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Abstract. Lithium-ion batteries (LIBs) are the cornerstone of the transition to renewable energy and
can power a wide range of devices such as smartphones as well as electric vehicles, although they
face some major challenges such as resource scarcity, safety risks and thermal runaway. This paper
provides an insightful discussion on the mechanism of operation of LIBs, their applications, and its
limitations, emphasizing that LIBs, while widely used in electric vehicles and portable electronics,
have certain limitations, like thermal instability. The paper also explores new alternatives, including
solid-state and lithium-metal batteries, which have higher energy densities but also suffer from
problems such as dendrite growth, for which it cites improvement strategies, such as innovative
cathode and negative electrode materials and electrolyte additives, with which to increase the
lifetime, safety and performance of the batteries. At the same time, the paper also considers the
issue of resource constraints and proposes a scalable and sustainable approach to energy storage
needs with a multi-pronged strategy necessary to overcome existing barriers.

Keywords: Lithium-lon Batteries, Renewable Energy, Solid-State Batteries, Energy Storage,
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1. Introduction

The limitations of conventional fossil fuel energy sources are becoming more and more apparent
as the world's energy demand grows year after year, not only that, but these energy sources also bring
about a number of environmental problems, such as greenhouse gas emissions that exacerbate climate
change [1]. Itis for this reason that the utilization of renewable energy sources is imperative, however,
renewable energy sources have some drawbacks, namely, in terms of transportation and energy
storage [2].

This is where lithium-ion batteries (LIBs) and battery technology come into play. LIBs play an
important role in bridging the gap between end-user use and renewable energy production. They are
capable of storing energy generated from sporadic renewable energy sources and providing a stable
and reliable supply of electricity for a wide range of uses, such as portable electronic devices and
electric vehicles. Batteries can facilitate the world's transition to a more reliable and sustainable
energy ecology [3]. The energy densities together with electrochemical potentials applied in LIBs
technology are depicted in Figure 1.

Although short-term storage, microgrid applications, as well as frequency control are well suited
for the existing LIBs, their wider deployment in grid is still hampered by cost and underlying mineral
resource limits [5].

This essay offers a thorough examination of the state of lithium battery technology today, including
its applications, limitations, and guiding principles. The study delves deeper into viable substitutes
such solid-state batteries, lithium-sulfur, and lithium metal, highlighting both their potential benefits
and drawbacks. The study outlines various methods to enhance energy density, Coulombic Efficiency,
and safety, including the use of innovative cathode, anode materials, and electrolyte additives.
Additionally, it tackles the pressing concern of resource limitations, advocating for environmentally
responsible and scalable approaches. As the quest for more efficient and safer batteries intensifies,
the article emphasizes the necessity of a multifaceted strategy to navigate current obstacles and fulfill
upcoming energy storage requirements.
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Fig.1 (a) Specific Capacities and Electrochemical Potentials in Lithium-Based Battery
Technologies; (b) Comparative Energy Densities of Various Energy Sources, Including Fossil Fuels
and Different Battery Types [4].

2. Li-ion battery

2.1. Application of Li-ion battery

Since their commercial introduction in 1991, LIB) have experienced rapid, double-digit sales
growth. Within just six years, LIBs captured a market share surpassing previous battery technologies
like Nickel-Cadmium (NiCd) and Nickel-Metal Hydride (NiMH), particularly propelled by the rise
of portable electronic devices. The lightweight and high energy density characteristics of LIBs make
them the ideal choice for these applications. The year 2019 marked a pinnacle for LIBs as
Goodenough, Whittingham, and Y oshino were awarded the Nobel Prize in Chemistry, a long-awaited
and valuable recognition for the inventors of this multifunctional energy storage device [6].

As smart devices become increasingly prevalent, the energy density required to power these
complex gadgets has also grown, albeit at a slower pace. This is due to fundamental chemical
limitations, making the increase in useful energy density a significant challenge. Nevertheless, there
is room for improvement in other battery performance metrics such as cost, cycle stability, safety,
environmental toxicity, and design. One of the standout features of LIBs is their ability to continually
find new applications. Today, these devices can power anything from micro-sensors to electric
vehicles. In the automotive sector, battery electric vehicles (BEVs) pioneered by companies like Tesla,
BYD, and Nissan have already achieved commercial success. For instance, the Tesla Model S comes
equipped with a 100 kWh battery pack, boasting an EPA-certified range of up to 600 km. Currently,
there are approximately 4 million electric cars and buses worldwide, a number that is expected to
grow [6].

