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Abstract

The need for effective energy storage systems has prompted the investigation of new materials
for supercapacitors and zinc-ion batteries. This thesis centers on synthesizing electrode
materials based on manganese oxide, utilizing an approach that involves the assistance of an
ionic liquid. The aim is to improve these energy storage systems' electrochemical efficiency
and durability. Manganese oxide is synthesized using an eco-friendly and straightforward
approach, using ionic liquids as templates and reaction media. lonic liquids' distinct
characteristics aid in regulating particle size, morphology, and crystal structure, leading to
enhanced electrochemical features of the produced manganese oxide. Various characterization
techniques, including X-ray diffraction, scanning electron microscopy, transmission electron
microscopy, and electrochemical analysis, are utilized to examine the structural,
morphological, and electrochemical features of the produced manganese oxide materials. The
results indicate the successful synthesis of manganese oxide nanorods with customized
properties for energy storage purposes. The electrochemical efficacy of manganese oxide
substances is assessed in zinc-ion batteries and supercapacitors. Manganese oxide
demonstrates favorable characteristics such as high specific capacitance, exceptional cycling
stability, and excellent rate capability in supercapacitor applications. These traits render it a
promising contender for practical energy storage mechanisms. Manganese oxide exhibits
excellent electrode performance in zinc-ion batteries, with notable features such as high
reversible capacity, favorable rate capability, and good cycling stability. This thesis thoroughly
investigates the ionic liquids assisted manganese oxide for use in supercapacitors and zinc-ion
batteries. The findings demonstrate the capability of these materials as advanced electrode
contenders for future energy storage devices, presenting noteworthy progressions in the realm

of electrochemical energy storage.

viii
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Chapter 1

Introduction and Literature Background

Overview

This chapter introduces energy storage devices (ESD) and the involvement of transition metal oxides (TMOS) in
electrodes for supercapacitors (SCs) and Zinc-ion batteries (ZIBs). The chapter addresses the current situation
where population expansion, urbanization, and industrialization have increased energy consumption over time.
However, burning fossil fuels still meet most of the world's energy demands, contributing to climate change and
other environmental issues. This chapter then discusses how clean and green energy storage options are essential
for achieving net-zero emissions. SCs and batteries have the ability to store energy generated from renewable
sources and discharge it as required, thereby ensuring a dependable and consistent energy supply. ESD can also
improve energy availability in rural areas that are difficult to connect to the grid. The chapter also explores the
advantages of TMOs for ESD and highlights the inability of classical materials to achieve high device
performance. This chapter presents a comprehensive analysis of the literature concerning the performance of
TMOs in SCs and ZIBs. The chapter includes a tabulated overview of the existing research. Furthermore, the
fundamental characteristics of ionic liquids (ILs) as precursor for TMOs are explored, and the potential
application in ESD is assessed. Finally, the chapter concludes by discussing the purpose and arrangement of the

dissertation.
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1.1  Introduction

The COVID-19 pandemic and the Russia-Ukraine conflict have significantly impacted the
global energy market. The pandemic led to decreased demand for oil and gas, causing prices
to drop, while the war in Ukraine raised concerns about energy security. Figure 1.1 (a)
displays global fossil fuel consumption data for 2021, as published by Our World in Data.™

2 Fossil fuel consumption, 2021
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Figure 1.1 (a) Fossil fuel consumption worldwide in 2021, based on data from Our World in
Data. (b) Breakdown of fossil fuel consumption by type (coal, oil, and natural gas).! (c)
Renewable energy generation by technology from 2010 to 2021, based on the Net Zero

scenario.

The figures offer insight into the annual total energy consumption of various nations. Figure
1.1 (b) shows the worldwide utilization of coal, oil, and gas from 1800 to the present. Since

1950, there has been a significant increase in the consumption of fossil fuels, and this usage
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has approximately doubled since 1980. Additionally, there has been a shift in fuel preference

from relying solely on coal to oil and natural gas. Coal is becoming less popular as an energy
source in many world regions while the oil and gas industries are rapidly expanding. These
events have accelerated the shift towards renewable energy sources, with many countries
implementing policies to support the transition. Figure 1.1 (c) show the increasing
consumption of renewable energy solutions in the last decade. Solar is the fastest-growing
technology; however, the 150 GW added in 2021 is barely one-third of the average annual
additions needed to fulfil Net Zero Scenario objectives. Hydropower and biofuel growth
should be twice the average of the last five years, while wind installations should double.
These popular technologies require significantly more work to align with the Net Zero
Scenario trend.[? Solar, wind, and hydropower still supply most of the green energy compared
to other sources. The move towards renewable energy sources will reduce the environmental
impact of energy consumption, improve energy security, and promote economic growth.

1.2 Renewable Energy and Challenges

Climate change and the running down of fossil fuels necessitate using sustainable and
renewable resources to address these challenges. The importance of safe and efficient energy
storage and distribution rises as the globe moves towards renewable energy sources. Energy
production from solar, hydro, biomass, and wind are consequently increasing.*
Electrochemical energy storage and distribution innovations are essential due to the limited
availability of hydro and biomass resources and the intermittent nature of wind and solar
energy. These innovations should focus on accommodating power from renewable sources
and addressing the challenges their intermittent nature poses.®! There is a continuous global
demand for clean energy storage and delivery, driving the development of new technologies.
This process is complex and challenging, requiring advancements in material science, energy
conversion storage efficiency, and safety. Despite these challenges, the development of such
technology is critical to achieving a sustainable energy future. Renewable energy sources
including sun, hydro, wind, and biomass are depicted in Figure 1.2. which offer clean energy
that can be stored in ESD. Transitioning from fossil-based to renewable energy can lead to
energy savings and a more streamlined energy delivery system by generating electricity on-
site from renewable sources. This requires research into electrochemical energy storage (EES)
technologies and materials to provide a consistent energy source. The ESD includes SCs,
batteries, and fossil fuels, which can be utilized in electric vehicles, smart grids, residential

and industrial applications.
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Figure 1.2 Schematic depiction of renewable energy sources and ESD, along with their

diverse applications.

1.3 Electrochemical Energy Storage Devices (EESD)

EESD change electrochemical energy into electrical energy using either electrosorption or
redox reactions.!®! Batteries, fuel cells, and SCs are practical and effective energy conversion
and storage devices. As a result of the ground-breaking research conducted by Whittingham,
Scrosati, and Armand, Sony launched lithium-ion batteries (LIB) in 1990.1" The energy
density (ED) of these batteries, which can reach 180 Wh kg, makes them the best available.
Still, they also come at a high price. Despite extensive work on producing Li-ion and other
improved secondary batteries using nanomaterials, until recently, SCs received far less
attention. Li-ion batteries' relatively sluggish power delivery or absorption has resulted in the
demand for quicker and more powerful ESD.[®]
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SCs have received increased attention in recent years due to their high specific power

(SP), long lifespan, and ability to bridge the SP and specific energy (SE) gap between
capacitors (high SP) and batteries/fuel cells (high SE).P! For over 20 years, researchers have
been exploring and examining these devices. Figure 1.2 shows the main components of
various types of these systems. Figure 1.3 demonstrations a Ragone plot showing the SE, and
SP relationship for the most crucial ESD. They have a different way of storing and delivering
electricity than conventional and fossil fuels. But we need to make significant changes to their
performance to meet the higher demands of future systems, such as portable electronics,
hybrid electric vehicles, and large industrial equipment. We can do this by making new

materials and learning more about the nanoscale electrochemical interfaces.
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Figure 1.3 Ragone plot shows the SP vs. SE for different ESD,
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Table 1.1 Analysing the characteristics of ESD

batteries to various performance criteria.

such as standard capacitors, SCs, and

Parameters Capacitor SCs Battery
C-V curve 1 y % ; Er )
Cycle life >500000 >100000 <1000
Cell voltage 0-1V 0-4V 1-5V
Capacitance/capacity | ~uF to mF range ~ upto -
1000 F
SE (Wh kg?) <0.1 1-10 10-200
SP (W kg) >10000 1000-2000 50-200
Kinetics Ultra-fast Very fast Slow to fast

Nature of charge

storage

Materials

Charge/discharge time

i-v relationship

Limitation

Electrostatically Reversible ion

adsorption/ redox
reaction/intercalati
on
Metals Carbon-
based/transition
metal-based

oxides/hydroxides

/sulfides

108-1073 (s) ~s to min

oy locvb (0.5<b<1)
- Electrolyte and
electrode
resistivity/kinetic

limitation

Intercalation/deintercala
tion, or change in

oxidation state

Materials with high
theoretical capacity
(LiCoO2, LiMn20s4)

0.3-10 (h)
I o< v05
Reaction kinetics,
Conductivity of active

material

Table 1.1 summarises the main differences between conventional capacitors, SCs, and
batteries. The most notable thing is that SCs have decent SE and SP values despite their short
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charge-discharge times. Unlike batteries, SCs have a long cycle life that is worth considering.

However, rechargeable batteries have higher SE and SP values but need longer charge times.
1.4 TMOs for Energy Storage

The significance of electrode materials in ESD, such as batteries and SCs, is paramount. The
device's performance is determined by various factors such as SE, SP, and cycle life.[*) The
enhancements in electrode materials, exemplified by LIB and SCs based on carbon,!l metal
oxide/hydroxide/sulfides/carbide,[*?l MXene,**! and polymer,[** have substantially elevated
these energy storage systems' overall efficiency and capabilities. Metal oxides present various
benefits compared to carbon-based materials, MXene, and polymer-based electrodes when
used in energy storage devices. Metal oxides possess significant theoretical capacity,
indicating their potential to store higher energy.[*® They offer enhanced stability, facilitating
prolonged cycling and heightened durability.*8! Furthermore, metal oxides present the
potential for multi-electron redox reactions, allowing for increased energy density.[!”] In
contrast, MXene exhibits a layered structure in two dimensions, enabling rapid ion diffusion
and adequate charge transportation and improving power density.*! The adjustability of their
surface chemistry facilitates enhanced electrochemical efficacy and adaptability to diverse
electrolytic environments. Electrodes based on polymers present several benefits, such as
flexibility, low weight, and straightforward manufacturability.l*®l It is possible to engineer
them in a manner that outcomes in a high specific surface area (SSA) and porosity, thereby
facilitating growth in charge storage capacity. In addition, polymers offer mechanical
durability and chemical resilience, thereby enhancing the overall lifespan of the energy
storage apparatus.?” Metal oxides are low-cost and easily synthesized. Using metal oxides in
electrodes is mainly responsible for ESD success. In Figure 1.4 main advantages of TMO. It
shows multiple oxidation state, high specific capacity/capacitance, high conductivity, low-cost
in nature. Pseudocapacitance arises from surface-bound reversible redox reactions or
unrestricted reactions in contact with an electrolyte, rather than solid-state ion diffusion.?*
Metal oxides have demonstrated at least an order of magnitude greater capacitance/capacities
and energy densities than carbon-based materials.[??l However, due to these ongoing reactions,
the morphology of the metal oxide materials can get deformed, and the initial phase might be
altered, leading to poor cycle stability for commercial applications.[l They also show
electrochemical faradaic reactions between ions at the electrolyte and the electrode in suitable
potential ranges. Metal oxides such as Ru02,12*! Mn0O,,! NiO,? Fe,03,"1 Co304,1%®! etc.,

are used in energy storage devices for electrode material. Their potential use as a
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pseudocapacitive material has been investigated using various synthesis methods. Oxide

materials based on manganese are advantageous for ESD due to their tunable redox behavior,
high theoretical specific capacitance, large potential window, low-priced, and low
environmental impact.?®! The unique tunnel structure of manganese oxide allows for bulk
redox reactions and a more comprehensive range of available oxidation states than with most
other transition metals.*®! The disadvantages of manganese oxide include limited cycle
stability and poor electrical conductivity.BX Therefore, scientists strive to enhance the
functionality of manganese oxide-based electrodes by modifying their morphology, mixing in

conductive species, and producing nanostructures.

ﬁi}_@ High specific
' - capacity

@ High conductivity

@ Low cost
X

#~  Eco-friendly
" »

Transition metal oxide
Figure 1.4 Main advantages of TMO for ESD.
1.4.1 Properties of TMOs for Energy Storage

Metal oxides have been the subject of intense study for ESD due to their several properties,
such as good surface area, oxidation state, high electrolyte and electrode interaction zone,
short ion distances path, and in some cases, electrochemical reactions with high mass loading
become possible. The performance of each specific electrode depends on various factors,
including the production of a suitable nanomaterial, as well as the design and construction of

the electrode.

Porosity: Porosity is the existence of empty spaces or voids inside a substance, such as a

metal oxide, and is referred to as the presence of porosity. These spaces give surface area for
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reactions to occur and can assist the passage of ions or electrons, which can be utilized in

ESD. Due to their large SSA, metal oxides with high porosity have demonstrated potential for
use as electrodes in SCs and batteries. One example of such a material is nanoporous
materials. However, managing porosity is essential to obtaining optimal performance, as
either an excessive amount of porosity or an insufficient amount of porosity can have a
detrimental influence on the energy storage capabilities of the material.*®l Regarding the
effectiveness of energy storage, the size and distribution of pores in metal oxide are two
crucial factors to consider. Micropores are tiny pores with dimensions ranging from 1-2 nm.
They are responsible for the high SSA and the fast ion diffusion. Mesopores have sizes
ranging from 2 to 50 nm and are responsible for increased storage capacity and improved
conductivity. Macropores are bigger holes that have sizes that are greater than 50 nanometres,
and potential to play a part in promoting mass movement and accommodating volume
changes during electrochemical processes.!*3l More evidence for the significance of pore size
optimizations in energy storage devices comes from the heuristic model published in 2006 by
Chimola et al. for electrolyte ion size matching with pore size in the considerable

augmentation of capacitance values.*

Surface area: Metal oxides' ability to store energy relies mainly on their surface area. More
electrochemical processes may occur with a larger surface area, allowing for more excellent
energy storage. Electrode materials in batteries and SCs have been shown to benefit from
metal oxides with high surface areas, such as those having nanoporous architectures.
However, surface area management is essential for optimal energy storage since too much can
cause instability and poor performance. Therefore, it is crucial to investigate and enhance the
surface area to create effective energy storage materials. Large surface areas coupled to pore
channels filled with electrolytes allow for rapid electron and metal ion diffusions in

nanoporous architecture.

Oxidation state: Many transition metals have numerous readily available stable oxidation
states, enabling the facile oxidation or reduction of one oxide to another while preserving the
morphology.! In ESD like batteries and SCs, a metal oxide's oxidation state is crucial in the
material's capacity to store and release energy. For instance, these compounds may store more
electrical charge because there are more opportunities for electron transport in high-
oxidation-state metal oxides. That's why they work so well in large energy storage systems. In
addition, a metal oxide's stability and cycling performance during charging and discharging

cycles can be affected by the degree to which the oxide has been oxidized.l*! Longer cycle

10
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life and higher performance can be achieved using oxides that maintain a constant oxidation

state. The effectiveness of energy storage devices relies on several factors, including the
metal oxide's electrical conductivity and surface area, which can be affected by its oxidation
state. Generally, a metal oxide's oxidation state is essential in deciding whether it may be used

in energy storage applications.

Conductivity: ESD need high conductivity for charge collection and transfer. Low-
temperature synthetic procedures that create out-of-equilibrium lattice defects can increase
ionic and electronic conductivity.®”] The conduction band receives electrons (e7) to
compensate for positively charged oxide ion vacancies caused by oxygen removal. Surfaces
respond quickly, resulting in a positive surface potential. Due to extra electrons, oxygen-
deficient oxides with a high SSA are expected to have a higher electrical conductivity.]
TMO may be doped with additional ions from the reaction media during synthesis. These
may be adsorbed at the surface to create charge space regions or integrated into bulk oxide to
create more ionic defects.*1 Thus, many adsorbed or dissolved dopant ions will increase

oxide conductivity.

Tunable free volume: The capacity to control the amount of free space or voids inside a
material or structure is known as tunable free volume. Metal oxides' highly tunable free
volume is crucial for improving their performance in battery applications. Researchers have
shown that modifying the free volume in the metal oxide electrode can improve the SSA and
porosity of the material, enhancing ion transport and the material's ability to store energy.
Adjusting the free volume, battery life, and performance can be improved by influencing the
electrode's structural stability and cycling performance. In metal-ion batteries, oxide
electrodes expand greatly in volume upon ion insertion, it allows the active material to
expand into the empty spaces.[*l However, a too-porous structure can diminish the electrode's

volumetric storage capacity. Thus, it is crucial to find the optimal packing density.

Morphology: The efficiency of a metal oxide battery can be drastically altered by its
morphology. The term "morphology" describes the atomic structure and arrangement of the
oxide substance. The oxide's surface area and capacity to support effective charge transfer
during energy storage operations can be affected by particle size, shape, and porosity.
Electrochemical performance, including energy storage capacity, cycle stability, and overall
efficiency, can be improved by carefully designing the morphology of materials. Therefore,

the creation of high-performance energy storage systems necessitates the careful study of

11
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metal oxide morphology. Altering the structure and morphology of metal oxides is presented

as a viable solution to these problems. One-dimensional (1D) nanostructures, two-
dimensional (2D) nanosheet, and three-dimensional (3D) nanotubes interconnected and
porous architectures are just a few examples of the types of metal oxide nanomaterials that
can be used to improve the rate capability of metal oxide electrodes by reducing the diffusion
distance and increasing the active SSA for ions during the intercalation processes. These
nanomaterials' structural and cyclic stability can be improved because of the substantial void

space provided by the hierarchical pores within or between them.

Low toxicity and environmental impact: Nanomaterials that undergo substantial chemical
reactions upon exposure to external conditions are increasingly used in cutting-edge
nanotechnologies. Rapid increment in the production of complex TMOs containing elements
like Co and Ni that have the potential for considerable detrimental biological effects are
caused by the extensive adoption of LIB for energy storage in mobile gadgets and electric
cars.*l To help evaluate the environmental effect of energy storage technologies, this
Perspective summarises some of the technical factors underlying complex oxide materials. It

illustrates some of the chemical processes that need to be understood.
1.4.2 Limitation of the TMOs for Energy Storage

TMO have a lot of potential as electrode materials for ESD, but they also have several
drawbacks. A significant hurdle is their poor electrical conductivity, which might prevent
effective charge transfer during energy storage procedures. Large volume fluctuations occur
in many TMOs when charging and discharging, which causes mechanical stress and eventual
material breakdown. Inadequate cycle stability is problematic since repetitive charging and
discharging might irreversibly alter the oxide's structure. The high price and restricted supply
of some transition metals can also be obstacles to the widespread manufacture of these
materials. Last but not least, there is rising concern over the environmental effect of their
manufacturing and disposal. Resolving these issues is vital for expanding the use of TMO in

energy storage.

1.4.3 Literature Survey for Different TMOs for SCs

TMOs have the potential to achieve significant levels of energy storage, particularly when
utilized as electrode materials for SCs, because of their inexpensive cost, eco-friendly, and
high capacitance. TMOs have been demonstrated to be an advanced electrode material for

high SE and high SP for ESD. Nanoarchitecture design, mixing oxide composites with several

12
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oxidation states are examples of such approaches. High theoretical specific capacitances, less
expansive, and reversible redox reactions make TMOs (Ni, Co, Fe, Mn, V, etc.) a popular
alternative to carbon-based SCs. Suitable electrochemical activities can be found in TMOs,
although their typically poor conductivity reduces their rate capability. As a result of their low
ionic, and electronic conductivities, their actual practical capacitances greatly exceed
theoretical predictions. Table 1.2 shows different metal oxide/hydroxide-based electrodes
reported in the literature for SC application. Introducing doping in TMOs to improve redox
activity, conductivity and mixing oxide composites with various oxidation states are only a
few of the recent ways investigated to adjust their nanostructures.

Table 1.2 Different metal oxide/hydroxide-based materials reported in the literature for SC
application.

S. Materials Electrolyte  Capacitance | Specific Specific Synthesis method Ref.
No. (Fg?h) energy = power
(Wh (W
kg?) | kg?)
1 ZnWO4/Sn02 2M KOH 56.7 - - Solvothermal [42]
2 Amorphous MnO 0.25M 200 - - Precipitation method = I
NaxSO4
3 A-MnO; 0.5M 241 - - Wet solution method = [44!
K2SO4
4 €-Mn0O; 1M 115 - - Wet chemical method | [
Na2SO4
5 MnO: 1M 288 39.5 | 2000 = Wetchemical method + =[]
Na2SO4 template method
6 CuO/Cu02/Cu 3M KOH 1480 9.7 | 37484 Solgel method [47]
7  COMCNFs@MnO; | 4M KOH 265 19.27 | 3628.3 Electrospinning + [48]
chemical bath deposition
8 MnCo0,04 6M KOH 290 - - co-precipitation method | [
9 CMGP 1M NacCl 241 17 - chemical [50]
oxidative polymerization
method
10 NiO 1M KOH 1000 - - Electrodeposition 511
11 MnWO4-rGO 6M KOH 288 - - Hydrothermal [52]
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12 Ni-WOs 2M KOH 171 - - Microwave irradiation = [l
13 WOs 1M H2S04 246 - - Microwave-assisted wet = %4
chemical route

14 WO3 0.5M 148 - - precipitation [55]
H2SO4

15 SNWO4 3M KOH 242 - - Microwave synthesis | [°6]

16 CNT-CoWO4 3M KOH 1486 12 - Hydrothermal synthesis = 7]

17 RuO2.xH20 0.5M 768 26.7 - Sol-gel method [58]
H2SO4

18 Sn0O; 0.1M 285 - - Sol-gel method 591
NaxSO4

19 In203 1M 190 - - Potentiodynamic [60]
Na>SOs3

20 Bi20s3 1M NaOH 98 - - Electrodeposition [61]

21 V205 2M KClI 350 - - Solvothermal [62]

22 FesO4 1M 170 - - Wet chemical [63]
Na>SOs3

23 Sr-RuOs 6M KOH 270 - - Direct optimizing [641

pyrolysis

24 | Hydrous-RuO: 1M 236 18.7 500 Hydrothermal method | ¢
NaxSO4

25 SnO; 1M 260 27.2 | 24800  AAO template method | [
Na>SOq4

TMO-based composite for SC

1 rGO/V,0s 1M H,SO04 120.6 24.12 | 17770 Chemical method [67]

2 rGO/MnO: 1M 140.3 195 | 1864.3 = Microwave irradiation | 6]
NaxSO4

3 C0304/rGO 1M KOH 278 - - Hydrothermal [69]

4 | MoOs/Graphene 1M 148 - - Solvothermal 7ol
Na>SOs3

5 Graphene/NiO 6M KOH 429.7 - - Hydrothermal (71

6 = Graphene/Fe;0Os = 3M KOH 445 63 - Hydrothermal [72]

7 rGO/WOQ3 1M H2SO4 287 - - Hydrothermal (73]

14
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8 3DG/TiO2 3M KOH 235.6 - - Chemical synthesis [74]

9 Nb20s/rGO LiClOq4 321 - - Hydrothermal [75]

10 Fes04-rGO 1M KOH 169 - - Solvothermal [7e]

11 Fe,03/NG 1M 260.1 - - Hydrothermal 771
NazSO4

12 TiO2/C 0.5M 274.2 - - Hydrothermal [78]
Na>SO4

13 Graphene/V20s 1M 288 - - Hydrothermal [79]
NazSO4

14 rGO-NiFe;04 1M 215.7 23.7 4500 Hydrothermal [60]
Na>SO4

15 rGO/LaAlO3 1M KOH 283 57 22608 gel route and low- [61]

temperature combustion
method

16 MnO2/3DGH 5M LiCl 345 7.4 3000 Electrodeposition [82]

17 GA-RUO; 1M H2S04 348 - - Template method [83]

18 MnMo0O4/CoMoOs = 2M NaOH 204.1 28.4 - Chemical synthesis [84]

19 Ti-Fe,0s@PEDOT = 5M LiCl 311.6 0.89 | 0.44W | Hydrothermal method @ [

mWh cm
cm

20 CNT/MnO2/GR 1M 486.6 24.8 - Electrodeposition [86]
NazSO4

21 Yb203/rGO 0.5M 240 26.8 - Chemical precipitation | [©7]
Na2SO4 method

22 | MnsO4sND@NG | EMIMBF, 158.9 124.4 = 29900 Solvothermal [68]

23 V>05-rGO 1M LiCIOq4 129.7 13.3 625 Chemical precipitate + = [

Hydrothermal

24 MnO./BPC 1M 139.6 - - Hydrothermal [0]
NazSO4

25 MnO2/HC 1M 340 33.3 14.8 Hydrothermal (91]
Na>SO4

15



Chapter 1

1.4.4 Literature Survey for Different TMOs for ZIB

The potential of TMOs as cathode materials for aqueous zinc-ion batteries (AZIBs) is widely
acknowledged owing to their high theoretical capacity, sufficient reserves, cost-effectiveness,
and diverse valence states. The limited conductivity, susceptibility to structural degradation,
and sluggish reaction kinetics of TMOs have impeded their potential utilization in AZIBs. In
Mn oxides (usually MnOz), zinc (Zn) is stored by four reaction mechanisms: co-

insertion/extraction, Zn?* intercalation, phase conversion, and dissolution-deposition

Charging
—

(&

Zot
Discharging @

)

()

Cathode Zn anode

Figure 1.5 Typical illustrations of electrode materials that use the Zn?* insertion/extraction

process.

process.®2%¥] These multi-electron reactions may create metal oxides with high specific
capacities. Because of their promise as cathode materials for ZIBs, metal oxides with
improved SSA, conductivity, and morphology are being developed. Volume expansion occurs
during intercalation in most oxide topologies (of Mn and V), resulting in poor cyclic stability.
For aqueous ZIB, the intercalation of Zn?* ions shown in Figure 1.5 depicts the charging and
discharging processes. According to previous studies, °*% High hysteresis in the charge-
discharge process is another drawback of Mn- and V-based oxides as electrode materials.[®*%]
In Table 1.3, AZIBs and the electrochemical behaviors of many metal oxides are reported

based on the literature.
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Table 1.3 Different cathode materials, including metal oxide and carbon composite, reported

in the literature for ZIB application.

