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Abstract 

Lithium-ion batteries (LIBs) gained global attention as the most promising energy 

storing technology for the mobile and stationary applications due to its high energy 

density, low self-discharge property, long life span, high open-circuit voltage and 

nearly zero memory effects. However, to meet the growing energy demand, this energy 

storage technology must be further explored and developed for high power 

applications. The conventional lithium-ion batteries mainly based on Li-ion 

intercalation mechanism cannot offer high-charge capacities. To transcend this 

situation, alloy-type anode and conversion-type anode materials are gaining popularity. 

This review article focuses on the historical and recent advancements in cathode and 

anode materials including the future scope of the lithium nickel manganese cobalt oxide 

(NMC) cathode. Equal emphasis is dedicated in this review to discuss about lithium 

based and beyond lithium-based anode materials. This review additionally focuses on 

the role of technological advancements in nanomaterials as a performance improvement 

technique for new novel anode and cathode materials. Also, this review offers rational 

cell and material design, perspectives and future challenges to promote the application 

of these materials in practical lithium-ion batteries. 

Keywords: cathode, anode, li-ion batteries, nanomaterials, metal oxides, 2-D layered materials, 

silicon nanostructures, lithium-based anode, nickel manganese cobalt oxide  
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 Introduction 1.0.
 

Lithium-ion batteries (LIBs) are used in various applications including electric 

vehicles (EVs), hybrid electric vehicles (HEVs), and electronic devices, portable and 

stationary electronic gadgets. LIBs are comprised of a cathode, anode, separator and an 

electrolyte in which electrolyte plays an important role in the ion transportation [1-3]. 

Energy, power, charge-discharge rate, cost, cycle life, safety and environmental impact 

are to be considered while adopting lithium-ion batteries for a suitable application [2]. 

The potential energy density of lithium-ion battery along with other rechargeable 

battery systems is shown in Figure 1.  

 

Figure 1 The energy density of various battery technologies comprised of different materials 

used in the rechargeable batteries. Energy density is increased with the use of Lithium-ion 

battery technology. 

Huge dependence on the internal combustion engines (ICEs) over a century lead to 
large depletion of fossil fuels and resulted in an escalation of environmental pollution 
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with greenhouse gas emissions. Thus, transportation industries consequently began to 
severely affect economic and social development. To address this problem, the use of 
sustainable energy with alternative fuel vehicles particularly battery-powered vehicles 
have become important research area to be explored by the automotive industry. 
However, technologically it must move miles ahead to compete with ICEs and to gain 
significant social acceptance and market penetration [4-5]. Demands of electric vehicles 
can be potentially increased with the use of batteries having excellent performance 
characteristics such as high energy density, high coulombic efficiency, low self-
discharge, and range of useable chemical potential with diverse electrode design. In the 
past decade, it is observed that there is a growing trend towards the next generation 
high energy density LIBs which could meet the future power demand [5]. 

In LIBs, different combinations of the cathode and anode materials are used, these 

combinations have certain specific advantages and disadvantages regarding the battery 

performance, safety, charging and discharging rate, current density, cost and few other 

parameters [5-6]. The introduction of non-aqueous rechargeable lithium-ion batteries by 

Sony Corporation in 1991 created a revolutionary change in the battery technology (see 

Table 1) and its applications in portable electronic devices. These early LIBs were 

fabricated with �����/��������� anode and cathode materials respectively. The surface 

reactivity, cost and instability of de-lithiated ��������� cathode limited the actual 

capacity at 140mAh/g, which is approximately 50% to the reported theoretical capacity 

(~274 mAhg-1) [7-8]. The common battery systems with their characteristics are listed in 

Table 1 [9-16]. The capacity loss necessitated the need for an alternative cathode 

material to address future energy demand [8]. This paved the way to explore high 

capacity cathode materials to enhance the energy density. This review article will focus 

and discuss on various materials used as anode and cathode materials including high 

capacity Nickel Manganese Cobalt Oxide (NMC) cathode and anode materials for high 

energy density applications. Also, an insight into the role of novel nanomaterials in 

these cathode and anode materials has been explored. This review article could offer for 

the first time a database of evolving cathode and anode chemistries that can be used by 

battery community in identifying suitable materials for designing positive or negative 

with the given strategies for a rechargeable battery system. The key concept of this 

review lies in the comprehensive understanding of enhancing the performance of the 

charge storage and cycle retention while optimising the chosen electrode material. 
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Table 1 Comparison of Lithium-ion battery with other rechargeable batteries. 

Battery 
Energy density 

kWhg-1 

Energy density 

kWhl-1 

Temperature 

sensitivity 
Cycle life 

Cost 

($)/kWh 

Average cell 

voltage (V) 

Lead 

acid 

[9-10] 

30 30-100 
Significantly 

degrade after 25°C 

1000-2000 

@50% DoD 
65 2 

Ni-Cd 

[10-11] 
40-60 30-200 

Degrades above 25 

°C 

500-1000 

@80% DoD 
- 1.2 

Ni-MH 

[10-12] 
91 75-300 

Degrades above 25 

°C 

500-800 @80% 

DoD 
500 1.2 

Li-ion 

[9-10] 

[12-14] 

120-183 250-400 
Degrades above 55 

°C 

1000-3000 

@80% DoD 
600-800 3.7 

Na-ion 

[15-16] 
160-210 100-150 

Degrades above 50 

°C 

2000 @80% 

DoD 
500-600 3.3 

Note: DoD – Depth of Discharge 

 Lithium-ion batteries (LIBs) 2.0.