This shift towards electric mobility is driven by clean energy policies aimed at achieving climate
neutrality. The stationary storage sector is anticipated to deploy large-scale LIB installations in the
megawatt-hour range [6]. While weight and size are not primary considerations in these applications,
LIBs are still expected to play a dominant role. This is due to other performance metrics of LIBs,
such as cycle efficiency, high power, and deep discharge capabilities, which are critical requirements
for profitable grid ancillary services.

2.2. Challenges Facing Lithium-lon Batteries

While LIB technology doesn't have overt performance limitations, sourcing raw materials like
lithium carbonate and cobalt salts is increasingly challenging. As battery pack sizes and installation
numbers grow, mining companies find it more difficult to meet demand. For example, in 2015, the
price of lithium carbonate nearly doubled within ten months due to demand from the electric vehicle
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industry. The issue is the unequal distribution and scarcity of lithium carbonate; in 2015, South
America accounted for roughly half of world output. This is a challenge for the compound, whose
economic worth is increasing quickly, as it puts it at danger of both overexploitation at the source and
limitations in worldwide supply [5]. Furthermore, the EU has designated cobalt and graphite, two
other essential LIB components, as crucial raw materials. Because of this, the widespread use of LIBs
has put further strain on an already stressed value chain, which has resulted in price instability. Hence,
it is imperative and vital to fund research into alternative technologies in order to reduce the excessive
reliance on limited resources. Alternative energy storage chemicals are becoming more and more
necessary as a result of the lithium battery value chain being under previously unheard-of strain due
to the unequal distribution of raw material reserves and their vulnerability to price volatility [6].

A noticeable trend is the shift from LiCoO,(LCO) in portable devices to nickel-rich materials in
electric vehicles (EVs). The moral and environmental concerns associated with cobalt mining are
driving this change, which makes nickel resources more significant. However, this change also
introduces a set of challenges: degradation issues intensify as more nickel and silicon are added to
the cathodes and anodes, especially at higher voltages. More materials warrant careful investigation
for their potential benefits [7].

This scarcity and uneven distribution are not the only issues. As illustrated in Figure 2, the origins
of Li loss can be attributed to various chemical and physical instabilities, such as irregular,
noncompact growth of Li. These instabilities further complicate the already complex landscape of
LIB technology, adding another layer of challenges that need to be addressed for sustainable and
efficient energy storage solutions.

/ e ‘7} BJ msouw Unreacted metallic L® Reversidle Li
| it -
& < j— =
9
¥ -
4 S e
“ -~ d}\_p\« .
S - % e
i Sa®
Chemical Instability ‘4& 981\’ o il
WY o —
xS, =
D Lir( > d(t’p"
a1 Q¥ o
) = 9l
e
Dendritic Growth ‘Z‘J‘op
— _(;
e . 2
/‘\q & 4‘9
N & o 20 40 60 80 60 80 100
Physical Orphaning Coulombic efficiency (%) Capacity usage (%)

Fig. 2 Sources of Lithium Depletion: (A) Unstructured and loosely packed lithium growth
contributes to both chemical instability and physical orphaning. (B-1) Coulombic efficiency of
lithium plating/stripping across various electrolytes. (B-2) Measurement of lithium depletion
through diverse pathways [4]

In the current generation of lithium-ion batteries, the lithiation of the anode approaches the
electrochemical potential of lithium metal (~0.08 V vs Li/Li™), but there is no stable electrolyte.
Battery lifespan is maintained by forming a passivation layer or a solid electrolyte interface (SEI) to
prevent further electrolyte degradation. However, this mechanism doesn't eliminate concerns about
lithium dendrite formation, thereby pushing the transition towards solid-state batteries (SSBs). On
the cathode side, another stable passivation layer is formed by mitigating the corrosion of the
aluminium current collector through the decomposition of electrolyte salts. While anionic redox
chemistry offers the allure of higher capacity, it often brings instability issues like oxygen loss and
structural changes. Various engineering and chemical approaches are available to enhance the
performance of lithium-ion batteries. A holistic approach is needed to unlock higher energy densities
while maintaining the lifespan and safety of these batteries [7].
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2.3. Strategies for Improvement

