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Introduction

“A battery is a promise of power waiting to be unleashed.”

~-J. B. Goodenough
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1. Introduction

1.1 Current status of the global energy infrastructure

The continuous rise of greenhouse gases in the atmosphere escalates the threat of climate
change with severe impact on the people, global economy and nature [1,2]. The United
Nations has laid down several concerted efforts and consultations to mitigate the growing
energy crisis. It primarily focuses on the control of carbon footprints in the environment
by significantly reducing the use of fossil fuel [3-6]. Several discussions (e.g. COP21 as a
result of which Paris agreement was formed) had resulted in consensus on carbon neutral
economy and on a shift from fossil fuel-based energy to more sustainable renewable
energy [4,5]. Moreover, our world is also facing energy related crisis due to various on-
going global geopolitical events [7-9]. These events severely disrupt the energy supply
chains which is causing continuous rise in the crude oil prices. As one of the prime drivers
of the world economy, high energy cost severely affects the livelihoods of millions of
people [9]. Moreover, the world economy is now far more interconnected than it was 50
years ago, amplifying the crisis's impact. This interconnection makes this energy crisis a
truly global one. The post-pandemic era has seen even an increased impact of energy
shortages [10]. Hence, the world community is inclined to renewable energy sources.
According to statistics, the current energy production is 14 TW which, must be doubled
by 2050 to meet the goal of zero-carbon emission economy [11-14]. The primary obstacle
on the way to success is that it must be accomplished without sacrificing the objective of
zero carbon emissions. That is why the global imperative now is to provide platform for

sustainable energy development complemented by advanced energy storage technologies.
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Figure 1.1 Schematic of current global energy usage [reproduced from data in ref 10-15].
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1.2 Integration of renewable energy into the grid

Renewable energy can be of different forms such as wind, solar, tidal, biomass, geothermal
etc. These resources are contributing hugely in the sustainable global development
initiatives and to reduce dependence on fossil fuel-based energy resource [15-17]. There
is continuous rise in the production of energy from renewable sources. But the main
challenge associated with these sources are their intermittent, variable and dispersed
nature. A rapid fluctuation in the energy generation can be witnessed with these resources
which could result in the inability to deliver energy in a continuous manner [16]. The need
for energy storage systems is paramount here to sustain the on-demand utilization of the
energy [17]. In the current scenario, the electricity supply based on the centralized grid-
based electricity delivery system is becoming the backbone of these supply chain although
the access to these facilities is limited to certain geographical locations [18,19]. The
unpredictability in the regional, seasonal, and weather patterns makes it even more
challenging to precisely assess or even define resource adequacy. Studies predict that the
current grid infrastructure can sustain only a minimal percentage of energy produced
worldwide which is certainly inadequate to cope up with the global need [20-22]. Also,
the immobility of these energy resources and the rapidly changing load patterns add extra
pressure in the existing world grid infrastructure. Nonetheless, decentralized off-grid
supplies are becoming feasible choice for areas without access to the grid. Grid facility
with secured storage capacity could possibly mitigate these pressing global challenges of
storing the enormous energy produced from these renewable resources [23]. Therefore,
integration of energy storage devices into the current grid infrastructure is becoming
indispensable in order to assist and stabilize the grid. With this integration, grid operators
may better control supply and demand variations, reduce grid instability, and improve
dependability [24,25]. The large-scale battery storage systems also help to create a more
resilient energy network by supporting the shift to decentralized energy systems like

microgrids and offering backup power during blackouts.
1.3 Energy storage — A global solution to restore grid infrastructure

The primary incentive of energy storage deals with the transformation of one form of
energy into another type at an efficient and reliable manner. By storing excess energy
during times of low demand and releasing it during peak consumption, energy storage

systems ensure a steady and reliable power supply. In addition to stabilizing the grid and
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facilitating the integration of renewable energy, energy storage also plays a key role in
providing backup power during outages and reducing overall energy costs [26]. Despite
its importance, challenges remain which include the high cost of certain storage systems
and the need for efficient, large-scale solutions [27]. In terms of large-scale production,
the storage systems available can be classified into four main categories: mechanical,
chemical, electrical and -electrochemical. These energy storage systems include
technologies like flywheels, pumped-storage hydroelectricity (or pumped hydro, PHSs),
and compressed air energy storage (CAES). The rechargeable or secondary battery
technologies belong to the electrochemical energy storage system [28-31]. In the current
scenario, among all the storage technologies around the world, the pumped hydroelectric
systems (PHSs) are mostly utilized to store the output power storage capacity [30,31].
Studies reveal that 99% of the 127000 MW of discharged power output worldwide is
procured from these PHSs [22,33]. Although PHSs are the most matured technology
available for now, electrochemical energy storage (EES) technologies are also drawing
lots of interest due to some desirable aspects including low maintenance, extended cycle
life, adjustable power and energy characteristics, high round-trip efficiency, and pollution-

free operation [34].
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Figure 1.2 Schematic of current global energy infrastructure [reproduced from the data in

ref. 28-33].
1.4 Electrochemical energy storage systems

Electrochemical energy storage systems such as batteries and supercapacitors rely on the
process of storing electrochemical energy through reversible electrochemical reactions.