S. No | Electrode Electrolyte Specific | Synthesis Cycling | Ref.
material capacity | method stability
(mAh g?)
1 ZMO@PCPs IM ZnSOs+ | 176.8@ @ Hydrothermal = 90.3% [%6]
0.05M MnSO:  0.1Ag* method
2 ZMO NDs/rtGO @ 1M ZnSOs+ @ 207.6 @ Chemical - [97]
0.IM MnSO: = 0.2Ag* synthesis
3 ZMO IM ZnSOs+ | 1347 @ @ Hydrothermal = 59.2% [%8]
0.05M MnSO4 | 86 mA g method
4 Porous ZMO IM ZnSOs+ | 225@ Chemical 80% %91
0.IM MnSO: = 0.1Ag? synthesis
5 ZMO@TisCoTx = 1M ZnSOs+ 1726 @ @ Hydrothermal = 92.4% 100
0.IM MnSO: = 0.1Ag? method
6 ZMO@N- 1M ZnSOs+ 221 @ Hydrothermal = 97.4% = [101
graphene 0.05M MnSOs  0.1Ag* method
7 ZMO@C 3M 150 @ 50 Chemical 94% [102]
Zn(CFsS0s)2 = mAg? synthesis
8 ZMO@C 2M ZnSO4+ = 481 @ Chemical 90% [103]
0.IM MnSO:  02Aqg? synthesis
9 ZMO/Mn;03 1M ZnSO4 1519 @ Solvothermal - [104]
01A¢g! method
10 ZNCMO@N- | 2MZnSOs+ 2044 @ @ Hydrothermal 79% [105]
rGO 0.2M MnSO; 10 mAg* method
11 0-MnO2/rGO- 3M 2488 @  Hydrothermal =~ 85.9% = [0
PPy Zn(CFsS0O3); = 05Ag* method
12 0-MnO; 1M ZnSOs | 233 @ 83 Hydrothermal 63% [207]
mA g? method
13 a-MnO2 2M ZnS04 285 @ Hydrothermal 92% [108]
C/3 method
14 y-MnO; Zn(CF3S0s), | 105 @ 10 Electrolytic 65% [109]
in HA/cm? manganese
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15

16

17

18

19

20

21

22

23

24

25

26

27

PC+EC+PVDF
v-MnO, IMZnSOs = 285@
0.05
mA/cm?
v-MnO3- 2M ZnS0Oq4 + 301 @
graphene 0.4M MnSO: = 0.1Ag!
B-MnO- 1M ZnSO4 270 @
0.1Ag?
B-MnO, 3Mm 258 @
Zn(CFsS03)2 +  0.65C
0.1M
Mn(CF3SOs)2
Mn3z04 2M ZnS0Oq4 239.2 @
0.1Ag?
e-MnO; 2M ZnS0O4 +
0.2M MnSO: = mAg?
Nao.56V205 3M ZnSOq4 + 317 @
05Na;SOs | 0.1Ag™
ZNno.25V20s5.nH20 1M ZnSOq4 300 @ 1
C
Cao.25V20s5.nH20 1M ZnSOq4 340 @
02C
Ko.23V205 2M 284 @
Zn(CFsSOs);  0.1Agt
Mno.15V205.nHO | 1M Zn(ClO4), | 367 @
0.1Ag?
Zn2Vo07 1M ZnSOq4 248 @ 50
mA g*
Mn30s@C 2M ZnSOs + | 3315 @

dioxide
Redox reaction 63%
process
Hydrothermal 64.1%
method
Microwave- 75%
assisted
hydrothermal
method
Hydrothermal 94%

method

Chemical 73%

synthesis

290 @ 90 | Electrodeposition 0.0007%

decay
Hydrothermal 87%
Microwave 80%
hydrothermal
technique
Hydrothermal 96%
method
Hydrothermal 92.8%
method
Microwave -
hydrothermal
technique
Hydrothermal 85%
method

Solvothermal -

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]
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0.2M MnSO: = 0.2Ag? method
28 VOPOq 21M 139 @ Chemical 93% [123]
LiTFSI/IM | 0.05Ag!  precipitation
Zn(Tr), method
29 0-MnO; 2M ZnSOs+ | 272 @50 Hydrothermal 70% [124]
IMMnSOs+  mAg? method
0.1M H2S04
30 0-MnO2/OLC = 1M ZnSOs+ @ 218 @ Hydrothermal 93% [125]
0.1M MnSO4 | 123 mA method
g-l
31 MnO;NDsfGO = 2MZnSOs+ = 294 @ Solvothermal 90.1% 11261
0.IM MnSO: = 0.1Ag? method
32 V203@CD 3MZnSO, | 281.9@ @ Evaporation- 89% [127]
50mAg?  induced self-
assembly
technique
33 MnO 2M ZnS0s 2712 @ - 80.7% 1128
0.1Ag?
34 5-MnO IM ZnSOs+ | 170 @ Chemical - [129]
0.IM MnSOs = 0.1A g* | synthesis method
35 Mn3zO0s@NC 2M ZnSOs+ = 280 @ Two steps - [130]
0.IMMnSO: = 0.1Ag! hydrothermal
method

1.5 lonic Liquid-Assisted TMOs for Energy Storage

EESD has entered a new era with the advent of ILs as an environmentally acceptable and
promising reaction medium. In addition to serving as electrolytes in batteries and SCs, ILs are
used as media for materials synthesis and components in the fabrication of highly designed
functional materials.l*31. ILs are a class of molten salts that have garnered interest as solvents
for metal oxide-based energy storage systems. The high thermal stability, good conductivity,
low volatility, and wide potential window of ILs make them potential candidates for use in
EESD. These qualities of ILs during the past decade have made them one of the most rapidly
expanding "green" media.[**?l Hydrophobicity, hydrophilicity, reactivity, and other properties
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can be introduced into these materials due to their versatile synthesis methods. Table 1.4

shows electrode materials synthesis using IL for SCs. The IL-assisted method provides several

unique advantages, including the ability to regulate particle size and shape and to stabilize

emerging phases.!*3%

Table 1.4 Different electrode materials, synthesized using IL for SCs application.

IL-assisted metal oxide for SC

S. Materials Electrolyte Capacitance = Specific | Specific | Synthesis method = Ref.
No. (Fgh energy | power
(Wh | (Wkg™)
kg™)
1 Carbon/TiO; | 1M KOH 152.8 - - lonothermal [134]
synthesis
2 Co-Fe LDH 2M KOH 456 - - lonothermal [135]
synthesis
3 C0304 2M KOH 238.4 - - lonothermal [136]
synthesis
4 ZnC0,04 2M KOH | 311.26 mAh| 21.2 12000 lonothermal [137]
gt synthesis
5 RuO: 1M KOH 200 17.4 8200 IL-assisted [138]
6 Co(OH), 3M KOH 859 - - lonothermal [139]
synthesis
7 B-Co(OH), 6M KOH 613 20.05 | 13400 IL-assisted [140]
hydrothermal
8 | B-Ni(OH)/rGO | 6M KOH 1875 - - IL-assisted [141]
hydrothermal
9 Co0304 6M KOH 813.1 - - IL-assisted [142]
hydrothermal
10 Cuz0 6M KOH 790 64.2 10040 = IL-assisted one- | [14]
pot synthesis
11 NiO/CNT 1M H2SOq4 521 - - IL-assisted [144]
method
12 Fe20s3 1M KOH 230 - - IL-assisted ball | [14°]
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milling
13 | g-C3Ns/a-Fe03 2.5M 260 - - IL-assisted [146]
Li2SO4 solvothermal
14 NiC020s 2M KOH 764 - - IL-assisted [147]
synthesis
15 rGO/Sn0O; 1M 1012 - - Two-step method | 141
Na2SO4 using IL
16 = MNN/IL-GP 1M 411 - - Electrodeposition = [14°]
Na>SO4 on IL-modified
graphene
17 Cu0 1M KOH 119 - - IL-assisted [150]
electrodeposition
18 | MnO./ PEDOT: 0.5M 533 Fcm™® - - Electrodeposition = 151
PSSICNTs ' Na,504 on IL-modified
CNTs
19 ' NiOOH/Ni(OH), = 1M KOH 986 - - IL-assisted [152]
electrodeposited
20 CuCo20s 3MKOH = 421 mAh - - DES assisted | 1%
gt method
21 NiC0204 6M KOH 879 54 - Microwave- [154]
assisted synthesis
22 C0304 3M KOH 1010 - - DES assisted | %]
hydrothermal
23 RuC0204 2M KOH | 372 mAh 59.7 32060 DES assisted | %]
gt method
24 Mn3Os@N- 1M 183 34 - DES assisted | [1%7]
doped carbon Al(NO3):2 method

By incorporating ILs into the synthesis and assembly of TMOs, it is possible to improve the
performance and stability of the resulting materials. This has led to the development a range
of ILs-assisted TMO based energy storage systems, which show great potential for use in
high-performance batteries and SCs. Figure 1.6 (a) (metal oxide for ESD) shows the present
literature report trend, and Figure 1.6 (b) (ILs-aided materials for ESD) illustrates their
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widespread use in EESDs. It shows that the popularity of TMOs is constantly rising, and

substantial research has been done in the last three years on metal oxides formed from ILs.

3000
a | Metal oxide for ESD b 24 | Ls assisted materials for ESD

2500 =
+ 2000 o
= £ 16
o o
(D) (@] ’
© 1500 o 19
o} 15}
(8] (8] i
(0] [0)]
& 1000 € g

500 4 I
0 uﬂum,mﬁﬂﬂ@g‘s 0 -.
2004 2007 2010 2013 2016 2019 2022 2012 2014 2016 2018 2020 2022
Publication Years Publication Years

Figure 1.6 Literature reported (a) metal oxide for energy storage and (b) metal oxide
synthesized from IL for energy storage. The information was found on the Web of Science
site.

1.6 Summary and Literature Gaps

SCs and ZIBs exhibit great potential as energy storage systems with diverse applications. The
present summary elucidates the utilization of an approach involving IL for augmenting the
efficacy of SCs and bridging the research void in this domain. The rationale for conducting
this study is rooted in the imperative for energy storage solutions capable of providing
optimal power density and extended cyclic stability. SCs benefit from quick charging and
discharging rates, whereas ZIBs offer high energy density. Nonetheless, both technologies
encounter obstacles such as restricted energy storage capacity and deterioration throughout
recurrent charge-discharge cycles. To surmount these constraints, scientists have utilized an
approach assisted by the IL, which requires the integration of ILs into the electrode
constituents. The methodology mentioned above augments the capacitance and durability of
SCs while simultaneously facilitating the reversible intercalation/deintercalation of Zn-ions in
Z1Bs. Despite notable advancements in SCs and ZIB research, a knowledge gap in ILS'
influence on these technologies' electrochemical efficacy persists. By examining various
compositions and concentrations of ILs, researchers endeavor to enhance the effectiveness of
SCs and ZIB, filling the existing literature's void and propelling the progression of effective

energy storage mechanisms. To summarise, implementing an approach involving ILs in
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enhancing SCs and ZIBs exhibits the potential to augment their efficiency and fill the existing

research void. Additional investigation in this field will make a valuable contribution to
advancing energy storage technology, creating more efficient ESD with improved SP and

cycle life.

1.7 Thesis orientation

Strategies utilized for the
present work

lonic liquid-assisted
synthesis method

MnO,

Good surface area, uniform
nanorods shape morphology,
high electrochemical reactivity

High performance
Energy storage device

L

>

Supercapacitor Zn-ion Battery

Figure 1.7 A schematic representation of the work's brief aims.

This thesis aims to investigate the IL-assisted synthesis of metal oxide materials, specifically
MnO,, for their application in energy storage devices such as SCs and ZIBs. The unique
properties of ILs, such as their ionic conductivity and ability to act as templates for the
formation of nanomaterials, make them attractive candidates for use in synthesizing metal
oxides. This work aims to develop high-performance energy storage devices with improved
efficiency and durability by optimizing the synthesis process and characterizing the resulting
materials. The production and configuration of SC electrodes and cathode material for ZIBs
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are crucial, necessitating specific properties such as a broad potential window, excellent

conductivity, high SE, high SP, and quick charging/discharging rates. Thus, the
amalgamation of the advantages of IL and MnO. presents a highly efficient approach to
optimize the electrochemical performance of metal oxide. Regrettably, there is no available
documentation regarding the synthesis of MnO synthesized using ILs utilizing for SC and
ZIB. Therefore, MnO> has been selected as the material of interest for the current
investigation to explore its potential for use in SCs and ZIBs. Figure 1.7 Shows the goals of
this work. More specifically, this thesis seeks to accomplish the following objectives:

» To design and development of MnO2 by simple and cost-effective IL-assisted method.

» To investigate the impact of IL on structural and morphological properties of MnOg,
further to optimize a phase for optimum performance.

» To optimize IL for stable and high performance for SCs and battery applications.

» Advanced characterization methods such as XPS, FESEM, HRTEM, XRD, Raman
spectroscopy, and N2 adsorption-desorption analyses for surface area investigations will
be used to investigate the physiochemical characteristics of synthesized materials.

» Toemploy CV, GCD, EIS, and GITT to analyze the electrochemical characteristics of as-
synthesized materials electrodes to determine their capability for usage in SCs and Zn-ion
batteries.

This thesis comprises five chapters, with the present chapter as an introductory section. The
subsequent sections describe the arrangement and content of these chapters.

Chapter 1. The first chapter provides an outline of the significance of energy storage devices
in modern society, focusing on the environmental impact of energy storage solutions and the
relevance of SCs and ZIBs. In addition, it examines the wide variety of existing electrode
materials for ZIBs and SCs, including their benefits and limitations exhaustively. It also
highlights the unique properties of metal oxides derived from the IL, making them superior to
the chemical synthesis for charge storage. In addition, a comprehensive tabular summary of
the numerous metal oxide-based materials used as electrodes for both ZIBs and SCs is

provided, emphasizing their electrochemical behavior.
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Chapter 2. It summarizes the compounds and materials utilized in the research and the

numerous synthesis protocols employed. Using a room-temperature precipitation technique,
we synthesized MnOz and IL-assisted MnO: for our study. In addition, the details of
preparing MnO> nanostructures by different ILs are discussed in depth. The chapter also
discusses the tools and methods used to describe the materials as they are made, such as
XRD, Raman spectroscopy, BET nitrogen adsorption-desorption analysis, FESEM, EDS,
HRTEM, and XPS. The chapter also talks about how to prepare electrodes, analyze

electrochemistry, and use methods to figure out the electrochemical features of SCs and LIBs.

Chapter 3. Here, we show how to make MnO by green ionothermal synthesis at room
temperature. During this process, we changed the ILs to improve synthesis. For the
preparation of MnOz, we have used ILs called 1-Ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide [ET], 1-Butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide [BT], and 1-Butyl-3-methylimidazolium tetrafluoroborate
[BB]. ET-M, BT-M, and BB-M are the abbreviations for the MnO, made by these different

IL. Furthermore, all the samples are also tested for SCs applications.

Chapter 4. This chapter uses IL to synthesize 1D, mixed-phase MnO. nanorods.
Morphological, structural, and XPS studies for IL-assisted MnO., here IL act as a
morphology-directing agent, and introducing mixed phases. The MnO2 nanorods synthesized
this way are used as a cathode material in a coin-cell arrangement for ZIBs. Ex situ XPS,
XRD, and comprehensive electrochemical investigation confirm high reversibility in the
insertion/extraction of Zn?* from MnOs octahedra. Based on the results of this research,
MnO2 nanorods may be used to create high-performance, long-lasting battery electrode

materials.

Chapter 5. This chapter introduce a synopsis of the dissertation's findings and outcomes. The
research shows that SCs and ZIBs can use electrodes made from pure MnO; and IL-derived
MnO,. Large SSA, hierarchical pore structure, morphology, and better ionic conductivity
contribute to the enhanced performances of SCs and ZIBs cathode applications. This research

on MnO> nanorods has future possibilities beyond only energy storage and conversion.
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Chapter 2

Overview of the Methods of Synthesis,
Physiochemical Characterization, and

Electrochemical Techniques

Overview

The present chapter comprehensively analyses the experimental methodologies and protocols employed for
preparing and characterizing materials utilized in the context of supercapacitors (SCs) and zinc-ion batteries
(ZIBs). The present discourse delves into the comprehensive exposition of the electrode preparation process and
the standard protocol for the assembly of coin cells. Moreover, the electrochemical assessment of assembled
cells is scrutinized employing diverse methodologies, encompassing cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) profiles, galvanostatic intermittent titration technique (GITT), and electrochemical

impedance spectroscopy (EIS),

The techniques illustrated in this chapter are essential for comprehending the fundamental principles that
regulate the operation of SCs electrode and cathode for ZIB. Utilizing physiochemical characterization
techniques can offer valuable insights into the microstructural and chemical properties of materials, thereby
facilitating the optimization of cell performance. The electrode preparation, coin cell packing, and
electrochemical analysis are crucial in advancing and commercializing such devices. Evaluating SCs'
performance and potential applications necessitates the computation of their specific capacitance, specific
energy (SE), and specific power (SP). This chapter provides a comprehensive overview of the experimental

methods and procedures for preparing and characterizing ZIB and SCs.
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2.1 Theoretical Background

Transition metal oxides (TMOs) are essential in applications ranging from conversion
to catalysis, sensing, and energy storage. TMOs with a specific surface area (SSA) and a
porous structure that can be controlled are effective for achieving high SE with long-term
stability.[*?l The TMOs made using templated techniques have suitable porosity and surface
area values.®! Their complex synthesis method, limited availability and high cost of natural
templates, and inability to be employed for large-scale manufacturing hampered their
practical application. Therefore, finding the best synthesis process for creating TMOs is
challenging. This chapter provides an overview of various synthesis methods. Understanding
these techniques is essential to modify TMO characteristics and finding new applications.

The basic principles, charge storage processes and practical applications of
supercapacitors (SCs) are introduced in this chapter. It discusses how SCs store and release
energy and offers insights into their operating principles. The specific benefits of zinc-ion
batteries (ZIBs) are also discussed in this chapter, along with their charge-discharge
procedures, electrode materials, and general operation. This chapter thoroughly introduces
SCs and ZIBs, covering their basic concepts. To better fulfil the needs of extensive range of
applications, there is an ongoing effort to improve ZIBs and SCs in terms of their
functionality, SE, and efficiency.

Characterization methods are crucial for comprehending and evaluating the efficiency
of SCs and ZIB. Researchers may learn more about the materials' structures, morphologies,
chemical compositions, and electrochemical properties using these techniques. EIS, FESEM,
and XRD are only a few of the methods used to characterize materials for energy storage.
Additional information can be collected by EDS, and XPS. Researchers may use this
information to enhance the functionality and efficiency of these energy storage systems.
2.1.1 Synthesis Methods for TMOs

Chemical synthesis techniques are used for TMO mass manufacturing because they are easy
and inexpensive. Research on affordable chemical procedures for creating TMOs has been
ongoing for several decades. These processes include chemical bath deposition (CBD),™!
electrodeposition, the hydrothermal approach,®! the sol-gel method,[l and many more.[*!
The nucleation and development of TMOs may be more precisely controlled using these
methods. ¥
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Figure 2.1 shows a common synthesis technique used to develop TMOs. In addition
to providing large-scale and inexpensive manufacturing of different TMOs, these
technologies may function under low-temperature settings (CBD, electrochemical
deposition). The advancement of TMOs for energy storage relies heavily on chemical
production techniques. These solutions involve the guided synthesis of TMOs with adjustable

features to increase the electrode materials' functioning as functional materials.

" Sol-gel
fﬁ method

» j*

Sol
Gelation Gel

Electrochemical ©
workstation

w
- ,
Precipitation T ra n S |t| O n Electrodepostion
method method

metal oxide

% &

A4 oy
Hydrothermal lonothermal
method method

Figure 2.1 Schematic depiction of the TMOs synthesis techniques primarily employed in the
literature.
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2.1.1.1 Chemical precipitation

The chemical precipitation method is a common synthesis approach to create metal
oxides with specific characteristics for use in energy storage. In this technique, a precipitating
agent separates metal ions from a solution. Metal oxide nanoparticles may be tailored to
particular compositional, structural, and morphological needs by precisely regulating pH,
temperature, and reaction time.l*!] In energy storage, electrode materials in SCs and batteries
from metal oxides synthesized by chemical precipitation have shown promising results.
Besides possessing high specific capacitance and good cyclic stability, these TMOs also
provide good rate performance. Because of their surface area and porosity, nanoparticles
produced by chemical precipitation have high electrochemical activity and quick charge-
discharge operations.l*?2 Manganese dioxide (MnO),*¥l nickel oxide (NiO),** and cobalt
oxide (Cos04)™! are some of the metal oxides that have been synthesized utilizing the
chemical precipitation approach. High redox activity, an abundance of redox sites, and
superior electrical conductivity are all features that make these metal oxides ideal for use in
energy storage.[*®!

In conclusion, the chemical precipitation technique offers a flexible and efficient
strategy for synthesizing metal oxides optimized for energy storage. Materials with improved
electrochemical performance may be designed and optimized by manipulating the
composition and structure of TMOs, which aids in developing energy storage systems. The
chemical precipitation method has limited control over particle nucleation and growth,
leading to inconsistent material properties and a wide size distribution. Moreover, the
procedure can be time-intensive, necessitating numerous stages and extended reaction
durations.' Moreover, it could entail the utilization of perilous chemicals and produce
substantial waste, thereby giving rise to environmental apprehensions.

2.1.1.2 Sol-gel

The sol-gel method is a flexible and commonly used way to make TMOs. This
method produces a mix of metal alkoxides or salts into a precursor, then dissolves and cools
to create a gel-like network. The gel is then dried and heated to turn it into a solid object
made of metal oxide.[*®! The sol-gel method confers various advantages in the production of
TMOs. This technology affords individuals precise manipulation of materials' properties,
composition, and morphology.*®! By employing appropriate precursors and reaction

conditions, it is feasible to synthesize TMOs possessing the requisite characteristics for a
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specific application. The sol-gel technique facilitates the integration of dopants and the
synthesis of mixture materials. Sol-gel-made TMOs have a high SSA and a porous structure,
which makes it easy for charges to move and improves their electrochemical
performance. 2021

Overall, the sol-gel method is a helpful way to make metal oxide products with
specific qualities that use to store energy. It can do many different things and make well-
defined shapes, making it a good choice for creating new energy storage devices. The sol-gel
method is disadvantaged by the intricate and delicate nature of its process parameters.
Obtaining the desired material composition and structure can be difficult due to the
requirement for accurate regulation of factors such as temperature, pH, and drying
parameters. Moreover, the sol-gel technique's extended processing duration renders it
unsuitable for mass production. Additionally, the process's cost-effectiveness is restricted by
the expensive nature of organic precursors.
2.1.1.3 Electrodeposition

Electrodeposition is a way to make and put new materials on a conducting surface. It
happens when metal ions in a fluid are reduced electrochemically on an electrode, which
makes a layer or thin film. This method has many benefits, such as controlling the deposited
material's surface area, morphology, and property.l?? But there are also some hurdles and
problems with electrodeposition. One big problem is that the applied material might not stick
well to the base. When there are problems with adhesion, the layer can peel off or come
loose, hurting how well it works and lasts. Another problem is getting the deposition to be the
same over the medium area. To ensure the deposit is even and uniform, you must carefully
optimize solution percentage, current density, and deposition time.[?3! Also, electrodeposition
is limited by the lack of reasonable electrolyte solutions and substrates that work well
together. Some materials may not be easy to electroplate because of their chemical qualities
or the incorrect electroplating settings. There can also be problems with how well the applied
material and the base work together, leading to unwanted reactions or degradation.
Electrodeposition is a flexible and widely used method for making new materials and
depositing them. However, it is essential to think carefully about adhesion, uniformity, and
compatibility issues to overcome the problems that come with it and make coatings or thin

films that work well in energy storage and other applications.
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2.1.1.4 Hydrothermal

The hydrothermal method is a way to make new materials by using high temperatures
and high pressures in a water solution to create materials with a particular structure and
shape.!?* This method makes metal oxides, nanoparticles, and nanocrystals exceptionally
well.?5281 The hydrothermal method has several benefits, such as making well-defined
shapes, particles of the same size, and high-quality materials. It makes it possible to control
the growth process very precisely, which leads to materials with better qualities that use for
many things, like storing energy.?”l But the hydrothermal method has its problems and
hurdles. During manufacturing, particles may stick or clump together, a common problem.
High temperatures and pressures can cause particles to bump into each other and stick
together. It makes the particles bigger and decreases their surface area, which could hurt how
well the material works in energy storage devices.