Achieving high Coulombic Efficiency (CE) has been the biggest challenge in the development of
Li-Metal batteries, a key parameter calculated by dividing the strippable lithium by the coated lithium,
with a stabilization range of 99 +0.5%. The maximum energy density of a Li-Metal battery can only
be achieved if the CE is at least 99.7% and preferably more than 99.9%. In this case, the remaining
0.5% gap in anode reversibility is another numerical challenge. This figure reflects the fact that the
commercial viability of batteries is very susceptible to adjustments. These numerical benchmarks
serve two purposes for the scientific community, namely to highlight current constraints and to set
measurable and clear goals. That is, achieving these numerical targets is vital to increasing the safety
as well as the performance of lithium-metal batteries. These goals include, for instance, closing the
0.5% gap in negative electrode reversibility along with achieving the elusive 99.9% CE [4].

The 200-cycle life of a battery depends on reaching 99.9% CE, a goal that has not yet been
accomplished. To get above this obstacle, approaches like electrolyte additions and chemical pre-
treatment are being carefully considered. Each strategy has advantages and disadvantages, and we
must combine these methods in order to realize the economic viability of lithium batteries. In practice,
lithium loss occurs with each plating/stripping cycle, and the optimal ratio of negative to positive
(N:P) capacity is rarely 1:1, which ultimately affects the long-term performance of the battery.
Another intriguing mystery of lithium metal batteries is the effect of temperature on the battery.
Higher temperatures have the potential to increase cycle life, however they have little effect on CE
during lithium plating stripping, indicating the need for further basic study [4].

2.3.1 Chemical Pre-treatments

There has been promise in stabilizing Solid Electrolyte Interfaces (SEI) by pretreatment with
lithium metal. A variety of chemicals for instance boric acid, ionic liquids, SiCl, and GeCl, have
been employed on the surface of lithium to induce this rewarding reaction. Lithium's high reactivity
presents production hurdles despite its promise, underscoring the necessity for safe and continuous
ways of production [4].

Electrolyte additives are also a way to boost SEI along with overall battery performance. Alkali
metal ions for instance cesium together with additives like KNO; have demonstrated advantageous
for LIB cycling. Remarkably, the combination of LiTFSI (0.6 M), Lithium Bis (oxalate)borate
(LiBOB, 0.4 M), as well as LiPF; (0.05 M) was able to stabilize Li||[NMC batteries for more than
500 cycles and maintain 97.1% of the initial capacity [4].

2.3.2 Electrolyte Additives

Electrolyte additives can contribute to the stability and capability of LIBs, and researchers have
evaluated the role of additives like LiBOB, vinyl carbonate (VC), as well as fluorinated ethylene
carbonate (FEC) in creating a stable solid electrolyte interphase (SEI) layer, employing approaches
like NMR and XPS. Such SEI layers are essential for the long-term safety and stability of LIBs [8].

In particular, VC addition provides a 20% improvement in capacity retention after 100 cycles
versus the baseline electrolyte. Likewise, FEC reduces internal resistance and delivers an overall 15
percent improvement in energy efficiency. When combined with other additives, LiBOB decreases
lithium deposition rates and enhances battery safety [8].

Furthermore, via cross-linking with lithium ions, VC and FEC fortify the SEI layer, enhancing
defense against electrolyte breakdown. The ionic conductivity of the SEI layer is also impacted by
these additions, and this has an impact on the battery's overall performance [8].

