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Abstract: This article presents a summary of recent developments in the field of lithium-ion
battery anode materials. It first emphasises the pivotal role that anode materials play in
determining the total efficiency of lithium-ion batteries. Furthermore, the article examines
the diverse range of anode materials and highlights the distinct performance characteristics
of each in real-world applications. Additionally, it synthesizes and assesses the pivotal
research constraints and challenges that have emerged during the development process.
Finally, it presents recommendations for future research directions in anode materials,
encompassing a multitude of aspects such as novel material types, structural innovations, and
electrode reactions, with a particular emphasis on promising innovative strategies.
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1. Introduction

Since the advent of the Industrial Revolution, traditional fossil fuels, such as natural gas, coal, oil and
so on, which have been important in the development of industry[1]. However, their environmental
impact, including the formation of the ozone hole and global warming, has been significant. In the
21st century, the focus is on energy sources that can renew, such as water-power and wind-power,
and there is also a growing need for large-scale energy storage. However, these sources can't provide
uninterrupted electricity [2, 3]. Lithium-ion batteries are widely utilized due to their high energy
density, long lifespan, low self-discharge rate, and lack of memory effect. These characteristics have
enabled their extensive application in electric vehicles and mobile phones. Furthermore, they can
maintain performance even with partial charges, which makes them durable and efficient. A lithium-
ion battery is composed of four main components: the cathode, anode, electrolyte and separator.
Battery’s operation depends on the lithium ions' intercalation and de-intercalation between the
positive electrode and negative electrode (As shown in Figure 1). However, with the development of
technology, the intensification of performance requirements has brought to light a few issues relating
to the utilization of these applications. These include the necessity of higher energy density, the
reduction in cycle life upon repeated utilization, and the emergence of thermal runaway incidents
during periods of overcharge or over-discharge. It is of the utmost importance to address these
challenges to facilitate the continued advancement of lithium-ion battery technology.
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Figure 1: Figure with short caption (caption centred).

To address the needs of lithium battery development, researchers have sought to optimize the
lithium-ion batteries’ efficiency by changing electrode materials’ type. It is successful that advances
in anode materials have contributed to the progress of lithium battery. Young-Ok Kim and Su-Moon
Park employed nuclear magnetic resonance (NMR) and electrochemical impedance spectroscopy
(EIS) to investigate and clarify the mechanism of lithium-ion intercalation in graphite anodes [4].
Yuki Yamada and colleagues employed alternating current impedance spectroscopy to study the
transport dynamics of lithium ions at the graphite anode-electrolyte interface [5]. Yixian Wang and
collaborators [6] synthesized large interlayer spacing, ultra-thin amorphous carbon nanosheets using
a tuneable molten salt method, while Wei Guo et al. prepared amorphous carbon nanosheets with a
strong nitrogen doping through thermal decomposition, which enhanced lithium-ion storage capacity
and fast transport [7]. Additionally, researchers have explored the use of silicon-based, tin-based and
more recently, graphene-based materials in lithium-ion battery anodes, all achieving partial progress.

The article provides an overview of recent worldwide research on anode materials used in lithium-
ion batteries. And it mainly focuses on the future and status of various anode materials and highlights
the influence of each material on performance of batteries when they used as an anode. The objective
of this review is to critically analyse the current state of research on anode materials used in lithium-
ion batteries, with the aim of identifying the key challenges and proposing potential avenues for future
investigation.

