratio (intimated
above), well cleaned SS substrates were dipped vertically. After dipping the substrate,
the solution baths put into a hydrothermal autoclave and kept at a constant 388 K
temperature for 60 min. The schematic representation of thin film preparation by
hydrothermal method is displayed in Figure 3.1. After continuous 60 min heating, the

reaction bath was removed from hydrothermal autoclave and deposited substrate taken
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out from solution. The substrates with deposited material rinsed several times in DDW
for removal of loosely bonded particles from the surface and dried at ambient
conditions. The prepared thin film electrodes of nickel copper phosphate on SS

substrates were directly employed for different characterization.

3.2.A.2.5 Materials characterization:

The structural characterization of the Ni-Cu phosphate thin films were examined
by XRD from Rigaku miniflex-600 with Cu Ka (A = 0.15406 nm) in the 26 range of
10-80°. The FT-IR spectra were recorded by an FT-IR 4600 type-A instrument using a
KBr pellet at ambient temperature for the detection of functional groups. The XPS (K-
alpha XPS System, Thermo Fisher Scientific, U.K.) was analyzed for identifying
oxidation states and chemical composition of Ni-Cu phosphate thin film. The surface
area and porosity were measured from BET analysis using (Belsorp Il mini)
instrument. The FE-SEM (JSM-6500F, JEOL) was utilized to examine surface
morphology of prepared material and EDS (Oxford, X-max) was used to observe
elemental analysis. All electrochemical activities were evaluated by using ZIVE MP1

multichannel electrochemical workstation.

3.2.A.3 Results and discussion:
3.2.A.3.1 Film formation and reaction mechanism:

Hydrothermal synthesis mainly depends on the controlled precipitation through
direct heating under enclosed system and the development of solid phase during the
conversion of supersaturated state to the saturated state of a solution [22]. The film
formation process contributes two significant steps, initial one is nucleation monitored
by the crystal growing process. In film formation procedure, nucleation on substrate
surface performed and promotes growth of nucleation sites [23]. The deposition of
nickel copper phosphate thin films are executed for different molar ratios (H-NCP-1,
H-NCP-2, H-NCP-3, H-NCP-4 and H-NCP-5) of nickel and copper via a
hydrothermal method. Nickel sulphate, copper sulphate and potassium dihydrogen
phosphate are utilized as precursors of nickel, copper and phosphate. In this process,
urea is utilized as a hydrolyzing agent when the reaction bath is heated at 363 K
temperature. Then urea decomposes delicately producing CO, and NHj3 as [24, 25].
CO(NH,), + 3H,0 — 2NH;} + CO, T +20H" (3.1)

According to the equation (3.1), released NH;* ions represent as a complexing

agent in the bath, and Ni?* and Cu?* ions in solution complexed as Ni(NH;)?** of
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Cu(NH)?* (equation 3.2). This complex gradually releases Ni**/Cu®* ions and which
inhibits fast nucleation, control the reaction rate and subsequent homogeneous
nucleation in the solution.

NiS0,.6H,0 + CuS0,.5H,0 + 2NH,0H - [Ni(NH3)]** + [Cu(NH5)]?* + 13H,0 + 2502~ (3.2)

On the other hand, phosphate decomposes as follows,
KH,PO, » K*+H,PO; (3.3

Finally, Ni*/Cu** ions from nickel/copper complex and H,PO; ions from
phosphate precursor react with each other and produces Ni,Cus_,(P0O,), material in
thin film form, as per the following reaction,
x[Ni(NH;)]?* + (3 — x)[Cu(NH3)]** + 2H,PO; - Ni,Cus_,(PO,), + 3NH; T +2H, 1 (3.4)

Reaction temperature (388 K) and reaction time (1 h) are optimized for the
uniform deposition of material on SS substrate. Before 1 h deposition time, the film

was not uniform.
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Figure. 3.2: Deposited mass of nickel copper phosphate thin film for different
compositions (H-NCP-1 to H-NCP-5).

The mass of deposited nickel copper phosphate material on SS substrate with
different nickel:copper compositions is analysed by weight difference method (Figure
3.2). For samples H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4, and H-NCP-5, the
deposited weights are 0.65, 0.67, 0.70, 0.68, and 0.72 mg cm™, respectively. The
growth rate of materials is different due to combination of transition metals (Ni and

Cu) which may impact the terminal thickness of thin films.
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3.2.A.3.2 XRD study:

The XRD patterns of nickel copper phosphate (H-NCP-1 to H-NCP-5) electrodes
synthesized by hydrothermal method at various concentration ratios of Ni and Cu are
illustrated in Figure 3.3. The H-NCP-1 and H-NCP-5 are pristine nickel phosphate and
copper phosphate samples, respectively. The XRD pattern of H-NCP-1 (indicated as
“e” in Figure 3.3) matches with the JCPDS card no. 033-0951 and confirms the
formation of Ni3(PO4),.8H20. In H-NCP-1 XRD pattern, diffraction peaks at angles of
11.54, 13.60, 18.64, 20.93, 22.38, 23.63, 28.42, 30.76, 33.63, 36.19, 39.60, 41.47,
42.10 and 55.80° are ascribed tothe (11 0),(020),(200),(011),(130),(101), (0
31),(B301),(321),(141),(110),(251), (220), and (0 8 0) crystal planes.
Similarly, the XRD pattern of H-NCP-5 (indicated as “ A” in Figure 3.3) matches with
JCPDS card no. 01-070-0494 and confirms the formation of Cuz(PO,),. In H-NCP-5,
diffraction peaks at an angle of 15.32, 18.84, 24.06, 30.88, 34.27, 35.25, 37.34, 50.62,
58.32 and 64.11° corresponds to the (00 1), (01 0), (101),(012),(121),(102),(2
10),(211),(232)and (32 1) crystal planes of copper phosphate.

The peaks marked with an asterisk (*) are ascribed to the SS substrate. It can be
noticed that, the diffraction peaks relate to nickel phosphate are more prominent in H-
NCP-1 and H-NCP-2 than others, where nickel concentration is higher than copper in
nickel copper phosphate films. In addition, peaks related to copper phosphate are more
dominant than nickel phosphate for sample H-NCP-3 to H-NCP-5, since copper
concentration is higher. Detected peaks and crystal planes represent the creation of
monoclinic crystal structure of nickel phosphate and copper phosphate in H-NCP
series thin films. So, it confirms the formation of nickel copper phosphate material.
The creation of sharp diffraction peaks in the patterns implies that, nickel copper
phosphate is highly crystalline. Moreover, good crystallinity of nickel copper
phosphate may favourable for enhancing the electrochemical performance by

providing excellent electrochemical conductivity [6].
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Figure 3.3: XRD patterns of nickel copper phosphate (H-NCP series) thin films.

3.2.A.3.3 FT-IR study:

FT-IR spectroscopic investigation was performed to examine the functional
groups and molecular chemical bonds present in the synthesized H-NCP thin films.
Figure 3.4 reveals the characteristic peak at 559 cm™ due to metal-oxygen bonding of
Ni-O in H-NCP-1 sample [26] and peak at 620 cm™ reveals Cu-O bonding in H-NCP-5
thin film [27]. The peak at 620 cm™ relates to the stretching vibration mode of
phosphate molecules (P-O-P) [28]. The vibrational bands of PO,> anion are noticed
around wavenumbers of 750 cm™ [29, 30]. The absorption peaks at 1003 and 1049 cm’
! are attributed to P-O symmetric stretching vibration, and 1134 cm™ is antisymmetric
stretching of PO,> group [31-33]. The absorption peak of 1361 cm™ reveals bending
mode of H-O-P bond [34]. The peak of 1593 to 1698 cm™ illustrates H-O-H bending
vibration of structural water form H-NCP series samples. Also, the broad band from
3004 to 3387 cm™ represent the adsorbed water content in the synthesized material
[35, 36]. The prepared samples denote almost similar range of peaks which confirms

occurrence of similar chemical bonding in the samples. The FT-IR result confirms
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presence of structural water and phosphate content in the prepared samples. The FT-IR
investigation indicates successful synthesis of the hydrous nickel copper phosphate

thin films.

H-NCP-2
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Figure 3.4: FTIR spectra of nickel copper phosphate (H-CMP series) thin films.

3.2.A.3.4 BET study:

The N, adsorption-desorption experiments were executed for the analysis of
specific surface area and pore characteristics of H-NCP series samples (at 77 K
temperature of the liquid nitrogen) and depicted in Figure 3.5 (a-f). The detected
isotherms of sample H-NCP-1 (a), H-NCP-2 (b), H-NCP-4 (d) and H-NCP-5 (f) reveal
a type Il isotherm with H3 type hysteresis loop, and sample H-NCP-3 (C) reveals IV
isotherm with H2 type hysteresis loop of physisorption, according to distribution of
International Union of Pure and Applied Chemistry (IUPAC) [37]. The type llI
isotherm represents most likely macroporous structural of material, and a lower energy
of adsorption and type IV isotherm indicates characteristic property of mesoporous
material [38]. A typical H3 type hysteresis loop of H-NCP-1, H-NCP-2, H-NCP-4 and
H-NCP-5 samples represent plate-like particles generating slit-shaped pores, and H2

type hysteresis loop of H-NCP-3 (c) sample represents well ordered pores with narrow
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as well as wide portions due to interconnecting channels [39, 38]. According to the

determination of BET equation, the surface areas were calculated as 16.74, 25.66,
83.74, 24.25 and 19.41 m? g for samples (a) H-NCP-1, (b) H-NCP-2, (c) H-NCP-3,
(d) H-NCP-4 and (e) H-NCP-5, respectively.
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Figure 3.5: Nitrogen adsorption-desorption isotherm of samples (a) H-NCP-1, (b) H-
NCP-2, (c) H-NCP-3, (d) H-NCP-4 and (e) H-NCP-5.
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The BET results reveal that, electrode with optimum composition (50:50)
exhibits high surface area of 83.74 m? g™. The obtained high surface area assists more
active sites for electrochemical interactions with electrolyte ions and it is convenient
for energy storage application. The distribution of pore size of H-NCP series samples
is exhibited in Figure. 3.6. An average pore diameter of 26.83, 23.79, 8.90, 24.03 and
20.76 nm for samples H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4 and H-NCP-5,
respectively. This macroporosity and higher surface area of the electrodes could be

beneficial for high electrochemical capacitive performance.
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Figure 3.6: Pore size distribution curves of samples (a) H-NCP-1, (b) H-NCP-2, (c) H-
NCP-3, (d) H-NCP-4 and (e) H-NCP-5.

3.2.A.3.5 XPS study:
The chemical environment and composition of the elements are analysed by
employing XPS analysis. The survey spectrum of XPS for sample H-NCP-3 (Figure
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3.7 (a)) displays presence of nickel, copper, phosphorous and oxygen elements. The
Ni2p XPS spectrum in Figure 3.7 (b) exhibits two peaks at binding energies of 874.6
and 856.90 eV corresponding to Ni2py, and Ni2psp, respectively which are
characteristic to Ni®* states with satellite peaks at 861.7 and 879.9 eV [40, 41].
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Figure 3.7: (a) Survey, (b) Ni2p, (c) Cu2p, (d) P2p and (e) O1s XPS spectra of sample
H-NCP-3.
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For the XPS spectrum of Cu2p region (Figure 3.7 (c)), the peak at 935.0 eV
binding energy corresponds to Cu2ps;,; along with satellite peak at 941.9 eV binding
energy, indicating the presence of Cu® [42]. Similarly, the intense peak at 955.1 eV
binding energy implies Cu2p;; and the satellite peak at 963.3 eV reveal Cu?* oxidation
state [16]. The P2p spectrum reveals a peak at a binding energy of 133.5 eV is due to
2P3, state represent P-O bonding (Figure 3.7 (d)), and confirms pentavalent state of
phosphorous (PO,*) [43, 44]. Figure 3.7 (e) displays the core level spectrum of Ols
with fitted peaks at 533.5 and 531.9 eVs which could be attributed to O1s in P-O/Ni-O
and O-H compounds [45].

3.2.A.3.6 FE-SEM study:

The change in microstructure of nickel copper phosphate thin film electrodes is
visualized by FE-SEM images due to the ratio variation in synthesis process. The SEM
micrographs of nickel copper phosphate thin film electrodes at two different
magnifications (X500 and X2000) are depicted in Figure 3.8 (al-e2). The FE-SEM
images of H-NCP-1 for pristine nickel phosphate displayed in Figure 3.8 (al, a2),
indicates microplates like architecture consisting of irregularly shapes with average
length of 12.23 pum and average thickness of about 1.43 pm. The FE-SEM images of
H-NCP-2 electrode are shown in Figure 3.8 (b1, b2), the increased concentration of
copper in H-NCP-2 thin film changes from dense microplates like network to
microflower with interconnected microflakes. It is observed that, the microflakes are
interconnected with each other and microflowers are over grown on the surface of
interconnected microflakes. Also, reveals a microsheets having an average thickness of
0.67 um. Further increase in the content of copper for H-NCP-3 thin film sample
shows the microflakes like morphology with some individually overgrown microrods
as displayed in Figure 3.8 (c1, c2). Also, these microflakes are connected to each other
forming into interconnected networks. The average thickness of nanoflakes is 0.50 um
and an average length of microrod is 6.47 pm. The nanoflakes network of H-NCP-3
can give abundant space for diffusion of electrolyte ions, which is highly desirable for
SC electrodes [46]. Similarly, the H-NCP-4 thin film (Figure 3.8 (d1, d2)) shows a
microrod -like structure with an average thickness of 6.59 pm over microflakes. FE-
SEM images of H-CMP-5 for pristine copper phosphate exhibited in Figure 3.8 (el,
e2) represents the sample consists of uneven structured microrods with an average

length of 12.11 um. H-CMP series thin films surface morphologies with microplates
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Figure 3.8: FE-SEM micrographs of nickel copper phosphate electrodes: (al, a2) H-
NCP-1, (b1, b2) H-NCP-2, (c1, ¢2) H-NCP-3, (d1, d2) H-NCP-4, and (el, e2) H-NCP-
5 at two magnifications (X500 and X2000).
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to microrod like structure may assists largely for easy accessibility of active sites in
faradic reactions to deliver high capacitive performance. Such a microplates to
microrods like morphology can allow faster charge transport and rapid ion accessibility

during an electrochemical reaction [47].

3.2.A.3.7 EDS study:

Element Weight Atomic
% %
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PK 0.31 10.38
Ni K 0.75 13.15
0

Element Weight Atomic
% %
OK 0.44 64.50
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% %
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Figure 3.9: EDS spectra of nickel copper phosphate electrodes: (a) H-NCP-1, (b) H-
NCP-2, (c) H-NCP-3, (d) H-NCP-4, and (e) H-NCP-5.

The chemical composition of Ni:Cu phosphate samples was investigated by EDS

analysis and displayed in Figure 3.9 (a-e). The H-NCP-1 sample exhibits nickel,
phosphorous and oxygen elements, and confirms formation of nickel phosphate.

Similarly, the H-NCP-5 sample exhibits copper, phosphorous and oxygen elements
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and confirms formation of copper phosphate material. The other samples (H-NCP-1 to
H-NCP-5) exhibit nickel, copper, phosphorous and oxygen elements in the EDS
analysis without any other impurity, which confirm successful preparation of nickel
copper phosphate material in thin film form. The observed Ni:Cu atomic ratios of H-
NCP-1 to H-NCP-5 electrodes along with experimental chemical compositions are
provided in Table 3.2.

Table 3.2: Experimental and observed Ni and Cu atomic ratio with an obtained phase
of H-CMP-series thin films.

