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Abstract

Batteries are the most widely used electrochemical energy storage technology due to their high energy
densities. The most current advancements in lithium-ion (LIB) and zinc-ion (ZIB) battery technology are
thoroughly reviewed in this study. Both battery technologies have potential and challenges, including
problems with materials, performance, safety, and recycling. The discovery of novel cathode materials,
solid-state electrolytes, and silicon anodes, as well as other advancements in the field of lithium-ion
batteries, are highlighted in the study. It also discusses the newly developing field of zinc-ion batteries,
which has a lot of potential because of the inexpensive and plentiful availability of zinc, their high energy
density, and their environmental friendliness. The evaluation also touches on the need for more ecological
practises and the existing difficulties with recycling of used batteries. Overall, this paper provides a valuable
reference for researchers and industry practitioners seeking to understand the recent developments and

challenges in the field of advanced battery technologies.

1. Introduction

Renewable energy sources are increasingly in demand due to the detrimental environmental effects of fossil
fuel usage and rising greenhouse gas emissions [1]. Solar, hydro, and wind energy are the most promising
solutions to these issues [2], but efficient energy storage methods are required to meet global energy
demands [3]. Currently, batteries are the most widely used electrochemical energy storage technology due to
their high energy densities [4]. The development of new electrode materials and battery technology is still in

its early stages and holds great potential for further expansion and impact (Figure 1) [4]. Over 170,000
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papers related to batteries have been published in the last two decades [5]. Lithium-ion batteries (LIBs) are
dominant due to their commercial viability and material availability, but alternative chemistries such as
lithium-sulfur (Li-S), and zinc batteries are being explored [6, 7, 8]. Solid-state LIBs have emerged as a new
research area due to their high safety and energy density [9, 10]. This paper provides a brief overview of Li
ion and zinc ion battery types. It discusses the current state of research, compares different approaches to
maximize the potential of each battery chemistry, and highlights the challenges that need to be addressed to
improve battery performance. Leading researchers in each area share their perspectives and visions for
advancement in their respective fields. This study aims to offer a concise yet comprehensive review and

development strategy for the growing field of battery technology.
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Figure 1. The figure displayed is a Ragone plot, which depicts the performance characteristics of various
electrical energy-storage technologies based on their specific power and specific energy. The time scale
represented on the graph is the discharge time, calculated by dividing the energy density by the power

density. This figure has been reproduced from reference [4].

2. Li-ion batteries

The use of intercalation of Li+ in a layered compound became a viable strategy for rechargeable battery
electrodes, thanks to the work of Rouxel, Schroeder, and Whittingham in the 1960s [11]. Goodenough and
colleagues later investigated the reversible extraction of Li+ from LiCoO,, leading to the development of a
cell with a discharged cathode. Despite initial resistance from battery manufacturers, Yazami and Yoshino's
work on intercalation of Lit+ into a carbon anode and LiCoO: cathode led to the first commercially

successful lithium-ion battery (LIB) at SONY [11]. However, the LIB still has drawbacks such as metallic
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lithium plating on the carbon anode during fast charging, Oz evolution from the cathode during charge, and
the flammable electrolyte causing ignition if a lithium dendrite causes a short circuit [11]. Nevertheless, the

LIB remains the best portable electric-power storage device for the near future.

2.2. Challenges in the Li-ion batteries

In a commercial lithium-ion battery (LIB), the cell is initially assembled in a discharged state. As the cell is
charged, an electron is removed from the cathode, and a lithium-ion is extracted from the cathode and
inserted into the anode to balance the charge (Fig. 2). The graphite anode undergoes the formation of a
solid-electrolyte interphase (SEI), which consumes some lithium ions, especially during lithiation (Fig. 3).
Controlled growth of the SEI during slow charging can ensure stable cycling of the cell. On the other hand,
the cathode forms a cathode-electrolyte interphase (CEI) as the Fermi level of the transition-metal oxide
layer dips below the highest occupied molecular orbital of the electrolyte. However, controlling the growth
of the CEI is harder than the SEI, and their compositions are not yet fully understood. Cycling leads to
volume expansion and contraction, resulting in interphase cracking, which necessitates the consumption of
chemical species for new interphases to grow. Using lithium metal instead of graphite as the anode material
can increase the energy density of the cell due to its higher theoretical capacity. However, lithium metal is
prone to dendrite formation, which can cause a short circuit. Increasing the voltage of active materials to
enhance the energy density is challenging due to the limited electrochemical stability of the organic-liquid
electrolyte. Additionally, concerns regarding the cost, toxicity, and flammability of the cathode active

material (cobalt) and electrolyte persist.
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Figure 2. This passage describes a diagram showing the structure of a lithium-ion battery. The battery

includes a cathode made of layered transition-metal oxide with an aluminum current collector, and an anode
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made of graphite with a copper current collector. The half reactions that occur during the charging process
are depicted for each electrode. A separator is represented by a dashed line, and the battery's electrolyte is an

organic-liquid solvent containing a lithium conducting salt. [12].
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Figure 3. This is a description of an energy diagram for a lithium-ion battery. The diagram includes boxes
with dashed borders, which represent the energy levels of electrodes when the battery is charged. It also
includes boxes without dashed borders, which represent the energy levels of the electrodes in their original

state before charging. [12].