LIBs are an electrochemical device which stores electrical energy as chemical 

energy in electrodes such as anode and cathode during and after completion of the 

charging process. This stored energy is released as electrical energy during the 

discharge process [17]. Lithium-ion batteries consist of cathode, anode, electrolyte, 

separator and current collectors [18-19]. The expectations of these components are 

tabulated in Table 2. A schematic representation of commercially available 

LiCoO2/graphite LIBs is shown in Figure 2. The charge and discharge process occur with 

the simultaneous movement of the lithium ions and electrons between the appropriate 

electrodes. During the charging process, the lithium ions are separated from the cathode 

(positive terminal) move through the electrolyte and separator to the anode (negative 

terminal) side. During the flow of Li+ ions, the same number of electrons are released at 

the cathode side, which is collected by the positive current collector and travel through 

the external circuit to the anode. The lithium ions and electrons are intercalated at the 

anode electrode. This process is reversed during the discharge process of the LIBs, the 

lithium ions migrate back to the cathode electrode during which chemical energy is 

converted into electrical energy [17-20]. Equations (1-2), shows the electrochemical 

reactions in the LIBs during the charging and discharging process [18] [20].  

����� !:				��$!%�&	

'()*+,→	

←/01'()*+,
233333334	5��6 7	5!� 7	��8���9$!%�&              (1) 
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Most commonly used cathode materials are the oxides and phosphates of the transition 

elements such as  ������, ��>���, ��?;���, ��$!%�&, ��>���:@�� ��>�?;���� popularly 

called with their acronyms LCO, LNO, LMO, LMA, and NMC, respectively.  [21-22]. 

Figure 2 Schematic diagram of LIB device structure details purpose of each materials used 

within the battery. 

 

The most crucial components in the LIBs are the electrodes (anode and cathode) and 

electrolytes which determines the storage capacity and the cell potential of the battery 

respectively, the cell potential is limited by the electrochemical window of the 

Cathode: Act as the source of Li ions, determines both capacity, and average voltage of the battery 

Anode: Stores Li ions 

Electrolyte: Act as a carrier of Li-ions and not the electrons, it should have high ionic conductivity 

Separator: A physical barrier to keep the cathode and anode apart, allows flow of ions 
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electrolyte used in the battery. Electrolytes may be of aqueous/non-aqueous solution 

containing lithium salt with an organic mixture with high ionic conductivity [21-22]. 

 

Table 2 Important characteristics or properties to be expected from the materials that are used in 

the battery 

Battery Anode Cathode Electrolyte Separator 

Free of toxic materials, 

high reliability and easy 

to recycle 

High energy 

density 

High energy 

density 

High ionic 

conductivity 

Chemically 

stable 

Dimensions should be 

extremely small 

High structural 

stability 

High structural 

stability 

High internal 

resistance 

Mechanical 

stability 

Self-heating should be 

as low as possible 

High specific 

capacity 

High specific 

capacity 

High chemical 

stability 
High porosity 

Raw materials should 

be abundantly available 

and cheaper. 

Environmentally 

friendly 

High oxidation 

potential 
High boiling point 

High resistance 

to electronic 

conductivity 

High energy content 

with respect to weight 

and volume 

Low cost 
High power 

density 

Low melting 

point 

Low resistance 

to ionic 

transport 

 

Like cathode, anode also determines the charge capacity of the batteries and the most 

commonly used anode materials include carbon, lithium titanate, lithium metal, Silicon 

and lithium alloy-based electrodes [21-22]. Lithium anode is a suitable option for 

developing high capacity batteries, however, it is never used in commercial batteries 

due to issues related during the cycling process and also the safety associated with the 

dendrite formation and volumetric change during the lithiation and de-lithiation 

process. Further, the challenges associated with the cycling can be improved by using 

the Di-lithium Phthalocyanine which forms a thin film coating on the surface of the 

anode. The volumetric issues can be addressed using the dimensionally stable anode. 

This is done by utilizing submicron particle alloy surrounded with stabilizing matrix 

and intermetallic host in which one element form an alloy with lithium whereas the 

others do not [22]. The alloys of lithium that are used as anode materials which form 

alloys include Al, Bi, Cd, Mg, Sn, Si and Sb [22-24], shown in Table . 
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Table 3 The properties, use, advantages and disadvantages of lithium-based anode materials 

other than the conventional carbon anode material [22-24] 

Host metal 

used in 

Anode 

Alloy 

compound 

Gravimetric 

Specific 

capacity 

(mAh g−1) 

Volume 

changes 

(%) 

Modification strategies 

Antimony Li3Sb 660 200 

Nano-sizing, hollow structure design, alloy 

or intermetallic design, composite design 

(Nano-fibers and sheets, microspheres 

Zinc LiZn 410-820 71 

ZnO based nanostructured anodes, 

ZnO/graphene composites, ZnO/CNTs 

composites, metal doping [24] 

Bismuth Li3Bi 385 215 Bi-based composites, Nanoporous Bi 

Magnesium Li3Mg 3350 100 
ZnO based nanostructured anodes, alloy 

and intermetallic design 

Tin Li4.4Sn 994 260 
Nano sizing, composite design, 

alloy/intermetallic construction 

Silicon Li22Si5 4200 400 
Nanostructures of silicon, silicon coated 

with SiO2, Silicon coated with carbon 

 

Always there should be a suitable combination of electrode materials that can meet the 

requirement of efficient high capacity batteries. The details of the battery electrode 

material and their electrochemical half-cell potential vs Li/Li+ reference can be seen in 

Figure  [22]. 