Through understanding the role of electrolyte additives, it is possible to develop LIBs with higher
safety, longer cycle life, and higher energy density.This realization has a lot of potential to advance
uses for portable electronics and electric cars.
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3. Composite Lithium Batteries

3.1. Lithium Sulfur Batteries

Particularly in the past ten years, the development of Lithium-Sulfur (Li-S) batteries has advanced
significantly. These batteries provide a significantly higher energy density than current LIBs and
work on the basis of a reversible redox reaction between sulfur and lithium. The focus on lithium-
sulfur batteries has matured to the point where prototype pouch cells are being widely reported. These
batteries offer a theoretical energy density of 2600 % [9].

Li-S Batteries function through a two-step transformation process during discharge (Figure 3).
Initially, cyclic Sg is lithiated to form soluble Li,Sg, which then transitionsto Li,S, and Li,S, at
an average potential of about 2.3V. This contributes to 25% of the theoretical sulfur capacity, or 418
mTAh. Continuing this process, soluble Li,S, transforms into solid short-chain sulfides Li,S, and

Li,S, with an average voltage of about 2.1V, making up the remaining 75% of the sulfur capacity, or
1254 ’”TA” [10].
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Fig. 3 a) Diagram illustrating the electrochemical processes in Li-S batteries. b) Standard voltage
profile for Li—S batteries using ether-based electrolytes [10].

Despite these advantages, lithium-sulfur batteries still face challenges, particularly those related
to the sulfur cathode. These include the low electrical conductivity of sulfur and lithium sulfides. To
address these issues, various design strategies have been employed, categorized into five sections:
sulfur cathode main body design, separator modification, binder improvement, electrolyte
optimization, and lithium metal protection [10].

In terms of specific advancements, a novel lithium-metal-free battery has been developed,
featuring Li,S/CMK-3 as the cathode and Si nanowires as the anode. This structure achieved a high

specific energy of approximately 349 %, demonstrating the potential for practical applications.

Another innovative approach involves using porous hollow carbon spheres to encapsulate sulfur,
which exhibited stable cycling performance over 100 cycles [10].

These developments indicate that lithium-sulfur batteries are gradually transitioning from
academic research to commercial viability, offering a promising avenue for next-generation energy
storage solutions [10].

3.2. Lithium Titanate Batteries

Lithium Titanate (LTO) batteries have carved out a niche in applications requiring rapid charging,
safety, and wide temperature range operation. With a working voltage of 1.55 V relative to lithium,
LTO anode materials eliminate issues like lithium plating and traditional SEI formation. These
materials are particularly intriguing when discussing "lithium-rich materials™ as they contain higher
levels of manganese (Mn) compared to typical cathode materials used in electric vehicles. This
elevated manganese content offers dual benefits: potential cost-effectiveness and greater
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environmental friendliness. Active research is underway on these materials, and a deeper
understanding of their functionalities and how to mitigate challenges such as oxygen loss is expected
in the next decade. While they do face challenges like rate performance and voltage hysteresis, their
potential advantages make them a subject of keen interest for future research and applications in
battery technology [6].

3.3. Lithium Air Batteries

Lithium-air batteries, also known as lithium-oxygen batteries, have garnered significant attention
due to their high theoretical energy density, reaching up to 3505 Vkv—; when combined with lithium

metal. This makes them particularly appealing for large-scale energy storage applications, such as
those required by vehicles. As shown in Figure 4, the mechanism behind lithium-air batteries is
especially intriguing; they use air as the cathode and typically produce Li,0, as the discharge
product. However, these batteries face challenges including high overpotentials and slow kinetics.
Single-atom catalysts (SACs) have been introduced to tackle these issues, offering fully exposed
atomic surfaces and extremely high catalytic activity, which have been shown to significantly
improve battery performance [11].
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Fig. 4 a) Operational schematic for Li—air batteries. b) Reaction pathway in non-aqueous Lithium-
air batteries [9].

Despite their promising features, it's worth noting that research on lithium-air batteries,
particularly concerning the role of SACs, is still in its nascent stages. A comprehensive understanding
of SACs in the lab setting, including their impact on lithium metal anodes, is crucial for the safe and
efficient operation of these batteries. This realization points to a critical direction for future research.

Moreover, the replacement of conventional graphite anodes, which have an energy density of 372

mTAh with lithium or silicon metal anodes can substantially enhance the real-world energy density of

LIBs. In particular, silicon anodes have a capacity of 3579 mTAh, while lithium metal anodes have a
capacity of 3860 ’”TA” [11].