Sample name  Experimental Observed Obtained phase
ratio (Ni:Cu) ratio
(Ni:Cu)

H-NCP-1 1.0 1:0 Ni3(POy)2-H20
H-NCP-2 0.75:0.25 0.70:0.30 Niz,loCUo,go(POA,)z'HzO
H-NCP-3 0.50:0.50 0.54:0.45 Ni 62CuUy 35(PO4)2-H,0
H-NCP-4 0.25:0.75 0.29:0.71 Nio.g7CU2.13(PO4)2-H20
H-NCP-5 0:1 0:1 CU3(PO4)2'H20

3.2.A.4 Conclusions:

In conclusion, nickel copper phosphate thin films were directly deposited on SS
substrate using a facile hydrothermal method at 388 K for 60 min. The XRD study
confirmed, monoclinic crystal structure and FTIR exhibited the hydrous nature of
nickel copper phosphate thin films. Also, XPS results confirmed that the obtained
material is a nickel copper phosphate compound in thin film form. H-NCP series thin
films illustrate different morphologies from microplates to microds and they
significantly enhanced electrochemical performance. Furthermore, EDS confirmed
that the chemical composition of nickel copper phosphate varies from H-NCP-1 to H-
NCP-5. The overall result complements each other and confirms that the obtained

material is hydrous nickel copper phosphate in thin film form.
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SECTION - B
Supercapacitive performance evaluation of nickel copper phosphate thin films

3.2.B.1 Introduction:

In this section, hydrothermally synthesized nickel copper phosphate thin films

are employed as SC electrodes for electrochemical capacitive testing. The
concentration effect of nickel and copper on the electrochemical performance of nickel
copper phosphate thin films is analyzed in conventional three-electrode system by
various electrochemical measurements such as CV, GCD, cyclic stability, and EIS.
3.2.B.2 Experimental configuration for electrochemical performance
measurements:
The conventional three electrode system is utilized for electrochemical measurements
of nickel copper phosphate thin film electrodes in 1 M KOH electrolyte solution. For
the three electrode system, nickel copper phosphate thin films were employed as a
working electrode, platinum sheet as a counter electrode and Hg/HgO as a reference
electrode. The 1 cm? area of working electrode was immersed in the electrolyte for
precise electrochemical measurement. The arrangement of the experiment for the
electrochemical performance evaluation is displayed in Figure 3.10. The
electrochemical studies are executed using the ZIVE MP1 workstation. The CV is
considered a favourable technique for the evaluation of redox involved and potentials
electron-transfer redox reactions. The GCD technique is employed to evaluate the
capacitive retention of electrode material in terms of Cs (equation 2.8), ED (equation
2.9), and PD (equation 2.10) of the electrode.

Reference 1» \
Electrode i Electrode
Hg/Hgo ‘

Counter
Electrode

Figure 3.10: Photographs of (a) Three electrode system and, (b) experimental set up

consisting of an electrochemical workstation.
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3.2.B.3 Results and discussion:
3.2.B.3.1 CV study:
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Figure 3.11: (a) The comparative CV curves of H-NCP series electrodes at 20 mV s™
scan rate, the CV curves at different scan rates from 2-20 mV s™ for (b) H-NCP-1, (c)

H-NCP-2, (d) H-NCP-3, () H-NCP-4 and (f) H-NCP-5 electrodes.
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The morphology altered caused by molar ratio variation of nickel and copper in
nickel copper phosphate material and its effect on supercapacitive performance was
examined in electrochemical cell of three electrode system. Figure 3.11 shows CV
curves of H-NCP series electrodes in the optimized potential window of 0 to 0.6 V (vs
Hg/HgO). The comparative CV curves of H-NCP series electrodes at 20 mV s™ scan
rate are revealed in Figure 3.11. The area under CV curve of H-NCP-3 electrode is
higher than nickel phosphate (H-NCP-1), copper phosphate (H-NCP-5) and other
nickel copper phosphate electrodes. Combined microstructure of microflakes and
microsheets reveal higher area under the curve than single microplates and microrods
like structure due to large number of electrochemical active cites.

The CV curves of H-NCP series electrodes at various scan rates from 2-20 mV s’
! are displaced in Figure 3.11 (b-f). The nickel phosphate electrode (H-NCP-1) and
copper phosphate electrodes (H-NCP-5) show well-established redox peaks (Figure
3.11 (b and f)) confirm pseudocapacitive nature of material. Increasing copper content
affects the morphology that ultimately influence on the electrochemical performance in
terms of area under CV curves. The changing of CV nature from nickel phosphate to
copper phosphate electrode (H-NCP-1 to H-NCP-5) is very clearly noticed in the
Figure 3.11 from (b) to (f). Area under the curve increases for each sample (Figure
3.11) with increasing scan rates from 2-20 mV s™, which exhibits the voltammetric
current is directly proportional to the scan rate. At lower scan rate, due to more time
for the diffusion process, electrolytic ions get accessibility to it works in inner surface
of the material which increases the utilization of electrode material and at the higher
scan rate, only the outer surface of material is utilized for the storage of electrolytic
ions. The charge storage kinetics from CV curves of prepared nickel copper phosphate
thin film electrodes were examined by using power’s law. The scan rate dependent CV

current represented by the powers law using the following equation.
i, = av® (3.5)

Where, i, denotes peak current, a and b are adjustable parameters, v is scan rate, while
b has determined values. For H-NCP series electrode, graph of log (i) vs log (v) plotted

in Figure 3.12 and calculated their b values from slope of graph.
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Figure 3.12: Plots of log (current density, A g™) versus log (scan rate, mV s*) for
electrodes (a) H-NCP-1, (b) H-NCP-2, (c) H-NCP-3, (d) H-NCP-4, and (e) H-NCP-5.

The basic conditions for the b value is, when it is 0.5 then the faradic
electrochemical process and if it is 1 then the electrochemical process is capacitive
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[48]. The prepared H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4, and H-NCP-5 electrodes
exhibit b values of 0.52, 0.50, 0.53, 0.51, and 0.76, respectively. The values of b for H-
NCP series electrodes ranging from 0.5 to 1 illustrate both (diffusive and capacitive)
processes are responsible for charge storage. To identify the individual contribution of
surface pseudo-capacitive and battery process modified Power’s law can be used as
expressed in following equation.

I, - Csv + Cyv'/? (3.6)

Where, I, represent peak current density, v is the scan rate, and C;v and C,v'/?
illustrate current contribution from surface pseudo-capacitive (lsurface) and bulk process
(lbu) [49]. The contribution of current density from the surface pseudo-capacitive
(lsurface) @and battery-like (lpui) process for nickel copper phosphate thin film electrodes
at various scan rates 2-20 mV s™ are expressed in Figure 3.13 (a-e). It observed that,
with increasing scan rate the contribution from pseudocapacitive surface process
increases, which concluded that capacitive process is dominant at high scan rate and
diffusive process is dominant at low scan rate and so, the active material shows battery
like nature at low scan rate and more capacitive nature at high scan rates. The H-NCP-
5 electrode (copper phosphate) shows highest capacitive contribution (24%) than the
other samples at scan rate of 2 mV s™*. Conversely, the nickel phosphate electrode (H-
NCP-1) shows ~10% capacitive current contribution in total current at scan rate of 2
mV s™. The H-NCP-3 electrode shows moderate capacitive current contribution of
~13% and other sample reveals different values of current contribution owing to

different chemical compositions (nickel and copper) and morphology.
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3.2.B.3.2 GCD study:
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Figure 3.14: (a) Comparative GCD curves of H-NCP series electrodes at 1.5 A g™
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NCP-1, (c) H-NCP-2, (d) H-NCP-3, (e) H-NCP-4 and (f) H-NCP-5 electrodes.
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The electrochemical capacitive performance of H-NCP-series electrodes was
investigated by the GCD technique. The GCD curves of H-NCP-series electrodes at
different current densities in the optimized potential of 0.0 to 0.5 V (vs Hg/HgO) are
displayed in Figure 3.14. Comparative GCD curves of H-NCP series electrodes at 1.5
A g current density are exhibited in Figure 3.14 (a). The nickel phosphate (H-NCP-
1) and copper phosphate (H-NCP-5) electrodes show distinct nature of charge-
discharge curve as shown in Figure 3.14 (b-f). The non-linear (quasi-triangular)
profile of the charge and discharge curves reveals the intercalation pseudocapacitive

nature of nickel copper phosphate thin films [50, 51].
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Figure 3.15: C, of H-NCP series thin films at various current densities (1.5-6.0 A g™).

The Cs calculated from GCD curves for H-NCP series electrodes using the
equation 2.8 are plotted in Figure 3.15. The H-NCP-3 electrode with optimum Ni:Cu
ratio shows high discharging time and reveal higher Cs than other electrodes. The H-
NCP-3 electrode shows maximum Cs of 711 F g™ at 1.5 A g™ current density and it
decreases up to 672 F g™ at 6 A g™ current density confirms good capacitive retention
even at high current density. Similarly, the H-NCP-1, H-NCP-2, H-NCP-4 and H-
NCP-5 thin film electrodes show maximum Cs of 159, 672, 555 and 185 F g'l,
respectively at 1.5 A g™ current density. It indicated that, at high current density Cs
value decreases due to fast charging-discharging rate. Conversely, at lower current
density maximum utilization of active material is feasible due to more penetration time
for electrolyte ions in the interior surface of the material which contributes in the high

capacitance [52]. The better electrochemical capacitive performance of H-NCP-3
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electrode is originated from synergistic effect of nickel and copper species (50:50
ratio) and high surface area offered by nanoflakes-like morphology.

3.2.B.3.3 EIS study:
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Figure 3.16: (a) The Nyquist plots of H-NCP series electrodes (H-NCP-1 to H-NCP-
5) and (b) the fitted equivalent circuit for the EIS data.

The measured electrochemical impedance quantitatively examine the
electrochemical characteristics of thin film electrodes and electrolytes. The EIS study
was conducted in the range of 100 kHz to 100 MHz with amplitude of 10 mV at open
circuit potential. The Nyquist plots of H-NCP series electrodes are presented in Figure
3.16 (a). Typically, all Nyquist plots display two different portions: the semi-circle in
high-frequency portion indicates Rs and R, the middle frequency portion associated
with diffusion-controlled process denoted by Warburg element (W), and the low-
frequency (straight line) portion indicates the capacitive behaviour [53, 54].

An equivalent circuit is shown in Figure 3.16 (b) and the fitted parameters of
equivalent circuit are provided in Table 3.3. The Rs and R interface resistance with
constant phase element (CPE) exhibit general imperfect capacitor (whenn=1and Q =
C) ascribed to semi-infinite diffusion charges [55]. The R values for H-NCP-1, H-
NCP-2, H-NCP-3, H-NCP-4 and H-NCP-5 electrodes are found to be 0.81, 0.98, 0.59,
0.68, and 0.90 Q, respectively, and the R values are 1.73, 5.33, 2.30, 12.8, and 3.50
Q, respectively. The smaller values of Rs and R¢; for H-NCP series thin films indicate a
good attachment of active material with SS substrate act as current collector and the
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spontaneous electrochemical reaction among the electrolyte and active electrode

material. Also, it is revealed good ionic conductivity of electrolyte and very low IR

value of material which lead to a high capacitance of H-NCP-3 electrode.

Table 3.3: Electrochemical impedance spectroscopic fitted circuit parameters.

Sample name Rs (Q) Ret (Q) CPE (mF) n W (Q)
H-NCP-1 0.81 1.73 0.19 1.0 0.15
H-NCP-2 0.98 5.33 0.32 0.93 0.40
H-NCP-3 0.59 1.60 0.39 0.61 0.49
H-NCP-4 0.68 2.80 0.67 0.62 0.48
H-NCP-5 0.90 3.50 0.78 0.74 0.45

3.2.B.3.4 Stability study:
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Figure 3.17: The plot of capacitive retention of H-NCP-3 electrode at 11.5 A g*

current density for 4000 cycles (inset: GCD curves of (A) initial and (B) final 5

cycles).
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Electrochemical cycling stability is essential parameter for the SC application.
The electrochemical stability of H-NCP-3 electrode was tested for 4000 GCD cycles at
11.5 A g* current density as exhibited in Figure 3.17. The H-NCP-3 electrode exhibits
88.5% capacitive retention after 4000 GCD cycles. The GCD curves of initial 5 cycles
and final 5 cycles are presented as inset of Figure 3.17 as (A) and (B), respectively.
The decrement in charge-discharge time is observed in initial and final GCD cycles
(inset Figure 3.17). Such, decrease in capacitance after 4000 cycle is observed due to
the loss of active material by the dissolution or detachment during the early charging-

discharge cycles [56].

3.2.B.4 Conclusions:

In this chapter, the electrochemical performance of nickel copper phosphate (H-
NCP series) thin film electrodes was tested by a three-electrode system in aqueous 1 M
KOH electrolyte. The maximum Cs of 711 F g' is obtained for H-NCP-3
(Ni62Cu1.35(PO4)2-H,0) electrode at 1.5 A g current density. Also, a small value of
Rs (0.59 Q) and R¢ (1.30 Q) implies high electrochemical conductivity and good
charge transfer kinetics of the H-NCP-3 electrode. Moreover, the H-NCP-3 electrode
revealed excellent capacitive retention of 88.5% over 4000 cycles. Among H-NCP
series thin films, the H-NCP-3 electrode displayed high electrochemical capacitive

performance and it can be utilized as a cathode in asymmetric SC device fabrication.
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Chapter 4

4.1 Introduction:

Recently, TMPs, as an emerging variety of essential functional material, have
been widely investigated for several applications such as photocatalytic reactions [1,
2], rechargeable batteries [3, 4], catalytic water splitting [5, 6] and SCs [7, 8] owing to
their outstanding electrical conductivity and excellent electrochemical performance.
Furthermore, TMPs exhibit prominent thermal stability as well as good resistance to
the ambient environment, permits them to be employed as stable electrode materials.
Hence, various TMPs such as cobalt phosphate [7], nickel phosphate [8], silver
phosphate [9], and copper phosphate [10] have been explored as an electrode material
for SC application.

The various phases and morphologies of metal phosphates are obtained using
various synthesis processes. The different polymorphs of nickel phosphate such as,
Ni11(HPO3)s(OH)s [11], Nis(POs). [12], NioP,0; [13], etc. were synthesized for SC
application. Similarly, the polymorphs of copper phosphate such as Cu,P,0; [14],
Cuy(PO4)(OH) [10], etc. were prepared and studied for SC application. It is known
that, the synergistic effect between the nickel and copper species can offer large

electrochemical response for nickel copper binary phosphate material [15].

So considering benefits of synergistic effect, nickel and copper species are
combined and binder-free nickel copper phosphate thin film electrodes are synthesized
by SILAR method. The simple SILAR method was employed for the preparation of
nickel copper phosphate thin films on SS substrate. The ratio of nickel and copper
species varied in nickel copper phosphate to obtain better performance by tuning
morphological as well as structural properties of electrodes. The present chapter is
distributed into two sections (section A and B). Section ‘A’ deals with the synthesis of
nickel copper phosphate thin films by SILAR method and their characterization.
Section ‘B’ is related with the supercapacitive performance of SILAR deposited nickel
copper phosphate thin film electrodes.

SECTION - A

SILAR synthesis and characterization of nickel copper phosphate thin films
4.2.A.1 Introduction:

The present section (A) deals with the characterization of nickel copper

phosphate thin films prepared by facile and convenient SILAR method. The
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preparative conditions such as precursor concentration, adsorption, reaction, and
rinsing time are optimized to obtain superior quality of nickel copper phosphate thin
films. It provides many advantages such as ion-by-ion growth mode, greater precursor
utilization capability, and deposition technique is simple to control appropriate
thickness film [16, 17]. Successively, nickel copper phosphate thin films are
characterized employing various characterization techniques such as XRD for
structural investigation, FT-IR for detection of functional group, XPS to analyse
oxidation states, FE-SEM for surface morphological studies and BET for surface area
and porosity. The purpose of this work is to examine synergistic effect in combined
transition bimetallic phosphate (various concentrations of nickel:copper) on

electrochemical activities.

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

Dipotassium  hydrogen  orthophosphate  (K;HPO,), nickel sulphate
(NiSO4.6H,0), and copper sulphate CuSO4.5H,0) was purchased from Sigma Aldrich

(AR grade) and utilized as received without any further purification.

