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MOTIVATION AND OBJECTIVE

Research on electrochemical energy conversion and storage applications is
motivated by the increasing global demand for clean and sustainable energy solutions.
The primary objective of this research is to develop efficient, reliable, and
environmentally friendly technologies to address the challenges posed by fossil fuel
depletion, climate change, and the need for decentralised energy sources. Fossil fuels
are finite and contribute to environmental pollution and climate change.
Electrochemical energy conversion and storage technologies offer the potential to
harness renewable energy sources (such as solar and wind) and convert/store them
efficiently, reducing our dependence on fossil fuels. As we know, renewable energy
sources like solar and wind are intermittent, meaning they don't produce energy
consistently. Effective energy storage solutions, such as batteries and supercapacitors,
are crucial to storing excess energy generated during peak production times and
releasing it when demand is high. However, the cost, efficiency, energy density, power
density, cyclic stability and durability still remains a major issue that needs to be
tackled. Thus, in my research work, I am motivated to develop an electroactive material
that can show high efficiency towards oxygen evolution reaction and shows maximum

energy and power density with high cyclic stability.



SYNOPSIS

This present thesis involves the study of various metal phosphate and oxide-based
materials for electrochemical energy conversion and storage application. The thesis
comprises of five chapters. Chapter 1: Includes the introduction part where the
motivation for the search of alternative electrode materials towards electrochemical
energy conversion and storage application is explained. Along with that the basic
information regarding the characterization techniques and electrochemical parameters
are also explained. Chapter 2: Explains the detailed study on cobalt pyrophosphate
(Co2P207) as a durable electroactive material for electrochemical energy conversion
application. Chapter 3: Presents the detailed analysis of Boron doped carbon/cobalt
pyrophosphate hybrid towards high-performance all solid-state asymmetric
supercapacitor device. Chapter 4: Reveals the electrochemical performance of a
manganese phosphite/RGO hybrid in acidic media. Chapter 5: Presents the synthesis

and electrochemical study of SnO2/TisC2Tx hybrid towards supercapacitor application.
Chapter 1: Introduction

The recent increase in energy demand has led to a greater focus on renewable energy
sources like oxygen (O2) and hydrogen (H.), that can be produced through a
straightforward electrochemical water splitting process while ignoring the effects of
greenhouse gases.! This chapter provides an overview of the energy conversion process,
including the two half-cell reactions in the respective electrodes. Where in the cathodic
half-cell hydrogen evolution reaction (HER) and in anode oxygen evolution reaction
(OER) takes place. The basic working principles, the mechanism of overall surface
reactions, various precious or non-precious metal based materials as electrode materials
to carry out HER and OER, and various carbon-based materials used for mechanical
support and further improvement of electrocatalytic performances of the as-prepared
catalyst, various synthetic technique using which they can be synthesized, and common
parameters employed for the energy conversion process is elaborated in this chapter. 2~
® Like energy conversion process, the energy storage system towards supercapacitor
application plays a crucial part in the current energy sector and opens up new doors to

meet future energy demands. 52 This chapter also discusses the significance of
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supercapacitors in comparison to conventional capacitors and batteries based on energy
storage devices. ° Furthermore, this chapter also covers the supercapacitor's operating
principles, the mechanism involved in the charge storage process, electrode materials
used to boost supercapacitor performance, various electrochemical experiments, and

the evaluation techniques involved to calculate the storage performance.

Chapter 2: Cobalt pyrophosphate (Co2P207) a durable electroactive material for

electrochemical energy conversion application.
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Graphical abstract

In this work, we have derived a hybrid structure of partially graphitized carbon/cobalt
pyrophosphate (GC-CPP) from an inorganic open-framework cobalt phosphite by
annealing at an optimized temperature under inert atmosphere. After successful
synthesis and step-by-step physicochemical analysis, the electrochemical oxygen
evolution reaction is carried out in three electrode set-ups. Oxygen evolution reaction
(OER) is analyzed in freshly prepared 3 M KOH electrolyte. On employing as anode
electrocatalyst, the GC-CPP catalyzes the OER efficiently which needs only 165 mV
of overpotential to reach 10 mA cm current density. Also, it endows the catalysis
process with favorable kinetics showing a Tafel slope of 41 mV dec? and robust
durability (increase of only 10 mV overpotential after 20 hours of electrolysis) with an

unaltered crystallinity as well as surface morphology.
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Chapter 3: Boron doped carbon/cobalt pyrophosphate hybrid for high-

performance all solid-state asymmetric supercapacitor device.
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Graphical Abstract

In the present chapter, boron doped carbon/cobalt pyrophosphate hybrid for
supercapacitor application is studied. The presence of boron in the carbon matrix
increases the pseudocapacitive behavior of the carbon. Furthermore, the excellent
stability of cobalt pyrophosphate and the inherent redox behavior of cobalt provides an
opportunity to employ this hybrid as a positive active material. Herein, a two-step
process is followed for the synthesis of a boron-doped carbon/ cobalt pyrophosphate
hybrid. Through the appropriate adjustment of the amount of boron during synthesis,
the electrochemical performances of a set of materials were studied. The material
synthesized with 4 mg of boron (B-GC@CPP-4) exhibited a specific capacitance of
395.1 Fg?tat1.5A g! mass normalized current density. Boron, with one electron less
than carbon, is the vital reason behind the improved electrochemical performance of
the hybrid material. However, the intrinsic hydrophilicity and metallic conductivity of
MXene make it an eminent electroactive material for use as a negative electrode. Owing
to the above properties, the all-solid-state asymmetric supercapacitor cell (ASC) was
fabricated [B-GC@CPP-4// MXene], that exhibits a specific capacitance of 125 F g
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with an energy density of 45 W h kg™ at a power density of 1735 W kg at 2 A g
current density. The ASC device possesses an excellent coulombic efficiency of 98.5%
and capacitance retention of 96% over 10000 consecutive charge/discharge cycles. The
study reveals B-GC@CPP-4//MXene to be a promising set-up for energy storage

devices.

Chapter 4: Revealing the electrochemical performance of a manganese
phosphite/RGO hybrid in acidic media.
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Graphical Abstract

Herein, we present manganese phosphite [Mn11(HPOz)s(OH)e], an interesting inorganic
material with spectacular structural features for supercapacitor application. A single
step hydrothermal synthetic route was employed for the fabrication of a series of
manganese phosphite/RGO hybrids (Mn-HPO/RGO-5, Mn-HPO/RGO-10, Mn-
HPO/RGO-20). Among all the as-synthesized hybrid, Mn-HPO/RGO-10 delivers a
specific capacitance of 770 F g—1 when operated at 1 A g—1 current density in three-
electrode set-up and maintains a rate capability of 66%. To broaden the practical
applicability of the Mn-HPO/RGO-10 hybrid, an asymmetric supercapacitor (ASC)
device was fabricated with MXene (TisC2Tx) as a negative electroactive material and a
Mn-HPO/RGO-10 hybrid as a positive active material. The as-fabricated device
projects a specific capacitance of 108 F g~! with an energy density of 34 W h kg ' at a
power density of 508 W kg~'. Moreover, the ASC device retains a specific capacitance
of 94% after 12 000 constant charge and discharge cycles, suggesting the excellent
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durability of the ASC device. These systematic investigations illustrate the potential of
the Mn-HPO/RGO-10 hybrid as a positive active material for high-performance energy

storage device in acidic electrolytic condition.

Chapter 5: Presents the synthesis and electrochemical study of SnO2/TisC2Tx

hybrid towards supercapacitor application.
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In this chapter, we report a single step hydrothermal route to synthesize SnO2/Ti3C,Tx
composites with varying the amount of TizC>Tx from 50 to 100 mg. After successful
synthesis of the pristine SnO», TisCoTx and SnO2/TizCoTx hybrids, the phase purity is
confirmed through powder XRD analysis, the morphology was analysed through
FESEM, TEM and HRTEM. FESEM images of SnO: reveals the agglomerated
morphology that is further intercalated in between the TisC2Tx layers in the hybrid
material. Moreover, the TEM image of SnO: disclose that the agglomerated architecture
is actually the composed of small rice grain type nanoparticles. However, the interlayer
spacing of TizCoTx in SnO2/TisC2Tx-80 hybrid is increased can be observed from
HRTEM analysis. This increase in interlayer spacing again facilitates the charge
transport in supercapacitor electrode.!® Afterwards the electrochemical study of
SnO/TizC,Tx-80 shows better supercapacitor performance compared to pristine SnO3,
TisCoTx and other synthesized composites. In three electrode set-up SnO2/TizC2Tx-80
delivers a specific capacitance of 620 F/g with a rate capability of 42 %. After 10,000
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cycles of constant charge and discharge at 10 A/g, it was found that the electrode retains

73 % of its initial capacitance.
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(a) CV, (b) GCD, (c) Csp values at different current density, (d) Stability and

coulombic efficiency of SnO2/TisC2Tx-80 hybrid.

Synopsis Conclusion

Water electrolysis or water splitting reaction is the most viable and cheapest
method to produce H>. The electrolysis of water molecules requires, a theoretical
potential of 1.23 V. But in actual use, a greater cell voltage is essential because of a
number of internal and external factors, that reduces efficiency all around. Despite the
fact that some noble metals, such as platinum, iridium, and rhodium, have demonstrated
exceptional electrocatalytic activity, their precious metal status in terms of high cost
and availability holds them back for large scale commercialization. Similarly, the
commercial or domestic use of electricity requires a continuous and smooth flow,
consequently calls for suitable storage devices to be coupled with these intermittent
renewable energy sources. The energy storage systems such as batteries,

supercapacitors and capacitor store electrical energy through electrochemical process
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and supplies them as required. Based upon these ideas, in the present thesis work
initially the details of electrochemical energy conversion and storage application is
explained in chapter 1. Then in chapter 2, I, have synthesized graphitized carbon/cobalt
pyrophosphate (GC-CPP) from a cobalt phosphite open framework and studied its
electrochemical performance towards oxygen evolution reaction. Furthermore, in
chapter 3 this cobalt phosphite open framework is used as a precursor material along
with boron powder to synthesize boron doped carbon/cobalt pyrophosphate (B-
GC@CPP) and its supercapacitor performance is studied in 3 M KOH electrolyte.
Again, in search of new electrode material for supercapacitor application | have further
explored the supercapacitor performance of Manganese phosphite/RGO hybrid (Mn-
HPO/RGO) in acidic electrolyte (1 M H2SO4) in chapter 4. Moreover, SnO2/Ti3C,Tx
hybrid is synthesized through a simple hydrothermal process. The incorporation of
SnO; in between TisC, Ty layers increases the interlayer spacing, facilitating the charge
transport in the electrode material makes it a suitable choice for supercapacitor

application in KOH electrolyte and studied in chapter 5.
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1.1 Introduction

The rapid industrialization and population growth leads to increase in energy demand.
However, environmental pollution and global warming caused by the overuse of
traditional fossil fuels provoke researchers around the globe to search for clean and
green renewable energy sources.>? The renewable energy sources such as nuclear
energy has the drawback of bringing catastrophic disaster whereas, the intermittency of
solar and wind energy limits their usage. In recent times hydrogen energy is the
potential sustainable energy source but the evolution of hydrogen is mainly from natural
gas via steam methanol reforming that again releases CO2 as a by-product.®= On the
other hand the most prevalent precursor for hydrogen production is water that surrounds
the 70 % of the Earth’s surface. Water electrolysis or water splitting reaction is carried
out in an electrolytic cell. The electrolytic cell consists of two half-cell reactions, where
at cathode hydrogen evolution reaction (HER) and at anode oxygen evolution reaction
(OER) occurs. The electrolysis of water molecules requires, a theoretical potential of
1.23 V. But in actual use, a greater cell voltage is essential because of a number of
internal and external factors, that reduces efficiency all around.® Despite the fact that
some noble metals, such as platinum, iridium, and rhodium, have demonstrated
exceptional electrocatalytic activity, their precious metal status in terms of high cost
and availability holds them back for large scale commercialization. ! Therefore, in
the last decade, numerous earth-abundant transition metal-based catalysts known as
noble metal-free electrocatalyst (metal oxide/hydroxide, metal chalcogenides, and
metal phosphate-based materials, etc.) have been investigated in order to make the

manufacture of electrocatalysts economically viable. 171

Energy storage systems are also necessary for the wise use of renewable energy sources.
Now a days the energy storage system is a matter of debate as the renewable energy
sources like wind, solar, tidal, etc. are used to generate electricity, are erratic and mostly
reliant on the weather and environment. The commercial or domestic use of electricity
requires a continuous and smooth flow, consequently calls for suitable storage devices to
be coupled with these intermittent renewable energy sources. These storage systems

would maintain the balance between energy supply and demand. The energy storage
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systems such as batteries, supercapacitors and capacitors store electrical energy through
electrochemical process and supplies them as required. The subsequent sections give us
an elaborate idea on this energy conversion (water splitting) and energy storage

(supercapacitors) systems.
1.2 Electrochemical Cell

A device that can either produce electrical energy from chemical reactions or use
electrical energy to carry out a chemical reaction is called an electrochemical cell.
Voltaic or galvanic cells are electrochemical devices that produce an electric current
from chemical reaction, and electrolytic cells are devices that do chemical reactions by
using electrical energy, such as electrolysis. This kind of electrochemical cell has a
three-electrode configuration as presented in Figure 1.1,'° consisting of a counter
electrode, a working electrode and a reference electrode. Despite the fact that the
relevant electrodes are submerged in the electrolytes, some potential need to be

provided to start the electrolysis process.

Figure 1.1 A typical three electrode set-up.'®

1.3 Water splitting Reaction

Water is broken down into oxygen and hydrogen gas through a process called
electrochemical water splitting, commonly referred to as electrolysis. This released
hydrogen gas can be used as fuel to operate a fuel cell. Water is electrolyzed at a
minimum applied potential of 1.23 volts and the overall water splitting reaction is
presented as below in Figure 1.2.%
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I_.—— Power

Hydrogen

Asnode Reaction

g,_A
4H*Y 4 407 = 2H; : Mm 2H;00 Oy + 4H* + 4e~

Cathode Reaction

Figure 1.2 Two electrode system showing electrolysis process.*’

2H,0 & Hy+ 20, (1.1)

For water electrolysis process the active material slurry is prepared by dispersing the
active material in a mixed solvent of ethanol and nafion (as a binder) and sonicated to
have a uniform dispersion of the active material. The working electrode is prepared by
drop casting the homogenous dispersed slurry over a glassy carbon electrode (GCE) or
any substrate such as stainless-steel mesh. Similarly, bare platinum rod is used as a
counter electrode and Ag/AgCl or Hg/HgO reference electrode is used for complete

electrochemical analysis.
Ag+ Cl & AgCl (1.2)

Most often chlorine leaching occurs from chlorine containing reference electrode as
mentioned in the above reaction, that further improves the catalytic activity of the
electrode material. Thus, mercury-mercury oxide (Hg/HgO) type electrode is employed
as reference electrode to evaluate the true catalytic performance of the electrode
material. For each reference electrode, the obtained potential values for the evolution
of renewable (H2 or O2) gases are calibrated into RHE (reversible hydrogen electrode)

scale through the well-known Nernst equation through water splitting as follows:
For Ag/AgCI reference electrode:

Erne = Eagiagel + E%agiagal + 0.059 p™; E%giagcr = 0.21V
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For saturated calomel electrode (SCE)

Erne = Esce + E%ce + 0.059 p™; E%ce=0.24 V

For Hg/HgO electrode,

Erne = E Hgmgo + E%ce + 0.059 p™; E° nggo = 0.897 V
1.3.1 Types of Water Splitting Reactions

Based upon the electrolytic condition and the presence of active ions the
electrochemical water splitting is classified into two types, (i) HER (Hydrogen
evolution reaction) and (ii) OER (Oxygen evolution reaction). In acidic media the active
ion is H* whereas in alkaline media the active ions are OH".%!8 As presented in Figure
1.2 the hydrogen evolution reaction occurs in the cathode side whereas, in the anodic
part oxygen evolution reaction takes place and the water splitting reaction in both acidic
and alkaline media is presented below,

In acidic condition: 4H* + 4e~ - 2H, (HER)
2H,0 — 0,+ 4H* + 4e~ (OER)

In alkaline condition: 4H,0 + 4e~ - 40H™ + 2H, (HER)
40H- - 2H,0 + 4e~ + 0, (OER)

The energy required for the breakdown of water molecule for the evolution of hydrogen
and oxygen is equivalent to the energy released during the process of formation of
water. It is calculated using Gibbs free energy under the usual conditions of standard

temperature and pressure.
AG® = —nFE® (1.3)
Where, AG® = Change in standard Gibb’s free energy.
n = No. of electrons involved in the electrolysis process.
F = Faraday Constant (96,485 C)

The splitting of water into H> and O2 molecules requires a thermodynamic potential of
1.23 V at standard condition of temperature (25 °C) and pressure (1 atm). However, in
practice the sluggish reaction kinetics of water electrolysis requires more potential than
that of thermodynamic potential for complete dissociation of water into molecular

hydrogen and oxygen.*® The potential where the electrolysis process just starts is termed
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as onset potential and the extra potential required for water electrolysis is called as

overpotential.
1.4 Mechanism of Water Splitting Reaction

The water electrolysis process producing Hz and O is divided into two categories HER
and OER respectively and the reaction mechanism of HER and OER both in acidic and

alkaline medium are explained.
1.4.1 Mechanism of Hydrogen Evolution Reaction

In an electrolyser hydrogen evolution reaction (HER) occurs at the cathodic part where
protons get adsorbed on the electroactive material to generate molecular hydrogen. This
HER follows a two-electron transfer pathway and the mechanism depends upon the

type of electrolytic condition (either acidic or alkaline).

Volmer-Tafel Volmer-Heyrovsky ! Volmer-Tafel Volmer-Heyrovsky
mechanism mechanism : mechanism mechanism

@
Volmer reaction Volmer reaction
(acidic media) : (alkaline media)

Figure 1.3 Mechanism of hydrogen evolution reaction in acidic and alkaline media.?

In acidic condition HER follows of two steps, either VVolmer-Heyrovsky or Volmer-
Tafel. In the Volmer step the H* ion is adsorbed over the surface of the electrocatalyst
and thus, forming an adsorbed hydrogen atom denoted as Hags. After the VVolmer step if
the reaction goes through the Heyrovsky step, then another electron coupled hydronium
ion (H") combines with the adsorbed hydrogen generating molecular hydrogen.
Whereas, in Tafel step two adsorbed hydrogen atoms are combined forming a hydrogen

molecule. The above Figure 1.3 represents the hydrogen evolution reaction.?°

In alkaline media, initially electron coupled water molecule discharges a hydroxide ion

and hydronium ion. This hydronium ion (H*) gets adsorbed onto the electroactive
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material forming an adsorbed hydrogen Hags Species. The hydrogen atom that has been
adsorbed then interacted with another electron coupled water molecule to create
hydrogen gases in the Heyrovsky step. In the Tafel step, the combination of two Hads
atoms to produce H2 molecule.

1.4.2 Mechanism of Oxygen Evolution Reaction

In the electrolyser the oxidation of water occurs at the anodic part producing O:
molecule. It follows a four-electron transfer pathway to complete the oxygen evolution
process through formation of various transient species (oxide/hydroxide/peroxide). The

OER mechanism in both the acidic and alkaline condition is presented in Figure. 1.4,

M +H,0, o
+OH-
M-OH
+0OH-
-
+0OH-
H+
+H,0,, M-0O H*

Figure 1.4 Mechanism of OER in both alkaline (red line) and acidic medium (blue
ling).2

Thermodynamically 1.23 V potential is required for the water oxidation but the
involvement of these steps makes the kinetics of the process sluggish and hence requires
a potential higher than that of thermodynamic one. In alkaline medium the OH" ions are
plentily available in the electrolytic solution thus adsorbed on the catalytic surface
forming a hydroxo species. Then one proton from these hydroxo species is removed by
attack of another OH" ion and forms oxo species. Later, this oxo species combines with
another OH" ion forming a peroxo species and finally this peroxo species attacked by
another hydroxide ion and liberates molecular O, and water. Thus, it is inferred that
four hydroxide molecules and four electrons are used for the formation of a O>

molecule.
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In acidic medium, the water molecule is dissociated into a proton, electron and a
hydroxide ion. This hydroxide ion gets adsorbed on the catalyst surface forming
hydroxo species and a hydrogen ion is liberated from this forming a metal oxide species.
Further another water molecule provides a hydroxide ion by removing a proton and an
electron forming a peroxo species. At last, this peroxo species generates a molecular
oxygen and a hydronium ion. From this mechanism it is clear that in acidic medium
two molecules of water are used to produce a molecular O, four electrons and
protons.??23 The formation and decomposition of the M-O and M-OOH bond is the sole

responsible for the catalytic performance of the active material. 242
1.5 Basic parameters involved to understand the water splitting process

The electrochemical parameters involved to understand the water splitting process are
overpotential, Tafel slope, Nyquist plots, electrochemical active surface area (ECSA)
with roughness factor or active sites, mass activity, turn over frequency, faradaic
efficiency, and cyclic stability. The reaction mechanism involved in the catalysis

process can also be inferred from these mentioned parameters.
1.5.1 Overpotential

Thermodynamically, it requires 1.23 V of potential for OER at anodic counterpart and
0.0 V for HER at cathodic counterpart. However, the practical realisation of water
electrolysis reveals that some extra amount of potential is required to overcome the
kinetic barrier associated with these reactions (HER and OER). This extra amount of
potential with respect to that of thermodynamic potential is termed as overpotential.
Thus, the electroactive material showing lesser overpotential value is the main focus of
the researchers around the globe. There exist three major factors that increases the gap
between thermodynamic potential and experimental potential and accordingly
overpotential is classified into three types such as, (i) Activation overpotential, (ii)
Concentration overpotential, (iii) the overpotential arising due to the ohmic drop.*®
Activation overpotential is intrinsic property of the electrode material and can be
removed by employing suitable electrocatalyst. The slower rate of charge carrier
diffusion at the electrode/electrolyte interface leads to concentration overpotential and
can be excluded by constant stirring of the electrolyte solution. Similarly, the
overpotential caused by the ohmic drop can be eliminated by iR correction. This ohmic

drop (iR) correction can be carried out by multiplying the solution resistance with the

Page | 9



Chapter — 1 Introduction

current density obtained from electrochemical impedance spectroscopy and linear
sweep voltammetry respectively. This iR value is then further subtracted from the
experimentally observed potential to get the intrinsic catalytic activity of the
electrocatalyst towards HER/OER.?%2" The overpotential is a relative quantity and to
achieve a current density of 10 mA/cm? the required potential shows the efficacy of the
catalyst. This current density value of 10 mA/cm? is the obtained current at 1 sun
illumination from a solar cell device having 12.3 % efficiency. Hence, lower the
overpotential value to achieve this current density higher is the efficiency of the

electrocatalyst.
1.5.2 Tafel Slope

The Tafel slope provides an idea on the surface kinetics and reaction mechanism
throughout the HER/OER process. The increased efficiency of HER or OER catalyst is
shown by an electrocatalyst's lower Tafel slope value, which increases cathodic/anodic
current density at a lower overpotential. Typically, the Tafel slope is generated from
the Tafel plot's fitted linear region. A profile of the current density log (j) versus
overpotential (1) is used to show the Tafel plot. While the following equation is used

to establish the relationship between log (j) and overpotential (1)).282°

n = a+ blog(j) (1.4

A

@ Tafel plot

:

A

:

g
1

Overpotential (n/mA)

v -

2.0 10 0.0 1.0 2.0
Log j (mA/cm?)