2.3. Advances in technology to minimize challenges

Recent studies have explored various strategies to improve the properties and safety of lithium-ion batteries
(LIBs). One such approach involves using electrolyte additives to manipulate the properties of the organic-
liquid electrolyte. Dual-salt approaches have shown stable lithium plating, eliminating dendrite growth from
the lithium surface [13]. Coatings and protective layers on the surface of lithium metal can also promote
uniform plating and stripping [14-16]. In addition, new separator strategies have emerged that may allow for

plating of metallic lithium [17].

Another promising approach is the use of solid-state ionic conductors to remove the flammable liquid
electrolyte and improve safety and energy density. However, achieving comparable levels of ionic
conductivity to liquid lithium electrolytes in solids is challenging. Sulfide-based solid electrolytes have high
conductivity but suffer from poor thermodynamic and kinetic stability [18]. Coating compounds and
interfacial layers between the cathode and electrolyte are being explored to improve stability, but this

strategy is still in its early stages.
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One area lacking in research is the development of cathode materials and structures optimized for solid-state
batteries. Retrofitting traditional LIBs to all-solid-state designs has created new challenges, such as
mechanical contact issues at the cathode-solid electrolyte interface. Strain-free cathodes could resolve this

issue, but engineering this for commercial use and safety would be challenging.
3. Lithium—oxygen batteries

3.1 Status

In the pursuit of global environmental protection and sustainable development, the electrification of road
transportation using electric vehicles (EVs) is seen as a significant measure. The current technology used in
EVs mainly relies on lithium-ion batteries (LIBs) for power. The operation of LIBs is based on the
intercalation/deintercalation of Li+ ions into/out of host electrode materials with distinct voltages [19].
However, the specific energy or energy density of LIBs will soon reach their theoretical limit, and they may

not meet the driving range requirement (typically 500 km per charge) expected for future EVs.

To address the driving range problem, new battery chemistries beyond Li-ion, such as Li—S, Li—Oz, and
multivalent ion batteries, have been proposed. Among these, the rechargeable Li—O2 battery has an
unrivaled theoretical specific energy of 3500 Wh kg—1, and it is receiving significant attention [20].
However, the Li-O2 battery has two challenging electrodes: Li and Os. Its operation depends on the
stripping/plating of lithium on the negative electrode and the formation/decomposition of Li2Oz on the
positive electrode. The prototype Li—O> cell was first reported in 1996 by Abraham et al [21], and it is
considered the birth of aprotic Li—O> batteries, although pioneering work was conducted as early as 1966
[22]. In 2006, Bruce et al successfully oxidized Li2O> to Oz, proving that Li—O; batteries are rechargeable
[23]. This work has ignited worldwide enthusiasm for Li—O> batteries, but significant challenges remain in

developing practical Li—O cells.
3.2. Challenges in the Lithium—oxygen batteries

The Li-O> battery holds great promise as an energy-storage device but is still in its early stages of
development. Numerous scientific and technological challenges must be addressed before a practical device

can be created, including understanding reaction mechanisms, ensuring the chemical and electrochemical
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stability of cell components in open surroundings, and improving energy-storage efficiency and lifetime by

catalyst design. These challenges are summarized in Figure 4 [20].
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Figure 4. Schematics of challenges regarding Li—O; batteries [12].

One of the main challenges with the Li-O; battery is the solid and insulative discharge product Li>O> on the
cathode surface, which can lead to high overpotential during charging. This results in low Coulombic
efficiency, oxidative degradation of cell components (e.g. electrolytes and cathode materials), and the
formation of the hard-to-decompose side-reaction product Li>COs3, which accumulates at the cathode-
electrolyte interface upon cycling. This accumulation results in an ever-growing charging potential,

inducing further decomposition of the cell components [24,25].

The lithium metal anode also presents significant challenges, including low Coulombic efficiency and poor
cycle life. These challenges have been studied for decades, but the introduction of O> from the cathode
compartment in Li-O; batteries could exacerbate side reactions and dendrite growth of the metallic lithium

anode [20].