These systems store and release energy by facilitating ion movement between two
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electrodes through an electrolyte during subsequent charging and discharging cycles [35-
37]. Basically, the electrochemical reaction that occurs at the electrodes defies the
performance characteristics of the storage device, which is measured in terms of capacity,
voltage, and cycle life. Electrochemical storage systems are widely used across various
applications, from portable electronics to electric vehicles and grid-scale energy storage,
due to their ability to store and release large amounts of energy efficiently. There exist
various electrochemical energy-storage technologies, including batteries, redox flow
batteries, electrochemical supercapacitors, and fuel cells which are differed in their energy
storage methods [38,39]. Batteries store energy via electron transfer reactions, changing
the oxidation states of reactants as electrons move between the anode and cathode. Redox
flow batteries operate similarly, but the redox-active species circulate in liquid electrolytes,
allowing for scalable energy storage. Supercapacitors store energy through capacitive
charging, where energy accumulates at the interface between the electrode and electrolyte,
offering rapid charge/discharge cycles but lower energy density. Fuel cells generate
electricity through a continuous chemical reaction between external reactants (such as
hydrogen and oxygen) without storing energy, producing electricity, water, and heat as
byproducts. While batteries, redox flow batteries, and supercapacitors function as closed

systems, fuel cells rely on a constant supply of fuel to operate [40-43].
1.5 Batteries

Batteries are devices that store chemical energy and convert it into electrical energy
through electrochemical reactions. At the core of a battery are two electrodes: the anode
(negative terminal) and the cathode (positive terminal), which are separated by an
electrolyte that facilitates the movement of charged particles (ions) between them. When
a battery is in use, electrons flow from the anode to the cathode through an external circuit,
providing electrical power. The electrolyte helps to maintain the balance of charge by
allowing ions to move between the two electrodes [44,45]. Different types of batteries use
various chemical reactions and materials; for instance, lithium-ion batteries, commonly
used in smartphones and electric vehicles, use lithium containing salts as their electrolyte
and materials which can host Li" ions as electrodes. Other batteries, like lead-acid ones
found in cars, rely on lead and sulfuric acid [46,47]. Battery capacity, often measured in
milliampere-hours (mAh) or ampere-hours (Ah), determines how much energy a battery
can store and how long it can power a device. The most widely utilized electrochemical

devices in the present-day scenario are lead-acid, lithium-ion, nickel-cadmium, and other
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flow batteries [48,49]. Among all these, lithium-ion batteries (LIBs) are considered to be
the most advanced and well-developed electrochemical energy storage technology. At
present, considering the extraordinary benefits of LIBs like high energy and power density,
long cyclability with low self-discharge, they are employed extensively in various sectors.
Over the past decades the transport and the portable device sector have seen revolutionary
growth due to the fast advent of LIBs into the market. The global EV market has seen an
upward push in last five years by virtue of the tremendous incorporation of LIBs into these

set ups [50-52].
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Figure 1.3 Schematic of Lithium-ion battery-based storage utilities.
1.5.1 Lithium-ion batteries (LIBs)

In the year 1970, the pioneering work of Stanley Whittingham, an English chemist
basically kicks started the innovation in the world of batteries [53,54]. With the idea of
constructing a Li ion-based battery, he used metallic lithium as the negative electrode and
a chalcogenide based positive electrode TiS, to execute the first demonstration of a
reversible battery. The two electrodes were separated by a porous separator soaked in an
aprotic organic liquid electrolyte, typically containing a lithium-based salt. This kind of
setup enabled reversible intercalation and deintercalation of lithium ions (Li*) between the
lithium metal and the chalcogenide materials. By utilizing lithium's special qualities such
as a low molar mass (6.94 g-mol'), a low redox potential (Li*/Li =-3.04 V against
Standard Hydrogen Electrode (SHE)), and an extraordinarily high theoretical capacity of
3862 mAh-g', Whittingham proposed a groundbreaking idea [53]. These kinds of

extraordinary results sparked commercial interest in lithium-based batteries, and Exxon
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and Moli Energy made an effort to commercialize these batteries. Even though early
commercialization attempts showed the batteries' promise, there were serious safety
issues, especially with the development of dendrites on the lithium metal during charging,
which increased the risk of combustion and short circuiting. These shortcomings led to the
halt of the expansion of the battery [55]. Ten years later in the 1980s, John Goodenough
and his team transformed battery technology by introducing LiCoO: (LCO) as the positive
electrode, which had a high redox potential of 3.7-3.9 V vs Li*/Li. This allowed for non-
lithiated materials to be used as the negative electrode [56]. Akira Yoshino further
advanced this by using petroleum coke as the negative electrode in a Li-ion battery with
LCO, leading to the first commercial Li-ion battery from Sony in 1991 [55, 57,58]. Their
groundbreaking work earned Whittingham, Goodenough and Yoshino the Nobel Prize in
Chemistry in 2019. Li-ion batteries, now dominated by graphite (0—0.25 V vs Li*/Li),
became commercially viable after the discovery of the solid electrolyte interphase (SEI),
which ensures stable and reversible cycling [59,60]. Today, lithium-based metal oxides
like nickel manganese cobalt and lithium iron phosphates are common positive electrodes,
powering everything from electric vehicles to portable electronics, with energy densities
up to 220 Wh.kg ' double that of nickel metal hydrate batteries [61,62]. In terms of market
demand, in 2024 the global need of LIBs has crossed 1 terawatt hour per year [63,64].