Figure 1.5 Graphical representation of Tafel plot showing linear Tafel region and
Exchange current density.
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In the above equation 1 is the overpotential, a & b are Tafel constants and j is the current
density. Furthermore, the extrapolated Tafel plot intersects X-axis at a particular point
and that gives the exchange current density (jo) value. Higher the value of jo suggests
the presence of higher number of active sites on the catalyst surface. The Figure 1.5

represents a linear region of Tafel plot and exchange current density value.®
1.5.3 Electrochemical Active Surface Area (ECSA)

Unlike specific surface area obtained from BET analysis, ECSA provides us an idea of
electrochemically active surface area of the catalyst. By extrapolating double-layer
capacitance (Cai) from a non-faradic portion of a cyclic voltammetry curve, the ECSA
value can be determined. The electrocatalyst's extremely rough and porous surface has
a significant impact on the ECSA value. The charge accumulation process
corresponding to a charge of layers at the electrode/electrolyte interface without any
redox behaviour is the only factor used to estimate the double-layer capacitance. The
current (i) in a CV curve increases gradually with increase in the scan rate (v) and the

double layer capacitance can be calculated from the equation below, 3031

[ = UCdl (15)
& (a) (b) :
£ 120~ : 204
E Not suitable /‘f - 1.0 = ;
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Figure 1.6 (a) CV curve showing Faradaic and non-Faradaic region, (b) Enlarged CV
curves in non-Faradaic region, (c) Cathodic and Anodic slope to evaluate Cq.'°
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The Caq value is evaluated by plotting a graph between current (i) vs. sweep rate (v) at

a particular potential, where the slope of the obtained curve provides the value of Cqi.

This observed value of Cq is further employed to evaluate ECSA through following

equation,

ECSA = & (1.6)

N

Cs is the specific capacitance of atomically smooth catalyst surface and its value is 0.04
mF in alkaline medium and 0.35 mF in acidic medium. *2-3* Moreover, roughness factor
(Ry) is a term that signifies the presence of active sites per unit surface area and
evaluated by dividing ECSA with the geometrical surface area of the electrode. The
non-Faradaic region of the CV curve and the cathodic and anodic slope is mentioned in
Figure 1.6.1°

ECSA
Rf -

(1.7)

Sgeo
1.5.4 Electrochemical Impedance Spectroscopy (EIS)

The solution resistance, charge transfer resistance and mass transfer activity of an
electrocatalyst can be investigated by EIS measurements through Nyquist plot analysis.
Nyquist plot is a plot between imaginary axis (Z") vs. real axis (Z'). This Nyquist plot
can be obtained by varying the AC-frequency from higher to lower value at a particular
potential and amplitude. Impedance is a kind of resistance that either complies with or
violates Ohm's law. Each point in the Nyquist plot depicts a certain frequency and
provides details about different electronic elements involved in the electrochemical
reactions, such as solution resistance, charge transfer resistance, and double-layer
capacitance. The combination of the resistance of electrolytic ions, resistance of the
electrode and the existing contact resistance between the electrode and active material
interface is known as solution resistance.®® Experimentally, Rs is the interception of the
Nyquist plot with the real axis (Z') provides the equivalent series resistance (Z'= Rs, Z"
= 0) in the Nyquist plot's higher frequency region. Similarly, the R¢t (charge transfer
resistance) value is determined from the radius of the semicircle from the Nyquist
plot.® Lower the Rct value better is the electrochemical performance of the

electrocatalyst as mentioned in the Figure 1.7.%°
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Figure 1.7 Nyquist plot of pristine and Fe/P dual doping CoS: polycrystalline
nanowire for HER showing EIS.%’

The energy storage performance of the electroactive material can be further evaluated
from EIS measurements using the following equation, 38:3°

C= ———— (1.8)

m Xj X2nf XZ
Where C, m, j, f, Z" are the specific capacitance, mass of the active material, frequency
and the imaginary part of the impedance test respectively.

1.5.,5 Turn over frequency

An electrocatalyst's turnover frequency provides a thorough analysis of the evolution
of the number of moles of Hz or O2 molecules per unit time. “*4' Nonetheless, the

following equations can be used to obtain the value of turn over frequency:

Number of H, or O, evolved per unit time

TOF =

(1.9)

Number of active sites

IN g
AFyT

Or TOF =

(1.10)

Where current, Avogadro’s number, geometrical surface area, Faraday constant, no. of
electrons is denoted as I, Na, A, F and n respectively along with t as the symbol of
surface. Two electrons are involved in HER process whereas, four electrons are

involved during OER process. Thus, the TOF for HER and OER is expressed as below!®
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(TOF)ygr = — (1.11)

(TOF)opr = (1.12)

1.5.6 Faradaic Efficiency

A crucial criterion for evaluating the effectiveness and the ratio of supplied to consumed
electrons in an electrochemical reaction is called faradic efficiency. However, in
HER/OER, the Faradic efficiency compares the actual amount of hydrogen or oxygen
molecules detected to the expected amount of hydrogen and oxygen molecules. 2642

The equation below is used to evaluate the value of Faradaic efficiency

Faradaic ef ficiency = —2>"D__ (1.13)

Ip XnRp XNcL

The ring and disc currents, are identified as Ir and Ip in the equation above, respectively.
In the electrochemical analysis as a whole, countable electrons are represented by np

and ng.
1.5.7 Cyclic Stability

Similar to that, several active parameters were measured for durability or cyclic stability
using chronopotentiometry (change in overpotential seen at sustained current densities
of at least 10 mA/cm?). Also, the chronoamperometric approach analyses the observed
consistency performances and practical application of the as-prepared active electrode
material (at a specific overpotential change in current density). The stability tests,
however, were also carried out by repeatedly running the CV cycle between the set
potential range at a certain scan value. An electrocatalyst's polarisation curve is
typically recorded after a stability test and compared to data from before the test to look
for any changes in overpotential that can indicate poor electrochemical performance. In
order to establish the effectiveness of the as-prepared active material after continuous
electrochemical analysis, additional shifts in the diffraction pattern (phase purity),
surface morphology, and elemental composition (XPS spectra) were investigated.

Figure 1.8 suggests the long term stability test for GC-CPP sample at 10 mA/cm?.4
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Figure 1.8 long-term stability at 10 mA/cm? current density for graphitized carbon
cobalt pyrophosphate (GC-CPP).*

1.6 Materials used for electrolysis process

The different precious and non-precious metals have a significant impact on the
electrocatalytic evolution of renewable hydrogen/oxygen molecules. The benchmark
catalysts for the electrocatalysis process are noble metals like platinum (Pt) or
palladium (Pd), as well as other precious metal oxide-based materials like ruthenium
(RuO2) and iridium oxide (IrO2). Several more non-precious metal and non-metal based
electrocatalysts are used to replace the noble metal-based catalyst in addition to this
precious metal-based catalyst. These days, efficient HER/OER electrocatalysts without
noble metals have been synthesized by using a variety of novel synthetic processes, and
their catalytic activity is analysed and compared with noble metal based electrocatalyst.

1.6.1 Noble metal-based materials

According to the theoretical research, the two- and four-electron reaction mechanisms
must operate with the thermodynamic potential of 0 V and 1.23 V (against RHE) in
order to produce molecular hydrogen and oxygen gases from the water electrolysis. In
order to split the water through electrocatalytic process, requires a high value of
overpotential. In general, the noble metals like platinum (Pt), palladium (Pd), oxide of
ruthenium (RuQO2), and oxide of iridium (IrO2) lower the high value of additional
potential (overpotential).?® Figure 1.9 displays a profile of the precious metal’s HER
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activity in terms of free energy change. The benchmark catalyst for the HER process is
platinum (Pt) and to achieve a generally recognised current density of 10 mA/cm? (as a
standard current density value), a lower value of extra potential is needed. Similarly,
the oxygen evolution reaction (OER) uses both ruthenium (RuO2) and iridium oxide
(IrO2) as the reference electrocatalyst in order to increase the activity of oxygen
evolution in the supporting electrolytes. Unfortunately, the numerous practical uses are

restricted due to its high cost, very less abundancy, and low electrochemical stability.

0.0

o5}

A0p

Activity

208

2.5

t\Eo (eV)

Figure 1.9 For HER activity of electrocatalyst vs. calculated Gibb’s free energy.**

Thus, researchers putting much effort for the development of electrocatalyst free of
noble metal, that can show better electrochemical performance than that of noble metal-
based catalyst. Except the better electrochemical performance of non-noble metal-
based catalyst, the low cost and high durability is advantageous over the noble-metal
based catalyst. Looking into these advantages the pristine and carbon-based hybrids of
metal oxide/hydroxide, and metal phosphates as electroactive materials are attractive
choice for electrocatalytic applications. Figure 1.9 depicts the HER electrocatalytic

activity vs. Gibb’s free energy.**
1.6.2 Carbon based materials

Activated carbon,**" carbon nanotubes,*® carbon nanofibers,*® hetero atom doped
carbon,* and carbon aerogels®® are used as templates or hybrid materials to improve
the storage performances and catalytic activity in both the field of energy storage and

conversion application. The carbon-based electrode material having 2D layered

Page | 16



Chapter — 1 Introduction

analogous corresponding to pristine graphene.>? Despite the fact that 2D graphene
material is gaining popularity due to its low cost, great natural abundance, superior
surface-to-volume ratio, good electrical conductivity, elevated thermal and chemical
stability, and ability to operate in a wide temperature range, a material created by
functionalizing the surfaces of carbon nanotubes, helps to improve electrocatalytic
(HER/OER) and energy storage performances. Beside other carbonaceous materials,
the surface functionalized carbon nanotubes improve the electrocatalytic (HER/OER)
and storage performance (Supercapacitor) by adjusting pore size, pore volume, and
nanostructures. Carbon nanotubes (CNTSs) are classified into two types; single walled
CNT and multiwalled CNT. Single walled CNT (SWCNT) is formed by wrapping
single 2D graphene sheet into cylindrical form thus forming SWCNT, when multiple
graphene sheets are wrapped in a cylindrical format produces MWCNTs. CNTs with
no edge plane can prevent the irreversible electrochemical reaction to happen.>® Apart
from graphene, CNTs are an effective composite material for studying energy
conversion and storage because of these distinctive features. However, these
carbonaceous materials have certain limitations to hybrids with pseudo material for
demonstrating higher HER/OER performances due to the presence of limited accessible
surface area and EDLC behaviour.>® In the absence of any hybrids of redox-active
material, the hydrogen evolution reaction of pure RGO films was determined from the
measured polarisation curve. Doping improves graphene's HER performance over
unaltered graphene. Compared to bare graphite and single-doped graphene electrode
materials, the dual-doped (N, P) graphene exhibits greater HER activity. Compared to
other electrode materials, it required just 420 mV of extra potential to obtain a
predetermined current density of 10 mA/cm? with a lower Tafel slope value.* Like
graphene, MWCNTSs also exhibit poor electrocatalytic activity in the absence of

hybridization or doping.>®
1.6.3 Transition metal oxides and hydroxides

Metal oxide and hydroxide's semiconducting properties make them a strong choice for
the HER/OER process and energy storage performance towards supercapacitors (SCs).
Non-precious metal hydroxide or oxide has the advantages of a variable oxidation state,
greater electrochemical stability, and an electrically conductive character, suggesting a
suitable choice for the energy industries.>® For improved electrocatalytic performance
in the direction of the oxygen evolution reaction, the noble metal oxides of ruthenium
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(RuOy) and iridium (IrO2) are utilised as standard electrode materials (OER).1° But its
high cost and restricted supply drive our hunt for a noble metal-free electrocatalyst.
Surprisingly, Cos04, NiO, and MnO2 non-precious metal oxides were investigated and
taken into consideration as anode materials for overall water splitting. The OER activity
for NiO nanofibers was detected in lower overpotential of 322 mV to obtain a standard
current density of 10 mA/cm? was reported by Silva et al.>” The higher oxygen
evolution performances of Cos.xOs were also explored, with a lower overpotential of
268 mV and a Tafel value of 38.2 mV/dec, respectively.®® In addition to these, the 1D
NiCo204/graphene hybrids' binary metal oxide exhibits superior OER and
supercapacitor capabilities. To supply the predetermined current density of 10 mA/cm?,
the modest overpotential value of 313 mV with a lower Tafel value of 35 mV/dec is

required.t®
1.6.4 Transition metal phosphate-based materials

The water electrolysis process is the combination of HER and OER. Among which the
OER process mediate through four electron and four proton transfer pathway making
the reaction kinetics sluggish.>® Thus, plenty of research work is going on to develop
an electrocatalyst that reduces the electric potential required for this half-cell reaction.
Noble metal-based catalyst such as Ru and Ir shows efficient catalytic performance but
the broad application is inhibited due to its high cost and scarcity.®® Whereas, non-noble
metal (Fe, Ni, Co) based electrocatalysts having large scale production and low cost
suggests its wide spread application. Among them Co-based materials show superior
electrocatalytic activity compared to other non-noble metals.®* Till date various cobalt
based materials are reported such as oxides, chalcogenides, nitrides, phosphates, among
these cobalt phosphates are of prime interest due to its self-healing property and mild
working condition.®? Particularly, phosphate-based cobalt nano-structures are in the
limelight after the novel work by Nocera and Kanan in 2008.% Pramanik et.al.
synthesized ordered mesoporous cobalt phosphate with crystallized wall delivers an
overpotential of 380 mV to achieve a current density of 10 mA/cm2 with a Tafel slope
of 58.7 mV/dec.%* Similarly, pyrophosphates are class of phosphates where two
phosphate units share one oxygen atom forming a butterfly type of geometry.%® Cobalt
pyrophosphate with layered structure shows better magnetic, optical and electrical
properties. These unique properties of cobalt pyrophosphates are better than that of
cobalt phosphates by virtue of its physicochemical structure.®® Du et.al. synthesized a
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range of cobalt pyrophosphate nanostructures among which cobalt pyrophosphate
nanowires projects an overpotential value of 359 mV at 10 mA/cm2 and shows a Tafel
slope value of 54.1 mV/dec.®” Moreover, through a co-precipitation method, Liu et al.
have prepared Co—Fe pyrophosphate and employed it as electrocatalyst for the OER. It
catalyses the OER efficiently requiring only 276 mV of overpotential to reach a 10
mA/cm? current density.® In a recent work, carbon-coated cobalt iron pyrophosphates
(NCFPO/C NPs) were synthesized via a sol-gel method. The NCFPO/C NPs were
found to catalyse the OER showing a lower overpotential of 300 mV to deliver state-
of-the art current density compared to that reported before.%® Although several works
have been carried out based upon cobalt phosphate and pyrophosphate-based material
still much focus need to be poured to achieve still lower overpotential value with high
durability.

1.7 Supercapacitors

The gradual increment in the energy demand and rapid industrialization along with
growth of population leads to economic and environmental crisis throughout the globe.
Thus, scientists around the globe are running behind the development of clean and
green energy sources. Most of the renewable energy sources are of intermittent in nature
and to avoid this intermittency a successful energy storage device with long cycle life
is of prime importance. Supercapacitors (SCs) is a kind of storage system that act as a
bridge between batteries and dielectric capacitors, are responsible for delivering energy
at higher rates along with retaining specific power for long time. Supercapacitors are
also termed as electrochemical capacitors having same type of cell construction as that
of dielectric capacitors. In which the metal electrodes are substituted with porous
electrode material with high specific surface area and the dielectric material is replaced
with suitable electrolyte to selectively pass the ions. This efficient energy storage device
supercapacitors can be employed in a broad range of applications, such as portable
electronics, electric or hybrid electric vehicles, and smart grids. However, the lower
energy density of supercapacitors compared to batteries and fuel cells, is the major
drawback need to be focused. Thus, research communities are tirelessly working to
improve the energy density of supercapacitors by developing new and efficient
electroactive material or by employing different electrolytes. Furthermore, by tuning
various components of the supercapacitors can also enhance the supercapacitor

performance.
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1.7.1 Components of supercapacitor

Components of Supercapacitor

Current | Electrode Electrolyte

Collector | Material Material

Figure 1.10 Various components of a supercapacitor device.

As presented in Figure 1.10, a typical supercapacitor comprises of five components. A
supercapacitor device consists two electrode material (positive and negative) with
binder coated over respective current collector. These two electrodes are then separated
by an ion-permeable membrane called as separator and an electrolyte. The separator
not only behaves as an insulator to avoid short-circuit but also allows the charge-carriers
pass through it. Although all these components can affect the electrochemical
performance of a supercapacitor, tuning the electrode material to enhance capacitive

behaviour of the supercapacitor is our prime focus.
1.7.2 Mechanism of supercapacitors based on electroactive material

Based upon the electrode material the mechanism of the supercapacitors is classified
into various types such as (i) Materials showing Electric double layer capacitors

(EDLC), (ii) Materials showing Pseudocapacitive behaviour, (iii) Hybrid capacitors.
1.7.2.1  Materials showing EDLC behaviour

Capacitors of the electric double layer (EDL) follows non-faradic reactions. The
process by which charge and energy are stored is entirely electrostatic. The idea of an
electric double layer refers to the formation of two layers of opposing charge on two
interfaces separated by a molecular dielectric at the smallest possible distance. lon
movements or charge accumulation occur on the corresponding electrode with the
opposing charge as the voltage is applied. To create an ion-rich environment, an

electrolyte is employed. The earliest theoretical representation of the EDL-type
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capacitor was put forth by Helmholtz in the 19th century. The inner and outer layers of
the Helmholtz plane are formed by the charge accumulation process, which occurs
between the surface of the current collector and the electrolyte as presented in Figure
1.11.7° The storing of electric charge is directly proportional to the voltage applied in
the EDL system. In general, the carbon-based electrode materials (e.g., graphene,
activated carbon, carbon nanotubes, etc.) show this type of mechanism as presented in

Figure 1.12.™
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Figure 1.12 Schematic representation showing EDL capacitor.”
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1.7.2.2  Pseudocapacitive Material

(@)

Adsorption (b) Redox (c) Intercalation
Pseudocapacitance Pseudocapacitance Pseudocapacitance

<
N Hydrous grain Insertion host u'in
& boundary materia electrolyte

—r 00000
electrolyte “m

RuO,
nanocluster

Current Collector

Figure 1.13 Representation of various pseudocapacitive process.’*

Although there is a tremendous progress in carbonaceous material as EDLC, their lower
value of energy density limits its usage in portable electronics and electric vehicle. Unlike
EDLC, pseudocapacitors store charge through fast redox process at the surface or near
surface of the electrode materials. Based upon faradaic reactions the pseudocapacitive
electrode material is categorized into following types such as (i) underpotential
deposition,  (ii)  surface  redox  pseudocapacitance,  (iii)  intercalation
pseudocapacitance.’"” In case of underpotential deposition is also known as adsorption
pseudocapacitance, where a monolayer of metal ions is formed on different types of metal
(Ru, Pt, Au and Rh) surfaces due to faradaic adsorption and desorption process as shown
in Figure 1.13 (a).”* Surface redox pseudocapacitors presented in Figure 1.13 (b) follows
a charge transfer process where ions get electrochemically adsorbed onto the or near the
surface of electrode material. Redox pseudocapacitance for charge storage is exhibited
by a variety of electroactive materials, including conducting polymers like polypyrrole
and polyaniline, transition metal oxides like MnO; and RuQ,.”"" Similar to other
pseudocapacitor charge-transfer mechanism, intercalation pseudocapacitance depicted in
Figure 1.13 (c) occurs when ions are reversibly intercalated into and deintercalated from
the tunnels or layers of a redox-active material without going through any
crystallographic phase change. The majority of electroactive substances in organic
electrolytes display intercalation-based pseudocapacitance, including nanostructured
TiO2, Nb2Os, and M0Os.”® Due to their distinctive physical processes and various
electroactive materials, these three distinct pseudocapacitive mechanisms manifest at the
electrode surface. Yet, because of their poor electrical conductivity and low power
density, pseudocapacitors usually have short cycle lives. 798
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1.7.2.3  Hybrid capacitor

Combining both the non-faradaic EDLC and faradic pseudocapacitor charge storage
methods, hybrid SCs operate on a similar premise. In order to achieve higher
electrochemical performance or charge storage performance, a hybrid supercapacitor
can attempt to exploit the relative advantages and minimize the respective shortcomings
of EDLCs and pseudocapacitors. Compared to EDLCs and pseudocapacitors, hybrid
SCs have more energy and power density without sacrificing cycling stability or rate
capabilities. The hybrid SCs can be categorised into three groups based on electrode
configuration: (i) asymmetric hybrids, (ii) battery-type hybrids, and (iii) composite
hybrids.

In order to increase the energy density of the supercapacitor, an asymmetric hybrid
supercapacitor can be created by combining an EDLC electrode (typically negative
electrode) with a pseudocapacitive electrode (typically positive electrode), which can
operate up to a higher potential window than normal symmetric SCs.8! A different form
of energy storage technology that can bridge the energy and power densities of batteries
and SCs is the battery-type hybrid supercapacitor. By combining battery-type and
capacitive-type electrode materials, the battery-type hybrid supercapacitor improves
the overall electrochemical energy performance.®?®® By combining carbonaceous
materials (EDLC) with pseudocapacitive substances including transition metal oxides,
hydroxides, chalcogenides, and conducting polymers, which combine both physical and
chemical charge storage mechanisms in a single electrode, composite hybrid SCs can
be created. Due to the synergistic interaction of the EDLC and pseudocapacitive charge
storage mechanisms, the composite hybrid supercapacitor device exhibits superior
electrochemical performance than the parent or bare supercapacitor device. 848

1.8 Basic parameters involved to understand the activity of supercapacitor

The conventional parameters of specific capacitance or charge storage performance,
energy density, power density, and cyclic stability with columbic efficiency are used to

assess the supercapacitor performance.
1.8.1 Specific capacitance

The amount of charge stored with a potential change determines the specific

capacitance, or Cs, of an electro-active material in its as-prepared state. Also, the
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measured capacitance was converted into areal capacitance (F/cm?) for areas and
gravimetric capacitance (F/g) for masses, respectively. A mass of sample loaded on the
electrode surface, separator, the presence of the electrolytic medium, the thickness, and
the dimension of the active material are utilised to monitor the value of specific
capacitance for different electrode materials. Both the galvanostatic charge-discharge
procedure and the cyclic voltammetry approach have been used to calculate the value
of specific capacitance (Cs).% The following equation 1.14 and 1.15 is used to further
evaluate the specific capacitance from CV and GCD.8":88

Cp = L (1.14)

T [mv )]

The above equation is used to calculate the specific capacitance of the electroactive
material by using the CV curves. Here, [ I dV is the area under the CV curve, m is the
mass of the active material, v is the scan rate and (AV) is the operating potential

window.