The specific capacity of a Li-ion battery is determined with the known value of 

electrode specific capacity. The electrode materials are identified and calculated as the 

ratio which is proportional to the electrode specific capacity. For example, Lithium iron 

phosphate (LiFePO4) cathode has a specific capacity of 170 Ah Kg-1 and Lithium 

titanium oxide anode has a specific capacity of 175 Ah Kg-1. The idealized ratio is 170: 

175 = 0.97, meaning that if the battery has a capacity of 170 Ah then it will have 1 Kg of 

Lithium iron phosphate and 0.97 Kg of lithium titanium oxide. Assuming 15% weight 

variation (electrolyte, separator, current collector and battery enclosure) the specific 

capacity of the battery can be estimated as 170/1.97/1.15 = 75 Ah Kg-1 [22]. Similarly, 

with same cathode material (LiFePO4) if the anode material has a specific capacity of 

370 Ah Kg-1, then the idealized ration will be 170:370 = 0.45, from which the specific 
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capacity of the battery with these electrodes would be ideally 170/ (1+0.45)/1.15 = 101 Ah 

kg-1 [22].  

  

Figure 3 Specific capacity of various combinations of cathode and anode materials used in 

commercial and research scale Li-Ion batteries Ref. [22]. (This image is reused under the 

Attribution 4.0 International (CC BY 4.0). 

 The physical implementation of the lithium-ion batteries 3.0.
 

Individual cell design comes in different forms and shapes such as cylindrical, 

prismatic, coin-shape, and pouch-type, as illustrated in Figure [25]. The design 

parameters and their components (shown in Figure 2 and Table 2) influence both the 

energy and power densities of the lithium-ion cell. Therefore, a brief review on their 

general properties of lithium-ion batteries are discussed without distracting the readers 

from the main objective of the review. Different cell design has certain specific benefits, 

the cylindrical shape has good mechanical strength, specific energy and energy density 

but less heat management, which means due to its cylindrical shape there is less area of 

contact between the cooling channel and cell surface so, the heat management system 

cannot extract heat efficiently than other cell designs such as prismatic and pouch. 

However, recently Divakaran et al. [26] investigated on increasing the heat transfer rate 

for cylindrical cell by designing and developing a novel battery module with an indirect 

cooling system, which is a first-order demonstration and needs further optimization 

and development.  
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Figure 4 Commercially available design for LIBs Ref. [26]. (This image is reused under the 

Creative Commons CC-BY-NC-ND) 

The prismatic cell design has good mechanical strength, provides opportunity for 

efficient heat management, higher specific energy and excellent energy density whereas 

the pouch cell has poor mechanical strength but good heat management, excellent 

specific energy and good energy density. The housings for the cylindrical and pouch 

cells are heavier than the housing of the hard case prismatic cell as a result there is a 

reduced energy density for the cylindrical and hard case cell. Due to the round shape 

for the cylindrical cell, the packing density is high than other prismatic cells. In terms of 

stability, housing stability is high for the cylindrical and hard case cell in comparison 

with pouch cell [26]. The general properties of these cylindrical and prismatic cells are 

indicated in, Table . 

Table 4 General properties of the commercially used lithium-ion battery design [22, 25-26]. 

Shape Energy density Safety Packing 

density 

Mechanical 

strength 

Heat 

management 

Electrode 

arrangement 

Cylindrical * ** * ** - Wound- 

uncoiled Strip 

electrode 

Prismatic ** * ** * * Wound – 

uncoiled strip 

electrode 

Pouch * * ** - ** Stacked – 

single sheet 

Coin Cell - ** ** - - Stacked single 

sheet 

Note: ** - high, * - moderate, - low 
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 Cathode materials for Li-Ion Batteries 4.0.

While considering cathode material the characteristics such as the capacity, Li 

insertion/extraction voltage, crystallographic density, etc. are important for a 

preliminary screening (preliminary check performed during the selection of electrode 

materials) however, this screening cannot provide a precise value of the energy density, 

which significantly varies in the outcome as a cell or a battery pack [27]. The 

electrochemical potential of a thermodynamically stable LIBs should be above the 

highest occupied molecular orbital of the electrolyte, otherwise, the electrolyte is 

oxidized during the cycling process. This principle is applicable for the other materials 

that are used in the batteries such as solid electrolyte, salts, and binders [27]. 

The key requirement for a material to be used as a suitable candidate as a cathode of 

lithium-ion batteries are as follows [5]; 

• The material should contain readily oxidizable or reducible ions, like transition 

metal ions. 

• The material should undergo a reversible reaction with lithium. 

• The material reacts with lithium with high free energy. High capacity (one 

lithium per transition metal) and high voltage (4V or more) leads to the high 

energy storage lithium-ion batteries. 

• The material reaction with lithium should spontaneously at a faster rate both for 

the insertion and removal process.  

• The material should be good ionic and electronic conductors. 

• The material should be of low cost, abundantly available and environmentally 

safe.  

 Oxide cathode materials 4.1.

4.1.1 Lithium cobalt oxide (LCO) - ������ 

 

Over the past few decades, the LCO became the most prevalent battery 

technology in consumer electronics, however, the application of LCO in an automobile 

is not preferred as it is structurally unstable in the extensive de-lithiated state resulting 

in the safety issues [27]. If the LCO-based batteries are charged above 4.35 V the 

interface impedance increases because of the reaction between the electrolyte solvent 

and the highly oxidized LCO cathode surface which causes significant structural 

instability and capacity fade [28-29]. LCO possess a high theoretical capacity of 274 
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mAh g-1 [29], and in Error! Reference source not found. the other properties of LCO are 

highlighted. In LCO-based batteries, poor interface instability occurs between the LCO/ 

solid electrolyte interface (SEI) due to interfacial side reactions and element inter-

diffusion [28]. The use of binders like polyvinylidene fluoride (PVDF) helps in 

integrating the active particles with conductive additives, and current collector 

establishes electrically connected network. However, the repeated cycling at higher 

voltage increases the impedance due to electrical contact failure as the PVDF cannot 

buffer the huge volume expansion of the LCO [28]. The subsequent reaction leads to the 

production of gases as a by-product and heat, this after prolonged time results in the 

short-circuiting of the battery electrodes. To address these challenges, the 

implementation of modification strategies like doping with cations (such as Mg, Zr, Al, 