Another problem is that the factors of a reaction, such as temperature, pressure, and reaction
time, need to be carefully controlled. Even small changes to these factors can affect the size,
shape, and electronic properties of the materials. Precise optimization is needed to get the
desired shape and property.[?®l Designing and running hydrothermal reactors can be
complicated and expensive for large-scale synthesis.

Even with these problems, the hydrothermal method is still a valuable and widely used way
to make materials with specific qualities. Researchers can use the hydrothermal process to
create new materials for energy storage and other uses by figuring out how to stop particles
from sticking together and adjusting the reaction settings to get the best results.

2.1.1.5 lonothermal method (IL-assisted method)

lonic liquids (ILs) are employed as both solvents and reactants in ionothermal synthesis, a
methodology utilized for fabricating various materials. This approach enables the regulation
of the produced entities' composition, structure, and characteristics. lonothermal synthesis is
done at low temperatures and has benefits like making a substance more soluble and easier to
crystallize.”®) Compared to ILs, the molecular composition of the solvents utilized in
hydrothermal and solvothermal synthesis stands out as a key distinction. Because of their
ionic structure, ILs have unique characteristics such as low vapor pressures (and hence
generate relatively little autogenous pressure at high temperatures).% ILs can act as a solvent
and a possible template or structure guiding agent in ionothermal synthesis. Dai and

colleagues first used ILs as the reaction media for producing inorganic compounds in
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2000.BY Since then, ionic liquids have been widely used to make several inorganic materials,
including monodisperse Ir nanoparticles, microspheres of hollow titania, and aggregates of
spherical TiO2.%? ILs are beneficial due to their extended hydrogen bond systems, low
interface tensions, and incompatibility with organic solvents.®®l ILs have the potential to
become a widely used tool in synthetic chemistry, opening up new avenues for the creation of
nanomaterials.

Consistent and basic knowledge of the impact between ILs and products has not been
reached, despite ionic liquids utilized to influence the crystal phase and shape of inorganic
materials. Two factors contribute to this lack of knowledge: (1) it is difficult to gain a
molecular understanding of the physicochemical characteristics of ILs, and (2) there has been
very little study of the laws and relationships between molecular structures and the
morphologies of the resultant inorganic materials.**! To conclude, ionothermal synthesis is a
pioneering approach for the production of TMOs and materials that are a combination of
inorganic and organic components. The popularity of this methodology is on the rise, and it is
reasonable to anticipate that forthcoming publications will detail novel and stimulating

structures and advancements.

2.2 Theoretical Background of Supercapacitors and Zn-ion Batteries

SCs and ZIBs, two examples of energy storage technologies, are indispensable in today's
energy storage systems. SCs exhibit superior charge-discharge performance due to the
effective separation of charges at the electrode-electrolyte interface, resulting in high SP and
rapid charge-discharge capabilities.®%] ZIBs offer a higher energy density and potential
environmental advantages than traditional lithium-ion batteries (LIBs). The reversible process
of intercalation/deintercalation of Zn ions into the electrode materials is responsible for this
achievement.[%] Optimizing the performance of these devices and improving performance for
a extensive range of applications requires an understanding of the theoretical concepts behind
these devices.

2.2.1 Supercapacitors (SCs)

SCs utilise a separator permeable to ions and an electrolyte, along with two electrodes, to
store electrical charge.”1 They have gained attention due to their exceptional capacitance and
ability to endure infinite charge-discharge cycles. They store and release energy rapidly

because of their design, which generally includes high-surface-area electrodes and
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electrolytes.*®l SCs have probable applications in various fields, like portable electronics,

renewable energy systems, and electric cars.
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Figure 2.2 Schematic representation of capacitor, and SCs.

SCs works on the same principle as a traditional capacitor, that acts as a charge storage
medium between electrodes and electrolytes. SCs comprise of two electrodes with current
collectors and a separator, immersed in an electrolyte..*®] SCs use an electrolyte media that is
electrically insulating but ionically conducting, in contrast to the dielectric material often
used to separate the electrodes in a traditional capacitor.[*) In Figure 2.2, we see a simplified
illustration of a standard capacitor and SC. Active material having a high SSA and a good
ionic conductivity between the electrolyte and electrode are required to obtain a high specific
capacitance in an electrochemical capacitor. Equation 2.1 is commonly used to approximate

the capacitance of an electrochemical capacitor.

_ Eo&rA
C=—=r (2.1)

Here, Capacitance (F), free space permittivity (€o), insulator relative permittivity (&), area of
a single plate (A), and separation between parallel plates (d) are all inputs in this equation.
Energy and power density are crucial considerations for an SCs system. Equation 2.2, it is
possible to calculate an electrochemical capacitor's energy density (E).

E=-CV? (2.2)
Similarly, power density can be calculated using Equation 2.3,

p=% (2.3)

t
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Where V is the device's operating voltage range, and t is the discharge time for a specific
current density at which E and P calculations are performed.*] EDLCs and Pseudocapacitors
are two broad groups of SCs based on their charge storage techniques, as shown in Figure
2.3. Hybrid energy storage systems are, as the name suggests, a hybrid between SCs, and
batteries, with an transitional behavior between EDLC and Faradaic processes, in the energy
storage spectrum.[*?l Carbon-based active electrode materials with a high SSA are often used
in EDLCs because they have the ability to electrostatically store charges by absorbing ions at
the electrode/electrolyte contact and releasing them when needed.”¥! On the other hand,

pseudocapacitors can store electrical charge through rapid and reversible redox methods at

Hybrid capacitor

Electric double Pseudocapacitor
layer capacitor
(EDLC)

eElectrostatic charging 1971 *Redox activity and double layer charging

eCarbonous material eFaradic charge transfer sMetal oxide, hydroxide, sulfide,
eMetal oxide, hydroxide, sulfide, polymer polymer/Carbonous material

Figure 2.3 A categorization of SCs according to the different electrode materials, charge
storage mechanism.

material surface.*yl Faradaic electrodes have a larger specific pseudocapacitance (usually
300-1000 F g?) than carbon-based materials (about 100-250 F g™2).*l Polyanilines,“6]
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polypyrrole,* and polythiophenest® are examples of electronically conducting redox
polymers, while TMOs like RuO2,1¥1 Fe304,5% NiO,51 and MnO2[%2 are examples of active
pseudocapacitive materials. We'll explore these two energy storage techniques and their

associated materials in the following.
2.2.1.1 Electric Double-Layer Capacitor (EDLC)

EDLC:s store energy through electrostatic adsorption of electrolyte ions onto active electrode
materials. It follows that using easily accessible surface area and electrically conducting
electrode materials is crucial to the high capacitance of EDLCs. EDLCs are typically
prepared from carbon-based materials with a high SSA and strong conductivity. SCs based on
carbons with desirable properties such as electrochemical stability, conductivity and easily
accessible SSA can originate in a wide variety of inexpensive and readily available forms like

graphene derivatives,®® activated carbon,®*! carbon nanotubes, and porous carbon.[¢!
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Figure 2.4 (a) The electric double layer (EDL) is modelled by the classical theories.
Copyright 2022, American Chemical Society®® (b) Carbon sample average pore size vs. areal
capacitance. The standard perspective assumes normalized capacitance declines with pore
size. (c-e) Schematic illustration of solvated ions in pores with pore wall distances (c) higher
than 2 nm, (d) between 1, and 2 nm, and (e) less than 1 nm.%! Copyright 2006, American
Association for the Advancement of Science.

Pore size, and capacitance in solvent-free IL electrolytes were the subjects of an experimental
study by Simon and Gogotsi.>"l Based on their findings, the optimum capacitance is attained
when the ion size is similar to pore size. Capacitance and specific surface area were studied
by Ji et al. for many carbon-based electrodes.®® The EDL model, proposed by Helmholtz,
comprises two planes with opposite electrical charges, representing the electrode surface and

counterions, as shown in Figure 2.4 (a).*®] The double layer, consisting of two parallel
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conductive sheets, has a separation comparable to the counterion radius. This results in a
capacitance that is significantly larger than that of a typical dielectric capacitor by several
orders of magnitude. EDL capacitors are commonly composed of porous electrodes and a
concentrated electrolyte or ionic liquid to optimize the overall capacitance.®® Carbon-based
materials can facilitate both rapid ionic diffusion and high capacitance because of their small
pore size and carefully managed specific surface area. Figure 2.4 (b-e) indicates that the
impact of pore size on specific capacitance normalized by SSA is independent of surface
area. The Gouy-Chapman-Stern model says that hydrated ions cannot enter holes that are
smaller than 0.5 nanometer (nm) across. It also says that organic electrolytes cannot enter
pores that are smaller than 1.0 nm across.[®%! The best capacitive performance is seen in active
materials with mesoporosity (around 3 to 5 nm in diameter). The pore diameter
accommodates proper ion adsorption on adjacent pore walls, as it is approximately twice the
radius of the solvated ions.[** But Gogotsi and Simon did a study later and found something
strange. They saw that capacitance went up a lot when the holes were smaller than the size of
the electrolyte ions with water around them.[®? The mechanism for the increased capacitance
of microporous materials is not fully understood. However, it supposed to include the
incomplete desolvation of the ions upon entry to the few-nanometre-size pores of the carbon.
The results of the experiments indicate that microporous materials exhibited a higher level of
capacitance than their mesoporous counterparts. Charge storage in micropores of SCs differs
from the more common Helmholtz and diffuse layer development at the solid—electrolyte
interface. Consequently, the process of charge storage in such a scenario remains elusive.

The potential decreases linearly from the surface to the inner and outer compact layers, with

varying gradients. Equation 2.4 calculates the electrode's total double-layer capacitance, Cqi.

- (2.4)

Cai  Cstern  Cpiff

EDLCs are "blocking electrodes™ because they do not undergo redox reactions. It facilitates
rapid energy intake and distribution, leading to increased efficiency. The solvent in the
electrolyte is irrelevant to the charge storage process. it is possible to use a wider variety of
solvents. Energy density is a limiting factor; hence efforts are being made to boost EDLCs'
energy efficiency and increase their usable temperature range. Scientists first worked to
improve the activation process and create high SSA activated carbon to increase the pore
volume. Nevertheless, research has demonstrated that even samples with the highest porosity

cannot increase the capacitance.
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2.2.1.2 Pseudocapacitor

EDLCs are limited to applications that need the power supply for no more than a few seconds
because of their low energy density, despite the remarkable advances in the characteristics of
carbon-based materials. As a result, researchers are concentrating on developing new
electrode materials to address the issue of SCs' relatively low SE. Using pseudocapacitive
materials allows for the creation of SCs with increased energy densities. Conway!®
discovered a variety of faradaic pathways that can lead to capacitive electrochemical
properties, including: redox pseudocapacitance (such as RuO2.nH20), intercalation
pseudocapacitance, and underpotential deposition shown in Figure 2.5.1%41 Adsorption of a
metal ion onto the surface of another metal results in the formation of a monolayer,
considerably beyond its redox potential, this process is known as underpotential
deposition.[®® Lead deposited on a gold electrode is an ancient but good example of
underpotential deposition. A faradaic charge-transfer occurs when ions are electrochemically
adsorbed onto or near the surface of a substance, creating a redox pseudocapacitance.!®!
There is no change in crystallographic phase when ions undergo faradaic charge-transfer
when they intercalate into redox-active material, resulting in intercalation
pseudocapacitance.’1 Each of these three processes takes place either at the
electrode/electrolyte contact or on the inner surface of a material. Still, they share a similar
electrochemical signature due to correlation between potential and the magnitude of charge
generated by adsorption/desorption processes.

a) Underpotential b) Redox ¢) Intercalation
Deposition Pseudocapacitance Pseudocapacitance
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Figure 2.5 Pseudocapacitance can be produced by many distinct reversible faradic redox
processes, including (a) underpotential deposition, (b) redox, and (c) intercalation
pseudocapacitance. Copyright 2014, Royal Society of Chemistry.%
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Several mechanisms, including those already discussed, can lead to pseudocapacity. We
characterize pseudocapacitive energy storage by its response to (a) CV; (b) GCD; and (c)
EIS. Scan rate (v, mV s™) determines an experiment's duration in cyclic voltammetry. The
response of a current to a certain scan rate will vary depending on whether the redox reaction
is controlled by diffusion or the surface (capacitive). Current response varies with v’ for a
redox reaction bounded by diffusion over semi-infinite linear path; current differs directly
with v for a capacitive process.[®® Hence, relation can be expressed for the electric current at

a specific voltage relevant to all materials.
| = kov2 + kov (2.5)

Separation of the diffusion and capacitive currents is achieved by Calculating ki and k>
values at different potentials. Using caution while employing this equation is essential, as the
existing correlations do not set up the process. New nanostructured materials' performance

has been measured using this method.

2.2.1.3 Hybrid Capacitor

Hybrid composite electrode systems, which combine nanostructured carbons with
pseudocapacitive materials like TMOs and electrically conducting polymers, can enhance the
electrochemical performance of ECs by introducing pseudocapacitance effects.[% A hybrid
system at the material level necessitates a charge storage method resembling a battery and a
capacitive process, either EDLC-type or pseudocapacitive. This is depicted in Figure 2.3 (c).
Hybridizing metal oxide electrodes with highly conductive carbons are commonly used to
improve device performance. A high-energy and high-power energy storage device would be
highly desirable. SCs have limited energy capacity, but researchers in this area have made
significant progress. A hybrid energy storage system aims to combine the SE performance of
batteries with the high SP characteristic and strong cycle life of SCs.

Power conversion electronics are necessary to separately manage the EDLC and
battery in a hybrid energy storage system at the device level. Device like hybrid systems are
frequently composed of multiple components, resulting in increased production complexity
and higher costs, weight, or volume. Scientists are developing a method to merge SCs'
potency and reusability with batteries' energy density. Material hybridization yields superior
outcomes when compared to hybridization in external systems. TMO and activated carbon

(AC) were hybridized to form an asymmetric supercapacitor (ASC), utilizing TMO as an
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active electrode material for batteries and activated carbon as a SC electrode material.[’® The
ASC employs activated carbon as its negative electrode, while the TMO as its positive
electrode. The hybrid system can leverage the high SE of the battery and the high SP of the
SC due to their shared working potential window.

2.2.2 Rechargeable batteries

Batteries are electrochemical devices capable of storing chemical energy and converting it
into electrical energy. Batteries are composed of electrochemical cells, including a cathode,
anode, and electrolyte. The electrolyte enables ion movement between electrodes, leading to
electron flow through an external circuit when a battery is discharged.’*! Metal-ion
rechargeable batteries employ metal ions as charge carriers.[’? The batteries store and release
energy by reversibly intercalating and deintercalation metal-ions in electrode materials during
charge-discharge.[”®! Metal-ion batteries provide high energy density, extended cycle life, and
stability.["l Zinc is abundant and inexpensive metal-ions, have involved significant attention
as possible substitutes for conventional LIBs.[’®1 Metal-ion batteries are an effective option
for the development of future energy storage systems. Current research aims to enhance their
performance, safety, and sustainability. The widespread demand for high-performance
rechargeable batteries has led to their requirements and functions becoming common
knowledge. The popularity of battery research increased significantly after Sony Co.
introduced the first commercially available LIB. Over seven years, the literature volume on
batteries has grown rapidly with researchers adding new publications.

Rechargeable batteries are preferred for portable electronics, power tools, and electric
automobiles due to their high SE and SP. There is skepticism regarding the long-term
viability of batteries as a solution for global portable energy storage. Lithium exhibits the
lowest reduction potential among all elements, possesses the third lowest atomic mass, and
exhibits one of the smallest ionic radii among monovalent ions.[’8! Lithium reserves in the
Earth's crust are adequate to meet the energy requirements of a worldwide fleet of
automobiles. The expansion of Li-ion batteries into renewable energy applications can be
hindered by rising prices, primarily responsible for cost-related issues. Li-ion batteries
prioritize electrode materials to improve energy and power densities and reduce size and cost,

minimizing the significance of Li as a cost factor.

2.2.2.1 Transition from the Lithium Battery to Post-Lithium Battery
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2.2.2.2 Lithium-ion Batteries (L1Bs)

Primary batteries undergo irreversible electrochemical reactions during discharge, leading to
a depletion of electroactive compounds and a modification of electrode chemical
composition.[’”l Safety, energy density, cycle and shelf life, storage efficiency, and cost of
manufacture are essential aspects of a rechargeable battery. The quantity of charge that may
be transferred over time per electrode formula unit is constrained by conventional
rechargeable batteries' solid electrodes and liquid electrolytes. Secondary batteries employ
reversible electrochemical reactions, enabling discharge/charge cycles without modifying the
electrode materials' chemical composition.[’®1 Secondary batteries, especially LIBs, are ideal
for industrial applications such as portable electronics, electric cars, and renewable energy
storage systems. Sony introduced the first commercial LIB in 1991.[°1 | Lithium, the lightest
metal, possesses a high electronegative potential (-3.04 V vs. SHE), making it a preferred
choice for energy storage. LIBs can attain high energy and power densities due to these
properties. LIBs offer advantages over other rechargeable batteries, including a broad
operating potential range, absence of memory effect, and extended cycle life, rendering them
a dependable energy storage alternative in the present market.® LIB exhibits superior
characteristics than other rechargeable batteries, for example nickel-metal-hydride and
nickel-cadmium.® These advantages include higher SE, longer lifecycle, and lesser self-
discharge rate. LIB is an electrical energy storage device that uses two electrodes—an anode
and a cathode to store electrical energy as chemical energy. An electrolyte separates the
electrodes, moving the ionic component of the chemical reaction inside the cell while pushing
the electronic component outside the battery.[® By examining and managing electrode
passivation layers, accelerating the rate of Li* transfer across electrode/electrolyte interfaces,
and finding electrolytes with more extensive windows while maintaining a Li* conductivity,
scientists are refining the standard approach. Cell phones, laptops, digital cameras, and iPads
are all part of the wireless revolution made possible by LIB. Figure 2.6 depicts the
components and processes of LIB. The electrolyte conducts the ionic component of the
chemical interaction between the electrode, but the electronic component must go through an
external circuit to function. The two electrodes of a rechargeable cell undergo a reversible
chemical reaction. Still, variations in electrode volume, chemical changes in the electrode-
electrolyte, or electrode degradation can result in an irreversible loss of capacity. A battery's

cycle life refers to the maximum number of cycles a cell can undergo before losing 80% of its
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original reversible capacity.[® However, new approaches are required for batteries that do
more than only power handheld devices. For example, electrode hosts with two-electron
redox centers, cathode hosts that undergo displacement processes, and Li* solid electrolyte

separator membrane development might be used.
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Figure 2.6 Depicts the LIB configuration consisting of a LiCoO> cathode, Li* electrolyte, and
graphite anode.

The demand for portable electronics and the constraints of current battery technologies
prompted the advancement of LIBs. Lithium serves as the anode material in these batteries,
providing a superior energy density compared to other rechargeable batteries, rendering them

suitable for portable electronic devices
2.2.2.3 Post-Lithium Batteries (PLBs)

LIB technology has revolutionized our lifestyle. The suitability of LIBs for large-scale
applications is being questioned due to concerns regarding the escalating consumption and
scarcity of raw materials such as Li, Co, and Ni, as well as environmental and economic
issues. Despite the potential of LIBs, various obstacles must be addressed prior to their
commercialization. Because of this, we need to find new ways to make batteries that use
materials that are easy to get. PLBs are the top candidates due to their low cost, abundance,
and eco-friendliness. PLBs that use multivalent charge carriers such as Mg?*, Zn?*, and AI**
exhibit increased theoretical capacity due to their ability to store multiple electrons.®
Multivalent PLBs exhibit superior energy density compared to monovalent counterparts such

as Na" and K*. Using aqueous electrolytes in PLBs can offer benefits such as enhanced safety
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and simplified production processes. The crucial factors to consider in developing high-
performance battery chemistries are the standard reduction potentials of electrode materials
and the electrochemical stability of electrolytes. Aqueous electrolytes have a limited voltage
range of 1.23 V due to the disparity between water's inherent oxidation and reduction
potential. Water's limited electrochemical stability window (ESW) restricts the feasibility of
employing several electronegative metals as anodes in high-voltage aqueous rechargeable
pouch cell batteries (PLBs). The redox potentials of Al, Mg, and Ca (-1.66 V, -2.38 V, and -
2.76 V vs. SHE, respectively) exceed the stability limit of the aqueous electrolyte. The
cathode can be effectively shielded against deterioration and structural breakdown using a
surface coating. The breakdown of cathode materials can be prevented by using dual-
conductive polymers like PEDOT and Co(ll1) rich-Co3Oa, for example.® To aid in reactant
dispersion and adsorption and to enhance electroconductivity, defects can be made. It is
suggested that an anionic redox reaction increase energy density by boosting the operating
voltage and adding to the capacity. For aqueous ZIBs, it is critical to investigate new cutting-
edge cathode materials with a combination of high voltage, high capacity, and improved
cycle lifespan.

Although it comes at the price of a constrained capacity, adding electron-withdrawing
groups like POs* and F to the host structure can raise the working voltage.[®® Diverse
electrolytes can be employed to increase the voltage window as well as two- or multiple-
electron redox processes. More study is required to investigate and improve innovative
cathode, anode, and electrolyte types. Aqueous ZIBs are extremely promising and will soon
be used in practical applications.
2.2.2.4 Zinc-ion Batteries (Z1Bs)

ZIBs are being increasingly recognized as a viable substitute for conventional LIBs. ZIBs
employ zinc ions as the charge carrier and are a rechargeable battery type. Like LIB, they
comprise of 2E (an anode and a cathode) separated by an electrolyte. Zinc ions are
intercalated into the anode material and corresponding reactions occur at the cathode during
discharge. Upon charging, the anode releases zinc ions back into the electrolyte.[®®] The
selection of the electrolyte in a ZIB is critical for its efficacy and safety. Organic solvents
have conventionally been utilized as non-aqueous electrolytes in rechargeable batteries owing

to their broad electrochemical stability range.[®”! Non-aqueous electrolytes have drawbacks
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such as high expense, flammability, and toxicity. Aqueous zinc-ion batteries (AZIBs) utilize
water-based electrolytes, providing advantages over non-aqueous systems. Water-based
electrolytes are safer and less susceptible to thermal runaway than non-agqueous

electrolytes.®! Improved safety is crucial for applications like automobiles and large-scale
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Figure 2.7 A chronology of the developmental history of various types of zinc-based batteries.

energy storage, where it is essential to minimize the potential for fire or explosion. AZIBs
have cost advantages over LIBs owing to the plentiful supply and affordable pricing of zinc,
resulting in a reduction in the overall cost of the battery system. Zinc is a plentiful element
and its extraction and processing methods are established technologies. ZIBs are a desirable
choice for energy storage on a big scale due to their accessibility and cost-effectiveness.
Water-based electrolytes exhibit superior ionic conductivity in comparison to numerous non-
aqueous alternatives. Enhanced conductivity can increase the SP and SE of the battery,
resulting in quicker charge and discharge rates.®¥] Their affordability and abundance make
them a viable option for large-scale energy storage, aiding the shift towards sustainable and
renewable energy sources. Additional research and development are necessary to address
remaining obstacles and enhance the efficiency of ZIBs for broad commercial deployment.
Figure 2.7 provides a concise overview of the developmental history of ZIBs. Under slightly
acidic conditions, there is no intermediary phase formation during Zn's oxidation to Zn?*..[%]
Additionally, it displays a significant overpotential for the hydrogen evolution reaction
(HER). The redox potential of zinc relative to SHE is -0.76 V, which is suitable for battery
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operation due to the narrow operating window for gas (Hz and Oy) evolution in water.®!l The
utilization of Zn in aqueous batteries is a well-established notion.. The battery's
rechargeability is negatively impacted by the reduced active material, which limits the
capacity of the charging process. This matter has been extensively debated in various
publications and will not be addressed in this viewpoint. Alternatively, adjusting the
solution's pH can prevent the formation of discharge products. Figure 2.8 shows different
controlling factor for AZIB. Zn follows a direct reaction pathway to produce Zn?* ions during
discharge when the pH levels are close to neutral.[®?l The battery can be easily charged due to
the absence of waste products, such as Zn-hydroxides and ZnO, allowing for the reduction of
Zn?* to its metallic state (Zn®* + 2e— — Zn). AZIBs have been revitalizing academic interest
as post-LIB systems.
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Figure 2.8 Overview of methods for controlling factors to resolve problems with ZIBs.