Cop = —= (1.15)

mAV

In the above equation I signifies the discharge current, m is the mass of active material,

At is the discharge time and AV is the working potential window.
1.8.2 Energy density and power density

The performance of a supercapacitor can be further defined by two key factors: specific
energy or energy density and specific power or power density. With the help of
galvanostatic charge-discharge (GCD) techniques, the specific energy and specific
power measurements can be carried out by using equation 1.16.8%% The following
equation 1.17 was used to calculate the specific power or power density from the GCD
data.®® Here, E.D. and P.D. stand for, respectively, energy density (Wh kg™) and power
density (W kg™?). Csp stands for the particular capacitance, V stands for the designated

potential window, and v is the scan rate.

E.D.= 3 [cg X (AV)?] (1.16)
p.p.= E2 3990 (1.17)
At
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1.8.3 Electrochemical Impedance spectroscopy

The intrinsic parameter of the altered electrode material and the electrolytes are
examined using the electrochemical impedance spectrum. Notably, from the impedance
spectroscopy analysis equivalent series resistance, charge transfer resistance and
Warburg coefficient is evaluated. In an electrolyte solution, the graph typically depicts
the imaginary component (Z") vs the real part (Z'). The equivalent series resistance is
the combination of ionic resistance of the electrolyte, inherent resistance of the
electroactive material and the contact resistance of active material and current collector.
The charge transfer resistance is depicted by the graph's semi-circle area. With a
reduction in charge transfer resistance, an active material's specific power or power
density rises. The 45° phase angle from the semicircle zone accounts for the ion
diffusion that is seen in the Warburg impedance region.®* The EIS of cobalt nickel

phosphate with different ratios is presented in Figure 1.14.%
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Figure 1.14 EIS of the cobalt nickel phosphate electrodes with different ratios.%

1.8.4 Cyclic stability and coulombic efficiency

Cyclic stability measurements were used to assess the supercapacitor efficiency at a
certain scan rate or current density. Moreover, the following equation 1.18 was used to

obtain the coulombic efficiency (n):
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n="2 %100 (1.18)
tc

Where n stands for coulombic efficiency, tp stands for the discharge time in seconds,
and tc stands for the charging time in seconds.

1.9 Metal oxide and phosphate-based supercapacitors

Metal oxides have drawn significant interest among the several nanomaterials used for
SCs because of their unique physical and chemical characteristics. Metal oxides are
easier to synthesize than metal chalcogenides, more ecologically friendly, chemically
stable, and compatible with a wide range of electrolytes, all of which are necessary for
the creation of durable and affordable SC devices. Furthermore, due to the combined
effects of increased electrode surface area and numerous oxidation states, metal oxides
display higher theoretical specific capacitance/capacity, higher energy density, and
better electrochemical performance compared to graphene and other 2D materials.%%
A wide variety of metal oxides, including binary metal oxides like RuO2, MnOg, TiO,
NiO, C0304, V205, M00s3, and Cr.03, and ternary metal oxides like CuC0204, NiC0204,
and ZnCo204, have been either directly exfoliated from their respective bulk
counterparts or successfully assembled from solutions containing salt precursors.® Due
to the quick, reversible redox processes of ruthenium oxide (RuO2) and manganese
oxide (MnOy), for instance, have been widely researched as electrode materials for
SCS.96’97

During 1987 to 1990 the research community paid close attention to metal phosphates,
especially the layered metal phosphonates and phosphates,® because they exhibit
exceptional performance in the fields of materials science, catalysis, ion exchange,
proton conductivity, interface chemistry, and photochemistry.®®-1% Besides above-
mentioned properties metal phosphate-based materials are broadly used as
pseudocapacitive materials in recent years due to their high conductivity and high
electrochemical activity.'® Varied sources of ammonium solvents were used to
synthesize various NH4CoPO4-H.O nano/micro sized hierarchical architectures by
Pang et.al. The NHsCoPO4-H2O with the size of 20-30 mm delivers a specific
capacitance of 1142.9 F/g at 5 mV/s in 3 M KOH aqueous solution.'®® Wang and co-
workers synthesised layered NH4CoPO4-H2O microbundles consisting of 1D layered
microrods through a facile hydrothermal method. This 1D layered microbundle
electrode delivers a specific capacitance 662 F/g at 1.5 A/g current density. Moreover,
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this 1D layered microbundle retains 92.7 % of its initial capacitance after 3000
cycles.’® Due to the low cost, layered structure, strong reversibility, and high
conductivity of metal pyrophosphates, they have recently been used as active electrode
materials for catalysis and energy storage applications. The well-connected layered
structure of metal pyrophosphates is the reason behind their great electrical
conductivity.'%” Co,P,07/C hybrid was synthesized through calcination process at 900
°C by Zhang and co-workers. The as synthesized hybrid was further employed as a
positive active material and 3D porous graphene as a negative active material to
fabricate a supercapacitor device. The device projects a specific capacitance value of
70.1 F/g and energy density of 21.9 Wh/kg at a power density of 375 W/kg.1® A
hydrothermal method followed by calcination at 650 °C was employed by Wei et. al. to
synthesize hexagonal plate like porous Ni2P207. The synthesized Ni.P207 delivers a
specific capacitance of 557.7 F/g at a current density of 1.2 A/g. A solid-state flexible
device was fabricated by using Na-doped Ni2P.O; and graphene as positive and
negative electroactive material respectively. The as fabricated device projects a highest
energy density of 23.4 Wh/kg at a power density of 6.53 kW/kg with a cycling stability
of 5000 cycles.’®® The transition metal phosphites have drawn a lot of attention since
Attfied and colleagues initially described their synthesis of M11(HPO3)s(OH)s (M = Zn,
Co, and Ni) in 1993,1%111 due to their microporous structure and have potential to show
catalytic, electrical, optical and magnetic properties.'*?>1'> Mild hydrothermal process
was followed by Pang and co-workers for the synthesis of cobalt phosphite
microarchitectures. This cobalt phosphite shows a specific capacitance of 312 F/g at
1.25 A/g current density. The above mentioned cobalt phosphite possesses an excellent
cycling stability as the material maintains 89.4 % of its initial capacitance after 3000
cycles at 1.25 A/g.''? Wang et. al. produced NiHPO3.H,O through a single step
hydrothermal route. The synthesized NiHPOs.H,O was used as a positive active
material and porous carbon as negative active material was assembled together to
fabricate an asymmetric supercapacitor device that delivers an energy density of 42.6
Wh/kg at a power density of 449.1 W/kg. The device retains 84.7 % of its initial

capacitance even after 10,000 cycles.!
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2.1 Abstract
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Graphical Abstract

Water splitting is an assuring method of qualitative as well as quantitative oxygen
production to support future energy conversion systems and strictly depends on the
nature of the electrocatalyst. Likewise, the electrochemical energy storage system
particularly supercapacitor has of importance for future sustainability. Therefore,
finding of an efficient high performance electrode material with both the
electrocatalytic and electrochemical energy storage activity remained an emerging task
for sustainability. In view of this challenge, we have derived a composite of partially
graphitized carbon with Co2P207 (GC-CPP), a non-noble metal, low-cost electroactive
material from the open-framework Cobalt Phosphite. The crystal structure, surface
morphology and elemental composition of the sample has been analyzed by using
PXRD, Raman, FESEM, HRTEM and X-ray photoelectron spectroscopy. More
importantly, the electrochemical performances have been accessed by using cyclic
voltammetry, linear sweep voltammetry, galvanostatic charge-discharge and
electrochemical impedance spectroscopic methods. In alkaline electrolyte, the GC-CPP
catalyze the OER requiring only 165 mV overpotential to reach 10 mA/cm? current
density with lower Tafel slope (41 mV/dec.). This strategy to derive highly active
electrode material from open frameworks provide an opportunity to design efficient and

cost-effective electrode material for renewable energy technologies.
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2.2 Introduction

Water splitting technology proven to be a suitable method for the renewable energy
conversion and storage i.e., alternative to the traditional fossil fuels. In particular, more
focus is given to the electrochemical water splitting where catalyst plays the key role
to determine efficiency. Generally, the electrocatalysts need to operate close to the
Nernstian potential (E) for both the cathodic (H20/H2; HER) and anodic (H20/O;
OER) half reactions. The extra potential to E is termed as the overpotential (). Out of
these two half reactions, OER is relatively complex and associates with more value of
overpotential.® It requires four electrons to break two molecules of H20 by releasing
four protons thereby forming a relatively weak oxygen to oxygen linkage (0=0).23
This is why the OER electrocatalysts need additional potential (overpotential) to the
Nernstian potential and experimentally lowering of this potential remains substantially
challenging. Further, to execute this proton coupled electron transfer process, the
electrocatalyst need to expose prolonged oxidative reaction conditions. Even at the
thermodynamic limit, the oxygen evolution reaction requires an oxidizing potential that
degrade most of the functional entities of the catalyst surface. In many instances, the
surface transformation to their corresponding oxides/hydroxides has been realized
proving the instability of the electrocatalyst.*® Therefore, designing of an
electrocatalyst with better catalytic efficacy as well as durability remains indispensable
for sustainability.

Among recent developments, the noble metal based (Ir and Ru) oxides/hydroxide
occupies the dominant role as OER electrocatalyst but their high cost and poor catalytic
durability restricts their commercial production and application.”° However, the
oxides/hydroxides, sulphides, nitrides, and phosphides of first row transition metals
were well documented as the efficient OER electrocatalysts in terms of their low cost
and ease of synthesis.*'*"14 Particularly, the phosphate based cobalt nanostructures are
in the lime light just after the novel work by Nocera and Kanan’s work in 2008.2 Due
to the unique layered structure and improved optical, magnetic & electrical property,
the cobalt pyrophosphates are broadly used in many of the advanced applications.*>’
Specifically, the improved performance of cobalt pyrophosphate-based materials is
ascribed to their structural rigidity, which in turn resulted from the butterfly type
geometry of pyrophosphate unit.*® Therefore, efforts have been made and various
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synthesis protocols have been designed to synthesize the cobalt-based pyrophosphates.
In a particular work, Chang et al., have prepared coralloid type Co2P.O-@C following
a two-step method; preparation of polymer gel followed by high temperature
annealing.® In alkaline electrolytic condition, the Co,P.O;@C catalyze the OER
requiring 397 mV of overpotential to reach 10 mA/cm? current density. By following
hydrothermal method, Li et al., have synthesized Co2P.O; with various surface
morphologies.’® Among them, the Co,P,07 nanowires showed better OER catalytic
activity requiring 359 mV of overpotential. In a recent work, carbon coated cobalt iron
pyrophosphates (NCFPO/C NPs) were synthesized via a sol-gel method. The
NCFPO/C NPs found to catalyze the OER showing a lower overpotential of 300 mV to
deliver the state-of-the-art current density compared to that reported before.? In another
report, by following a hydrothermal method, Yang’s group have synthesized flake like
layered potassium cobalt pyrophosphate dihydrate (K2Cos(P207)2.2H20) that reach the
10 mA/cm? current density at only 296 mV of overpotential in 1.0 M KOH electrolyte.?!
Through a co-precipitation method, Liu et al. have prepared Co-Fe pyrophosphate and
employed as electrocatalysts for OER. It catalyzes the OER efficiently requiring only
276 mV of overpotential to reach the 10 mA/cm? current density. Although an ample
of work have been performed but still more effort need to devote to deduce facile
synthesis protocol for the scalable preparation of cobalt pyrophosphates having lower

overpotential to deliver the benchmarked current density.

In this work, we have derived a hybrid structure of partially graphitized carbon/cobalt
pyrophosphate (GC-CPP) from an inorganic open-framework Cobalt Phosphite by
annealing at an optimized temperature under inert atmosphere. On employing as anode
electrocatalyst, the GC-CPP catalyzes the OER efficiently which needs only 165 mV
of overpotential to reach 10 mA/cm? current density. Also, it executes the catalysis
process with favorable kinetics showing a Tafel slope of 41 mV/dec and robust
durability (only increase of 10 mV overpotential after 20 hours of electrolysis) with an

unaltered crystallinity as well as surface morphology.
2.3 Experimental Section
2.3.1 Materials

CoCl2.6H20, Phosphorous acid (HsPOs), Ethylene glycol (EG) and diethylenetriamine
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(DETA) was procured from Sigma Aldrich and used as received without further
purification. Deionized water is used during the synthesis and electrochemical

characterizations.

2.3.2 Synthesis of (H30)2:[Cos(HPO3)s(CH30H)3]-2H20 as a single

source precursor for Co.P207

(H30)2:[Cog(HPO3)9(CH30H)3]-2H20 abbreviated as CoHPO-CJ2 was synthesized by
single step solvothermal method as per the report published elsewhere.?? In detail,
0.238 g of CoCl,.6H20 was added to a mixture of H,O (1 mL) and EG (7 mL) followed
by addition of 0.164 g of H3sPO3 under constant stirring. The pH of the mixture was
maintained between 5-6 by adding 0.08 mL of DETA and continued to stir for next two
hours. The homogenous gel thus obtained was transferred to a Teflon lined stainless
steel autoclave and placed in a preheated hot air oven at 130 °C for 3 days. After cool
down, the crystals thus obtained were separated from the mother liquor, washed

repeatedly with deionized water and stored in desiccator for further use.
2.3.3 Synthesis of Cobalt Pyrophosphate

The cobalt pyrophosphate was synthesized by calcining the precursor (CoHPO-CJ2) at
800 °C for two hours in argon atmosphere in a tube furnace. Here the calcining
temperature was determined from the thermogravimetric analysis of precursor
(CoHPO-CJ2).

: 2 h Stirring, Calcination in Ar
Water + EG

pH =5-6 atmosphere
cochemo | ) (H,0), [Cog(HPO,)y(CH;0H),]-2H,0 3
u Hydrothermal @ 800°C
}1‘1:03 Reaction for2 h
DETA @130°C,72h

Scheme 2.1 Schematic representation for the synthesis of cobalt pyrophosphate
(GC-CPP)
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2.4  Characterization techniques

The crystallinity of the as synthesized sample was verified by the Powder X-ray
diffraction pattern using Bruker D8 advance diffractometer with Cu Ka radiation (A =
1.5418 A). The morphological study of Co.(P20-7) was performed using field emission
scanning electron microscope (FESEM Merlin Compact with a GEMINI-I electron
column, Zeiss Pvt. Ltd, Germany) and Transmission electron microscope (HRTEM,
JEOL 2100F, operated at 200 kV). TEM samples were prepared with very dilute
dispersion of the material in deionized water and drop casted over carbon coated Cu—
grid having 200 mesh and dried under xenon lamp prior to analysis. Further the surface
functionalities of the sample were analyzed by using FTIR spectrophotometer (Thermo
fisher Scientific) using KBr pellet method, which is further confirmed by Raman
Spectroscopy (Horiba Scientific) with a laser having wavelength of 532 nm. The
porosity, pore volume and specific surface area of the samples were determined by
using the Brunaeur-Emmett-Teller (BET) nitrogen adsorption/desorption and Barrett-
Joyner-Halenda (BJH) method at 77 K using Quanta Chrome Instruments (version
5.21).

2.5  Electrode preparation and Electrochemical Measurements

All the electrochemical measurements were performed in a three-electrode
electrochemical cell containing stain less steel mesh modified sample, platinum wire and
alkaline Hg/HgO as working, auxiliary and reference electrode. Here, 1.0 M and 5.0 M
aqueous KOH was used as the supporting electrolyte for the OER and supercapacitor
measurement. In particular, 0.5 mg of sample (cobalt pyrophosphate, CoOx or RuOy)
added to a mixture of absolute ethanol (95 pl) and Nafion (5 pl of 5% Nafion solution)
and mixed properly using bath sonicator. Thereafter the whole dispersion was drop casted
on a precleaned stainless steel mesh (1 cm? dimension) and dried properly in a vacuum
desiccator prior to use. The mass loading of 0.5 mg/cm? was maintained throughout the
measurement. For OER, the linear sweep voltammogram (LSV) and cyclic
voltammograms (CVs) and electrochemical impedance spectroscopy (EIS) has been
performed in Biologic electrochemical work station (SP-200). All the measurements
were performed with Hg/HgO reference electrode and the data are presented here in
reversible hydrogen electrode (RHE) scale as per the following equation,?2*
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Erng = Eng/ngo + Efg/ngo + 0.059 pH (2.1)

Here, Epg/ngo E,(_’,g/Hgo is the observed potential with respect to the Hg/HgO reference

electrode and standard potential for Hg/HgO reference electrode respectively. The
electrochemical impedance spectra (EIS) were measured in a frequency range of 100
kHz to 0.1 Hz by applying an AC voltage of 5 mV amplitude and in form of Nyquist
impedance (plot of imaginary impedance vs. real impedance). For supercapacitor
measurement, the CVs and galvanostatic charge-discharge (GCD) profiles are recorded
at different sweep rate and applied current densities respectively. Further the catalytic
as well as charge storage durability of the cobalt pyrophosphate has been examined
using the chronopotentiometry (at 10 mA/cm? current density) and repeated GCD

profiles at an applied current density of 10 A/g.
2.6  Results and Discussions

The synthesis of cobalt pyrophosphate was carried out by a two-step method. At first,
an inorganic open-framework cobalt phosphite has been synthesized using CoCl2.6H20
as metal source, H3sPOs (as phosphate source) and diethylenetriamine (DETA) as
structure directing agent via a solvothermal method. The diffraction pattern completely
matches with the simulated patterns as reported previously conforming the formation
of the framework.?? In the second step, the cobalt pyrophosphate [CPP; Co2(P207)] was
prepared by annealing the framework at 800 °C for 2 hours under continuous flow of

argon. The synthesis process is illustrated schematically in Scheme 2.1.

~ o & ) [I— -
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Figure 2.1 (a) XRD and (b) IR spectra of synthesized GC-CPP
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The phase purity and crystallinity of the calcined framework was examined by using
powder X-ray diffraction and Raman spectrophotometer. The PXRD pattern as shown
in Figure 2.1 (a), conforms the formation of monoclinic Co.P207 with space group of
B21/c (JCPDS no. 00-034-1378). Here, two well defined peaks at 20 0f29.71 (022) and
30.21 (402) are observed along with less intense peaks at 31.86, 34.47, 35.41, 39.56,
43.03,43.97, 44.91, 45.93, 48.23 and 49.4 assigned to the corresponding Miller indices
of (113), (313), (420), (232), (232), (610), (422), (224), (042) and (424) of the facets
of Co2P.07 respectively. Further the presence of P,O7* anion in the cobalt
pyrophosphate unit was confirmed from the infrared spectroscopic analysis (Fig. 2.1
(b)).2>% The vibrations corresponding to the anion i.e., P,O7* are observed in the
frequency range of 400-1400 cm'.2” As per the vibrational stretching and bending
modes, the anion constitutes PO,?~ radical and P-O-P bridge.?® In P-O-P bridge, the P-
O strength is comparatively weaker than the PO2?>~ radical, thereby showing
stretching/bending vibrations at higher frequencies compared to that of P-O-P bridge.?
Further, the asymmetric and symmetric stretching vibrations take place in the
frequencies of 1100-1000 and 1000-900 cm* respectively, while the bending vibrations
for PO2*" radical shows in the region of 600-500 cm™!. The asymmetric vibrations for
the P-O-P bridge and P-O-P deformations as well as torsional/external modes are
observed at 727 cm™! and 580-420 cm™!.%8

—— CoHPO-CJ2 (a)
—  GC-CPP “band (1343 cm™)

G-band (1585 cm™)

1048 cm™

Intensity (a.u.)

T T T v T v T . ] . LI
600 900 1200 1500 1800 2100
. -1
Raman shift (cm )

Figure 2.2 (a) Raman spectra of CoHPO-CJ2 & GC-CPP
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The Raman spectrum of the cobalt phosphite framework shows a single peak at 1000
cm ! assigned to the P-O-P linkage which is shifted to 1048 cm™! after annealing (in
case of CPP) that is assigned to the phosphate moieties in the as prepared cobalt
pyrophosphate (Fig. 2.2(a)). In addition to this, a pair of distinguished peaks at 1343
cm'and 1585 cm™! were observed in the post annealed pyrophosphate sample assigned
to the D- and G-band of graphitic carbon network proving the partial graphitization of
the trapped CH3OH during the course of the heat treatment.?® Therefore, the as prepared
cobalt pyrophosphate is named as partially graphitized carbon coated cobalt
pyrophosphate (GC-CPP). The surface morphology of the GC-CPP has been studied by
field emission scanning electron and high-resolution transmission electron microscopy.
In spite of a defined morphology, the GC-CPP shows agglomerated structure which
might be due to the graphitization of the ligands during the course of calcination (Fig.
2.3 (a)). Similar morphology has also been conferred from the TEM images (Fig. 2.3
(b-c)). Further, the well distinguished fringes (4.3 A and 3.01 A assigned 002 and 022
planes) and dot like SAED pattern showed the corresponding planes at [(002), (400),
(022), (442), 234, (232)] of cobalt pyrophosphate completely corroborating with that
observed from the PXRD Fig. 2.3 (d)).

Figure 2.3 (a) FESEM, (b-c) HRTEM and (d) SAED pattern of GC-CPP.
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To further ascertain the elemental composition, X-ray photoelectron spectroscopy of
the GC-CPP was performed. The survey spectrum conforms the presence of cobalt,
phosphorous, oxygen and carbon (Fig. 2.4 (a)). The high-resolution spectrum of Co 2p
found to splits forming a doublet assigned to Co 2p 1/2 (798.3 eV) and Co 2p 3/2
(782.02 eV) respectively accompanying with two satellite peaks (786.5 and 803.4 eV)
confirming the presence of Co in +2 oxidation state (Fig. 2.4 (0)].3%% The peak at 133.2
eV is assigned to the P 2p energy levels of the phosphorous (Fig. 2.4 (c)).%? The O 1s
deconvoluted into two peaks as shown in (Fig. 2.4 (d)). The peak centred at 533.1 eV
and 531.5 eV are assigned to the P-O-P and P=0 linkage of Co-pyrophosphate.®® The
partial graphitization of trapped methanol during the annealing is also supported by the
C 1s peak at 284.5 eV (for C=C bond) (Fig. 2.4 (e)).?°

(a) Survey spectrum (b) it Co2p
32

O1s

Co2p

g

Intensity (a.u.)
Intensity (a.u.)

0 200 400 600 800 1000 775 780 785 790 795 800 805
Binding energy (eV) Binding energy (eV)

(C) - P2p (d) $315 eV O1s (e) 284.5eV Ci1s
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Figure 2.4 (a) Survey and high-resolution X-ray photoelectron spectrum of (b) Co 2p,
(c) P 2p, (d) O 1s and (e) C 1s of GC-CPP.