Ni, Fe, Cr, Mn, Ti), and coating the electrode surfaces (using MgO, Al2O3, TiO2, ZrO2), 

morphology control, post thermal treatment and alterations in LEs (Liquid electrolyte), 

SEs (Solid electrolyte), separators and binders [28-29] have been established. These 

doping and coating process improved the potential from 4.2 V to 4.35 V (highest 

reported value since 1990s) in LCO battery technology [29]. The LCO is chemically 

unstable at deep lithium extraction, due to the overlap of the 3d band of Co3+/4+ with the 

top of the O2- 2p band and releases of oxygen atoms from the crystal lattice. Moreover, 

the cobalt is expensive and toxic which eliminates the use of this material widely. 

Therefore, the development of alternative cathode materials with higher capacity that 

are not only cheaper but also safer is at demand especially for the automobile 

applications [30]. 

Liu et al. [29] investigated the co-doping of LCO with lanthanum and aluminium, 

a significant improvement on structural stability and 96% capacity retention was 

achieved over 50 cycles at a cut off voltage of 4.5V. Mohammadi et al. [31] prepared 

LCO with flame spray pyrolysis method that exhibited a capacity of 162 mAhg-1 and 

retained 84% of its original capacity after 50 cycles.  The EVs specific energy demand for 

2025 at the cell level and electrode level is 300-400 kWhg-1 and 550-700 kWhg-1 

respectively [27]. This is not achieved with LCO as a cathode material, so LCO based 

batteries are not possible to be used in EVs. However, it is possible to be used in smaller 

portable electronic devices [32].  

4.1.2 Lithium Nickel Oxide (LNO) - ������ 
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This cathode material can be operated at the higher voltage that has a potential to be 
used in futuristic batteries. It has a theoretical capacity of 250 – 270 Ah Kg-1 [22, 33],   

 which also indicate other properties and modification strategies applicable in LNO. 
Nickel is relatively cheaper than cobalt in the commercial market which makes LNO as 
a potential candidate for the cathode of LIBs. Stoichiometric (1:1) synthesis of LNO with 
Li and Ni (Nickel) is very difficult because of the formation of Lithium deficient Li1-

xNi1+xO2 structure with Ni2+ ion, due to similar ionic radii of Ni2+ (0.76Å) and Li+ (0.69Å) 
[5]. To eliminate the cyclic and structural instability and to ease the synthesis process, 
heteroatom doping has been proved as an efficient method to develop LiNi1-xMxO2 (M = 
Co, Mn, Al) [27]. 

4.1.3 Lithium Nickel Cobalt Aluminium Oxide (NCA)- �������	�� 

 

Dual doping of Co and Al into the LNO structure result in lithium nickel cobalt 

aluminium oxide (NCA) [34-35], the main characteristics of LNO is indicated in Error! 

Reference source not found.. The main advantage of doping LNO with Al is that it can 

improve thermal stability by minimising the detrimental phase transition. Further, Al 

helps to retain the crystal structure during the insertion and extraction of Li ions. 

Whereas the Co substitution at the Ni site stabilizes the layered structure and reduces 

the mixing of cations. Ni2+ formation is hindered by the Co3+ incorporation, this Ni 

cation otherwise mixes with the crystal structure and affect the stability of the layered 

structure. Heteroatom doping in LNO increases thermal stability and electrochemical 

performance. It has been estimated that the 5 mol% Al and 15 mol% Cobalt in NCA is 

the optimised doping percentage [5]. Such dual doped NCA material resulted in a high 

discharge capacity approximately 200 mAhg-1, further this doped NCA cathode 

material exhibited good cycling stability at the room temperature and elevated 

temperatures (60 °C) [5].  

The doping of the NCA with Mn and Ti improved the electrochemical properties 

of the cathode. The lithium ions diffusion kinetics were improved because the Mn4+ and 

Ti4+ ions were introduced into the octahedral lattice space occupied by the Li-ions 

resulting in layer spacing expansion hence the volume of the structure [36]. NCA is 

considered as the promising cathode material for high energy density lithium-ion 

batteries. NCA and NMC having the layered structure exhibit both structural and 

interfacial instability, which are the limiting factors to be used in large scale applications 

[37]. NMC based cathode materials will be discussed in detail at the later part of this 

review report (Section 5.1). The NCA and NMC cathodes are cheap, environmentally 
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friendly, provide higher operating voltage, higher rate capability and good thermal 

stability relative to the LCO. Blended cathodes (such as NCA-spinel) have higher 

overall rate performance (lithium-ion diffusion rate) and higher average operating voltage 

as compared with NCA based cathode materials [38]. The spinel structured cathode 

material has provided more opportunities to improve stability and capacity which is 

discussed in detail in later ongoing discussions. 

 NCA is still considered as a potential candidate for cathode material due to its 

high specific capacity. However, safety, higher cost and cycling performance are 

limiting its use in commercial applications of LIBs. Recently, Jin Huang et al. [39] 

investigated the superior performance of NCA with the addition of LFP (Lithium Iron 

phosphate – LiFePO4). In their research work, they prepared different samples of NCA: 

LFP samples with a different mass ratio as 100:0 (NCA), 97:3, 95:5 and 90:10. The 

specific charge capacity increased with the increase in LFP proportion and the sample 

with highest LFP mass proportion (NCA:10LFP) has low specific charge capacity after 

50 charge-discharge cycles, however, the rate performance is found to be increased. So, 

such NCA materials will work better and should be commercially viable [39]. 