2. Research status of Lithium-ion battery anode materials
2.1. Graphite Anode Materials

Since the invention of lithium-ion batteries, carbon-based materials, particularly graphite, soft carbon
and hard carbon, have been the preferred options for anodes. This is because carbon compounds have
a high electrical conductivity, their low raw material cost and their versatility in structural design,
encompassing 0D to 3D structures. Furthermore, carbon materials exhibit excellent mechanical
properties and thermal conductivity. In recent decades, advances in battery technology have resulted
in graphite becoming the predominant anode material, with hard carbon being gradually superseded.
Compared to other materials made of carbon, such as carbon nanomaterials and graphene, graphite
exhibits a lower lithium intercalation potential and offers a higher theoretical capacity, along with
superior performance during the initial lithium intercalation. The material's outstanding physical
properties stem from its layered crystal structure, where van der Waals forces and m-m interactions
hold the layers together. During charging, lithium ions can intercalate between these layers due to the
weak van der Waals forces, leading to the formation of lithium-rich compounds such as LiCé.

The stability of the graphite electrode-electrolyte interface is a crucial factor in the performance
of lithium-ion batteries. The surface of the anode is coated with a solid electrolyte interphase (SEI).
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During initial charging, enabling the passage of lithium ions while impeding electron flow. However,
the use of solvents containing lithium ions has been observed to result in the deterioration of the SEI,
which in turn leads to a reduction in battery lifespan and efficiency. Additionally, the expansion of
graphite during the charging process can potentially impact the structural integrity and safety of the
battery.

2.2. Amorphous carbon materials

Amorphous carbon materials possess larger interlayer spacing and specific surface area compared to
traditional graphite, offering more active sites for lithium-ion intercalation/deintercalation, thereby
enhancing lithium-ion storage capacity. The disordered structure, with numerous micropores and
nanopores, further improves lithium-ion intercalation in anode materials. Amorphous carbon can
assume a variety of forms, including 0D nanocrystals, 1D nanotubes, 2D nanosheets and 3D porous
structures[8]. These forms effectively shorten ion diffusion paths and enhance transmission capability.

By adjusting the carbonization temperature, it is possible to synthesize ultrathin amorphous carbon
nanosheets with larger surface areas and higher thermal stability, which demonstrate exceptional
reversible capacity and cycling performance[8]. Furthermore, amorphous carbon is also often
combined with materials like graphite and silicon to form composites, serving as a conductive
network and mitigating volume expansion with cycles of charge and discharge, thereby enhancing
rate performance and stability.

In addition, amorphous carbon can be coated on solid electrolytes to enhance interfacial stability
between lithium metal anodes and solid electrolytes, inhibiting lithium dendrite formation and
extending battery life. Due to its unique structure and properties, amorphous carbon is a highly
promising candidate for use as an anode material in lithium-ion batteries.

2.3. Transition Metal Oxide Materials

Research on anode materials made of transition metal oxides can be traced back to the 1990s. When
used as anode electrodes, transition metal oxides show different electrochemical properties compared
to graphite electrodes, as discovered by researchers[9]:

(1) Nanoscale transition metal oxides demonstrate an electrochemical capacity of approximately 700
mAh/g, which is nearly double the graphite electrodes' theoretical capacity (372 mAh/g).
Additionally, metal oxide electrodes have shown an impressive 100% capacity retention over 100
cycles in experimental conditions, a feature not found in graphite electrodes.

(2) The transition metal oxide anode's reaction mechanism is unique, involving Li,O formation and
decomposition (As shown in Eq.(1)), along with redox reactions, unlike traditional lithium
insertion/extraction or alloying processes.

M, 0,+7Li,0—27LiMO, (1)

* M represents the transition metal (such as Co, Ni, Mn, etc.)

*x,y, z, and n are stoichiometric coefficients in the reaction, which depend on the chemical
composition of the transition metal oxide.

Over the past 30 years, researchers have optimized transition metal oxide electrodes. FesO4 present
certain challenges, namely low conductivity and volume expansion, but abundance, low cost, and
high theoretical capacity (924 mAh/g) are also characteristics of this. Niobium-based oxides have
gained attention for their higher working potential, stable lithium-ion transport channels, and ability
to prevent lithium dendrites. Recently, nickel niobate has been seen as a prospective high-rate anode
material, thanks to its unique crystal structure (octahedral structure) that allows efficient ion transport
without structural modifications.
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The performance of transition metal oxide electrodes is influenced by both the metal type and the
electrode structure. To address poor conductivity and volume expansion during charge-discharge
cycles, researchers suggest using nanostructured oxides. These nanostructures reduce ion diffusion
pathways, improving transport rates and providing more active sites for lithium-ion insertion and
extraction. Furthermore, nanostructured materials demonstrate enhanced resilience to volume
fluctuations in comparison to their conventional counterparts, thereby improving the overall
durability of the material in the process of cycling.

