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A B S T R A C T   

The need for eco-friendly and portable energy sources for application in electrical, electronic, automobile and 
even aerospace industries has led to an ever-increasing research and innovation in lithium-ion battery tech
nology. Owing to the research and discoveries in recent years, lithium-ion batteries (LIBs) have stood out as the 
most suitable device for the storage of electrical power for application in mobile appliances and electric vehicles. 
This is as a result of the very attractive properties inherent in LIBs, which include lightweight, high energy 
density, small-scale size, few memory effects, long cycle life and low pollution. In this review article, recent 
advances in the development of anode materials for LIBs will be discussed, along with their advantages and 
disadvantages. New approaches for alleviating the drawbacks associated with LIB anode materials will also be 
highlighted.   

1. Introduction 

Diverse sources of energy and energy production techniques have 
been exploited over the years. The bulk of energy available to man is 
obtained from sources that are unfriendly to the environment and which 
pose certain levels of risk and danger to the health of man. Such sources 
include fossil fuel-based energy sources such as crude oil, natural gas, 
coal among others. Due to the increasingly more serious environmental 
threats posed by these sources of energy, an increased research effort has 
been recorded in recent years with regards to new and clean sources of 
energy, effective methods of energy conversion and techniques for en
ergy storage. In the wake of these researches, many novel advancements 
and innovative developments have been recorded in diverse sources of 
clean energy. These sources include solar and wind energy. However, 
these new sources of renewable and environmentally friendly energy are 
not entirely free of challenges. The major challenge is that they do not 
provide an uninterrupted and continuous flow of power (electric en
ergy). Hence, the need for energy storage devices with maximum effi
ciency and adequate storage capacity for application in the storage of 
the produced energy comes to the fore. 

One of the first attempts at energy storage was the use of Lead-acid 
batteries. Lead-acid batteries possess a charge/discharge state that is 
commendably stable, but some of their major drawbacks are their bulky 

size and high weight, which makes them unfit for use in portable, light 
electric devices. The major requirements for an energy storage medium 
in electrical and electronic applications in recent years are lightweight, 
long life span, cyclability, high energy density and accelerated charging 
rate. Nickel-cadmium (Ni-Cd) and Nickel-metal hydride (Ni-MH) bat
teries are some of the earliest energy storage devices that found appli
cation in portable electronic equipment and devices(phones, digital 
cameras etc.). While the Ni-Cd battery exhibited great capacity when 
subjected to high currents, it however, showed adverse memory effects, 
which led to a significant decrease in battery life, along with alarming 
toxicity issues as a result of its components. Although the Ni-MH battery 
exhibited a longer life span and is eco-friendly, it faced the challenge of 
leakage. Hence, the lithium-ion battery (LIB) was innovated with high 
prospects. 

The liquid leakage challenge posed by the conventional secondary 
batteries is conveniently solved by the solid polymer electrolyte in 
lithium-ion batteries. Secondly, in a lightweight architecture, its volume 
reduces to a compact size, meeting the requirements of portable devices 
[1]. In recent years, the power storage technology employed by a vast 
majority of laptops, mobile phones and other compact and light elec
tronic facilities is the LIBs. However, even though the LIBs have gained 
very wide acceptance and deployment in various applications, it still 
cries for further research, innovations and developments. This is due to 
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the need for batteries with higher energy density, long battery lifespan, 
and high charging speed that will meet the energy requirements for 
extensive energy storage operations and utilization, (such as solar cells 
and electric vehicles) in the fast-growing and advancing electrical, 
electronics and automobile industries. In addition to this, the scope and 
applications of LIBs have been expanded with the innovation of tech
nological products such as electric-powered automobiles (that is, the 
EVs and HEVs, which stand for electric vehicles and hybrid electric 
vehicles, respectively). The power source in an electric-powered auto
mobile is the rechargeable battery. A motor, which is one of the com
ponents of the vehicle’s engine, will then convert the electrical energy 
supplied by the battery into mechanical energy. To say the least, the 
advent and popularity of technological products such as solar cells, EVs 
and HEVs, which are a great step to the establishment of an eco-friendly 
society, have made the study and research on improving the properties, 
and hence the performance of LIBs very necessary, crucial and critical. 

2. The concept of lithium-ion batteries 

A lithium-ion battery, as the name implies, is a type of rechargeable 
battery that stores and discharges energy by the motion or movement of 
lithium ions between two electrodes with opposite polarity called the 
cathode and the anode through an electrolyte. This continuous move
ment of lithium ions from the anode to the cathode and vice versa is 
critical to the function of a lithium-ion battery. The anode, also known as 

the negatively charged electrode, discharges lithium ions into the elec
trolyte as shown in Fig. 1. The discharged ions are subsequently 
conveyed to the cathode, which is also referred to as the positively 
charged electrode, where they are absorbed. This, in a simple statement, 
is the process of energy discharge in LIBs. Similarly, during the charging 
process, there is a progressive migration of lithium ions from the cathode 
to the anode via the electrolyte [1]. From the foregoing, it is clear that 
the charging procedure is simply the exact opposite of the discharge 
process. 

In recent years, lithium-ion batteries (LIBs) have gained very wide
spread interest in research and technological development fields as one 
of the most attractive energy storage devices in modern society as a 
result of their elevated energy density, high durability or lifetime, and 
eco-friendly nature. They have also been established as the most 
competent sources of power for mobile, flexible and wearable electronic 
appliances, gadgets and devices, which include mobile phones, laptops, 
and digital cameras, owing to their attractive qualities when contrasted 
with other types of batteries, like the alkaline batteries and conventional 
Ni- MH or Ni-Cd batteries. In fact, LIBs are currently being considered as 
the power sources of choice for applications involving large-scale energy 
storage, such as solar cells, electric vehicles, among others. One 
important fact is that the electrodes’ quality has anoutstanding effect on 
the efficiency and performance of a LIB. This implies that any innovation 
leading to an enhancement in the capacity of the electrodes would 
generally improve the overall quality and efficiency of the battery, both 

Fig. 1. A schematic diagram showing how a lithium-ion battery works. Credits: (Diagram by Argonne National Laboratory, licensed under CC BY-NC-SA 2.0)  
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in its energy density, cyclability, and lifespan. This may ultimately lead 
to the full deployment of LIBs in electric-powered automobiles (EVs and 
HEVs) and other energy storage applicationsbothin large-scale and 
small-scale. 

The anode is a very vital element of the rechargeable battery and, 
based on its properties and morphology, it has a remarkable effect on the 
overall performance of the whole battery. As it stands, due to its unique 
hierarchical structure, graphite serves as the material used inmost of the 
commercially available anodes. Once lithium ions embed into graphite, 
the fairly large interstice between two adjoining layers of carbon atoms 
offers insertion sites for the lithium ions, thereby preventing the anode 
material’s shape, size, and structure from changing during the charge- 
discharge process [2]. Aside from this conventional mode of 
lithium-ion interactions, other novel mechanisms have also been 
explored. Such mechanisms include the redox reactions in transition 
metal oxide anodes and the displacement reaction in alloy anodes. 

Certain parameters are prioritized in LIB studies with a view to 
quantifying and evaluating the performance of the batteries. These 
include the rate capacity, coulombic efficiency and reversible/irrevers
ible capacity. In earlier studies, it was thought that the outstanding 
rechargeable characteristics of LIBs were due to the reversible recycling 
of lithium ions, but in effect, numerous losses take place inevitably in the 
actual intercalation/de-intercalation cycle [3]. One of the major losses 
occurs as a result of the creation of a layer called Solid Electrolyte 
Interface (SEI). This occurs during the first charge-discharge phase and 
is the outcome of the reaction between the electrolyte and the electrode 
material. SEI, on one hand, is not entirely adverse to the operation of 
LIBs, since it aids in ensuring the freedom of movement for the lithium 
ions while restricting the embedding of the solvent into the electrode. 
On the other hand, because SEI formation leads to the depletion of 
several lithium ions from the system and SEI layers inevitably result in 
an irreversible capacity loss in batteries, radical measures must be 
employed to at least limit or assuage the loss of reversible capacity in 
LIBs. 

The coulombic efficiency is another important parameter considered 
in LIBs architectural design. Coulombic efficiency is the ratio of lithium 
extraction capacity to lithium penetration capacity in the same cycle. 
This simply means the ratio of lithium charging capacity to the dis
charging capacity for the cathode material and vice versa for the anode 
material. Coulombic efficiency can be reduced by electrolyte decom
position and chemical or physical variations in electrode active mate
rials. LIB capacity varies depending on the current. High capacity is 
typically obtained at low currents; thus, discharge capacity at high 
currents, also known as rate capacity, becomes an important factor to 
consider [4]. It is worthy of note that when lithium-ion batteries are 
charged and/or discharged excessively it will have an irreversible 
damaging effect on the cathode and anode. In practice, power density is 
an important factor to consider in addition to volumetric capacity and 
specific capacity. According to reports, reducing the thickness of the 
electrodes to the barest minimum may serve as a very potent and effi
cient step in increasing the power density of the battery while decreasing 
both current density and resistance [5]. Furthermore, improving 
manufacturing technology and efficiency of production is critical to 
meeting the growing market demand for mobile, lightweight, and small 
electric and electronic products. 

It is generally believed that breakthroughs in LIB technology would 
require innovative chemistries for both the electrode and electrolyte 
components. The aim of the entire initiative is thus to identify, ‘doctor’ 
and deploy materials having capacities and performances higher than 
those offered by the anode and the cathode used in conventional types. 
Hence, the objective of this review is to report the innovations and ad
vancements in developing new anode materials as a possible replace
ment for graphite in LIBs. This review discusses four broad categories of 
anode materials used in the development of high-performance LIBs, viz: 
(i.) Alloy Materials, (ii.)Conversion type Transition-Metal Compounds, 
(iii.) Silicon-based Compounds, and (iv.) Carbon-based Compounds. In 

addition, the different bottlenecks associated with and preventing the 
full integration of these anode materials in commercial LIBs and possible 
solutions are mentioned in the review. 