After synthesis and systematic characterization, the electrocatalytic activity of the GC-
CPP sample towards oxygen evolution reaction was examined in a three-electrode
electrochemical cell. Here, the sample casted in stainless-steel mesh, bare platinum wire
and alkaline Hg/HQO are taken as working, counter and reference electrode respectively

and all the measurements were carried out using 1 M KOH electrolyte. At first the
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electrode was cycled three times and the third cycle was considered to study the
electrocatalytic activity. Figure 2.5 (a) illustrates the iR-compensated linear sweep
voltammograms of GC-CPP, bare stainless-steel mesh, CoO and RuO; at a sweep rate
of 5 mV/s. It has been observed that the GC-CPP modified electrode shows highest
OER current density at 1.6 V and require only 165 mV overpotential to achieve the
standard metric current density (10 mA/cm?). This value is not only lower than the
commercial RuO2 (178 mV) and CoO (213 mV) but also surpasses many of the cobalt
based electrocatalysts (the detail comparison with other reported materials is presented
in (Table 2.1). Further, the OER kinetics of all the samples were studied by Tafel plots
(plot of log of current density against overpotential) obtained from the corresponding
LSVs. As shown in Figure 2.5 (b), the Tafel slope for GC-CPP is only 41 mV/dec,
which is significantly lower than that of RuO2 (78 mV/dec.), commercial CoO (50
mV/dec.) and many of the reported electrocatalysts. The lower overpotential and Tafel
slope values clearly justifies the dominant electrocatalytic OER activities of the as
prepared GC-CPP.
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Figure 2.5 (a) Linear sweep voltammogram, (b) Tafel plot, (c) Nyquist impedance
spectrum
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Further, the rate of electron transfer on the electrode reaction has been accessed from
the charge transfer resistance (Rct), which was calculated by using Randles equation
from the obtained Nyquist (plot of imaginary impedance against real impedance)
impedance spectrum (EIS). Generally, lower Rct values demonstrate better charge
transfer and higher conductivity of the electrode material. As presented in Figure 2.5
(c), the GC-CPP shows lower charge transfer resistance compared to that of RuO2 and
commercial CoO suggesting the faster electron/mass transfer rate in the OER process
among other catalysts demonstrating better electrocatalytic activity. Further the
contribution of graphitized carbon content as conducting additive in the GC-CPP is
verified by comparing the EIS of carbon free cobalt pyrophosphate (CPP). For this
purpose, TGA of GC-CPP has been performed in air and the carbon content get
removed leaving behind the carbon free CPP. As can be seen from Figure 2.5 (c), the
CPP shows nearly two times higher Rct value compared to that of GC-CPP. Therefore,
we presumed that the presence of graphitized carbon increases the conductivity of the

GC-CPP thereby increasing the electrochemical activities.

Moreover, the electrochemical accessible surface area of the samples has been
calculated from the Cq values. Since the Cq has a good correlation with the sweep rate
and peak current density, and can be obtained from the slope of the plot of sweep rate
(9) and current (i) at a particular potential value as per the equation presented in the
supporting information. Figure 2.6 are the CVs in non-Faradaic region and Cq for all
the samples studied here. Among them the GC-CPP shows higher Cq and thus higher
ECSA (13.52 cm?) compared to commercial RuO; (9.25 cm?) and CoO (1.31 cm?). Not
only the ECSA but also the GC-CPP shows higher values of roughness factor (Ry)
signifying the availability of more electrolyte surface area and exposed

electrochemically active centers facilitating the OER electrocatalytic process.
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Figure 2.6 (a), (c) & (e) Cyclic voltammograms at different sweep rate in non-Faradic
potential window, (b), (d) & (f) plot of cathodic and anodic current against sweep rate
for GC-CPP, RuO; and CoO respectively.

The catalytic stability as well as transformation of the catalyst surface is an important
parameter to propose the durability of an electrocatalyst. Therefore, the electrocatalytic
stability for the cobalt pyrophosphate modified electrode was performed using the
chronopotentiometry technique at 10 mA/cm? current density. Interestingly, a
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negligible increase in overpotential (of about 10 mV) after 20 hours of electrolysis was
observed demonstrating the excellent catalytic durability (Fig. 2.7 (a)). Which is also
supported by comparing the LSV curve after 20 hours of electrolysis with the initial
one (Fig. 2.7 (b)).
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Figure 2.7 (a) Long term stability at 10 mA/cm? current density for GC-CPP, (b) LSV
before and after 20 hours of stability test.

Further to support this observation, the post catalytic sample was collected and their
crystallinity, surface morphology and elemental composition was analyzed by PXRD,
FESEM and X-ray photoelectron spectroscopy. A similar diffraction pattern as that of
the pristine GC-CPP along with some unidentified peaks were observed. This
demonstrates the intactness of crystal structure with formation of some other
components during continuous electrolysis for 20 hours (Fig. 2.8 (a)). Likewise, no
significant change in surface morphology has been noticed in case of the post OER
sample (Fig. 2.8 (b)).

—— GC-CPP after OER stability
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Figure 2.8 (a) PXRD and (b) FESEM of GC-CPP post OER
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The full survey X-ray photoelectron spectrum illustrates the existence of Co, P, O and
C. Like the pristine GC-CPP, the deconvoluted high resolution Co 2p spectrum of post
OER sample shows Co 2p1/2 and Co 2p3/2 along with two shake up satellites (Fig.
2.9). Also, no change in the binding energy for the P 2p peak observed reveling an
unaltered surface composition of the pyrophosphate after the OER stability test. The
post stability GC-CPP demonstrates the structural as well as compositional robustness
even in such harsh alkaline electrolytic condition. The ease of synthesis and excellency
in electrocatalytic behavior proven the beneficial of the as synthesized sample as a

suitable and efficient OER electrocatalyst for future electrolyser.
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Figure 2.9 (a) Survey and high-resolution X-ray photoelectron spectrum of (b) Co 2p,
(c) P 2p, and (d) O 1s of GC-CPP after OER stability measurement.
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Table 2.1 OER performance comparison of GC —CPP with reported materials

Sample Loading Tafel Overpotential | Electrolyte | References
(mg/cm?) slope (V)@ 10 (M)
(mV/dec) mA/cm?
ACS Appl.
Mater.
Ultrafine CoP-CNT 0.28 50 0.330 0.1 (NaOH) | Interfaces,
2018, 10,
28412
28419.
CoP NRs/C 0.71 71 0.32 1 M KOH
ACS Catal.,
CoP NPs/C 2015,
or rs 0.71 99 0.34 1 6874-6878.
CoMnP 0.28 61 0.33 1 J. Am.
Chem. Soc.,
4006-40009.
ACS Energy
CoP (Nanoneedles) 0.2 50 0.31 1 Lett., 2016,
1, 169-174.
J. Mater.
Cos(PO);@N-C 0.20.2 62 0.317 1 ggirg f‘
8155-8160.
CoFePi 0.25 33 0.315 0.1
CoFePi 0.25 31 0.277 1
CoPi 0.25 61 0.388 0.1
- . Small, 2018,
FePi + CoPi 0.25 51 0.355 0.1 14, 1704403
CoNiPi 0.25 87 0.402 0.1
CoCePi 0.25 75 0.374 0.1
CoFeNiPi 0.25 51 0.309 0.1
Angew.
Chemie,
NCoM-SS-Ar 0.14 76 0.340 1 2019, 31,
8418-8423.
Small, 2016,
Mesoporous CoPi-1 0.2 58.7 0.380 1 12, 1709-
1715.
J. Mater.
Chem. A,
Hollow Co3(POa4)2 0.12 84 N.A. 1 2014, 2,
20182
20188.
Adv. Funct.
Cos(OH)2(HPOL)/NF | 2on NF 69 0.240 1 Z'E)Af‘;e;‘é
1808632.
CozP20- 05 54.1 0.359 1 Sma'if(’l&
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1801068,
ACS Catal.,
H?,@COQEFEQ%PZD” C 47 0.300 0.1 2020, 10,
702-700.
Present
Cor.09) 0.5 a1 0.165 1 ey

2.7 Conclusion

In this work, we have derived a composite of partially graphitized carbon with
cobalt pyrophosphate (GC-CPP) from an open-framework Cobalt Phosphite
(CoHPO-CJ2) and explored its electrocatalytic performance in alkaline medium.
The GC-CPP shows an overpotential of 165 mV to reach the state-of-the-art current
density of 10 mA/cm?. Because of the higher crystallinity, availability of more
accessible surface area and number of electrocatalytic active centers, the GC-CPP
shows high electrocatalytic activity for OER compared to the previously reported
cobalt based electrocatalysts. Interestingly, the crystallinity, surface morphology
and composition of GC-CPP remains unaltered after 20 hours of electrolysis
proving the robustness of the material. We strongly believe that the synthesis
strategy of GC-CPP will open new routes for the fabrication of electrodes for the

future energy conversion system.
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3.1 Abstract
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Graphical Abstract

Incorporation of boron into the carbon matrix makes it an efficient candidate for
supercapacitor application. Furthermore, excellent stability of cobalt pyrophosphate
and the inherent redox behavior of cobalt provides an opportunity to synthesize boron
doped carbon/cobalt pyrophosphate hybrid material. Herein, a two-step process is
followed for the synthesis of boron doped carbon/cobalt pyrophosphate hybrid.
Through appropriate adjustment of the amount of boron during synthesis, the
electrochemical performance of a set of material were studied. The material synthesized
with 4 mg of boron (B-GC@CPP-4) exhibits a specific capacitance of 395.1 F/g at 1.5
AJ/g mass normalized current density. However, the intrinsic hydrophilicity and metallic
conductivity of MXene, makes it an eminent electroactive material to be used as a
negative electrode. Owing to the above properties, all-solid-state asymmetric
supercapacitor cell (ASC) was fabricated [B-GC@CPP-4//MXene] that exhibits a
specific capacitance of 125 F/g with an energy density of 45 Wh/kg at a power density
of 1735 W/kg at 2 A/g current density. The ASC device possesses an excellent
coulombic efficiency of 98.5 % and capacitance retention of 96 % after 10000
consecutive charge/discharge cycles. The study reveals B-GC@CPP-4// MXene to be

a promising set-up for energy storage devices.
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3.2 Introduction

With the closer view to the world’s ever-growing population and industrialisation,
researchers throughout the globe are highly intended towards clean, renewable, green
and sustainable energy sources.>? In addition to environmental pollution thriving
dependency on pocket-sized and flexible devices for our comfortable life-style,
batteries and supercapacitor-based devices are on huge demand. Supercapacitors
bridging between batteries and dielectric capacitor, are responsible for delivering
energy at higher rates along with retaining its specific power for long duration.>* Thus,
knowledge of charge storage, electron and ion transport pathways provide an
opportunity to enhance electrochemical active sites, conductivity and electrolyte
accessible surface area of the materials which in turn make them feasible for practical

applications.®

For several years RuO2 used as an eminent supercapacitive material because of its large
operating potential window and good reversibility, but the high cost and toxic nature
hinders its wide practical application.®” Therefore alternative low-cost materials like
MnO2, C0304, Ni(OH)2, Co(OH)2, CoeSs, M0S,, Ni2P, NiB, etc. are preferred for
encouraging electrochemical performance.®*® Though these materials exhibit high
specific capacitance, the intrinsic insulating behaviour results in low-rate capability and
durability.!®'" In such a scenario, transition metal pyrophosphates have attracted
substantial consideration as an electroactive material for electrochemical charge storage
device due to their reversible redox behaviour, broad operating potential window and
rigid layered structure.'® The rigid layered structure of transition metal pyrophosphate-
based material is the reason behind the better rate capability and durability in harsh
alkaline condition.® Out of all these transition metal pyrophosphates, cobalt
pyrophosphates having high theoretical capacitance of 1322 F g* in 1 V potential
window gained massive attention towards electrochemical storage devices. Pang et al.
follows a simple two-step process; chemical precipitation along with calcination to

synthesize Co2P207. The as-synthesized Co,P207 nano and microstructures projected a
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specific capacitance of 367 F g at a current density of 0.625 A/g in 0.4 V potential
window.? Another group of researchers studied the effect of calcination temperature
on the electrochemical performance of Co2P.07/C hybrid and found that the material
formed at a calcination temperature of 900 °C showed better cycling performance with
a specific capacitance value of 349.6 F g at a current density of 1 A/gin 0-0.5 V
potential window. An asymmetric supercapacitor cell (ASC) 3DPG//Co2P.07/C
provides a specific capacitance of 70.1 F/g at 0.5 A/g current density. Furthermore, the
ASC exhibit an energy density of 21.9 Wh/kg at the power density of 375 W/kg.?* A
different approach, by taking 0.1 M [KsFe(CN)g] as an electrolyte additive, Hyunhyub
Ko et al. reported a specific capacitance value of 580 F/g at 1A/g current density for
Co2P207 nanosheet. Furthermore, the operating potential window for this system was
0.68 V and retention in specific capacitance was found out to be 96 % after 5000 cycles
of charge-discharge at 10 A/g current density.?? Liu et al. synthesised amorphous Co-
Ni pyrophosphate which was used as a positive electrode and activated carbon as
negative electrode for the fabrication of ASC. The as-fabricated ASC provides a
followed to increase the conductivity along with the charge storage performance in a
large potential window. Boron with an empty p-orbital makes a home for storing more
charges. Additionally, boron is the nearest neighbour of carbon with almost comparable
atomic radii and electronegativity, paves an obvious path for the formation of B-doped
carbon with enhanced electrochemical activity.?* There were several reports where
incorporation of foreign element like boron enhances the electrochemical properties of
carbonaceous materials. Rao et al. synthesised boron doped carbon nanotubes and
graphene, which makes it p-type material.?® This is because the band gap is apparently
closed in boron doped carbonaceous material which develops a prominent acceptor like
behaviour on the valence band side close to Fermi level.?® Although various reports
with the capacitive behaviour of the boron doped carbon-based materials were
thoroughly studied,?” but to the best of our knowledge there are no such reports where
enhanced supercapacitive performance of the boron doped carbon/cobalt

pyrophosphate hybrid is studied.

Page | 57



Chapter — 3 Boron doped carbon/cobalt pyrophosphate hybrid for high-performance
all solid-state asymmetric supercapacitor device

The supercapacitive performance of cobalt pyrophosphate in a large potential window
a simple two-step synthetic process is proposed here, where boron doped partially
graphitized carbon/cobalt pyrophosphate hybrid (B-GC@CPP) was successfully
synthesized. The material formed with optimum quantity of boron powder, shows an
excellent supercapacitive behaviour in comparison with the pristine GC-CPP.
Furthermore, MXene (Ti3zCz) as a negative electrode is used for the fabrication of
MXene//B-GC@CPP-4 ASC. The high metallic conductivity along with the
hydrophilicity of the MXene makes it an appropriate choice to be used as a negative

electroactive material in ASCs.28

Owing to the inherent properties of MXene and superior performance of the B-
GC@CPP-4 all-solid-state asymmetric supercapacitor cells were fabricated using B-
GC@CPP-4 as positive electrode and MXene (TisC.) as negative electrode. The
fabricated ASCs exhibit a favourable specific capacitance 125 F/g along with superior
cycling stability for its practical application. A facile two-step process is followed to
synthesize the B-GC@CPP shows a superior supercapacitive performance in both

three-electrode setup and as all-solid-state ASCs.

3.3 Experimental Section

3.3.1 Materials

CoCl2.6H20, phosphorous acid (H3POs), ethylene glycol (EG), boron powder,
dimethylformamide (DMF) and diethylenetriamine (DETA) were procured from
Sigma- Aldrich, India and used as received. TisAlIC2 (MAX phase) was purchased from
carbon India, for the synthesis of TisC2 (MXene). Deionised water was used throughout
all the synthetic pathway. The electrochemical analyses were carried out with freshly

prepared electrolyte in deionised water.
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3.3.2 Synthesis of Boron doped carbon/cobalt pyrophosphate hybrid
(B-GC@CPP)

The synthesis of B-GC@CPP hybrid was carried out by a simple reaction pathway
consisting of two steps. In the first step 0.238 g of CoCI2.6H20 was added to a mixture
of solvents containing 1 ml of deionised water and 7 ml of ethylene glycol. To this
mixture 0.164 g of phosphorous acid, boron powder was added. Then finally 0.1 ml of
DETA (diethylenetriamine) was added to adjust the pH of the reaction in between 4-5.
The reaction mixture was then agitated by vigorously stirring for 3 h at room
temperature. The mixture was then transferred to a Teflon-lined stainless-steel
autoclave and kept in an electric oven at 130 °C for 72 h to form the precursor composite
for the synthesis of B-GC@CPP hybrid. The composite produced in the first step was
thoroughly washed with distilled water and dried in a vacuum oven for overnight. In
the second step the products were calcined at 800 °C in an inert atmosphere for 3 h to
synthesize the desired B-GC (boron doped partially graphitized carbon) CPP (cobalt
pyrophosphate) hybrid material, denoted as B-GC@CPP. The quantity of boron powder
was also varied as 2, 4 and 8 mg during synthesis, those are denoted as B-GC@CPP-2,
B-GC@CPP-4 and B-GC@CPP-8 respectively. The material without boron was also
synthesized by utilizing the same synthetic protocol. Without boron the material formed
in the first step was (H30)2-[Co8(HPO3)9(CH30H)3]-2H20 open-framework29 and
then calcined at 800 °C in inert atmosphere to produce GC@CPP as presented in

scheme 3.1.

Y

V VVV VV
@800 °C for 3 h

® CoCl,.6H,0
H,PO, | B-incorporated
‘ CoHPO-CJ2
@ Boron powder

Scheme 3.1 Schematic representation for the synthesis of B-GC@CPP

B-GC@CPP-4
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3.3.3 Synthesis of MXene

A simple aluminium etching process in MAX (TisAlC>) was followed to synthesize
MXene as per a published report.®® 0.5 g of MAX powder was gradually added to 10
ml of 30 % HF at room temperature with constant stirring. Stirring was continued for
10 h for complete etching of Al. The sample obtained after 10 h of constant stirring was
centrifuged repeatedly till the pH of the supernatant becomes neutral. Then the obtained
powder was dried at 70 °C for further use. The morphology of MAX and MXene (after

aluminium etching) can be clearly observed from Figure 3.1.

Figure 3.1 FESEM images of (a) MAX (TizAIC) and (b) MXene (TisC>).

3.4 Characterization Techniques

Bruker D8 Advance diffractometer was employed to obtain powder XRD data, in order
to explore the phase purity, crystallinity and presence of dopant molecule in the
samples. The diffractometer is equipped with Cu K, radiation with wavelength ()
1.5418 A and a diffractometer monochromator operated at a voltage of 40 kV and a
current of 40 mA. Raman analyser (Horiba Scientific) with laser wavelength of 532 nm
used to record Raman spectrum that enables us to know about nature of the carbon
before and after boron incorporation. The morphological examination was carried out
by FESEM (Merlin Compact with GEMINI-I electron column, Zeiss Pvt. Ltd.,
Germany), TEM and HRTEM (HRTEM, JEOL JEM 2100F, with an accelerating
voltage of 200 kV). For transmission electron microscopy analysis of the material, a

carbon coated copper grid was drop casted with the well dispersed sample in deionized
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water and was thoroughly dried under xenon lamp prior to microscopic study. The
weight % of boron present in the synthesized compound is verified by using an
inductively coupled plasma optical emission spectrophotometer (iCAP 7000 ICP-
OES). The nature bonding in Co2P207, surface analysis of elements and elemental
composition of the samples were analysed by X-ray photoelectron spectroscopy (PHI

Versa Probe 11).
3.5 Electrode preparation and electrochemical measurements

The electroactive working electrode was prepared by thoroughly mixing the
synthesised material (GC@CPP, B-GC@CPP-2, B-GC@CPP-4 or B-GC@CPP-8),
acetylene black (as conductive additive) and PVDF as binder in weight % ratio of
80:10:10 respectively. These materials were intensively ground with the help of a
mortar pestle with a minimum quantity of DMF to have a thick slurry. Graphite sheet
having dimension 1 cm x 1 cm was coated with the as prepared slurry using a doctor
blade and the active material loading was found out to be 1.7 mg/cm?, which was further
used during electrochemical study. All the electrochemical analyses (e.g., CV, charge-
discharge, cyclic performance, cycle stability, electrochemical impedance
spectroscopy) of the half-cell were carried out with Biologic - SP200 potentiostat using
Pt wire as counter electrode, Hg/HgO as reference electrode and the as prepared
graphite sheet-based electrode (with dimension 1 cm x 1 cm) as working electrode. The
half-cell electrochemical studies were carried out in freshly prepared 3 M KOH, due to
the reason that size of K* and OH" in aqueous medium is 3.31 A and 3.0 A. Moreover,
K™ with the highest ionic conductivity among all cations after HsO* and OH™ having the

highest ionic conductivity among all anions.®
3.6  Fabrication of asymmetric supercapacitor cell

The ASCs was fabricated by taking B-GC@CPP-4 as positive electrode, as-prepared
MXene used as negative electrode and a Whatmann filter paper was used as a separator.