Basic terminology in ZIBs:

Specific capacity: The specific capacity of cathode/anode materials can be obtained by how
much energy is made and how many electrons are involved in the electrochemical process.
Equation 2.6 shows how to use the Faraday equation to choose a material's possible specific

capacity. In this equation, Q is the total amount of electricity made, number of electrons in
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the process is denoted by n., molecular weight (in g/mol) of the material being measured
(M)., and 26.8 is the Faraday constant in Ah.

0=26.8xn/M (2.6)
Coulombic efficiency (CE): The reversibility and capacity retention in ZIBs of an electrode
are measured by its CE, which is given as a percentage (%). The charge capacity
measurement to the release capacity is used to figure it out.

n=Qd/Qcx100% (2.7)
Specific energy: The amount of energy that can be held per unit of weight or volume of an
electroactive material is measured by its energy density or specific energy (SE). This is
usually written as the SE (Wh kg™?) or the bulk ED (Wh/L). The ED can be improved by
increasing the electrode's specific capacity by the battery's cell voltage.

Specific energy = Specific capacity x Cell voltage (2.8)

Specific power: SP is the ratio of electrical power provided per unit of mass (gravimetric
power density) or volume (volumetric power density) of an electroactive substance, such as
an electrode. So, it is possible to determine how much energy an electrode can release.
Because they provide information about the electrode material's speed and efficiency in
delivering power, gravimetric and volumetric power densities are crucial when building and
assessing battery systems.
Open circuit voltage and cell voltage: Open circuit voltage (OCV) and cell voltage of a
battery system are two of the most critical measurements. A battery's OCV is when no load or
circuit is connected. Without the battery being connected to a charger or drained, the voltage
reading is taken across its terminals. Since the OCV varies with the state-of-charge (SOC), it
is a crucial metric in calculating the battery's SOC. Cell voltage, on the other hand, refers to
the voltage of a single battery cell. Batteries are composed of multiple cells that are
interconnected either in a series or parallel configuration. The voltage of a single cell is
determined by the difference in potential between the cell terminals. Because it may reveal
whether or not a cell is overcharged or undercharged, cell voltage is an essential indicator of
a battery's overall health and performance. OCV and cell voltage measurements, both crucial
indicators of a battery's health and performance, are complementary. A battery's SOC may be
calculated using OCV, while individual cell voltages can be used to assess their health and
efficiency. A battery's performance and lifespan can be improved by carefully monitoring

these factors.
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Solid electrolyte interphase: When an electrode material contacts the electrolyte in a
battery, a thin layer known as a solid electrolyte interphase (SEI) develops. Products of
electrolyte breakdown and electrode material make up the SEI. It serves as a shield against
electrolyte breakdown and corrosion by isolating the electrode from the solution. The SEI
film, which is generated during the first few cycles of charging/discharging, might affect a
battery's performance and lifespan. A high lithium-ion transference number, film stability,
and film conductivity are desirable qualities in an SEI. The battery's safety may potentially be
compromised. The electrolyte and electrode material composition profoundly affects the

creation and characteristics of the SEI layer.

Charge Storage Mechanism: While the precise response mechanism of ZIBs is still being
investigated, a general outline may be provided as follows: Chemical conversion,
intercalation of Zn?*, and co-insertion of H* and Zn?".%¥l Zn?* intercalation reverses or
extracts Zn?* into or from a tunnel-type MnO; cathode while the electrolyte is a mild ZnSO4

aqueous solution.[®! The process of H* insertion into host materials using layered framework
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Figure 2.9 Example of charge storage mechanism for MnO2-based cathode
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in agueous electrolyte is required for H* and Zn?* co-insertion. In the chemical conversion
process, During discharge, a-MnO: reacts with proton to form MnOOH, while the OH"
created reacts with H>O and ZnSO4 to produce ZnSO4[Zn(OH)2]s.xH20.1%! The reversibility
of this process is evidenced by the recovery of the original a-MnO> electrode upon charging.
H* and Zn?* intercalate into the host material with either an open tunnel or a layered
framework.

The charge storage in MnO: is dominated by a proton intercalation of the solid-solution type
that does not include Zn?* co-insertion.!®® Figure 2.8 shows phase change in y-MnO; during
charging at initial to final voltage. The phenomena may be explained by the fact that
desolvation and intercalation of protons are more easily accomplished at the hydroxyl/water-
terminated oxide interface. Another hypothesised mechanism involves a chemical conversion
between MnO; and MnOOH. This process may be reversed because the initial MnO;
electrode is recovered after charging. Experiments with a higher degree of precision and more
in-depth analytical approaches are required to elucidate the processes of manganese oxides.
2.2.2.4.1 Cathode Materials for ZIBs

Regarding the performance of ZIBs, the electrode materials are paramount. TMOs, sulfides,
and polyanionic compounds are some of the several materials being investigated for their
potential use as cathodes. These materials need good electrical conductivity, Zn ion
intercalation, and long-term stability to store and release energy in Zn-ion batteries.
Researchers are developing cathode materials with high energy density, cycle stability, and
cost-effectiveness to enhance ZIBs for diverse uses. They aim to develop cathode materials
that meet all three criteria. The distinct properties of cathode architectures and morphologies
are primarily accountable for their changing electrochemical performances (Figure 2.10).[%

Mn-Based cathode: As ZIB cathodes, manganese oxides (MnO., Mn;03, and Mn304) have
been studied. High theoretical capacity (308 mAh g*) and moderate discharge potential (1.35
V) of MnO2 make it appealing.[®® Mn-based oxide is a highly researched cathode material for
Z1Bs due to its broad range of oxidation states, cost-effectiveness, and established synthesis
process. Several reports indicate significant progress in the utilisation of Mn-based oxides as
cathodes for ZIBs.’] Despite the large number of recently published Mn-based oxides, there
are still uncertainties regarding their electrochemical performance and how they compare to
other Mn polymorphs and oxidation states. Classification of Mn-based oxides according to
their oxidation states (MnO2, Mn304, Mn203, and MnQ), their polymorphs (a-MnO2 and -
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MnQOy) as ZIB cathode, common modification strategies to improve performance, and the

impact of these strategies on performance enhancement.
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Figure 2.10 Cathode materials for ZIBs and the reaction mechanism of these materials.

Reproduced with permission. Copyright 2020, Royal Society of Chemistry®®

Spinel-structured based cathode: With the formula AB204, Spinel oxides are widely
employed in metal-ion batteries. Spinels with high specific capacity and operating voltage,
such as MgMn204, ZnMn04, LiMn204, and ZnCo204 have been investigated as cathodes for
Z1Bs.[®8%1 However, because of the significant electrostatic repulsion for lattice Zn?*
diffusion, the perfect spinel structure was unsuitable for the Zn?* intercalation process. lon
doping techniques have been employed to increase the operating voltage and structural
stability of LiCoO,, and it has been reported to dope Al or Ni/Mn into ZnC0204.[1%! These
findings support the use of doping to increase intercalation in spinels.

Vanadium-based cathode: ZIBs that feature vanadium-based cathode are particularly
interesting due to their multi-electron redox reaction, high capacity, and large ion transport

channel. The versatile V-O octahedral structure and multiple oxidation states of vanadium
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have made vanadium-based compounds a popular research topic for ZIBs.[*% Vanadium,
being an early transition metal, exhibits a slight volume change owing to the abundance of
unoccupied nonbonding orbitals. The varying oxidation states of vanadium enable increased
structural variability and functional adaptability in the incorporation of multivalent cations
into vanadium-based compounds.[*921%1 vvanadium can promote local electroneutrality by
adjusting multiple oxidation states to stabilise the crystal structure and enhance the
multivalent mechanism of cation diffusion. Vanadium's unique properties make it a viable
option for cathode materials in ZIBs.[1%4]

Vanadium oxide exists in multiple oxidation states and forms, such as orthorhombic V205,
double-layer V20s-nH20, V10024, V307-H20, V6013, VO3, and V203.%1%] The orthorhombic
V.05 and double-layer V.0s-nH2O possess a layered structure with an open channel,
facilitating ion insertion between interlayers.['%! Vanadium oxides have been studied for
other battery systems, including LIBs, for many years. However, they have demonstrated low
voltage and inadequate ion storage capabilities.

Prussian blue analogues (PBASs): PBAs are structurally stable, abundant at redox-active
areas, and have an open-framework 3D structure, making them ideal candidates for use as
hosts in metal-ion batteries.!**”l Cubic CuHCF, FeHCF, NiHCF, CoHCF, and ZnHCF are
some of the PBAs that have been used as cathode materials for ZIBs.I'% Strategies to
alleviate these issues include creating more vacancy sites and combining them with other
active components, which help PBAs overcome their low specific capacity and unpredictable
phase change. Recently, the idea of using a two-species redox process to boost Zn storage
and prolong cycle stability has been presented.

Organic compounds: The high theoretical capacity, structural flexibility, element
availability, environmental friendliness, and long-term viability of organic molecules make
them desirable electrode materials. There are three distinct categories to describe them: n, p,
and bipolar.*%®! Various techniques used to enhance performance of these materials,
including molecular structure regulation, incorporation of conductive carbon materials, and
electrolyte optimisation.[*1% Nevertheless, the electrochemical efficiency of organic electrode
materials remains suboptimal in aqueous ZIBs. Organic compounds with active and electron-
withdrawing groups should be rationally designed to enhance their specific capacity and
voltages. Particle size and morphology significantly impact the practical capacity, rate

performance, cycle life, and phase behaviours of organic compounds.*t!
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Other cathode materials: Compounds in the chevrel phase having the generic formula
MxMosTg (where M denotes metal cations and T denotes S, Se, or Te) are some of the other
Zn-host materials identified.*'?l Reversible Zn insertion is also possible in transition metal
dichalcogenides (TMDs), such as VS, and MoS,. Recent research has shown that MoSz's
hydrophilicity is enhanced by adding oxygen, and the interlayer gap is expanded from 6.2 to
9.5.1%% This makes the intercalation of hydrated Zn?* possible, significantly reducing the
desolvation drawback at interface. It is possible to improve the ion storage efficiency of
various layered intercalation hosts by extending the interlayer gap and hydrophilicity
engineering techniques.

Metallic zinc anodes: The chemical properties of metallic zinc make it a highly suitable
option for utilization in aqueous batteries. Its abundance, high theoretical specific capacity,
low potential , low toxicity, and inherent safety render it an excellent choice for this
application.!'¥1 Zn-based charge storage in ZIBs depends on the reversible electrochemical
plating and stripping of Zn during the charging and discharging processes.!®! Zn dendrite
development, low reversibility, and various adverse responses have hampered this anode
study. Many methods exist to stabilise the Zn stripping/plating layer. Researchers created a
low-voltage Zn?*-intercalated anode to replace the metal Zn anode.[!*®! High-performance Zn
anodes must consider numerous challenges. High-specific surface 3D Zn-plated anodes
require frame and pore structure optimisation. Zn alloying produces high-performance
anodes. The Zn%*-intercalated anode, which uses the intercalation/de-intercalation process,
exhibits weak conductivity, sluggish insertion/extraction Kkinetics, low energy density,
structural collapse, and material dissolution.™*'®! Conductive agents, tunnel structures, crystal
structural changes, tiny nanomaterials, and excellent crystallinity can overcome these issues.
Electrolytes: Significant effects on ZIB performance can be attributed to the electrolyte's
electrochemical stability and ionic conductivity. Zn(CFsSQzs)2, ZnCl,, ZnCIlO4, and ZnSO4
are the most often used electrolytes.*'1 One of the most critical factors in Zn anode
performance in ZIBs is the solvation sheath structure of Zn?* ions in aqueous electrolytes.
The solvation sheath water molecules are tightly linked to the Zn?* ion in a dilute
electrolyte.™8 When plating, the diluted electrolytes provide a significant energy barrier for
the hydrated Zn?* to overcome to release themselves from the water molecules (desolvation).
Because of this, Zn deposits over the anode become erratic. Increasing the electrolyte

concentration helps control the Zn?* ion's solvation sheath shape.l!*®! Zn?* has fewer water
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molecules in its solvation shell in a concentrated electrolyte than in a diluted one. Therefore,
the focused electrolyte provides a suitable environment for the desolvation of Zn?*, resulting
in a smooth and uniform Zn deposition. Although rechargeable ZIBs show promise, there are
outstanding issues that require resolution. Electrolyte techniques can regulate the solvation
structure of zinc ions, while IL is an environmentally friendly solvent with minimal toxicity
and biodegradability.[!?! This study aims to create cosolvent electrolytes that can achieve
high Coulombic efficiency and optimal full cell performance.

Electrolyte additive: Organic and inorganic electrolyte additions can stabilize the anode and
cathode through electrochemical cycling, improving ZIBs performance. Although AZIBs
show potential as energy storage devices, critical challenges remain unresolved. To enhance
performance, it is crucial to investigate new electrolyte additives, create additives with
multiple effects, and harness the synergistic effects of compound additives. Studying
electrolyte structure is crucial for advancing electrolyte additives, and investigating gel
electrolytes is a promising avenue for enhancing performance and minimising water
content.l!?l Electrolyte additive engineering is a promising approach that has been
demonstrated to effectively address cathode and anode challenges through the addition of
various additives to the electrolyte. MnSO4 and other additives are included in the electrolyte
to minimise cathode dissolution. MgSOs is utilised in the electrolyte to modify electrostatic
interactions. Diethyl ether facilitates even Zn?* deposition, while glucose regulates solvation
structure, reducing anodic side reactions. The majority of research has focused on the
additive's impact on either the cathode or anode in isolation. Limited efforts have been made
to create electrolyte additives with multifunctional properties that can tackle issues on both
electrodes.

Separator: Separators are not directly involved in electrochemical processes, but their
microstructure and inherent features affect battery performance. Separators must be
mechanically stable, thin, wettable, and ion-permeable. Glass fiber paper, cellulose
membrane, and other polyolefin polymers are commonly utilized in ZIBs as separators.['??
Porous microstructures of varying pore diameters allow electrolyte ions to move freely across
these separators. The capacity of an aqueous electrolyte to fill the pores of a porous separator
that is well-wettable in water is essential for establishing homogenous ion transport.[*?®l

Commercial porous separators are chemically neutral and do not include any functional
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groups, allowing cations and anions to move through the pores while electrolytes are present
readily.

2.3 Physiochemical Characterizations of Materials

2.3.1 X-ray Diffraction (XRD)

XRD method is one of the most effective ways to identify the materials' crystal structure.
XRD can determine the crystal structure of the compound, and it can also identify the various
phases of the same compounds.[*?4! In the electromagnetic spectrum, X-rays are distinguished
by their short wavelengths and high energy. X-rays are created when an electron traveling at
high speed and accelerated by a high-voltage field collide with a metal target. X-rays are
formed when the kinetic energy of moving electrons is turned into X-ray radiation by rapidly
decelerating the electrons.!?! The following formula explains how the X-ray radiation's
wavelength, measured in nanometres, and connected to the accelerating voltage of the

electrons.
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Figure 2.11 (a) Schematic representation for X-ray generation, (b) working principle for
XRD.

To generate X-rays, an X-ray tube (XRT) is required. The XRT shown in Figure 2.11 (a) is
made up of two metal electrodes, a vacuum, and a stream of accelerated electrons. Applying a
high voltage between these two electrodes causes the electron to collide quickly with the
metal target (copper, iron, molybdenum, chromium). The windows of the XRT direct the X-
rays that are created at the collision site. While the XRT may produce X-rays in various
wavelengths, the XRD techniques call for a monochromatic X-ray source. Monochromatic
radiation is generated by blocking out all other wavelengths of light using a nickel filter.

The principle of XRD is shown in Figure 2.11 (b). When an energetic electron collides with
an atom, it bumps an electron out of the inner shell and creates a vacancy. X-rays of a

particular wavelength and energy are produced when an outer-shell electron moves into the
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void. High-intensity Cu Ka radiation is frequently utilized for sample analysis. The crystal
structure and phase of a material may be determined by measuring the d-spacing and
comparing the peaks to the ICDD database.
Bragg's law governs the fundamental law of XRD in the crystalline structure, In this case, d
represents the interlayer separation, 6 the incidence angle, 1 is the wavelength of the light
source, and n the diffraction order. Bragg's law can be expressed as:[*26]
2dsind =n A (2.10)
According to Scherrer's formulal'?”), the crystallite size of the sample may be determined
from the FWHM of the most intense diffraction line, as shown in the following equation.
D=KA/BcosO (2.11)
Grain size is denoted by D, peak FWHM angle in radians is, Bragg's angle is, and K is a
constant. The values of 'K' might be anywhere from 0.89 to 1.39; however, they are typically
near 1.
2.3.2 Raman Spectroscopy
The material's chemical composition and structural features may be studied with Raman
spectroscopy, a reliable analytical tool. It helps scientists identify and evaluate compounds by
revealing their vibrational and rotational modes. Raman spectroscopy's underlying premise is
the photon-matter interaction. Most of the incoming photons in a monochromatic illumination
of a sample disperse elastically, keeping the same energy and frequency. Raman scattering,
an inelastic scattering process in which dispersed photons acquire or lose energy, occurs only
for a tiny percentage of the photons. The energy difference of the incident. and scattered
photons represents vibrational energy levels inside the sample's molecules. Raman
spectroscopy reveals the material's vibrational modes and molecular bonding by examining
the energy changes in the scattered light.*?81 Raman spectroscopy has various benefits for
analyzing materials. Figure 2.12 shows Raman spectroscopy working when incident light
interacts with sample. One primary advantage is that this method is non-destructive and
requires minimal sample preparation before analysis. In situ and real-time measurements are
possible thanks to direct analysis of solid, liquid, or gaseous materials. The Raman spectra of
many compounds are distinctive due to their vibrational frequencies. Researchers can
determine the molecular components of a sample by comparing the resulting spectra to
reference databases or established standards. In addition, Raman spectroscopy can reveal

information about a material's structure. Changes in crystallographic orientations, chemical
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bond strengths, and phase changes can all be detected. Molecular conformations, chain
lengths, and intermolecular interactions are all things that may be learned via the use of
Raman spectroscopy, making it an ideal tool for the study of polymers. Raman spectroscopy
may also be used to analyze heterogeneous materials, allowing scientists to determine the
presence and properties of many phases or constituents inside a single material. By narrowing
the laser's focus on a small area, spatially resolved Raman spectroscopy can reveal subtle

differences in a sample's chemical and structural composition.
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Figure 2.12 (a) Schematic representation for the generation of Raman spectroscopy, and (b)

Ray diagram shows the stokes generation, anti-stokes, and Rayleigh scattering processes.

In conclusion, Raman spectroscopy is a helpful non-destructive tool for gaining insight into
materials’ molecular composition, chemical bonds, and structural properties. It can be used in
chemistry, materials science, pharmacology, forensics, and even medicinal studies. It is a
helpful tool for learning about the characteristics and actions of many compounds because of
the specific molecular information it can supply.

2.3.3 X-ray Photoelectron Spectroscopy (XPS)

XPS is a proper analytical method used in materials science to study materials' elemental
makeup, chemical states, and surface features. It explains how solids, liquids, and thin films
behave on their surfaces. The main idea behind XPS is that when X-rays interact on a sample,
the photons can cause electrons in the inner rings of atoms to become excited and jump out of
the material. These thrown-off electrons are called photoelectrons and carry information

about the sample's elements and chemical surroundings. The XPS device measures the speed
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and strength of the released photoelectrons. The binding energy (BE) of electrons is a
characteristic property of an element and its chemical configuration, and it is equivalent to
the energy required to bind the electrons.*?°1 By analyzing the BE of photoelectrons, XPS
helps researchers understand the surface chemistry, reactivity, and electronic structure of
materials. This makes it an essential tool for studying surfaces, interfaces, and thin films in

many different material systems.
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Figure 2.13 (a) Depicts the instrumental arrangement for XPS measurements. (b) survey
spectra of example metal oxide sample (c) working principle of elemental identification

through XPS measurements.

XPS technique utilizing Al Ka radiation can provide data on elements located within a few
nm of the sample's surface. Electrons experience increased scattering when emitted from
deeper regions within a sample. This constrains the depth from which photoelectrons can
originate within a sample. XPS is a surface-sensitive technique (Figure 2.13) When analyzing
materials, XPS has several benefits. First, it is a method that only works close to the surface,
with an average probing depth of a few nm. This makes it an excellent tool for studying the
surface layers and boundaries of materials, where the chemistry and processes at the surface
are essential. To understand how things behave and get the most out of them in different
situations, you need to be able to study their surface composition and chemistry. Another
benefit of XPS is that it can work with numbers. XPS can tell how many different types of

elements are in a material by measuring how strong the photoelectron spots are. This is done
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using calibration standards and sensitivity factors known for each component. This lets the
atomic amounts be measured accurately. XPS can also give helpful information about an
object's chemical bonds and electronic states. The chemistry changes of photoelectrons' BE
tell us about the elements' oxidation states, coordination environments, and bonding
interactions. This helps us determine how surfaces react, how substances stick to them, and
how they work as catalysts. XPS can help find surface contamination, look at chemical
changes caused by processing or the environment, and figure out how suitable coatings or
thin films.

2.3.4 Field Emission Scanning Electron Microscopy (FESEM)

FESEM is a robust image method often used in materials science to describe and analyze
different types of materials. FESEM can take high-resolution image of a solid sample's
surface topography and shape, giving important information about its morphology.™*3%
FESEM uses a field-emission electron source, which makes an electron beam very focused
and small in spot size. This makes it possible to make detailed pictures with good spatial
precision, usually within a few nm. One of the best things about FESEM is that it can take
photos with great clarity at many magnifications. It gives experts an apparent look at the
grain borders, roughness of the surface, cracks, and other flaws in a material's microstructure.
FESEM can also show small features on the surface and tiny structures that may be hard to
see with other imaging methods. FESEM is especially useful for looking at materials with
complicated shapes or different parts. It can explain how different stages, particles, or parts of
an object are spread out and put together. FESEM can also study how various processing
factors, like heat treatment or mechanical bending, change a material's microstructure and
surface properties. In addition to geographic imaging, FESEM has other imaging methods
that can tell you much about a sample's makeup and how its elements are distributed. EDS is
often used with FESEM. This lets the chemical elements in the materials be identified and
mapped. This makes determining a material's elemental makeup, chemical heterogeneity, and
elemental spread possible. FESEM also lets you use methods like electron channeling
contrast imaging (ECCI) and electron backscatter diffraction (EBSD) to look at the surface of
a material. EBSD tells you about crystallographic orientations, grain sizes, and phase
identification. ECCI makes areas with crystallographic flaws or deformation traits stand out
more. FESEM is used extensively in the study and development of materials science and in

many different businesses. It is used to learn about metals, alloys, ceramics, plastics,
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composites, semiconductors, and living materials.[**}! Figure 2.14 shows the representation of

the various components of the FESEM instrument.
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Figure 2.14 The FESEM's operational mechanism is illustrated in a schematic representation.