3. Anode materials 

In the preceding section, it was clearly stated that the nature and 
properties of the anode material are cardinal to the overall battery 
performance. The capacity and performance of the battery not only 
depends largely on the intrinsic characteristics of the anode material but 
also on its morphology. Consequently, the suitable and appropriate 
structural design employed is much more important than the material 
selected. Many high-performance anode materials have been explored as 
novel materials for the next generation of LIBs. Among them are alloy 
materials, conversion-type transition metal compounds, silicon-based 
compounds, and carbon-based compounds. 

3.1. Alloy material 

It is common knowledge that graphite anodes have the problem of 
poor capacity and are associated with safety concerns. To correct these 
deficiencies, alloy anodes (such as Aluminum (Al), Tin (Sn), Magnesium 
(Mg), Silver (Ag), Antimony (Sb), and their alloys) are used. Alloy an
odes are known to have a specific capacity that is two to ten times higher 
than that of anodes made of carbon material. Also, alloy anodes like Tin 
(Sn) alloys have higher onset voltage above Li/Li+ which can help 
prevent lithium deposition, which is common in graphite anodes [6]. 
Furthermore, alloy anodes offer outstanding processing qualities and a 
high charge-discharge capacity. All these factors combine to make alloy 
anodes an intriguing topic with potential for LIB advancement. To add to 
this, there is also a concept in the field of alloy anodes known as alloy 
negative materials. They are simply metals with high purity or 
multi-component alloys which possess a significant storage capacity for 
lithium ions. 

The underlying concepts of metal anode conduction center on the 
insertion process. Another relevant concept also is the chemical reac
tion. Here lithium ions react with the active metal to generate a LinM 
compound (M represents metal). n has a value greater than one. This is 
the major explanation for the high potential lithium capacity of alloy 
anodes, which is significantly greater than that of carbon anodes. 
Notwithstanding, alloy anodes have some associated drawbacks. Ac
cording to reports, the massive volumetric expansions caused by the 
creation of a new phase severely compromises LIB characteristics [7]. 
Again, disadvantages such as poor electrical conductivity plus the sub
stantial variations in the material’s volume in the process of insertio
n/extraction of lithium ions result in issues such as substantial 
irreversible capacity loss during the first cycle and rapid capacity loss in 
subsequent cycles. These performance issues can be attributed to some 
inherent electrochemical mechanisms in the alloy materials. Some of 
these mechanisms are listed thus:  

(a) Because of oxygen’s low atomic weight, significant quantities of 
lithium can react with very tiny amounts of O2 to form a layer of 
lithium oxide of very small thickness which will deposit on the 
metal’s or alloy material’s surface. This leads to Li loss, and 
consequently, an irreversible loss of capacity.  

(b) Alloy anodes experience low lithium-ion diffusion rates leading 
to the trapping of Li ions within them, hence making the other
wise reversible lithiation/de-lithiation process somewhat irre
versible. These events also result in the production of unwanted 
compounds of lithium or the adsorption of Li ions on atoms 
located at the structural defects sites in the metal resulting in 
permanent capacity loss.  

(c) The SEI film in alloy anode comprises of lithium oxalates, 
ROCO2Li, Li2CO3, and sometimes also includes a ROLi mixture. 
Contrary to what is observed in LIB anodes made of graphite, the 
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solid electrolyte interface films developing on the surface of alloy 
anodes experience a rupture and regeneration process because of 
the volume expansion and compression. Increasing the amount of 
Li2CO3 present in the film as the process of cycling progresses will 
change the chemical composition of the alloy. The thickness of 
the SEI films increases as the process continues and salt- 

degradation products build up. This ultimately decreases both 
the efficiency of the initial cycle and subsequent capacity.  

(d) Because of the dramatic volume changes in the cycling process, 
the active material and the current collector become electrically 
disconnected. This occurs more often when lithium ions are 
delithiated from the electrode. 

Fig. 2. Charge–discharge voltage profiles of a pure silicon anode with an average powder size of 10 µm. Reproduced from [10] with permission.  

Fig. 3. comparison of cycle performance for Sb, Sb/carbon and Sb/carbon/graphite nanocomposites under different voltage windows. Reproduced with permission 
from [14]. 
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Two fundamental needs for improved anode materials are low irre
versible capacity and long cycle life. Regrettably, early research 
discovered that many alloy anodes have large initial irreversible ca
pacities (the difference between charge and discharge capacity) and fast 
capacity fading during cycling (reversible capacity loss) [8,9] Fig. 2.. 
depicts a charge/discharge curve for Si alloy anodes [10]. At the first 
cycle, it is clear that the delithiation capacity (charge) is substantially 
smaller than the lithiation (discharge) capacity. 

The irreversible capacity loss after the first cycle is quite substantial 
(2650 mAhg− 1), and the coulombic efficiency is poor (just 25%). In 
addition, the capacity fell rapidly throughout the subsequent cycles; 
after five cycles, the reversible capacity had plummeted by 70%. This 
sort of action has been observed frequently in different alloy systems 
[11,12], and the electrochemical mechanisms already mentioned above 
are thought to be the causes of high irreversible capacity in alloy anodes 

Some of these aforelisted challenges can be cushioned by techniques 
that modify the alloy surface in order to check the apparent loss of ca
pacity. For instance, depositing a thin layer that will serve as a shield on 
the nano-alloy particles’ surface can easily prevent oxidation of the 
anode and its aggregation [13]. Furthermore, carbon’s superior capacity 
can be used to make up for the inadequacy of alloy electrodes. Devel
oping high-conductivity graphite, with a layered pattern, which will 
serve as a dispersant or substrate for alloy anodes, for example, can 
significantly reduce the loss of capacity. In comparison to carbon-shelled 
pure tin anodes, it has been shown from previous studies that the carbon 
shell ultimately extends the lifespan of the battery and generates better 
potential between Li/Li+. Higher carbon content generally results in 
greater capacity retention, but at the price of lower specific capacity and 
increased irreversible capacity loss. Carbon-composite anodes’ 
first-cycle irreversible capacity is greatly influenced by the carbon type 
and preparation procedure, as stated in Section 3.4. In addition to par
ticle size control, numerous carbon nanocomposites demonstrated sta
ble cycle lifetimes of more than 100 cycles Fig. 3. illustrates an example 
of how the inclusion of carbon (C) and graphite (G) increased the cycle 
life of a nanocrystalline Sb anode [14]. 

Numerous carbon structures and compositions have been utilized for 
the above-mentioned technique, some of which are carbon fibres, car
bon nanotubes, hollow carbon spheres, carbon coating layers, etc., each 
with its own set of advantages and disadvantages [15]. To buttress this, 
the studies of Zhang et al [16]. come in handy. Zhang et al. produced 
TNHCs (these are tin nanoparticles whose diameter is below 100 nm 
encased in a hollow carbon sphere shell whose diameter is close to 20 
nm) to be used as an anode material. The morphology and shape of the 
hollow carbon sphere shell, as shown in Fig. 4, make room for a healthy 
expansion of the tin nanoparticles without the electrical disconnection 

of the active material from the current collector. 
This resultant anode has a cycling retention of over 800 mAhg− 1, 

which after 100 cycles still maintained more than 500 mAhg− 1. It also 
exhibited a good working potential. The observation after various re
searches clearly shows that the amount of graphite present is directly 
proportional to the secondary battery life. However, there was also a 
marked decline in specific capacity and an increase in irreversible ca
pacity loss. 

Alloy electrodes have, in recent times, demonstrated improved 
electrochemical efficiency for advanced LIBs. In the case of the 
unreactive shell, an amorphous Tin–Calcium alloy was produced using a 
solution technique that takes advantage of the reducingpropertyof 
NaBH4, and it appears in the shape of Li5Sn2 crystallite with the Calcium 
shell in the process of lithiation/delithiation. Reddy and Varadaraju 
[18] created a LIB anode using an NbSb2 alloy in which antimony reacts 
with lithium yielding Li3Sb. Here niobium does the work of a buffer 
substrate. The output and efficiency of the battery are improved as a 
result of the stress release and reduction in volume variations. Yin et al 
[19]. produced an Ag–Sn alloy (Ag52Sn48 and Ag46Sn54), which shows a 
reversible capacity of 800 mAhg− 1 to be used as an anode. In this setup, 
Ag serves as an unreactive matrix with buffer action. Mao and Dahn [20] 
produced an alloy powder of Sn–Fe–C. In this alloy, SnFe3C acts as the 
inert matrix, while Sn2Fe is the active phase. From their work, when the 
composite is made with Sn2Fe and SnFe3C with compositions of 25% and 
75%, respectively, the battery exhibits elevated reversible capacities 
near 1600 mAh cm− 3 and an excellent cyclability. 