The electrochemical analysis of the ASCs was carried out by using PVA/KOH gel
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electrolyte (for all solid-state ASCs). Charge balance (i.e., g* = g~) of both the
electrodes were essential to get best performance out of the ASC device, hence the
active material loading on both the electrodes were calculated as per the equation;
mt/m”~ = (C” xAV™)/(C* x AV*)and mass ratio was found out to be 0.88.
C~ and C* are the specific capacitance of MXene and B-GC@CPP-4 at 40 mV/s
whereas AV~ and AV* are the operating potential window for MXene and B-

GC@CPP-4.
3.7 Results and discussions

Figure 3.2 (a) represents the typical Raman spectra of the sample before and after boron
incorporation. The Raman shift value for both GC@CPP B-GC@CPP-4 at the
wavenumber 1040.3 cm™ and 723.2 cm™ is observed due to the strong symmetric
vibrations of the PO3 group and P-O-P bridge respectively.'® The D-band and G-band
are located at 1347 cm™ and 1589 cm? signifies the presence of disordered and
graphitic characteristics of the carbonaceous material.3> The degree of disorder ness in
the graphitic structure of the carbonaceous materials is evaluated form the intensity
ratio of D-band and G-band (I, /I;;) ratio. In this work the ratio (I, /1) is found out to
be 1.04 suggesting the presence of partially graphitized carbon.®® As D-band is sensitive
to doping [shown in Figure 3.2 (a)], intensity of the D-band of B-GC@CPP is slightly
higher than that of GC@CPP.?® The phase purity and presence of B-GC@CPP-4 was
inferred from the powder XRD pattern Figure 3.2 (b). The sharp reflections completely
match with the PDF file no. 00-034-1378. The XRD pattern revels the monoclinic phase
of the as synthesised material with lattice parameter a = 13.248 A, b = 8.345 A, ¢ =
9.004 A and P21/c space group. The position of the two intense peaks at 29.73° and
30.22° corresponding to the lattice planes (022) and (402) respectively remains same
for both GC@CPP and B-GC@CPP-4. The position of other less intense peaks
corresponds to (113), (420), (232), (424) also remain intact after incorporation of

boron into the carbon lattice.
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Figure 3.2 (a) Raman spectra (b) PXRD patterns of GC@CPP and B-GC@CPP-4

XPS was carried out to further analyse the chemical composition and explore the
chemical bonding state of the elements present in the as synthesised material. Nature of
boron i.e., it’s interaction with carbon in the B-GC@CPP-4 was also analysed by XPS.
XPS survey spectra in Figure 3.3 (a) provides the information related to presence of
boron (190.8 eV) signifying the successful incorporation of boron atom inside carbon
lattice. Except these the prominent peaks at 283.7 eV and 531.4 eV describes the
presence of carbon and oxygen.3* Fine spectra of the elements present in the active
material were clearly shown in Figure 3.3 (b-f). The fine spectra for B 1s shown in
Figure 3.3 (b) describes three peaks centred at 189.9, 191.5 and 193.1 eV correspond
to the BCO,, BC20 and BC; respectively. Boron atoms observed in the form of BCOy,
BC-0, BCs by substituting a carbon atom by a boron atom without damaging the carbon
skeleton.® The peak centred at 284.8 eV in Figure 3.3 (c) is due to the presence of C=C
of partially graphitized sp? carbon. Except that the position of peak at 283.3 eV
describes the presence C-B bond and the peak positioned at 287.4 eV due to the
presence of C=0 bond in the carbon layer.® In Figure 3.3 (d) the peaks at 782.3 and
798 denote the characteristic peaks for Co 2pz. and Co 2p1., were accompanied by two
satellites at 785.4 eV and 802.4 eV respectively. The binding energy133.8 and 134.7
eV in Figure 3.3 (e) correspond to the P=0 and P-O in Co2P.0y7. Similarly, in Figure
3.3 (f) O1s XPS spectra, the peaks cantered at 531.8 correspond to the presence of P=0
or C=0 bonds. Along with this the peak at 533.6 signifies the presence of P-O-P

symmetric bridging oxygen.?+37-39
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Figure 3.3 (a) Full-range survey spectra of B-C@CPP-4. (b)—(f) Fine spectra of B 1s,
C 1s, Co 2p, P 2p and O 1s, respectively.
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Figure 3.4 (a) and (d) FESEM, (b), (e) and (c), (f) TEM and HRTEM images of
GC@CPP and B-GC@CPP-4 respectively.
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SEM images at lower magnification in Figure 3.4 (a) showed irregular distribution and
agglomerated morphologies of the GC@CPP. The agglomeration might arise due to
high temperature calcination of the precursors. The agglomeration was reduced up to
some extent with boron incorporation within the carbon network as presented in Figure
3.4 (d). Figure 3.5 represents the gradual reduction in agglomeration with increase in
boron quantity. Figure 3.4 (b) and (e) represents the TEM images of GC@CPP and B-
GC@CPP-4 respectively, which were in good agreement with the SEM images of the
as synthesised materials. The HRTEM images in Figure 3 (c) and (f) were used to
calculate the fringe width of the designated material and was found out to be 3.01 A
along (022) plane and 2.96 A along (402) plane for both GC@CPP and B-GC@CPP.

200 nm

Ai'
, \ ,‘ ?
Zﬂnn’ z‘t;f\ ‘

(a) (d)

Figure 3.5 SEM images of B-GC@CPP with varying boron quantity from 0 to 8 mg
0, 2, 4,8mg)

GC@CPP selected as active material, coated over graphite sheet was designated as
working electrode. The capacitive behaviour of the active material was explored in 3
M KOH and within a potential window of 0.75 V (-0.20 to 0.55 V) with respect to
Hg/HgO reference electrode. Nature of GC@CPP towards supercapacitive activity was
examined from CV curves at various scan rates (Fig. 3.6 (a)). Shape of the CV curves
along with prominent redox peaks represent the existence of both EDLC and
pseudocapacitive behaviour owing to the presence of partially graphitized carbon and
CPP respectively. With increase in the scan rate, cyclic voltammograms exhibit an
increase in redox current along with peak shifts. This indicates that rapid transport of
electron and ion occur at higher scan rate.*® The current response in the CV curve with
respect to the scan rate were addressed to its Kinetic limitations, as at higher scan rate
there occurs only surface electrochemical reaction whereas at lower scan rate results in

bulk electrochemical reaction. Thus, electrolyte access to the interior of the material is
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diminished at higher scan rate due to insufficient interaction time. Two noticeable redox
peaks are due to the reversible reaction of Co(II) <> Co(IIl) and Co(IIl) «» Co(IV).*
The Faradaic reaction for Co2P.O7 can be expressed by the following plausible reaction

mechanism.
Co,P,0, + 20H™ & Co,(0OH),P,0, + 2e~ (3.1)
Co,(OH),P,0, + 2 0H™ & C0,0,P,0, +2H,0 + 2 e~ (3.2)

Charge storage mechanism is calculated quantitatively by the following relation

between current (i) and scan rate (v).
i= av? (3.3)

In this relation a and b are constants, can be evaluated from the plot between log (i) vs.
log (v). The slope from this plot gives the value of b which usually 0.5 or 1.0. Value of
b = 0.5 represents the charge storage mechanism goes through diffusion-controlled
process, whereas when the value of b = 1.0, the charge storage mechanism is surface
controlled.*>*® The cathodic peaks were considered to study the plot between log (i) vs.
log (v) shown in Figure 3.6 (b). The b value for this particular material is found out to
be 0.75 inclined towards 1.0 suggests that the mechanism of charge storage is surface

controlled not diffusion controlled.

Galvanostatic charge-discharge was carried out at different mass normalized current
densities from 1.5 A/g to 9.0 A/g for all the materials in three electrode set-ups. The

following equation is used to evaluate the specific capacitance value of the material.*4-
46

Cop = I,/ (dV /dt) (3.4)

The symbols I,,, and dV /dt refers to the mass normalized current density (applied
current / mass of the active material) and slope of the discharge curve at a particular
current density respectively. Figure 3.6 (c) represents the charge—discharge curve
within 1.5 to 7.5 A/g current density range. The specific capacitance value of 230 F/g
at 1.5 A/g was calculated using equation (3.4). At different current densities the specific

capacitance values were calculated in 0.75 V potential window [shown in Fig. 3.6 (d)].
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The value of specific energy and specific power was calculated from the
obtained specific capacitance. In three electrode system GC@CPP delivers a specific
energy of 17.18 Wh/Kkg at a specific power of 801.2 W/kg, was calculated utilizing the
following equations®! (3.5) and (3.6).

Energy density (E.D) = Cs, X (AV)?/7.2 (3.5)
Power density (P.D) = (E.D x 3600)/At (3.6)
30
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Figure 3.6 (a) CVs at different scan rates, (b) log(i) vs. log(v), (c) GCD curves at
different current densities. (d) Csp at various current densities.

Although the GC@CPP provides an appreciable specific capacitance and cycling
stability by virtue of its rigid layered structure and reversible redox behaviour but the
low specific capacitance, energy density and power density need to be addressed.
Presence of boron in the carbon matrix leads to fast electron acceptance rate thereby
showing ultrafast charge storage kinetics.3® Boron having one electron less than carbon
introduces a hole charge carrier after incorporated into the carbon lattice, further

enhances the EDLC behaviour in the carbonaceous material by increasing charge
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density and DOS (density of states).*” Formation of boron doped carbon/cobalt
pyrophosphate hybrid is a novel approach to further enhance the pseudocapacitive
behaviour of cobalt pyrophosphate. As represented in Figure 3.7 (a) firstly, the
electrochemical performance was studied at 5 mV/s for all the three (B-GC@CPP-2,
B-GC@CPP-4 and B-GC@CPP-8) materials. Among these B-GC@CPP-4 formed
with 4 mg of boron powder having largest CV area illustrates the highest
electrochemical capacitance value. In all the CV curves, small but broad redox peaks
were observed at [10.010 V, due to the presence of boron in the carbon skeleton. The
capacitive performance of all the above mentioned three materials was evaluated from
the GCD curves in Figure 3.7 (b) operated at a current density of 1.5 A/g within a
potential window 0.75 V (-0.2 to 0.55). The specific capacitance values obtained from
GCD curves operated at 1.5 A/g were shown in Figure 3.7 (c). Specific capacitance
values of 312, 395.1 and 344 F/g obtained for B-GC@CPP-2, B-GC@CPP-4 and B-
GC@CPP-8 respectively. B-GC@CPP-4 shows highest specific capacitance compared
to B-GC@CPP-2 and B-GC@CPP-8. Additionally, the actual content of boron present
in the compound is calculated using inductively coupled plasma optical emission
spectroscopy (ICP-OES) measurements. The weight percentage of boron in B-
GC@CPP-2, B-GC@CPP-4 and B-GC@CPP-8 varies in between 3.8 to 9.6 weight %
with varying the quantity of boron powder during synthesis. It can be inferred that the
material with 6.4 weight % of boron in the hybrid (B-GC@CPP-4), possess superior
electrochemical activity.

To find out the plausible explanation, the electrochemical impedance spectroscopy for
all the samples were carried out within an AC frequency range of 100 kHz to 100 mHz
with an AC amplitude of 5 mV at completely discharged state (Fig. 3.7 (d)). The slope
of the impedance plot of B-GC@CPP-4 at low frequency region shows a much steeper
rise than that of the other materials corresponding to the better capacitive behaviour of
the B-GC@CPP-4. On the other hand, the equivalent series resistance (Rs) was found
out to be 1.84,2.38, 1.72 and 2.08 Q for GC@CPP, B-GC@CPP-2, B-GC@CPP-4 and
B-GC@CPP-8 respectively. The least Rs value (1.72 Q) of the B-GC@CPP-4 suggests
the favourable path for fastest ion diffusion and transport. These studies support the

tuned capacitive performance of the rationally designed material (B-GC@CPP).
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Figure 3.7 (a) CV at 5 mV/s and (b) GCD at 1.5 A/g for B-GC@CPP with varying
Boron quantity (c) Csp values at 1.5 A/g with varying boron quantities, (d) EIS

The CV curves for B-GC@CPP-4 with a scan rate ranging from 5 to 100 mV/s in 0.75
V potential window (-0.2 V to 0.55 V) were shown in Figure 3.8 (a). Expansion in the
CV curves were observed with increase in scan rate. However, the redox peaks for
cobalt pyrophosphate are still prominent with slight shift in the oxidation and reduction
peak position towards more positive and negative potentials suggesting the stability of
the material with higher scan rate. The mechanism of charge storage was further
evaluated from the cathodic peak values at a particular potential. The slope (provides
the value of b) of the plot between log(i) Vs. log(v) in Figure 3.8 (b) was found out to
be 0.83 for B-GC@CPP-4 that is more than that of pristine GC@CPP. This indicates
the dominance of surface-controlled process due to incorporation of boron. These
analyses clearly imply the performance has been improved by utilization of optimized

amount of boron powder addition during synthesis.

A set of mass normalized current densities ranging from 1.5 A/g to 9 A/g applied to get

the desired GCD curves. These GCD profiles represented in Figure 3.8 (c) is for B-

Page | 69



Chapter — 3 Boron doped carbon/cobalt pyrophosphate hybrid for high-performance
all solid-state asymmetric supercapacitor device

GC@CPP-4. Almost symmetric nature of the curves for all the GCD profiles representing
the redox capacitive behaviour of the materials. A curve between Specific capacitance

values vs. current density for B-GC@CPP-4 were represented in Figure 3.8 (d).
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Figure 3.8 (a) CV, (b) log (i) vs. log (v), (c) GCD, (d) Csp values, () capacitive
contribution, (f) stability & coulombic efficiency

A specific capacitance value of 395.1 F/g was evaluated at a current density of 1.5 A/g
which is further reduced to 160.8 F/g at 9.0 A/g with a rate capability of 41%. With
increase in current density there occurs an obvious decrease in specific capacitance
value as at high current density electrolyte ions have very short time for diffusion.
Hence only surface electrochemical reaction occurs at high current density resulting in
lower value of specific capacitance. Whereas, at lower current density electrolyte ions
have much more time to diffuse into the inner part of the active material. Thus, the
entire electroactive material takes part in electrochemical reaction providing higher
specific capacitance values.®®®! Furthermore, the current response at a particular scan
rate is employed for the quantitative analysis of the charge storage contribution using
the following equation.®°3

i(V) = kyv + k,vt/? (3.7)

k,v and k,v'/?correspond to the current contributions from the surface capacitive
effects and the diffusion-controlled process, respectively. Figure 3.8 (e) represents the

surface capacitive current contribution calculated using the above equation. The surface
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capacitive contribution is predominated at higher scan rate whereas diffusion-
controlled process is predominated at lower scan rate. At high scan rate of 100 mV/s
the surface capacitive contribution is around 63 % whereas at lower scan rate of 5 mV/s

the surface capacitive contribution is only 29 %.

Cyclic stability of the material was carried out at 9.0 A/g and the specific capacitance
retention was calculated as 90 % whereas the retention in coulombic efficiency was
found out to be 97.9 % after 10000 charge—discharge cycles as shown in Figure 3.8 ().
By virtue of rigid layered structure and self-healing behaviour of Co.P207 provides
high stability when operated in alkaline media for a long duration of time. Furthermore,
the presence of boron that alters the electronic structure of carbon introducing defect in
the carbon lattice and causes faster charge transportation. Both these effects
synergistically affect the electrochemical performance of B-GC@CPP-4 in terms of
excellent cyclic stability.®>* This small decay in the specific capacitance and

coulombic efficiency, suggests no parasitic reaction during the electrochemical process.

20 15
(a) (b) —smvis
15 104 ——10 mV/s
- — 20 mV/
< 10- ” )
g g 51
N 5
= El
~ .
51 ~ =51 40 mV/s
-10- ——80mV/s
-10- ——100 mV/s
-15 Ll L AJ L T T T T LJ T Ll
09 -06 -03 0.0 0.3 0.6 00 03 06 09 12 15 1.8
Potential (V) vs. Hg/HgO - Potential (V)
2.1 _
(c) 20 (d)
1.84 —2A/g = 180
—3Ag | T
~ 1.5 - T
> —S5Alg =
= 1.2 —6Alg | 5
8 —104ag [ £ 120 *—a s
= ~.,
5 0.9 «< 0"‘-0
o o
& 0.6 =
0.3 g 601
7
0.0+ T T T T ? 30 r T T T T
0 50 100 150 200 250 300 0 2 4 6 8 10
Time (S) Current Density (A/g)

Figure 3.9 (a) CV of MXene and B-GC@CPP-4 at 40 mV s (b) CV and (c) GCD
curves of ASC device (d) Csp values at different current densities.

The above results of B-GC@CPP-4 are beneficial for the fabrication of an asymmetric

device with higher specific capacitance (gravimetric), energy density and power density
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reported till date for cobalt pyrophosphate-based material. The ASCs was fabricated by
taking B-GC@CPP-4 as positive electrode, the as synthesized MXene (TizCz) as
negative electrode and a Whatmann filter paper was used as a separator. MXenes
possess high metallic conductivity, packing density and redox chemistry.>® Along with
this the excellent electrical conductivity, surface hydrophilicity, electrochemical
stability and reversible intercalation of cations (such as H*, Li*, Na*, K*, and Mg?*)
makes it an attractive choice to be used as a negative electro active material for the
fabrication of high performance asymmetric device.®® The reversible
intercalation/deintercalation of cations during the charge/discharge process in the

layered MXene is represented as the following reaction.>”®
TisCy + xK* + xe™ & K,TisC, (3.8)

The electrochemical analysis of the asymmetric device was carried out by using gel
electrolyte (for all solid-state ASCs). Combined CV profiles of MXene (-1.05V to -0.2V)
and B-GC@CPP-4 (-0.2V to 0.55V) at 40 mV/s shown in Figure 3.9 (a) generate a large
potential window of 1.6 V. The CV profiles of ASC device were recorded in 0 to 1.6 V
potential at a scan rate from 5 mV/s to 100 mV/s. There occurs no notable change in the
CV curves with increasing the scan rate from 5 mV/s to 100 mV/s as can be seen in Figure
3.9 (b). This indicates the appreciable reversibility and outstanding rate capability of the
fabricated ASC device. The GCD profiles operated from 2 A/g to 10 A/g in Figure 3.9
(c) were used to calculate the gravimetric specific capacitance of the ASC device. The
specific capacitance value of 125 F/g was obtained at a current density of 2 A/g which
was gradually decreased to 88 F/g at a current density of 10 A/g. Specific capacitance vs.
current density curve in Figure 3.9 (d) illustrates the values of specific capacitances at

different current densities of the all-solid-state asymmetric device.
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Figure 3.10 (a) Cyclic stability of the ASCs, (b) Ragone of the ASC device. (c) EIS
of the ASC before and after stability
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Cycling performance of the all-solid-state asymmetric device was carried out at a current

density of 6 A/g was shown in Figure 3.10 (a). It was evaluated that after 10,000 cycles

of constant galvanostatic charge-discharge, the retention in specific capacitance is almost

96 % and coulombic efficiency was retained almost 98.5 %, indicating excellent stability

of the ASC. The specific energy and power were evaluated by using equation (3.5) and

(3.6) and represented by Ragone plot in Figure 3.10 (b). An energy density of 45 Wh kg’

! at a power density of 1735 W kg™ was evaluated at 2 A/g current density. With increase

in current density value upto 10 A/g, the value of specific energy was reduced whereas a

consistent increment in the value of power density was observed. At 10 A/g mass

normalized current density the specific energy of the material still maintained 31.3 Wh

kgl at a power density of 12,293 W kg™. Figure 3.10 (c) represents the impedance

spectroscopy curve of the device before and after 10,000 GCD cycles. After cycling

stability of the ASCs there is a negligible increase in both the equivalent series resistance

and charge transfer resistance of the material. These small change in the impedance value

indicates the good stability and enhanced electrochemical performance of the device.

Comparatively, electrochemical performance of the ASC was superior to the previously

reported cobalt phosphate-based materials, listed in Table 3.1. Potential application of

this all-solid-state ASCs was demonstrated by using this ASC to lighten up a light
emitting diode (LED) shown in the inset of Figure 3.10 (a). The GCD profile and SEM
images before and after 10,000 GCD cycles was mentioned in Figure 3.11 suggesting the

slight increase in IR drop and minimal decrease in specific capacitance value due to

surface etching of the material in alkaline media. Looking into the electrochemical

performances studied above, MXene//B-GC@CPP-4 is an ideal choice to fabricate a

considerable low cost and stable energy storage device.

w—2nd cycle

Potential (V)
S S - 5
R A

e
w
r

e 10,000th cycle

0 10 20 30 40
Time (S)

(a)

50

Figure 3.11 (a) GCD profiles of the ASC before and after 10,000™ cycle, SEM image
of B-GC@CPP-4 along-with acetylene black and PVDF (b) before cycling (c) after

cycling.
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3.8 Conclusion

In a nutshell, the boron doped carbon/cobalt pyrophosphate was successfully
synthesized through facile hydrothermal followed by calcination at high temperature.
Variable quantity of boron powder was used during hydrothermal process and the
compound formed with 6.4 weight % of boron (B-GC@CPP-4) reveals superior
electrochemical capacitive behaviour. B-GC@CPP-4 provides a specific capacitance
value of 395.1 F/g at 1.5 A/g current density in 0.75 V potential window and showed a
specific capacitance retention of 90 % after 10,000 GCD cycles in three electrode
system. The MXene//B-GC@CPP-4 ASC device provides a specific capacitance value
of 125 F/g at mass normalized current density of 2 A/g. This device maintained a
maximum energy density of 45 Wh kg™ and power density of 12,293 W kg'*. Retention
in specific capacitance and coulombic efficiency of the device was evaluated to be 96
% and 98.5 % respectively after 10,000 consecutive galvanostatic charge-discharge
cycles. The admirable capacitive performance of the device is mainly due to synergistic
effect of boron doped carbon/cobalt pyrophosphate hybrid as positive active material
and TisC, (MXene) as negative active material, that greatly enhances charge storage
performance of the device. The above study paves a path for the construction of a
potentially reliable transition metal pyrophosphate based all-solid-state asymmetric

supercapacitor device.

Table 3.1 Comparison table for phosphate-based material showing supercapacitor

behaviour
Name Specific Potenti | Sp. | Energ | Powe | Capacitan Ref.
Capacitan al cap. y r ce
ce windo of | densit | densit | retention
w AS y y & Cycle
C No.s
Flower like 3D | 350 F/g at | O - - - - 102% Mater.
Co3(P04)2.8H,0 | 1A/g 3 M | 0.42V retention | Lett., 2015,
KOH) after 1000 | 152,25-28
cycles
Binder free | 12,285 0-0.7|85 |26.66 | 750 80% J.  Power
Co3(PO4), 1D | mF/cm? at | V Flg | Wh/k | W/kg | retention | Sources,
nanograss 5 mV/s (1 at | g after 6000 | 2018, 373,
M KOH) 1A/ cycles 211-219.
g (Device)
Co2P,0y 3672 Flg|0-04 |- - - 96.2% J. Solid
nano/microstructu | at  0.625 | V retention | State
Electroche
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res Alg B M after 3000 | m., 2013,
KOH) cycles 17, 1383-
1391.
CoHPO,.3H20 413 Flg at | O - - - - >85.1% Nanoscale,
ultrathin 1.5 Alg (3| 0.45V retention | 2013, 5,
nanosheets M KOH) after 3000 | ©752-5757.
cycles
1D CosP207 | 483 F/g at | -0.1 — | - - - 90% RSC Adv.,
nanorods 1A/g(3M | 0.45V retention | 2013, 3,
KOH) after 3000 | 21558-
cycles 21562.
Amorphous 1259 F/g| 0 — 1119 | 424 | 800 80% ACS Appl.
Coo2Nios at 1.5 A/lg | 055V | Flg | Wh/k | W/kg | retention | Mater.
polyphosphate 3 M atl|g after 2000 | Interfaces,
KOH) Alg cycles 2016, 8,
(Device) 23114~
23121.
NizP20s -11974 F/g|0-04|94 |334 [399 |83% Electrochi
Co3P,05.8H,0 at 0.5 Alg | V Flg | Wh/k | W/kg | retention | m.  Acta,
(6 M at |g after 5000 | 2016, 201,
KOH) 0.5 cycles 142-150.
Alg (Device)
CozP207 580 F/lgat|-0.2 — |- - - 96% Adv. Mater.
Nanosheets 1 Alg in| 048V retention | Interfaces,
0.1 M upto 5000 | 2017, 4,
KEC cycles 1700059.
(KsFe(CN
)s) in 3 M
KOH
Nanoporous 265 F/[gat|0-05] - - - 97% ACS Appl.
Nickel phosphate | 20mV/s(3 | V retention | Mater.
M KOH) after 1000 Igrgfgfacesé
cycles 9790-9797.
C004Ni16P207/N- | 1473 F/g | O — |- 349 | 800 | 70% J. Alloys
doped graphene | at 1 A/g (3 | 0.55V Wh/k | W/kg | retention | Compd.,
(NG) composites | M KOH) g after 5000 | 2018, 750,
cycles 607-616.
(device)
sodium doped | 295.2 Cg?* | 0 — - 54.1 | 1700 | 95% Appl. Surf.
Ni-P,07-Co,P,0; | at2 A/g (3 | 0.45V Wh w retention | Sci., 2019,
M KOH) kg!' | kg! | after 2000 | 465, 763-
cycles 7l
(device)
Boron doped | 395.1 F/g|-0.2 —| 125 |45 1735 | 96% This work
carbon/cabalt at 1.5 Alg | 055V | F/lg | Wh/k | W/kg | retention
pyrophosphate 3 M at2|g after
hybrid KOH) Alg 10,000
cycles
(device)
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4.1 Abstract
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Graphical Abstract

Transition metal phosphorous-based materials are considered as ideal candidate for
energy storage due to their robustness and durability. In this report, we present
manganese phosphite, Mn11(HPOz)s(OH)s, an interesting inorganic material with
spectacular structural features. A single step hydrothermal synthetic route was
employed for the fabrication of manganese phosphite/RGO (Mn-HPO/RGO) hybrid.
The as synthesized hybrid delivers a specific capacitance of 770 F/g when operated at
1 A/g current density in three electrode set-up with rate capability of 66 %. To broaden
the practical applicability of Mn-HPO/RGO hybrid, an asymmetric supercapacitor
(ASC) device was fabricated with MXene (TizCz) as negative electroactive material
and Mn-HPO/RGO hybrid as positive active material. The as fabricated device projects
a specific capacitance of 108 F/g with an energy density of 34 Wh/kg along with a
power density of 508 W/kg. Moreover, the ASC device retains a specific capacitance
of 94 % after 12000 constant charge and discharge cycles suggesting the excellent
durability of the ASC device. These systematic investigations illustrate that the Mn-

HPO/RGO hybrid is a potential choice for high-performance energy storage devices.
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4.2 Introduction

The continuous growth of population and pollution around the globe leads to
dependency of the non-renewable energy sources such as solar, tidal, wind power etc.t
3 But the inconsistency in the energy generation of these renewable sources provokes
the development of various energy storage technologies like fuel cells, supercapacitor
and batteries (Li-ion and Na-ion).*’ In contrast to the current Li-ion and Na-ion
batteries, supercapacitors have a high-power density, require less maintenance, are less
toxic, and have good cycling stability, making them a reliable energy storage device.®
Because of this spectacular behaviour, supercapacitors are currently used in a wide
variety of cutting-edge electronic products, from pocket-sized and flexible devices to
hybrid electronic vehicles. °1° Henceforth research community all around the world
making enormous effort to improve the electrochemical performance of the

supercapacitors.