3.3. Advances in technology to minimize challenges

Significant progress has been made in the last decade towards addressing the challenges of Li-O> batteries.
Researchers have identified two pathways for Li2O formation: solution-mediated and surface-mediated
routes, which determine the discharge product's morphology and properties, discharge capacity, and charge
overpotential [20]. High DN solvents can induce Li,O> to form via the solution pathway, leading to a higher
discharge capacity [26, 27]. To mitigate side reactions and charging overpotential, researchers have explored
replacing unstable components, such as carbon cathodes and organic carbonate electrolytes, with more

stable materials [28].
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Recent studies have demonstrated reversible Li2O> formation and decomposition with high Oz recovery
efficiency in Li-O» batteries containing DMSO solvent (high DN) [25]. However, prolonged lifespans of
superoxide species in high DN solvents can lead to more solvent decomposition than in low DN solvents. To
suppress solvent decomposition, researchers have designed and synthesized new organic solvents with
improved chemical stability without sacrificing DN [29]. Another strategy involves introducing a reduction
mediator (RMdisch), which inhibits side reactions and increases Li,O> yield by forming a LiO2-RMdisch
complex as a new soluble intermediate [30]. RMdisch can also expand the reaction region and enable the

solution route in solvents with limited solubility towards LiO; and Li>O».

Li-O; batteries pose several challenges for both the discharge and charge processes. Catalysts, in solid or
molecular form, have a significant impact on the battery's performance [31]. However, designing effective
catalysts is more complicated for Li-O» batteries than for fuel cells because of the challenge of enhancing
02 reduction kinetics without passivating active sites. Another significant challenge is the poor contact
between the positive electrode surface and Li»O», leading to a large overpotential during charging [30]. The
mechanisms of charging in Li-O; batteries are not yet fully understood, although using an oxidation

mediator shows promise.

Lithium metal anodes have high specific energy but pose safety concerns, so alternate negative electrode
materials such as silicon and tin compounds have been explored [32, 33]. However, these materials have
low operational potential, making it difficult to avoid side reactions with the electrolyte. Thus, electrolytes
and additives that can form a high-quality solid electrolyte interphase (SEI) layer are preferred [34, 35].
Modified separators, such as solid-state electrolytes and quasi-solid-state electrolytes, have been used to
block impurities from the ambient environment [36]. Metal organic frameworks (MOFs)-based separators
with proper pore sizes selectively allow Li+ ions to transport while blocking other electrolyte components.
Using such membranes, Li-O: batteries have been built with two different types of electrolytes, including

water-in-salt and aprotic electrolytes.

4. Lithium—sulfur batteries

Li-S batteries have become a promising alternative to conventional lithium-ion batteries due to their

potential for high energy density and low cost, using high-capacity metal anodes and chalcogen cathodes.
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The Li-S system operates through the conversion reaction between Li and S, delivering a theoretical energy
density of 2600 Wh kg—1, which is five times that of LIBs. Sulfur is abundant, cost-effective, and
environmentally friendly, making Li-S batteries attractive for use in stationary energy storage and electric

vehicles [37].

Early research on Li-S batteries focused on finding suitable organic electrolytes to improve their
electrochemical performance. In 1989, an average discharge voltage of 2.1 V and an energy density of ~80
Wh kg—1 were achieved by introducing ether into the electrolyte [38]. However, significant progress was
not made until the early 2000s when the addition of lithium nitrate (LiNO3) and the use of sulfur
compositions with porous carbon were found to be effective in stabilizing cycling performance and
suppressing the "shuttle" of lithium polysulfides [39, 40]. In the last decade, over 3400 research papers have
been published, and significant improvements have been made in the lab.

While Li-S batteries have been used to power a solar plane's flight and have been developed with a cycle
life of 60-100 cycles, their practical applications are still limited. This roadmap categorizes the research
areas covered by the 3461 published papers on Li-S batteries in the last decade, identifies gaps between
academic research and industry requirements, and discusses possible solutions to speed up the development

of Li-S batteries with competitive performance [37].

4.1. Challenges in Lithium—sulfur batteries

The development of Li—S batteries faces various challenges that need to be addressed for practical
applications (figure 5). From an academic perspective, several issues include the need for a conductive
matrix to ensure fast conversion between insulating S and its discharge products, significant volume
expansion during lithiation, and the shuttle effect caused by the dissolution of intermediate discharge
products in ether-based electrolytes. On the other hand, the industry faces more challenges, such as the high
E/S ratio, high N/P ratio, low cathode areal loading, and the use of high-content porous carbons, that
squeeze the practical energy densities. Production challenges and safety concerns are other issues that need
to be resolved. Although many studies have been published on Li-S batteries, most of them focus on

improving conductivity or suppressing the shuttle effect, and few studies have been conducted under real
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application conditions. This limits the conversion of academic results into practical, commercially viable

cells. [41][42][43]
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Figure 5. Schematics of challenges regarding Li—S batteries [12].
4.2. Advances in technology to minimize challenges