Other problems with lithium-air batteries include high overpotentials, significant capacity drops
and poor cycling stability caused by insufficient insulation and charge transfer capability in bulk
discharge products. A two-step oxygen reduction procedure can solve this problem. By pre-depositing
a layer of potassium carbonate on the cathode surface of a potassium-air battery, the generation of
faulty film-like discharge products can be controlled during subsequent cycling of the lithium-air
battery. This damaged film enhances charge transfer, provides a larger catalyst contact area, and aids
in the decomposition of discharge products, ultimately improving the stability of the cell [11].

The creation of such defective films has a significant impact on the performance of the cell. The
basis for this is a multi-step discharge technique that utilizes lithium peroxide to produce a
heterogeneous structure with banded discontinuities that produces faulty discharge products that
resemble thin films. This approach provides a viable pathway for the future fabrication of anode
catalysts that can extend the cycle life of lithium-air batteries. The multi-step discharge procedure
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that creates heterogeneous structures with improved solid solution behavior is one important
component. In the second charge voltage plateau (3.7-4.2 V), oxidation of the Li,0, cores occurs.
The insulating qualities of cores are essential to battery performance. The multi-step discharge
products were further validated by FTIR and XRD spectroscopic investigations, indicitating that the
extended life along with great efficiency of lithium-air batteries are due to a complex and efficient
process [11].

4. Solid State Battery

Solid-state batteries (SSBs), as their theoretical energy density, are another topic that has been
investigated extensively. For instance, LIBs on the basis of graphite and LiNi,gC0y15Aly 050,

. .- Wh .
(NCA) has energy density and specific energy of 635 Wh I-1 and 265 L separately. In comparison,

Li-Metal- and NCA-based SSBs can theoretically reach 1,143 WTh and 393 VZ—:, which makes them

highly attractive alternatives for a variety of applications like portable electronics and electric vehicles
[12].

Nevertheless, the SSBs development is not without its challenges. One of the critical issues is the
ionic conductivity of the solid electrolyte (SE). Effective ion conductivity in the battery environment
needs to reach several millisiemens per centimeter to meet practical load and current density
requirements. Another challenge lies in the chemomechanical aspects of the battery, particularly the
volume changes that occur during cycling. These volume changes can lead to localized stress and
even microstructural cracking, requiring minimal chimney pressure for stable long-term operation
[12] (Figure 5).
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Fig. 5 Challenges at the interface between electrode and inorganic—polymer composite (IPC)
electrolyte layers. a) Obstacles at the Interface between the IPC Cathode and Electrolyte Layers,
such as inadequate physical contact, interlayer formation due to side reactions, and delamination or
fractures from active material volume shifts during cycles, hinder Li-ion movement across the
interface. b) Interface Challenges between IPC Electrolyte and Li-Metal Anode, like poor physical
contact and Li-dendrite formation, along with the emergence of inactive Li metal during cycles,
obstruct Li-ion transport. Uneven current distribution at the interface promotes faster Li-dendrite
growth [16].

The U.S. Department of Energy has set ambitious performance and cost targets for advanced high-

performance batteries for electric vehicles, aiming for 350 V:—; (750 WTh) and % at the cell level.

SSBs have the potential to achieve these targets, especially when using lithium metal anodes, which
could result in approximately 35% and 50% increases in weight and volumetric energy densities,
respectively [13].
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However, the manufacturing of solid electrolytes is a complex and cost-intensive process. Current

estimates suggest that the cost of mass-producing solid electrolytes could be around 3;(5—;, compared

12-20
to 3

for liquid electrolytes and separators in traditional batteries. Significant efforts are needed

to reduce these costs to meet the DOE's target of around M [13].

Moreover, the thickness of the solid electrolyte is another critical factor. To compete with the
approximately 20 pm thick polymer separators in typical LIB, ceramic manufacturing strategies must
be employed for SSB electrolytes within this size range. Assuming a solid electrolyte thickness of 25
pm, lithium metal SSB pouch cells could offer an energy density of 350 V:—;, aligning closely with
DOE performance targets [13].