3.2. The conversion-type anode materials 

From the findings of Lu et al [21]., conversion-type transition-metal 
compounds (CTAM) have risen to prominence as highly promising 
anode materials for lithium-ion batteries. This is as a result of their 
numerous attractive compositions alongside a high theoretical specific 
capacity. Some examples of conversion-type anode materials (CTAMs) 
in LIBs include transition-metal sulphides, oxides, phosphides, nitrides, 
fluorides, and selenides. One of the advantages is that when compared to 
alloy anode materials their production costs could be relatively on the 
lower side. This is consequent to the fact that many CTAMs appear in 
their natural forms. Very good examples are magnetite (Fe3O4), pyrite 
(FeS2), and pyrolusite (MnO2). Secondly, as a result of their lower 
lithium-intercalation potential CTAMs, unlike graphite anodes, do not 
experience the formation of lithium dendrites and therefore may make 
provision for better safety of operation for the LIB. Notwithstanding, 
CTAMs have some major drawbacks, which include inherent poor 
electronic and ionic conductivity, continuous electrolyte decomposition, 

Fig. 4. Diagram showing hollow mesoporous carbon spheres [reproduced from Ref [17]. under the terms and conditions of the Creative Commons Attribution 3.0 
Unported (CC BY 3.0) licence]. 
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and relatively large volume expansion (<200%). However, technolog
ical progress has been recorded over the years using nano-engineering 
techniques to increase the capacity of CTAMs for lithium storage. 
Some examples of Conversion-type Transition-metal Compounds are 
discussed in details in the next sections: 

3.2.1. Transition metal oxides 
Transition metal oxides (MOx, where M = transition metals which 

include iron, cobalt, nickel, copper, and zinc) possess some attractive 
characteristics which have made them generate a lot of interest as top 
candidates for LIB anode materials. They are non-toxic, possess high 
power density, theoretical specific capacity, are abundant in nature and 
have a low-cost fabrication process. One good case study is iron oxide 
materials (e.g., Fe3O4), which have lately gained increased recognition 
as potential anode material due to their elevated theoretical capacity 
(~926 mAhg− 1). However, the so-called attractive iron oxide materials 
still have their drawbacks. They display a rapid capacity decrease and 
poor cycling stability. This is attributed to the pulverization of the active 
materials during the charge/discharge process. In addition, when 
compared to graphite, Fe3O4 exhibits poor electron conductivity. This 
results in an eventual poor rate performance. 

In a bid to allay the drawbacks in the structural stability and the 
electrical conductivity of Fe3O4- based anode materials, Zang et al [16]. 
designed and synthesized what is known as yolk-double shell 

Fe3O4@C@C nanospheres (YDS-FCCNs) as shown in Fig. 5. The process 
involves synthesizing Fe3O4@C nanoparticles from ferrocene using a 
solvothermal method (one-pot synthesis). The as-obtained Fe3O4@C is 
subsequently coated with a layer of SiO2 by TEOS hydrolysis. This is 
followed by a uniform coating of the outermost part with a layer of 
polydopamine, after which it is calcined in a tube furnace filled with 
argon in a process called carbonization. To obtain the YDS-FCCN, the 
SiO2 layer of the carbonized product is etched selectively with the aid of 
a NaOH solution. From their findings, the YDS-FCCNs exhibited an 
increased electrical conductivity as a result of the non-pulverization of 
the active materials along with improved lithium-ion transport. 
YDS-FCCNs gave a reversible specific capacity of 780 mAhg− 1 at 0.5 
Ag− 1 after 500 cycles as a LIB anode. The XRD patterns of nanoFe3O4@C 
and YDS-FCCNs, shown in Fig. 6a., shows consistency with the standard 
XRD pattern for magnetic Fe3O4. This confirms the crystal structure and 
composition of produced material. The FTIR spectra of YDS-FCCNs and 
Fe3O4@C in Fig. 6b, shows a characteristic peak at about 569 cm− 1, 
which relates to the vibrational stretch of Fe-O bonds. Compared with 
commercial nano Fe3O4 and Fe3O4@C, the YDS-FCCNs composite 
demonstrated good cycling stability and excellent reversible capacity. 
The novel double carbon shell structure showed enormous prospectsin 
improving the structural stability of other electrode materials [22]. 

Furthermore, Oh et al. [23] worked on improving the flexibility and 
efficiency of transition metal oxides (iron oxides) by interconnecting 

Fig. 5. Diagram showing the fabrication process for YDS-FCCNs. [Reprinted with permission from Ref [22]., Copyright (2020), Elsevier]  

Fig. 6. (a) XRD representation of Fe3O4@C and YDS-FCCNs. (b) FT-IR spectra of Fe3O4@C and YDS-FCCNs. [Reprinted with permission from Ref [22]., Copyright 
(2020), Elsevier] 
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them with carbon nanotubes. They modified the carbon nanotubes by 
attaching carboxyl groups to them with the aid of a HNO3 solution. They 
also hydrolyzed polyacrylonitrile to form sulfonated polyacrylamide. 
The result was a sheet of hybrid nanofibres having the shape of a thorn 
bush which were deeply interconnected and integrated. These can serve 
as free-standing anodes for application in lithium polymer batteries that 
are highly flexible. The nanofibers comprised of α-Fe2O3 nanoparticles 
decorated carbon nanotubes. The as-produced HI-CNT/Fe2O3 were 
eventually fabricated in sheet form, in order to employ it as a 
self-supported anode. The polyimide matrix was also produced to serve 
as a freestanding gel polymer electrolyte for the flexible battery using 
the electrospinning process. From the observed results, the polyimide 
matrix has a porous structure that is finely connected, which enhanced 
the absorption of the electrolyte leading to high ionic conductivity [23, 
24]. A discharge capacity of 651 mAhg− 1 was recorded for a free
standing HI-CNT/Fe2O3 nanofiber anode after 100 cycles at a current 
density of 100 mAg− 1. To evaluate the specific capacity retention of the 
nanofibers, a full flexible cell comprising of the nanofiber anode and a 
LiFePO4 cathode was set up. The specific capacity of the energy storage 
device, which was initially 148.9 mAhg− 1 before twisting, recorded a 
slight variation at 148.5 mAhg− 1 after twisting for 10 cycles. The 
morphology of the nanofibers recorded at the end of 100 cycles indi
cated that HI-CNT/Fe2O3 nanofibers maintained their original mor
phologies well after numerous cycling. Their exceptional structure can 
withstand extreme volume fluctuations of α-Fe2O3, thereby achieving 
higher structural stability for the HI-CNT/Fe2O3 nanofibers and ulti
mately resulting in an enhanced Li-ion storage property [25–27]. 

Other types of conversion-type transition metal compounds which 
have attracted significant research and developments as possible 
competitive alternatives employed as anode materials for lithium-ion 
batteries include the following: 

3.2.2. Transition metal chalcogenides 
The transition metal compounds that fall under this category include 

tin sulphide(SnS), molybdenum disulfide (MoS2), iron disulfide (FeS2), 
and cobalt sulfide (CoS2). Chalcogenides have stood out as attractive 
anode materials whose theoretical capacity is quite high [28]. This is 
due to their Li (and Na) ions storage capacity by the mechanism of 
electrochemical conversion [29]. To further improve the cycling sta
bility and rate performance of the chalcogenides (especially cobalt sul
fide), which are hampered by significant alterations in the bulk 
dimensions of the material during charging/discharging, highly 
conductive and stable materials like polyaniline and graphene are 
applied as coatings on the surface of the sulfides [30,31]. 

3.2.3. Transition metal oxalates (TMOxs) 
Transition metal oxalates are one of the most promising new anodes 

that have attracted the attention of researchers in recent years. They 
stand as a much better replacement for graphite as anode materials in 
future lithium-ion battery productions due to the exceptional progress 
recorded by researchers in their electrochemical properties [32,33]. 
Such compounds include zinc oxalates (ZnC2O4), cobalt oxalates 
(CoC2O4), manganese oxalates (MnC2O4), nickel oxalates (NiC2O4) and 
iron oxalates (FeC2O4). These compounds, however, also encounter 
huge volume expansions during li-ion insertion/extraction leading to 
low cycling performance. According to research, it has been observed 
that modifications in the particle size, structure and/or morphology of 
the materials will go a long way to arresting this challenge [34]. 

3.2.4. Transition metal carbides and nitrides (MXenes) 
The transition metal compounds within the family of MXenes are 

titanium carbide (Ti3C2Tx) Mxene and selenides such as CoSe, FeSe2 and 
NiSe2. Ti3C2Tx as a new anode material for LIBs has risen to a high 
standing consequent to its elevated electrical conductivity along with an 
outstanding chemical stability and a reduced lithium-ion diffusion 
impedance [35]. Its commercialization is however limited by its 

inherent low capacity and restacking characteristics [36,37]. To allay 
these drawbacks, the integration of high theoretical capacity transition 
metal oxides (such as Fe3O4) into the layers of Ti3C2Tx to form hybrids 
with increased capacity for li-ion storage has been successfully experi
mented [38]. To further improve the electrochemical performance of the 
Ti3C2Tx, the number of its layers can be reduced, as it is observed that 
the higher the number of layers present, the more the possibility of some 
active layers in the internal surface of the Ti3C2Tx being neglected from 
Fe3O4 loading as a result of the multi-levelled nature of the Ti3C2TxM
Xenes [38]. In addition to this, mixing the Ti3C2Tx MXene with a tran
sition metal selenide (Co0.85Se clad with carbon) to form hybrids has led 
to the fabrication of anode materials with exceptional volumetric sta
bility, high electrical conductivity and a reversible capacity up to 700 
mAhg− 1 [39]. 

Recent research has demonstrated that MXenes, due to its unique 
qualities such as layered structure, good electrical conductivity, and 
hydrophilicity, can be employed as anode materials for Li-ion batteries 
(LIBs) [40]. MXenes have been proven to have a high specific capacity 
value of 320 mAh/g at a current of 100 mA/g after 760 cycles. However, 
MXenes in general suffer from restacking during cycle, limiting their 
Li-ion storage potential. The majority of the research has concentrated 
on the Li-ion storage potential of multi-layered MXene, although they 
suffer from restacking during cycle and perform similarly to graphite 
[40]. According to the results of the investigations, increasing the 
interlayer spacing, altering the functional groups of MXenes, and syn
thesizing few-layered MXenes are the most essential strategies to 
improve MXenes’ Li-ion storage capabilities. MXene-based composites 
are often manufactured with two goals in mind: limiting MXene 
restacking and buffering the volumetric expansion and loss of electrical 
contact of high-capacity anode materials, resulting in a synergistic effect 
between the MXenes and other composite ingredients. The findings of 
the examined studies show that adding modest concentrations of 
MXenes to metal oxides, transition metal dichalcogenides (TMDs), and 
silicon can greatly alleviate their difficulties for practical applications in 
LIBs [40]. 