1.5.2 Design and operational principle of Lithium-ion batteries (LIBs)

LIBs are basically a type of rechargeable battery which duly use Li ion as the primary
charge carrier which intercalate reversibly in the electronically conducting host electrode
material in order to generate and store electrochemical energy [65]. Being the lightest
among all the existing metals, lithium produced largest specific energy density per weight.
Also, the meteoric rise of LIBs since 1981 via rigorous breakthroughs leads to the
significant enhancement of the volumetric energy and long cycling life stability. A typical
LIBs comprise of graphite as negative electrode, a metal oxide or phosphate as cathode
and a lithium salt in an organic electrolyte as electrolyte [66-68]. To prevent short
circuiting of the electrodes, a separator is used. Both the electrodes are linked to the power
circuit via two metal components known as current collectors. While operating, the
electrodes swap their roles in order to facilitate subsequent charging and discharging. The
positive electrode may consist of LiCoO; or LiFePO4, whereas the negative electrode is
usually graphite (with added silicon for increased capacity). Lithium hexafluorophosphate

dissolved in organic carbonates serves as the electrolyte. During discharge, the anode
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(negative electrode) undergoes oxidation, releasing lithium ions and electrons, while the
cathode (positive electrode) undergoes reduction. Electrons flow through the external
circuit and lithium ions move through the electrolyte. This process is reversed during
charging, when the cell must store chemical energy using external electrical energy. As
the lithium ions moves back and forth via the electrodes during the energy generation

process, these LIBs are also known as rocking chair or swing batteries [69,70].
1.5.3 Concerns associated with LIBs

In order to sustain with the present demand, batteries have to go past various factors like
cost effectiveness, durability and most importantly safety. Despite their domination and
the widespread use in powering everything from smartphones and laptops to electric
vehicles (EVs) and renewable energy storage, LIBs are still far from being flawless and
present a range of challenges across safety, performance, environmental, and resource
sustainability [71]. The first and foremost limitation of LIBs is their thermal instability.
The malfunctioning of any one internal component of the LIB cell leads to failure of these
batteries leading to generation of heat. For example, if the separator gets dismantled due
to some unwanted reason, the cell will undergo uncontrolled chemical reaction resulting
in profound heat generation [72]. In normal conditions also, LIBs generate significant
amount of heat as a result of the joule heat and the chemical energy generated. These
energies are produced due to shuffling of Li" ions during each charge discharge cycle [73].
Other external factors such as overcharging can destabilize the battery's internal chemistry
or short circuits, that lead to rapid discharge and excessive heat. These factors fuel the
thermal mis-management of the LIB battery operation leading to uncontrolled heat
buildup, potentially resulting in fires or explosions [74]. While modern devices include
protections against these events, such as built-in charging circuits and thermal sensors,
malfunctioning or improperly designed batteries may still pose significant risks. Moreover,
the limited lifespan of LIBs, typically lasting only for 300 — 500 full charge/ discharge
cycles before their energy storage capacity begins to degrade. The most annoying thing is
that due to the undergoing internal chemical reactions, the degradation is bound to happen
even if the battery is not in use [75-77]. In addition to these, the temperature sensitiveness
upon exposure to fluctuating environmental conditions cause internal electrolyte to break
down that reduce efficiency and overall capacity [78]. Another pressing concern is the
environmental impacts of lithium-ion batteries. The extraction of key raw materials like

lithium, cobalt, and nickel can have severe detrimental effects in the environment, from
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habitat destruction and water contamination to human rights violations [79,80]. The
demand for these materials, mediated by the rapidly growing electric vehicle market and
consumer electronics, is putting pressure on supply chains, which also lead to concerns
about resource depletion. While battery recycling is a viable solution, the technology to
execute these batteries recycling procedures efficiently is still in its infancy, resulting in
low recovery rates and contributes to rapidly growing electronic waste problem [81].
Furthermore, many of the materials in lithium-ion batteries are difficult and costly to
extract and reuse, making the environmental impact of their disposal a daunting task. As
lithium-ion batteries continue to be essential for modern life, the increasing strain on global
resources and supply chains raises significant concerns about their future availability [82].
To address these challenges, extensive research is underway to improve battery life,

develop safer chemistries, enhance recycling technologies and find alternative materials.
1.6. Aqueous monovalent and multivalent energy storage systems