The latest research direction in anode materials is the development of transition metal oxide glasses,
particularly for tin-based and vanadium-based glass materials[10]. The unique amorphous structure
of glass materials offers superior structural stability and cycling life compared to traditional materials.
The disordered structure can effectively mitigate the issue of anode volume expansion and enable
higher conductivity and ion migration rates.

2.4. Other Materials

In addition to the above common lithium ion anode materials, researchers are also studying other new
alternative materials.

2.4.1. Graphene material

Graphene's remarkable two-dimensional structure and exceptional electrical conductivity make it a
potential choice as the anode material for lithium-ion batteries. Its theoretical capacity is 744 mAh/g,
considerably higher than that of the traditional graphite anode. The researchers suggested improving
the electrochemical performance of graphene anodes by utilizing porous, defective or doped graphene
materials to boost lithium storage capacity and enhance overall performance. The use of graphene
combined with silicon or oxide composite materials can effectively address the issue of electrode
expansion during charge-discharge cycles, further optimizing performance.[11, 12].

2.4.2.Silicon-based Materials

Silicon's specific capacity can reach as high as 4200 mAh/g, more than ten times that of graphite,
making it a key focus of research as a negative electrode material[11]. However, during the charge-
discharge cycle, silicon can undergo volume expansion of more than 300%, resulting in structural
damage and limiting its usefulness[13]. To solve this problem, the researchers synthesized
silicon/graphene composites, which can buffer the silicon's volume change and reduce electrode
pulverization, thereby improving cycle stability and capacity retention(As shown in Table.1). The
conductivity and stability of silicon-based materials are further enhanced by the design of core-shell
structure, hollow structure, and porous structure[11].

2.4.3.Tin-based Materials

Tin-based materials, with their high specific capacity and abundant availability, are theoretically
excellent alternatives to graphite. The rapid capacity degradation of tin-based materials during
charging and discharging leads to reduced battery life. To address this issue, Lei Chen et al. improved
electrode performance by growing SnSSe on graphene and coating it with conductive carbon, which
inhibited volume expansion [14]. Similarly, Hangjun Ying et al. adopted a dual fixation strategy of
nitrogen-doped carbon and TiO> to prevent the migration and Synthesis of SnOx nanoparticles and
improve the material's stability and conductivity [15]. These strategies are designed to extend the life
and improve tin-based materials in battery.
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Table 1: Typical electrochemical characteristics of the anode of silicon/graphite composites.
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3.  Challenges and bottlenecks of negative electrode materials

Significant progress has been achieved in the study of anode materials for lithium-ion batteries.
However, the commonly used graphite electrodes are gradually failing to meet the demands of rapidly
advancing technology. The selection of raw materials and the structural design of the anode directly
influence the battery's capacity, cycle life, and rate performance. These limitations represent a
significant obstacle to the further advance of lithium-ion batteries[3, 26, 27]The following section
outlines the principal challenges and constraints associated with the advance of lithium-ion battery

anode materials.
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3.1. Volume Expansion

Volume expansion represents a significant challenge currently facing anode materials. Regardless of
the material type, volume expansion occurs to varying degrees during the lithiation process. Given
the limited space within the battery, excessive changes in the volume of electrode materials can lead
to alterations in the battery structure, particle fracture, and increased contact resistance, ultimately
resulting in capacity degradation[27]. As mentioned earlier, while high-capacity anode materials,
such as silicon-based and tin-based materials, have higher theoretical capacities, they also have
greater volume changes. To illustrate, silicon-based materials have been observed to undergo
expansion of up to 300%.