The development of lithium-sulfur (Li-S) batteries faces several challenges such as low energy density, poor
cycling life, safety concerns, and the need for new production technologies that can be scaled up at a
reasonable cost. Safety concerns arise from the use of flammable and volatile ether-based electrolytes, gas-
producing LiNO3, and the high-active lithium anode of Li-S batteries. While research in the Li-S
community has made significant progress in improving the conductivity of cathodes and suppressing the
'shuttle effect, most studies have focused on novel material designs rather than addressing real-world
application conditions. Extensive investigations have been devoted to creating LPS chemical anchoring or
catalytic sites by introducing heteroatoms or transition-metal compounds into the carbon hosts. Efforts have
also been made to optimize the cathode microstructure and use protected Li anodes with effective solid
electrolyte interfaces or protective coatings. High electrolyte-to-sulfur ratios and the 'shuttle effect' are also
major obstacles to achieving practical energy density and cycling life. Researchers have successfully
developed high-performance sulfur electrodes compatible with carbonate-based electrolytes by confining
small sulfur molecules into a conductive microporous carbon matrix or covalently immobilizing sulfur onto
polymeric chains. New sparingly solvating electrolytes based on super-concentrated solutions and solid
electrolytes based on sulfide glasses are also promising to reduce E/S, eliminate the 'shuttle effect', and
enhance the practical energy density of Li-S batteries. Furthermore, new technologies in cell design and

production are necessary to develop Li-S batteries for real-world applications [42-46].
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5. Solid state lithium battery

Current rechargeable lithium-ion batteries (LIBs) use flammable liquid organic electrolytes with high Li+
conductivities and small electrolyte/electrode interfacial resistances, but these electrolytes have limited
electrochemical windows and cannot suppress dendrite growth at high charge rates. To address this issue,
all-solid-state lithium batteries have emerged as promising candidates for high-energy-density, safe energy
storage by replacing liquid electrolytes with solid-state Li+ conductors. While solid electrolytes have
improved in conductivity over the past decade, most still have low room-temperature conductivities, require
elevated temperatures to function, and may not be stable in moist air. Additionally, the interfaces between
solid electrolytes and electrodes present significant challenges, including improving interfacial contact and
electrochemical stability. Furthermore, the dynamic interfaces between solid electrolytes and lithium metal
anodes have been identified as a factor in the failure of solid lithium metal batteries and are being studied.
Despite these challenges, efforts are ongoing to reduce the high manufacturing costs of solid electrolytes.
Successful solutions to these issues will enable the development of all-solid-state batteries with an energy
density of about 500 Wh kg—1, revolutionizing the world by reducing reliance on fossil fuels and enabling
safer, more efficient energy storage for vehicles.

Solid electrolytes are an important component of all-solid-state lithium batteries, and they are typically
classified into three categories: oxide, sulfide, and polymer electrolytes. Oxide electrolytes, such as
Li7LazZr;012 (LLZO) doped with Ta, Ga, or Nb, offer high room-temperature Li+ conductivity of 10-3 S
cm—1 and excellent mechanical strength. However, the poor wettability between Li metal and oxide
electrolytes leads to high interfacial resistance, and their brittle nature makes them unreliable. The
electrochemical window and chemical stability of oxide electrolytes are also major challenges, as some
electrolytes are unstable in water or moist air, and some containing variable-valence elements can be easily
reduced by lithium metal at low voltages [47].

Sulfide electrolytes, on the other hand, offer high ionic conductivities of 1072 S cm!

at room temperature,
but they suffer from poor electrochemical and interface stability in batteries, as well as instability in air,

which limits their large-scale application. Finally, polymer electrolytes are flexible and easy to process, but

they exhibit low room-temperature conductivity, narrow electrochemical window, and poor thermal stability,
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which restrict their use in batteries [48]. Figure 6 illustrates the ionic conductivities of different types of
solid electrolytes at varying temperatures [49, 50].
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Figure 6. Ionic conductivities with temperature (loge ~ 1/T) of different types of solid electrolytes

[12].

Batteries with a metallic lithium anode have the highest energy density due to its high theoretical capacity
(3860 mAh g!') and low potential (-3.04 V vs H'/H). However, the use of a lithium anode in solid
electrolytes faces challenges such as the formation of short circuits caused by lithium dendrite, poor
wettability between the lithium metal and solid electrolyte, and changes in the lithium surface morphology
and volume during cycling. The rough surface morphology and volume changes of the Li anode during
cycling can result in the formation of gaps in the Li/electrolyte interface, leading to an increase in interfacial
resistance [51].

Although cathode materials like LiFePO4 have been widely used, they have low energy density and are
unable to meet the demands of electric vehicles. High-voltage cathode materials such as Li[Nix Coy
All—x—y]O2 (NCA) and Li[Nix Coy Mnl—x—y]O> (NCM) have higher energy density but must address
issues such as cycle life, rate performance, voltage attenuation, and interface compatibility with solid

electrolytes [52].