FESEM is needed to understand how the structure of a material affects its properties, to
create new materials, to evaluate how well a material works, and for quality control. FESEM
is a robust imaging method that shows the surface topography, morphology of materials in
high-resolution, three-dimensional images. Because it can show fine surface details and
microstructural features, it is a handy tool for characterizing and analyzing materials in

various science and industrial settings.
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2.3.5 Energy Dispersive X-ray Spectroscopy (EDS)

EDS, often known as X-ray microanalysis or EDX, is a proper analytical method for
elemental analysis in materials research. EDS gives chemical composition and elementary
concentration information about a sample. EDS and SEM can simultaneously image and
analyze materials.**?1 An SEM-focused electron beam bombards the material during EDS
examination. Electrons expel inner-shell electrons from sample atoms. Outer-shell electrons
fill the vacancies, emitting distinctive X-rays. The sample's elements determine X-ray energy.
EDS detectors assess X-ray energy and intensity, identifying and quantifying components.
Researchers can establish the sample's elemental makeup from the X-ray spectrum. EDS
enhances materials analysis. It delivers fast, non-destructive elemental analysis with little
sample preparation. This makes it helpful in evaluating metals, alloys, ceramics, polymers,
minerals, and biological samples. EDS analyzes bulk materials and thin films or coatings.
EDS provides spatially resolved elemental data. EDS and SEM allow elemental mapping of
the sample's surface. This lets you study elemental segregation, phase separation, and
compositional changes. EDS excels in characterizing complicated materials like multi-phase
alloys and composites. It can detect trace elements, contaminants, and dopants that
dramatically affect material characteristics and performance. EDS may also reveal elemental
diffusion, gradients, and environmental or processing-induced chemical changes. EDS can
also identify the elemental composition of sample particles and features. It helps identify
unfamiliar materials, analyze tiny areas, and validate phase or component composition. 23
Failure analysis, materials research, quality control, and process optimization employ EDS in
many sectors. EDS is a potent elemental analysis tool in materials research. It identifies,
quantifies, and maps components in a sample, revealing its chemical composition and
distribution. EDS is vital for understanding materials’ elements, characteristics, and
application performance.

2.3.6 High-Resolution Transmission Electron Microscopy (HRTEM)
HRTEM is a sophisticated imaging method used in materials research to characterize and
analyze materials at the atomic level. Researchers may study materials' crystal structures,
lattice flaws, interfaces, and nanoscale characteristics with HRTEM's high-resolution
pictures.'® A stream of electrons passes through a tiny sample in HRTEM. A high-
resolution electron microscope with improved optics and electron sources allows HRTEM to

image materials with sub-angstrom resolution. Atoms and their configurations in a crystal
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lattice may be seen at this resolution. HRTEM's atomic-level structural information is a
significant benefit. HRTEM creates a picture from transmitted electrons to directly observe
crystal features such as unit cells, lattice planes, and atomic groupings. This knowledge is
essential for understanding material characteristics and behavior. HRTEM best studies
nanoparticles, nanowires, and thin films. It can disclose flaws, dislocations, interfaces, and
their size, shape, and crystalline structures.!*3! Figure 2.15 displays the HRTEM instrument
components. HRTEM characterizes alloys, catalysts, and semiconductors with complicated
microstructures, where atomic-scale features affect their characteristics. In addition to
imaging, HRTEM provides improved analytical methods. Crystal symmetry, orientation, and
phase identification may be determined from chosen sample sections using electron
diffraction patterns. Nanoparticles' crystal structure and symmetry can be determined through
SAED. Lattice faults and interfaces may also be analyzed using HRTEM. It can image
dislocations, stacking faults, grain boundaries, and point defects like vacancies or

substitutional impurities.
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Figure 2.15 The HRTEM operational mechanism is illustrated in a schematic representation.

HRTEM can be merged with electron energy-loss spectroscopy (EELS) and EDS for
chemical and elemental information at atomic resolution.*38] This lets researchers link the
structural, chemical, and elemental features of materials. HRTEM is a solid atomic-scale

imaging and analysis tool. Crystal structures, lattice faults, interfaces, and nanoscale features
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may be seen with high resolution. HRTEM helps materials scientists understand materials'
fundamental characteristics, behavior, and performance.

2.3.7 Nitrogen Adsorption-Desorption Analysis

Nitrogen Adsorption-Desorption Analysis, often known as Brunauer-Emmett-Teller (BET)
analysis, is a common materials science method for assessing solid materials' surface area,
porosity, and pore size.l** By revealing their textural features, this method helps explain
material performance in diverse applications. The principle underlying this phenomenon is
that gas molecules adhere to a material's surface in a manner that is proportional to the
surface area available. The BET method is a nitrogen adsorption-desorption analysis that
employs a mathematical model to interpret experimental data.[**81%°! The study employs the
instrument illustrated in Figure 2.16 (a). The BET method entails conducting nitrogen gas
adsorption experiments across various relative pressures. The material's nitrogen gas
adsorption is quantified at various pressures, and a graph is generated by plotting the
adsorbed amount against the relative pressure. The BET equation is employed to model the
adsorption of gas molecules onto a material with a defined surface area.l**”! Initially, the
process entails degassing the material at a specific temperature. Subsequently, the cells were
emptied and the void volume was measured using a controlled flow of helium gas. Pressure-

controlled N2 adsorption-desorption process is conducted. Different isotherms may be
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Figure 2.16 (a) The instrument was utilized to conduct studies on surface area and pore size.
b) displays the various stages of pore filling by N2> gas molecules and the corresponding

isotherm profile.
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observed depending on the material under investigation. Nitrogen adsorption-desorption
analysis uses nitrogen gas molecules adsorbing to a material's surface. Nitrogen gas
molecules adsorb onto material surfaces at low relative pressures. Analysis metrics like
specific surface area are essential. It represents the material's surface area per mass or
volume. Figure 2.16 (b) displays a single isotherm as an illustration. The isotherm's marked
points correspond to distinct stages of N2 adsorption and desorption.

Nitrogen adsorption-desorption analysis also measures porosity and pore size distribution.
The adsorption isotherm shape may identify the kind of porosity (micropores, mesopores, or
macropores). Mathematical models like BJH and DFT can compute the pore size
distribution.* Diffusion in porous materials requires this information. The method works
on porous solids, catalysts, adsorbents, zeolites, activated carbon, and powders.
Pharmaceuticals, energy storage, environmental science, and materials synthesis employ it
for research, quality control, and process optimization. Nitrogen adsorption-desorption
analysis is critical in materials science research and development to understand material

performance and behavior in diverse applications.

2.3.8 Fourier transform infrared (FTIR)

Source

FT

Sample

W\ Detector

Figure 2.17 FTIR spectrometer's basic operation.
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In Material science, FTIR spectroscopy is used to examine and characterize materials.
Materials research and development rely on it for molecular composition, structure, and
bonding information.**?1 FTIR spectroscopy is based on material-infrared light interaction.
When a substance absorbs infrared radiation, its molecules vibrate. Depending on the
material's chemical makeup, these vibrations may identify functional groups, contaminants,
and molecular structures.**1 Non-destructive FTIR spectroscopy is a significant benefit. It
analyzes samples without preparation. This is crucial when investigating fragile or precious
materials. Figure 2.17 shows a basic diagram of FTIR and its working principle. FTIR
spectroscopy reveals material properties. It can detect functional groups, including carbonyl,
hydroxyl, and amino groups.

Researchers may identify bonds and their environments by examining infrared absorption
peaks. FTIR spectroscopy also analyzes material crystallinity and phase composition. Crystal
structures in crystalline materials may be identified and quantified using infrared absorption
bands.™4  Understanding mechanical, thermal, and electrical qualities requires this
knowledge. FTIR spectroscopy detects and analyzes chemical changes in materials. It tracks
chemical processes, intermediates, and transformations. FTIR spectroscopy helps the industry
with quality control and material characterization. It may test raw material composition and
purity, detect contaminants, and evaluate product uniformity. Unknown samples may be
recognized by comparing their spectra to a reference database, speeding up quality control.
FTIR instrumentation has improved recently. Researchers may analyze complicated samples'
component distribution and composition using FTIR and microscopy. Attenuated total
reflection (ATR) FTIR spectroscopy may analyze samples in situ or in contact with other
materials, making it suitable for many material systems.[***! Finally, material scientists need
FTIR spectroscopy. Its non-destructive nature, molecular information, and material analysis
adaptability make it vital for researching material composition, structure, and chemical
changes. Researchers may use infrared light to study material qualities and behavior,

advancing polymers, composites, medicines, and electronics.

2.4 Electrodes Preparation, Device Assemblies, and Background of
Electrochemical Techniques

2.4.1 Slurry Preparation

In energy storage devices like SCs and ZIBs, electrode materials are essential components

that store and discharge electrical energy via electrochemical reactions. A slurry composed of
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active material, conductive additives, and a binder must be formulated to prepare electrodes.
The slurry's preparation significantly impacts the electrochemical efficacy and stability of the
final electrode. The active material, typically a carbon-based material or TMOs for ESD, is
combined with conductive additives such as graphite or carbon black to prepare the slurry.
These compounds improve the electrical conductivity of the electrode, allowing for efficient
charge transfer during electrochemical processes. In addition, a binder is added to the slurry
to enhance the adhesion between the electrode material and the current collector, thereby
ensuring mechanical stability. The components of the slurry are combined in a solvent to
create a homogenous suspension. The choice of solvent is contingent on the compatibility of
the active ingredient and binder. The most common solvents are water, organic, or both. For
consistent electrode coating, care must be taken to properly dispersion the active material and

conductive additives and control the slurry's viscosity.
2.4.2 Electrode Preparation for SCs

After slurry preparation, the preparation of the electrodes is the next stage. Typically, the
slurry is deposited on current collector, usually made of a conductive material such as metal
foil or carbon fiber. Various techniques, such as doctor blade coating, spin coating, spray
coating, and screen printing, can be utilized for the coating procedure. A thin slurry layer is
applied to the current collector during doctor blade coating using a blade or drop cast. By
modifying the blade separation, the thickness of the electrode coating can be adjusted. The
spin coating process entails applying a small quantity of slurry to the current collector, then
spinning at high velocities to distribute the slurry evenly. Spray coating entails atomizing the
slurry into fine particles and then applying them to the current collector. The slurry is
transferred to the current collector using a stencil in screen printing.

After the slurry has been deposited, the electrode is desiccated to remove the solvent and
binder, leaving a solid electrode film. The dehydrating process is typically conducted in a
vacuum oven or in an inert atmosphere to prevent oxidation and moisture absorption. For
SCs, SS disk electrodes are used as current collectors. Zero-size polish paper and ultrapure
water flow polished the SS (1 cm?). Ultra-micro balance (Mettler Toledo) calculated
electrode mass. The slurry was drop-cast over the exposed SS substrate and dried at 110 °C
for 10 h. SS 15-mm disk-shaped electrodes were polished using zero-sized polish paper and
cleaned with DI water. The slurry was drop cast and dried to determine active mass loadings

over various electrodes.
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2.4.3 Three-electrode and Two-electrode Setups for SCs Studies

3E and 2E configurations are utilized for SC electrochemical characteristics. The 3E
arrangement uses the working electrode (the electrode under examines), a counter electrode,
and a reference electrode. The counter electrode is usually platinum based, and Ag/AgCl used
as reference electrode, while the working electrode is the electrode mentioned above. This
setup measures specific capacitance, electrochemical impedance, and cyclic voltammetry.
Two electrodes (AC and TMO) utilized as working electrodes in the two-electrode

configuration.

a Three electrode
setup

b Flat test cell for two electrode

testing
CE RE WE

i s . = | Current Collector

a d Electrode
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N Electrode
- Current Collector

g B ~
- & >

Figure 2.18 (a) Experimental electrode arrangement for 3E measurements, and (b) schematic
of flat test cell used for 2E studies.

The 2E system evaluates SC energy density, power density, and cycle stability. Electrodes
were immersed in electrolyte solutions after preparation. 3E experiments employed the
coated electrode as the working electrode and Na>SO4 solution as electrolytes. Figure 2.18 (a)
depicts 3E measuring setup. Figure 2.18 (b) shows the Flat test cell assembly utilized for 2E

measurements.

75



Chapter 2

2.4.4 Electrode Preparation and Coin Cell Packing for ZIBs Testing

For the study of ZIBs, the preparation of electrodes and the preparation of coin cells differ
slightly from SCs because ZIB systems have different needs. ZIB electrodes are made by
choosing suitable active materials, usually TMOs or sulfides. A slurry is made by mixing
these materials with electrical chemicals and a binder. The slurry is put on a current collector,
usually made of metal foil, and dried in a controlled environment. For electrical evaluation in
ZIB tests, coin cells are often used. Coin cells have a working electrode, a counter electrode
made of zinc metal, and a filter that has been soaked in an electrolyte. Most of the time, the
electrode made, as explained above, is the working electrode, and the zinc metal is the
counter electrode. The divider lets ions move between the electrodes without letting them
touch each other directly. The coin cell is then covered to make sure the cell stays whole and
to keep the electrolyte stable. The completed coin cell is then put through several
electrochemical tests, such as CV, GCD cycling, and EIS. These tests tell us a lot about how
well the ZIB system works, how much it can handle, and how stable it is. Materials study is
critical for making electrodes, putting devices together, and learning about electrochemical
techniques in energy storage. To accurately measure the performance of ZIB, the coin cells

must be packed with suitable active materials, counter electrodes, and electrolytes.
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Figure 2.19 (a) A standard CV curve displaying both cathodic and anodic peaks, and
(b) a GCD profile, (c) Nyquist plot depicts the process of determining various
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Researchers can learn much from these methods and setups about how energy storage
materials behave electrochemically.

2.4.5 Electrochemical Characterization Techniques

We used electrochemical workstations and a battery cycler (the standard Biologic SAS VSP,
CHI 1150C, and Neware battery testing system) to do several electrochemical
characterizations. These were CV, GCD, EIS, and GITT method. Most of the time, these
methods are used to study the electrochemical features of SCs and ZIBs. The CV technique
measures the relationship between current and voltage. The GCD technique, on the other
hand, measures the relationship between current and voltage at different steady currents. EIS
is a method for calculating a material's resistance and capacitance at different frequencies.
Origin Lab software, used to process and plot the test data. This program used to study
electrochemical data and make plots like Nyquist, Bode, and CV plots.

2.4.5.1 Cyclic Voltammetry (CV)

Cyclic voltammetry uses a triangle potential-time waveform to apply to an electrode and
observe the current in an electrochemical cell. Unlike a 3E system, a 2E cell applies voltage
between positive and negative electrodes. Time-varying voltage or potential is referred to as
the scan rate. In a CV, voltage or time is graphed against electric current in an
electrochemical cell. Cyclic voltammetry (CV) is used to evaluate electrodes and devices'
energy storage capability in 3E, and 2E cell settings. CV may be used to analyse the
reversibility of electrode reactions and energy storage system processes, among other
complicated system properties.[*46] The method gives information about the electrochemical
processes happening at the electrode surface, such as the location of redox peaks, the rate of
electrochemical reactions, and an estimate of the energy storage devices' capacitance. During
a CV experiment, the potential goes back and forth between a starting and ending potential,
typically at a set scan rate. The current reaction is recorded and plotted as a function of the
applied potential as the potential sweeps. The result is a graph called a cyclic voltammogram
(Figure 2.19 (a)). It shows peaks and patterns showing how the electrode's electrochemical
processes are changing the voltage. The position and shape of the peaks give information
about the redox processes, such as the redox potential, reversibility, and reaction rates. CV is
used to study how SCs, batteries, catalysts, and other materials that conduct electricity
behave. Equation 2.12 can be used to figure out the specific capacitance (Cs)., which involves

computing the voltametric charge encompassed within the CV curve.
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14
f.
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(2.12)

mv(V—V;)
Where i(V) is the current calculated from the CV curve, where m is the active mass loading, v
is the scan rate (mV s, Vi is the initial potential, and V is the final potential.

2.4.5.2 Galvanostatic Charge-Discharge (GCD)

The GCD method is commonly utilised to analyse and predict how well electrode active
materials store energy in real-world working situations. During a GCD test, an electrode is
subjected to a constant current and charged-discharged between fixed voltage window. The
resulting voltage change over time is then measured. The variation in GCD profiles of
various ESD necessitates distinct handling of each material to compute its characteristic
metrics.!4" Figure 2.19 (b) show process involves supplying a constant current to the device
and monitoring the resulting voltage over time. The experiment's results in the charge-
discharge curves provide information on the device's capacity, the voltage profiles during
charging and discharging, and the impacts of rate performance.

Calculations of GCD were carried out on two-electrode cells utilizing the following

equations: 1]
(ixAt)

s — m (2.13)
_CsV?
SE = TS (2.14)
_ 3600 XSE
SP = v (2.15)

Where "i" represents the charge/discharge current at time t (s), "At" represents the discharge
duration, and “V;” is initial potential and “V¥” represents the final potential. *"M" denotes the
total active mass distributed over both electrodes.

2.4.5.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is commonly employed for assessing the functionality of electrochemical capacitors,
batteries, and other energy storage and conversion devices.[**314%1 E|S entails the application
of a low-magnitude alternating current (AC) signal across the electrochemical cell, followed
by the measurement of the resultant current response. The frequency of the AC signal is
modulated across a broad spectrum, commonly spanning from mHz to MHz. Following this,
the measured impedance is plotted as a frequency function, characterized as the quotient of
the applied voltage and the resultant current. The EIS data provides the opportunity to extract

various parameters such as the solution resistance, double-layer capacitance, charge transfer
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resistance, and Warburg impedance. The parameters mentioned above offer valuable insights
into the kinetics of charge transfer mechanisms, ion diffusion, and the existence of interfaces
or surface layers.'>1 A Bode plot shows the frequency-dependent magnitude and phase
response of EIS experiments, whereas a Nyquist plot shows the real and imaginary
impedance components. The application of EIS analysis in practical scenarios enables the
examination of active electrode materials' impedance, specific capacitance, equivalent series
resistance, and charge storage mechanisms. The proposed technique involves the application
of a sinusoidal perturbation signal with low amplitude, typically within the frequency
spectrum of 100 kHz to 10 mHz, to an electrochemical system while it is at open-circuit
voltage. The system's impedance is denoted as Z, comprised of the real component Zge and
the imaginary component Zjm.

The customary representation of impedance data is in the form of a Nyquist plot. The Nyquist
plot commonly exhibits a semi-circular arc in the high-frequency domain, which suggests the
existence of charge transfer resistance (Rct) and a linear region in the low-frequency range.
The electrochemical reaction rate, which is highly correlated with the material's conductivity,
is assessed through Rct. The electrode resistance (Rs) is represented by the point of
intersection between the plot and the Zre axis, as illustrated in Figure 2.19 (c). Furthermore, it
is possible to partition the high-frequency range into three discrete regions: high-frequency,
medium-frequency, and low-frequency capacitive. EIS technique offers significant insights
into the Kinetics of electrochemical processes and the system's capacitance. Employing
equivalent circuit models along with EIS data enables a more thorough understanding of the
underlying electrochemical mechanisms, leading to improved efficiency of electrochemical
cells.

2.4.5.4 Galvanostatic Intermittent Titration Techniques (GITT)

GITT is a widely employed electrochemical approach that enables the determination of the
ionic diffusion coefficient and transport properties of ions within an electrochemical
system.[*>Y This phenomenon finds significant utility in investigating ion diffusion within
solid-state electrodes, including but not limited to LIBs and solid oxide fuel cells. Applying a
constant current to the electrode initiates the ion diffusion process in GITT. Through voltage
response analysis, it is possible to ascertain ions' diffusion coefficient and concentration
profiles within the electrode.l521%%1 The study of GITT offers significant contributions to

understanding the transport properties of ions, the kinetics of diffusion, and mechanisms of
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reaction that occur within electrode materials. This tool is highly effective in examining the
functionality and conduct of energy storage systems while facilitating electrode materials’

development and refinement to achieve superior electrochemical performance.[*54

a b
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Figure 2.20 a) A schematic illustration of a step in the GITT; b) The potential response,

including AEt (the overall transient voltage changes of the cell for a current Io over time ()

and AEs (the change in steady-state voltage).

Fick's second law can be used to calculate GITT.[1%%]
o (mBVm)2 (AES>2
 nt\ MgS ) \AE,

The weight of active materials is denoted by mg (g), while the molecular weight of

active materials is denoted by Mg (g mol™). The molar volume of the substance is represented
by Vm (cm® mol™), and the surface area is denoted by S (cm?). The pulse time of the current
pulse is indicated by t (s). The parameter "AEs" refers to the voltage difference observed at
the conclusion of the relaxation period between two consecutive steps. On the other hand,
"AE:" denotes the variation in voltage between the initial and final stages during the
discharge pulse time, after the iR drop has been removed. Figure 2.20 (a,b) exhibit the input
pulse and corresponding GITT profile utilized for determining the values of AEs and AE<. To
summarize, CV, GCD, EIS, and GITT are fundamental electrochemical methodologies in
examining materials and electrochemical systems. The methods above offer significant
insights into redox behavior, energy storage attributes, charge transfer mechanisms, and ion
diffusion properties. By utilizing these methodologies, scholars can thoroughly comprehend
the electrochemical efficacy and conduct of substances, culminating in creating more

effective and refined energy storage mechanisms.
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Chapter 3

Ionic Liquid-Assisted MnO; for Asymmetric
Supercapacitor Application

Overview

In the past decade, ionic liquids (ILs) have demonstrated significant potential for synthesizing inorganic materials.
The superior characteristics of non-aqueous alternatives, such as low vapor pressure, good thermal stability,
adjustable solubility, and adaptable synthesis methods, render them a better option than their aqueous
counterparts. This study demonstrates the utilization of different ILs in producing a-MnO, nanorods with
asymmetric orientation. Nanorod formation exhibited higher energy favorability, and the incorporation of IL
augmented the material's surface area and conductivity. The improved surface and conductivity of the material
contribute to its enhanced supercapacitive performance, resulting in a capacitance of 352 F g*! when tested in a
IM Na,SOj electrolyte. An asymmetric supercapacitor device was assembled using synthesized material and
activated carbon. The device exhibits a high energy density of 28.5 Wh kg! and a power density of 96.5 W kg*!
when tested in 1M Na>SOy electrolyte.
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3.1 Introduction

Ionic liquids (ILs) offer a promising environmentally friendly alternative to conventional
methods across various applications. An increasing amount of literature discusses the

5.4 TLs are molten

adaptability of properties to enhance effectiveness in diverse application
salts composed entirely of ions that display variable structural modifications by adjusting
cations and anions at room temperature. In addition, they offer benefits such as reduced vapor
pressure, temperature stability, high ionic conductivity, and extensive potential windows for
electrochemical analysis. Moreover, these eco-friendly solvents serve as viable substitutes for

hazardous organic solvents. Extensive research has been conducted on their potential use as

electrolyte and reaction media in synthesizing active materials for supercapacitors.l>=*]

Symmetric supercapacitors have limited energy density due to using identical materials on both
electrodes.”’ The device displays a hybrid nature derived from the combination of an electric
double layer and pseudocapacitive type electrodes in an asymmetric configuration.!'”]
Numerous studies have been conducted on the asymmetric configuration of various metal
oxides with activated carbon, as documented in the literature.l'!! This approach facilitated
researchers to attain higher energy densities (> 20 Wh kg™!) alongside standard power density
levels.['2] Metal oxides are extensively studied as electrode materials due to their low cost, ease
of processing, good conductivity and stability, multiple oxidation states, and environmentally

13.141 The synthesis route is a crucial factor in determining the practical

friendly properties.!
feasibility of a given performance, among other factors. Ionothermal synthesis utilizing the
structural and functional direction properties of ILs has been recognized as a promising method

[15.16] The dual function of IL as a solvent

for producing advanced inorganic energy materials.
and template material is the primary advantage of this synthesis approach. Using RTILs in this
process enables materials synthesis at ambient temperature, rendering it an eco-friendly and

17.18] TL-based products can exhibit tunable nucleation, growth, and

energy-efficient approach.!
morphology owing to the unique characteristics of ILs, including a broad spectrum of
cationic/anionic pairs. Ionothermal synthesis is a promising method for producing energy

storage materials due to its eco-friendliness and precise manipulation of material properties.

Huh et al. utilized 1-butyl-3-methylimidazolium tetrafluoroborate IL to synthesize cobalt
hydroxide ionothermally.'”) The addition of IL to cobalt hydroxide facilitated the

customization of pore size, surface area, and pseudocapacitance in its application as a material
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for supercapacitor electrodes. DFT simulations verified that the ionic liquid's cation and anion
components facilitate hydrogen desorption/adsorption, resulting in a more favorable redox
reaction on the Co(OH) surface. The results emphasize the importance of ILs in synthesizing
materials for energy storage. Nevertheless, the utilization of this technique to create high-
quality electrode materials for supercapacitor applications has been scarcely reported.2%2!]
Metal oxides are being considered as potential electrode materials for energy storage devices
due to their high theoretical capacitance and large surface area. MnO> is a popular electrode
material for supercapacitor applications due to its high theoretical specific capacitance of 1370
F ¢!, as reported in the literature.”>?3! An infrequent approach in the literature is the energy-

efficient room-temperature ionothermal synthesis of MnO2 modification for SC.