 

4.1.4 Lithium Manganese Oxide (LMO) - 
����� 

 

The LMO has AB2O4 stable spinel-type structure with cubic lattice parameter a = 

8.329 Å which enable the three-dimensional transportation of Li ions [2, 40]. The 

stability of the structure is due to the presence of Manganese in LMO as a strong edge 

shared [Mn2]O4 octahedral lattice [40]. Compared to other two-dimensional cathode 

materials, the three-dimensional polyhedral structure of LMO enables the diffusion of 

Li-ions into the interstitial spaces ensures better charge and discharge rates [2]. Further, 

lower cost and non-toxicity encourage many battery manufacturers to select LMO as a 

suitable candidate for the cathode material. However, the LMO suffers from low 

capacity and additionally, its performance is adversely affected at higher temperatures 

due to dissolution of Mn in the electrolyte, results in the reduction of capacity [2, 41]. 

Nevertheless, LMO has been identified as an alternative cathode material that is 

commercially used as compared to the layered LCO technology which is toxic and 

expensive. Many research studies have been reported to improve the structural 

properties by partial substitution of Mn-ions with other metallic ions such as Co, Cr, Al, 

Ni, Mg and Li. Molenda et al. investigated the electrochemical performance and cell 
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cycle ability of the Sulphur doped LMO and an outstanding capacity with excellent 

cycling behaviour was observed than that of stoichiometric LMO cathode materials, as 

evidenced from Figure 3 [41].  

 

Figure 3 Comparative discharge capacity and cycle life for LMO and LMOS1 during different 

discharge rates. Reproduced with permission from Ref. [41], copyright 2020, Elsevier. 

Numerous research papers have been published on the effect of coating on the LMO 
cathode materials, metal oxides and metal salts used for coating exhibited poor 
electronic and ionic conductivity. Their characteristics are tabulated in Table 5. The 
coating material includes Al2O3, AlPO4, LiMnPO4, La-Sr-Mn-O, Fe2O3, Mn2O3, Nano-
TiO2, ZnO, Cr2O3. Zhang et al. investigated the effect of lithium polyacrylate coating on 
the LMO cathode material and the discharge capacity and the cycling performance is 
shown to be increased than that of pristine LMO [42].  

For the development of better batteries in the application of EVs, blending of two 

cathode materials has been introduced. Some electrode materials exhibit poor thermal 

stability but good cycling characteristics and high charge capacity such as NCA, 

whereas on the other hand, some other materials exhibit good thermal stability but low 

charge capacity such as LMO. The blend of such cathode materials can have enhanced 

stability and higher capacity. A blend of cathode materials is a physical mixture of two 

or more lithium intercalation compounds [43-44]. The blending of LMO with NMC 

resulted in good stability and higher capacity. LMO/NMC composites as cathode 

materials have already been used in various commercial EVs such as BMW i3, Nissan 

Leaf, and Chevrolet Volt [2].  
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 Polyanion cathode materials  4.2.

Polyanion cathodes has numerous potential advantages in comparison with their oxide 

counterparts, which are now gaining wide attention. Their natural abundance of the 

constituent elements makes it low cost, and their strong covalent bond X-O (X = S, P, Si, 

As, Mo, W) enhances the structural stability [27]. The polyanion cathode offer the 

possibility to alter the voltage by tweaking the crystallographic nature of the given 

compound, by introducing –F and –OH groups in the case of fluoro and hydroxo-

sulphates and phosphates, by selecting most electronegative non-transition metal 

elements [27]. Polyanion cathodes has potential for using as high energy cathodes, 

however, only few polyanions have been proven for the electrochemical performance in 

terms of reversible capacity of the material [27]. Some of the polyanion phosphates and 

sulphates comprising Ni, Co and Mn exhibit high potential in the range of 4.7 V to 5.5 

V, which is incompatible with the presently available electrolytes. The polyanion 

cathodes such as LiFeBO3, Li2MnSiO4, LiVPO4F and LiMnPO4 possess gravimetric 

capacity, which could meet the 2025 target values.  

 

4.2.1. Lithium Manganese Phosphate (LMP) – LiMnPO4 

Lithium manganese phosphate (LMP) having an olivine structure has received 

considerable attention due to their high operating voltage. In contrast to their 

counterparts such as LiCoPO4 (LCP), and LiNiPO4 (LNP), LMP is considered as the 

most promising candidate and next generation cathode material for lithium-ion 

batteries due to its cost, having a working voltage of 4.1 V vs Li/Li+ while delivering a 

discharge capacity of 140 mAh g-1 [45]. However, LMP shows poor ionic conductivity, 

which limits its capacity and reversibility. Hence, carbon coating, doping with 

multivalent metal ions, and controlling the particle size and its morphology of LMP 

through effective synthesis helped in achieving an energy density around 600 Wh kg-1 

[45-46]. In this review, olivine LiNiPO4 and LiCoPO4 cathode materials are not 

discussed as they are widely considered as less electrochemically active and the 

available capacity is marginal.  