3.2.5. Aluminium niobates 
Aluminum niobates have emerged as a better alternative to the 

traditional titanium niobates (TiNb2O7 andTi2Nb10O29) to serve as an 
improved anode material for LIBs [41]. This is because despite their 
attractively high theoretical capacity and impressive electrochemical 
properties titanium niobates possess a poor charge conductivity due to 
their reduced rate capability [42,43]. 

3.2.6. Transition metal phosphides 
The phosphides of importance in this category include tin, cobalt, 

copper, nickel and iron phosphides and their respective composites. As a 
result of their metallic features, increased thermal stability, exceptional 
specific capacity and safe operational potential, transition metal phos
phides have attracted the attention of researchers as outstanding anode 
materials for lithium-ion batteries [44,45]. Nevertheless, their reduced 
inherent electronic conductivity and the cracking of the active materials 
caused by the huge volume fluctuations of phosphorus during the 
charging/discharging process pose a very high limitation to the elec
trochemical performance of the phosphides [38]. According to research, 
it has been observed that these drawbacks can be allayed by decreasing 
the particle sizes of the metal phosphides to nano-sized structures [46]. 

3.2.7. Binary transition metal oxides 
Due to their high theoretical specific capacity, improved rate per

formance, and outstanding cycling stability, binary transition metal 
oxides have gotten a lot of attention as potential anode materials for 
lithium-ion batteries [47,48]. Compared to single transition metal ox
ides (such as Fe2O3, Co3O4, Mn3O4), binary transition metal oxides 
generally present improved electrochemical performance due to the 
synergistic effect of different metal elements [49]. Among transition 
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metal oxides, ZnMn2O4 offers various advantages, including environ
mental friendliness, low cost, and a substantially lower working voltage 
when compared to the Fe or Co -based oxides. With a lower charge 
voltage, the anode material can give a higher energy density. As a result, 
ZnMn2O4 has been proposed as a viable anode alternative for LIBs in 
place of conventional graphite [50]. To date, LIBs have been investi
gated using ZnMn2O4 nanomaterials as anodes in various morphologies, 
such as nanoflakes, nanowires, nanoparticles, and nanoflowers. By 
calcining a Zn–Mn citrate complex, Deng and Chen [51] were able to 
create agglomerated ZnMn2O4 nano-particles. At 200 mAg− 1, the 
nanoparticles had a specific capacity of 555 mAhg− 1 and 405 mAhg− 1 at 
600 mAg− 1. For ZnMn2O4 nanowires, Kim et al. [52] reported a 
solid-state reaction of Zn(Ac)2 with α-MnO2 nanowires at a high tem
perature. After 40 cycles, the nanowires had reversible capacities of 450 
mAhg− 1 at 500 mAg− 1 and 350 mAhg− 1 at 1000 mAg− 1. 

It is necessary to note that in spite of the outstanding features of 
transition metal oxides, their application in LIBs is generally limited by 
their low rated cycling performance owing to a very substantial change 
in volume during Li insertion/extraction. Furthermore, their applica
bility in LIBs is limited by their poor rate performance. To allay these, it 
has been observed that porous structures, could protect electrode 
integrity while also improving electrode structural stability due to their 
high tolerance for volume variation during discharge–charge cycles [53, 
54]. If the porous structure can therefore be incorporated into 
one-dimensional nanomaterials, the resulting porous nanorods will 
benefit from both the porous nanostructure and the one-dimensional 
geometry. In LIBs, such a structure will most certainly perform well. 
Hence, Bai et al. [55] synthesized loaf-like ZnMn2O4 nanorods by 
annealing MnOOH nanorods and Zn(OH)2 at 700 ◦C for 2 h. The ob
tained ZnMn2O4 maintained the one-dimensional shapeof the MnOOH 
nanorods and a pore-like structure was observed throughout the whole 

nanorod. For the production of loaf-like ZnMn2O4 nanorods, reaction 
time and temperatures are critical. ZnMn2O4 nanorods with poor crys
tallinity are formed when the reaction temperature is lower than 600 ◦C. 
When the reaction temperature is raised to 800 ◦C, ZnMn2O4 nanorods 
without porous features form. This is a highly typical occurrence in 
solid-state processes. Hence the optimal time and temperature for the 
synthesis is maintained at 700 ◦C for 2 h. The as-produced loaf-like 
ZnMn2O4 nanorods demonstrated a reversible specific capacity of 517 
mAhg− 1 at a current densities of 500 mAg− 1 after 100 cycles. The 
reversible capacity of the nanorods could still be retained at 457 
mAhg− 1 even at 1000 mAg− 1. The loaf-like ZnMn2O4 nanorods’ superior 
and improved electrochemical performances can be related to their 
one-dimensional shape and porous structure, which provide the elec
trode with efficient electron transport pathways and enough void spaces 
to tolerate volume change during the lithiation process [55]. 

Recently, intercalating titanium niobium oxide (TNO), which is 
another binary transition metal oxide anode material, with the general 
formula of TiNbxO2+2.5x, has received lots of attention as an alternative 
to graphite and Li4Ti5O12 commercial anodes. The desirability of this 
family of compounds stems from their high theoretical capacities 
(377–402 mAh/g), high safety, high working voltage, excellent cycling 
stability, and significant pseudocapacitivebehavior [56]. However, the 
rate performance of TNO-based anodes is poor owing to their low 
electronic and ionic conductivities. TNO-based composites generally are 
prepared with the aims of enhancing the conductivity of TNO and 
achieving a synergic effect between the TNO and the other component of 
the composite. Compositing with carbon matrices, such as graphene and 
carbon nanotubes (CNTs) are the most studied strategy for improving 
the conductivity of TNO and optimizing its high-rate performance [56, 
57]. 

Several kinds of titanium niobium oxide compounds with the general 

Fig. 7. Diagrams showing the Charge/discharge curves of the (a) pure TiNb2O7 and (b) TiNb2O7/C samples at different rates; and (c) long-term cyclic performance at 
10 C, reproduced from Ref [63]. 
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formula TiNbxO2+2.5x have recently been presented as possible 
candidate materials for the anode of LIBs. By combining Spinel lithium 
titanium oxide (LTO) and niobium oxide (Nb2O5) in its novel architec
ture, these compounds not only have the advantages of LTO in terms of 
outstanding structural stability and a high working potential (1.0–2.0 V 
vs. Li/Li+) that prevents SEI formation, but they also have significantly 
higher theoretical capacity due to multiple redox couples of Ti4+/Ti3+, 
Nb5+/Nb4+, and Nb4+/Nb3+. 

TNO has several benefits, however it has low electronic conductivity 
and weak ionic diffusivity, which results in a low rate capability. 
Overcoming these challenges will necessitate study in order to achieve 
the practical use of TNO. Doping [58], forming composites [59–61], and 
size refining [62] are the most successful ways for increasing the elec
trical conductivity of TNO. Composite creation is a simple and effective 
way for increasing the rate performance of TNO-based composites. The 
inclusion of extremely low levels of second phases with strong elec
trical/ionic conductivity, such as graphene and carbon nanotubes 
(CNTs), can greatly increase the rate performance of TNO anodes. 
Because carbon materials have excellent electrical conductivity, coating 
TNO anode materials with carbon (TNO/C) can increase electrochemical 
performance, particularly the rate capability of the battery. Yang et al 
[61]., for example, established a simple solvothermal process for pro
ducing carbon-coated porous TiNb2O7 microspheres Fig. 7. depicts the 
electrochemical performance of the generated samples. The TiNb2O7/C 
electrode demonstrated a discharge capacity of 200 mAh/g at 30 C, as 
shown in Fig. 7a and b, but the TiNb2O7 electrode provided only 132 
mAh/g at the same rate. The cycle ability of the TiNb2O7/C sample, as 
shown in Fig. 7c, was 191 mAh/g after 500 cycles at 10 C with a capacity 
retention of 92%, but the TiNb2O7 anode had only 107.5 mAh/g with a 
capacity retention of 58.4%. 

Aside from TNO-based composites with conductive reinforcements, 
the production of TNO with various types of anode materials might 
result in synergic benefits. 

3.2.8. Transition metal hydroxides 
Extensive research studies have been carried out on various transi

tion metal oxides such as have been discussed above and many more, 
with interesting outcome in their electrochemical performances, rate 
capacities and cyclic stabilities [64,65]. It is, however, interesting to 
note that studies on corresponding metal hydroxides as anode for LIBs in 
the recent past are sparse, probably in apprehension of the OH group 
present in their framework, though Ni(OH)2 has long found application 
in secondary alkaline batteries. Presently, however, this field of anode 
materials is gradually coming to limelight as researchers are picking 
interest in their diverse potentials. From literature, a number of studies 

are available wherein Ni(OH)2 and Ni, Co mixed hydroxide have been 
used as anode materials in LIBs [66,67]. Specific capacity as high as 
1416 mAhg− 1 has been reported with a composite of β-form of hexag
onal Ni(OH)2 nano flowers with a brucite like structure and multi-walled 
carbon nanotubes (MWCNTs), but with significant fading upon cycling, 
keeping just 30% of capacity after 50 cycles [66]. Li et al. [67] also 
showed good lithium storage properties (927 mAhg− 1) of β-Ni 
(OH)2@reduced graphene oxide composite, but with low capacity 
retention (54.7% after 30 cycles). Ni et al [68]. demonstrated good cycle 
ability by hydrothermally developing Ni(OH)2 directly on Ni foam; 
nevertheless, the material still had a poor cycle life when evaluated in 
powder form. A few investigations focused on the supercapacitive 
properties of metal hydroxides [69–71], with high specific capacitance 
values have been reported for layered mixed Co–Ni hydroxide nano
cones (1580 Fg− 1) [69] and amorphous Ni(OH)2 electrodes (2188 Fg− 1) 
[71]. These findings suggest that metal hydroxides have intriguing 
electrochemical characteristics and could be used as lithium battery 
anodes. Another interesting hydroxide material is Cu(OH)2 whose fea
tures show promising potentials as effective alternative anode for LIBs. 
In a cage-like structure, Cu(OH)2 has a layered framework with inter
layered H-bonds [72,73]. Large interlayer spacing allows for quick Li+

ion transfer/exchange while also increasing the effective active mate
rial–electrolyte interface area, which favors good intercalation proper
ties. Pramanik et al [74]. investigated the electrochemical performance 
of chemically synthesized Cu(OH)2 nanoflower arrays which was a 50 : 
50 composite of Cu(OH)2 and multiwalled carbon nanotubes (MWCNT). 
The resultant composite exhibited a reversible capacity of 522 mAhg− 1 

at a current density of 0.1 mAcm- [2] with 95% retention of capacity 
after 50 cycles. The results prove that it can serve as a very competitive 
alternative in LIBs anodes over its corresponding oxides. Also these re
sults for metal hydroxide anodes presented above are aimed at exciting 
researchers and stimulating renewed interest and further research into 
the viability of other metal hydroxides as alternative anodes for 
lithium-ion batteries. 