3.2. Conductivity and Ion Transport Problems

The inherent disadvantage of high-capacity materials, such as silicon, is their low electrical
conductivity. While charging and discharging, the ability of electrons to transfer within the anode is
weak. This low conductivity directly reduces the efficiency of the battery in terms of charge and
discharge, particularly under conditions of high rate. Poor electron conduction leads to increased
internal resistance in the battery, hindering the rapid completion of electrode reactions. As a result,
the battery's rate performance and power density are diminished[27].

In anode materials, not only electrons but also ions need to be transported. However, in high-
capacity materials, the lithium-ion transport rate is relatively slow. Over extended cycle periods, the
internal structure of the electrode undergoes alterations due to the processes of lithium de-
intercalation and intercalation, which consequently impact the ion transport pathways[28]. The SEI
generated on the negative electrode further increases the resistance to ion transport.

3.3. Initial Coulomb efficiency problem

As outlined in Section 3.2, after the first cycle of charging and discharging, SEI film naturally forms
on the outside of the anode material. Due to the significant amount of lithium ions consumed in this
process, the initial coulombic efficiency is often below 80%. Such inefficiency not only leads to the
depletion of valuable active lithium ions but, more significantly, imposes a restriction on the battery’s
overall capacity output. The permanent depletion of lithium ions in forming the SEI layer hampers
the battery’s performance from the outset, limiting its maximum potential energy storage. This not
only impacts the battery’s lifespan and efficiency but also poses a significant challenge in the
development of higher-performing lithium-ion batteries, especially in use where both energy density
and lifecycle are critical, such as E-car and renewable energy storage systems.

3.4. Lithium Dendrite Formation and Security Threat

The lithium dendrites’ formation is also one of the challenges to be solved. The growth of lithium
dendrites will not only reduce the efficiency of the battery, but also pose great threats to the safety of
the battery. These threats mainly include the following.

The growth of lithium dendrites may lead to membrane damage, short circuits in batteries,
uncontrolled heat generation due to internal temperature rise, and uncontrolled internal chemical
reactions[26]. Along with the generation of a large amount of heat, a lot of gas is also released,
increasing the threat of battery explosion or fire. The formation of lithium dendrites can lead to the
deactivation of active lithium ions, resulting in a reduction in battery capacity.
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4. Conclusion and Future Direction

The content above summarizes the current research status, issues and challenges faced by negative
electrode materials for lithium-ion batteries. By comparing and analyzing the effects of different
materials on the performance of negative electrodes, further thinking and data support are provided
for the improvement and development of negative electrode materials. Notwithstanding the
considerable advances that have been made in the field of battery negative electrode materials, several
challenges remain, including issues such as low original coulombic efficiency and volume expansion.
In addition to the issues inherent to the negative electrode material itself, current research has mostly
focused on the electrode's performance under conventional conditions. There is a lack of
understanding regarding the efficiency performance of the electrode in extreme environments.

In the future research, the following aspects will be the first focus of investigation. Firstly, increase
research on composite materials. The electrochemical properties exhibited by different materials
under different conditions are different. By combining different materials, their respective advantages
can be fully utilized. Secondly, optimize the electrode structure design. In the future, further research
will explore how nanotechnology can be used to modify electrode structures. By utilizing
nanotechnology, the electrodes will gain a larger specific surface area and additional active sites for
lithium-ion adsorption. Nanostructures can prevent the growth of electrode volume during charging
and draining procedures, as well as decrease the diffusion path of lithium ions. Lithium-ion batteries
are expected to remain the cornerstone of energy storage systems in the future, with research on
negative electrode materials driving the development of next-generation advanced batteries. Global
sustainable development goals will be achieved by the widespread use of high-performance pools in
industries such as E-cars, manufacturing, and sustainable energy storage in the future.
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