In general, SCs are divided into two categories of capacitors based on the charge storage
mechanism: electrochemical double-layer capacitors (EDLC) and pseudocapacitors.*!
Pseudocapacitors possess high specific capacitance compared to double layer
capacitors.*? Bio-inspired transition metal chalcogenide such as Ni@NiC02S4/NisS; is
successfully synthesized by Tong et al. delivers a specific capacitance of 16.9 F cm™ at
acurrent density of 10.33 mA cm. 3 Moreover, Transition metal oxides (RuOz, MnOx,
NiO and Co304) are one of the best alternatives as pseudocapacitive material due to
presence of variable oxidation state on the metal centre and high specific capacitance.*
However, the high cost and the toxic nature of ruthenium is the major limitation for its
wide applicability. Whereas, the excellent theoretical capacitance of 1370 F/g, low cost
and eco-friendly nature of MnO2 makes it an attractive choice to be used as
electroactive material for supercapacitor application. > But practical realisation of this
theoretical value is hard to achieve because of slow ion transport rate and poor
conductivity of Mn0O2.1""1® The issue related to conductivity can be resolved by
developing MnO>/carbon hybrid. But still the low-rate capability and poor cycling
stability prevents the manganese oxide-based materials for practical application up to

some extent.

On the contrary, transition metal phosphates having good structural stability and
versatility in adopting different structures, makes it an appropriate candidate in the field
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of catalysis, solar cell, lithium-ion batteries and supercapacitor.?-?2 In general, Cobalt
phosphates serve as a positive active material for rechargeable batteries, heterogenous
catalyst, ion exchangers and magnetic materials due to interconnected CoOx and PO4
polyhedra forming zeolite type structure.?® Kim et al. grown cobalt phosphate carbon
composite over carbon cloth with the assistance of phytic acid. A layer of nanoparticles
along with the phytic acid derived sheet like structure were attached to the surface of
the carbon fibre. The supercapacitive performance of the synthesized cobalt phosphate
was studied by fabricating a symmetrical supercapacitor device. The device delivers an
energy density of 31.1 Wh/kg at a power density of 476 W/kg.2* Marje and co-workers
synthesized nickel cobalt phosphate with micro-sheet like architecture. The as
synthesized nickel cobalt phosphate was used as cathode and rGO as anode to assemble
a solid-state asymmetric device. The assembled solid state device projects a specific
capacitance of 102 F/g with an energy density of 36.2 Wh/kg at a power density of 160
W/kg and retains a specific capacitance of 87.3 % after 4000 GCD cycles.?®
Furthermore, Werner Massa et al. synthesized manganese orthophosphate in which
MnOs ployhedra and MnOe octahedra shares common edges to form an alternating
chain along (110) direction.?® A simple hydrothermal method is employed by Mirghni
et al to synthesize pristine Mn3(PO4)2 and Mn3(PQO4)2/graphene foam composite with
hexagonal microrod and graphene foam deposited hexagonal microrod structure
respectively. The Mn3(POas)> and Mn3(POs)2/graphene foam composite provides a
specific capacitance value of 41 F/g and 270 F/g respectively at 0.5 A/g current density
in 6 M KOH electrolyte.?” The electrochemical performance of the manganese
phosphate with ultrathin nano sheet like morphology, was carried out by Ma et al. in
both alkaline and neutral electrolyte, delivering a specific capacitance of 194 and 203
F/g in their respective electrolytes.?® Kumar Raju and co-workers studied synthesized
ammonium manganese phosphate (AMP) having well-defined 2 D nanosheet
architecture with high aspect ratio and surface area. The AMP pseudocapacitive
electrode delivered a specific capacitance of 423 F/g at a scan rate of 5 mV/s in 3 M
KOH electrolyte.?® Yang and co-workers developed Amorphous manganese phosphate
nanoparticles with mesoporous structure by in situ transformation of manganese
phosphate 2 D nanoplates. The amorphous manganese phosphate delivers a specific
capacitance of 912.4 F/g at 1 A/g current density along with 97 % retention in specific

capacitance after 5000 cycles of GCD was observed.® Although there are some reports
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on the synthesis of manganese phosphite (Mn11(HPO3)s(OH)e) but their energy storage
performance is not reported till date. In a certain report, Cheetham group synthesized
crystalline manganese phosphite via hydrothermal method. Where the crystal structure
is comprised of MOg octahedra that shares a common face forming M2Og dimers. These
dimeric units share two common edges forming an infinite chain along (001) direction.
Each such chains were connected to the four similar types of chains forming an open
structure containing two types of channels.! In another report, Jin et. al. synthesized
manganese phosphite microrods through solvothermal method with varying water to
DMF ratio.®? Therefore, it is essential to explore the supercapacitive performance of

this cost-effective manganese-based material.

A single step hydrothermal synthetic route is employed for the synthesis of manganese
phosphite/RGO hybrid having microrod architecture. By using SEM and TEM analysis,
it has been observed that the microrods of manganese phosphite are unevenly
distributed over the RGO layers. However, upon careful analysis it has been found that
the microrods are actually composed of small nanoparticles of manganese phosphite.
After step-by-step physicochemical characterizations, electrochemical analysis for
supercapacitor application was thoroughly studied. Among all the hybrids Mn-
HPO/RGO-10 shows best electrochemical performance compared to Mn-HPO/RGO-5
and Mn-HPO/RGO-20. The Mn-HPO/RGO-10 hybrid delivers a specific capacitance
of 770 F/g in 1 M H,SO4 electrolyte with 70 % retention in specific capacitance after
5000 constant charge-discharge cycles at 5 A/g. The ASC device was fabricated by
employing MXene as negative active material and manganese phosphite/RGO hybrid
as positive active material that delivers maximum specific capacitance of 108 F/g,
maximum energy and power density of 34 Wh/kg and 3105 W/kg respectively.
Additionally, the device retains 94 % of its initial capacitance after 12000 cycles of
constant charge-discharge at 2 A/g and retention in coulombic efficiency was around
95.3 %.

4.3  Experimental Section

4.3.1 Materials

Manganese acetate tetrahydrate [Mn (CH3COO)2.4H.0], Titanium aluminium carbide
[TisAIC2 (MAX phase)], Dimethyl formamide (DMF), N-methylpyrrolidone (NMP)
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was procured from Sigma-Aldrich India and Sodium hypophosphite [NaH2PO2.H20],
Lithium fluoride (LiF) was purchased from HiMedia. Hydrochloric acid (HCI) was
procured from Thermo Fisher Scientific. Graphite powder and graphite sheet of
thickness 5mm was purchased from Carbon India. Sulfuric acid (H2SO4) purchased
from Finar chemicals. All the chemicals are used as received without further
purification. All the reactions were carried out in deionised water (DIW). Binder-free

glass microfiber filter was purchased from Whatman plc.
4.3.2 Synthesis of Manganese phosphite [Mni1(HPO3)s(OH)e]

Manganese phosphite (Mn-HPO) was synthesised as per the report published elsewhere
32 with slight variation in the amounts of manganese acetate tetrahydrate and sodium
hypophosphite. A single step hydrothermal method was followed for the synthesis of
microrod shaped Mn-HPO. In a typical procedure, 980 mg of Mn (CH3COOQ)2.4H,0
and 848 mg of NaH2PO2.H>O was added to a mixture DIW/DMF (12 mL/8 mL)
solvent. After stirring for 2 hours at room temperature the reaction mixture was
transferred into a 50 mL of Teflon lined stainless steel autoclave and the autoclave was
kept in an electric oven for 24 hrs at 200 ° C. The autoclave was cooled down to room
temperature naturally and then the white products were collected by centrifugation with
DIW. Prior to other physicochemical and electrochemical analysis, the samples were
dried at 70 ° C overnight.

4.3.3 Synthesis of graphene oxide (GO)

Modified Hummer’s method was employed to synthesize graphene oxide from graphite
powder.3334 Initially, 1 g of graphite powder was added into the 25 ml of concentrated
H2SO4 in a round bottom flask. The flask is the subjected to stirring in an ice bath. Then
3.5 g of KMnOs was slowly added to the above mixture with continuous stirring. The
solution is further stirred for 2 hrs and the diluted with 50 ml of DIW. After that
adequate amount of hydrogen peroxide (H20>) till the gas evolution of gas is ceased.
The suspension was then filtered with 0.1 M HCI and deionised water to completely
remove the sulphate ions. The washed GO was dried and kept in vacuum desiccator for

further use.
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4.3.4 Synthesis of Manganese phosphite/RGO hybrid
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Scheme 4.1 Schematic representation for the synthesis Mn-HPO/RGO hybrid.

A GO suspension (solution-A) was prepared by dispersing desired amount of as
synthesized GO in 10 ml of DIW. Afterwards solution-B was prepared by adding
required amount of manganese acetate and sodium hypophosphite into a mixed solution
of DIW (12 mL) and DMF (8 mL). Solution-A was then mixed with solution-B and the
mixture were stirred for 2 hours to obtain a well dispersed uniform solution. The total
mixture (solution- A + solution-B) was then transferred to 50 mL of Teflon lined
stainless steel autoclave and put into a preheated electric oven at 200 ° C for 24 hours.
The obtained samples (manganese phosphite/RGO) were then centrifuged several times
with DIW and dried in an oven at 70 ° C overnight for further studies. The as
synthesized [Scheme 4.1] hybrid sample is denoted as Mn-HPO/RGO hybrid. The Mn-
HPO/RGO hybrid synthesized with the subsequent variation in the amount of GO (from
5 mg to 20) during hydrothermal step to obtain a series of hybrids denoted as Mn-
HPO/RGO-5, Mn-HPO/RGO-10 and Mn-HPO/RGO-20 respectively.

4.3.5 Preparation of TisC,Tx MXene

Here a mild etching process was followed for the synthesis of TisCoTx (MXene) by
selectively etching the aluminium from the bulk TizAIC, (MAX phase) as per the
previous report.®® In a typical procedure, 1 g of LiF was dissolved in 20 mL of 9 M HCI
by stirring for 30 minutes. 500 mg of TisAlC2was then added into this as prepared mild
etchant and stirred for 24 hours at room temperature. The obtained suspension was
washed repeatedly with DIW by centrifugation till the pH of the supernatant was > 6.

The final product was dried in an oven at 70 ° C overnight.
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4.4  Characterization Techniques

Powder XRD pattern for the as synthesized sample was examined by using Bruker D8
Advance diffractometer with Cu K, (A = 1.5418 A) radiation of 1600 watt. Horiba
scientific Raman analyser equipped with laser wavelength of 532 nm is used to observe
the graphitic nature of the synthesized hybrid (Mn-HPO/RGO). X-ray photoelectron
spectroscopy (Omicron Nanotechnology Ltd, Germany) with Mg K, radiation of 1253.6
eV as excitation energy is employed to analyse the surface chemical species of the
hybrid sample. The surface morphology and energy dispersive X-ray spectra (EDS) of
the sample was carried out by FESEM (Merlin Compact with GEMINI-I electron
column, Zeiss Pvt. Ltd., Germany). TEM (transmission electron microscopy) and
HRTEM (high resolution transmission electron microscopy) images were observed on
JEOL JEM 2100F, with an accelerating voltage of 200 kV. A minimum quantity of the
sample was well dispersed in DIW and then drop casted over a carbon coated copper

grid and dried under Xenon-lamp prior to TEM analysis.
4.5 Electrode Fabrication and Electrochemical Measurements

The electrochemical characterizations were performed by using Biologic SP-200
electrochemical work station. We have selected Ag/AgCl (3 M KCI) as reference
electrode and platinum wire as counter electrode. Freshly prepared aqueous 1 M H2SO4
is used as an electrolyte. The working electrode was prepared by grinding the active
material (Mn-HPO and Mn-HPO/RGO), acetylene black, PVDF binder in weight
percentage ration of 80:10:10. A minimum quantity of NMP (N-methylpyrrolidone)
was added to the above mixture and thoroughly mixed in order to achieve a uniform
slurry. The slurry was then drop-casted over a graphite sheet of dimension 1 cm x 1 cm
followed by overnight drying and was used as a working electrode. The mass loading
of the active material over the graphite sheet electrode was 1 mg/cm?. All the
electrochemical measurements such as cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and cycling stability test were carried out in a potential window of 1
V (0tol V). An AC frequency range of 100 kHz to 10 mHz along with an AC amplitude
of 5mV is applied to investigate the electrochemical impedance spectroscopy (EIS).
The specific capacitance, energy density and power density of the material is calculated

by using following equations.>¢-38
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Cop = I/ (dV /dt) 4.1)
Energy density (E.D.) = Cs, X (AV)?/(2 x 3.6) (4.2)
Power density (P.D.) = (E.D.x 3600)/At (4.3)

Where I,,,,dV /dt, Csp, AV and At denotes the mass normalized current density, slope

of discharge curve, specific capacitance, potential window, discharge time respectively.
4.6  Fabrication of Asymmetric supercapacitor

An asymmetric supercapacitor (ASC) was assembled by soaking glass microfiber filter
membrane in 1 M H>SOs as electrolyte, Mn-HPO/RGO-10 hybrid as positive and
MXene as negative electroactive material. The preparation of electrode for ASC
follows the same procedure as in three electrode system along with the charge balance
for both the electroactive material. Hence the mass loading of both the samples were

calculated by the following equation;
my/m_=C_xAV_/C, X AV, (4.4)

m_and m_is the mass of positive and negative active material, C,and C_is the specific
capacitance of both the material at 20 mV/s and AV, and AV_ is operating potential for
Mn-HPO/RGO-10 and MXene. The mass ratio was observed to be 0.4. The specific
capacitance, energy density and power density were calculated as per equation (4.1),
(4.2) and (4.3) respectively.

4.7 Results and Discussions

b) 1010 cm™ Mn-HPO/RGO-10
1345 cm™ 1597 cm™

Intensity (a.u.)
Intensity (a.u.)
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Figure 4.1 (a) Powder XRD pattern (b) Raman spectra of Pristine Mn-HPO and Mn-
HPO/RGO-10 hybrid, (c) crystal structure of Mn-HPO based on ICSD-75269.
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Phase purity and crystallinity of the pristine (Mn-HPO) and hybrid (Mn-HPO/RGO-10)
samples were characterized from the powder XRD measurement as shown in Figure
4.1 (a). The peak positions at 20 value of 7.8, 13.5, 18.9, 23.1, 27.04, 31.5, 35.8, 37.4
and 38.5 corresponds to the (100), (110), (101), (201), (211), (400), (401), (112) and
(321) diffraction planes respectively, implying the hexagonal Mn11(HPO3)s(OH)s [PDF
01-082-1203]. The peak positions of Mn-HPO/RGO-10 are well consistent with the

parent Mn-HPO. Along with the powder XRD pattern Raman spectrum in Figure 4.1
(b), shows the Raman shift value of 1010 cm™ corresponding to 6(A1) mode, that is
present in both pristine Mn-HPO and Mn-HPO/RGO-10 hybrid sample.3® The bands at
1345 cm™ and 1597 cm™ were assigned to the D and G-bands for Mn-HPO/RGO-10
hybrid is due to the presence of reduced graphene oxide (RGO) in the hybrid. The
characteristic D and G band implies the presence of disordered and graphitic nature of
the RGO. Again, the ratio of intensities of D and G-band suggest the degree of
disorderedness in the graphitic structure. The Ip/lg ratio in this case was calculated to
be 1.08 represents the successful reduction of graphene oxide after hydrothermal
treatment. The presence of Raman bands at 1010 cm™, 1345 cm, 1597 cm™* confirm
the successful formation of Mn-HPO/RGO-10 hybrid. Moreover, inorganic crystal
structure database (ICSD-75269) is further used to represent the schematic crystal
structure of Mn- HPO [Figure 4.1 (c)]. The large electron channels present in the

material is advantageous for electron transport through the sample.

Survey Spectrum
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Binding Energy (eV)

Figure 4.2 XPS survey spectrum of Mn-HPO/RGO hybrid.
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Surface chemical species and elemental oxidation state of the as synthesized hybrid was
explored with the help of X-ray photoelectron spectroscopy (XPS). The XPS survey
spectra in Figure 4.2 confirms the presence of Mn, P, O and C elements in the as
synthesized Mn-HPO/RGO-10 hybrid. Furthermore, high resolution XPS spectra of
these elements were represented in Figure 4.3 (a-d). In Figure 4.3 (a) two distinct peaks
located at 641.5 (Mn 2ps/2) and 653.3 eV (Mn 2p12) accompanying two satellite peaks
around 645.2 and 656.4 eV respectively, aggreging with the valance state of manganese
is +2 in Mn1(HPO3)s(OH)s.40-42
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Binding Energy (eV) Binding Energy (eV)
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Figure 4.3 core level XPS spectra of (a) Mn 2p, (b) P 2p, (c) O 1s and (d) C 1s.

The peaks positioned at 133.5 and 134.5 eV in the high resolution XPS spectra of
phosphorous (Fig. 4.3 (b)) correspond to the characteristic 2ps2 and 2p1. attributed to
the peaks of P (111).** The deconvoluted XPS spectra of oxygen in Figure 4.3 (c) consists
of three peaks. The location of the peaks at a binding energy of 530.4, 531.3 and 532.4
eV are associated with the lattice oxygen (O%), hydroxyl group (OH) and the surface
adsorbed water molecules.* The high resolution XPS spectra of carbon in Figure 4.3
(d) consists of a dominant peak at 284.8 eV corresponding to sp?> C=C. Again, two
smaller components located at 285.9 and 289.3 eV correlated with the existence of C—
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O and O-C=0 respectively, signifying the presence of reduced graphene oxide in the

material.*>#7

The FESEM images in Figure 4.4 provides the surface morphology of the pristine Mn-
HPO and Mn-HPO/RGO-10 hybrid. The SEM images in Figure 4.4 (a) and (b) shows
uniform microrods and the width of the microrod is approximately 600 nm. Similarly,
the SEM images in Figure 4.4 (c) and (d) represents the morphology of Mn-HPO/RGO-
10 hybrid from lower to higher magnification. The low magnification SEM image
shows the non-uniform distribution of the microrods over the graphene sheets.
However, the high-resolution SEM image shows the width of the microrods in the Mn-
HPO/RGO-10 hybrid is same as that of pristine Mn-HPO. Elemental mapping in Figure
4.4 (e) shows the distribution of Mn, P, O and C throughout the surface of Mn-
HPO/RGO hybrid. The EDX (energy dispersive X-ray spectroscopy) analysis (Fig. 4.5)
presents the atomic percentage of the elements present in the sample.

Figure 4.4 (a) & (b) FESEM image of Mn-HPO, (c) & (d) FESEM image of Mn-
HPO/RGO-10, (e) EDX-mapped distribution of Mn, P, O, C in Mn-HPO/RGO-10

The morphology of the hybrid was further demonstrated by transmission electron
microscopy (TEM) in Figure 4.6. The presence of microrods along with the graphene

nanosheets can be clearly observed in low magnification TEM image in Figure 4.6 (a),
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that is in accordance with the SEM images of the hybrid. With increasing the
magnification of the TEM image to 100 nm, small nanoparticles were spotted (Fig. 4.6
(b)). The high-resolution TEM (HRTEM) image in Figure 4.6 (c) further reveals the
presence of a large number of aggregated nanoparticles forming the microrod-shaped
Mn-HPO in the hybrid. The fringes of Mn-HPO/RGO-10 hybrid can be distinctly
observed in the HRTEM image Figure 4.6 (d). The d-spacing values of 2.70 A and 2.58
A were evaluated from Figure 4.6 (d) corresponding to the (311) and (002) crystal
planes of Mn-HPO as already mentioned in PXRD pattern.
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Figure 4.5 EDX spectrum of the Mn-HPO/RGO hybrid with atomic percentage of
elements

Figure 4.6 (a) and (b) Low-resolution TEM image of Mn-HPO/RGO-10, (¢) HRTEM
image showing the nanoparticles of Mn-HPO, (d) fringe width of Mn-HPO in Mn-
HPO/RGO-10
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Initially, the impact of GO concentration of the electrochemical charge storage
performance has been accessed by recording the CV and GCDs at sweep rate of 5 mV/s
and applied current density of 1 A/g respectively and presented in the following (Fig.
4.7). As seen from the CV curves the current response is increased while moving from
Mn-HPO/RGO-5 to Mn-HPO/RGO-10 but again decreases for Mn-HPO/RGO-20. The
supressed electrochemical performance for the Mn-HPO/RGO-20 hybrid may be
attributed to the dense distribution of RGO over Mn-HPO. This enables a restricted
access of electrolyte to the active redox site of Mn-HPO/RGO-20 hybrid thereby
decreasing the performance.

1.2
3 ) Mn-HPO/RGO-5
01,04 Mn-HPO/RGO-10
= 21 gﬂ —— Mn-HPO/RGO-20
E 14 <0.8
= 4
g 0 ~0.6
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Figure 4.7 CV curves at 5 mV/s and GCD curves at 1 A/g for Mn-HPO/RGO-5, Mn-
HPO/RGO-10 and Mn-HPO/RGO-20.