4.2.A.2.2 Synthesis of nickel copper phosphate thin films:

Nickel copper phosphate thin film electrodes were synthesized by SILAR
method. Figure 4.1 reveals the schematic representation of SILAR method for
synthesis of nickel copper phosphate on the SS substrate using a three-beaker system
at ambient temperature. The SS substrates were firstly wiped with acetone and
smoothened with polish paper prior to an ultra-sonication in DDW (complete
procedure of substrate cleaning is given in the earlier chapter). A varied concentration
of nickel sulphate (0.0333-0.0249 M) and copper sulphate (0.0249-0.0333 M) (serving
Ni?* and Cu®" ions) was prepared by dissolving stoichiometric amounts of NiSO, and
CuSQO, in 50 ml DDW, which serves as the cationic precursor source. A 0.075 M
dipotassium hydrogen orthophosphate (serving PO,* ions) was formulated in 50 ml
DDW which serves as the anionic precursor source. Detailed proportions of nickel (Ni)
and copper (Cu) precursors are used as shown in Table 4.1, for deposition of nickel
copper phosphate materials. In typical synthesis, the precleaned SS substrate was
sequentially dipped in the cationic and anionic solutions for 10 s each. After that, the
substrate was rinsed in DDW for 20 s. At ambient temperature, such 70 cycles were

repeated to get a uniform deposition of material.

Page 90



Chapter 4

/ Repetition of cycle\

1t step 2nd step 3rd step
Adsorption Reaction Rinsing
of cations of anions with DDW

Figure 4.1: Schematic representation of SILAR method for nickel copper phosphate
thin films deposition.

The adsorption, reaction, as well as rinsing time in this experiment are optimized
by some trials to get uniform and adherent film. In the first beaker, the metal cations
(Ni** and Cu®" ions) are adsorbs on the surface of substrate and react with freshly
adsorbed anions (PO, ions) in the second beaker to form a solid thin film. After 70
deposition cycles, light blue-colored thin films were obtained on surface of SS
substrates as displayed in Figure 4.2. The thin film electrodes prepared by using
different compositions of Ni and Cu precursor are denoted as, S-NCP-1, S-NCP-2, S-
NCP-3, S-NCP-4, and S-NCP-5, (given in Table 4.1).

Table 4.1: Different compositions of nickel, copper and phosphate precursors for

synthesis of nickel copper phosphate thin film and corresponding notations.

Sr.No. Sample name NiSO4,.6H,O0  CuSO4.5H,0 K;HPO,
(M) (M) (M)
1. S-NCP-1 0.0333 0 0.075
2. S-NCP-2 0.0083 0.0249 0.075
3. S-NCP-3 0.0166 0.0166 0.075
4, S-NCP-4 0.0249 0.0083 0.075
5. S-NCP-5 0 0.0333 0.075
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S-NCP-1
S-NCP-2
S-NCP-3
S-NCP-4
S-NCP-5

Figure 4.2: Photograph of SILAR synthesized nickel copper phosphate thin films (S-

NCP series) with different concentrations of Ni:Cu.

4.2.A.3 Results and discussion:
4.2.A.3.1 Film formation and reaction mechanism:

Schematic Figure 4.1 demonstrates the preparation procedure of nickel copper
phosphate thin films by SILAR method. Nickel copper phosphate thin films were
developed on the SS substrate via electrostatic adsorption as well as reaction between
cations and anions on the SS surface (as displays in scheme Figure 4.1). In concise, a
three beaker SILAR system, the first beaker contains a mixture of nickel sulphate and
copper sulphate (NiSO4.6H,0/CuS0O4.5H,0) aqueous solution with different
compositions as a cationic precursor. Then, the adsorbed cations react with anions
from precursor (K;HPO,) in the second beaker. Moreover, DDW in third beaker was
employed for rinsing purpose. The reaction mechanism for nickel copper phosphate
thin film development by SILAR method is as follows; thin layer of Ni**/Cu®" ions get
adsorbed on SS substrate while dipping the substrate in a cationic precursor solution
(kept at ambient temperature).

NiS0,.6H,0 + CuS0,5H,0 — Ni%* 4+ Cu* 4 250; + 11H,0 (4.1)

An anionic precursor of dipotassium hydrogen orthophosphate dissociates as per
equation (4.2),

K,HPO, —» HPO}™ + 2K* (4.2)
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Furthermore, the reaction executed after dipping of the wet substrate in the
K,HPO, anionic solution, where a chemical reaction among HPOZ~ and adsorbed

Ni**/Cu?" ions leads to the deposition of adherent nickel copper phosphate layer as,
(X)[Ni]** + (3 — x)[Cu]?* + 2HPO}™ - Ni,Cus_,(P0O,), + 2H* (4.3)

Thus, the thin film is developed by the ion-by-ion growth mechanism, where
film growth occurs by the nucleation of ions at nucleation centre on the dipped surface
of substrate. The weight of nickel copper phosphate on SS substrate was measured by
the gravimetric mass difference method (Figure 4.3). The deposited mass of material
for electrodes S-NCP-1, S-NCP-2, S-NCP-3, S-NCP-4, and S-NCP-5 are 1.22, 1.10,
0.90, 1.02, and 1.12 mg cm’?, respectively.
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Figure 4.3: Deposited mass of nickel copper phosphate thin film for different

composition of nickel and copper.

4.2.A.3.2 XRD study:

The crystallinity of S-NCP-1 to S-NCP-5 electrodes was examined by XRD
analysis. As displayed in Figure 4.4, amorphous phase of as-prepared nickel copper
phosphate is observed, since no significant diffraction peaks were observed in the
XRD patterns. The peaks represented as ‘SS’ are related to stainless steel conducting
substrate. The absence of diffraction peak from XRD patterns of NCP-series electrodes
indicates formation of amorphous phase of material. The amorphous phase of material

is feasible for the improvements of electrochemical activities due to large active sites
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can be obtained by irregular structure of material. Such, amorphous structure of
material can provide facile access to ions in nickel copper phosphate material [18]. An
amorphous material permits a continuous redox reaction on the surface, aimed to

enhance performance compared to crystalline structures [19].

SS

SS SS
S-NCP-1

M S-NCP-2

- \ . S-NCP-3

Intensity (a.u.)

) , S-NCP-4

. S-NCP-5 | 1
10 20 30 40 50 60 70 80
20 (degree)

Figure 4.4: XRD patterns of nickel copper phosphate (S-NCP series) thin films.

fa_

4.2.A.3.3 FT-IR study:

The FT-IR spectra of S-NCP series thin films was examined in the region of
4000-400 cm™ and presented in Figure 4.5. The presence of chemical bonding in
prepared electrodes was studied by FT-IR analysis. Figure 4.5 displays the
characteristic peak at 563 cm™ can be ascribed to Ni-O bonding [20] and peak at 623
cm™ to Cu-O bonding in thin films [21]. The observed peak at 765 cm™ attributed to
the symmetric stretching of P-O-P linkage [22]. The symmetric and asymmetric (P-O)
stretching vibrational mode of PO,> anions are confirmed by peaks observed at
wavenumbers of 995 and 1050 cm™ [23-26]. The peak at 1385 cm™ assigned to the H-
O-P bending vibrations [27]. The absorption peak at 1598 cm™ assign to the bending
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mode of water molecule (H-O-H). Furthermore, a wide band at 3480 cm™ is observed
due to O-H stretching vibration mode from structural water molecules captured during
synthesis [28, 29]. The FT-IR spectra reveals characteristic properties of nickel,
copper, phosphate water molecule bonding and indicating successful formation of

hydrous nickel copper phosphate.
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Figure 4.5: FT-IR spectra of nickel copper phosphate thin films (S-NCP-1 to S-NCP
5).

4.2.A.3.4 BET study:

The surface area (Figure 4.6) and pore size (Figure 4.7) distribution of the S-
NCP series samples was examined using N, adsorption—desorption isotherms. The
detected isotherms of sample (@) S-NCP-1, (b) S-NCP-2, (¢) S-NCP-3 (d) S-NCP-4
and (e) S-NCP-5 reveals a type Il isotherm with H3 type hysteresis loop which
signifies a lower energy of adsorption and characteristics features of mesoporous
material [30]. According to the BET equation, the surface areas were calculated as
23.77, 36.91, 37.30, 16.02 and 17.09 m? g* for sample S-NCP-1, S-NCP-2, S-NCP-3,
S-NCP-4 and S-NCP-5, respectively. The distribution of pore size of S-NCP series
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samples revealed in Figure. 4.7. An average pore diameter of 28.82, 21.49, 18.48,
27.90 and 25.67 nm is obtained for samples S-NCP-1, S-NCP-2, S-NCP-3, S-NCP-4

and S-NCP-5, respectively.
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Figure 4.6: Nitrogen adsorption-desorption isotherm of samples; (a) S-NCP-1, (b) S-
NCP-2, (c) S-NCP-3, (d) S-NCP-4 and (e) S-NCP-5 samples.
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Figure 4.7: Pore size distribution curves of samples (a) S-NCP-1, (b) S-NCP-2, (c) S-
NCP-3, (d) S-NCP-4 and (e) S-NCP-5 samples.

4.2.A.3.5 XPS study:

The surface information and composition of SILAR deposited amorphous nickel
copper phosphate thin films were further examined by the XPS and the results are
presented in Figure 4.8. The existence of Ni, Cu, P and O elements were identified
from a survey scan of nickel copper phosphate for S-NCP-3 electrode (Figure 4.8 (a)).
The Figure 4.8 (b-e) exhibits the high resolution emission spectra of Ni2p, Cu2p, P2p
and O1s respectively. In the Ni2p spectra (Figure 4.8 (b)), the peaks located at 875.9
eV from Ni2p;/, and 858.4 eV from Ni2ps; electrons associate with two satellite peaks
at 880.1 and 862.6 eVs can be attributed to nickel species with the chemical states of
Ni?* [31].
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Figure 4.8: (a) Survey, (b) Ni2p, (c) Cu2p, (d) P2p and (e) O1s XPS spectra of sample
S-NCP-3.
For the Cu2p spectra (Figure 4.8 (c)), the peaks located at 956.5 eV from

Cu2py/2 and 934.3 eV from Cu2ps, electrons associate with two satellite peaks at 963.1
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and 943.9 eVs can be attributed to copper phosphate with the chemical states of Cu®*
[15]. The P2p XPS spectra (Figure 4.8 (d)) of the P element reveals one peak at 134.8
eV, agreeing well with P-O and P=0O in nickel copper phosphate thin film [32].
Further, the O1s band (Figure 4.8 (e)) was deconvoluted into two peaks at 534.7 and
532.8 eVs attributed to metal-oxygen molecules and O-H group from adsorbed water,

respectively [33, 34].

4.2.A.3.6 FE-SEM study:

FE-SEM investigation is used for the surface morphology analysis of SILAR
deposited nickel copper phosphate thin films. The Figure 4.9 displays the
morphologies of SILAR deposited thin films at different magnifications (X30000 and
X100000). The morphological evolution is observed from S-NCP-1 to S-NCP-5
sample due to variation in nickel and copper composition. FE-SEM images in Figure

4.9 reveal porous morphology consisting of a nanoparticle-like structure of material.

The FE-SEM images of pristine nickel phosphate (S-NCP-1) exhibited in Figure
4.9 (Al, A2), reveals that the sample consists of nanoparticle like structure having
average particle size of 110 nm. Likewise, nanoparticles-like morphology is detected
for S-NCP series electrodes (Figure 4.9 (B2-D2)) with different average particle sizes
of ~135 nm (S-NCP-2), ~86.50 nm (S-NCP-3) and ~91.5 nm (S-NCP-4). Moreover,
the FE-SEM images of pristine copper phosphate (S-NCP-5) (Figure 4.9 (E1, E2))
indicate that thin film contains nanoparticle-like morphology having average particle
size is 94 nm. In the lower magnification (Figure 4.9 (A1-E1)), the as-prepared (S-
NCP series) samples seem to be uniform, dense, compact and well covered
nanoparticle structure. A nanoparticle like structure exhibits delivers a more porous
surface area which can result in a maximum capacitance value through electroactive
cavities. Conversely, in the higher magnification (Figure 4.9 (A2-E2)) these particles
consist of numerous uniform nanoparticles and possess loosely packed structure,
which is beneficial for the accessibility of electrolyte ions to active materials. Such
porous nanoparticle like morphology can promote the rapid diffusion of electrolytic
ions in electrodes which can offer excellent capacitive retention at high charge

discharge rates.
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Figure 4.9: FE-SEM micrographs of nickel copper phosphate electrodes: (A1, A2) S-
NCP-1, (B1, B2) S-NCP-2, (C1, C2) S-NCP-3, (D1, D2) S-NCP-4, and (E1, E2) S-
NCP-5 at different magnifications (X30000 and X100000).
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4.2.A.3.7 EDS study:
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Figure 4.10: EDS spectra of nickel copper phosphate electrodes: (a) S-NCP-1, (b) S-
NCP-2, (c) S-NCP-3, (d) S-NCP-4, and (e) S-NCP-5.

Elemental mapping of S-NCP series thin film samples was examined using EDS
analysis and presented in Figure 4.10 (a-e). The presence of nickel, copper,
phosphorous and oxygen elements in the sample S-NCP-2 to S-NCP-4 confirm the
successful deposition of nickel copper phosphate material on SS substrate in thin film
form via SILAR deposition method. Also, the absence of copper in S-NCP-1 and nickel
in S-NCP-5 samples confirm formation of nickel phosphate and copper phosphate
materials, respectively. The experimental and observed nickel and copper ratios for S-
NCP series samples are provided in Table 4.2. It is found that, the experimental and
observed ratios of nickel and copper contents are almost similar. Therefore, EDS result

confirm formation of nickel copper phosphate (NixCusz-x(POa4)2-H20) in thin film form.
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Table 4.2: Experimental and observed nickel and copper atomic ratio in S-NCP series

thin films.
Sample name  Experimental Observed ratio Obtained phase
ratio (Ni:Cu) (Ni:Cu)

S-NCP-1 1:0 1:0 Ni3(PO4)2-H,0
S-NCP-2 0.75:0.25 0.70:0.30 Ni2.10CU0.90(PO4)2-H20
S-NCP-3 0.50:0.50 0.52:0.48 Ni1 56CU7 44(PO4)2-H,0
S-NCP-4 0.25:0.75 0.20:0.80 Nio.60CU2.40(PO4)2-H20
S-NCP-5 0:1 0:1 Cuz(POy)2-H0

4.2.A.4 Conclusions:

In brief, the binder-free synthesis of nickel copper phosphate thin film electrodes
(S-NCP-series) at ambient environment was achieved by facile SILAR method. S-
NCP-series thin films revealed porous nanoparticles-like morphology and XRD study
affirmed formation of amorphous nickel copper phosphate. The variation in
compositions of existing S-NCP series thin film materials with phase of nickel copper
phosphate (NixCusx(PO,)2-H,0) is affirmed from the EDS analysis. The FTIR study
confirms the structural water exists in the prepared nickel copper phosphate thin films.
Also, the XPS result affirms similar result that, the prepared material is a nickel copper
phosphate compound. The overall results demonstrated that, the prepared material by
SILAR method in thin film form is amorphous and hydrous nickel copper phosphate
[NixCus.x(PO4),-H,0].

SECTION - B

Supercapacitive performance evaluation of nickel copper phosphate thin films

4.2.B.1 Introduction:

In this section, electrochemical analysis of nickel copper phosphate (S-NCP-1 to
S-NCP-5) thin films in 1 M KOH electrolyte was examined by CV, GCD and EIS
techniques. Furthermore, the effect of scan rate and current density on electrochemical
performance of nickel copper phosphate thin films was studied using above mentioned
electrochemical techniques, to select appropriate electrode material for the assembly of
SC device.
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4.2.B.2 Results and discussion:
4.2.B.2.1 CV study:

Electrochemical activity of S-NCP series thin film electrodes in electrolyte (1 M
KOH) was examined by CV analysis. Typical CV curves of S-NCP series electrodes at
20 mV s scan rate within potential window of 0 to 0.65 V (vs Hg/HgO) are plotted in
Figure 4.11 (a). In these plots, the S-NCP-3 electrode demonstrates more area under
the CV curve than other electrodes. Redox peaks in CV curves exhibit
pseudocapacitive (surface and bulk process) nature of the material [35].