Improving the ionic conductivity and phase stability of oxide solid electrolytes can be achieved through
techniques such as element substitution, suitable sintering methods, and surface modification. Additionally,

nanostructure design and incorporating a polymer buffer layer can lower interfacial resistance and improve
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stability between solid oxide electrolytes and lithium metal anodes [53]. For sulfide-based solid electrolytes,
doping with oxide or halide salts, pressurization, surface coating, and adding phosphate can improve
conductivity and the electrochemical window [54]. In polymer electrolytes with poor room-temperature
conductivity, adding inorganic fillers or designing a 3D nanostructured hydrogel-derived solid—electrolyte
framework can enhance Li-ion conductivity, mechanical properties, and thermal stability [55][56]. To
improve the performance of LIBs, cations doping and particles coating are the main methods used, such as
in Ni-rich Li[Nix Coy All—x—y ]O2 (NCA) and Li[Nix Coy Mnl—x—y ]O> (NCM) [52]. In order to suppress
dendrite growth in solid lithium batteries, the structure of the solid electrolyte and its interface must be

elaborately designed and modified [53][54][56].

6. Zinc—air batteries

In recent years, there has been growing interest in the development of zinc-air batteries due to their high
energy density, long-lasting rechargeable ability, and low cost [57]. A typical zinc-air battery consists of a
zinc anode, an oxygen-permeable cathode, a separator, and a caustic alkaline electrolyte (Figure 7). Zinc is
an attractive anode material for metal-air batteries due to its low cost, stability, high theoretical specific
energy (1218 Wh kg™!), and promising volumetric energy density (6136 Wh 1-1) [58]. Additionally, the use

of an aqueous electrolyte in zinc-air batteries increases safety and reduces fire hazards.

Figure 7: A schematic diagram of a zinc-air battery [12].

IJNRD2406255 ‘ International Journal Of Novel Research And Development (www.ijnrd.org)



http://www.ijrti.org/

© 2024 IJNRD | Volume 9, Issue 6 June 2024| ISSN: 2456-4184 | [JNRD.ORG

Although primary zinc-air batteries were commercialized in the 1930s, the development of rechargeable
zinc-air batteries has been a challenge since the 1970s [59]. Recently, the cost of zinc-air batteries for energy
systems has been projected to decrease to 70 US$ kW h™!, which is lower than the acceptable cost (150 US$
kW h!) for electric vehicles to be economically competitive [60]. Therefore, zinc-air batteries have the
potential to be used in various energy storage applications, including electric vehicles, electrical grid

regulation, and portable electronic devices.

Despite the promising properties of zinc-air batteries, the development of practically viable rechargeable
zinc-air batteries remains a challenge due to issues such as zinc irreversibility, electrocatalytic activation for
oxygen reduction and evolution reactions, and integrated technology. The current zinc anode suffers from
limitations such as the formation of zinc dendrites and zinc oxide passivation, while the oxygen-permeable
cathode needs further improvement in electrocatalytic performances, corrosion resistance, and cost concerns

[57]. Therefore, the development of zinc-air batteries presents both opportunities and challenges [57].

Despite the significant progress made in developing rechargeable zinc—air batteries in recent years, there are
still numerous challenges that need to be overcome for commercialization and large-scale application. One
major problem is the irreversibility of zinc anodes, which is caused by the formation of zinc dendrites,
undesired relocation, and zinc oxide passivation. Although various zinc anodes with special structures and
morphologies have been designed to address this issue, achieving high energy density, excellent cycling
stability, and high zinc utilization simultaneously is still difficult [57]. Another challenge is the need for
high-performance bifunctional oxygen catalysts to minimize the overpotentials of the oxygen reduction and
evolution reactions, which are fundamental reactions in rechargeable zinc—air batteries. However, noble
metal catalysts suffer from high cost, scarcity, and limited stability, while non-noble metal catalysts still
have room for electrochemical improvement and pose problems such as increasing cost concerns and
complex synthetic strategies [57][61]. Moreover, carbon-based catalysts are readily corroded in alkaline
electrolytes during repetitive charging and discharging [61]. The mechanisms behind bifunctional active

sites also need to be better understood to guide the rational design of high-performance catalysts.

Apart from these challenges, zinc—air batteries also face other issues associated with electrolyte, separator,

integration of air electrodes, and battery-performance evaluation. For example, there is no standard
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parameter for evaluating the performances of zinc—air batteries, and the testing conditions are not specific.
Although many non-aqueous electrolytes have been developed recently, the performances of the battery are
still unsatisfactory due to the relatively low ionic conductivity. Additionally, integrated air electrodes and
flexible zinc—air batteries have attracted increasing attention, but the solidification of the electrolytes is a

thorny problem, and the mechanical performances of electrodes and support materials, energy density, and

cycling stability of the battery are unsatisfactory for commercial application [57].

To address the challenges faced by zinc-air batteries, several promising approaches are being investigated

(Figure 8).
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Figure 8: In order to develop high-performance zinc-air batteries, several specific approaches have

been proposed. These include the fabrication of exceptional bifunctional catalysts, finding solutions

for the irreversibility of zinc, improving the flexibility and mechanical properties of the battery, and

developing advanced electrolytes [12].