Afterwards, the CV curves for pristine Mn-HPO and Mn-HPO/RGO-10 hybrid were
observed at varying scan rate ranging from 5 mV/s to 40 mV/s shown in Figure 4.8 (a)
and (b). The quasi-rectangular shaped CV curve along with two redox peaks prevail the
co-existence both EDLC and pseudocapacitive behaviour. Although the current
response of the CV curve for both pristine Mn-HPO and Mn-HPO/RGO-10 hybrid has
been increased with gradual increment in the scan rate (5, 10, 20, 30 and 40 mV/s) the
quasi-rectangular shape of the CV curve is still maintained, confirming the material
possesses good capacitive behaviour. The area under CV curves for Mn-HPO/RGO-10
hybrid is higher at all scan rate when compared with the pristine Mn-HPO suggesting
the higher capacitive behaviour of the hybrid. This enhanced result of Mn-HPO/RGO-
10 hybrid can be attributed to the synergistic effect of unique structural feature of Mn-
HPO and RGO. The large electron channels of Mn-HPO having 1 D microrod

morphology provides fast electron transport. Whereas, the presence of RGO increases
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the electrolyte accessibility towards the electrode and shortens the ion diffusion
pathway and thus, enhancing the conductivity and electrochemical performance of the

overall hybrid.*348

The charge storage kinetics of pristine Mn-HPO and Mn-HPO/RGO-10 was examined
by employing the power law i = av?.*° The equation can be re written as log(i) =
log(a) + blog(v) where i is the peak current at a particular potential, a & b are
variables and v is the scan rate. The slope of the graph between log(i) vs.log(v)
provides the value of b. The value of b=1 suggests the charge storage process is
capacitive whereas value of b = 0.5 indicates characteristic diffusion-controlled
process. The b values obtained for both Mn-HPO and Mn-HPO/RGO-10 were 0.47 and
0.53 respectively, presented in Figure 4.8 (¢) suggesting the charge storage process is
diffusion-controlled. At a particular potential, the total current (i (V/)) response is the
combination of both surface capacitive current (icqpacitive) and diffusion controlled
current (iqifrusion)- If there is dominance of surface capacitive process, the current
response is linearly proportional to v, while in case of diffusion-controlled process the
current response is linearly proportional to v'/2.%° Hence for all possible cases a

generalized equation can be written as below,
i(V) = icapacitive + Laiffusion = kav + kyv/? (4.5)
The above equation can be rearranged as below
i(V)/vY? = kv'? + k, (4.6)

Figure 4.8 (d) provides the quantitative information on surface capacitive
contribution (k,v) and diffusion-controlled contribution (k,v'/?) for Mn-HPO/RGO-
10 hybrid. The surface capacitive contribution increases gradually with increasing the
scan rate but the diffusion-controlled process is predominant at lower scan rate. The
above results suggest the surface capacitive contribution is around 27 % at 40 mV/s
whereas, the surface capacitive contribution is only 11 % at lower scan rate of 5 mV/s
for Mn-HPO/RGO-10 hybrid.
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Figure 4.8 (a) CV profiles of Mn-HPO, (b) CV profiles of Mn-HPO/RGO-10 hybrid.
(c) log(i) vs. log(v). (d) Percentage of the surface and diffusion-controlled process.

The specific capacitances for pristine Mn-HPO and Mn-HPO/RGO-10 were calculated
from the galvanostatic charge discharge (GCD) curves. All the GCD measurements
were carried out within a current density range of 1 to 5 A/g (1, 2, 3, 4 and 5 A/g)
depicted in Figure 4.9 (a) and (b). The specific capacitances for Mn-HPO evaluated
using Figure 4.9 (a) are 666, 513, 435, 400 and 358 F/g at a current density ranging
from 1 to 5 A/g. Similarly, the specific capacitances are 770, 676, 600, 540, 505 F/g for
Mn-HPO/RGO-10 hybrid when the applied current densities are 1, 2, 3, 4 and 5 A/g
respectively. The rate capability of pristine Mn-HPO was observed to be 54 % and the
same was 66 % for Mn-HPO/RGO-10 hybrid. Specific capacitance vs. current density
graph in Figure 4.9 (c) depicts the above-mentioned trend for both Mn-HPO and Mn-
HPO/RGO-10 hybrid. The decrease in the value of specific capacitance with increase
in current density is associated with the kinetic limitations of the electrolyte ions. At
high current density (5 A/g) only surface electrochemical reaction likely to occur as the
electrolyte ions will get very short interaction time for electrochemical reaction.
However, at lower current density there occurs bulk electrochemical reaction as the

electrolyte ions having sufficient interaction time for diffusion towards the inner part
Page | 95




Chapter — 4 Revealing the electrochemical performance of a manganese
phosphite/RGO hybrid in acidic media

of the active electrode hence providing high specific capacitance at 1 A/g. To examine
the durability of the material during charge storage process, GCD operation was carried
out at 5 A/g for 5000 cycles and presented in Figure 4.9 (d). The retention of specific
capacitance is nearly 70 % after constant GCD operation for 5000 cycles. Similarly, a
retention in coulombic efficiency is found out to be 92.4 % suggesting that there occurs

no parasitic reaction during this long operation time.

=
(%)
18]

1050

S a = Ci (v —a—Pristine Mn-HPO
%1.0( ) —;://g % 1.0 > 900-( ) —=—Mn-HPO/RGO-10
3 ae | g 750
9 o0 < 504
Zos e | Sos £ _
# —— 5 A/ @ = 6004
Z 06 £l Zos g :
= z S 4504 -
= )
=04 = 04 g 300-
0. < 0.2 3 150
£ £ )
.04 . . ; . Y 0.0+ . + - : x 0 y v v T
0 150 300 450 600 750 900 0 150 300 450 600 750 900 1 2 3 4 5 6
Time (S) Time (S) Current Density (A/g)
2400 d 20 Mn-HPO/RGO-10
I 804 o vin- -
&= 2000 ( ) (E) @ @ Mn-HPO
: 70 Y
£ 1600 E 601
= = @
21200 S 509 °
i = 40+
= N0 %9
= 800 "3 o,
£ % 201 o0
2 400 )
& lo.j
04 . r r r T (U i e . A A A
0 1000 2000 3000 4000 5000 0 10 20 30 40 50 60 70 80 90 100
Cycle Number Z' (Ohm)

Figure 4.9 (a) GCD profile of Mn-HPO, (b) GCD profile of Mn-HPO/RGO-10, (c)
Csp vs. current density (d) coulombic efficiency and cycling stability of the Mn-
HPO/RGO-10, (e) EIS of the Mn-HPO and Mn-HPO/RGO-10

Electrochemical impedance analysis is further employed to evaluate the overall
electrochemical performance of the pristine and hybrid sample. Figure 4.9 (e) shows
the Nyquist plot for both the samples. The interception of Nyquist plot with the real
axis (Z') provides the equivalent series resistance, that is the combination of resistance
of electrolytic ions, resistance of the electrode and the existing contact resistance
between electrode and active material interface. The Rs value obtained for Mn-HPO
and Mn-HPO/RGO-10 hybrid is 2.15 and 1.41 Q respectively. The higher value of Rs
for Mn-HPO is mainly due to the additional contact resistance between Mn-HPO and
bare graphite sheet. Again, the lower Rs value for Mn-HPO/RGO-10 hybrid illustrates
an easy pathway for ion transport and diffusion. The observed Warburg impedance (W)

for Mn-HPO and Mn-HPO/RGO-10 hybrid is 9.8 and 5.8 Q respectively, recommends
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the diffusion- controlled behaviour of the material. The above-mentioned values are

summarized in a tabular format in Table 4.1.

Table 4.1 Values of various parameters involved in EIS.

. . Equivalent Series Warburg impedance
Name of the active material Resistance (Rs) (W)
Mn-HPO 2.15Q 9.8 Q
Mn-HPO/RGO-10 hybrid 141 Q 5.8Q

To widen the practical applicability of the as synthesized hybrid, an asymmetric
supercapacitor (ASC) device was fabricated by taking Mn-HPO/RGO-10 hybrid as
positive active material, MXene (TizCz) as negative active material and glass microfiber
filters soaked in 1 M H>SOs is used to separate the positive and negative electrodes.
Good redox chemistry, reversible intercalation of cations, high electrochemical stability

of TisC,Tx MXene makes it an attractive choice for the fabrication of ASC device.?1>2

Before assembling electrodes and separator to fabricate the ASC device mass loading
of the two active materials are balanced using equation 4.4. The CV experiment was
operated at 20 mV/s for both positive and negative active material is presented in Figure
4.10 (a) for the calculation of active mass loading. The mass loading of Mn-HPO/RGO-
10 and MXene was evaluated to be 0.4 and 1 mg/cm?. The asymmetric device was
assembled by enclosing the positive, negative active material and a separator in a coin
cell setup (CR2032). The cyclic voltammetry operation (Fig. 4.10 (b)) is carried with
a varying scan rate ranging from 5 mV/s to 40 mV/s with in a potential window of 1.6
V. As presented in Figure 4.10 (b) there is no such visible change is observed while
increasing the scan rate suggests the outstanding reversibility, appreciable rate
capability and good capacitive behaviour of the ASC device. A range of mass
normalized current density (0.4 A/g to 2 A/g) is applied to obtain the GCD profiles of
Mn-HPO/RGO-10//MXene ASC device, as shown in Figure 4.10 (c). The specific
capacitances are calculated at each current density and presented in Figure 4.10 (d). A
decrease in the specific capacitance values realised with increasing the current density
value. A maximum specific capacitance value of 108 F/g is evaluated at 0.4 Alg
whereas retention in specific capacitance is 64 % when the current density is increased

5 times to its initial value.
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Figure 4.10 (a) CV of Mn-HPO and MXene at 40 mV s " (b) CV and (c) GCD
curves of the ASC device. (d) Csp of ASC device at various current density

A constant galvanostatic charge-discharge was out at 2 A/g current density for 12000
cycles (Fig. 4.11 (a)) to study the stability of the material during operation. After the
cyclic stability test of the ASC device, a capacitance retention of 94 % and the retention
in coulombic efficiency is around 96 % suggests the enhanced stability of the material
after device fabrication. The inset in Figure 4.11 (a) shows the EIS of the device before
and after cyclic stability and it was inferred that the minimal increase in the equivalent
series resistance and charge transfer resistance is the reason behind the excellent
stability of the device throughout the GCD cycles. The obtained specific capacitance
for the device is utilized to determine the energy density and power density of the as
fabricated ASC device. The relationship between energy and power density at different
current densities is represented by Ragone plot in Figure 4.11 (b). The observed specific
energy based on the active mass loading, for the ASC device is 34 Wh/kg at a power
density of 508 W/kg at 0.4 A/g and the device still maintains a specific power of 3105
W/kg at 2 A/g current density. It is realised that the electrochemical performance of our
synthesized material is higher or close to the other reported manganese-based materials
(Table 4.2).
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Figure 4.11 (a) Stability and Coulombic efficiency of the ASC device, (b) Ragone
plot showing the relation between Power density vs. Energy density

Table 4.2 Comparison of supercapacitor performance of Mn-HPO/RGO with

previous reports

Name of the | Specific | Electrol | Rate Specific | Energ | Cyclic | Referen
Material Capacita | yte performa | Capacita | y Stabil | ces
nce (F/g) nce (in|nce of | Densi | ity
%) the ty of
device the
(Flg) Devic
e
(Wh/
kg)
MnO@C@ | 350 6 M | 34.8% 53.4 23 94 % | Small,
MnOx KOH up to | 2019,
2000 | 15,
cycles | 190086
2
ov- 452.4 1 M | 69.9 % 90.8 40.2 92.2 J.
MnO,@MnO Na,SO4 % up | Mater.
2 to Chem.
10000 | A, 2018,
cycles | 6, 1601
1611
TisCoTy - 1 M| - 23.3 8.3 - Energy
(MXene)—o- Na,SO4 & Fuels,
MnO, ASC 2022,
36, 703—
709
Mn3(PO4)2 270 6 M| - 28 7.6 96 % | J.
IGF KOH up to | Colloid
10000 | Interfac
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cycles
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KOH

85 %
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90 %
up to
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65 %
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cycles

Adv.
Funct.
Mater.,
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210047
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Mn-
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hybrid

770

H>SO,

67 %
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34
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up to
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This
work

Conclusion

In summary, the hybrid material (Mn-HPO/RGO-10) was synthesized through a single

step hydrothermal approach. The microrod type Mn-HPOQ is irregularly distributed over
RGO sheets as distinguished from the FESEM analysis. Interestingly, the HRTEM

study of the hybrid material reveals that the small nanoparticles of Mn-HPO are

combined together forming a microrod type architecture. The Mn-HPO/RGO-10 hybrid

delivers a specific capacitance of 770 F/g accompanied by a retention in specific

capacitance around 70 % after 5000 cycles of GCD operation. Moreover, an ASC

device was successfully fabricated by taking MXene as negative active material and

Mn-HPO/RGO-10 as positive active material. The ASC device delivers a specific
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capacitance of 108 F/g with a maximum energy and power density of 34 Wh/kg and

3105 Wi/kg respectively. The ASC device projects a capacitance retention of 94 % and

retention in coulombic efficiency was 95.3 %, suggesting good durability of the ASC

device after a continuous charge discharge operation of 12000 cycles. The

aforementioned results provide us an ample of opportunity to further enhance the

electrochemical performances of the as synthesized material towards its practical

applicability.
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5.1 Abstract

In this report we have synthesized SnO»/TisC2Ty through a single step hydrothermal
route with varying quantities of TisC2Tx (from 50 mg to 100 mg). The formation of
hybrid increases the interlayer spacing of TisC.Tx that is confirmed from the HRTEM
analysis. This increment in the interlayer spacing supports the charge transport towards
bulk of the electroactive material. Thus, the resultant hybrid with 80 mg of TisC2Tx
displays a specific capacitance of 620 F/g at 2 A/g current density. In three electrode
set-up the electroactive material possesses a capacitance retention of 73 % after 10,000
cycles of continuous charge-discharge. The optimized electrode material shows
improved specific capacitance and cyclic stability. The increased interlayer spacing
helps in improving the electrolyte accessibility towards the interior of electrode
material, enhancing the overall electrochemical performance of the hybrid and thus, the
SnO2/Ti3CoTx.

5.2 Introduction

Considering the global energy crisis and demand, energy harvesters for renewable
energy need to work in conjunction with energy storage devices to maintain constant
power supply. In this scenario, a long cycle life for the energy storage device is more
desirable. Compared to Na-ion batteries and Li-ion batteries, supercapacitors are one
of the most crucial energy storage devices in daily life because of their advantages such
as long cycle life, high power density, less toxic, needs less maintenance and fast
charging and discharging rates'~® Electroactive material is one of the vital components
to have enhanced supercapacitor behaviour in terms of achieving high specific

capacitance, long cyclic stability.

Despite being a common electrode material for supercapacitors, carbon-based
materials’ utility is limited in some applications due to their poor specific capacitance
and energy density. Combining pseudocapacitive metal oxides, such as RuO2, MnOa,
NiO, Co304, Fe20s, and SnO2, with carbon can increase its specific capacitance.®
Among all metal oxides, SnO> has drawn increasing interest among the well-known
metal oxides, as it is an n-type semiconductor with a large energy gap (Eq = 3.62 eV at
room temperature), non-toxic nature, high stability and low cost. It can be applied to a
variety of electrolytes, including acidic, neutral, and alkaline ones.” The low

electrochemical potential of SnO leads to quick redox process and high chemical
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stability, makes it an attractive choice for supercapacitor application.® Additionally, by
forming SnO/carbonaceous material’s hybrid leads to increase in the surface kinetics
between active sites and electrolyte ions. Thereby, enhancing the electrochemical
performances of hybrid materials, that was previously restricted in pristine SnOo.
Several reports are already published on C/SnO2 composite and/or hybrids, showing
excellent electrochemical activity. Li et al. synthesized SnO. nanoflowers/graphene
nanosheet composite through a facile hydrothermal method without any template. The
as synthesized composite delivers a specific capacitance of 126 F/g at 0.2 A/g current
density in 1 M H2SO4 electrolyte within a potential window of -0.2 to 0.8 V. When
charge-discharge cycles were operated over 2000 cycles, 98.2 % retention in specific
capacitance was observed.® R. B. Rakhi and co-workers synthesized SnO, nanoparticles
anchored on graphene nanosheets by chemical reduction method followed by low temp
annealing. The designed composite provides a specific capacitance of 205 F/g at a
constant current of 10 mA in 0 to 1 V potential range. SnO2/GNs based symmetric
supercapacitor retains 95 % of its initial capacitance even after 1000 cycles of constant
operation, indicating the excellent cycle life of the composite material.'® Another group
of researchers designed a novel architecture of uniformly distributed SnO> dots on the
activated porous carbon nano fibre following a hard template route with a BET surface
area of 595.31 m? g%, This new architecture of SnO, shows a specific capacitance 225.4
F/g at 1 A/g current density. To demonstrate the practical applicability a symmetric
supercapacitor device is fabricated that delivers a specific capacitance of 43.3 F/g at
1A/g current density. The calculated energy density for the assembled device was found
out to be 10.3 Wh/kg at a power density of 325 W/kg. The excellent surface area helps
in the diffusion of electrolyte ions towards the inner part of the electrode material, thus
improving the electrochemical performance of the composite material.!! Surfactant
assisted hydrothermal method was followed by Haldorai et al. to synthesize
homogenously distributed flower like SnO, nanoparticles over the RGO (reduced
graphene oxide) surface. In 1 M H>SOg electrolyte the composite (SnO2/ RGO) exhibits
a specific capacitance of 396 F/g at 4.5 A/g current density and a capacitance retention
of 92.6 % even after 10,000 continuous charge-discharge cycles. The excellent stability,
good conductivity, high surface area and high specific capacitance resulted from the
synergetic interaction between SnO; nano flowers and RGO,.'? SnO, nanocrystals are
homogenously inserted in to the rGO sheets through pulse microwave-assisted
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deposition method forming SnO2/rGO composite. In 1 M H>SO4 electrolyte the
composite achieves a specific capacitance of 348 F/g at 50 mA/g current density. The
composite delivers a maximum energy density of 32.2 Wh/kg at a power density of
1000 W/kg. The insertion of SnO2 nanocrystals in rGO sheets serve as a spacer, that
generates more active sites and maximizes the hydrophilic surface, which in turn is the
reason behind the enhances specific capacitance of the composite.™®> SnO2/SWCNTs
core-shell nano architecture was synthesized through electrodeposition strategy. The
core-shell composite delivers a specific capacitance of 320 F/gat 6 mV/sin 1 M Na>SO4
electrolyte. The low electronic conductivity of the pristine SnO2 was solved through
the SWCNTs shell that provides an electronic conductive channel to enhance the
conductivity and keeps the SnO2 nanoparticles electronic connected thereby increasing
the specific capacitance of the core-shell structure.* Impregnation method was
followed to synthesize SnO.@C composite and its electrochemical performance was
analysed in 1 M KOH electrolyte. A specific capacitance of 432 F/g was achieved at a
current density of 1 A/g for SnO.@C composite electrode. Again, the composite
electrode shows an energy density of 29.4 Wh/Kg at a power density of 418 W/kg at 1
Alg current density and the composite retains 95.5 % of specific capacitance for 2000
cycles. The presence of both micropores and mesopores in carbon matrix makes an easy
access of the electrolyte to SnO», thus improving overall electrochemical performance
SnO,@C composite.'® Lately, 2D transition metal carbides, carbonitrides and nitrides
(MXenes) with general formula Mn+1AX, (n = 1,2 or 3) are synthesized by selective
etching of A groups from MAX phase. Here, M is an early transition metal (such as Ti,
V, Nb, Mo, Cr and Ta), A is a group 13 or 14 element (e.g., Al, Si, Gaand In) and X is
carbon or nitrogen (C or N).1®* Among all the MXenes discovered titanium carbide
(TisC2Tyx) is the mostly studied and first reported one. TizCoTx is synthesized by
selectively removing Al group from TizAIC> using hydrofluoric acid where, Tx is the
surface functional groups like -F, -OH and =0.!" High electronic conductivity
(upto15,000 S cm™), packing density (4 g cm™), increased hydrophilicity, the redox
chemistry at metal oxide/hydroxide surface makes TisC>Tx MXene a suitable candidate

for supercapacitor application.

The aforementioned behaviour of TisC2Tx and SnO. proves us to synthesize
SnO/TisCoTx hybrids. Thus, herein we report a single step hydrothermal route to
synthesize SnO/Ti3C>Tx composites with varying the amount of TizC2Tx from 50 to
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100 mg. After successful synthesis of the pristine SnO2, TizC2Txand SnO2/TizCoTx-80
hybrid, their morphology was analysed through FESEM, TEM and HRTEM. FESEM
images of SnO> reveals the agglomerated morphology, that is further intercalated in
between the TisCoTyx layers. TEM image of SnO disclose that the agglomerated
architecture is actually the composed of small rice grain type nanoparticles.
Furthermore, increase in interlayer spacing of TizCTx layers in SnO2/TisC2Tx-80 was

observed from HRTEM analysis that supports the charge transport in this hybrid.!8

Afterwards the electrochemical study of SnO2/TisC2Tx-80 shows better supercapacitor
performance compared to pristine SnO2, and other synthesized hybrids. In three
electrode set-up SnO2/Ti3C2Tx-80 delivers a specific capacitance of 620 F/g with a rate
capability of 45 %. After 10,000 cycles of constant charge and discharge at 10 A/g, it
was found that the electrode retains 73 % of its initial capacitance.

5.3 Experimental Section

5.3.1 Materials

Tin chloride pentahydrate (SnCls.5H20), TisAIC2 (MAX) were procured from sigma
Aldrich. Fuming hydrochloric acid (HCI), Urea (NH2CONH_) and potassium hydroxide
(KOH) were purchased from Hi-Media chemicals. Deionised water (DIW) was used

for all the chemical synthesis and electrochemical measurements.
5.3.2 Synthesis of Tin Oxide (SnO3)

SnO2 was successfully synthesized through a simple hydrothermal method reported
elsewhere?® with slight modification in the temperature as depicted in scheme 5.1.
Initially, 0.1 g of SnCl4.5H20 is dissolved in 40 ml of deionised water and then 1 g of
urea is added to the SnCl4.5H,0 solution. The mixed solution was stirred well to get a
transparent solution. Afterwards, 2 ml of fuming HCI was added to it. The transparent
solution was then transferred to a Teflon lined stainless steel autoclave having 50 ml
capacity and kept in an electric oven. The oven was maintained at a constant
temperature of 100 ° C for 24h. Then the autoclave was removed from the electric oven
and allowed to cool down to room temperature. The white coloured SnO. powder from
the autoclave was recovered by centrifugation followed by washing in DIW and ethanol

several times and drying at 70 ° C.
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5.3.3 Synthesis of TizC2Tx (MXene)

Selectively, aluminium etching strategy in TisAIC, was followed to synthesize 2D
layered TisC,Tx. Herein, we have used HF as an aluminium etchant for the synthesis of
Ti3C,Tx as reported previously.? 0.25 g of TisAIC, powder was added to 5 ml of 30 %
HF and stirred at room temperature for 6 h. After 6 h of constant etching the resultant
product was separated by continuous centrifugation in DIW till the pH of the
supernatant becomes > 6. The obtained product was then dried overnight in an electric

oven maintained at 70 ° C.