 

4.2.2 Lithium iron phosphate (LFP) - ��ABC�D 
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The high thermal stability, long cycle life, safety and tolerance of abuse makes 

LFP a suitable cathode and an excellent substitute for the traditional LCO. However, 

LFP is not that elegant to handle, it has issues with poor ionic and electronic 

conductivity.  This issue has been addressed through metal doping at the Fe site, carbon 

coating and blending LFP with conductive materials in both in-situ and ex-situ 

synthesis are explored to improve the conductivity [28]. The effect of carbon 

nanoparticle coating on LFP has facilitated increased ionic and electronic transport. Due 

to high thermal stability, this material is widely accepted in automobile industries such 

as BMW, Chevrolet etc. [28]. The phosphate presented in the cathode helps in 

stabilizing the electrode against the overcharging and high tolerance to heat. Batteries 

that comprise LFP can operate in wide temperature ranges + 60°C to - 30°C and hence it 

rarely undergoes the thermal runaway [22]. Despite this, the LFP based battery has a 

limited energy density of 120 Wh kg-1, which is much lower than the energy density 

requirement of 250 Wh kg-1. Due to this drawback, the layered NMC, NCA or the blend 

of NMC/NCA and LMO/NMC are more likely to be explored in near future with an aim 

to enhance energy density [28]. The characteristic features of LFP along with some 

strategies to enhance their performance has been shown in Table 5. 

To improve the electrochemical properties of the LFP, N-doped carbon coating 

(NC-LFP) has been investigated by Zhang et al. [47]. In their studies, NC-LFP has 

shown a high electronic conductivity (2.82×10-3 S cm-1) and rate capability (lithium-ion 

diffusion coefficient 2.5657×10-14 cm2s-1) than bare carbon-coated LFP with relatively low 

rate capability (lithium-ion diffusion coefficient 3.9959×10-15cm2s-1). During the 0.5 C 

galvanostatic discharge condition, the NC-LFP and C-LFP exhibited 150 mAh g-1 and 

127 mAh g-1 specific charge capacity [47].  

 Shape and dimensions of the cathode particle size have been reported to 

influence the specific performance of the LFP. This is attributed to high surface area, 

short lithium-ion diffusion length and fast lithium-ion kinetics [48-49]. Liu et al. 

investigated the performance of blended spherical lithium iron phosphate cathodes for 

use in high energy density lithium-ion batteries [49]. In this work, different particles 

sizes are used which helped in filling the gap between the larger particles in the cathode 

material. A discharge capacity (525.6 mAh) of 90.6% of 1C discharge has resulted in 10C 

high discharge. Further, during 1C discharge, this cathode material exhibited 91.4% of 

cycling retention beyond 2000 cycles. For better lithium-ion rate performance, the 

particle size of the spherical lithium iron phosphate is limited to 1-13 μm [49]. LFP 
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nanoparticle-based cathode materials were tested for better capacity and charge rate 

than commercially available LIBs and better results were published [50]. These findings 

could be used for the application of LFP cathode materials in new energy technologies. 

4.2.3 Conversion type cathode materials 
 

In conventional intercalation reactions, only one electron been transferred per metal 

atom in the host structure, whereas, the conversion material reaction involves two or 

more electrons with which the atom reduces to the metallic state. The general 

conversion reaction mechanism is shown below in Equation 3 [27];  

 Ma Xb + (bn)Li ↔ aM + bLin X                                                      (3) 

Where M is transition metal, X is anion such as O, P, and F, n is number of negative 

charge. Due to multi-electron transfer, the conversion type cathode materials can have 

high theoretical storage capacity (~700 mAhg-1) and high intrinsic thermal stability, low 

cost and molar weight. In contrast, these materials exhibit low electronic conductivity 

due to insulating high energy bandgap, poor ionic conductivity, and large volume 

change during lithiation and de-lithiation [45, 51].  This large volume change during 

charge and discharge cycle develop strain in the electrode material resulting in capacity 

loss. The main difference between the intercalation and conversion type reaction is 

illustrated in Figure 4 [51]. The conversion type electrode materials can be used as both 

anode and cathode due to the reaction potential ranges from few volts to few tenth of 

volts, which was demonstrated in the case of transition metal oxides, sulphides, and 

fluorides [51]. The conversion compound FeF2 and FeF3 have been neglected in using as 

the cathode material due to its poor ion conductivity even though these compounds 

have high theoretical capacities 520 mAhg-1 and 640 mAhg-1. However, the 

electrochemical activity of FeF2 and FeF3 can be improved by using nanoparticles of size 

few tens of nanometres.  The carbon-metal fluoride nanocomposite in the FeF2 and FeF3 

assisted in enhancing the specific capacities close to the theoretical values [51]. The 

transition metal and the anionic species determine the reaction voltage of the 

conversion-based electrode materials. Generally, the electromotive force (emf) increases 

with the increase in the atomic number of the transition metal for an anionic species. 

The absence of the lithium in the conversion type material is a setback, despite the 

binary/ternary transition metal fluorides/oxy-fluorides (TMFs) demonstrate higher 

capacity than the conventional intercalation cathode materials. In contrast, the recently 

Jo
urn

al 
Pre-

pro
of



20 

 

developed material with the blend of transition metal oxides/fluorides in lithium 

fluoride (LiF + TMOs/TMFs), which exhibited high capacity by LiF acting as the lithium 

source [52]. Besides, more insights on conversion type cathode materials are reported in 

the literature [53-57].  

 

Figure 4 Shows the schematic diagram of cathode reaction (a) electrode intercalation reaction (b) 

electrode conversion reaction. (Reproduced with permission from Ref. [51], copyright 2020, John 

Wiley and Sons). 

 Tavorite compounds (LiVPO4F) 4.3.
 