The electrodes nickel (S-NCP-1) and copper (S-NCP-5) phosphate shows
distinct nature of CV curves. Also, it is noticed that, the nickel and copper ratio
variation affects the morphology of material and that eventually influence the
electrochemical performance. The CV curves of electrodes (S-NCP-1 to S-NCP-5) at
2-20 mV s sweep rates are demonstrated in Figure 4.11 (b-f) and it is noted that, all
CV curves of S-NCP-series electrodes exhibits the redox behaviour. It is observed that,
area under the CV curve increases with increasing scan rate. The equal composition of
nickel and copper in S-NCP-3 sample having aggregated nanoparticle like morphology
displays higher CV area than the other electrodes.

The charge stored in the electrode can be the combination of two mechanisms
(electrochemical pseudocapacitive type and battery type) and it is analysed by Power’s
law using scan rate dependent CV curves. The b value of S-NCP series electrodes is
estimated from the slope of graph log (i) vs log (v) [36] and displayed in Figure 4.12.
The graph illustrates b values of S-NCP-1, S-NCP-2, S-NCP-3, S-NCP-4, and S-NCP-
5 electrodes are 0.68, 0.51, 0.59, 0.52 and 0.84, respectively. The values of b for S-
NCP series electrodes ranging from 0.5 to 1 [37] that represent both (capacitive and
diffusive) processes leads to charge storage. The contribution in current density from
the surface pseudo-capacitive (surface) and battery-like (bulk) process for nickel
phosphate thin film electrodes at various scan rates 2-20 mV s™ are expressed in
Figure 4.13.

Page 103


https://www.powerthesaurus.org/eventually/synonyms

Chapter 4

120 E
100 E
o 80 3 o
< 60 <
2
» 40 E ?
s 3 &
s O 8
3 2 3
-40
-60
00 01 0.2 03 04 05 06 0.7 00 01 0.2 03 04 05 06 0.7
Voltage (V) vs Hg/HgO Voltage (V) vs Hg/HgO
80 F : 120
S-NCP-2
100
< < 80
o o
< 40 < 60
2 2
g g 40
g% 2 20
s 0 g 0
3 3 -20
=20 40
: -60 :
00 01 02 03 04 05 06 0.7 00 01 0.2 03 04 05 06 0.7
Voltage (V) vs Hg/HgO Voltage (V) vs Hg/HgO
P T T Jrr T 3 F ¢
40 [(e) S-NCP-4 = 4 S-NCP-5 3
"T; —2 mvs™' "'; 3 -
5, . [t == | <
] o [ mVs’ P Sy 3
2 [ ——8 mVs™ ] 22 -
8 [ ——10mVs™* 1 a
S f|——15mv s 3 g 3
= f ——20mVs® . e
e 0 - o 3
3 5o 5
o o
- ] -1 _
20 F [ PRPPRR Livviess Livviens Livviees Liviiens Lassssi . 3 3
00 01 02 03 04 05 06 0.7 00 01 02 03 04 05 06 0.7
Voltage (V) vs Hg/HgO Voltage (V) vs Hg/HgO

Figure 4.11: (a) The comparative CV curves of S-NCP series electrodes at 20 mV s™
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Figure 4.13: Graph of calculated contribution of battery type (bulk current) and
pseudocapacitive (surface current) current density at different scan rates (2to 20 mV' s
) for (a) S-NCP-1, (b) S-NCP-2, (c) S-NCP-3, (d) S-NCP-4 and (e) S-NCP-5
electrodes.

To recognize the individual contribution of surface pseudo-capacitive and battery
process by using modified Power’s law [38-41]. Pseudocapacitive and battery type

current contribution for S-NCP series electrodes are calculated at various scan rates
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and presented in Figure 4.13. It is noted that, the contribution of surface
pseudocapacitance is more for high scan rate and more bulk battery type at low scan
rate. Also, the result confirms that bulk battery current contribution is dominant over
surface pseudocapacitive current at lower scan rates and vice versa. Also, other
electrode displays different current contribution values due to different concentration
of nickel and copper in the material. The S-NCP-3 electrode offers ~58% capacitive
current contribution at 20 mV s scan rate and it is higher than nickel phosphate (S-
NCP-1) (~42%) and copper phosphate (S-NCP-5) (~46%) electrode.

4.2.B.2.2 GCD study:

The GCD analysis was executed within optimized potential window of 0 to 0.55
V (vs Hg/HgO) for S-NCP series electrodes. At constant current density of 1 A g7,
GCD analysis of S-NCP series electrodes is analyzed and revealed in Figure 4.14 (a).
In a comparative study, S-NCP-3 electrode reveals large charging and discharging time
than other electrodes. The GCD curves of S-NCP series electrodes at various current
densities from 1-4 A g are present in Figure 4.14 (b-f). Likewise CV curves, the
nickel (S-NCP-1) and copper (S-NCP-5) phosphate electrode exhibits different charge-
discharge curves like battery type and surface redox type, respectively. Non-linear
discharging curves of S-NCP series electrodes exhibits in-deep ion intercalation due to
redox reaction, and indicate pseudocapacitive behaviour of the material [42-44]. GCD
analysis concludes that, the S-NCP-3 electrode gives higher charge-discharge response
may be due to large surface area offered by nanostructure and optimum composition of
nickel and copper. From the GCD graph, the Cs of S-NCP series electrodes are
calculated and plotted in Figure 4.15. The S-NCP-3 electrode displays higher
discharging time that accountable for high Cs than other electrodes. The S-NCP-3
electrode shows maximum C, of 750 F g™* at 1 A g™ current density and it decreases up
to 618 F gt at 4 A g™ current density. Similarly, the S-NCP-1, S-NCP-2, S-NCP-4 and
S-NCP-5 thin film electrodes offer maximum Cs of 540, 640, 594, and 83 F g*,
respectively at 1 A g™ current density. The decrement in C; is noted with respect to
increase in current density due to shorter time for electrochemical reaction with
nanostructure by electrolytic ion at higher current density [45]. At the same time, the
longer interaction of electrolyte ions with the inner and outer surface of electrode

material at lower charge-discharge rate gives high Cs values [46].
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Figure 4.14: (a) The comparative GCD curves of S-NCP series electrodes at current
density of 1 A g™*. The GCD curves at various current densities from 1-4 A g™ for (b)
S-NCP-1, (c) S-NCP-2, (d) S-NCP-3, (e) S-NCP-4 and (f) S-NCP-5 electrodes.
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4.2.B.2.3 EIS study:

—@—H-NCP-1
—— H-NCP-1 Fitted data (b)

H-NCP-2

=——H-NCP-2 Fitted data

H-NCP-3
H-NCP-3 Fitted data
—)—H-NCP-4
ct

= H-NCP-4 Fitted data

—@—H-NCP-5
= H-NCP-5 Fitted data
M T

Z" (Ohm)

Z' (Ohm)
Figure 4.16: The Nyquist plots of S-NCP series electrodes (S-NCP-1 to S-NCP-5)
(inset: magnified Nyquist plot at higher frequencies portion).
The Nyquist plots of S-NCP series electrodes are presented in Figure 4.16 (a).
The EIS technique is employed to examine ion transfer and electrochemical
conductivities of electrodes. The equivalent circuit is displayed in Figure 4.16 (b) and
it is found to fit with experimental data of S-NCP series electrodes. The values of fitted

parameters of equivalent circuit are tabulated in Table 4.3.
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Table 4.3 : Electrochemical impedance spectroscopic fitted circuit parameters of S-

NCP series.

Sample name Rs(Q) Rt (Q) CPE (mF) n W (Q))
S-NCP-1 0.55 0.70 0.81 0.98 0.61
S-NCP-2 0.45 1.04 1.19 0.88 0.82
S-NCP-3 0.33 0.38 0.90 0.93 0.90
S-NCP-4 0.48 0.87 0.61 1.0 0.16
S-NCP-5 0.38 1.20 2.53 1.36 0.44

The lower values of Rs (0.55, 0.45, 0.33, 0.48 and 0.38 Q) and R (0.70, 1.04,
0.38, 0.87 and 1.20 Q) are obtained for S-NCP series electrodes. The small values of
Rs (0.33 Q) and Rg (0.38 Q) for S-NCP-3 thin films electrode denote a good
attachment of the active material with the substrate and the spontaneous

electrochemical reaction between the electrolyte and active electrode material.

4.2.B.2.4 Stability study:
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Figure 4.17: The plot of capacitive retention of S-NCP-3 electrode at 6 A g™ current
density for 4000 GCD cycles (inset: GCD curve of (A) initial and (B) final 5 cycles).
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The Figure 4.17 displays cyclic stability of S-NCP-3 electrode at 6 A g™ current
density. Stability study reveals that, the S-NCP-3 electrode shows 89.34% capacitive
retention over 4000 GCD cycles. The GCD curves of initial (A) and final (B) 5 cycles
are revealed as inset of Figure.4.17. The decrement in capacitance is noted because of
minute depletion of active material after several charge-discharge cycles due to

swelling and shrinking of material.

4.2.B.3 Conclusions:

It is concluded that, the electrochemical capacitive performance of nickel copper
phosphate (S-NCP series) depends on the different compositions of nickel and copper.
The optimized nickel copper phosphate (Niy 56Cu1.44(POa)2-H20) electrode revealed the
highest Cs of 750 F g™* at a current density of 1 A g™ with good cyclic stability up to
89.34% after 4000 GCD cycles. A small R value (0.38 Q) of S-NCP-3 electrode
indicates high electrical conductivity and good charge transfer kinetics, which
attributed to superior capacitive performance. The electrochemical analysis shows that,
S-NCP-3 thin film electrode is suitable as a cathode for asymmetric SC device

fabrication.
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Chapter 5

5.1 Introduction:

The fabrications of SCs with flexible, portable and small size are essential to
complete the current demand in ESDs [1, 2]. Currently, researchers are trying to design
the materials, which can boost up energy and power capability of present ESDs.
Nowadays, the SCs have fascinated significant attention as favourable and analogous
ESDs because of good capabilities like rapid charge-discharge efficiency, long lifespan
and superior PD, as compared to the batteries technology [3-6]. For the purpose to
commercialize SCs; it is significant to enhance the specific energy as well as potential
window without excluding other features. In addition, the fabrication of solid-state SC
devices has paid enormous attention in order to fulfil the future energy demand which
is largely dependent on electrochemical energy storage systems [7].

Consider a win-win condition where the fundamental principles behind SCs and
batteries work together to achieve common purpose of higher energy and power
efficiency. One such design is asymmetric SCs unlike traditional SCs, which consist of
two distinct electrodes [8]. The different and same (EDLCs types and pseudocapacitive
types) of electrode materials are employed to design the symmetric and asymmetric SC
devices. The asymmetric configuration of SC is a beneficial approach to improve the
operating potential window of device and it can be capable to deliver high power
among other ESDs [9]. The ED and Cs of asymmetric SCs are greater as compared to
the symmetric SCs [10, 11]. For this reason, the ASDs have been constructed by
combining electrodes with different charge storage mechanisms and operating

potential windows.

In this chapter, asymmetric aqueous and solid state SC devices are prepared
using best performing nickel copper phosphate thin film as a cathode and rGO as an
anode material to obtain high capacitive performance. This chapter is splitted into
three sections (A, B and C). Section ‘A’ deals with synthesis and electrochemical
performance evaluation of rGO electrode. Section ‘B’ describes the fabrication of
aqueous and solid state asymmetric SC devices and section ‘C’ is related to the
electrochemical performance evaluation of S-NCP-3//rGO aqueous and solid-state
ASDs.
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SECTION - A
Synthesis, characterization and supercapacitive performance evaluation of

reduced graphene oxide (rGO) electrode

5.2.A.1 Introduction:

In the progress of asymmetric SC devices, various forms of carbon materials
have been largely investigated as a negative electrode due to their better cycling
stability, high surface area, high Cs, strong mechanical properties, superior electrical
conductivity and higher PD [12-16]. Typically, carbon based materials like as carbon
aerogels, AC, CNTs, graphene oxide (GO), etc. were employed as negative electrode
in the ASDs [16-18]. Among these materials, rGO offers high charge carrier mobility,
ultrahigh specific surface area with high electrical conductivity, good chemical
stability, great flexibility and strong mechanical strength [19]. Present section
describes the preparation of GO by modified Hummer’s method and reduction of GO
by hydrothermal method. Additionally, the rGO films are characterized by different

techniques and supercapacitive performance is probed in 1 M KOH electrolyte.

5.2.A.2 Experimental details:
5.2.A.2.1 Chemicals:

Graphite flakes, potassium permanganate (KMnQOy,), sulfuric acid (H,SQO,4), N-
Methyl-2-Pyrrolidone (NMP), sodium nitrate (NaNOgs), hydrochloric acid (HCI),
polyvinylidene fluoride (PVDF), carbon black, KOH and hydrogen peroxide (H20,)
were purchased from Sigma Aldrich. All the chemicals were AR grade and utilized

without further purification.

5.2.A.2.2 Synthesis of graphene oxide:

The GO was prepared by modified Hummer’s method [20, 21]. In primary stage,
graphite flakes (5 g) and NaNOj3 (2.5 g) were mixed with 120 mL of H,SO, and stirred
in an ice bath for 25 min. After that, 15 g of KMnO, were slowly added in the mixture
with constant stirring, while the temperature of the mixture maintained below 293 K.
Thereafter, the mixture was continuously stirred for overnight (12 h) at ambient
environment. DDW (150 ml) with 30% H,0, (5 ml) was added (30 min) dropwise.
Later, the reaction product was washed with 5% HCI and DDW repeatedly. Then,
resultant mixture was centrifuged at 2000 rpm to eliminate unreacted graphite flakes
and further centrifuged at 10000 rpm to collect GO nanosheets. The centrifuged and
washed GO is utilized for the preparation of rGO.
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5.2.A.2.3 Synthesis of reduced graphene oxide:

The rGO was synthesized by reducing the GO by hydrothermal method. The
well dispersed 50 ml GO solution (4 mg mL™) was prepared and heated at 423 K for
12 h in a hydrothermal autoclave. Prepared product (rGO) was cooled via liquid
nitrogen for solidification and freeze dried for 48 h to avoid aggregation of rGO during
elimination of water content. At last, the rGO foam was obtained and it further crushed
into powder. Furthermore, the rGO (negative) electrode was prepared as follows: 75
wt% of as-prepared rGO material, 20 wt% of carbon black and 5% polyvinylidene
fluoride (PVDF) in N-methyl 2-pyrrolidone (NMP) was used to make homogeneous
slurry. Then, formed slurry was coated on SS substrate (1 x 1 cm? area) and dried at
333 K for 2 h. Then, prepared rGO electrode was employed as anode in the

asymmetric SC device.

5.2.A.3 Results and discussion:

5.2.A.3.1 XRD study:
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Figure 5.1: XRD patterns of (a) GO and (b) rGO samples.

XRD patterns of GO and rGO are presented in Figure 5.1 (a and b). The
prepared GO sheet showed the strong characteristic peak at 11.13° assigned to the (0 0
1) plane in the XRD. Also, the characteristic diffraction peaks are detected at 24.71°
and 43.09° assigned to the (0 0 2) and (1 0 0) planes [22]. The scattered XRD peak at
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24.71° confirms a reduction of GO material and formation of few layered rGO
nanosheets [23].

5.2.A.4 Supercapacitive performance evaluation:
The electrochemical characteristics of rGO electrode tested by CV, GCD, EIS
and stability techniques in 1 M KOH electrolyte using three-electrode cell

configuration.

5.2.A.4.1 CV study:
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Figure 5.2: CV plots of rGO electrode at scan rates from 5-100 mV s™.