We introduce a green synthesis ionothermal precipitation method for producing MnO> at room
temperature. The technique was optimized by manipulating different ILs throughout the
process. MnO> was synthesized using three different ionic liquids: 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [emim][TFSI], 1-Butyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide [Bmim][TFSI], and 1-Butyl-3-
methylimidazolium tetrafluoroborate [Bmim][BF4], denoted as ET-M, BT-M, and BB-M,
respectively. The integration of IL in the production process improved the surface kinetics of
the material, resulting in the superior performance of the SC compared to a-MnO; in its pure
form. The development and confinement of nanorods were facilitated by the small size (0.5
nm) of the anion and cation present in the IL. The IL facilitates ion transport, hydrogen
desorption, and adsorption, resulting in prompt and effective redox reactions in SC.[**2% The
ET-M exhibited a specific capacitance of 352 F g! at 5 mV s due to the aforementioned
improvements. The asymmetric supercapacitor (ASC) utilizing ET-M as active material

demonstrated a high energy density of 28.5 Wh kg™ in 1M Na>SOj electrolyte.

3.2 Experimental Section

3.2.1 Chemicals required

High-purity ionic liquids, including Emim-TFSI, Bmim-TFSI, and Bmim-BF4 (>98%), were
purchased from Sigma-Aldrich. KMnO4 (ACS reagent) was purchased from Loba Chemie Pvt
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Ltd., while AR-grade methanol was obtained from SD fine chem limited. The ELGA ultrapure

water system is utilized to obtain ultrapure water with a resistance of 18 MQ.

3.2.2 Synthesis of MnO., and IL-assisted MnO2

MnO; was synthesized via ionothermal method. A mixture of ultrapure water and methanol in
a 3:1 ratio, measuring 20 ml, was subjected to reaction with 0.5 M KMnO4. Subsequently, 1
ml of [emim][TFSI] ionic liquid was added to the solution, which was then stirred and left at
room temperature for 30 minutes. A reducing agent of 2 ml ethanol (AR) was added after 30
minutes. The solution underwent 12 hours of aging at room temperature under continuous
stirring for 1h. The precipitate underwent vacuum filtration and was subsequently washed with
ultrapure water and methanol for 12 hours. The resulting product was then vacuum dried at
80°C. The powder is subjected to a heat treatment at 600 °C for 5 hours to enhance its
crystallinity, resulting in its designation as ET-M. MnO; was produced using [Bmim] [TFSI]

,

A."’:é&.}?;'% }‘&Wﬂ .»jm

9 v IL mlxmg ‘N Agmg 12h
.;c T s
o9 |onotherma| ﬂ 1
,-g,sz oL Y B
\/ ’ ?
- 6
KMnO, + Methanol Attachment of IL ions in MnO, MnO, Nanorods

’:f

Figure 3.1. Schematic depicting the synthesis of MnO2 nanorods facilitated by ionic liquid.
The precursor materials contain balls of various colors representing atoms of manganese,

potassium, oxygen, carbon, hydrogen, sulfur, nitrogen, and fluorine.

and [Bmim][BF4] through a comparable method, resulting in pure MnO without the need for
the ionic liquid BT-M, BB-M, and MnO>. The detailed synthesis schematic is displayed in
Figure 3.1.
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3.2.3 Preparation of electrodes for Supercapacitors

Electrochemical analyses, such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS), were performed using the CHI
1150 C equipment. The material was studied using (Three electrode) 3E and (Two electrode)
2E asymmetric cell configurations. The slurry and electrode preparation methodology is
consistent with our prior publication.[?” The 3E measurements employed an active material-
coated SS working electrode, a platinum wire counter electrode, and an Ag/AgCl reference
electrode in the presence of 1M Na>SO;4 as the aqueous electrolyte. Activated carbon served as
the counter electrode for 2E measurements. The electrode mass loading was 1 mg cm for 3E

measurements and 0.5 mg cm for 2E measurements.

3.3 Results and Discussion

The ET-M sample was synthesized through ionothermal synthesis, using [emim][TFSI] as both
the solvent and morphological guiding agent. The ionothermal process results in suspension

2 |PDF: 00-044-0141 ——ET-M| D
—_BT-M
——BBM < Mn—_O
-y ——MnO, < ’\/—/E{M\/\M
b | ()]
S 2
o £ | C-O/C=N ~1
E - [E—— s, o
1= c Y
“Mﬂkmwkmmwhwhkmﬁbwﬂww~ IS BB-M J
JW /—//Mnc)z\—\
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20 (degree) Wavenumbers (cm™)

Figure 3.2. (a) Structural characterizations were performed on various samples using PXRD
and FTIR techniques. PXRD data for BB-M, BT-M, MnQO,, and ET-M were compared with
ICDD data, (b) FTIR spectra for BB-M, BT-M, ET-M, and MnO> samples indicated the

presence of metal-oxide bonds.

rather than solution due to the poor solubility of [emim][TFSI] in ultrapure water. IL functions
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as a nucleation and growth catalyst in the solution, forming nanorods (in the case of pure
MnOy), thereby decreasing the material's overall surface energy. PXRD was utilized to confirm
the phase and crystallinity of the MnO and ET-M nanostructures. Figure 3.2 (a) displays the
comparative XRD spectra of MnO2, BBM, BTM, and ET-M samples. The experimental data
for each diffraction peak were matched to the tetragonal MnO: planes in the ICDD PDF-00-
0440141. The prominent diffraction peaks of ET-M were observed at 20 angles of 25.7°, 28.8°,
36.4°, 37.6°, 49.9°, and 60°, corresponding to the (200), (220), (310), (400), (211), (411), and
(521) crystallographic planes, respectively. lonic liquid interaction with MnO- resulted in the
growth of additional peaks. The peaks were observed in all samples assisted by the ionic liquid,
as depicted in Figure 3.3 (a). The planes correspond to the 14/m space group and the tetragonal
plane of MnO2, with dimensions of a = b = 9.7845 A and ¢ = 2.8630 A. The synthesized
material displayed strong crystallinity, evidenced by prominent peaks at 28.8°, 37.6°, and 60°,
as well as distinct peaks in the material. FTIR spectroscopy was employed to obtain a
comprehensive and precise characterization of the synthesized material, as depicted in Figure

3.2 (b). According to literature sources, the Mn-O vibrations of MnQOs octahedra are

b Mn2p
O1s

A
et \L,Lﬂ,,ﬁj‘\‘ Cis  Mn3g
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—= —A
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Figure 3.3 (a) FTIR spectra of ionic liquid 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (ET), 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (BT), and 1-Butyl-3-methylimidazolium tetrafluoroborate
(BB), (b) XPS survey spectra were collected for pristine a-MnO,, ET-M, BT-M, and BB-M

to identify the elements present.
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responsible for the bands observed at 702, 501, 436, and 417 cm*, which fall within the 400-
800 cm™* range.[?2-301 An absorption band at 1112 cm™ was observed, which was assigned to
the stretching of C-O and C=N.% Figure 3.3 (a) shows the observed peak intensity differences
in ET-M FTIR, which can be attributed to the reaction of IL with Mn-O vibrations, among

other peaks.

The XPS spectra were used to analyze the chemical composition and oxidation state. Figure
3.4 (a) displays survey spectra of the ET-M sample, which exhibit notable peaks corresponding
to C 1s, O 1s, Mn 2p, K 2s, and F 1s. IL addition in the ET-M sample is confirmed by the F 1s
peak, which was not observed in the pure MnO> sample (Figure 3.3 (b)). The high-resolution

narrow area spectra were utilized to analyze the oxidation states of ET-M samples with greater
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Figure 3.4 Elemental study to investigate chemical composition and oxidation states. It
includes (a) survey spectra of ET-M and narrow region high-resolution XPS spectra for (b) Mn

2p and (¢) O 1s.
precision. The Mn 2p peak in both the MnO> and ET-M samples exhibit spin-orbit linked
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components separated by approximately 11.7 eV, in agreement with the results reported in the
literature.[**) The Mn 2ps/> narrow spectra region displayed notable peaks corresponding to the
+4 oxidation state (643 and 653.8 eV), +3 oxidation state (641.9 eV and 652.8 eV), and +2
oxidation state (640.7 eV as shown in Figure 3.4 (b) after deconvolution). The normalized
mole fractions for Mn?", Mn®**, and Mn*" were determined to be 11.7%, 39.1%, and 49.2%,
respectively, through analysis of the fitted peak in Mn 2p, despite the average valence state of
Mn being +3.3. Satellite peaks were identified at 644.8, 648.2, and 655.3.1*%! Figure 3.4 (c)
shows deconvoluted O 1s spectra with three distinct oxygen bonds observed at characteristic
energies 0of 529.4 eV, 531.1 eV, and 532.5 eV, corresponding to Mn—O—-Mn, Mn—O-H, and H—
O-H bonds, respectively.?”! The synthesized samples were analyzed using FESEM pictures
for additional morphological information. The ET-M sample undergoes nanorod crystallization

over time, as depicted in Figure 3.5(a). The exposure of the precursor materials to ILs resulted

Figure 3.5 Morphological analysis of ET-M sample. (a) FESEM images were obtained at low
and (b) high magnifications. (¢) EDS spectra indicate multiple elements in the specimen, while

the inset displays the elemental mapping for Mn and O.
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in the transformation of the structure into nanorods due to nucleation-growth kinetics. Due to
its instability during the reaction, MnO> converts to nanorod form after an initial branching
growth phase.*®) Figure 3.5 (b) displays the homogeneous size distribution of ET-M, which
exhibits a typical nanorod shape. Figure 3.5 (c) displays EDS spectra and mappings indicating
the presence of Mn, O, C, and K, consistent with XPS findings. The exceptional structural and
morphological analyses of the synthesized sample and its high conductivity have sparked

interest in investigating its electrochemical performance.

The electrochemical performance of MnO», BB-M, BT-M, and ET-M electrodes was evaluated
via CV in 1M Na>SOq electrolyte, as depicted in Figure 3.6. The electrochemical performance
of various MnO; samples was evaluated before optimization, (MnO;-400@3h, MnO>-500@3h,
MnO»-600@3h, MnO2-600@4h, and MnO,-600@5h (a-MnO>)) as shown in Figure 3.7.
Figure 3.6 (a) shows that the ET-M sample has a higher specific capacitance than the MnO»,
BB-M, and BT-M samples, as evidenced by its higher current and wider integral area in the
CV curve. Figure 3.6 (b) displays the CV curves for different scan rates of the ET-M sample.
MnO> CV curves display expected pseudocapacitive characteristics. The specific capacitance
of the ET-M was measured at different scan rates, resulting in values of 352, 328, 300, 256,
210, and 154 F g! for scan rates of 5, 10, 20, 50, 100, and 200 mV s™!, respectively.

The values obtained at scan rates of 5, 10, 20, 50, 100, and 200 mV s~ for the tested material
are significantly better than those of pristine MnO> nanowires, with respective values of 263,
235, 184, 140, and 96 F g !. Our material exhibits comparable capacitance to 0-MnO> (289 F
glat0.5A g, MnO,@CNTs/CNTs (149 F g at 0.2 A g"),[*) and GO-MnO, (211 F g'!
at 0.15 A g, as reported in recent literature. Figure 3.6 (c) displays both samples' scan rate
vs. capacitance curve, indicating that the ET-M sample has better retention than MnO,. The
exceptional supercapacitive properties of the ET-M nanorods electrode can be attributed to its
distinct textural shape, crystal structure, and surface area. The enhanced electron transport and
reduced contact resistance at the junction in the ET-M sample can be attributed to the nanorods'

greater surface area and contact points.
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The ET-M nanorods' crystal structure comprises two [MnOeg] chains forming a 2x2 tunnel,
facilitating the intercalation of cations into MnO2. The nanostructure facilitates ion and electron
diffusion over short distances by minimizing diffusion route lengths. This performance

surpasses prior literature findings, as evidenced by Table 3.1.
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Figure 3.6 Electrochemical data analysis of the ET-M sample. (a) Comparison of CV curves
of various samples at a scan rate of 20 mV s, (b) CV plots for the ET-M sample at different
scan rates, and (c) Retention curve of specific capacitance versus scan rate for the ET-M
sample. The CV curves of AC and ET-M were found to be appropriate for ASC assembly
within the potential range of 0-0.8 V and -0.8 to 0.0 V, respectively, in 2E assembly studies.
CV curves were obtained for the 2E ASC device of AC//ET-M using a scan rate of 20 mV s*
in 1M NazSO; electrolyte. The capacitive contribution for ET-M was determined using the

Dunn method. Additionally, CV curves were recorded at various scan voltages.

The ASC conducted a study to explore the practical application of the synthesized material.
The 2E testing was performed using activated carbon (AC) as the counter electrode and a 1M
Na>SO4 aqueous electrolyte. The voltage window of 1.6 V was determined based on the CV
voltage windows of AC and ET-M, as shown in Figure 3.6 (d). The stable voltage range was
determined by analyzing the CV curves between 0.8 V and 1.6 V, as depicted in Figure 3.8.
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Figure 3.6 (e) displays CV plots showing the diverse pseudocapacitive curve shape observed
at different scan rates. Figure 3.6 (f) illustrates that ET-M exhibits a capacitive contribution of
80.9% at 5 mV s!. The significant capacitive contribution value of the material guarantees its
exceptional capacity retention. The ET-M device shows low charge transfer and electrical

resistance, as well as high capacitive-controlled capacitances.

The ASC device demonstrated varying specific capacitance values, ranging from 18.7 to 59.5
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Figure 3.7 Electrochemical performance of the a-MnO> (a) CV plot comparison of a-MnO, at

5mV s and (b) specific capacitance of 0-MnO> at various scan rates for different samples.

F g, at different scan rates of 5 to 100 mV s™'. The superior supercapacitive performance of
the ET-M sample suggests that utilizing ILs-assisted MnO: in both the electrode and electrolyte
can result in a higher capacitive current compared to using pristine MnO.. Dunn's method was
applied to determine electrode kinetic capacitances and charge storage mechanisms using CV
curves at varying scan rates. The capacitance of all CV curves can isolate the processes of

capacitive charge storage and diffusion-controlled insertion.
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Table 3.1 3E performance of MnO> comparison with the previous literature reports.

Electrode Mass Specific Scan Current  Electrolyte Ref.
loading capacitance rate density
(mg.cm?) (F.gh) (mvst)  (Ag?)
Mg-doped 10-15 145 2 - 0.5M [42]
MnO, NaxSO4
MnO 2-3 222 2 - 0.5M [43]
Na2SO4
Graphene- 3 310 2 - 1M Na;SO, 144
MnO;
Graphene- - 320.59 - 0.5 1M Na;SO, [
MnO,
MnO2/PCNT/ 0.5 341.5 2 - 1M KOH [461
MnO;
RGO/MnOx 2 202 1 - 0.5M [47]
Na>SO4
MnO; 2 185 - 0.5 1M Na;SO, 148l
Birnessite - 210 - 0.2 1M NaSO, 14
MnO,
Ko.sMnO2 - 254 - 1 IMKTFSI  Bo
MnO- 0.28 269 - 0.3 1M Na;SO,  BH
ET-M 0.5 352 5 - 1M Our

Na2SOs  work
The mesoporous structure and high specific surface area of ET-M nanorods facilitate the

transportation of hydrated ions in the electrolyte to the working electrode surfaces (Figure 3.9).
Impedance measurements were conducted on the samples to comprehend the charge transfer
mechanism across the electrode-electrolyte interface. The Nyquist plot, displaying the
impedance components (real and imaginary) as a function of frequency, was measured within
the frequency range of 100 kHz to 1 mHz. Please refer to Figure 3.10 for the plot. The
impedance values of the ET-M sample have significantly decreased. The Bode plot in Figure
3.10 (c) for ET-M//AC predicts a short time constant () of 0.1 ms for the ASC device,
indicating a fast ion diffusion process. The reported time constant value is shorter than those
previously reported for graphene oxide (0.35 ms)®? and carbon fiber-MnO; (39.1 ms)&3l,
Figure 3.11 (a) displays the GCD curve of the ET-M device at a current density of 100 mA g .
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Initially, a voltage drop occurred in the discharge curve caused by the internal resistance (R; =
ESR, equivalent series resistance) of the electrodes/active material. The device exhibits a
specific capacitance of 80.24 F g~!, with a retention rate of 61% even after a 20-times increase
in current density (at 2000 mA g), as depicted in Figure 3.11 (b). The performance metrics
exceed the literature values for ASC devices (Table 3.2). Implementing ET-M nanorods can
effectively enhance the electrochemical performance of electrodes by reducing resistance
caused by charge transfer and ionic diffusion through shortened ion diffusion paths.¥

Furthermore, it enhances the electrochemical performance of the electrodes.

1 ET-M//AC

Specific current (A g™')

'4| ' T Y T

T T T T I

SO
0 02 04 06 08 1 12 494 18
Potential (V)

Figure 3.8 Voltage window extension of ET-M in 1M Na;SO4 electrolyte for 2E ASC

device. The optimized window for ASC device is 1.6 V.
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Figure 3.9 Surface area studies for ET-M sample (a) adsorption-desorption isotherms and (b)

pore size distribution per the BJH model.

Aligned nanorods were found to be crucial for integrating SC devices, as no significant
structural or electrochemical changes were observed after a prolonged process. ASC devices
exhibit good real and imaginary capacitance values across various frequencies, as illustrated in
Figure 3.11 (d). The device demonstrated a maximum real capacitance of 24.4 F g at a
frequency of 4.5 mHz, and a maximum imaginary capacitance of 11.6 F g™ at 11.8 mHz. The
cycling stability of the SC was evaluated through the GCD technique at a current density of
5000 mA g'. The device exhibited remarkable stability, maintaining 72% of its initial
capacitance even after 10000 cycles, as depicted in Figure 3.11 (e). The ASC device's energy
and power densities were computed using GCD curves and graphed on the Ragone diagram,
shown in Figure 3.11 (f). The device achieved a maximum energy density of 28.52 Wh kg™ at
a power density of 96.52 W kg !'. The reported values surpass those of symmetric and
asymmetric systems, including graphene/MnO, (6.8 Wh kg' at 62 W kg ') and
MnO>@R//NR-800 (9.2 Wh kg ! at 1283.7 W kg ') 8. For further comparison, refer to Table
3.2.
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Figure 3.10 Nyquist plots for ET-M//AC ASC, the inset shows the zoomed view for clear

identification of semi-circular region, and Randles circuit used for the fitting of EIS data.
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Figure 3.11 2E studies for assembled device (a) Discharge curves of ASC in the potential
window of 0-1.6 V at a current density of 0.1 A g'. (b) cell capacitance retention of ASC vs.
current density plot. AC impedance studies for ET-M, (c) Bode plot, and (d) real and
imaginary capacitance vs. log frequency graph. (e) Cyclic life test of the ASC device. (f)
Ragone plot of AC//ET-M ASC at different applied currents compared to reported SC values
in the literature (a=MnO2@R//NR-8001°%],  b=Fe304/MnO2®¥,  c=MnO,//AG!*",
d=PEDOT//Mn0,""!, e=MnO,//Graphene!"!l.
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Table 3.2 2E data of MnO asymmetric supercapacitor comparison with literature.

Electrode Specific Current | Electrolyte | Energy | Power | Ref.
capacitance | density density | density
(F.gh) (A.g1) (Whkg | (Wkg
D) D)
AC-MnOy/ AC- 83.3 0.5 1M NaOH 9.3 299 [571
MnO-
MnO,@R//NR- 137 0.5 1M NazSOs 9.2 1283.7 | D6l
800
PANI-Grafted 407 0.125 | 1M H,SO4 11.4 875 [58]
MnO;
MnO 455 0.5 1M LiPFs 6.4 372 [59]
MnO,-coated 57.5 1mA | 1M NaSOs | 20.44 1600 [60]
CNT/ZNC
MnO2-CNT/ 68 10 mA 0.1M 4.5 33000 [61]
MnO,-CNT Na,SO4
MnO2//AC 30.8 0.1 1M NaSOs |  17.1 100 511
MnO2/AC 31 0.5 0.1M 17.3 605 [62]
K2SO4
Fes04/MnO2 20 0.22 0.1M 7 820 [63]
K2S0Oq4
AMEGO/MnO; 175 0.25 | 1M NaSOs| 24.3 24500 [641
MnO2/FeOOH 51 0.5 1M Li2SO4 24 450 [65]
MnO2/Bi,03 25.2 15mA | IMNaSOs | 11.3 352.6 [66]
MnO,/Carbon 87.1 1.25 PVA/LICI 27.2 979.7 [67]
fiber
GHCS- 0.2 - 1M Na;SOs | 22.1 100 [68]
MnO,/GHCS
ET-M/AC 80.24 0.1 1M 28.53 96.53 | Our
NazSOa4 work
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3.4 Conclusions

In summary, we have documented the ionothermal synthesis of MnO> nanorods with the aid of
IL, resulting in a straightforward process. Incorporating IL into the primary material enhanced
its conductivity and surface area, improving SC performance. The ET-M electrode achieved a
gravimetric capacity of 352 F g% at a 5-mV s scan rate in a neutral 1M NazSO4 aqueous
electrolyte. The asymmetric SC device demonstrated a high gravimetric energy density of 28.5
Wh kg! at a power density of 96.52 W kg and maintained 72% capacitance after 10000
charge/discharge cycles. The results of this study are anticipated to facilitate the advancement
of eco-friendly ionothermal synthesis methods for producing more sophisticated materials.
These materials will enhance their utilization in SCs and other energy storage and conversion

areas.
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lonic Liquid-Assisted MnO; for Zn-ion
Battery Application

Overview
Aqueous zinc ion batteries (AZIBs) provide a safer and cost-effective energy storage solution by utilizing non-

flammable water-based electrolytes. Although many research efforts are focused on optimizing zinc anode
materials, developing suitable cathode materials is still challenging. In this study, one-dimensional (1D), mixed-
phase MnO; nanorods are synthesized using ionic liquid (IL). Here, the IL acts as a structure-directing agent that
modifies MnO, morphology and introduces mixed phase, as confirmed by morphological, structural, and x-ray
photoelectron spectroscopy (XPS) studies. The MnO; nanorods developed by this method are utilized as a cathode
material for ZIBs application in the coin cell configuration. As expected, Zn//MnQO; nanorods show a significant
increase in their capacity to 347 Wh Kg* at 100 mA g%, which is better than bare MnO; nanowires (207.1 Wh
Kg?) synthesized by the chemical precipitation method. The battery is highly rechargeable and maintains good
retention of 86 % of the initial capacity and 99% coulombic efficiency after 800 cycles at 1000 mA g*. The ex-
situ XPS, XRD, and in-depth electrochemical analysis confirm that MnOs octahedrons experience
insertion/extraction of Zn?* with high reversibility. This study suggests the potential use of MnO; nanorods to

develop high-performance and durable battery electrode materials suitable for large-scale applications.
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4.1 Introduction

With the growing number of applications for batteries, such as renewable energy storage and
electric vehicles, many researchers focus on the development of multivalent metal ion batteries
(for example, divalent magnesium (Mg), zinc (Zn), calcium (Ca), and trivalent aluminum (Al))
for improved battery safety, high energy density, charge-discharge rates, cost-effectiveness,
and good cyclic life.l*? Along with abundant nature and low polarizabilities,®! the two-electron
redox (Zn?*)1! exhibits higher ionic conductivity (1 S cm™ for aqueous electrolytes)®l. Zinc
ion batteries (ZIBs) possess a low redox potential (-0.76 V vs. SHE)!®! compared to other
negative electrodes and are cost-effective. These features make ZIBs viable for grid-scale
applications, offering high specific energy and power. As noted in the literature, ZIBs face
challenges related to cyclability, coulombic efficiency, and limited capacity.[’® Several
cathode materials have been developed for ZIBs, including manganese (a, B, A, v, 8, and
amorphous),®% oxide/sulfides based on vanadium,** molybdenum,*? sodium superionic
conductors (NASICON)!®! type materials, and Prussian blue analogs.*! Zn//MnO; batteries
utilizing aqueous electrolytes are a secure alternative due to the plentiful availability of Zn and
Mn. The formation of oxide and hydroxide byproducts in alkaline solutions leads to suboptimal
cyclability and coulombic efficiency.[*>] Efforts are concentrated on enhancing the stability of
Zn//IMnO2 batteries for commercial viability.*8! Alshareef et al. achieved a high capacity of
232 mAh g through enhanced Zn?* intercalation in the MoS; matrix. The experiments indicate
that the performance is limited due to the intercalation energy barrier for Zn?" .17 Shi et al.
investigated the surface chemistry and geometrical configuration of oxides in Mn-based ZIB
to improve its performance by manipulating its phase.[® The current research trends indicate
that the exploration of innovative synthesis techniques and the utilization of mixed-phase

cathode materials may result in a significant increase in capacity.