Tavorite compounds are the derivatives of the olivine structured cathode materials 
possessing similar characteristics. LiVPO4F is a typical tavorite material having crystal 
structure similar to that of naturally occurring mineral amblygonite. This tavorite 
material delivers a discharge capacity of 140 mAhg-1 with a discharge voltage of 4.05 V 
having excellent cycling performance, rate capabilities and structural stability with no 
phase transformation. This exhibit a thermal stability up to 170°C [58]. Other closely 
studied tavorite cathode compound is the LiFePO4F. This material exhibited a capacity 
retention of 150 mAhg-1 over 40 cycles at elevated temperature. The tavorite structure 
provide a well-diffusion tunnel with minimal interaction between the lithium ions and 
residing structure. The only limitation of this tavorite cathode compound is the poor 
energy density due to the limited amount of lithium in the host structure [58].  
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voltage (V) 

3.6 V [27] 

3.7V [27] 

3.8V [31] 

3.6V [27] 

4.1 [38, 43] 

3.5 [27] 

3.6 [27] 

Modified 

capacity 

190 [29] 

210 [27] 

160-200 [27] 

213 @ 0.1C 

and 115 @ 

5C [34-35] 

~160@0.1C 

and 110 @ 1C 

(LMOS1) [41] 

 

~160 

(Carbon 

coating) [40] 

226 (Li-Nb-

O-

coated/subst

ituted NMC 

811) [76] 

Modification 

strategies 

Doping, Co-

doping, 

coating [29] 

Dual-

Doping/heter

oatom doping 

Surface 

coating [34-

35], doping 

(Mn,Ti) [36] 

Blending, 

doping, 

substitution 

[2, 40-41], 

coating [42] 

Doping, 

blending [28],  

coating [40] 

Coating, 
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[60], pH 
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associated Ni 
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gradient 

Diffusion 
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capability) 
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10−11 [77] 
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conductivity 
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480 [43] 
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[28] 

600-650 [27], 

300 [68] 

Practical 

specific 

charge 

capacity 

mAh g-1 

165 [29], 162 

[31] 

150-160 [33] 

200 [27] 

120 [38], 140 

[40] 

160 [46] 

190-250 [27] 

Theoretical 
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274 [29] 
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270 [27] 
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5 Next-generation layered oxides cathode materials – NMC 

5.1 Lithium Nickel Manganese Cobalt Oxide (NMC) - 
�������� 

 

Within next 10 years, NMC battery technology is expected to increase its use in 

the automobile market significantly due to its high capacity, high lithium-ion diffusion 

rate (rate capability), higher operating voltage and charge storage [27]. Besides, superior 

performance and low cost to produce NMC, it is a suitable and potential cathode 

material to meet the future energy demand, in which nickel can offer high specific 

capacities, whereas Co and Mn can provide layered structures and enhanced structural 

integrity [59].  The vital factors such as chemical stability, environmental benignity, and 

abundance stems from Mn. In the de-lithiated state, Mn stabilizes the local structure of 

the cathode material by providing spinel structure [60-62]. The presence of Co 

strengthens the layered cathode material, thereby, increases the lithium-ion diffusion 

rate and capacity with Co3+/Co4+ redox reaction.  Additionally, Co provides a high 

structural stability and electrical conductivity. Remarkably, Ni acts as buffer in between 

Mn and Co while providing enhanced characteristics such as chemical stability (Mn > 

Ni > Co), structural stability (Co > Ni > Mn), electrical conductivity (Co > Ni > Mn), 

abundance (Mn > Ni > Co), and environmentally benignity (Mn > Ni > Co).  

NMC-based cathodes can outperform in many areas as compare to other cathode 

materials such as lithium iron phosphate (LFP) and Li2MnO3, particularly in terms of 

high costs, short lifespans, high rates of self-discharge and operational voltage. Thus, 

materials such as LFP, lithium titanate and Li2MnO3 cathode materials do not possess 

great industrial potential as NMC. Following the initial commercialization of NMC 

(NMC111 or NMC 333), high nickel content in NMC cathode materials provide the high 

discharge capacity with large increment in energy density as compared to conventional 

LiCoO2 and LiMn2O4 materials. Most of the reversible capacity of the NMC based 

cathode material is provided by Ni2+/Ni3+ and Ni3+/Ni4+ redox couples. Error! Reference 

source not found. indicates the characteristics and possible modification strategies 

applicable on NMC cathode materials. The composition of Ni, Co, and Mn in NMC 

cathode can be optimized for better electrochemical stability, increased lifetime, the 

capacity and rate performance [56, 63 - 66]. The different composition of Ni, Co and Mn 

in NMC lead to the development of different NMC’s such as LiNi1/3Mn1/3Co1/3O2 

(NMC333), LiNi0.4Co0.4Mn0.2O2 (NMC442), LiNi0.5Mn0.3Co0.2O2 (NMC532), 

LiNi0.6Mn0.2Co0.2O2 (NMC622), and LiNi0.8Mn0.1Co0.1O2 (NMC811) [65-82]. Despite higher 
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capacity in NMC, capacity fading, high surface reactivity and structural instability must 

be addressed when using Ni-rich NMC with Ni content exceeding >60% [61]. To 

address these issues, significant efforts have been made to reveal the mechanism of 

structural instability, which causes the capacity fading [80,81]. Like LiNi0.8Mn0.1Co0.1 O2 

(NCA), the NMC can be produced from the LiNiO2 (LNO) by substitution of Ni cation 

and/or NMC is formed by the partial replacement of Co with Ni and Mn in LiCoO2, later 

method reduces the cost and increase the electrochemical performance [62, 64]. 

Poor cycling stability and initial capacity loss in NMC is due to the Li+/Ni2+ cation 

mixing. The battery performance is deteriorated with the decomposition reaction of the 

electrode with the electrolyte due to the presence of Li residual compounds (LiOH and 

Li2CO3) formed on the surface of the electrode [62].  