The CV curves of rGO (negative) electrode at various scan rates from 5-100 mV
s within the potential range of 0 to -1 V vs Hg/HgO in 1 M KOH electrolyte are
displayed in Figure 5.2. Figure 5.2 shows that, the area under the CV curve increases
with increasing scan rate, this displays voltammetric current is proportional to the scan
rate of CV and signifies typical EDLC behaviour of electrode. The quasi-rectangular

profile of CV curves affirms EDLC based capacitive nature of rGO electrode.

5.2.A.4.2 GCD study:

The GCD plots of rGO electrode evaluated at different current densities from 1.5
to 3.5 A g™ within the potential range of 0 to -1 V vs Hg/HgO and presented in Figure
5.3 (a). The charge-discharge plot shows nearly linear curve, which is the indicative of
its double layer capacitive nature. The GCD analysis was used to calculate Cs of rGO

electrode and plotted in Figure 5.3 (b) as a function of current density. The maximum
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Cs of 159 F g is obtained for rGO electrode at 1.5 A g™ current density and it
decreases to 114 F g™* at the current density of 3.5 A g™,
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Figure 5.3: (a) The GCD curves of rGO electrode at different current densities from
1.5t0 3.5 A g™ and (b) the plot of Cs of rGO electrode at 1.5 to 3.5 A g™ current

densities.

5.2.A.4.3 EIS study:
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Figure 5.4: Nyquist plot of rGO electrode [Inset: equivalent circuit for fitted with
Nyquist plot].

The EIS study of rGO electrode was executed to examine its electrochemical
conductivity. The Nyquist plot of rGO electrode is exhibited in Figure 5.4. The fitted
equivalent circuit is displayed as inset of Figure 5.4. In fitted circuit, Rs =0.48 Q, R
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=47.61 Q, CPE =0.843 mF and W =0.282 Q. A small value (Rs and R) of total
impedance denotes excellent electrical conductivity of rGO electrode.

5.2.A.4.4 Stability study:

The cyclic stability of the rGO electrode was tested over 3000 GCD cycles at
current density of 4 A g and presented in Figure 5.5. This stability test revealed
77.42% retention of the C; after 3000 GCD cycles. A reduction in charge-discharge
time in initial (A) and final (B) GCD cycles is observed and revealed as inset Figure
5.5. Furthermore, observed reduction in capacitance may be due to depletion of minute

active material during cycling.
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Figure 5.5: Stability of rGO electrode during 3000 cycles at current density of 4 A g™.
Inset displays the GCD curves of the initial (A) and final (B) 5 GCD cycles.

5.2.A.5 Conclusions:

In summary, GO was successfully synthesized by the modified Hummer’s
method and further reduced using hydrothermal method. The successfully reduction of
GO to rGO is affirmed by XRD study. The rGO electrode displayed superior
supercapacitive performance with maximum C, of 159 F g* at 1.5 A g* current

density. Also, it exhibited 77.42% capacitive retention over 3000 GCD cycles. The
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results suggest that, rGO electrode can be excellent candidate (anode) for SC device

application.

SECTION - B

Fabrication of asymmetric supercapacitor device

5.2.B.1 Introduction:

The choice of electrode material plays a key role that can effectively enhance the
potential window of device. Aqueous or solid-state gel electrolyte is fabricated
amongst two different charge storage materials in an asymmetric construction to
perform high ED while sustaining PD [24, 25]. In general, the operating potential
window of an asymmetric SCs device is associated with the electrolytes overpotential
as well as the work function difference of the negative and positive electrodes [26, 27].
Furthermore, a wider potential window of device can enhance the ED and can be

achieved through different electrolytes (aqueous and solid-state).

5.2.B.2 Experimental details:
5.2.B.2.1 Electrode preparation:

As concluded from chapter 3 and 4, the SILAR deposited nickel copper
phosphate material reveals high performance as compare to hydrothermally
synthesized nickel copper phosphate electrode. Therefore, SILAR deposited nickel
copper phosphate on the flexible SS substrate is used as cathode for ASD fabrication.
The preparative parameters described in chapter 4 are used for the preparation of large
area (5 x 5 cm?) nickel copper phosphate thin film (cathode electrode). The rGO
(anode) electrode was prepared as discussed in section A of this chapter. These

cathode and anode electrodes are used for aqueous and SSD fabrication.

5.2.B.2.2 Preparation of PVA-KOH gel electrolyte:

To prepare the SSD, the water soluble PVA polymers with KOH were utilized
for the preparation of gel electrolyte. Initially, 2 g PVA is taken in 20 ml DDW and
dissolved at 363 K temperature under constant stirring up to a solution become
transparent and clear. After that, 1 M KOH solution (in 10 mL of DDW) was added in
PVA solution and stirred rigorously up to viscous, clear and homogeneous appearance
of solution [28]. The viscous and transparent gel (PVA-KOH) is utilized as gel
electrolyte and separator in SSD fabrication.
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5.2.B.2.3 Fabrication of asymmetric aqueous device:

The important condition in asymmetric aqueous device fabrication is that, both
electrodes (cathode and anode) should have different potential windows. An
asymmetric aqueous device was fabricated using SILAR deposited nickel copper
phosphate (S-NCP-3) as a cathode and rGO as anode in 1 M KOH electrolyte and
analysed with different electrochemical parameters.

5.2.B.2.4 Fabrication of asymmetric solid-state device:

To make the ASD, SILAR prepared nickel copper phosphate (S-NCP-3) as a
positive and rGO as a negative electrode with PVA-KOH gel electrolyte were used as
illustrated in Scheme 5.1.

Ni-Cu Phosphate
(S-NCP-3)

IIIIIIIII]IIIIIIIII|I|IIIIIll]IIIIIlIII|IIII|IIII[IIIIIIIII|IIIIIIIII|1IllIIIIl|IIIIIII

mmnllmlllmmhmhliu

Asymmetric
Device
Ni-Cu Phosphate/
PVA-KOH/rGO

Polymer Gel ¥

Scheme 5.1: Schematic illustration of SSD fabrication.

An asymmetric SSD was fabricated employing a large area (5 x 5 cm?) nickel
copper phosphate and rGO electrodes. Furthermore, those two electrodes were painted
with PVA-KOH gel to form a thin layer of electrolyte and dried at ambient
environment. After drying, the edges of electrodes were enclosed with insulating tape
to inhibit any shortening through electrodes sides. One more time the gel electrolyte
painted on the surface of active material for making proper contact among electrode
and electrolyte. Later, both electrodes were assembled to form a SSD with gel
electrolyte. The assembled solid-state ASD is further packed with transparent plastic

strips. Lastly, the prepared device was pressed under 1 ton pressure for 12 h to increase
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the interfacial contact of active electrode materials with gel electrolyte. The SSD was
successfully fabricated by aforementioned steps.

5.2.B.3 Conclusions:

In summary, a large area nickel copper phosphate thin films were prepared by
SILAR method and rGO electrode via drop-casting method on SS substrate. The
asymmetric aqueous and solid-state SC devices were successfully fabricated using
nickel copper phosphate (S-NCP-3) as a positive electrode and rGO as a negative
electrode. The 1 M KOH and PVA-KOH as aqueous and gel electrolyte, respectively
are used to fabricate SC aqueous and SSD.

SECTION - C
Electrochemical performance evaluation of aqueous and solid-state device
(For S-NCP-3//IrGO)
5.2.C.1 Introduction:

To develop an ASD, the most important condition is that the electrode material
must have different operating potential windows (positive and negative). Aqueous
asymmetric SC device was fabricated using SILAR deposited nickel copper phosphate
as positive and rGO as negative electrodes in 1 M KOH electrolyte. Moreover, the
crucial task for preparation of ASD is that, charges of both electrodes (q*= q’) should
be equal to obtain the maximum electrochemical performance. Therefore, the mass
loading of both electrodes was determined by the following charge balance formula:
[29]

my _ C_ xXAV_
m_  CyxAVy

(5.1)

Where, m (+ or ), AV (+ or ) and C (+ or - are the mass of active substance (g), potential
window (V) and Cs (F g™) of the positive and negative electrodes. In the present case,
the operative potential window (0 to 0.65 and -1 to 0 V vs Hg/HgO) and capacitances
(750 and 159 F gt at 1 and 1.5 A g, respectively) of positive and negative electrodes
are dissimilar. So calculated optimal mass ratio of positive and negative electrode is
obtained to be 0.38:1 in present work. Therefore, the obtained optimum masses were

utilized to construct ASD.

5.2.C.2 Results and discussion:
5.2.C.2.1 Electrochemical performance evaluation of S-NCP-3//KOH//rGO

aqueous asymmetric device:
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5.2.C.2.1.1 CV study:
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Figure 5.6: The CV plots of S-NCP-3 and rGO electrodes in 1 M KOH electrolyte.

To examine the supercapacitive performance of an agueous ASD (S-NCP-
3//KOH/IrGO), CV, GCD and EIS techniques were employed. The CV graphs of rGO
and S-NCP-3 electrodes in different voltage ranges at 20 mV s™ scan rate are presented
in Figure 5.6. The Figure 5.6 shows that, two individual pseudocapacitive electrodes
with practical integration can achieve a wide voltage window for aqueous asymmetric
SC device. The electrochemical performance of S-NCP-3//KOH//rGO asymmetric SC
device was analysed by two electrode cell system. The voltage window of S-NCP-
3//IKOH//rGO ASD were optimized in the range of 1.2 to 1.7 V at a fixed scan rate 50
mV s™ as presented in Figure 5.7 (a). Increases in the operating voltage window from
1.2 to 1.7 V, current contribute of the CV curve increases. The quasi-rectangular
nature of CV curves is achieved up to voltage window of 0 to 1.6 V and abruptly
increase in current is observed owing to oxygen evolution reaction process at 1.7 V,
which may be contribute for irreversible reaction [30, 31]. Hence, the voltage window
of 0.0 to 1.6 V was selected for the electrochemical of S-NCP-3//KOH//rGO ASD. The
CV curves of S-NCP-3//KOH//rGO device at various scan rates from 5-100 mV s™
within the operating voltage window of 0 to 1.6 V are exhibited in Figure 5.7 (b). The
device displays similar and reversible shape of CV curves with good rate capability at

different scan rates [32].
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Figure 5.7: The CV curves of S-NCP-3//KOH//rGO ASD (a) in different voltage

windows from 1.2-1.7 V and (b) at various scan rates from 5-100 mV s™.

5.2.C.2.1.2 GCD study:
The GCD curves of S-NCP-3//KOH//rGO ASD in different voltage windows

(1.2 to 1.7 V) at a constant current density of 3.6 A g™ are exhibited in Figure 5.8 (a).
The GCD curves display better performance within the voltage window of 0 to 1.6 V
by showing symmetric charge-discharge nature. So, from CV and GCD studies, the
operational voltage window of 0 to 1.6 V was selected for ASD and applied for further
study. The GCD plots of S-NCP-3//KOH//rGO device at different current densities
from 3.0-3.9 A g are presented in Figure 5.8 (b). The non-linear GCD curves are
observed for NCP-3//KOH//rGO device.
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Figure 5.8: The GCD curves of S-NCP-3//KOH//rGO ASD (a) in different voltage

windows from 1.2-1.7 V and (b) at various current densities from 3.0-3.9 A g™.
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Figure 5.9: The C; of S-NCP-3//KOH//rGO device at different current densities.

The C; of S-NCP-3//KOH//rGO ASD calculated from GCD curves are shown in
Figure 5.9. The S-NCP-3//KOH//rGO device achieves highest Cs of 95.62 F g* at 3.0
A g™ current density and it decreases up to 65.81 F g™ at current density of 3.9 A g™.
The small decrement of capacitance at higher current density suggests excellent rate
capability of aqueous asymmetric SC device. The Cs of the device decreases with
increase in current density, due to inadequate electrode-electrolyte interaction at high
current density [33, 34].

5.2.C.2.1.3 EIS study:
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Figure 5.10: The Nyquist plot of S-NCP-3//KOH//rGO asymmetric aqueous device

[inset: equivalent circuit of the fitted data].
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The properties of ion transfer in asymmetric aqueous device were investigated by
EIS analysis. The Nyquist plot of S-NCP-3//KOH//rGO asymmetric aqueous device is
presented in Figure 5.10. The equivalent circuit of impedance spectroscopy is depicted
as inset of Figure 5.10. Low R (0.87 Q) and R (96.92 Q) values are observed due to
high electrochemical conductivity of electrodes. Also, the value of W and CPE is
0.811 mF and 0.205 Q, respectively. The mutual nature of both electrodes is
responsible for better electrochemical performance of S-NCP-3//KOH//rGO
asymmetric aqueous device with enhanced operating voltage window, Cs as well as
ED.

5.2.C.2.1.4 Ragone plot:

The ED and PD are two essential factors in the SC performance evaluation. The
ED and PD of asymmetric aqueous device are calculated and illustrated in Figure
5.11.
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Figure 5.11: Ragone plot of S-NCP-3//KOH//rGO asymmetric aqueous device.

The ED of S-NCP-3//KOH//rGO ASD reached up to 34 Wh kg™ with a PD of
2.40 kW kg™. Moreover, the ED remained 23.39 Wh kg™ at a high PD of 3.11 kW kg’
! The ASD with two different EDLC and pseudocapacitive material has improved the

working potential window and the resulting ED as well as PD.

5.2.C.2.1.5 Stability study:
The cyclic stability of the S-NCP-3//KOH//rGO asymmetric cell was studied by
continuous 5000 GCD cycles at a current density of 13 A g (Figure 5.12). The
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capacitance retention with respective cycles is plotted in Figure 5.12 and the GCD
curves of initial (A) and final (B) 5 cycles are depicted as inset of figure. The S-NCP-
3/IKOH//rGO asymmetric cell shows 94.11% capacitive retention after 5000 GCD
cycles. The asymmetric cell illustrate decrement in the Cs at initial cycles then increase
in Cs owing to expansion of electrochemical active volume of material after many
GCD cycles. The stable nature with superior capacitance of S-NCP-3//KOH//rGO
ASD encourages further usage of SILAR deposited nickel copper phosphate thin films
and rGO electrodes in the hybrid solid state ESD application.
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Figure 5.12: The plot of capacitive retention of S-NCP-3//KOH//rGO ASD at the
current density of 13 A g™* with respect to cycle numbers (5000) (inset: initial (A) and
final (B) 5 GCD cycles).

5.2.C.2.2 Electrochemical performance evaluation of S-NCP-3//PVA-KOH//rGO
asymmetric solid-state supercapacitor device:

An all-solid-state asymmetric SC device is prepared as described in sub-section
5.2.B.2.4 of section B. The electrochemical performance of an asymmetric SSD is
tested (CV, GCD and EIS) by a two-electrode configuration.

5.2.C.2.2.1 CV study:
Figure 5.13 (a) shows the CV curves of S-NCP-3//PVA-KOH//rGO asymmetric

SSD at constant scan rate of 50 mV s™ for different voltage ranges from +1.2 to +1.7
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V. Area under CV curve increases in anodic and cathodic regions up to 1.6 V and
thereafter, abruptly increase in current is observed at 1.7 V voltage window which
demonstrate that, oxygen evolution reaction. Hence, the voltage window of 0 to 1.6 V
was selected for S-NCP-3//PVA-KOH//rGO asymmetric SSD and used for further

electrochemical analysis.
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Figure 5.13: The CV curves of S-NCP-3//PVA-KOH//[rGO asymmetric SSD (a) in
different voltage windows from 1.2 to 1.7 V and, (b) at different scan rates from 5-100

mV s,

Figure 5.13 (b) illustrates the CV curves of S-NCP-3//PVA-KOH//IrGO
asymmetric SSD at different scan rates ranging from 5-100 mV s™. The shape of CV
curves reveal larger area under the curve with perfect pseudocapacitive behaviour of S-
NCP-3//PVA-KOH//rGO asymmetric SSD. All the CV curves maintain their shape
irrespective of scan rate, signifying that the S-NCP-3//PVA-KOH//rGO asymmetric

SSD displays excellent capacitive behaviour.