Exploration of safe, feasible and cost-effective storage solution bears utmost significance
in order to mitigate pressing energy related global solutions. In this context aqueous
monovalent and multivalent energy storage systems are gaining increasing attention in the
field of energy storage, especially as the demand for sustainable, safe, and cost-effective
alternatives to traditional lithium-ion batteries rises. These systems utilize aqueous
electrolytes, which consist of water-based solutions, providing inherent safety advantages
over non-aqueous systems, such as reduced risks of flammability and toxicity [83]. Among
the monovalent ion-based batteries, LIBs are the most practical ones while other batteries
like sodium ion batteries (SIBs), potassium ion batteries (PIBs) are also attaining
widespread attention. The first prototype aqueous lithium-ion battery was demonstrated in
the year 1994 by Prof. Jaff Dahn and coworkers [84]. In this particular battery, 5 M
LiNOs/1 mM LiOH aqueous solution was used as an electrolyte whereas the system used
LiMn,04 as cathode and VO as anode. This cell exhibits a discharge voltage of 1.5 V and
an energy density of 175 Whkg!. Thereafter, ample number of electrode materials such as
LiFePO4, LiMnPO4, LiNiPO4, and other doped polyanionic compounds are utilized for
aqueous rechargeable lithium-ion batteries. In the year 2009, sodium based aqueous
storage batteries were introduced where depiction of reversible insertion / de-insertion of
Na" ion in NaMnQO; electrode mediated by Na>SO4 aqueous solution was demonstrated
[85]. In 2010, K' intercalation was demonstrated in Ko27MnO>~0.6H,O using K>SO4

aqueous electrolyte. Later, nickel hexacyanoferrate, a prussian blue analogue, was
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proposed as a cathode for potassium-ion batteries (PIBs) with a 1 M KNOj electrolyte,
retaining 66% of its capacity at a high current rate [86]. Similarly, multivalent energy
storage systems, which use divalent (e.g., Ca2*, Mg?, Zn**) or even trivalent (e.g. AI*")
ions as charge carriers, have the potential to offer higher theoretical energy densities. This
is basically due to their capability to transfer more than one electron per cation
electrochemistry [87]. In the year 2017, Chen et. al demonstrated a full Mg ion based
aqueous battery using polyamide // nickel hexacyanoferrate redox couple in 1 M MgSO4
electrolyte [88]. The breakthrough in the Ca?" ion utilizing CuHCF electrode in a half cell
set up using 8.37 M Ca(NOs), aqueous electrolyte also came in that year itself [89].
Similarly aqueous Zn ion batteries are also gaining lots of attention in terms of large-scale
production due to their low redox potential (-0.76 V vs standard hydrogen electrode
(SHE)) and high overpotential towards hydrogen evolution. In the past three years,
progress in zinc ion batteries, particularly aqueous Zn—MnOQO; batteries, has been pushed
by advancement in electrolyte technologies like salt-concentrated, hydrogel, pH-adjusted
solutions [90]. This is why research on aqueous rechargeable batteries have attained
widespread attention considering their alluring features like safety, cost effectiveness,
environment amiability, high capacity and rate capability. Many aqueous based battery
chemistries, once difficult to pursue are now becoming a feasible option due to the
introduction of new electrode materials in this area. The flammability and better heat
management in the aqueous batteries make them a clean substitute for the other existing
nonaqueous energy storage devices as water can dissipate and absorb heat more effectively
[91,92]. Moreover, in multivalent storage systems, their capability to transport more than
one electron per cation facilitates higher capacity per unit weight or volume. In addition,
the high ionic conductivity of aqueous electrolyte in comparison to the nonaqueous
electrolytes stimulates smoother ion transport and provides low internal resistance leading
to high energy and power density. This enhances the portability of these kinds of devices
as higher amount of energy can be stored in a limited space [93]. The high concentration
of water in aqueous electrolyte influences various parameters like hydration number,
Stokes radius or hydrated radius etc. which further impact the solvation chemistry and
ionic conductivity enhancing the battery dynamics. The high dielectric constant of water
basically enhances the solvation or hydration energy which translates the improvement of
solvation and desolation processes in the aqueous multivalent ion-based electrolytes [94].
Furthermore, aqueous electrolyte helps in countering solid diffusion concerns via shielding

the multivalent ion charge of the multivalent metal cations are basically hydrated in
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aqueous media which helps them in withstanding the electrostatic repulsion between them
and the host materials providing faster charge discharge kinetics with high rate of
efficiency [95]. The lower overpotential in aqueous electrolyte reduces the energy loss
during the electrochemical reactions that results in a minimized voltage drop which occurs
due to internal resistance of the electrolyte. The lower overpotential also improves the
coulombic efficiencies allowing minimal side reactions during cycling. This basically
translate into higher energy efficiency along with reduced heat generation during
subsequent cycling. In addition to these features, these systems are free from moisture
control, sophisticated working environment and battery management issues which are an

integral part of non-aqueous based energy storage devices [96,97].
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Figure 1.4 Schematic representation of an aqueous battery.
1.6.1 Aqueous Potassium ion batteries (APIBs)