5.3.4 Synthesis of SnO2/ TisC>Tx hybrid

Ti,AIC, ,
(MAX Phase) TiyC,T,
Stirring @ (MXene Phase)
RT for 6 h
Fuming HCl

S“()z/”ri3C2'l-‘x hybrid

Scheme 5.1 Schematic representation for the synthesis of SnO2/TisC2Tx hybrid

The precursors for the synthesis of SnO> were added to the TisC2Tx colloidal solution
with varying amount of TizCoTx (50, 80 and 100 mg). Then the resultant mixture was
stirred vigorously to get the uniform dispersion of TisC2Tx in the solution. The solution
was then poured in a 50 ml autoclave and kept in an electric oven at 100 °® C for 24 h.
Afterwards the autoclave was left to cool down to room temperature. Then the resultant
hybrids were washed with DIW and ethanol alternatively for three times and dried in a
vacuum oven for overnight. The dried powders were kept in a vacuum desiccator for
further physicochemical and electrochemical characterizations. The obtained product
was abbreviated as SnO2/Ti3C2Tx-50, SNO2/Ti3C2Tx-80, SNO2/Ti3C2Tx-100.
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5.4 Characterization Techniques

For powder XRD analysis of the as synthesized samples, Bruker D8 Advance
diffractometer equipped with Cu Ka radiation with wavelength (A) 1.5418 A and a
diffractometer monochromator operated at a power of 1600 watt is used. For elemental
composition and surface analysis PHI Versa Probe 11 X-ray photoelectron spectroscopy
was used. The surface morphology of the sample was examined by FESEM (Merlin
Compact with GEMINI-I electron column, Zeiss Pvt. Ltd, Germany). For HRTEM and
TEM (HRTEM, JEOL JEM 2100F, with an accelerating voltage of 200 kV) analysis, a
carbon-coated copper grid was drop casted with the evenly dispersed sample in
deionized water. The grid was then completely dried under a xenon lamp before the
microscopic study. The electrochemical characterizations were carried out in a Biologic

SP-200 electrochemical workstation.
5.5 Electrode Fabrication and Electrochemical Measurements

The slurry of the electroactive material was prepared by thoroughly grinding acetylene
black (conductive additive), PVDF (binder) and as synthesized material in weight
percentage ratio of 10:10:80 respectively. A minimum quantity of DMF was added to
the thoroughly ground mixture to have a thick slurry. The slurry was then coated over
a graphite sheet having dimension 1 cm x 1 cm using a doctor blade. The weight of the
active material over the graphite sheet was calculated to be 1 mg/cm?. Now, the
electroactive coated graphite sheet was used as a working electrode and all the
electrochemical measurements like cyclic voltammograms, galvanostatic charge-
discharge, electrochemical impedance spectroscopy, cyclic stability was performed
Biologic SP-200 electrochemical workstation. For all the three electrode measurements
Hg/HgO and Pt wire was used as reference and counter electrode respectively. All the
electrochemical measurements were carried out in freshly prepared 3 M KOH
electrolyte due to the reason that in aqueous medium K* ion having highest ionic
conductivity among all cations after H30* and OH" having the highest ionic
conductivity among all the anions.?? The following equations are involved to calculate

the resultant specific capacitance, energy density and power density.?
Cop = I/ (dV/dt) (5.1)

Energy density (E.D) = Cy, X (AV)?/7.2 (5.2)
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Power density (P.D) = (E.D x 3600)/At (5.3)

Where I,,,, (dV/dt), AV and At is the mass normalized current density, slope of the

discharge curve, operating potential window and discharge time respectively.

5.6 Results and Discussions

Powder XRD patterns in Figure 5.1 (a) shows the phase purity of the as synthesized
composites. The diffraction planes at (110), (101), (200), (211), (002), (301) correspond
to the 20 values of 26.57, 33.87, 37.95, 57.73, 57.83, 65.96 suggesting the tetragonal
phase of SnO2 having PDF 00-021-1250. The matching pattern of SnO along simulated
pattern is presented in Figure 5.2 (a). Successful synthesis of TisCoTx from TisAlC: is
confirmed from the XRD pattern of both in Figure 5.2 (b).
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Figure 5.1 (a) PXRD pattern Pure TisC2Tx, SnO2 and all the SnO2/Ti3C2Tx hybrids
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Figure 5.2 (a) PXRD pattern of SnO2 matching with PDF 00-021-1250, (b) PXRD
pattern of MAX & MXene phase
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Additionally, the XRD the hybrids of SnO2/Ti3C2Tx (SNO2/TizC2Tx-50, SNO2/Ti3C2Tx-
80, SnO2/Ti3C2Tx-100) were presented in the Figure 5.1 (a) reveals the consistency of
the characteristic peaks of pristine SnO2. Although there is no peak shift in the (110),
(101) planes of SnOz in SnO2/Ti3C, Ty but with increasing TizC2Tx quantity from 50 to
100 reflects the peaks of TisC2Tx in the hybrid suggesting the successful formation of
the hybrids. Again, in all the three composites there exists distinctive peak of TisC,Tx
at (002) plane but there is prominent shift in the peak position is observed. The shift of
peaks position of (002) plane of TizC2Tx from 20 value of 9.3 to 8.2 indicates there is

increase in interlayer distance in the hybrids. The increase in interlayer distance may

be attributed to the positioning of SnO> nanoparticles between/on the surface of 2D

TisC,Tx layers, that is further confirmed from HRTEM analysis.
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Figure 5.3 Core level XPS spectra of (a) Ti 2p, (b) C 1s, (c) O 1s, (d) Sn 3d

X-ray photoelectron spectroscopy is further employed to find out the bonding and
oxidation state of SnO2/Ti3C2Tx-80 is shown in Figure 5.3. Figure 5.3 (a) presents the
high resolution XPS of Ti 2p, where six peaks for Ti—C, Ti—O, Ti (ll), TiO2 2pasp, Ti—
C—F«, and TiO2 2p1/2 were observed at 454.7 (460.9), 455.2, 456.1, 458.7, 462.0, 464.2
eV binding energies respectively.?*28 The XPS of C 1s (Fig. 5.3 (b)) is deconvoluted
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into three peaks at binding energies 281.2, 284.8 and 288.2 eV correspond to Ti-C, C-
C and HO-C=0 bond respectively.?#?° Similarly, the high resolution XPS of O 1s was
depicted in Figure 5.3 (c). Five deconvoluted peaks are observed at binding energies
528.9, 529.9, 530.3, 531.5 and 532.4 eV correspond to O-Ti, TiOz, Ti-O-Ti, O-Sn, C-
Ti-(OH)x bonds respectively.!2°-32 The XPS of Sn 3d presented in Figure 5.3 (d) shows
two peaks at 487.59 eV for 3 ds2 and a satellite peak at 496.09 for 3 ds/, represents the
+4 oxidation state of Sn. There are no other peaks corresponding to other chemical
oxidation state of Sn suggesting the presence of only Sn** in the hybrid. The difference
in the binding energies for Sn 3ds;2 and Sn 3ds2 is 8.5 eV. The peak position and peak

distance are identical to the binding energies reported for Sn02.%

Figure 5.4 Low and High Magnification FESEM Image of (a) and (b) SnO, (c) and
(d) TisC.Tx 2D layers, (e) and (f) SnO2/TisC,Tx-80

Figure 5.4 displays the morphological analysis of the pristine SnO2, pristine TizC2Tx
and SnO2/TizC2Tx-80 hybrid. The agglomerated morphologies of pristine SnO2 were
displayed in low magnification FESEM image of Figure 5.4 (a), that completely agrees
with high magnification FESEM image of SnO: in Figure 5.4 (b). The surface
morphology of TisC,Tyx in Figure 5.4 (c) presents the accordion like architecture, that
provides large active sites for holding the electrolyte ions. The high resolution FESEM
image in Figure 5.4 (d) shows the successfully etching of TisAIC, layers forming
TisCoTx. Compared to pristine SnOz, reduced agglomeration of SnO. in the
SnO/Ti3C2Tx-80 hybrid is observed and those SnO, particles are anchored over the
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TisCoTx layers as presented in Figure 5.4 (e). Whereas, upon close analysis of the
SnO,/TizCoTx-80 hybrid it was clearly observed that in Figure 5.4 (f) the SnO;
nanoparticles inserted in between the TisC2Tx layers preventing the restacking of the
layers.

Figure 5.5 TEM and HRTEM image of (a) & (b) SnOz, (c) & (d) Pristine TisC2Tx, (€)
& (f) SnO2/Ti3C2Tx-80 respectively.

Again, the morphology of agglomerated SnO- can be further verified from the TEM
and HRTEM analysis in Figure 5.5 (a) and (b). In Figure 5.5 (a) it is clearly visible that
the agglomerated morphology is mainly due to the aggregation of the rice grain type
nano particles. The high-resolution TEM image in Figure 5.5 (b) provides us the
information regarding the d-spacing values of the SnO nanoparticles. It was evaluated
that the d-spacing values are 3.35 A, 2.64 A suggesting the (110) and (101) plane of
SnO,. Furthermore, the TEM image of pure TisC,Tx in Figure 5.5 (c) shows the layered
morphology whereas Figure 5.5 (e) reveals the successful intercalation of rice grain
type SnO2 nanoparticles in between the TisC2Tx layers in SnO2/TizC2Tx-80 hybrid.
However, the increase in interlayer distance of TisCoTx in SnO2/TizC2Tx-80 is
confirmed from the d-spacing calculation of both the pure TisCoTxand SnO2/TisCoTx-
80 as presented in Figure 5.5 (d) and (f). The d-spacing value of (002) is 9.7 A whereas
in case of SNO2/TisC2Tx-80 hybrid the d-spacing value is around 11.1 A . The increase
in d-spacing justifies the peak shift of (002) plane towards lower angel in powder XRD
pattern after the formation of hybrid. The increase in d-spacing in TisC2Tx layers and
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reduction in agglomeration of SnO2 nanoparticles in SnO2/TisC2Tx-80 may cause the
easy charge transportation in the electroactive material and provides a facile pathway
for electrolyte to access SnO- thereby enhancing the electrochemical performance of
the hybrid.

The electrochemical performance of the pristine SnO2, TisC2Tx, SnO2/TisC2Tx hybrids
were investigated by using three electrode configuration. In the three-electrode system,
Pt wire was used as a counter electrode, Hg/HgO electrode as a reference electrode and
electroactive material coated graphite sheet as working electrode. The electrochemical
performance of the active material was studied by cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy
(EIS) in 3 M KOH electrolyte within a potential window of 0.8 VV (-1.0 V to -0.2 V).

The CV curves in Figure 5.6 (a) is for pure SnO> at scan rate ranging from 5 to 100
mV/s. The CV curves are of quasi-rectangular in nature and deviate while moving from
low to high scan rate. Kinetic limitation, that restricts movement of electrolyte ions to
the interior of the electroactive material at higher scan rate, thus deviating the shape of
the CV curves. Moreover, no distinct redox peaks are observed during all the scan rates
suggesting the capacitive behaviour of the material in a negative potential region. In
order to verify the charge storage mechanism of pristine SnO; a graphical
representation in Figure 5.6 (b) illustrates the relationship between current and scan rate
at a particular potential. The current and scan rates were related to each other by the

power law mentioned below;3*
i =avP (5.5)
Where a and b are the adjustable parameter.
Equation (5) can be rewritten in logarithmic form as below
log (i) = log(a) + blog(v) (5.6)

Linear plot between log (i) vs.log (v) provides us a value of b from the slope of the
graph. Depending upon the value of b the charge storage mechanism is classified into
two categories; (i) b = 0.5 means current is proportional to the square root of the scan
rate and the charge storage mechanism is of diffusion-controlled battery type nature,
(i) b = 1 means current is linearly dependant on the scan rate and the charge storage

mechanism is of capacitive in nature.® Here the value of b is found out to be 0.96
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(Figure 5.6 (b)) reveals that the charge storage behaviour is mainly capacitive dominant.
The capacitive nature comes from the adsorption and desorption of K* ions from the

electrolytic solution on to the SnO; surface as presented in the equation below,

(Sn02)surface + K™+ e~ < Sn0; —K* (5.7)
15 1.0
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Figure 5.6 (a) CV curves of pristine SnO2 (b) mechanism of charge storage process,
(c) GCD curves of pristine SnOz2, (d) Csp Vs. current density.

The galvanostatic charge-discharge (GCD) for the pristine SnO; is carried out by
employing a mass normalized current density ranging from 2 A/g to 10 A/g (Figure 5.6
(c)) and within a potential range of -1.0 to -0.2 V. The same GCD profiles were
employed to calculate the specific capacitances of the as synthesized SnO2. The GCD
profiles displays asymmetric nature and have longer discharge time compared to the
normal EDLC that again justifies the dominance of pseudocapacitive nature of the
material. The specific capacitances were calculated using the formula presented in
equation (5.1) and presented in Figure 5.6 (d). The highest specific capacitance value
of 225 F/g is obtained at a current density of 2 A/g and retains only 23 % of its initial
capacitance when the current density is increased to 10 A/g suggesting very low rate-
capability of SnO». That can be further improved through hybrid formation with 2D
layered Ti3CoTx.
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Figure 5.7 (a) CV at 5 mV/s and (b) GCD at 2 A/g for all the SnO2/Ti3C2Tx hybrids
(c) Csp values of all the hybrids at 2 A/g (d) EIS of all the SnO2/TizC2Tx hybrids

Although the fast-charging and slow discharging ability of pure SnO: in negative
potential window is an attractive point but the lower specific capacitance and rate
capability are vital limitations and need to be eradicated. Along with the enhanced
hydrophilicity, high electronic conductivity, good redox chemistry and high chemical
stability, cation intercalation/deintercalation during charge/discharge process in the
layered TisCoTx provokes us to synthesize SnO/TisCoTx hybrid and study their
electrochemical performance. A set of hybrids were synthesized by varying the amount
of TizCaTx from 50 mg tol00 mg during the synthesis and were termed as
SnO/Ti3CoTx-50, SNO2/TizC2Tx-80, SNO2/TisCoTx-100. As presented in Figure 5.7 (a)
SnO/TisCoTx-80 with largest CV area suggests the highest electrochemical activity
towards supercapacitor application. Similarly, the GCD profiles in Figure 5.7 (b) tells
us about fast charging and slow discharging ability of the material. From the GCD
curves it’s obvious that SnO2/TisC2Tx-80 having highest discharge time is one of the
best performing electrode materials among all the hybrids. The GCD graphs were used

to evaluate the specific capacitances of the hybrids. The specific capacitance vs. amount
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of TizC2Tx curve displayed in Figure 5.7 (c) discloses that SnO2/TisC2Tx-80 projects a
maximum specific capacitance value of 620 F/g at 2 A/g while SnO2/Ti3C2Tx-50 and
SnO/Ti3C,Tx-100 delivers a specific capacitance of 271 and 374 F/g respectively at 2
Alg current density.

An AC frequency within a range of 100 kHz to 10 mHz with an AC amplitude of 5 mV
is applied to record the electrochemical impedance spectroscopy of the hybrids at open
circuit potential and presented in Figure 5.7 (d). The inset of Figure 5.7 (d) shows the
corresponding equivalent circuit diagram. Small semicircles are obtained for all three
hybrids. The 1% intercept between the semicircle and X-axis is defined as the equivalent
series resistance denoted by Rs. The value of Rs is the combination of the electrode
resistance, electrolyte resistance and contact resistance between electrode active
material and current collector interface. The charge transfer resistance (Rct) is
represented by the diameter of the semicircle that signifies kinetics of the charge
transfer between electrode and electrolyte interface. Lower the charge transfer
resistance faster is the charge transfer. The equivalent series resistance of the hybrid
was found out to be 2.7, 2.2 and 2.54 Q for SnO2/TizC2Tx-50, SnO2/Ti3C>Tx-80 and
SnO2/TizCoTx-100 respectively. The values of Rs for all the three hybrids are nearly
equal reflecting uniform coating of all the hybrids on the graphite sheet current
collector. On the other hand, the charge transfer resistances were observed to be 7.2,
5.2, 6.8 Q for SnO2/TizC2Tx-50, SNO2/Ti3C2Tx-80 and SnO2/TizC2Tx-100 respectively.
Here, the smallest R¢t value for SnO2/TizC2Tx-80 is 5.2 Q indicates the faster charge
transfer at the electrode/electrolyte interface compared to the other hybrids. Moreover,
the Nyquist plot for all the hybrids possesses steeper rise in the low frequency region
demonstrating the capacitive behaviour of the hybrid material. The synergistic
interaction between TisC2Tx and SnO2 not only lowers the R¢t value but also provides
faster electrochemical Kinetics at the electrode electrolyte interface, supporting the

superior supercapacitor performance of SnO2/Ti3C2Tx-80.

The electrochemical performance of SnO/TisC2Tx-80 is carried out in a potential range
of-1.0 V10 -0.2 V and in 3 M KOH electrolyte. The CV profiles in Figure 5.8 (a) were
recorded at scan rate of 5 mV/s to 100 mV/s. With increasing the scan rate, the quasi-
rectangular shape of the CV curves suggesting the reversible nature of SnO2/TizCoTx-
80 at the applied potential window in KOH electrolyte. Here the logarithmic form of

the power law has been employed to have a plot between log (i) vs. log (v), that
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provides the value of b = 0.98 from the slope of the linear plot as shown in Figure 5.8
(b). The value of b for both pristine SnO2 and SnO/TizC,Tx-80 is above 0.95
suggesting the mechanism of charge storage is purely capacitive in nature rather than
battery type behaviour. Additionally, b = 0.98 [ 1 proves that electrochemical activity
towards supercapacitor performance of SnO: is greatly improved after formation of
hybrid with TizC2Tx.
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Figure 5.8 (a) CV curves of SnO,/TisC,T«-80, (b) charge storage mechanism determined by
using power law, (c) percentage contribution towards total current calculated from CV
profile, (d) GCD profiles of SnO2/TisC,Tx-80, (e) specific capacitance vs. applied current
density, (f) stability and coulombic efficiency after 10000 cycles of charge-discharge

Furthermore, to calculate charge storage contributions the current response in each CV

curve is divided into two parts as presented in the equation below;
i(V) = kyv+ k,v!/? (5.8)

k,v and k,v'/2are the current contributions at a particular potential that
represents the surface capacitive process (EDLC and pseudocapacitance) and diffusion-
controlled (intercalation pseudocapacitance) process respectively.®” It is calculated
using the above equation that at 5 mV/s the surface capacitive contribution of the
current is 24 % and is increased to 53 % when the scan rate is increased to 100 mV/s.
The Figure 5.8 (c) again represents the percentage contribution of the charge storage

when the scan rate is gradually changed from 5 to 100 mV/s.
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The GCD experiments for SnO2/TizC,Tx-80 were carried out at an applied current
density of 2 A/g to 10 A/g (Figure 5.8 (d)). At 2 A/g current density SnO2/TizCoTx-80
delivers a maximum specific capacitance of 620 F/g, while on increasing the current
density to five times of its initial value the observed specific capacitance is 279 F/g the
specific capacitance vs. applied current density curve is presented in Figure 5.8 (e)
demonstrates the rate capability of SnO2/TisC2Tx-80 is found out to be 45 %. The cyclic
stability curves in Figure 5.8 (f) projects that the electrode material is subjected to a
continuous charge-discharge cycles of 10,000 counts at 10 A/g current density. The
electrode material (SnO2/Ti3C2Tx-80) shows an excellent stability with 73 % retention
in its initial capacitance and 94 % retention in coulombic efficiency suggesting no
parasitic reaction occurs during the constant charge-discharge operation. The good
redox chemistry and hydrophilicity of TizC2Tx and higher chemical stability of SnO- in
alkaline media synergistically affect the rate capability and electrochemical stability of
SnO2/Ti3C,Tx-80.

5.7 Conclusion

we report a single step hydrothermal route to synthesize SnO2/Ti3C,Tx composites with
varying the amount of TisC>Tx (from 50 to 100 mg). After successful synthesis of the
pristine SnO2, TisC2Txand SnO2/TizC2Tx hybrids, the phase purity is confirmed through
powder XRD analysis, the morphology was analysed through FESEM, TEM and
HRTEM. FESEM images of SnO> reveals the agglomerated morphology that is further
intercalated in between the TisC,Tx layers in the hybrid material. Moreover, the TEM
image of SnO; disclose that the agglomerated architecture is actually the composed of
small rice grain type nanoparticles. However, the interlayer spacing of TizC,Tx in
SnO2/TizCoTx-80 hybrid is increased can be observed from HRTEM analysis. This
increase in interlayer spacing again facilitates the charge transport in supercapacitor
electrode.’® Afterwards the electrochemical study of SnO2/TisC2Tx-80 shows better
supercapacitor performance compared to pristine SnO2, and other synthesized
composites. In three electrode set-up SnO2/TisC2Tx-80 delivers a specific capacitance
of 620 F/g with a rate capability of 45 %. After 10,000 cycles of constant charge and
discharge at 10 A/g, it was found that the electrode retains 73 % of its initial
capacitance. Additionally, the electrode material delivers a highest energy density of
55.11 Wh/kg at a power density of 992 W/kg. These physicochemical and
electrochemical studies reveals that the as synthesized hybrid material SnO2/TizC2Tx-
80 can be further used in the fabrication energy storage devices.
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SUMMARY AND FUTURE SCOPE

In conclusion, the thesis "Metal Phosphate and Oxide-Based Electroactive
Material for Energy Conversion and Storage Applications™ highlights the significant
potential of metal phosphate and oxide materials in advancing energy conversion and
storage technologies. Through comprehensive research and analysis, the thesis
demonstrates that these materials exhibit remarkable electrochemical properties,
including high specific capacitance, excellent cycling stability, and efficient energy
conversion characteristics in terms of low overpotential, Tafel slope and high durability.

The investigation reveals that metal phosphate and oxide-based materials
possess various advantages, such as low cost, abundant availability, and environmental
friendliness, making them attractive candidates for next-generation energy conversion
and storage electrode material. Their remarkable performance in oxygen evolution
reaction and supercapacitor paves the way for efficient and sustainable energy
conversion and storage solutions to address the growing demands of renewable energy,
portable electronics, and electric vehicles. Moreover, the study highlights the
importance of optimizing material synthesis methods and composite formation to

enhance the electrochemical performance of these materials further.

Overall, this thesis contributes valuable insights into the field of electroactive
materials for energy conversion and storage, providing a solid foundation for future
advancements in the design and application of sustainable energy technologies. The
findings from this research have the potential to revolutionize the energy landscape,

contributing to a cleaner, more efficient, and sustainable future.