3.2.9. Large voltage hysteresis in CTAMs 
One major challenge observed in conversion type anode materials 

which grossly limits their large-scale application in LIBs despite their 
promising features is the unusually large voltage hysteresis between 
charge and discharge profiles as shown in Fig 8. At similar rates, the 
hysteresis of conversion electrode materials ranges from several hun
dred mV to 2 V [75], which is fairly similar to that of a Li-O2 battery [76] 
but much larger than that of a Li-S battery (200–300 mV) [76] or a 
traditional intercalation electrode material (several tens mV) [77]. It 
results in a high level of round-trip energy inefficiency (less than 80% 

Fig 8. . Schematic diagram showing the large voltage hysteresis in FeF3, a typical representative conversion material electrode. Reproduced from Ref [78]..  
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energy efficiency), which is intolerable in practical applications. 
To conquer this conundrum, it is essential to recognize the physical 

origins of the large voltage hysteresis, which have remained a mystery 
for many years. The current view is that a significant proportion of the 
voltage hysteresis is caused by asymmetric reaction pathways during 
discharge and charge, and that the presence of different intermediate 
phases leads to a significant split in electrochemical potential [79–81]. 
In a recent work, however, Li et al. [78] first correlated the voltage 
profile of iron fluoride (FeF3), a typical conversion electrode material, 
with the evolution and spatial distribution of intermediate phases in the 
electrode using in situ X-ray absorption spectroscopy, density functional 
theory calculations, transmission electron microscopy, and galvano
static intermittent titration technique (GITT). By combining all of their 
experimental and theoretical simulation results, the GITT concludes that 
the following components are the sources of the voltage hysteresis found 
at nonzero current, as illustrated in Fig. 9. 

The first is the iR voltage drop, which is the abrupt voltage increase 
once the current is discontinued and is typically 100 mV in the tests. The 
second component is the reaction overpotential(η), which is necessary to 
nucleate and develop new phases, promote mass transfer, and overcome 
the interfacial penalty associated with the formation of nanophases. This 

overpotential is seen as a voltage drop when current is applied and a 
spike when current is withdrawn. The difference in spatial distribution 
of electrochemically active phases during discharge and charge, as well 
as the way these phases are connected in the electrochemical system (i. 
e., access to Li+ and electron), is the third component that leads to 
hysteresis, but has not been considered in detail in previous literature. 
This hysteresis due to compositional inhomogeneity cannot be 
completely abolished by voltage relaxation (zero current) since it is 
extremely difficult, if not impossible, to make the relevant phases (or Li+

distribution), such as FeF2 ("Li-poor" phase) and Fe/LiF ("Li-rich" phase), 
become spatially homogeneous solely by Li+diffusion. This relaxation 
process also necessitates the migration of F and Fe2+ ions, which are 
normally quite sluggish. 

These new insights propose techniques for reducing voltage hyster
esis, which is critical for boosting battery energy efficiency. One simple 
way is to build a composite electrode out of nanostructured active 
particles size of which must be equivalent to the length scale of the 
conversion reaction (typically less than 10 nm for FeF3) and which are 
directly coupled to electrically conductive scaffolds. Embedding active 
elements between graphene layers to create a graphite intercalation 
compound is one intriguing approach [82]. This is expected to reduce 

Fig. 9. A close-up view of the GITT curve for the electrode. IR drop, reaction overpotential (η), and the remaining voltage difference after relaxation (Vgap) are 
marked to show the components that contribute to the large voltage gap during cycling. Reproduced from Ref [78].. 
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voltage hysteresis and iR loss induced by compositional inhomogeneity. 
However, a sufficient amount of active materials must be implanted to 
ensure that the overall volumetric energy density is not adversely 
affected. Another technique worth investigating is introducing another 
cation or anion into the lattice (similar to the function of a "catalyst") to 
create a more disordered microstructure and increase ionic and elec
trical transport characteristics, hence reducing the reaction over
potential. It is postulated that because no more inactive components are 
introduced, this technique can attain higher energy density than the 
first. The ternary fluoride CuyFe1-yF2solid-solution, for example, has less 
hysteresis than a pure FeF2 electrode 83. One significant problem is 
preserving the beneficial effect throughout repeated cycling, as Cu is 
quickly lost by Cu+ dissolution into the liquid electrolyte [83,84]. 

3.3. Silicon-based compounds 

Silicon (Si) has proven to be a very great and exceptional anode 
material available for lithium-ion battery technology. Among all the 
known elements, Si possesses the greatest gravimetric and volumetric 
capacity and is also available at a very affordable cost. It is relatively 
abundant in the earth crust. It is also not laden with safety risks 
compared with graphite electrodes, due to its low working potential. 
Nevertheless, there are huge very significant obstacles limiting the full 
operation and commercialization of Si anodes. First is the challenge of 
huge volume variation, which occurs during the lithium-ion insertion/ 
extraction process. The lithiation/de-lithiation process occurs in Si- 
based electrodes via a conversion reaction. In this process, four 
lithium atoms are captured byeach silicon atom. The richest phase of the 
Li-Si being Li22Si5 (Li4.4Si) at 415 ◦C, combined with a high lithium 

storage capacity of 4200 mAhg− 1, results in a large volume expansion of 
approximately 310%. At room temperature, another Li15Si4 phase exists 
with a lithium capacity of 3579 mAhg− 1 and a reduced volume expan
sion capacity of 280% [85]. In the case of anodes made of silicon ma
terials, the high volume fluctuations introduce diverse problems, which 
include irregular and unsteady electrical contact (delamination), parti
cle cracking, recurrent dynamic creation of SEI layers and ineffective 
electron transfer as shown in Fig. 10. In reality, therefore, the actual 
capacity of Si anodes is much lower than what the theoretical values 
boast, and even its cyclability is quite poor to be deployed for com
mercial applications. Hence, the development of new-age secondary 
batteries using Si anodes becomes greatly hindered, especially (among 
other drawbacks already mentioned) due to its lack of electrical 
conductivity. 

One unique characteristic of silicon is the transition from the crys
talline phase to the amorphous phase which it usually undergoes during 
its first charging and discharging cycle. Silicon in its amorphous state 
can bear force evenly from all directions, reducing volumetric variation. 
As a result, avoiding the reverse phase transformation process (back to 
crystalline silicon) during its subsequent cycles will be highly favorable 
to the overall operation of LIB electrodes. If the voltage at which lithium 
intercalation occurs in amorphous silicon is maintained beyond 50 mV, 
it will be possible to retain silicon in its amorphous state rather than 
having it transiting back to crystalline Si. In addition to this, the capacity 
of Si during the first discharge process (4032 mAhg− 1) also is dramati
cally reduced when compared to its capacity during the charging process 
(5149 mAhg− 1) [87]. 

Apart from the different drawbacks mentioned which are a result of 
huge volume fluctuations, another major cause of the huge permanent 

Fig. 10. Diagram showing the challenges of silicon anode materials. Reproduced from Ref [86]. under the terms and conditions of the Creative Commons Attribution 
4.0 International License (CC BY 4.0). 

P.U. Nzereogu et al.                                                                                                                                                                                                                            



Applied Surface Science Advances 9 (2022) 100233

12

loss of capacity may be the solid-state phase transition. The low initial 
coulombic efficiency (already discussed) is a very major drawback 
preventing the complete deployment of silicon as a commercial anode 
material for LIBs. 

Another vital issue is that silicon, whether in its crystalline or 
amorphous form undergoes rapid fade in lithium storage capacity in the 
first few cycles Fig. 11. shows a comparison of the galvanostatic cyclic 
stabilities during the first few cycles for graphite and silicon based an
odes. Si, for example, exhibits nearly 90% capacity fade after only the 
first ten cycles [88–90]. Graphitic Carbon-based electrodes, on the other 
hand, exhibit excellent cyclic stability [91–93]. Moreover, when 
compared to graphitic carbon, the reversibility of lithiation and deli
thiation, i.e., coulombic efficiency, is typically low for silicon. This is 
due to the fact that the fracture/disintegration of silicon during each 
electrochemical lithiation/delithiation cycle exposes a new surface to 
the electrolyte, where irreversible surface reactions (including the for
mation of a solid electrolyte interface (SEI)) continue to occur even after 
the first cycle [94,95]. Furthermore, the SEI layer originally produced on 
the surface of silicon appears to be unstable (unlike graphitic carbon for 
instance) due to the large expansion and contraction in each lithiation 
and delithiation cycle [94,95]. Such recurrent instances of irreversible 
surface reactions continue to irreversibly consume lithium from the cell, 
contributing to a decline in cell capacity in the event of a Li-ion ’full’ 
cell. On a side point, due to the lower Li-diffusivity (DLi) in silicon (Si 
has DLi of only 10–12 to 10–13 cm2/s for Si [96,97], as opposed to DLi of 
10-7 to 10-9 cm2/s for graphite [98]), Li-insertion in silicon is a 
comparatively slower process. In comparison to intercalation (which 
occurs in graphitic carbon), alloying is a more sophisticated and 
time-consuming process that involves the ’breakage/distortion’ of 
existing Si-Si bonds in order to generate new Si-Li bonds. As a result, in 
order to increase the rate capability of Si-based anodes, the ’Li transport 
distances’ in the Si ’host’ matrix must be lowered. In other words, in 
terms of rate capacity, it is preferable to reduce the dimensional scale 
(particle size, for instance) of silicon. However, the electrode/electrolyte 
interface area will increase, resulting in the development of detrimental 
(irreversible) surface reactions [99]. 