Aqueous potassium ion batteries have sculptured increasing attention in the family of
aqueous rechargeable batteries due to some of the fascinating features. The working
principle of APIBs are similar with that of the rocking chair mechanism available in
lithium-ion electrochemistry. During the charging process K™ ion moves from the cathode
and get inserted into the anode followed by release of electrons while the reverse happens
in discharging of the electrode [98]. Moreover, the abundance of Potassium (K) is way

larger than that of Lithium (Li) i.e. (approx. 2.09 % of earth crust by weight) which makes
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these raw materials cheaper in comparison to Li. The low standard reduction potential of
K'/K (-2.936 V vs. E°) leads to high potential energy density [99]. One of the striking
features of K is its low Lewis acidity which results in its low interaction with the organic
solvents. Also, K forms the lowest solvated or Stokes radius in an aqueous solvent which
basically provide enhanced diffusion rate of APIBs [100]. These kinds of features make
APIBs a viable candidate for the beyond lithium-ion battery technologies. In the year 1978
itself, the first demonstration of APIBs using Prussian blue analogues was illustrated by
Neff and coworkers, although a rapid exponential growth has been witnessed since 2017
[101]. A systematic study was performed from the group of Chales and coworkers where
they have investigated a disordered vanadium oxide for APIBs [102]. In order to assemble
the APIBs, the electrode materials play an important role. The redox potential of the
electrode materials has to be in the range of electrolysis potential of water in order to
restrict the electrode to electrolyze the water. Also, the large size of K ions makes
construction of APIBs more difficult [103]. Among various electrodes materials prussian
blue analogues (PBAs), metal oxide and sulfide-based materials, Mxenes and commonly
used carbon-based materials are widely investigated for APIBs [104-105]. Moreover, it is
a known fact that defects may restrict the overall performance of the material by trapping
the inserted ions and decreasing the active surface area. In terms of structural modification
to enhance the overall performance, Zhu et al. described a low defect containing PBA for
APIBs. In addition, doping Co into the FeHCF structure was also attempted in order to
restore the material dissolution of PBAs in APIBs [106]. Furthermore, various polyanionic
compounds and metal oxides are also explored in the field of APIBs. In the year 2014, a
study on Na3V2(POs)3 was reported as a electrode material for APIBs in K2SO4 electrolyte
[107]. Co et al. described KVPOq in a super concentrated electrolyte for APIBs. Coming
to various metal oxides that was explored for APIBs [108], Qu et al. reported the
electrochemical performance of V20s. (0.6) H2O in K>SO4 aqueous electrolyte [109].
Mxenes are another class of electrode material which was explored recently. The group of
Liang and coworkers have explored different Mxenes like Nb>C, Ti,C, and Ti3C in order
to illustrate K™ ion electrochemistry for APIBs and the systems show 90% capacity
retention up to 20000 cycles [110]. Although APIBs have made notable strides in recent
years, sustained efforts are still required to reach true commercial viability. These
innovations must counter the inherent limitations of aqueous electrolytes and the

feasibility of various electrode materials in APIBs, while also investigating proper
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dissolution free electrode materials that could significantly improve energy and power

density.
1.6.2 Aqueous Aluminium ion batteries (AAIBs)

In the present global arena of rechargeable batteries, aqueous aluminium ion batteries are
becoming the subject of enormous interest due to some of the exciting features they offer.
There are two types of Al ion-based configuration for AAIBs, one which directly uses Al
metal as anode in combination with any type of Al ion conducting host electrode material
called Al metal battery in an aqueous Al** ion conducting electrolyte and the second type
resembles with the rocking chair mechanism of LIBs where both the electrode can

reversibly host AI**

ion in an aqueous electrolyte [111,112]. As discussed above, their
ability to transfer more than one electron per cation makes aqueous aluminium ion batteries
(AAIBs) appealing and unique in the context of other existing multivalent ion-based
energy storage devices. All these metals are environment friendly and easily available
which makes them feasible for use in the energy storage devices. Owing to these facts,
aqueous rechargeable batteries based on aluminium ion are now being highly explored and
are gaining widespread attention in the rechargeable battery arena [113]. The primary
advantages of the aqueous aluminium ion batteries (AAIBs) lie in the fact that they are
very cost effective, safe to operate and non-flammable. Also, the ability of aluminium to
exchange three redox electrons during the electrochemical process makes them capable of
delivering high theoretical volumetric capacity (8046 mAh cm™), which is much higher in
comparison to the lithium cells (2062 mAh cm™) and other existing metal ion batteries
[114]. This infers aluminium ion batteries to be smaller in size as energy densities of these
batteries are in higher side. Most importantly aluminium is the 3™ most abundant element
in the earth crust and has a very reliable gravimetric capacity of 2980 mAhg™! [115,116].
Also, the inertness of the aluminium metal facilitates its safe operation as anode in the
aluminium metal battery with a suitable cathode in comparison to other metals like lithium,
sodium etc. [117]. Irrespective of any advantages, the foremost important challenge for
the development of AAIBs are to develop library of proper AI** ion host electrode material.
The initial reports on aqueous Al ion battery were provided by Liu et al. where they have
demonstrated TiO2 based electrode material in AlSOj4 electrolyte in the year 2015 [118].
They procured a discharge capacity of 75 mAhg™! in AICI; electrolyte. The work was carry
forwarded by Holland et al. where they have procured a long-term stable cycling behaviour