Bifunctional catalysts play a critical role in the performance of zinc-air batteries, and several practical and
effective methods have been proposed to improve their electrochemical performance. For example, by using
computational simulation and high-throughput screening, catalysts with high intrinsic catalytic activity have
been developed [61]. Other methods include controllable structure design of catalysts to expose more active
sites and improve mass transfer [58], and replacing the carbon-based gas diffusion or catalyst substrates
with materials having high corrosion resistance to improve cycling stability [57]. To enhance the

performance of the zinc anode, effective strategies such as constructing porous structures with high surface
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area, adopting 3D conductive host materials, and physical inhibition/suppression have been proposed [62,
63]. Hybrid electrolytes that combine the advantages of aqueous and non-aqueous systems have also been
investigated, which can manage operating environmental parameters and improve the cycling durability of
the battery [64]. For flexible zinc-air batteries, in-situ characterizations have been used to correlate the
microscopic structure with the electrochemical and mechanical performance, while multi-scale modeling
and simulation are employed to better understand the mechanisms and theories of the catalysis process [57,
61-64].

In a study by Alfaruqi et al., the phase transformation of a mesoporous y-MnO; material during the
intercalation of zinc ions was investigated using in situ Synchrotron XANES and XRD [65]. The results
showed that as zinc ions were intercalated, the tunnel-type y-MnO> gradually transformed into spinel-type
ZnMnyQOg4, as well as two new intermediary Mn(II) phases, namely tunnel-type y-ZnxMnQO> and layered-type
L-ZnyMnO». Upon the extraction of zinc ions, most of these phases returned back to the y-MnO> phase,
indicating a reversible phase transformation during the electrochemical reaction (Fig 9). At a current density
of 0.05 mA cm 2, the mesoporous y-MnO> cathode demonstrated an initial discharge capacity of 285 mAh

cm 2.
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| Spinel ZnMn2*Os | Spinel ZnMn3*0. | Spinel ZnMn3*0.
>Zn2e +* +Zin2+ = +Zn2e 7
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Figure 9: Schematic illustration of the transformation process of y-MnO2 cathode with Zn2+ ion

insertion [65].
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A recent study by Li et al. reports on a 2D layered V2CTx MXene cathode for AZIBs that exhibits a
Zn**/Li* hybrid intercalation mechanism in a WISE electrolyte containing 21 M LiTFSI and 1 M Zn(OT¥)s.
The cathode shows a high capacity of 508 mAh g ' at 0.2 A g”! and a durable cycle life of up to 18000
cycles at 10 A g'!. The use of WISE leads to a wide voltage range of 0.1-2 V and a dendrite-free
plating/stripping process in the Zn anode. The exceptional capacity enhancement is attributed to the
continuously delaminated V2CTx, which provides more active sites to accommodate Zn?>* ions, and an
unusual phase transition that takes place during the prolonged cycle to form the V2CTx/V205/C composite,
which can synergistically contribute to the capacity. The high energy density of 386.2 Wh kg—1 is achieved
relying on the increased capacity and working voltages, making V2CTX MXene a promising alternative for
stationary grid-scale Zn-ion storage. Fig 10 a,b shows the cyclic voltammogram and the galvanostatic
charge/discharge curves of the V2AIC cathode in the WISE electrolyte, respectively. Figure 10 ¢ shows the

variation of the valence state of V species during the cycling process [66,67].

(Fig 10 d) shows the improved hydrophilicity and the 3.3 A distance increment of interlayer spacing in the
engineered MoS; host cathode. (Fig 10 ¢) displays the high capacity achieved by the MoS» cathode, while
(Fig 10 f) shows the reversible phase transition from 2H to 1T MoS> during the discharge/charge process.
Finally, (Fig 10 g) shows the Mo 3d regions of ex situ XPS spectra, confirming the reversible phase

transition [68].
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Fig 10. Charge storage chemistries in layered V2AIC Mxene and MoS:—O cathodes. (a,b) Illustration
of phase and structure transition of V2AIC cathode during the whole cycle and corresponding cycling
performance at 5 A g”'. (¢) XPS spectra of V 2p regions in the V2AIC cathode after 5, 200, and 600
cycles at 5 A g! (d) Interlayer spacing and hydrophilicity tuning in a MoS:—O cathode. (e)
Comparison of discharge/charge profiles at 0.1 A g—1 in MoS:—O and MoS: cathodes. (f) High-
resolution transmission electron microscopy images of MoS:—O after the discharge process (100 mA
g—1). (g) Charge/discharge profile at 100 mA g—1 and corresponding XPS spectra of Mo 3d regions in

a Mo0S2—-0 cathode. Reprinted from [69]