On the other hand, ionic liquids (ILs) are innovative and propitious materials providing eco-
friendly and promising green solutions in a broad range of applications. The versatility of
tuning the properties for optimizing their roles in diverse applications attracted the increasing
interest of the scientific community.*%-21 |Ls have been extensively researched as electrolytes
and reaction media for synthesizing active materials in supercapacitors and batteries.[22-24] |-
assisted synthesis using structural and functional direction properties of ILs has been the
promising synthesis route for developing advanced inorganic energy materials.>261 This

synthesis employs room-temperature ionic liquids (RTILs) to facilitate material synthesis at
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ambient temperatures, rendering the process environmentally sustainable and energy-
efficient.7281 |L-assisted synthesis has advantages over conventional hydrothermal and
solvothermal methods, such as lower temperatures, more straightforward operation, and
normal pressure conditions, eliminating potential safety hazards.!?! lonic liquids (ILs) possess
stable properties and high decomposition temperatures, making them preferred over
hydrothermal methods, especially for high-temperature synthesis.* ILs alter the polarity of
the medium, which impacts surface energies and solvating strength, ultimately influencing
material growth.Y This approach offers significant potential for creating new materials,
functionalities, and phases that are unattainable through conventional chemical methods.

We propose using IL-assisted synthesis to create mixed-phase MnO> nanorods for ZIBs, with
IL serving as the solvent and morphology-directing agent. The IL-assisted reaction results in
the formation of a suspension of precursor materials instead of a solution, owing to the limited
solubility of [Emim][TFSI] in ultrapure water. The presence of the IL in the suspension induces
a nucleation and growth mechanism that promotes the formation of nanorods, rather than
nanowires, for pristine a-MnOz (MO). This mechanism serves to minimize the total surface
energy of the material. Using IL improves the surface area, redox Kinetics, phase transition,
and sample morphology. The mixed phase state is optimal for achieving efficient and consistent
electrochemical performance. The aforementioned process can enhance structural stability and
redox Kinetics by significantly increasing the intercalation of Zn?* and pseudocapacitive
behavior. The structural and electrochemical differences of mixed-phase manganese oxide
(MnO, MnOz2, and Mn2O3z) impact the performance of an electrode. The MnOg octahedra in the
stacked MnO: structure exhibit exceptional capability for the intercalation and deintercalation
of metal ions during battery cycling. MnO is a non-stoichiometric oxide with a higher capacity
for metal ion retention compared to MnQ2.1%2 The electrochemical behavior of MnO2 with
mixed phases is contingent upon the relative proportions of the phases. The 3D architecture of
MnO and Mn;Os facilitates rapid ion insertion and extraction, thereby mitigating stress
concentration and improving cycling stability.?? ILMO nanorods exhibit a significant capacity
of 316 mAh g at 0.1 A g in aqueous electrolytes with the assistance of IL. The Zn//MnO2
batteries exhibit a specific energy of 347.6 Wh kg * and enhanced cyclic retention for the ILMO
sample relative to the MO sample when subjected to a low current density of 100 mA g.
Electrochemical tests, ex-situ characterizations, and diffusive capacitive contribution are

utilized to investigate the mechanism underlying high performance.
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4.2 Experimental section

4.2.1 Materials
N-methyl-2-pyrrolidone (NMP), [Emim][TFSI] (purity > 98%), and manganese sulfate

monohydrate (MnSQO4.H20) were procured from Sigma-Aldrich. Potassium permanganate
(KMnOg4, ACS reagent) was procured from Loba Chemie Pvt. Ltd. Ammonium hydroxide
(NH4OH, 28 wt% in water), 1-propanol, methanol (AR grade) and zinc sulfate heptahydrate
(ZnS04.7H20) were obtained from SD fine chem limited. Ultrapure water (18 MQ) was
collected from the ultrapure water system from ELGA LabWater America.
4.2.2 Synthesis of IL-derived MnO; (ILMO)
The IL-assisted process at room temperature was employed to synthesize ILMO samples. A
solution was prepared by dissolving 0.5 M KMnO4 and 0.72 g of [Emim][TFSI] in a 20 mL
aqueous mixture of 1-propanol and ultrapure water (3:1) at room temperature. Subsequently, 2
mL of methanol was introduced as the reducing agent. The pH of the solution was raised to
approximately ~9 by gradually adding 28 wt% NHsOH with moderate stirring. The precipitate
was washed with ultrapure water and ethanol after 12 hours. The powder was amorphous
initially and was crystallized into tetragonal MnO: by calcination at 600°C for 5 hours. The
powders were stored and utilized for diverse materials and electrochemical analyses. Figure
4.1 (a) illustrates the dark-brown color of the ILMO sample following heat treatment.
4.2.3 Synthesis of MnO, (MO) by chemical precipitation method

The MO nanowires were synthesized via a chemical precipitation method for comparison.
A solution of 0.5 M KMnO4 was prepared by dissolving it in 20 mL of ultrapure water and
stirring it for 30 minutes at room temperature. Subsequently, 2 mL of methanol was introduced
as a reducing agent to the aforementioned solution. The solution was stirred for 1 hour and left
to age at room temperature for 12 hours. After the reaction, a blackish-brown precipitate was
obtained and purified by vacuum filtration and repeated washing with ultrapure water and
methanol. The powder was dried at 80 °C using a vacuum method. The powder was subjected
to varying temperatures (400 °C, 500 °C, and 600 °C) and durations (3, 4, and 5 h) to increase
its crystallinity and form MO. The blackish brown-colored powder (Figure 4.1 (b)) obtained

after heating was stored for future use.
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ILMO

Figure 4.1 The initial samples are visually represented through photographs. Figure (a) depicts
the dark-brown color of the bulk ILMO powder, whereas Figure (b) shows the blackish-brown

color of the MO sample.

4.2.4 Electrochemical measurements

Electrochemical analyses, such as CV and EIS, were conducted utilizing the CHI 1150C
device. The Neware battery testing system was utilized to conduct charge-discharge
experiments, galvanostatic intermittent titration technique (GITT), and stability tests. The
material was analyzed for battery applications utilizing a CR2032 coin cell assembled in the
laboratory. The slurry was formulated by combining ILMO (70%), carbon black (20%), and
polyvinylidene fluoride (PVDF) (10%) in a conventional N-methyl-2-pyrrolidone (NMP)
solution. The slurry was applied onto the current collector via the doctor blade method and
dried overnight under vacuum at 110 °C. The current collector, which had been coated,
underwent hot rolling to achieve uniform thickness. Subsequently, it was punched into a 16
mm disc shape using a disc cutter. The coin cell configuration consisted of a cathode with a
coating, a 19 mm Whatman filter paper separator, and an anode composed of a 16 mm zinc foil
(Figure 4.2). The coin cell was assembled under an argon atmosphere. The electrode’s active
mass loading for the battery measurements, named ILMO, ILMO-a, and ILMO-b, were 1.1,
2.5, and 4.6 mg cm?, respectively. Ex-situ XPS analysis was conducted on charged and
discharged electrodes at a current density of 100 mA g*. The pristine electrode was used
without undergoing any cycling process. The electrode underwent ex-situ XRD, FTIR, FESEM
analysis through charging and discharging at varying voltages. Zn and Mn narrow region
spectra were obtained at high resolution and deconvoluted through ThermoFisher Avantage

software.
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Figure 4.2 A representation of the construction methodology for a coin cell component for

battery utilizing zinc foil and ILMO.

4.3 Results and discussion

IL-assisted synthesis was utilized to create an ILMO nanorod as the cathode material for ZIBs.

Figure 4.3 (a) schematically illustrates the synthesis process of the ILMO nanorods. In the

absence of IL addition, the original material undergoes crystallization in the tunneled a-phase
of MnOg, as depicted in Figure 4.3 (b). IL-assisted synthesis promotes the creation of MnO>
nanorods with mixed phases and enhanced energy stability. The XRD data obtained from the
experiment was primarily matched with the tetragonal a-MnO; (ICDD PDF: 00-044-0141),
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Figure 4.3 (a) IL-assisted dense MnO nanorod production schematic. (b) MO sample crystal

structure exhibits a 2x2 tunnel advantage for electrolyte ions intercalation.
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with additional peaks attributed to MnO (ICDD PDF: 01-080-8705) and Mn2O3 (ICDD PDF:
01-089-2809), which provided further evidence of the mixed phase present in ILMO.

Figure 4.4 (a,c) presents the PXRD spectra of MO and ILMO. Diffraction peaks were
observed at 12.5°, 18°, 25.5°, 28.5°, 37.3°, 41.7°, 49.7°, 56.3°, 60°, 65.2°, 69.2° and 72.7°
corresponding to crystallographic planes (110), (200), (220), (310), (211), (301), (411), (600),
(521), (002), (541) and (312). The planes align with the tetragonal plane of a-MnQO2, which
belongs to the 14/m space group. Mn2Oz displays two diffraction peaks at 21.2° and 55.02°,
whereas MnO exhibits three peaks at 29.6°, 30.68°, and 32.8°. Refer to Figure 4.4 (c) for a
detailed comparison. The synthesized sample exhibits excellent crystallinity, as evidenced by
intense peaks at 28°, 37°, and 60°, as well as prominent characteristic peaks.¥! The MnO peaks
confirm the reduction of MnO> and provide additional evidence for the coexistence of multiple
phases in the material. Additionally, the identified peaks correspond to Mn20Os, providing
additional evidence for the MnO; phase transition. The mixed phase of manganese oxide and
nanorod formation is attributed to the IL addition. The mixed-phase state is desirable for
enhancing electrochemical performance due to the presence of defects. A tunnel structure is
advantageous for enhanced electrolyte ion intercalation and is a promising option for battery
utilization. Raman spectroscopy provided a more precise and thorough analysis of the
synthesized material's structural information. The MO adopts a tetragonal body-centered
structure with an 14/m space group, exhibiting characteristic Aq (6), Bg (6), and Eq (3) spectral
bands.**! Figure 4.4 (d,e) displays the Raman spectra of MO and ILMO, revealing three major
peaks at 182, 572, and 633 cm™* and three minor peaks at 274, 382, and 481 cm™. The sample's
modes, which are consistent with existing literature, are all Mn-O vibrations below 1000
cm .1 The MO exhibits two prominent peaks at 572 and 633 cm™ in the high-frequency
range, which are associated with Ag spectroscopic species. These species arise from the
movements of MnOg octahedra within a tetragonal hollandite-type framework.81 Minor peaks
for MO are detected at 279, 379, and 480 cm ™, whereas ILMO exhibits peaks at 274, 382, and
481 cm 1. The peak shift observed in the ILMO sample can be attributed to the Mn mixed phase
state induced by the IL. Similar peak shifting has been observed for mixed-phase vanadium

oxide.’]
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Figure 4.4 (a,b) Powder XRD results to optimize MO through variations in temperature and
heating duration. (c) Compares the PXRD spectra of the ILMO sample with the ICDD files of
a-MnOz, MnO, and Mn20s. Deconvoluted Raman spectra for (d) MO and (e) ILMO showed

metal and oxygen bond vibrational modes.
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Figure 4.5 FESEM images for (a) MO sample showing nanowire morphology, while for (b)
nanorod morphology for ILMO sample at high magnification. (c) HRTEM images for the
ILMO sample showing highly oriented crystallographic planes inside the nanorod at high
magnification. (d) The SAED spot image of ILMO displays different phases using different

colored balls and corresponding

Morphological characteristics were analyzed through FESEM and HRTEM images of the
synthesized samples. The MO sample exhibits nanowire growth, as Figure 4.5 (a) depicts. In
contrast, the IL-modified sample exhibits nanorod morphology attributed to the nucleation-
growth Kkinetics of precursor materials. The inclusion of IL results in energetically unfavorable
and unstable growth conditions for nanowires. A branching growth has facilitated the
development of energetically favorable nanorods,®® as depicted in Figure 4.5 (b).

The synthesized ILMO nanorods underwent HRTEM analysis. The synthesis process is

effectively controlled, as evidenced by the distinct and well-developed individual nanorods.
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The HRTEM image reveals the crystalline plane arrangement in the nanorods at higher
magnification. Figure 4.5 (c) illustrates the (110) and (310) crystal planes present in the ILMO
nanorods, which correspond to the PXRD spectra planes. Figure 4.5 (d) displays high-
resolution bright-field scanning transmission electron microscopy micrographs that represent
an ILMO sample. Selected area electron diffraction (SAED) analysis confirmed that the MnO>
and Mn2O3 phases correspond to the (220) and (440) plane families, respectively, as predicted
by XRD data. The (1-21) plane family corresponds to the MnO phase, according to the ICDD
PDF: 01-080-8705. Figure 4.6 (a,b) displays larger crystallographic planes determined through
FFT and inverse FFT imaging.

Figure 4.6 The ILMO sample's dominant crystallographic planes (1 1 0) and (3 1 0) are
depicted in the enlarged inverse FFT images.
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Figure 4.7 Elemental and surface area study. (a) XPS survey spectra of ILMO inset display

the atomic percentage of different elements. (b) Mn 2p narrow region spectra for ILMO

confirm the various Mn oxidation state peaks. (¢) Comparative O 1s narrow region spectra for

ILMO and MO. (d) Adsorption-desorption isotherms for ILMO, inset shows the pore size

distribution. (¢) The STEM EDS spectra of the ILMO sample indicate a homogeneous

dispersion of manganese and oxygen within the nanorod structure.
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pristine MO sample to identify the chemical states or bonding configurations of the sample's
elements. (c) The adsorption-desorption isotherms and pore size distribution for the MO

sample.
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XPS spectra in Figure 4.7 confirmed additional insights regarding chemical state and
oxidation state identification. Figure 4.7 (a) displays survey spectra indicating the existence of
C 1s, 0 1s, Mn 2p, N 1s, and F 1s peaks in the ILMO sample (see Figure 4.8 (a,b) for MO XPS
investigations) Both samples' high-resolution narrow region spectra were analyzed for Mn 2p
and O 1s oxygen information, as shown in Figures 4.7 (b,c). ILMO exhibits mixed oxidation
content, as indicated by its comparative high-resolution spectra. The O 1s spectra were analyzed
through Gaussian XPS peak fitting. The analysis revealed the presence of lattice oxygen (O1)
and adsorbed oxygen (O2) in ILMO. The amount of adsorbed water molecule (O3z) was lower
than that of O1 and 02.5% The Mn 2p peak in both samples exhibits a spin-orbit coupling
component separation of approximately 11.7 eV, consistent with prior literature findings.! "
The XPS spectrum of ILMO revealed the presence of Mn 2p transitions at 642.1 eV (Mn 2p32)
and 653.8 eV (Mn 2p1.2), with the Mn oxidation state contribution listed in Table 4.1. The Mn
2p3/2 harrow spectra region displays notable peaks corresponding to different oxidation states:
+4 at 642.9 and 654.6 eV, +3 at 641.8 and 653.5 eV, +2 at around 640.6 and 652.3 eV, and
three satellite peaks at 644, 649.2, and 655.7 eV, as shown in Figure 4.7 (b) .[4-46]

Table 4.1 Mn 2p oxidation state contribution for MO and ILMO.

Peak Deconvoluted Species’ At. %
MO

Mn 2p Mn?* 20.3
Mn3* 36.7
Mn** 43

ILMO

Mn 2p Mn?2* 10.8
Mn3* 38.1
Mn*#* 51.1

Surface area analyses were conducted using nitrogen adsorption-desorption isotherms at 77
K for both samples (Autosorb-iQ (Quantachrome)), as shown in Figures 4.7 (d) and Figure 4.8
(c). The ILMO sample demonstrated a higher specific surface area (SSA) of 46.12 m? g*
compared to the pristine MO sample's 28.5 m? g%, This increase in SSA is greater than that of
the recently reported Pt/a-MnO; (20.56 m? g),*l and a-MnO2/R-MnO> (43 m? g%).18 The
isotherm profiles of both materials were similar, but ILMO had a higher adsorbed volume than

MO and exhibited a type-1V isotherm.[*l The presence of mesopores in the sample is
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demonstrated by the pore size distribution shown in the inset of Figures 4.7 (d) and 4.8 (c).
Table 4.2 presents the surface area and porosity analysis in detail. The high surface area and
porosity of the ILMO sample contributed to its improved capacity.’% The elemental
confirmation was conducted through meticulous analysis of both samples' energy dispersive
spectra (EDS), which were recorded at an accelerating potential of 10 kV. Figure 4.7 (e)
presents the STEM EDS overlapped image and the Mn and O mapping. Refer to Figure 4.9 for
MO sample EDS data. The samples' high surface area and nanoporous structure are

advantageous for achieving optimal performance in the context of ZIBs.

Table 4.2 Summary table is presented below, which includes XRD peak position for ILMO,
surface area and pore size distribution for MO and ILMO.

Summary table

XRD
Sample Peak position Plane
ILMO 12.5 (110
18.0 (200)
25.5 (220)
28.5 (310)
37.3 (211)
41.7 (301)
49.7 411)
56.3 (600)
60.2 (521)
65.2 (002
69.7 (541)
72.7 (312
Surface area & pore size
Electrode = Sger = Mget Langmuir t-method Pore Average pore
(m?>  (m?g | surfacearea | external surface | volume diameter
g (m*g) area (cm®g) (nm)
(m?g™)
MO 26.3 @ 285 54.7 28.1 1.66 30.4
ILMO | 434 | 46.1 86.4 46.1 4.2 30.4
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Figure 4.9 (a) EDS spectra indicate the presence of various elements in the MO sample. The

elemental mapping of the MO sample reveals the existence of (b) Mn and (c) O elements within

the material.

The electrodes of both materials were analyzed for their Zn-ion storage performance through
cyclic voltammetry (CV) in an electrolyte of 2 M ZnSO4 + 0.1 M MnSO; at a scan rate of 5
mV s and a voltage range of 0.8 — 1.9 V vs. Zn?*/Zn, as depicted in Figure 4.10 (a). The
analysis of redox peaks observed in the CV curves facilitated the comprehension of the charge
storage kinetics of the ILMO cathode. This includes the solid diffusion or capacitive adsorption
of H* and Zn?*. The electrochemical activity of the ILMO sample surpasses that of the pristine
MO sample, as evidenced by the more significant area encompassed by the CV curve.
Additionally, Figure 4.10 (b) displays the charge-discharge profiles for both substances. The
ILMO exhibits a higher capacity compared to the MO sample due to its superior specific surface
area, pore structure, and increased conductivity. The capacity of ILMO is 1.68 times greater
than that of MO. Figure 4.10 (c) displays the ILMQO's capacity at different current densities,
namely 100, 200, 400, 600, 800, 1000, and 2000 mA g . The specific capacity values were
316, 226.7, 196, 175.8, 147.9, 128, and 107.3 mAh g 1. The values obtained for the current
density of 100, 200, 400, 600, 800, 1000, and 2000 mA g are significantly higher than those
of pristine MO nanowires. These values are 188.3, 141.8, 119, 102.3, 90.4, 81.3, and 63.3 mAh
g%, respectively (Figure 4.10 (d)). The initial capacity of ILMO at 100 mA g™ decreases due
to mechanical stress or volume expansion during ion insertion and the formation of an unstable

solid electrolyte interphase (SEI) layer.
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Our material exhibits superior performance in terms of high capacity compared to recently
reported Zn ion storage systems such as todorokite-MnO (108 mAh g* at 0.3 A g1,

Zn//MnO2 nanofibers (290 mAh g at 90 mAh.g1),® and Zn//MnO- (285 mAh gt at 50 mA g°
1y [53
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Figure 4.10 Comparative electrochemical studies (a) CV curves of the MO and ILMO at 5 mV
s’ (b) Specific capacity plots for both samples at 100 mA g*. (c) Discharge/charge profiles at
different current densities varying from 100 to 2000 mA g for ILMO (d) Rate capability of
MO and ILMO at different current densities. (e) Cycling performance with coulombic
efficiency (CE) for ILMO and MO at 100 mA g*, and (f) Nyquist plots for Zn//MO and

Zn//ILMO samples at 5 mV input signal; the inset shows the enlarged curve profiles.

The device exhibited high stability, with 74% initial capacity retention after 100 cycles and
nearly 99% coulombic efficiency. In comparison, MO only retained ~46% capacity at 100 mA
g, as depicted in Figure 4.10 (). The observed marginal capacity increments during cycling
measurement at 100 mA g? in ILMO may be attributed to either electro activation or
electrochemical rebuilding, which enhance a specific capacity.® The device exhibited capacity
retention of 86% when subjected to long-term cyclability testing at 1000 mA g2, as illustrated

in Figure 4.11.
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Figure 4.11. Zn//ILMO cell's long cycle performance at 1000 mA g .

The ILMO sample exhibited excellent performance, which was corroborated by the EIS
studies showing low impedance values. Figure 4.10 (f) illustrates a noteworthy reduction in
impedance values for the ILMO sample. The Nyquist plot was obtained by measuring the
impedance components (real and imaginary) against frequency in the range of 10 mHz to 100
kHz. The Nyquist plots indicate a lower resistance for the ILMO sample than MO. ILMO
exhibits a charge transfer resistance of 47.3 Q, whereas MO displays a significantly higher Rt
of 649.9 Q. The enhanced conductivity and capacity of the ILMO sample can be attributed to
the reduced Rt compared to MO. The observed phenomenon can be attributed to the mixed
phase in the material, which increases conductivity. Additionally, introducing IL results in a

nanorod morphology that increases contact points and decreases Rt values.
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Table 4.3 Compares the results from Zn//ILMO batteries with the previous literature.

Anode/Cathode | Electrolyte Capacity Cycles/capacity Voltage | Ref.
(mAh g?) retention window
V)
a-MnOy//OLC | 1M  ZnSO, | 168 @ 246 mA | 93% after 100 cycles @ 246 | 1-1.8 (55]
+0.1M gt mA g
MnSO4
Zn//a-MnO; 1M ZnSO4 195 @ C/20 70% after 30 cycles @ C/5 | 0.7-1.9 | [50]
Zn//a-MnO; M 323@16mAg | - 1-1.8 (57]
ZnSO4(PH-4) |
Zn/IV  doped- | 1M ZnSO4 266 @ 66 mA g | 49% after 100 cycles @ 66 | 1.0-1.8 | [58]
MnO, ! mA g*!
Zn//e-MnO; 1M ZnSO4 + | 221 @ 100 mA | 92% after 500 cycles @ 500 | 0.6-1.9 | [59]
1M MnSO; | g* mA g*
Zn//MnO, 2M 290 @90 mA g | ~58% after 20 cycle @ 1.3 | 1-1.8 [60]
ZnS04+0.2M | ! C
MnSQO4
Zn/IMnO; 1M ZnSO, 233 @83 mAg | 63% after 50 cycles @ 83 | 1.0-1.8 | [61]
1 mA g-l
Zn//IMnO, 1M ZnS0O,4 108 @ C/2 - 0.7-2.0 | [62]
Zn//IMnO, 2M ZnS0O4 3135 @ 100 - 0.8-1.8 | [63]
mA g?
Zn/IMnO; 0.1IM MnSO4 | 233@ 30mAQ | - 1.0-1.8 | [64
1
Zn//MnO 2M ZnS0O4 292 @ 100 mA | - 1-1.9 (65]
g—l
Zn//MnO; 4.2M ZnSO, | 265 @ 156 mA | 88.37% after 1200 cycles @ | 0.8-1.9 | [¢6]
+ 0.1M | g? 938 mA g
MnSQO4
Zn//MnO, 2M ZnSO4 + | 214 @ 100 mA | 87.5% over 1000 cycles @ | 0.8-1.8 | 67]
0.5M MnSO;, | g* 100 mA gt
Zn//IMnO, 2M ZnSO4 + | 150 @ 160 mA | - 0.8-1.7 | [e8]
0.1M MnSO, | g*
Zn/ICNT/MnO, | 3M ZnSO4 + | 206 @ 1000 | 86% after 1000th cycle @ | 0.8-1.9 | [69]
0.1IM MnSO4 | mA g* 1000 mA gt
Zn/MnO@NGS | 2M ZnS0O4 + | 2725 @ 100 | 98% after 300 cycles @ 500 | 0.9-1.8 | [70]
0.2M MnSQO4 | mA g* mA g*
Zn//[ILMO 2M ZnSO,4 + | 316 @ 100 mA | 86% over 1000 cycles @ | 0.8-1.9 | This
0.1M MnSO; | g* 1000 mA g* work

The exceptional energy storage performance of the electrode can be attributed to the altered
textural shape, crystal structure, and enhanced surface area of the ILMO. The increased number
of contact points between nanorods decreases material resistance by providing more electron
transport pathways and lower contact resistance at the junction. The crystal structure of ILMO
nanorods comprises two chains of [MnQOe] that form a 2x2 tunnel, facilitating cation
intercalation into a-MnO>. The nanostructure facilitates ion and electron diffusion over short
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distances owing to its reduced diffusion route lengths. This performance exceeds previous

reports, as shown in Table 4.3.
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Figure. 4.12 Ex-situ XPS measurements for ILMO cathode. (a) Zn//ILMO charge-discharge
curve at 100 mA g,(b) Mn 2p spectra for pristine, charged, and discharged ILMO samples
were obtained. A minor change in the Mn 2p spectra indicates the presence of Zn?" in the
cathode material. (c) The Zn 2p narrow area spectra explain the Zn?* insertion while

discharging.