[119]. Kazazi et al. further improved the work and got a reversible discharge capacity of
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180 mAhg™! a current density of 50 mAg™ [120]. Besides these, V20s was also explored
as a feasible electrode material for AAIBs [121]. Pang and the coworkers developed an
AAIB by combining Al metal as anode and VOPO4.2H>O as cathode which exhibit a
discharge plateau of 0.9 V. VOPO4 was also studied by Wang et al in the year 2015 to
construct a flexible hydrogel-based electrolyte for AAIBs which can sustain up to 2800
cycles with a quite lower capacity fading behaviour [122]. Another exciting assembling of
AAIB was executed by Jiang and coworkers based on AlgCuig and AlkMnO; as the
cathode and the anode respectively [123]. Zhao and coworkers explored MnO> as cathode
material for AAIBs [124]. Joseph et al. illustrated K-rich MnO; in aluminium ion
conducting electrolytes [125]. FeVO4 was also investigated by the group of Kumar et al.
for AAIBs [126]. Prussian blue analogues are another class of electrode material which
are also explored for AAIBs. In the year 2018 Holland et al. explored copper
hexacyanoferrate in a mixture of AICl; and KCl electrolyte [127]. Wang et al. executed a
full aqueous Al ion cell with CuHCF positive electrode and MoO3 negative electrode in
the year 2019 [128]. MoOs is another transition metal-based electrode material which was
explored for the first time from our group [129]. Similarly, WO3, LiMn2O4, vanadyl
ethelene glycolate (VEG), LiFePOs, a particular class of mxenes, MoTe; are some of the
other examples where Al ion insertion behavior was investigated from our group [130-

135].
1.6.3. Challenges ahead with aqueous batteries

In-spite of such advantages, a prominent gap can be witnessed between aqueous batteries
and the conventional LIBs in terms of delivering high energy density which basically
prohibits aqueous batteries to scale in terms of large-scale production [136]. This kind of
low energy density is primarily due to low operating voltage which is basically due to
narrow operational potential window. Beyond a certain voltage, the aqueous electrolytes
instigate oxygen and hydrogen evolution as a result of splitting of water. This kind of
reaction basically consumes a large portion of electrons produced in the electrode surface
resulting in low coulombic efficiency of the cell. Also, the shorter lifespan of these
batteries accompanied by electrode material dissolution hampers the long terms cycling
stability of these batteries [137]. Moreover, the corrosion and parasitic side reactions
undergoing in the cell due to the reaction of electrode material and the electrolyte increases
the instability of these batteries. Corrosion is a major parasitic reaction in strong acidic and

alkaline solutions which basically fuels concentration change and irreversible
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consumption of water in the aqueous electrolyte. The dendrite growth associated with
these reactions also adversely affects the full potential of these aqueous batteries detreating
the cycling performances [138]. The phase transition associated with the water used in
these electrolytes due to temperature variation restricts their wide range applicability. The
multivalent systems also counter significant challenges, including slower ion diffusion due
to the larger size of the divalent and trivalent ions and the greater electrostatic interactions
they experience in comparison to monovalent ions. This slower diffusion can lead to lower
charge and discharge rates, which is a major limitation for practical applications such as
fast-charging devices or electric vehicles [139]. Therefore, this thesis evaluates the

1

possibilities of various feasible electrode materials in aqueous K™ and Al°" storage systems

along with various strategies to enhance its electrochemical performance.
1.7 Scope and Structure of the Thesis

The prime motivation of this thesis is to explore various aqueous based electrochemical
energy storage systems. As discussed above, rechargeable batteries that use aqueous
electrolytes are of great interest and have been heavily explored in the present scenario.
With the befitting advantages aqueous batteries provides, monovalent and multivalent ion
electro chemistries are subject for immense investigation from the research community.
The scope of the thesis covers the exploration of two key approaches: identification of
proper electrode materials and suitable optimization strategies aimed at improving their
performance, scalability and sustainability for aqueous K and AI** ion-based storage
systems. These efforts provide paramount scope in terms of enhancing efficiency, safety

and durability of the aqueous storage solutions.
1.8 Objectives of the thesis and overview
Based on the aforementioned aspects, following objectives are formulated:

1. Synthesis and structural investigations of carbonaceous, bismuth, niobium, and
molybdenum-based electrode materials.
2. Electrochemical investigations to find the feasibility of K" ion and AI** ion storage.