5.2.C.2.2.2 GCD study:

The electrochemical capacitive performance of S-NCP-3//PVA-KOH//rGO
asymmetric SSD is further investigated by the charge-discharge study. The GCD
curves of S-NCP-3//PVA-KOH//rGO asymmetric SSD at different voltage windows
(1.2 to 1.7 V) at a constant current density of 2.8 A g™ are exhibited in Figure 5.14
(a). Up to voltage of 1.6 V, the GCD curve shows better performance for S-NCP-
3/IPVA-KOH//IrGO asymmetric SSD. The GCD curves of S-NCP-3//PVA-KOH//rGO
asymmetric SSD at different current densities from 0.7 to 2.8 A g™ are shown in

Figure 5.14 (b).
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Figure 5.14: The GCD curves of S-NCP-3//PVA-KOH//rGO asymmetric SSD (a) in
different voltage windows from 1.2-1.6 V and (b) at various current densities from 0.7-
28Ag™

Meanwhile, the non-linear charge-discharge profile illustrates a better
electrochemical capacitive behaviour based on good reversible redox reactions. The Cs
of S-NCP-3//PVA-KOH//rGO asymmetric SSD calculated from GCD curves is
showed in Figure 5.15. The S-NCP-3//PVA-KOH//rGO asymmetric SSD achieves
highest Cs of 37.62 F g™ at 0.7 A g™ current density and it decreases up to 22.75 F g™
at current density of 2.8 A g™,
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Figure 5.15: The Cs of S-NCP-3//PVA-KOH//rGO asymmetric SSD at different

current densities.

Page 130



Chapter 5

5.2.C.2.2.3 EIS study:

The Nyquist plot for S-NCP-3//PVA-KOH//rGO asymmetric SSD was studied
by using EIS analysis and exhibited in Figure 5.16 with an equivalent circuit as inset
of figure. The low values of Rs(0.24 Q) and R (144 Q) attributed to the superior ionic
conductivity of gel electrolyte and its compatibility with electrode material. The W and
CPE are found to be 0.28 Q and 0.568 mF, respectively in equivalent circuit. The EIS

result confirms that, the gel electrolyte offers low IR.
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Figure 5.16: The Nyquist plot of S-NCP-3//PVA-KOH//rGO asymmetric SSD [inset:
equivalent circuit of the fitted data].

5.2.C.2.2.4 Ragone plot:

The Ragone plot of S-NCP-3//PVA-KOH//rGO asymmetric SSD is presented in
Figure 5.17. The fabricated device delivered highest ED of 13.51 Wh kg™ with a PD
of 0.55 kW kg™ and maintained 7.82 Wh kg™ ED at a maximum PD of 2.16 kW kg™.
This result illustrates enhanced ED and good rate capability for the SSD that can be

understood from good Cs and broad working voltage window.
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Figure 5.17: Ragone plot of S-NCP-3//PVA-KOH//rGO asymmetric SSD.

5.2.C.2.2.5 Stability study:
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Figure 5.18: The plot of capacitive retention of S-NCP-3//PVA-KOH//rGO ASD at
the current density of 8 A g with respect to cycle numbers (5000) (inset: initial (A)
and last (B) 5 GCD cycles).

The electrochemical cyclic stability of S-NCP-3//PVA-KOH//rGO asymmetric
SSD is examined by taking the GCD over 5000 cycles at a fixed current density of 8 A
g™ (Figure 5.18). The S-NCP-3//PVA-KOH//rGO asymmetric SSD delivers 93.81%
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capacitance retention over 5000 cycles. The initial (A) and final (B) 5 GCD cycles are
depicted as inset of Figure 5.18.

5.2.C.2.2.6 Demonstration of S-NCP-3//PVA-KOH//rGO asymmetric solid-state
device:

The practical applicability of S-NCP-3//PVA-KOH//rGO asymmetric solid-state
is tested by charging two serially connected devices for 30 s by employing constant
potential of +3.2 V and discharged through 201 red light emitting diodes (LEDS)
designed in text of “DYPU CDL GROUP”. The text contains “DYPU” relate to D. Y.
Patil University, “CDL GROUP” related to Prof. C. D. Lokhande research group. The
201 LED panel lights up for 125 s (Figure 5.19). This demonstration highlights the

potential of the SSD as a most promising ESD in various portable electronic areas.

125 sec

Figure 5.19: Digital photographs of device demonstration of S-NCP-3//PVA-
KOH//rGO asymmetric SSD glowing panel of 201 red LEDs panel at different time

periods.

Table 5.1: Supercapacitive performance evaluation of S-NCP-3//PVA-KOH//rGO

ASD with an aqueous and solid-state electrolytes.

Sr. Name of device Specific Energy Power = Cycles @ Stability
No. capacitance = density density No. (%)
(Fg™hat (Wh (kW
current kg™ kg™
density
(Ag?)
1. S-NCP-3//KOH 95.62 at 3 34 2.40 5000 94.11
/IrGO
2. S-NCP-3//PVA- 37.62 at 0.7 13.51 0.55 5000 93.81
KOH//rGO
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5.2.C.3 Conclusions:

The aqueous and solid state asymmetric SC devices were successfully fabricated
by combining nickel copper phosphate (prepared by SILAR method) and rGO
electrodes as cathode and anode, respectively. The asymmetric aqueous device
demonstrated superior electrochemical capacitive performance with maximum Cs of
95.62 F g™* with ED of 34 Wh kg™ at PD of 2.40 kW kg™ and asymmetric SSD showed
highest maximum C; of 37.62 F g™* with ED of 13.51 Wh kg™ at PD of 0.55 kW kg™
In addition, S-NCP-3//rGO asymmetric aqueous device exhibits capacitance retention
of 94.11% and SSD displays 93.81% over 5000 cycles, which confirmed excellent
cyclic stability of devices. The cost efficient nickel copper phosphate based SCs can be

beneficial for various commercial applications in portable electronic devices.
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Chapter 6

Summary and conclusions:

Rising global energy crisis and the environmental issues have prompted the
investigation and development of clean and efficient ESDs for a sustainable
community. To date, three varieties of ESDs are available in the market such as
capacitors, SCs and batteries. However, the battery has low power, safety problems
and a short cycle lifetime, which restricts their application in electronic devices that
demand high power. Among the various ESDs, SC represent one of the key factor in
energy storage systems having the potential to replace batteries or even complement in
a variety of applications. The SC market is driven by its exclusive electrochemical
characteristics like as extremely short charging time, high PD and superior low-
temperature performance. Therefore, SCs are performed to fulfill the gap between
batteries and conventional capacitors. Presently, SCs are being utilized in various
applications such as power back up system, automotive engine stating devices,
telecommunications, hybrid electric vehicles, automotive auxiliary devices, etc.

Till today, the various types of electrode materials have been examined for SCs
including carbon based materials (AC, CNTs, graphene, etc.), conducting polymers
(polypyrole, polyaniline, etc.) and transition metal oxides/hydroxide. Out of these
electrode materials, TMPs are the promising electrode material for SCs application due
to high electrical conductivity, high reversible redox reactions and high stability.
Nowadays, nickel copper phosphates are gaining attention as cathode material for SCs
because of their cost-effectiveness, good electrical conductivity, multiple oxidation
states, non-toxic nature and electrochemical stability. By utilizing such metal
phosphates, the electrochemical performance of SC can be enhanced. The synergistic
effect of bimetal phosphates can increase electrochemical capacitive performance.

The aim of the research work was a synthesis of nickel copper phosphate thin
films using chemical methods and fabricates asymmetric SC devices using the same.
So, the nickel copper phosphate thin films with Ni-Cu composition variation were
synthesized on SS substrate via hydrothermal and SILAR methods. The composition
of nickel and copper ratio varied to achieve better results by using synergy among
them. Binder-free and adherent thin films of nickel copper phosphate were
characterized by various physico-chemical methods. The best performing nickel
copper phosphate electrodes were used for the fabrication of asymmetric (Ni-Cu
Phosphate//rGO) aqueous (1 M KOH electrolyte) and SSD (PVA-KOH gel
electrolyte). The present thesis work is described into six chapters.

Page 137



Chapter 6

Chapter 1 starts general introduction which talks about the requirement of SC
in the present world, recent developments, background and evolution of SCs. Several
types of SC with examples are described and comparison of ESDs is demonstrated via
Ragone plot. A basic principles for charge storage mechanism in electrochemical SC is
discussed using charge storing schematic. The higher electrochemical performance of
SC can be obtained by employing active material with desired properties. So, the
required properties of electrode material are described in detail with the variety of
available active materials for SCs in the literature. So, the literature review on nickel
phosphate, copper phosphate, and nickel copper phosphate materials is summarized.
Lastly, the orientation and purpose of the dissertation are described at the end of
chapter 1.

Chapter 2 discusses introduction of thin films, different deposition techniques,
and their classifications. Theoretical background of hydrothermal and SILAR methods
with various preparative parameters and advantages are given in detail. Thereafter, the
various thin film characterization techniques employed for prepared thin film
investigation such as, XRD for structural analysis, FT-IR spectroscopy for chemical
bonding, BET for specific surface area, XPS for elemental analysis, FE-SEM and EDS
for surface morphology and elemental mapping, respectively are described in this
chapter. Finally, theoretical background of electrochemical supercapacitive techniques
as CV, GCD and EIS are explained in detail.

Chapter 3 consists of synthesis of nickel copper phosphate thin films using
hydrothermal method, characterization and supercapacitive performance evaluation.
This chapter is divided into two sections i.e. section ‘A’ and ‘B’. Section A consists of
the preparation of nickel copper phosphate thin films on conducting SS substrate with
Ni-Cu ratio variation using a simple binder-free hydrothermal method. The deposited
nickel copper phosphate thin films are characterized by different physico-chemical
techniques. The effect of nickel and copper molar ratio variation on structure and
surface morphology of nickel copper phosphate thin film is studied. The successful
preparation of nickel copper phosphate is confirmed from the XRD, FT-IR, BET, XPS,
FE-SEM and EDS analysis. The XRD study confirms successful synthesis of nickel
copper phosphate material in thin film form. Also, FT-IR spectroscopy utilized to
analyze the molecular chemical bonds and confirms the formation of hydrous nickel
copper phosphate material. The N, adsorption-desorption experiments were executed

for the analysis of specific surface area and pore size distribution of prepared thin
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films. Moreover, XPS analysis exhibits the presence of nickel, copper, oxygen and
phosphorous elements in the prepared thin films. Further, the change in the
nano/microstructures of nickel copper phosphate thin films as an impact of the
different content of nickel and copper is observed from FE-SEM images and EDS
study confirms achievement of expected molar ratio (nickel and copper) in the
samples.

Section ‘B’ deals with the supercapacitive performance evaluation of
hydrothermally deposited nickel copper phosphate thin films. The influence of molar
ratio of nickel and copper on electrochemical performance of H-NCP series electrodes
is studied. The electrochemical capacitive measurements displays that, the maximum
Cs of 711 F g™ is obtained for H-NCP-3 (Niy2Cuy 35(PO4)--H-0) electrode at 1.5 A g™
current density as shown in Figure 6.1. Moreover, it reveals excellent capacitive
retention of 88.5% over 4000 cycles. The good -electrochemical capacitive
performance concluded that, strong adhesion among nickel copper phosphate
(Niy62Cu135(PO4)2-H20) and SS substrate with unique morphology, which delivers
easy charge transportation and ion penetration.

Chapter 4 emphases the synthesis, characterization and electrochemical
performance evaluation of SILAR deposited nickel copper phosphate thin film
electrodes. As like chapter 3, chapter 4 is also divided into two different sections ‘A’
and ‘B’. Section ‘A’ deals with synthesis of nickel copper phosphate thin films by
SILAR method. Moreover, the preparative factors include precursor concentration,
number of cycles, rinsing and reaction time were optimized. The SILAR deposited
nickel copper phosphate thin films are used as working electrode for electrochemical
study. The impact on structure as well as surface morphology with the variation in
molar ratio of nickel and copper is studied. The amorphous nature of nickel copper
phosphate has been confirmed by the XRD analysis. The surface areas of nickel copper
phosphate thin films measured from BET analysis. The nickel, copper, oxygen and
phosphorous elements with expected composition are found in XPS and EDS study.
Further, the FE-SEM images for nickel copper phosphate material confirm the
formation of porous material consisting of a nanoparticle-like morphology. Section ‘B’
describes the supercapacitive performance of SILAR deposited nickel copper
phosphate thin film electrodes and change in effect is observed at different
compositions of nickel and copper. The high C; demonstrated by nanoparticle like

morphology of nickel copper phosphate (Ni1s6Cus 44(POa)2-H20) thin film electrode of
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750 F gt at 1 A g™ current density (as shown in Figure 6.1) with good cyclic stability
up to 89.34% after 4000 GCD cycles. The good performance of SILAR deposited
nickel copper phosphate (NijssCus44(POs)2-H,O) material is detected due to good
contact among deposited material and SS substrate (binder-free synthesis) and porous

consisting nanoparticles like morphology.
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Figure 6.1: The FE-SEM images of (a) NiygCui3s(PO4)2-H20 (X2000) and (c)
Niy 56CU7.44(PO4)2-H,0O (X100000) thin films. The plots of specific capacitance versus
current densities for (b) Niye2Cuy35(PO4)2-H20 and (d) NiyseCupaa(PO4)2-H,0 thin
film electrodes.

Chapter 5 covers the fabrication and supercapacitive performance evaluation
of asymmetric aqueous and SSDs. The SILAR deposited nickel copper phosphate (S-
NCP-3) [Niy56Cuy.44(PO4)2-H,0] as a cathode and rGO as an anode was utilized to
fabricate asymmetric aqueous and SSDs with aqueous (KOH) and polymer (PVA-
KOH) gel electrolytes, respectively. This chapter distributed into three different
sections (A, B and C). Section A describes synthesis, characterization and
electrochemical performance evaluation of the rGO electrode. The well-known
modified Hummer’s method is employed for GO synthesis and then it reduced
hydrothermally. The successfully reduction of GO to rGO is affirmed by XRD study.
For electrochemical analysis, the anode is prepared by coating rGO material on
conducting SS substrate by casting method. Also, the supercapacitive performance
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evaluation of rGO was studied in three electrode system with 1 M KOH electrolyte. It
demonstrates maximum Cs of 159 F g™ at 1.5 A g™ current density. Also, it exhibits
77.42% capacitive retention over 3000 GCD cycles. So, the rGO electrode is employed
as negative (anode) electrode for device fabrication. Section B gives entire information
about electrode preparation, PVA-KOH gel electrolyte preparation as well as the
aqueous and solid-state device fabrication process. Section C contains the
supercapacitive performance evaluation of S-NCP-3 (SILAR synthesized)//rGO
asymmetric aqueous and SSDs. The asymmetric aqueous (S-NCP-3//KOH//rGO) and
solid-state (S-NCP-3//PVA-KOH//rGO) SC devices are prepared. The S-NCP-3//rGO
asymmetric aqueous (95.62 F g™ at 3 A g™*) and solid-state (37.62 F g* at 0.7 A g*)
device revealed excellent electrochemical performance with maximum Cs. Moreover,
the high ED and PD of asymmetric aqueous (34 Wh kg™, 2.40 kW kg™) and solid-state
(13.51 Wh kg™, 0.55 kW kg™) device are obtained. Additionally, S-NCP-3//rGO
asymmetric aqueous (94.11%) and solid-state (93.81%) device exhibited excellent
cyclic stability over 5000 cycles. The practical applicability of S-NCP-3//PVA-
KOH//rGO asymmetric solid-state is tested by charging two serially connected devices
for 30 s and discharged through 201 red LEDs are lightened up to 125 s.