If these significant limitations are allayed, Si anodes will be a major 
breakthrough in LIB technology. 

Taking a leaf from the preceding analysis, researchers have generally 
accepted the fact that the rational design of the anode’s nanostructure is 
specifically required to overcome the enormous pitfalls of the electrodes 
made of silicon. According to some studies, Si nanowires perform 
significantly better than their nanoparticles counterparts because they 
experience reduced cracking and they possess a specific conductive di
rection [4]. In addition to this, it was observedthat silicon nanowires 
transit chiefly to the amorphous phase at 50 mV, while some regions 

within the core remain crystalline, but at 10 mV, the crystalline regions 
are completely phased out and the Si nanowires become entirely 
amorphous [100]. To accommodate silicon’s large volume changes, 
inert matrices are incorporated into anodes of silicon, resulting in the 
formation of silicon composite electrodes. Inorganic materials are more 
efficient than polymer matrices at restraining the volume fluctuations of 
silicon in the process of lithium insertion and extraction. They also offer 
a consistent and reliable electrical connection with the active material. 

Carbon materials serve as better and more functional additives for 
composite electrodes of silicon. This is owing to their light-weight when 
compared to other inorganic matrices (TiB2, TiN, etc.). In the silicon- 
carbon relationship, each member complements the weakness of the 
other. While silicon possesses an exceptionally high volumetric and 
specific capacity but undergoes huge dimensional fluctuations, the 
carbon matrix can handle volume fluctuations while maintaining 
structural integrity and electrical stability, however, it lowers battery 
capacity. From the foregoing, it is worthy to note that the amount of 
silicon present in the silicon-carbon composite structure is very vital in 
the rechargeable properties of the battery and it gives rise to two 
possible development options of silicon-based composite anodes. The 
first option is the composite anode with poor capacity and excellent 
cyclability, while the second option is the composite anode with excel
lent capacity and low cyclability. However, it is common knowledge that 
increasing the silicon content in silicon-carbon composite to a maximum 
to achieve a high capacity performance leads to numerous adverse 
consequences, among which are incompatible battery system, poor 
processability, and low economic efficiency. Ren et al [101]. discovered 
that when the C/Si ratio is 1:0.2, the composite anodes exhibit the 
greatest initial coulombic efficiency compared to 1:0.1 and 1:0.3 ratios. 
This is because a mild increase in the silicon content can lead to a sig
nificant rise in the porosity of the silicon/carbon microspheres, whereas 
as the C/Si ratio decreases, some silicon particles agglomerate. 

Presently, self-designed assembly systems are the central focus of 
research studies on high capacity silicon anodes. In summary, both 
present and future researchon Si/C electrode materials are primarily 
centered on improving cyclability, elevated charge and discharge rate, 
increased energy density, stable properties, low safety risks and large- 
scale production at minimalcosts [102–104]. 

There are a couple of major established methods for the synthesis of 
silicon/carbon composite anode materials. These methods include 
electrospinning, pyrolysis, hydrothermal, mechanical milling, CVD, and 
sol-gel methods. It is, however, painful to note that majority of the 
conventional methods of synthesis have poor results and are not envi
ronmentally friendly, consequently the invention of extensible and 
adaptable processes leading to the achievement of high efficiency and 
maximum yield is necessary to ensure the possible and commercial 

Fig. 11. (a) Galvanostatic discharge/charge profiles during initial electrochemical cycling of (a) graphite [91] and (b) Si (having particle size of ~10 µm) [89] in 
Li ‘half. 
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deployment of silicon composite anodes. Ren et al [101]. described a 
cost-friendly and environmentally safe method for producing porous 
silicon/carbon microspheres (GPSCMs). They used sucrose to bind sili
con nanoparticles to porous carbon microspheres and graphitized needle 
coke produced from industrial waste materials served as a carbon 
source. 

In the design of silicon composite structures, the concept of utmost 
priority is to address the basic drawbacks of the silicon anode by 
providing additional vacancies to accommodate its expansion. This is 
achieved by employing carbon as a conductive matrix. Hertzberg et al 
[105]. developed a Si@C composite (termed Si-in-C tubes) which basi
cally comprises a silicon nanotube within a carbon nanotube. During 
lithiation, the expansion of silicon nanotube is directed inward as a 
result of the constraints of the carbon nanotube (CNT) ‘shell’ and during 
delithiation, it also contracts easily within the CNT. The tiny openings 
on the walls (pores) of CNTs allow for enough variation in the di
mensions of silicon during expansion and contraction in order to guar
antee complete structural coherence. The Si-in-C composite as an anode 
exhibited improved electrochemical performance in a battery perfor
mance test. They also carried out tests on the frameworks of several 
silicon structures with different wall thickness levels and discovered a 
delamination activity for the 33 and 46 wt% silicon samples. The 
delamination of silicon nanotubes from carbon nanotubes brought about 
a decrease in the electrical contact. The 9 and 46 wt% samples of silicon 
exhibited the greatest capacity quite close to theoretical capacity. 
However, even though the coulombic efficiency was up to 99.5% beyond 
the first and subsequent cycles, the coulombic efficiency in the initial 
cycle was just about 75%. 

Aside from techniques that increase the wall thicknesses of silicon 
and carbon, which have been developed, more effective modification 
methods are necessary. Wu et al [106]. suggested a SiNPs@CNTs model 
with silicon nanoparticles dispersed on the wall openings (pores) of 
carbon nanotubes. The expansion/contraction of silicon nanoparticles 
and the stability of the solid electrolyte interface layer can be regulated 
independently by enabling the unimpeded expansion of silicon NPs by 
making use of free spaces between the particles while preventing the 
silicon NPs from making contact with the electrolyte with the aid of 
carbon nanotubes. Ji et al [107]. created yet another innovative 
self-supported anode. Using aqueous suspensions, they created 
Silicon-Graphene-Ultrathin Graphite Foam (Si-Graphene-UGF) com
posite where Silicon nanoparticles encased within a graphene cover a 
UGF surface. Beside the assets and benefits of graphene, the UGF surface 
not only ensures optimal electronic contact in the electrode but also 
eliminates the need for bulky silicon loading. Liu et al [108]. created a 
Si@C composite having the shape of a pomegranate. Here, each silicon 
particle is enclosed within a carbon sphere which provides a fully 
restricted open space for expansion and contraction of silicon in the 
process of Li lithiation/de-lithiation. By design, the carbon shell will be 
occupied fully in the lithiation process. For 9% carbon, the Initial 
Coulombic Efficiencies (ICE) may be up to 82%, and subsequent 
Coulombic Efficiencies (up to 1000 cycles), on average, may be up to 
99.87%. The relatively low ICE may be attributed to the amorphous 
morphology of the carbon shell; hence the search for better alternatives 
for carbon shell may lead to a greater improvement of the ICE so as to 
exceed 85%. One great advantage of the silicon pomegranate anode is 
that its manufacturing procedure is devoid of complicated processes and 
it is well suited and adaptable to the current battery system. 

3.3.1. Electrolyte selection for Si-based anodes 
Electrolytes serve the purpose of providing an effective path for the 

transfer of lithium ions while at the same time remaining electronically 
non-conductive. An elevated dielectric constant and reduced electrolyte 
viscosity at common operating temperatures are prerequisite for 
obtaining an increased ion conduction capacity [109]. Further to that, 
because Si is the anode, traditional electrolytes containing dimethyl 
carbonate (DMC) or diethyl carbonate (DEC) and ethylene carbonate 

(EC), among others, will invariably be reduced within the potential 
range of silicon [110]. The only component left for scientists and engi
neers to modify is the formation of a one-time, stable SEI that protects 
the Si surface against further SEI growth. As have been elaborated in 
previous discussions, this poses an obvious limitation for silicon due to 
frequent volume variations, pulverization, and the resulting creation of 
new surface area, thus paving way for new SEI formation [111]. 
Furthermore, the continuous expansion and contraction of silicon result 
in an unfavorable separation of SEI from the surface of the active ma
terial, revealing new surface area for more SEI generation. Conse
quently, researchers on electrolytes have looked for solutions to these 
problems in electrolyte salts, solvents, and electrolyte additives. 

Electrolyte salts and solvents are somewhat more established among 
these alternative solutions, owing to extensive research on electrolytes 
for normal LIBs. Electrolyte additives, which can be chosen or adjusted 
to address Si-related difficulties, are a promising avenue for increasing Si 
anode performance. Electrolyte additives such as succinic anhydride 
[112], lithium bis(oxalate)borate (LiBOB) [113], lithium difluro(oxa
lato)borate (LiDFOB) [114], vinylene carbonate (VC) [115], and fluo
roethylene carbonate (FEC) [116] have been shown to extend cycle life 
and CE. Dalavi et al. published an intriguing paper that did a direct 
comparison of most of the above electrolyte additions [114]. Despite the 
lack of mechanistic description in this paper, it gave a good overview of 
what to expect from each additive under the same experimental settings. 
It is clear that switching the solvent from EC to propylene carbonate (PC) 
has a negative impact on the cell performance in terms of cycle life. 
Furthermore, because the cycle life deterioration is most likely owing to 
strong SEI development and reformation, PC has an extremely low CE. 
This means that the PC electrolyte is continually degraded throughout 
each cycle, with negligible passivation (protective) action. This effect is 
exacerbated by the pulverization of silicon during cycling, which creates 
even more surface area for PC to degrade on. PC-based electrolytes have 
also been shown to be ineffective in preserving the stability of the SEI, 
and are known to intercalate into the layers of graphite, resulting in 
graphite layer exfoliation [117]. When the other additions were evalu
ated, Dalavi’s findings indicated that FEC and VC are the most effective 
electrolyte additives. Both of these additives were able to keep their 
capacity retention and CE levels high. 