3. Fundamental understanding of the electrochemical ion storage processes.
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1.9 Choosing electrodes for aqueous batteries

In spite of tremendous research efforts on the development of proper electrode materials,

the scalability of aqueous K* and AI**

ion-based storage systems are still in its infancy in
terms of long-term cycling performance to compete with the non-aqueous storage devices.
From the above discussions, it is clear that monovalent and multivalent ion insertion leads
to drastic structural and morphological transformation of the electrode material which
leads to material dissolution, degrading the cycling performances. It is quite challenging
to develop electrode materials feasible for aqueous electrolytes due to the limited
thermodynamic stability of water as discussed earlier. The improper electrode can even
instigate electrolyte decomposition, leading to self-discharge caused due to irreversible
reaction in the electrolyte. Therefore, the thesis explores various forms of electrode
materials like carbon-based materials, bismuth-based materials and finally some
molybdenum-based electrode materials in order to explore their potential in K™ and AI**

ion-based storage devices in a feasible stability range of aqueous electrolytes. A brief

literature review of the investigated electrode materials is provided below.
1.9.1 Carbon based materials

From the beginning of the inception of rechargeable batteries, carbon-based materials have
been attaining widespread attention due to their various unique properties like high
conductivity, large specific surface area, lightweight nature, flexibility, and abundance.
Among the most widely used carbon-based materials graphite serves as the primary anode
material in lithium-ion batteries since its commercialization by SONY in the year 1991.
Since then, graphite has been a topic of immense interest in the fields of electrochemical
energy storage. The unique layered structure of graphite makes it favorable for efficient
intercalation and de-intercalation of lithium ions during the charge and discharge cycles
[141]. Beyond graphite, other carbon-based materials like graphene, a single layer of
carbon atoms arranged in a two-dimensional lattice, and carbon nanotubes, are being
explored for use in next-generation batteries [142]. These materials offer superior
conductivity, mechanical strength, and the potential for higher capacity due to their unique
nanostructures. Since its discovery from the group of Novoselov et al., graphene has
attracted huge attention in its use in industrial applications [143]. Graphene has a tensile
strength of 125 GPA which depicts its superior mechanical integrity. Furthermore, various

other characteristics like high surface area, high electrical conductivity etc. makes
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graphene extremely beneficial in its applicability in energy storage. Graphene can be used
in lithium-ion batteries to improve both the anode and cathode materials. It can be
combined with other materials, such as silicon, to create composite materials that offer
higher capacity and faster charging times than traditional graphite anodes. Graphene also
improves conductivity, which helps with faster electron and ion movement during the

charge/discharge cycles, leading to faster charging and discharging times [144].

Another important member of the family is carbon nanotubes (CNT) which are also
explored in electrochemical energy storage. CNTs also possess various extraordinary
characteristics like high specific surface area, carrier mobilities and electrical
conductivities which allow their application in energy storage devices. Similar to
graphene, there are ample number of studies which explores different CNT based
nanocomposites as electrode materials to enhance the cycling performances [145,146].
The group of Zhu and coworkers studied TiO2 and superlined CNT as a flexible anode for
lithium-ion batteries and procured a long cycling stability at a current rate of 60 C [147].
Han et al. synthesized a LisCr7TisO2s and CNT based nanocomposites using a sol gel

method which shows impressive electrochemical performance [148].
1.9.2 Bismuth based Chalcogenides

Recently bismuth-based electrode materials have been widely explored to be the electrode
material for various alkali metal ion batteries in the wake of some great extraordinary
structural and morphological configuration they exhibit. The large interlayer spacing and
the stable structure of bismuth-based materials even allows some large sized alkali metal
ion like sodium ions to get inserted and extracted without much structural disintegration
of the parental structure. This feature basically facilitates conversion type reactions
mechanism which forms a range of stable microstructures leading to a high theoretical
capacity, although the cyclic stability is somewhat compromised [149-151]. There are
multiple reports where lithium and sodium ion insertion/de-insertion have been illustrated.
The first reported study for metallic bismuth as electrode was performed by the Tarascon
group where they have demonstrated electrodeposited nanosized Bi particles for lithium-
ion storage [151]. Moreover, Omori et al. also studied spherical bismuth nanoparticles for
LIBs [152]. Recently sodium ion electrochemistry has been explored in bulk Bi metal
using a NaPFe/diglyme electrolyte, where a stable capacity over 400 mAhg™! with a