Lastly, chapter 6 provides the extract of all the chapters i.e. summary and
conclusions. In this work, nickel copper phosphate thin films are successfully prepared
by hydrothermal and SILAR methods. The characterization techniques are used for
analyses and confirmation of prepared nickel copper phosphate thin films. The result
achieved from chapter 3 and 4 proposes that, the ~0.50:0.50 ratio of nickel and copper
content in nickel copper phosphate thin film reveals higher electrochemical
performance than other compositions. The hydrothermally deposited microstructures
of nickel copper phosphate (Ni16,Cuy 35(PO4),2-H,0) electrode shows less performance
(711 F gt at 1.5 A g™) than the SILAR deposited (750 F g™ at 1 A g™) nanoparticle
like morphology of nickel copper phosphate (Niys56Cu;44(PO4)2-H20) electrode are
displays in Figure 6.1. The best performed SILAR deposited (S-NCP-3) nickel copper
phosphate electrodes are used for the asymmetric aqueous and SSDs and studied their
supercapacitive performance. The comparative ED and PD (Ragone plot) of fabricated
asymmetric (aqueous and solid state) devices are portrayed in Figure 6.2. The
available SCs are incapable to perform higher PD than capacitors as well as high ED
than batteries. However, the asymmetric aqueous device based on nickel copper

phosphate electrode obtains higher values than the available SC devices they reveal
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ED almost equal to fuel cells/batteries and lower PD than a capacitor. The SILAR
deposited nickel copper phosphate (Niis6Cup44(PO4)2-H,0) based aqueous ASD
exhibits greater ED and PD than the SSD. The aqueous devices have constraint in their
commercial level and that can be reduced by preparing SSD. So, the SILAR deposited
nickel copper phosphate (Nij.56Cus.44(POa)2-H20) thin film electrode based solid state
SC device along with comparable ED (13.51 Wh kg™) and PD (0.55 kW kg™) can be
applicable at commercial level in lightweight electronic devices.

The supercapacitive performance of aqueous and SSDs is summarized in Table 6.1.

Table 6.1 Electrochemical performance of asymmetric aqueous and solid-state SC

devices
Sr. Name of Specific Energy Power Cycles Stability
No. Device capacitance  density density No. (%)
(Fghat (Wh (KW
current kg™ kg™
density (A g™?)
1. S-NCP- 95.62 at 3 34 2.40 5000 94.11
3//[KOH
IIrfGO
2. S-NCP- 37.62 at 0.7 13.51 0.55 5000 93.81
3/IPVA-
KOH/IrGO
10000(0_-‘ .
Capacitors S-NCP-3//KOH/irGO
—@—S-NCP-3//PVA-KOH//rGO
o woooo |
E 10001 ‘%9' Ni/MH'i% |_li:‘~ion
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Figure 6.2: The comparative Ragone plots of prepared asymmetric (aqueous and solid
state) device based on nickel copper phosphate as positive and rGO as negative

electrodes.
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To achieve higher supercapacitive performance of active material, several materials with precise structures and
properties have been prepared using different chemical synthesis methods. Recently, amorphous materials are
gaining much attention as an electrode in supercapacitor application as it provides superior electrochemical
properties due to disorder in structure. So, in this investigation, a facile, binder free successive ionic layer
adsorption and reaction (SILAR) method is adopted for the preparation and deposition of amorphous, hydrous
nickel phosphate thin films on stainless steel substrates. The amorphous nickel phosphate shows mesoporous,
clusters of particles like morphology. In the electrochemical study, the amorphous, hydrous nickel phosphate
electrode demonstrates a superior specific capacitance of 1700 F g~! (specific capacity- 814 C g™1) at 0.5 mA
em ™2 current density along with excellent capacitive retention (96.55%) and coulombic efficiency (98.62%) over
5000 cycles. Furthermore, fabricated hybrid supercapacitor device using the nickel phosphate as cathode and
reduced graphene oxide as anode exhibits specific capacitance of 113.5 F g1 at 3 mA cm 2 current density with
a high 40.37 Wh kg~ ! energy density at 1.689 kW kg~ power density alongwith excellent cyclic stability
(95.09% retention after 5000 cycles). The obtained results illustrate that the amorphous, hydrous nature of
nickel phosphate is a beneficial and superior choice as a cathode material in high-performing hybrid asymmetric
supercapacitor devices.

1. Introduction intrinsic pseudocapacitor, charges are stored by double layer and sur-

face redox mechanism on the surface of a material or near the material

Electrochemical supercapacitors have recently gained much atten-
tion as superior electrochemical energy storage devices due to their high
power density and exceptional stability. Generally, stored electrical
energy in supercapacitors is based on two primary electrochemical
double-layer capacitance and pseudocapacitance mechanisms. EDLC
based supercapacitor exhibits excellent stability and high power, since
charge storing proceeds physically via ions adsorption/desorption inside
carbon-based materials; however, these materials suffer from low en-
ergy density [1]. The pseudocapacitive capacitance originates electro-
chemically either via redox reactions (e.g., metal
oxides/hydroxides/phosphate) or through ion intercalation (e.g., con-
ducting polymers) [2-5]. Further, pseudocapacitor is divided into three
types such as intrinsic, intercalation, and extrinsic pseudocapacitor. In

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).

https://doi.org/10.1016/j.synthmet.2021.116876

surface. In intercalation type, pseudocapacitor charge stores through
intercalation of electrolytic ion in interplanar space or tunnels. How-
ever, in extrinsic pseudocapacitors, battery-type materials exhibit
pseudocapacitive behavior with a reduction in their crystallinity or
morphology (nanomaterials) [6]. Besides the excellent energy density of
pseudocapacitive materials, they suffer from poor stability and less
power density.

Transition metal sulfides/oxide/hydroxide and phosphates have
been comprehensively explored as pseudocapacitive material for energy
storage devices because of their abundant resources and electrochemical
activity [7,8]. Among various pseudocapacitive materials, the excellent
electrical conductivity of metal phosphate executes a rapid charge
transfer, and it is beneficial for supercapacitor [9,10]. Also, the
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Abstract

Present investigation describes a successful preparation of nickel phosphate (Ni;(PO,),.8H,0) thin film electrodes by facile
one pot hydrothermal method. As developed Ni;(PO,),.8H,O thin film electrodes with the variation of thickness are exam-
ined for morphological change and glucose sensing. The Ni;(PO,),.8H,O thin film electrodes exhibit linear response with
respect to the variation in glucose concentration from 2.5 to 30 mM and acquire the sensitivity of 8312 pA mM~! cm™ with
437 pM LOD. Selectivity performance of Ni;(PO,),.8H,0 thin film electrode towards glucose in presence of dopamine,
fructose and lactose is studied. The results suggest that Ni;(PO,),.8H,O thin film electrode is beneficial for glucose sensing
application due to enormous active sites with the high specific surface area of the active material.

Keywords Nickel phosphate - Hydrothermal method - Microplates - Non-enzymatic glucose sensor - Thin film electrode

1 Introduction

Nowadays, biosensors are mostly investigated in the area of
biomedical analysis, food industry, and clinic diagnosis [1,
2]. Glucose sensors are widely used in clinical diagnostics
because of their fast examination and reliability [3]. There-
fore, a lot of efforts are underway for the construction of
rapid, reliable and reproducible glucose sensing devices
[4]. Electrochemical sensors are known as a good scien-
tific device due to their fast and low-cost glucose recogni-
tion [5, 6]. Biosensors prepared by various methods have
been studied from past few years. Based on the multiple
characteristics and phenomena of the techniques as well as
detector, applied biosensors would be classified into elec-
trical biosensors, vibrational biosensors, electrochemical
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biosensors, optical biosensors and mechanical biosensors.
Chronoamperometric or electrochemical glucose sensors are
classified into two types an enzymatic and non-enzymatic
glucose sensor. In the type first, enzymatic oxidase on the
surface of electrode is immobilized and dioxygen quantita-
tively reduced to the hydrogen peroxide and monitored by
chronoamperometric method [7]. The traditional enzymatic
glucose sensor offers high selectivity, better time response
but some drawbacks are associated such as, limited stability
and difference in response with the changing pH as well as
temperature [8]. On the other hand, non-enzymatic glucose
sensors offer many advantages such as stability, reproduc-
ibility and their mechanism for detecting glucose molecules
is based on redox reaction of active material [5, 9]. Among
different biosensors, electrochemical biosensors involve easy
mechanism and fabrication processes, simple operation and
quick response time. It is familiar that, transition metal based
electrodes are extremely cost-effective, facile to synthesize,
highly electroactive and exhibit good glucose sensing [10,
11].

In recent times, there are lots of efforts undergoing for
glucose detection using nickel based catalysts. Almost all
of them shown improved performance of glucose sensor by
developing nickel catalyst on the conductive materials like
as carbon nanofiber [12], Mxene [13] and graphene [14].
Yet few works were prepared to simultaneously modify
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Facile Synthesis of Microstrip-Like Copper Phosphate
Hydroxide Thin Films for Supercapacitor Applications
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Binder-free copper phosphate hydroxide [Cuys(PO4)(OH)] thin films have been
prepared on stainless-steel (SS) substrates at 393 K via a facile hydrothermal
method. X-ray diffraction analysis confirmed the formation of orthorhombic-
structured copper phosphate hydroxide [Cus(PO4)(OH)] thin films with uni-
form microstrip-like morphology and Brunauer—-Emmett-Teller (BET) surface
area of 5.26 m® g~ '. The electrochemical performance of the films depended on
their thickness, with a maximum specific capacitance of 280 F g~ ! at a scan
rate 5mV s in 1 M KOH electrolyte. The [Cus(PO(OH)] electrode deliv-
ered an energy density of 3.85 Wh kg~ ! and a power density of 264.70 W kg !
with excellent (91%) capacitive retention after 2000 cycles. This excellent
electrochemical performance shows that such microstrip-like Cuy(PO4)(OH)
thin films are promising electrodes for high-performance supercapacitors.
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ARTICLE INFO ABSTRACT

Here, we report a binder-free synthesis of microrods-like manganese phosphate thin film over stainless steel
substrate by a facile, single-pot hydrothermal method. The XRD analysis reveals that, the formation of man-
ganese phosphate [Mn3(PO,4)»] material of a monoclinic crystal structure. From SEM images observed microrods

Keywords:
Hydrothermal method
Manganese phosphate

N{“‘iz‘i‘)ds e solid devi like morphology of manganese phosphate with an average width of ~25 pm. The manganese phosphate elec-
I;uexelrcz s;:ﬁzlretrlc solid-state device trode shows a better electrochemical performance with a specific capacitance of 145 F g~ ! at 0.2 mA cm™
ThIi)n ﬁln]: current density in 1.0 M Na,SO, electrolyte. Moreover, the flexible solid-state symmetric electrochemical energy

storage device was assembled with PVA-Na,SO, solid gel-electrolyte consists of manganese phosphate as anode
and cathode electrode. The corresponding symmetric supercapacitor achieves a high energy density of 11.7 Wh
kg ™! at a high power density of 1.41 kW kg ™" with an excellent specific capacitance of 37 F g~ ! at 0.1 mA cm™
current density. Manganese phosphate shows long-term electrochemical cyclic stability at a current density of
0.8 mA cm™ for 9000 galvanostatic charge-discharge cycles with excellent capacitance retention (99 %). This
excellent capacitive performance confirms that the manganese phosphate is promising material and fabricated
flexible solid-state symmetric supercapacitor has high potential in the field of portable and bendable energy

storage devices.

1. Introduction

Global extensions have stimulated the rate of energy consumption
to very high levels, and the utilization of highly efficient, clean and
sustainable energy conversion technologies and renewable energy re-
sources are getting much attention. Among the existing energy gen-
eration and storage devices, supercapacitors (SCs) are considerably well
attractive to salve the increasing concern about the energy crisis. [1].
Supercapacitor provides high power density, moderate energy density,
longer durability and fast charging capability than batteries or fuel
cells. Remarkably, flexible device with long cycle life has attracted
significant attention in the field of power-source applications such as
portable electronics, rollup/wearable displays, energy back-up device,
sensor networks, electric vehicles, and mobile phones [2-4]. On the
basis of energy storage mechanism, electrochemical capacitors are ca-
tegorized into mainly two types, pseudocapacitors and electric double-
layer capacitors (EDLCs). The EDLCs based materials with large specific

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).
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surface area, like carbonaceous materials, are storing the energies
through electrical double layers. However, pseudocapacitor materials
display quite a lot of oxidation states and store energy in electric double
layers, as well as redox reaction at the electrode surfaces as like the
transition metal oxides/hydroxides, sulfides, and conductive polymers
[5-7]. Therefore, comparing pseudocapacitors with the EDLCs, pseu-
docapacitor shows good capacitive behavior with excellent specific
capacitance [8].

Significantly more effort for fabricating high-performance super-
capacitors has been done using various materials, such as Co(OH), [9],
MnCo,04 [10], rGO-MnO, [11], a-MnO, [12], and Mn(OH),, [13]. Mn-
based oxide/hydroxides are hard to reach the theoretical capacitance,
power and energy density values because of poor electrical conductivity
and the less specific capacitance due to the lower ion transfer rate
[10,14]. The cobalt-based materials are more concentrated because of
their attractive capacitance values, but they shows less cyclic stability
compared to manganese based materials [15].
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ABSTRACT: In the present investigation, microflowers-like hydrous
cobalt phosphate is prepared via a facile single-step hydrothermal method
on stainless steel substrate. The microflowers-like morphology of hydrous
cobalt phosphate thin film consists of microplates and further microplates
converted to flakes by means of a change in length, width, and thickness
with urea variation. Hydrous cobalt phosphate thin film electrode
demonstrates a high specific capacitance of 800 F g at 2 mA cm™> with
33.62 Wh kg™ energy density and 3.12 kW kg™ power density. By taking
advantage of hydrous cobalt phosphate thin film (as a cathode electrode)
and copper sulfide thin film (as an anode electrode), the asymmetric
devices (aqueous/all-solid-state) are fabricated. Aqueous asymmetric
device shows a high specific capacitance of 163 F g™' at 2 mA cm™> with
an energy density of 58.12 Wh kg™' and power density of 3.52 kW kg™".

Energy Density (Wh kg™ )

—Co3(POg)y 84,0
—aus

~

Ref.S7 | AASderio (tiswork)
) -

Ref22
v Rel.23

© "W AsSCs device (His work)
Reiss \ »~ .
Ref.60
et 55

> Ref.39

current density (mA cm2)

)

S

1 1o
Power Densiy (Wkg™T)

09 06 03 00 03 06
Potential vs Hg/HgO (V)

IS

Current Demsity (mA cm™2)
&

CoyfPO) BHHQIPVAKOHIONS

—tomvsT
—20mvs
—domis
—eoms
—8oms
—100mivs!

00 04 08
Potential (V)

12 16

Moreover, the all-solid-state asymmetric supercapacitor device delivers a high specific capacitance of 70 F g_1 at 2 mA cm >
with 24.91 Wh kg™' energy density and 2.63 kW kg™' power density in PVA—KOH gel electrolyte. The long-term cyclic stability
(94% after 3000 cycles) and actual practical demonstration (lightning 65 red LEDs) suggest an industrial application of the all-

solid-state asymmetric device.

KEYWORDS: Cobalt phosphate, Hydrothermal method, Microflowers, Solid-state asymmetric supercapacitor, Thin film

B INTRODUCTION

Increasing demand for portable electronics (like mobile
phones, e-papers, laptops, etc.) has significantly encouraged
the research community to fabricate high-performing electric
energy storage devices.' ~ Among the various types of energy
storage devices, a supercapacitor (SC) is the supreme choice
for clean and green energy, which offers excellent character-
istics such as good cycle stability, high power density, and
environmental benignity and is presently employed in hybrid
vehicles, consumer electronics, and renewable energy storage
devices,”™® though the major challenges of a supercapacitor are
less stability at high-rate conditions and low energy density (as
compared to batteries), which significantly constrains its
application.” As per the energy density equation (0.5 CV?),
to increase the energy density development of new electrode
materials with a high capacitance (C) is one way and another is
to build a supercapacitor device with a wide operating potential
window (V). Thus, new superior electrode materials having
high specific capacitances, long cycling lives, and rational
assemblies of anode and cathode materials in a supercapacitor
device are required to be investigated. Therefore, extensive

-4 ACS Publications  © 2019 American Chemical Society

research has been devoted to fabricating asymmetric super-
capacitor devices using different cost-effective electrode
materials with high specific capacitance.”’