Various strategies have been investigated to tackle the issue of complex structural changes in Mn-based
oxides during battery cycling. One approach is pre-adding Mn2+ salt to achieve a balance between
dissolution and reoxidation, leading to a stable electrode. Another method is to create a protective layer on
the MnO» cathode's surface, such as graphene scrolls, PEDOT, PPy, or PF. A solid electrolyte interface (SEI)
layer can also be formed via an in situ electrochemically charging process in a Ca;MnO4 (CMO) cathode to
inhibit Mn2+ dissolution. Pre-intercalated ions can create a stable architecture with strong ionic and
covalent bonds between the oxide matrix. For instance, a-MnO> cathodes stabilized by K* incorporation
showed reduced Mn2+ dissolution behavior. Vanadium oxide cathodes face similar issues, but an ultrathin,
inactive HfO2 film has been coated onto Zn3V207(OH)2:2H20 (ZVO) cathodes via atomic layer
deposition (ALD) to suppress ZVO dissolution and ZHS LDH precipitates, resulting in higher capacity and
stable cycles. Intrinsically stable vanadium oxides with robust architectures created by more stable V—O

bonds are a promising approach for future development.
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Fig 10. Cases of suppressing cathode dissolution in manganese and vanadium oxides. (a) Formation
mechanism of CS SEI layer-coated CMO structure. (b) Comparison of manganese dissolution rate of a-
MnO2 and CMO in different electrolytes (“2 M ZnSO4” (ZS) and “1 M Zn(CH3COO)2” (ZA) electrolyte).
(c) Battery reaction mechanism schematic diagram of a-Mn0O2 and CMO [70]. (d) Schematic illustration of
the fabrication process of a pristine ZVO cathode and the HfO2-coated ZVVO by atomic layer deposition. (€)
Schematic illustration of charge storage mechanism in the HfO2-coated ZVO cathodes. Colors: blue,
dissolved V ions; gold, Zn. (f) Comparison of cycling performance at 100 mA g—1 in the ZVO and the

HfO2-coated ZVO cathodes [71].

7. Recycling of spent lithium-ion batteries

LIBs have been widely used in consumer electronics, EVs, and grids for nearly 30 years, and their demand
has rapidly grown in the past decade [72]. However, these batteries have limited operational lifespans, and
retired batteries are increasing in number each year (figure 11) [73]. These retired batteries can pose a

significant threat to the environment and human health due to their chemical conditions, which are
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aggravated compared to new batteries. The manufacture of LIBs also heavily depends on rare metals such as
lithium, cobalt, nickel, and manganese, which experience drastic price fluctuations, making the manufacture
cost unstable. Furthermore, the gradual depletion of metal reserves raises concerns about the long-term
economic sustainability of LIBs. To address these issues, recycling spent LIBs can turn them into high-
quality minerals and 'urban mines,’ which can reduce safety risks, environmental impacts, and resource
anxiety on rare metals, and stabilize the production cost of new batteries [74]. Therefore, recycling

technology is considered a crucial component in completing the industrial chain of LIB manufacture.
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Figure 11: The usage of commercial lithium-ion batteries (LIBs) in consumer electronics, electric vehicles
(EVs), and energy storage is steadily increasing, and market predictions indicate that it will continue to

grow from 2019 to 2025 [73].

The recycling of spent lithium-ion batteries (LIBs) is important, but there are several challenges that need to
be addressed before it can be implemented on an industrial scale. Before recycling, the performance metrics
of retired LIBs packs/modules, including capacity retention, energy efficiency, structural integrity, and
safety, should be evaluated. The results of the evaluation determine whether the spent LIBs can be cascaded
or recycled for materials. However, there is currently no standard method for battery evaluation, and the
poor performance consistency of spent LIBs makes cascade utilization difficult. A high-performance battery
management system is desired to enable stable operation at the pack level, but it may increase the cost of the