During cycling, EC and DEC disintegrate, depositing polymeric and 
oligomeric molecules on the surface of silicon. When LiPF6 degrades on 
the anode active material’s surface, whether graphite or Si, LiF is pro
duced in SEI. There have been disagreements concerning the function of 
LiF in SEI, and a full survey to better understand it has yet to be 
completed [118]. At around 1 V against Li/Li, VC decomposes ahead of 
the degradation of EC and DEC, generating an SEI layer on the surface of 
Si that is impervious to the electrolyte [119]. Unmodified EC and DEC 
electrolyte forms an SEI layer that is somewhat electrolyte susceptible. 
It’s vital to note that one of an SEI’s most significant qualities is its 
ability to transport Li ions while remaining impermeable to electrolyte. 
Electrolyte molecules are physically detached from Si and effectively 
prevented from further breakdown on the Si surface when a VC-derived 
first SEI layer is formed. 

Many peer-reviewed papers mention FEC as one of the most common 
electrolyte additives. It offers various advantages in addition to its 
steady cycle performance, such as a low melting point and low flam
mability [120]. Because FEC creates VC, it is reasonable to assume that it 
will also protect Si [116]. Xu et al. investigated the mechanism through 
which FEC benefits from its use as an additive [121]. Xu compared an 
FEC-added electrolyte system to an additive-free silicon LIB, as in earlier 
works. The outcome is similar with prior results, demonstrating a sig
nificant increase in capacity retention and CE. Furthermore, compared 
to the broad SEI layer enveloping the Si particle in the unmodified cells, 
Si particles in the FEC modified cells seemed to have a substantially 
more compact SEI layer. The FEC modified cells would have a decreased 
mass transfer resistance as a result of this. This disparity, according to 
Xu, is due to the fact that FEC decomposes at a voltage of 1.3 V against 
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Li/Li+, which is substantially greater than EC and DEC. The carbon 
signal of the SEI layer shows a modest decline in XPS data of the fresh 
electrode and electrodes discharged to 0.9 V (before the initiation of EC 
and DEC breakdown). This peak is often ascribed to the carbonate spe
cies because of a shift in the C 1s peak from 290 to 290.8 eV, although 
this shift is most likely owing to the creation of a type of fluorocar
bonate, a result presumably from FEC’s ring opening [122]. This shows 
that FEC decomposes first during discharge, allowing for the formation 
of a protective layer on the Si surface before the EC/DEC decomposition 
[120]. 

Another advantage of FEC may be its capacity to produce more 
fluorinated phosphoric oxides. These novel species may interact with 
LiPF6’s intermediate breakdown products, stabilizing them and pre
venting further decomposition. To conclude, Xu argued that not only the 
thickness of the SEI, but also the chemical composition and structural 
features of the material are critical parameters. This is crucial from a 
conceptual standpoint, because when FEC decomposes on Si, it essen
tially generates a Si/polymer composite. As a result, FEC may offer ad
vantages not only in terms of chemistry, but also in terms of structural 
integrity, comparable to other Si/C composites. As a result, the me
chanical characteristics of the SEI, such as stiffness and elasticity, might 
be tweaked to give new directions for silicon LIB anode electrolyte 
research in the future. 

3.3.2. Future perspective for silicon-based anodes 
With the rising demand for batteries with high energy density, LIBs 

anodes made from silicon-based materials have become a highly prio
tized study focus and have witnessed significant progress. Presently, the 
application of silicon anodes in electrochemical energy storage is grossly 
limited by two major bottlenecks: large volume variations and low 

electrical conductivity. As a result, the silicon-based material’s future 
development will focus on both increased capacity, improved cycle 
stability as well as SEI stability. 

3.4. Carbon based compounds 

Carbon is now used primarily in commercial lithium-ion battery 
anodes due to its advantageous properties such as widespread avail
ability, outstanding electronic conductivity, low cost and a favorable 
hierarchical arrangement for Li-ion insertion. However, certain draw
backs of graphite anodes, which include decreased rate capacity, low 
specific capacity, as well as safety risks, have prompted further research 
into the performance optimization ofof carbon-based material anodes. 
Dendrites are formed as a result of the slow working potential of carbon 
and the sustained deposition of lithium ions. These architectures are the 
source of the safety concerns, which are significant limitations that 
carbon-based anodes have that prevent their widespread 
commercialization. 

There are two types of carbonaceous materials: graphitic carbon 
(GC) and non-graphitic carbon (NGC). Graphitic carbon is highly crys
talline, whereas non-graphitic carbon is amorphous. The former and 
latter are commonly referred to as ‘soft’ and ‘hard’ carbon, respectively. 
This is because NGC possesses a significantly higher mechanical hard
ness. Carbon atoms exist in graphite structures as sp [2] or sp [3] hy
bridization, and the entire carbon material structure is made up of 
graphene planes piled up over each other. Graphenes are made up of 
carbon double bonds. No more than six carbon atoms cling to one 
lithium-ion forming LiC6. LiC6 occurs most frequently in carbon anodes, 
resulting in a theoretical capacity of 372 mAhg− 1, whereas amorphous 
carbon structures take in fewer amounts of lithium. The carbon material 

Fig. 12. . (a) Schematic diagram showing the single-walled carbon nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT) (Reproduced from Ref [126]. 
under the terms and conditions of the Creative Commons Attribution 3.0 Unported (CC BY 3.0) licence; (b) SEM image of carbon nanofibers (CNFs)( Reproduced from 
Ref [125]. under the terms and conditions of the Creative Commons license, CC–BY 4.0); (c) SEM images of carbon nanorods (CNRs) and carbon nanowires (CNWs), 
(Reproduced from Ref [127]. under the terms and conditions of the Creative Commons Attribution 4.0 International License). 
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anode’s lithium insertion/extraction process is stated thus: 

Li+ + e + nC = LiCn (1) 

In Eq. (1), n has values of 6–12. Carbon’s microstructure, crystal
linity, and morphology all have a significant effect on the nature, at
tributes and capacity of the lithiation compound. Different carbon 
materials possess varying bond-distances, with varying stacked-layer 
thicknesses, resulting in diverse lithiation capacities. Presently, in the 
electric industry, it is observed and recorded that coke or hard carbon, as 
an anode, possesses excellent stability of cycles, whereas graphite 
electrodes exhibit high energy density and excellent capacity. The pro
ceeding sections cover the intercalation capacities of diverse carbon 
nano-structures in 1-dimension, 2-dimensions, and 3-dimensions, as 
well as the methods of the anode synthesis. 

3.4.1. 1-Dimensional carbon nanostructures (nanotubes, nanorods and 
nanofibers (CNTs)) 

CNTs are graphenes rolled into sheets having one or more layers. 
They can be single-walled, referred to as SWCNTs (single-wall carbon 
nanotubes) or multi-walled, referred to as MWCNTs (multi-wall carbon 
nanotubes) as shown in Fig. 12a. CNT anodes are more capable of 
storing and converting energy than standard graphite electrodes. This is 
due to their impressive conductivity and structural stability. It has been 
observed that for the direction or the path of transfer of charges, lithium 
ions undergo diffusion along the axial direction, as opposed to the radial 
direction [123]. According to research, the purity of carbon nanotube 
electrodes and the type of additives influence the reversible capacity by 
regulating the creation of a Solid Electrolyte Interface [124]. In the 
anode, carbon nanotubes (CNTs) can take the shape of an entangled 
random system (ECNT) or an array architecture (CNTA). Furthermore, 
CNTs can serve as the conductive substrate, the binder and the active 
material all at the same time to form a so-called free-standing electrode. 
Although the interior and posterior walls of CNTs can both adsorb 
lithium ions, the adsorption capacity of the internal walls is higher 
[125]. 

Surprisingly, simple changes in some synthesis techniques will lead 
to the formation of CNWs (carbon nanowalls) or carbon nanorods rather 

than Carbon Nanotubes. The morphology of the carbon layer under 
certain techniques depends largely on the pressure and gas flow rate as 
shown by Fig 12c. When the gas flow rate is high and the pressure low, 
nanorods are formed, while at average pressure and gas flow rate, CNWs 
are formed [126]. Carbon configuration varies significantly among the 
above-mentioned carbon nanostructures, while CNTs are made up of 
well-arranged graphitic carbon having sp [2] bonds, CNWs are made up 
of amorphous carbon with sp [2] and sp [3] mixed hybridization. For 
carbon nanofibers, they are nanostructures of graphene with 
cylindrical-shaped layers (Fig 12b). When they are wrapped into perfect 
cylinders, they become carbon nanotubes [125]. 

3.4.2. Graphene: (2-Dimensional carbon nanostructure) 
Graphenes are simply single graphite sheets. They are one-atom- 

thick lattices of carbon atoms systematically arranged in hexagonal 
rings as shown in Fig. 13. They possess large surface areas and are highly 
conductive. The theoretical specific capacity of graphene (744 mAhg− 1) 
is more than twice the capacity of graphite (372 mAhg− 1) with a smaller 
surface area because the two faces of the sheets are both accessible to 
ions and electrons in the electrolyte. Furthermore, the mechanical 
flexibility of graphene is extremely beneficial to portable and flexible 
electronic devices. Despite these outstanding features, graphene does 
have some drawbacks; the volumetric capacity of graphene sheets is 
quite reduced as a result of their low density. The extraordinary qualities 
of graphene sheets may be lost if they are re-stacked. In addition, the 
synthesis of huge surface area and highly conductive graphene is com
plex, and controlling the development of impurities/defects on graphene 
sheets is exceedingly tough [4]. 