Ex-situ XPS analyses were performed to comprehend the charge/discharge mechanism in
the ILMO sample, as depicted in Figure 4.12 (a-c). Figure 4.12 (b) shows the oxidation state
changes observed in the Mn 2p narrow spectra during cathode material charging and
discharging. During cycling, Mn exhibits +2, +3, and +4 oxidation states in the deconvolution
process. At a charge of 1.5 V and discharge of 1.3 V, the +4 oxidation state is dominant.
However, the +3 oxidation state prevails over other possible oxidation states during the fully

charged or discharged stage, as shown in Table 4.4. During charging, the cathode material
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exhibits all oxidation states with slight variations in binding energy values, elucidating the
lattice modifications resulting from Zn ion intercalation. The Mn spectra shift towards lower
binding energy during discharge and return to their original position upon complete charging.
The results demonstrate Mn valency changes during charging/discharging due to Zn?* ion
intercalation/extraction.[’¥l Figure 4.12 (c) displays the high-resolution Zn 2p narrow region
spectra before testing, charging, and discharging. The absence of Zn content in the electrode
prior to cycling is contrasted by the emergence of discernible Zn peaks during both charging
and discharging, which elucidates the insertion of Zn ions into the cathode material. Upon
discharge, the Zn 2p peak can be resolved into two distinct peaks, corresponding to intercalated
Zn and adsorbed Zn. The intercalated Zn peak was absent during charging, but some Zn was
adsorbed in the material. Ex-situ XPS analysis aids in comprehensively studying the Zn?* ion
insertion between [MnOe] octahedrons, resulting in high capacity for ILMO.

Table 4.4 Ex-situ study of the deconvoluted Mn 2p state contribution peak during charge and

discharge.
Peak Deconvoluted Species’ At. %
Mn 2 10.8
Mn 2p (Pristine) Mn 3* 38.1
Mn 4 51.1
Charge upto 1.5V
Mn 2 9.72
Mn 3* 17.77
Mn 2p (Charged) Mn 4* 72.51
Charge upto 1.9V
Mn 2 8.7
Mn 2p (Charged) Mn 3* 53.9
Mn 4* 37.4
Dicharge upto 1.3V
Mn 2* 12.52
Mn 2p (Discharged) Mn 3* 24.89
Mn 4 62.59
Fully discharged
Mn 2* 18.6
Mn 2p (Discharged) Mn 3* 40.4
Mn 4 41

The reversibility of the H*/Zn?* co-insertion/extraction process was confirmed through ex-situ
XRD and ex-situ SEM analysis of Zn/ILMO cathodes. The electrolyte media initiates the proton
insertion chemistry, as demonstrated by ex situ XRD and SEM measurements of the ILMO
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electrode (Figures 4.13 and 4.14). The phenomenon occurs due to the ability of oxygen species
in the host material to capture protons near the electrode surface through hydrogen bonding,
thereby facilitating the insertion of H*. The absence of a hydrogen-bond-mediated surface in
electrode materials in the absence of an oxygen medium impedes the insertion of H*. The ILMO
electrode underwent charging at 1.31, 1.57, and 1.9 V and subsequent discharge at 1.67, 1.32,
and 0.8 V, respectively, at a current density of 200 mA g for ex-situ XRD analysis (Figure
4.13 (a,b)). XRD data were obtained during various charging and discharging phases. New
crystalline peaks were detected, including ZnMnOs (ICDD PDF: 00-065-0085),
Zn4S04(0OH)6.5H20 (ICDD PDF: 00-039-0688), and MnOOH (ICDD PDF: 01-075-1199), in
addition to the peaks of the original ILMO sample.
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Figure 4.13 Ex-situ XRD study was conducted on Zn//ILMO electrode at different charging
and discharging voltages.
The observed phenomenon could be attributed to the significant Zn?* and H*
insertion/extraction in the ILMO cathode. At 1.31 V charge, peaks resulting from the
deintercalation of H+ from the ILMO host were detected, indicating the dissolution of
Zn4S04(OH)6.5H20 on the surface due to electrolyte reaction. The reversible dissolution and
generation of ZnsSO4(OH)e.5H,O, and the appearance and disappearance of intrinsic
diffraction peaks of ILMO during cycling, demonstrate its remarkable structural stability and
cycle reversibility. Phase changes during charging/discharging in a high-volume electrolyte
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environment result in a weaker diffraction peak signal. The reversible Zn//MnO; chemistry with
ZnS0O4 + MnSQq electrolytes is proposed in the following reactions.

Cathode: 3 Mn?* + 2 ZnsS04.5H,0 - 66" = 3 MnO, + 2 SO4> + 8 Zn** + 16 H,0

Anode: Zn = Zn?** + 2¢°

Nanorod form was preserved in the fully charged cell, but their crystal structure was altered,
with non-stoichiometric Mn (111, 1V) layers now trapping water molecules in the interlayer
spaces. Zinc ions can occupy interlayer vacancies, creating the (ZnxMn;O13+y-5H20) phase.
Figure 4.14 depicts linked nanorods exhibiting multiple interfaces. The SEM images shows
cathode regeneration and the deposition of Zns(OH)eSO4-5H20 during discharge. Manganese
(11) undergoes a disproportionation reaction resulting in the formation of Zn4(OH)eSO4:5H.0
upon increasing the pH of the electrolyte. Despite the persistence of nanorods morphology on
the fully discharged cathode surface, the XRD diffraction peaks are exclusively associated with

ILMO, suggesting that the majority of Mn(lI11) has transformed into Mn(Il) and dissolved into

Figure 4.14 Ex-situ SEM investigation was conducted on (a, b) fully charged and (c, d) fully
discharged cathode at different magnification scales.
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the electrolyte, thereby restoring Zns(OH)sSO4-5H20. We examined the morphologies of Zinc
anodes to assess their stability post-charging and discharging. Figure 4.15 depicts the
development of Zn dendrite outgrowth and nuclei following various cycling tests.

Figure 4.15 SEM photos of (a) fresh Zn anode was obtained, and ex-situ SEM examination
of the Zn anode was performed after (b) 100 and (c) 800 cycles.

The pre-cycling asymmetry of Zn surfaces induces the nucleation process. After 100 cycles,
certain nuclei exhibit dendrites with Zn edges. Corrosion of the Zn foil can affect the
electrochemical performance of Zn-based batteries. Dendrite growth was observed on the Zn
anode after 800 cycles, indicating its effective obstruction of zinc ion flow and dendrite
formation. Additional evidence is present in the ex situ FTIR spectra, as depicted in Figure 4.16.
The spectra indicate that the presence of signals at 1117, 1047, and 475-515 cm™ in
Zn4(OH)sS0O4-5H20 is observed exclusively following the discharge of the electrode to state
H.I"2 The signals become absent upon charging the electrode to state A. Figure 4.17 displays
ILMO mass loadings at different current densities. ILMO electrodes exhibit greater capacity
than MO electrodes. The ILMO electrode exhibited a higher capacity of 316 mAh g* at 100
mA g compared to the ILMO-a electrode (279.3 mAh g* at 100 mA g1) and the ILMO-b
electrode (211.3 mAh gt at 100 mA g™d).

The capacity retention was enhanced as the current density increase to 2000 mA g, which was
20 times higher. The battery's capacity decreases as the active material mass increases due to a
reduction in the electrolyte's ion transport capacity. The surface area available for charge
storage is reduced in thick samples compared to thin samples. High-mass-loaded batteries
exhibited improved capacity retention at higher current densities despite a slight decrease in
performance. Increased current density mitigates mass loading effects by promoting greater ion
flow through the electrolyte.
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Figure 4.16 Ex-situ FTIR measurement of the ILMO cathode was performed at various

voltages.
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Figure 4.17 Rate capabilities of ILMO, ILMO-a, and ILMO-b at varying current densities,
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given their respective mass loadings of 1.1 mg cm, 2.5 mg cm, and 4.6 mg cm.
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Figure. 4.18 (a) The Zn//ILMO system underwent initial CV cycles at 0.2 mV s? (b) CV
obtained at various scan rates. (c) Linear correlation between log(v) and log(i) for peak 1 to
peak 4 at varying potentials. (d) Zn//ILMO capacity contribution at 5 mV s () Initial 4 cycle
GCD profiles at 100 mA g* (f) Zn** and H* storage contributions to capacity at varied current

densities.

The electrode kinetics were analyzed by conducting multiple CV curves at different scan
rates, as depicted in Figures 4.18 (a,b). Figure 4.18 (a) displays the CV curves for the first 6
cycles of ILMO, obtained at a scan rate of 0.2 mV s within the potential range of 0.8 to 1.9 V.
The overlapping of CV curves in the cathodic/anodic scans indicates a high degree of
reversibility in the ILMO cathode. The cyclic voltammetry curves of the ILMO cathode exhibit
two pairs of redox peaks at 1.23/1.55 V and 1.37/1.61 V, which are indicative of the various
cycles associated with ILMO cathodes. Figure 4.18 (b) illustrates the peak currents of the ILMO
electrode at varying scan rates. The relationship between peak current (i) and scan rate (v) can
be expressed as log i = log a + b. logv, where a and b are variable parameters. The value of b
varies based on the charge storage behavior. b value of 0.5 suggests that charge storage is

mainly governed by a solid-state ion diffusion mechanism.!"!
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The ILMO cathode's b values at four redox peaks are 0.44 (peak 1), 0.45 (peak 2), 0.32 (peak
3), and 0.52 (peak 4), as shown in Figure 4.18 (c). These values indicate that the cathode's
charge storage behavior is associated with diffusion-controlled processes. Increasing the scan
rate from 0.2 to 2 mV st increases the capacitive contribution to the overall capacity of ILMO.
The CV current "i" for the ILMO is contributed by both the capacitive-controlled effect (ki.v)
and the diffusion-controlled effect (k2.v"2). Figure 4.18 (d) indicates that at a higher scan rate
of 5 mV s, the pseudocapacitive contribution accounts for 81.8% of the total capacity. The
electrochemical reaction Kinetics related to the two-stage discharge plateaus were investigated
to gain an understanding of the contribution of Zn?* and H* insertion performance, as depicted
in Figure 4.18 (e). Galvanostatic discharge/charge patterns exhibit a turning point at 1.32 V
discharge voltage during the initial cycle, when conducted at 100 mA g*. Figure 4.18 (f) shows
the plotted capacity based on the calculated contribution of Zn?* and H* storage capacity, with
reference to the turning point. The decline in Zn?* storage capacity ratio is directly proportional
to the rise in current density, owing to the comparatively sluggish diffusion rate of Zn?* ions
compared to H* ions. The combined effect of capacitive and insertion mechanisms involving
Zn?* and H* ions determines the overall capacity.

Furthermore, the GITT was employed to elucidate the ion transport kinetics and diffusion
coefficients. Intermittent voltage spikes occur during discharge, as shown in Figure 4.19 (a).
Region | exhibits lower overvoltage (71.5 mV) compared to Region 11 (286 mV), which can be
attributed to the different diffusion rates. The abrupt voltage rise observed during a GITT
measurement can be attributed to the combined effects of the electrolyte's ohmic and charge-
transfer resistances. The resting voltage increase is attributed to ion diffusion. The combination
of high voltage jumps and slow zinc ionic diffusion causes the overvoltage in region Il. Figure
4.19 (b) illustrates that the ionic diffusion coefficients for Zn/ILMO (104-101° cm? st) are
higher than previously documented manganese-based electrodes.’1 The H* diffusion
coefficient in region | (102-10"° cm? s%) exceeds the Zn?* diffusion coefficient in region II
(1041012 cm? s1), indicating a faster diffusion rate for H* ions compared to Zn?* ions. The
study indicates that the nanorod structure produced by MnO: overgrowth through IL yields
numerous activation sites, leading to improved electrochemical reactions, reduced ionic

diffusion channels, and faster charge transfer and ionic diffusions.
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Figure. 4.19 (a) GITT discharge profiles of the Zn//ILMO cell at 100 mA g (b) Zn//ILMO's
computed diffusion coefficient of ions during discharge, (c) Rate capability comparison from
earlier studies, and (d) Ragone plot comparing Zn/ILMO cell with other cathode materials
reported for aqueous ZIBs.

Our material's performance was compared to previous reports®75-821 for Zn//MnQ, as depicted
in Figure 4.19 (c). The cathode prepared in this study demonstrates good rate capabilities
compared to previous research, potentially attributed to a network structure that facilitates
enhanced electrolyte penetration and ion diffusion. Furthermore, we compared SE and SP
values across the Ragone plot, as depicted in Figure 4.19 (d). The ILMO cathode demonstrated
a significant specific energy (SE) ranging from 118 to 347.6 Wh kg at various specific power
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(SP) levels ranging from 109.7 to 1743.5 W kg. These values are notable compared to other

cathode materials for aqueous ZIBs (see Table 4.5 for a comprehensive comparison).

Table 4.5 This study compares the specific capacity, voltage window, and specific energy

values of MnO: as the active material for ZIB with previously reported.

Materials Specific capacity = Voltage (V) @ Specific energy | Ref.
(mAh g*) (Wh kg)
a-MnO:2 nanofibers 285 0.9 210 (83)
a-MnO2 210 0.9 189 (84]
a-MnO2 306 1.05 290.7 (8]
B-MnO: 258 1.1 283.8 (86]
B-MnO: 270 0.8 216 (87]
Y-MnO: 285 0.8 228 (8]
8-MnO: 252 0.8 201.6 (89]
Akhtenskite-type 290 0.8 232 (60]
MnO:2
Mn3O4 239.2 11 263.12 (50]
ZnMn20s4 150 1.1 165 (1]
This work 316 1.1 347.6 This work
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4.4 Conclusions

IL-assisted synthesis for MnO2 has resulted in enhanced surface area, redox kinetics, mixed
phase, and controlled surface morphology compared to conventional synthesis methods. Our
method for synthesizing mixed-phase MnO: is straightforward and does not require complex
post-treatment procedures. The reversible insertion and extraction of Zn?* are enhanced by the
presence of a mixed phase in the MnO: lattice, which reduces the charge transfer resistance.
We compare the effectiveness of MnO, nanorods and MnO> nanowires, which were produced
using the conventional chemical precipitation method, for use in Zn-ion batteries. Using low-
cost cathodes and anodes, along with aqueous electrolytes, can have high specific energy (~347
Wh kg?) and good cycle life (~86% retention after 800 cycles). This makes it feasible to expand
the application of these batteries for grid storage purposes. The results of this study are
anticipated to facilitate the advancement of environmentally sustainable IL-assisted synthesis

methods for producing more sophisticated binary metal oxides suitable for battery applications.
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Summary and Conclusions

Overview

In this chapter, we shall concisely outline the findings of the current dissertation. We shall provide a concise
summary of the outcomes achieved by altering preparative parameters, conducting material characterizations, and
evaluating their corresponding electrochemical performance. Moreover, this chapter's conclusion section shall
explore the present study's importance in tackling the hurdles associated with energy storage. Although we
recognize that the devices developed in this research are at the laboratory scale, we firmly believe that the
discoveries made in this study hold substantial significance and shall serve as a valuable point of reference for

future inquiries.
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5.1 Summary

This study aimed to enhance the performance of manganese oxide (MnQO) for use in ESD,
specifically supercapacitors (SCs) and zinc-ion batteries (ZIBs). The synthesis utilized an ionic
liquid (IL) precursor and optimization techniques to improve the material's performance. The
report presents a summary of the study's main findings and accomplishments. MnO> was
synthesized using an IL precursor. The distinctive attributes of the IL enabled the production
of MnO, with improved features suitable for energy storage purposes. The synthesis process
was optimized to ensure reproducibility and consistency. Various ILs were studied as
precursors to improve the characteristics of MnO.. The ideal IL for synthesizing MnO> was
determined via methodical experimentation and comparative analysis. The optimization
process yielded MnO> with enhanced electrochemical performance and stability. The impact of
heating temperature and duration on MnO; synthesis was comprehensively investigated in
conjunction with the selection of IL. The researchers fine-tuned the material's properties, such
as crystallinity and particle size, by varying these parameters. The optimization process
resulted in MnO> samples exhibiting enhanced structural and morphological features. The
MnO> samples were characterized to comprehend their structural and morphological traits.
XRD, FESEM, and HRTEM were utilized for crystal structure, particle size, and surface
morphology analysis. The characterization findings yielded significant insights into the
material's composition and verified the successful synthesis of MnO». The electrochemical
properties of MnO:, were assessed via advanced methods, including CV and GCD
measurements. The electrochemical workstation instrument and potentiostat were utilized for
precise and dependable electrochemical measurements. The electrochemical analysis provided
insight into essential parameters for energy storage applications, including MnO>'s capacitance,
energy density, cycling stability, and rate capability. A summary table was created to present
the performance metrics and significant findings of MnO: in its applications for SCs and ZIBs.
Table 5.1 presented data on capacitance, energy density, cycling stability, rate capability, and
other pertinent parameters. The table is a helpful reference for future research and offers a
comprehensive summary of MnQOy's energy storage capabilities. An ex-situ study was
conducted to investigate the suitability of MnO> for ZIBs. The MnO: samples were
characterized pre- and post-cycling in a ZIB configuration. The ex-situ analysis facilitated a

comprehensive investigation of the material's stability, structural modifications, and
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electrochemical performance during battery operation. The study yielded insights into the

enduring performance and durability of MnO: as an electrode material in ZIBs.

Table 5.1 Provides an overview of the electrochemical properties exhibited by synthesized

materials.
S.N. Sample Capacitance (F g)/ Scan Electrolyte Capacity Cyclic
code Capacity (mAh g'!) rate/ retention stability
current
density
Supercapacitor
1 MnO»- 184 5mV st IM NaSOq4 34.6 @ 100 -
400@3h mV s’!
2 MnO»- 195 5mV st IM NaxSOq4 28.6 @ 100 -
500@3h mV s’!
3 MnO»- 227 5mV st IM NaxSOq4 51.4 @ 100 -
600@3h mV s!
4 MnO»- 240 5mVs’! IM Na,SO4 47.8 @ 100 -
600@4h mV s!
5 MnO»- 263 5mVs’! IM Na,SOy4 53.2 @ 100 -
600@5h mV s!
6 ET-M 352 5mVs’! IM Na,SO4 59.6 @ 100 -
mV s’!
7 BT-M 177 5mV st IM Na,SOy4 24 @100 mV -
gl
8 BB-M 159 5mV st IM Na,SO4 51.8 @100 -
mV s’!
9 AC 317 5mV st IM Na,SO4 52.3@ 100 -
mV s’!
10 | ET-M//AC 80.2 0.1 IM Na,SO4 6l @2Ag! 72% @
10000 cycle
Zinc-ion Battery
11 MO 188.3 100 mA 2M ZnSO4 + 0.1 33.6 @2A 46%
g! M MnSO4 g!
12 ILMO 316 100 mA 2M ZnSO4 + 0.1 339@2A 74%
g! M MnSO4 g!
13 ILMO-a 279.3 100 mA 2M ZnSO4 + 0.1 384@2A -
g! M MnSO4 g!
14 ILMO-b 211.3 100 mA 2M ZnSO4 + 0.1 441 @2 A -
g! M MnSO4 g!

5.2 Conclusions

MnO; has the potential for use in ZIBs and SCs. Its favorable electrochemical properties
facilitate efficient zinc ion intercalation and deintercalation during charge-discharge cycles.
The material exhibits stability and electrochemical reactivity, rendering it a promising

contender for future ZIB technology developments.
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In summary, the use of IL-assisted synthesis of MnO; exhibits considerable potential for energy

storage purposes. This study emphasizes the significance of optimizing MnO: for improved
performance in SCs and ZIBs through the surface area, controlled morphology, crystalline
structure, electrochemical reactivity, and stability. The method used to synthesize MnO> results
in a material with desirable properties such as high SSA, controlled morphology, excellent
electrochemical reactivity, and long-term stability. As a result, MnO; is a valuable material for
energy storage applications. Additional research and development in this area may result in the
feasible deployment of ESD based on MnQO,, promoting sustainable and effective energy

storage systems. Here are some conclusion points for this dissertation.

= Qur synthesis approach is straightforward; the developed material has optimized phase and

conductivity and can be mass-produced for commercial applications.

= Compared to traditional synthesis routes, ionothermal synthesis of materials has the

advantages of improved surface area, fast redox kinetics, and tuned surface morphology.

= These materials represent the advantages of good stability, controlled phase and

conductivity for improved electrochemical performance for ESD.
= We have reported the lonothermal synthesis for the development of MnO> nanorods.

* In IM NaSO4 aqueous electrolyte, the ET-M electrode has delivered an ultrahigh
gravimetric capacity of 352 F g'ata S mV s,

» ASC device shows high specific energy 28 Wh kg™ and 72% capacity retention up to 10000

cycles.
* ILMO shows a high specific capacity of 316 mAh g! for ZIB and good cyclic retention.

= The SE of Zn|[MnO: nanorods is higher than that of bare MnO> nanowires synthesized by
the chemical precipitation method, with a value of 347 Wh Kg' at 0.1 A g\,

»  GITT analysis shows diffusion of Zn?* and H" in during discharging the electrode.

This study effectively synthesized and enhanced MnO: by utilizing an IL precursor. MnO>
samples were successfully enhanced for energy storage applications through meticulous
synthesis optimization, characterization, and electrochemical investigations. This study's

results show the potential of strengthening SCs and ZIBs' performance, stability, and efficiency.
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5.3 Outlook

This report examines the potential of IL-assisted metal oxides for energy storage applications.
The subsequent sections identify binding domains for future investigation based on current
research trends and favorable outcomes. This report primarily discusses IL-assisted synthesis
for manganese oxide (MnO>), which can also be useful for other metal oxides. Researchers can
utilize IL precursors to synthesize metal oxides like NiO, CoO, and Fe>Os. Investigating the
electrochemical characteristics, durability, and efficacy of metal oxides produced using ILs will
expand the selection of materials suitable for energy storage. Optimizing the synthesis
parameters is essential for maximizing the performance of IL-assisted metal oxides. Research
can investigate the use of various ILs, altering their concentrations, ratios, and combinations to

improve the properties and performance of ESD.

Furthermore, exploring different synthesis parameters, such as reaction time, temperature, and
precursor compositions, can enhance the electrochemical properties and structural properties
of the materials. Hybrid and composite materials, formed by incorporating IL-assisted metal
oxides with conductive polymers, carbon-based materials, or metal nanoparticles, offer a
promising area for further investigation. Investigating hybrid and composite materials can
result in synergistic outcomes, better kinetics of charge transfer, increased stability, and greater
capacities for energy storage. The performance of mixed materials can be improved by
designing and engineering new architectures, such as nanocomposites, core-shell structures,
and hierarchical morphologies. Comprehensive characterization techniques are crucial for
comprehending metal oxides' structural, morphological, and electrochemical features assisted
by ILs. Advanced techniques, including in situ and operando analysis, atomic-resolution
electron microscopy, spectroscopic methods, and surface-sensitive techniques, can provide
researchers with a more comprehensive understanding of materials' behavior during energy
storage. Advanced characterization techniques facilitate a complete understanding of the
fundamental mechanisms that govern the electrochemical performance of metal oxides. This
report discusses the potential applications of IL-assisted metal oxides beyond SCs and batteries
in diverse energy storage systems. Subsequent studies may investigate the incorporation of
these substances into alternative energy storage mechanisms such as fuel cells, electrochemical
sensors, photovoltaics, and hybrid energy storage devices. Examining these materials'
compatibility, performance, and stability across various energy storage systems will reveal

novel prospects for their application. Efforts should focus on scaling up the synthesis process
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and optimizing production techniques to implement IL-assisted metal oxides in energy storage

devices practically. Cost-effective and scalable methods that preserve desired properties and
performance are essential for successful commercialization. Collaboration among academia,
industry, and policymakers will aid in translating these materials from the lab to large-scale
manufacturing and commercialization. Environmental and safety considerations are crucial
when dealing with any developing technology. Further research is needed to investigate the
environmental impact, recyclability, and safety considerations related to producing, using, and
disposing of metal oxides assisted by ILs. The widespread adoption of sustainable and

environmentally friendly approaches requires the safe handling and operation of materials.

The utilization of liquid-assisted metal oxides shows potential for enhancing energy storage
capabilities. Future research should investigate various metal oxides, optimize synthesis
parameters, explore hybrid and composite materials, utilize advanced characterization
techniques, integrate into diverse energy storage systems, address scalability and
commercialization challenges, and consider environmental and safety aspects. Enhancing our
comprehension of these materials can aid in creating dependable and eco-friendly energy

storage technologies, facilitating the shift towards a more sustainable future.
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