One of the challenges in developing SSBs with lithium metal anodes is the formation of lithium
dendrites, which could compromise the integrity and safety of the battery. A novel design strategy
has been proposed to address this issue, involving layered interface stability in response to lithium
metal. This multi-layered design features less stable electrolytes sandwiched between more stable
solid electrolytes, effectively preventing lithium dendrite growth [14].

The performance of this design is promising. At a high temperature of 55<C and a low cycling rate

of 1.5C, the SSB exhibited an initial capacity of 155.7 m—Ah Notably, it showed an excellent capacity

retention rate of 92.8% at the 1000th cycle and 81.3% at the 2000th cycle. Even after 1,000 cycles at

a 5C rate, the battery could cycle back to 153.0 mTAh at a 0.1C rate, suggesting that such batteries

could be repurposed for stationary energy storage systems after use in electric vehicles [14]. Further
tests were conducted to evaluate the battery's performance at higher rates. At a 15C rate (6.4 %),
the battery maintained a capacity retention rate of 90% after 2,500 cycles, 80% after 5,700 cycles,
and 70% after 9,300 cycles. Even at a high rate of 20C (8.6 %), the charge and discharge curves

remained stable after long cycling [14].

Exploration into solid-state batteries has made significant strides, especially in the realm of halide
solid-state batteries. These batteries offer a compelling combination of safety and energy density. For
instance, when using typical LiNiygMny,Co 102 (NMC811) and lithium metal as electrodes, these

batteries have energy density targets set at 400 k— and 500 — Achlevmg these targets depends on
using high-loading electrodes and ultra-thin halide SO|Id state electrolyte (SSE) membranes.
Specifically, when using a 4 m electrode and a 30pm halide membrane, a weight energy density
of 400 V:—; can be achieved. The corresponding volumetric energy density is 990 WTh [15].

Different types of solid electrolytes exhibit varying levels of ion conductivity and other
characteristics. For example, polymer electrolytes have poor ion conductivity, ranging from 1077 to

107° % but they offer excellent flexibility. On the other hand, sulfide electrolytes have excellent
ion conductivity, ranging from 1073 to 1072 % and moderate flexibility. Oxide electrolytes
provide excellent ionic conductivity between 10~* and 1073 i but are inflexible. Inorganic
polymer composites (IPCs), with favorable ionic conductivity (10~*-1073 %) and outstanding

flexibility, are the focus of large-scale production [16].
In order to make the specific energy of the battery >500 VZ—: and at the same time lower the cost,

SSB are regarded as a feasible way. They offer increased energy density while removing the safety
concerns related to flammable liquid electrolytes. Furthermore, IPCs have great promise since they
blend the benefits of inorganic and polymer materials with superior flexibility and ionic conductivity.
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The automated cell manufacturing process, which is necessary for large production, is also compatible
with these IPCs [16].

5. Conclusion

Technological advancements in energy storage are necessary for the global switch to renewable
energy. Because LIBs offer a dependable method of energy storage for sporadic renewable energy
sources, they have emerged as a crucial element of this shift. LIBs still have problems such as limited
resources and poor performance, and people have begun to research battery technologies such as
lithium-ion, solid-state and lithium-metal batteries, and have found that each of these battery
technologies has its own advantages and disadvantages.

This paper explores the functions, uses and drawbacks of lithium-ion batteries and presents some
promising alternatives such as chemical pre-treatment and electrolyte addition. As the demand for
safe and efficient batteries grows, resource constraints and environmental consequences need to be
taken into account in addition to technological innovations to address current issues one at a time.

SSBs, in particular, offer a viable pathway to improved safety and energy density. They exceed
the performance and cost benchmarks set by organizations such as the U.S. Department of Energy.
As researchers dig deeper, new materials and design approaches are expected to surface that will
significantly advance energy storage technology.

In the future, energy storage will not be limited to a particular technology or strategy, and multiple
technologies may coexist in this dynamic environment. In order to transition to a more sustainable
and energy-efficient future, advanced batteries will certainly be essential, requiring ongoing research
and investment in this significant area.
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