Generally, carbon-based materials, e.g.,, carbon nanotubes
(CNTs), graphene and activated carbon (AC), conducting
polymers (e.g., polythiophene, polypyrrole, and polyanilines),
transition metal oxides/hydroxides/sulfides, and their compo-
sites, are employed as active materials for supercapacitors. The
transition-metal oxides, metal hydroxides, and metal sulfides
such as Co0,0,° MnCoO,” RuO,,'’ p-Co(OH),,'"" CoS,"
COSZ,13 etc., have attracted significant attention as pseudoca-
pacitive electrode material, but they suffer from low specific
capacitance and energy density due to poor conductivity.' "
Thus, there is a need to develop low-cost alternative electrode
materials to improve the performance of supercapacitors.
Recently, for supercapacitor as well as catalysis application,
various transition-metal phosphates have been studied and

Received: January 25, 2019
Revised:  June 7, 2019
Published: June 7, 2019

DOI: 10.1021/acssuschemeng.9b00504
ACS Sustainable Chem. Eng. 2019, 7, 11205-11218


pubs.acs.org/journal/ascecg
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.9b00504
http://dx.doi.org/10.1021/acssuschemeng.9b00504

Electrochimica Acta 319 (2019) 118—128

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

Hydrothermally synthesized Iron Phosphate Hydroxide thin film N
electrocatalyst for electrochemical water splitting

updates

Suraj A. Khalate ?, Sujit A. Kadam °, Yuan-Ron Ma °, Sachin S. Pujari ?, Supriya J. Marje ¢,
Pranav K. Katkar ¢, Abhishek C. Lokhande ¢, Umakant M. Patil *
2 Centre for Interdisciplinary Research (CIR), D. Y. Patil Education Society (Deemed to Be University), Kolhapur, 416 006, India

b Department of Physics, National Dong Hwa University, Hualien, 97401, Taiwan
¢ Department of Physics, Khalifa University of Science and Technology (KUST), Abu Dhabi, United Arab Emirates (UAE)

ARTICLE INFO ABSTRACT

Article history:

Received 6 March 2019
Received in revised form

31 May 2019

Accepted 27 June 2019
Available online 28 June 2019

Hydrogen production is an immediate need to replace the fossil fuels to keep environmental balance, and
water splitting is an effective solution in presence of catalyst through oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). Herein, for the first time, we have synthesized Iron Phosphate
Hydroxide (Fe;.95(PO4)2(OH),) thin film electrode as a superior electrocatalyst by facile hydrothermal
method using binder free approach. The crystallographic properties are studied from X-ray diffraction
pattern, and Reitveld refinement analysis shows best fit with the tetragonal Lipscombite structure of Iron
Phosphate Hydroxide (Fe;95(PO4)2(OH);). Flower like structure consist of agglomerated nanorods on
micro and sub-micrometric spheres of Fe;gs5(PO4)2(OH), exhibits lower overpotential of 281 mV at
10 mA/cm? current density towards OER in alkaline (1 M KOH) medium and maintains its activity after
12 h catalytic stability test. Moreover, prepared electrode shows HER with overpotential 165.7 mV at
current density 10 mA/cm? in acidic (1 M H3PO4) medium and demonstrates enhanced performance
(126.4 mV overpotential) after 12 h catalytic stability. The Fe;95(PO4)2(OH); thin film electrodes show

Keywords:
Electrochemistry
Hydrothermal synthesis
Heterogeneous catalysis
Ligand effects
Transition metals

Voltammetry

superior performance in OER and HER, compared with its oxide counterpart (Fe;03).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Now days, a very intense work focused on the renewable energy
generation by different sources such as wind [1], solar [2], hydro-
dynamical [3], tidal [4] and geothermal [5], and utilization in
terms of electrical energy to control the global energy crisis and
reduce environmental issues. Hydrogen is one of the most clean
and potential renewable energy sources and the electrolysis of
water to generate Oxygen and Hydrogen molecules is the cost-
effective and efficient approach to get renewable energy [6—9].
The hydrogen evolution reaction (HER) and oxygen evolution re-
action (OER) are the fundamentals of typical water splitting reac-
tion and HER is comparatively easy which takes place at low
overpotential. On the other hand, water splitting efficiency is
largely constrained by the rate determining sluggish oxygen evo-
lution reaction (OER), which involves four proton-coupled electron
transfer causes high overpotential for O, assembly. In

* Corresponding author.
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electrochemical energy sources, appropriate electrocatalysts are
crucial components of an energy efficient hydrogen generation. To
minimize the overpotential for OER and energy losses, a good
electrocatalyst must have high catalytic activity, superior conduc-
tivity and adequate electrocatalytic stability. The state-of-the-art
electrocatalysts considered to the noble metal-based valuable
materials such as Platinum (Pt), Ruthenium (Ru) and Iridium Ox-
ides (IrO;) have an identity as best OER catalysts due to low over-
potential [10—12]. However, these metals are very rare in the
Earth's crust, thus it is difficult to commercialize them. To create the
significant development in the field of electrocatalysis and there is
need to replace the conventional electrocatalysts. Amongst various
non-noble metal catalysts, transition metals are the promising
alternative for these rare metal electrocatalysts due to their smaller
d orbitals, lower crystal-field activation energies and competent
bifunctional catalytic properties for water splitting. The materials of
transition metals as Hydroxides, Sulphides, Selenides, Phosphates,
Phosphides, Nitrides, have great interest due to their Earth abun-
dance, high-efficiency and stability for large-scale energy produc-
tion [13—-20].
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ARTICLE INFO ABSTRACT

In present work, reproducible and economic chemical bath deposition method is used to deposit nickel phos-
phate thin films on stainless steel substrate for supercapacitor application and effect of anion precursors on
structure and morphology of prepared thin film is studied. Change in structure from crystalline to amorphous is
observed in prepared thin films due to precursor variation. Also, microplate to microsphere like morphological
alteration is observed with the same. The microsphere like morphology of amorphous nickel phosphate thin film
electrode exhibits the highest specific capacitance of ~1031 F g~ ' (specific capacity 114.6 mAh g~ ') at
0.5 mA cm ™2 current density. Its practical application is tested by preparing asymmetric supercapacitor device
comprasing amorphous nickel phosphate thin film as positive electrode and reduced graphene oxide as negative
electrode. Asymmetric device delivers highest specific capacitance of ~100 F g~ ! at 6 mA cm ~ 2 current density
with energy density of 45.33 Wh kg™! at a high power density of 1.5 kW kg ™! and offers 80% capacitance
retention over 3000 cycles.

Keywords:

Anion precursor effect
Asymmetric supercapacitor
Binder-free synthesis

Chemical bath deposition method
Nickel phosphate
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1. Introduction

Today’s increasing requirement of energy storage devices for high
power applications catches researcher’s attention. Main requirements of
energy storage device are reversible and fast release of electrical energy
and that can be fulfilled by supercapacitor devices [1,2]. Numerous
materials has been developed and studied by researcher for super-
capacitor application such as, transition metal oxides [3], hydroxides
[4], sulfides [5] and phosphides [6]. To develop economical stabled
material with high energy and power density for supercapacitor ap-
plication needs to explore new materials. In the search of inexpensive
electrochemically active material, many researchers attracted towards
metal phosphate materials for supercapacitor application [7].

Among metal phosphates, nickel and cobalt phosphate were widely
studied for different application due to its earth abundancy and high
conductivity. Moreover, several chemical methods were used to prepare
nickel phosphate materials for supercapacitor application such as hy-
drothermal [8-12], microwave assisted [13], calcination [14,15], co-
precipitation [16,17] and sonochemical [18,19] etc. Different chemical
method offers different microstructure of nickel phosphate such as
nano-microrod, microflower, nanosphere etc. that ultimately exhibits

* Corresponding author.
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different electrochemical capacitive performances.

However, very few reports explored the effect of precursor source
on the microstructure and ultimately supercapacitive performance of
the material. Li et. al achieved different morphologies of Ag;PO,4 ma-
terial using simple way phosphate precursor variation from H3PO, to
Na,HPO, in hydrothermal synthesis process. This experiment resulted
tremendous change in morphologies in prepared material with respect
to precursor variation. Analogous effects are studied in terms of su-
percapacitive perfomance, 3D tetrapod like microcrystals of AgzPO4
sample shows 1.6 times higher capacitance than a sample composed
with irregular particles and some polyhedrons [20]. Selective shapes/
morphology of material can be prepared by changing precursors and
these results are observed by Bi. et. al. only changing silver precursor
from acetate to nitrate in the preparation of silver phosphate using
precipitation process. Without using capping agent selective shapes
from rhombic dodecahedrons to perfect cubes of silver phosphate were
prepared. Photocatalytic activity of controlled but different morpholo-
gies were studied and reported that, the rhombic dodecahedrons are
more catalytically active than perfect cubic structured material [21].
Similar type of results obtained by Gunjakar et. al. in the simple che-
mical bath preparation of silver phosphate thin films. Authors obtained
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ARTICLE INFO ABSTRACT

In present work, nickel pyrophosphate (Ni,P>0,.8H,0) thin film on stainless steel substrate synthesized using
facile chemical bath deposition method and used as cathode electrode for asymmetric supercapacitor. Three
compositions of nickel phosphate with varying of nickel:phosphate (2:1, 1:1 and 1:2) molar ratio are prepared to
study composition effect on microstructure and subsequently on supercapacitive performance. Morphology
changes with composition from microflower to leaf like, consequently supercapacitive performance influences
with increasing phosphate content in material. The well dispersed leaf like microstructure (nickel:phosphate;1:2)
of nickel pyrophosphate offers more active sites and it shows maximum specific capacitance of 482F g~ ' at
current density of 3 mA cm along with 99.73% capacitive retention over 2500 cycles. Moreover, an asymmetric
device fabricated using nickel pyrophosphate and reduced graphene oxide as a positive and negative electrode,
respectively. Prepared asymmetric supercapacitor offers specific capacitance of 74.81F g at 0.9 mA cm™
current density with 26.6 Wh kg™ energy density at a moderately high power density of 870.6 W kg™. Also,
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Nickel pyrophosphate
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exhibits 87.35% of capacitive retention over 5500 cycles at 4mA cm™ current density.

1. Introduction

To reduce global warming, promote green and clean energy, and
fight with energy crisis, usage of sustainable energy sources increased
[1]. Fulfil increasing demand in global power supply for different ap-
plication, have to store electricity efficiently produced from sustainable
energy sources [2]. So, attention shifted towards cost effective, easy to
use and maintenance free energy storage devices with high stability [3].
Supercapacitor come in focus because it offers high energy and power
density as compare to conventional capacitors and batteries, respec-
tively [4,5]. These amazing properties of supercapacitor encourage to
use it either individually or in combination with batteries/fuel cell for
different application [6,7].

Supercapacitors are divided into three categories on the basis of
charge storage mechanism such as EDLC, pseudocapacitor and hybrid
supercapacitor [8]. There are numerous materials were investigated as
an supercapacitor electrode material such as, metal oxides [9,10], hy-
droxides [11] and sulfides [12] but they suffers from some limitations
such as, poor stability, poor conductivity and lower specific capacitance
[13,14]. To reach high energy and economical demands, need to
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develop electrode material has low-cost, high specific capacitance and
favourable cycling ability [15].

Transition metal phosphates widely studies for decades and used in
various applications as, catalysis/photocatalysis [16,17], energy sto-
rage devices [18] and sensors [19]. Recently, they fascinated for energy
storage application owing to their excellent conductivity, abundant
active sites, wide structural channels for electrolyte ions percolation
and most importantly offer stable structure due to P—O covalent bond
[20]. Among metal phosphates, nickel and cobalt aided in energy sto-
rage due to excellent redox action and also, they are earth abundant
and widely distributed. Various structures of nickel phosphates such as
pyrophosphate and orthophosphate, can facilitates different ionic con-
ductivity and consequently rate capability [21].

So, different microstructure and polymorphs of nickel phosphate
were prepared using various methods for supercapacitor application
and reported in literature. Sankar et al. grown one dimensional na-
norods of nickel pyrophosphate on nickel foam by simple hydrothermal
method [22]. Similarly, Pang et al. [23] synthesized nickel pyropho-
sphate microrods by calcination of ammonium nickel phosphate ma-
terial and Senthilkumar et al. [24] prepared nano grains of nickel
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For practically feasible water splitting to fulfill the need of energy, the development of efficient, robust and
long lasting catalyst is necessary. Transition metal compounds facilitates the good catalytic properties due
to facile transition of their oxidation states. We here reported a novel process for the synthesis of novel
material as cobalt doped iron phosphate thin films. The pristine iron phosphate thin films have synthesized
by regular facile hydrothermal method and to achieve doping of the cobalt into iron phosphate, second step
hydrothermal ion-exchange process was used. The as synthesized cobalt doped iron phosphate thin film
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Cajt/alytic stability electrode exhibits excellent electrochemical OER and HER catalytic water splitting performance. The pre-
Doping pared material was demonstrated by two electrodes overall water splitting electrolyzer in alkaline medium

at lowest potential of 1.72 V to deliver 10 mA/cm? current density after 4 days’ continuous water splitting
test. The outstanding catalytic stability proved 0.4 Co:FePi thin film electrodes are robust water splitting

Electrochemistry
Heterogeneous catalysis
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1. Introduction

Upon looking at the present scenario of the energy generation
and consumption, an eye capturing fact can be realized that we need
greater energy than what we have today. It is the necessity to pro-
duce energy from green and sustainable energy resources to main-
tain our benign environment and future from the energy crisis,
global warming and environmental pollution. Hydrogen is one of the
best energy sources from clean and green energy sources, and is
expected to play a major role in a future sustainable energy sector
[1,2]. Hydrogen from energy sources such as solar or wind electricity
is the clean production of energy, also the storage of energy in the
clean form as a standby during the ups and downs of solar and wind
power. Electrochemical water splitting is an effective technique to
convert electrical energy into chemical energy in the form of hy-
drogen by using proper catalyst electrode. Electrochemical water
splitting is the combined reaction of two half reactions as oxygen
evolution reaction (OER) and complimentary hydrogen evolution
reaction (HER). These reactions of water splitting (OER and HER) are
constrained by the rate determining sluggish four electron coupled
proton transfer process and hence have low conversion efficiency
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[3-5]. At present, the best electrocatalysts with high efficiency are
the state-of-the-art materials as platinum, ruthenium/iridium based
oxides which are widely used. The best electrocatalyst for HER is
platinum, which only requires onset overpotential of nearly zero. But
the commercial use of these state-of-the-art catalyst materials is
limited by their scarcity, high cost, large overpotentials at high
current densities and poor stability [6]. Many researchers are in-
terested and engage in the development of alternative cost-effective,
non-noble metal and highly stable electrocatalysts for efficient
overall water splitting. Variety of new non-noble metal based cata-
lysts are under research and development process. First row (3d)
transition metal based materials have good catalytic properties due
to facile transition of their oxidation states. Transition metal based
materials such as, transition metal-transition metal alloys (TMAs),
transition metal oxides (TMOs), transition metal nitrides (TMNs),
transition metal dichalcogenides (TMDs), transition metal phos-
phides (TMPs), transition metal carbides (TMCs), transition metal
borides (TMBs), etc. are playing leading role in water splitting [7].
Few reports are available on transition metal phosphate electrode
materials for electrochemical water splitting. Transition metal
phosphates play an important role by facilitating adsorption and
stabilizing active centers, also phosphate ligands give the favorable
conditions for electrolyte ion adsorption and oxidation by distorting
local atomic geometry and facilitating the oxidation of metal atoms
during proton coupled electron transfer [8].
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