storage device. Additionally, spent LIBs are hazardous wastes, and there are safety concerns related to their
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storage, transportation, and disassembly. Furthermore, the complex and varying compositions of LIBs make
the recycling process complicated, leading to increased energy and materials costs. Recycling procedures
often involve wet chemistry or pyrogenic reactions, which can lead to secondary pollution and carbon
emissions. Moreover, the recycling of LIBs is a profit-driven business, which requires strict control of
manufacturing costs, processes, and product quality. While the recycling market may have environmental
benefits and play a significant role in the international trade of rare metals, it will take time for all parties to
reach a consensus on the profit-making model and establish a complete set of policies and regulations to
protect the industry. To achieve healthy growth of the recycling market, joint efforts are required from the
government, companies, and consumers. Reference sources are not necessary as this is general knowledge.
It has been found that for retired electric vehicle (EV) batteries, re-use is preferred over recycling [74].
Spent lithium-ion batteries (LIBs) with residual energy and no safety issues can be directly used for lower-
level applications such as stationary storage power stations and low-speed EVs. Prior studies have
emphasized the diagnosis of internal conditions and potential failure of battery packs, modules, and cells to
improve the safety of cascade utilization. LIBs diagnosed with total failure are subjected to recycling. The
recycling process involves disassembling battery packs/modules and materials recycling at the single-cell
level. The disassembly of battery packs/modules is aided by artificial intelligence to minimize the risk of
human exposure and reduce labor costs. However, due to the diverse battery configurations, fully automatic
battery disassembly is unlikely in the near term. New methods and technologies for cell-level materials
recycling are equally important. Among all the components of a commercial LIB, the cathode holds the
largest share of cost and is, therefore, of the highest value for recycling. Rare metals are extracted from the
cathode active materials through pyro-/hydro-/bio-/electrometallurgical routes [75], and are purified and
collected in their salt forms. While pyrometallurgy and hydrometallurgy methods are commonly adopted by
the industry due to their advantages in cost and technical maturity, new methods and technologies keep
emerging in the lab. For example, closed-loop recycling and direct regeneration of cathode materials have
been proposed based on the intrinsic properties and (electro)chemical degradation mechanism of spent LIBs
[76, 77]. These strategies target the recovery of cathode performance or restoration of cathode structures,
which could show advantages over traditional approaches in terms of cost and efficiency. To maximize the

recovery value of spent LIBs, recycling of other battery components was also suggested. For instance, the
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spent graphite anode can be recycled to manufacture high-performance Li-ion capacitors after calcination
[78]. The electrolytes in spent LIBs were extracted by supercritical CO2 and reused in the production of
LIBs [79]. Innovations have been made to address the challenges in other crucial steps of the recycling
process, such as using deep eutectic solvents for the separation of active materials from the metal collector
foil during pre-treatment [80]. Finally, good quality control of the products is equally important for building
a long-term profitable recycling industry. Efforts have been made to broaden the market of recycling
products, which includes introducing more purification steps at an affordable cost and finding new
applications that are not immediately demanding [81].

The recycling of used LIBs has become a growing area of interest due to the need for sustainable battery
production. To determine the best approach for recycling LIBs, economic benefits, cost, and environmental
impacts must all be taken into consideration (figure 12). Current recycling methods should be improved and
innovative techniques developed to address key steps in the recycling process such as battery recovery and
remanufacturing of important materials and modules/packs. Future research in LIB recycling should align
with advancements in LIB technology to develop tailored strategies for resolving specific battery system
issues. To achieve efficient LIB recycling, collaboration between government, companies, and consumers is

necessary to monitor the complete lifecycle of LIBs.

process innovag,

v“ ~0"
& &
¥, afeulty Poor %
&° \\)’\\o“ ”3,;‘" 9’
&\QQ «;,0 0‘.‘1« ?0,,
& 3 o, £
£ % %
< %5 Z %
s ?.
<
H “ LIB :
o o =
.- (wt.%) |
) < £
= % Ny
- % N f
% 2 70.,
EX " o 4 j
6‘5 < o Cathode
o“'bo,, 90\\& Anodes
X ofits Secondd™ Electrolyte
‘09% Case(steel)
Separator
l’”,% Other
Chanllenges
Advances

Figure 12. This schematic diagram depicts the weight composition of a common spent lithium-ion

battery (LIB) and the advancements and obstacles in its recycling process [12].
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8. Conclusions

In conclusion, this paper presents a comprehensive review of the recent developments in lithium-ion and
zinc-ion battery technologies. The research focuses on the main challenges and opportunities in both battery
technologies, including the issues related to their materials, performance, safety, and recycling. The paper
highlights the significant progress made in the field of lithium-ion batteries, such as the development of new
cathode materials, solid-state electrolytes, and silicon anodes. Additionally, it discusses the emerging field of
zinc-ion batteries, which offers great potential due to the abundance and low cost of zinc, along with its high
energy density and environmental friendliness. The review also sheds light on the current challenges facing
the recycling of spent batteries and the need for more sustainable and cost-effective recycling methods.
Overall, this paper provides a useful reference for researchers and industry practitioners seeking to

understand the recent developments and challenges in the field of advanced battery technologies.

Abbreviations:
AOPs : Advanced oxidation processes
BOD : Biological oxygen demand
LIP : Lithium-ion battery
CIpP : Clean in place
COD : Chemical oxygen demand
DO : Dissolved oxygen
EF : Electro-Fenton
GMP : Good manufacturing practises

MW-PS | : Microwave-persulfate
MWCNT | : Multi-walled carbon nano tube

NTU : Nephelometric turbidity

PS : Persulfate

RDW : Real dairy wastewater

SCMFC | : Single chamber microbial fuel cell
usS : Ultrasound

uv : Ultraviolet
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Symbols:
Ci - Initial COD of wastewater
Cs : Final COD of wastewater
k4 : Rate constant of first order kinetic model
k, : Rate constant of pseudo-second order kinetic model
ks : Rate constant of second order kinetic model
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