The techniques for graphene synthesis are classified as “top-down” or 
“bottom-up” [128]. Graphene oxide reduction, mechanical exfoliation, 
SiC-based synthesis, and liquid phase exfoliation are examples of 
“top-down” techniques, which typically give low yields. Similarly, 
chemical vapor deposition (CVD) and surface segregation processes are 
common examples of "bottom-up" techniques. In addition to high yield, 
graphene films produced using surface segregation and CVD techniques 
have outstanding scalability and large surface area [4]. 

Graphene materials have recently emerged as one of the most 

Fig. 13. Schematic diagram showing the structure of a graphene sheet. (Modified from Ref [129]. under the terms and conditions of Creative Commons Attribu
tion License). 
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promising alternatives for LIB anodes because to its high theoretical 
specific capacity (744 mAh/g), huge specific surface area, superior 
electrical conductivity, efficient carrier mobility, and broad electro
chemical window. However, due to the high aspect ratio of graphene 
nanosheets, the Li-ion transport paths are lengthy. Furthermore, because 
to the intense π-π stacking and van der Waals interaction between layers, 
graphene has a high natural inclination to aggregate. These flaws not 
only reduce the electrode’s high specific surface area and active sites for 
Li-ion storage, but also its rate performance [130–132]. The aforemen
tioned difficulties can be solved via heteroatom doping of graphene 
sheets (with sulfur, nitrogen, and boron) otherwise known as fuction
alized graphene which include S-doped, N-doped, B-doped, 
Halogen-doped and co-doped functionalized graphene anode materials, 
among which N-doped graphene has been extensively researched [133]. 
It has been revealed that several forms of functionalized graphene ma
terials may be generated in a one-step electrochemical exfoliation of 
graphite by adjusting the electrolyte [133]. In general, previous research 
has demonstrated that N-doped graphene may be produced by electro
chemical exfoliation of graphite by varying the electrolyte or electrodes 
[134–136]. However, there have been few research on the 

electrochemical performance of doped-graphene as anode for LIBs 
generated by electrochemical exfoliation of graphite [133]. Nitric acid 
(HNO3) can be used as an efficient electrolyte for simultaneous graphite 
exfoliation and N doping of the graphene lattice. For example, Lokhande 
et al [137]. developed N-doped graphene as an anode for LIBs via 
electrochemical exfoliation of graphite. They used cyclic voltammetry 
with varied potential ranges in 5.0 M HNO3 electrolyte. The findings of 
the Raman study revealed that increasing the anodically voltages 
enhanced the defect density of the samples. Their findings demonstrated 
that the applied voltage has a considerable impact on the electro
chemical performance of the synthesized N-doped graphene. 

Another way to arrest the challenges above is by fabricating various 
types of two-dimensional (2D) holey graphene and three-dimensional 
(3D) porous graphene (discussed in next section). In general, 2D holey 
graphene materials may be created by depositing in-plane carbon va
cancy defects onto graphene nanosheets [133]. Holes facilitate Li-ion 
diffusion through the layers during lithiation/de-lithiation processes, 
enhancing the rate capability of LIBs even in the presence of restacking. 

It is clear that the preparation technique has a significant impact on 
the microstructure of porous graphene materials, such as pore 

Fig. 14. Diagram showing (a) CV profile and (b) charge/discharge curves of PG for the first and second cycles at a current density of 50 mA/g. Reproduced from 
Ref [142]. 

Fig. 15. Schematic diagram showing the steps for the production of different carbon spheres (HCSs) (Modified from Ref [4]. under the terms and conditions of the 
creative commons attribution 3.0 unported (CC BY 3.0) licence). 
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morphologies and distributions, which affect performance. The pro
duction techniques of holey graphene are classified in many ways in the 
literature [138–140]. Cao et al [141]. categorized the production tech
niques of holey graphene with the potential for large-scale production 
into three categories: (1) thermal etching, (2) wet-chemical etching, and 
(3) catalytic etching, all of which are template-free processes. Further
more, template-assisted techniques may be used to create holey gra
phene. For instance, Roberts et al [142]. employed simple metal etching 
as an effective technique for large-scale porous graphene (PG) produc
tion. The results revealed that extending the reaction time resulted in the 
creation of bigger holes with irregular shapes. Furthermore, when the 
grapheme oxide (GO)/nickel (Ni) ratio increased, the density of pores 
dropped. In the meanwhile, additional metals (Fe, Cu, and Co) were 
utilized as etchants to make PG. The results showed that the type of 
metallic etchant used had an effect on the density and size of the pores. 

The electrochemical performance of the PG anode indicated that the 
early irreversible consumption of Li-ions and the inevitable creation of 
an SEI layer on the surface of the electrode resulted in substantial losses 
of specific capacity in the first cycle, as illustrated in Fig. 14a and b. The 
capacity observed above and below 0.5 V was caused by lithium ion 
insertion/extraction from faults such as pores. The absence of a potential 
plateau was caused by disordered stacking of graphene layers. The first 
charge specific capacity of the PG electrode was 933 mAh/g at 50 mA/g, 
which was significantly higher than the RGO electrode (548 mAh/g in 
the first cycle). 

3.4.3. 3-Dimensional porous carbon structure (core-shell and carbon sphere 
structure) 

Diverse research on the improvement of the morphology and quality 
of the porous carbon structure has led to the development of several 
effective CSs (carbon spheres) manufacturing procedures as shown in 
Fig. 15. The properties of CSs differ depending on the method of syn
thesis employed. CVD is the most common method of producing CS. The 
carbon precursor in the gaseous state first decomposes, deposits, and 
then undergoes heating, all at high temperatures, to form spheres [143]. 
A huge variety of carbon-containing materials can serve as CS pre
cursors. The size of the obtained carbon sphere can also be manipulated 
(50–1000 nm) by adjusting process variables such as reaction time, re
action temperature, and feed time. According to reports, the processed 
carbon spheres have simultaneous sp [2] and sp [3] bonding and exhibit 
chemical and structural stability up to 900 ◦C in sterile and unreactive 
atmospheric conditions or a little less than 600 ◦C in open air [144]. 

3.4.4. Future perspective for carbon-based anodes 
Regardless the fact that studies and research on LIB anodes made 

from carbon based materials have gained a high altitude and almost 
attained perfection, there is still room for the creation of high magnifi
cation and increased current research on graphite materials. On eco
nomic (price) and safety basis, future studies will focus on the dynamic 
behavior of carbon anode materials. 

4. Conclusion 

As a result of their highly attractive properties such as elevated 
power density and great capacity, LIBs will have an ever-increasing ef
fect and impact on our lives in the coming years. LIBs technology pro
vides an entirely new and distinct approach to energy storage and 
applications. Hence they have stood out as an indispensable alternative 
for both present and future energy operations, storage and adaptations. 
Appliances and devices which feature in the daily activities of man 
which make life easier (from smartphones, digital cameras, and laptops 
to Electric Vehicles and Hybrid Electric Vehicles) all place much de
mands on LIBs for maximum energy storage while minimizing density. 
Research studies in the field of lithium-ion batteries within the past few 
decades have been quite exciting and, without doubt, as new novel 
materials and strategies are being developed. In recent years, the need to 

develop anode materials that will serve as possible commercial alter
natives for the conventional graphite anodes, whose capacities have 
failed to meet up with the requirements for future high-performance 
lithium-ion batteries, have come to the fore. Several studies and in
novations have also addressed this pressing need. This has resulted in 
the modeling and development of several novel anode materials that 
may compete favorably with graphite anodes. Some of these anode 
materials were studied under four basic categories, namely:Alloy Ma
terials, Conversion-type Transition Metal compounds, Silicon-based 
compounds, and Carbon-based compounds. Each of the categories had 
promising features and capacities but was also laden with drawbacks 
limiting their full performance. Diverse modelshave been developed to 
mitigate the deficiencies of the anode materials. For example, silicon 
anode as well as other anode materials materials experience very large 
volume changes during the lithiation/de-lithiation process, giving rise to 
an unstable SEI layer, loss of electrical contact between the active ma
terial and the current collector, an eventual pulverization of the material 
and huge capacity loss. In addition, some of these materials experience 
poor conductivity giving rise to low capacity. To address these chal
lenges, researchers incorporated inert matrices, such as carbon, into 
anodes of silicon, resulting in the formation of silicon composite elec
trodes. The carbon matrix was able to handle silicon’s volume fluctua
tions while maintaining structural integrity and electrical stability. 
Consequently, the Si/C composite as an anode exhibited improved 
electrochemical performance in a battery performance test. This review 
offers a holistic view of recent innovations and advancements in anode 
materials for Lithium-ion batteries and provide a broad sight on the 
prospects the field of LIBs holds for energy conversion, storage and ap
plications (Table 1). 
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Table 1 
The benefits and drawbacks of different anode materials for lithium-ion 
batteries.  

Anode Benefits Limitations 

Alloys (a.) Specific capacity is high 
(400–2300 mAhg− 1) 

(a.) Electronic 
conductivity is low 

(b.) Offers good security (i.e. no 
safety risks involved) 

(b.) Huge change in 
volume (100%) 

Carbon (a.) Electronic conductivity is high (a.) It has a low specific 
capacity 

(b.) Commendable hierarchical 
structure 

(b.) It has a low rate 
capacity 

(c.) Inexpensive resources which are 
also abundant 

(c.) It is associated with 
safety risks 

Transition 
metal oxides 

(a.) Specific capacity is 
commendably high (600–1000 
mAhg− 1) 

(a.) Coulombic 
efficiency is poor 

(b.) Its shape and size are highly 
stable at charge/discharge cycle 

(b.) Potential hysteresis 
is large 

Silicon (a.) It has a very high specific 
capacity (3579 mAh− 1) 

(a.) Very large change in 
volume (300%)  

(b.) Resources are abundant, clean 
and inexpensive  
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