prolong cyclic stability have been achieved [153]. Similarly various studies have been
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conducted to explore the sodium ion electrochemistry in metallic bismuth electrodes [154-
160]. Bismuth-based chalcogenides are another important class of compounds which have
been investigated widely in recent times. Lu et al. demonstrated a Bi>Ss/graphene
composite electrode for sodium ion storage mechanism [160]. The conversion and
intercalation type reaction in Bi>S3 after sodium insertion have been further confirmed by
Sun et al. where they have demonstrated formation of NaxBi»S3 followed by a phase
transition to Bi phase [161]. Firodiponti and coworkers first demonstrated an in situ Bi2Os/
Ni foam electrodes for lithium storage [162]. A BiO3/ Bi»S3 hetero structure was reported
by Liu et al. via partial sulfurization of Bi,O3 for LIBs [163]. In addition to these materials,
Bismuth based oxyhalides and Mult compound metal oxides are also gaining a lot of
attention for LIBs and SIBs. Zhang et al. demonstrated an ultra-thin BiOCI nanosheets for
sodium ion batteries with an initial capacity of 1050 mAhg™! [164]. There are several
reported studies on BiOBr and BiOI where these kinds of mechanism have been reported
[165,166]. Although the electrochemical performance in these electrodes was somewhat
compromised, there is scope for improvement. Moreover, Fang et al. studied BiVO4
nanowire arrays for sodium ion storage with a very stable cycling capacity of 400 mAhg™!
[167]. Durai et al. investigated BiFeO3 nanoparticles to explore it as an anode material for
sodium ion storage [168]. Although there are ample number of studies for these kind of
materials in sodium and lithium-based energy storage devices, the aluminium ion storage
behavior in these kinds of bismuth-based materials is yet to be fully explored. Nandi et al.
has illustrated the aluminium storage behavior in BixO; nanostructures and have
accomplished a discharge capacity over 100 mAhg™! with a 99% coulombic efficiency
[169]. Again, the same group has conducted study on the aqueous aluminium ion charge
storage phenomena in BiOCl utilizing varying current collectors to sustain a stable cycling

behavior [170].
1.9.3 Molybdenum based materials

In the quest for next generation electrode materials for aqueous batteries, molybdenum
(Mo) based electrodes also garnered ample attention due to their unique physical and
chemical advantages like structural integrity, large theoretical capacity, low toxicity and
ease of handling [171-174]. It was found that molybdenum and oxygen can construct
octahedral structure which facilitates formation of layered and tunnel structures. These
structures particularly smoothen electrochemical ion insertion during battery cycling as a

wide range of host cations can accommodate in the crystal structure [172]. In addition to
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that, Mo based material possesses variable oxidation states which facilitates enhanced
electrochemical reaction, thus enhancing the performance. Due to this unique feature, Mo
based electrode materials deliver much higher electrochemical performance in comparison
to the carbon-based electrode materials. Mo based materials like molybdenum trioxide
(Mo003), molybdenum disulfide (Mo0S>) etc. are easily tunable which also help to retain the
structural integrity of the electrode material [173]. Recently MoS, microspheres have been
explored as a cathode material for non-aqueous aluminum ion batteries in a mixture of 1
M AICI3/1-ethyl-3 methylimidazolium chloride ([EMIm]CI) ionic liquid in the ratio of
1.3:1. It was reported that with this kind of set up a stable capacity of 66.7 mAhg™! over
100 cycles was achieved [174]. Yang et al. developed a MoS»/ carbon nanofiber composite
in order to enhance the specific capacity and have achieved a discharge capacity of 126
mAhg! at a current density of 100 mAg™! over 200 cycles [175]. A novel phase engineering
approach was reported by Tan et al. where a composite of MoS; and reduced graphene
oxide was prepared via hydrothermal method. This kind of structure provides ample
number of active sites for AI’*" ion diffusion into the structure which basically improves
the storage capacity. The reported capacity for this work is 150 mAhg™! over 100 cycles at
a current density of 1 Ag™! [176]. Another approach of preparing MoS; in Mxene network
was provided by the same group which significantly improved the aluminium ion charge
storage capacities as a stable capacity of 224 mAhg™! was attained [177]. MoO3 is another
very important example of Mo based materials with significant optical and electronic
functionalities which is extensively studied for their use in various applications like
sensors, catalysis, electronics and energy storage etc. [178,179]. Recently the group of
Wang and coworkers demonstrated another approach by incorporating an inorganic layer
of TiO2 on a-MoOs3 which significantly impedes the material dissolution problem [180].
The group of Choi and Kang grew a-MoO3 on crumpled graphene sheet via spray pyrolysis
followed by a thermal treatment. This modification significantly enhanced cycling
behaviour as a very high discharge capacity of 975 mAhg™! was obtained for 90 cycles
[181]. Similarly, Lou and coworkers prepared a-MoO3 nanobelts to get a very high
discharge capacity of 730 mAhg™! at a current rate of 0.2 C with a modified sodium
carboxymethyl cellulose [182]. The group of Hassan and coworkers constructed carbon
coated 0-MoOj3 nanobelts to procure a discharge capacity of 1000 mAhg'[183]. Dillon et
al. also investigated Li ion insertion behavior in MoOs3 prepared via a hot wire chemical
vapour deposition method [184]. Our group also demonstrated MoOs for aqueous Al-ion

batteries. An effective strategy of electrolyte engineering via using diglyme and water
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mixture was put forwarded from our group [185]. Similarly, gel polymer electrolytes are

also illustrated to construct a Zn//a-MoOj3 aqueous cell in Zn** ion conducting electrolytes

for aqueous Zn-ion batteries [186]. Most recently a unique strategy of creating oxygen

vacancy and coating of a Al,O3 protective layer to modify interface layers of MoO3 was

executed by Liu and coworkers in order to get a stable cycling performance with enhanced

surface reactivity [187].
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