5.2  Merits, demerits, degradation mechanism, and mitigation strategies associated 
with the Ni-rich NMC cathode materials 

 

The high reactivity of Ni4+ is observed when the de-lithiated state undergo side 

reaction with electrolytes during which both the electrode and electrolyte are consumed 

that leads to undesirable compound in the battery. The reduction of Ni4+ results in the 

formation of an insulating Ni-O impurity phase within the material and account for the 

loss of oxygen on the surface of the cathode, which adversely affects the cycling 

performance and thermal stability, which further leads to the change in the native stable 

crystal structure [61]. The approximate cation radius of Li+ and Ni2+ is similar that leads 

to low lithium diffusion and an increase in the reaction impedance. Due to the 

overlapping of the 3d band of Ni and the 2p band of the oxygen, the de-lithiated Ni-rich 

cathode becomes extremely reactive in the non-aqueous electrolyte, due to this reason 

the nanoparticles and nanostructures synthesis of the NMC cathode material is usually 

undesirable [17]. Instead, strategies like coating and cation substitution of the NMC are 

the most common and effective method to overcome these challenges by reducing the 

exposure of electrochemically active surface area [61].  

Although nickel rich NMC-based cathode materials provide high capacities with 

enhanced voltage windows, the development of high-capacity electrodes with long-

term stability and prolonged cycle lifespans remains an important challenge. To address 

this issue, the understanding of degradation mechanisms is vital. In case of nickel rich 

NMC based LIBs, the degradation involves different types of capacity loss, including 

initial capacity loss (ICL), sudden capacity loss (SCL) and gradual capacity loss (GCL), 
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all of which are accompanied by the increase in impedance. Bak et al. reported that Mn 

content can result in faster degradation through surface reconstruction, however, the 

increased Ni content can result in increased cation mixing due to the bulk diffusion of 

Ni2+ into the Li-layer and increased parasitic reactions as the valence of surface Ni 

increases toward highly reactive Ni4+ [82]. The dissolution of NMC can also cause a 

capacity reduction, this is due to the formation of decomposed non-aqueous electrolyte 

that hinders the available lithium sites for reversible electrochemical reactions. To 

mitigate these issues, dopants as structural stabilisers and carbon additives can be used 

but at the expense of rate capability. From the author’s perspective, to gain more 

understanding of the degradation mechanisms of NMC cathode, advanced physico-

chemical characterization techniques such as in-situ spectroscopy and diffraction 

analyses need to be employed that can shed some light on enhancing capacity retention 

to higher levels. Advanced synthesis routes are also vital to mitigate the longevity of the 

NMC cathode. 

The structural degradation of Ni-rich cathode material during the cycling process 

at a higher voltage (> 4.3V) and higher temperature (> 50 °C) lead to the generation of 

the micro cracks. These micro-cracks affect the electrochemical properties and thermal 

stability [62].  Continuous cycling at an elevated temperature, the Ni-rich cathode 

material with layered structure undergo structural degradation to spinel and rock salt 

phase. This structural change is due to the migration of the transition metal (TM) ions 

into the lithium layer during the charging and discharging process. This migration can 

alter the lattice constant and volume, and sometimes release oxygen atom from the 

lattice resulting in structural and thermal instability.  Surface treatment of the primary 

particles before coating/deposition can help in overcoming the challenges [61].  Hyejung 

Kim et al. demonstrated a coating technique to improve electrochemical performance 

and thermal stability by developing surface-treated Ni-rich cathode material [62]. This 

has significantly prevented the oxygen evolution from phase transition at an elevated 

temperature and improved the thermal stability and electrochemical performance. 

Apart from all these challenges and solutions, before the selection of the electrode 

materials, the cathode should have a high discharge voltage and anode material should 

have a low charge voltage [83]. Lei- Shi et al. [83] proposed a novel and successful 

method by increasing the discharge voltage of NMC cathode material to improve the 

energy density. In their study, the operating voltage of the cathode material is 

improved to 3.65 V from 3.48 V by varying the content of TM (nickel content) from 0.3 - 
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0.8 and also the average discharge voltage further increased to 3.8 V by using 

appropriate annealing heat treatment process on NMC cathode material [83].  

At present, the NMC cathode with 60% Nickel content is commercialized 

whereas the nickel rich NMC cathode with nickel content ≥ 80% has shown difficulties 

in commercializing concerning the electrode fabrication process and properties of the 

powder such as pH and moisture [30]. During the synthesis of NMC (Ni ≥ 80%), 

unstable properties originated from the precursors resulted as the residual compounds 

of the lithium in the final product. Li2CO3 increases the moisture content and raise the 

concern of safety whereas the LiOH increases the cathode powder pH value and 

causing the gelation of the slurry during the fabrication process. When the Ni content 

≤60%, an acceptable amount of undesirable lithium compounds is produced. When the 

Ni content is ≥80% it is utmost important to undergo additional fabrication process to 

reduce the residual lithium compounds. Most companies are using the washing process 

to reduce the residual compounds and lower the pH value of the powder [30]. In 

contrary, the washing deteriorates the thermal stability of the as-synthesized compound 

while increasing the processing time and capital cost. Therefore, this process should be 

substituted with other methods to reduce the cost and increase the thermal stability. 

Moreover, it is necessary to store the nickel rich cathode material away from air and 

moisture to improve stability and safety, water washed NMC is chemically more 

sensitive as compared to the non-washed NMC [30].  

Nickel rich NMC is the most serious candidates for the batteries that are used in 

EVs. Depending upon the mixing proportion of the Ni content in NMC there are certain 

advantages and disadvantages. Even though the theoretical capacities of all the 

compositions of NMCs (NMC 111 to NMC 811 - these numbers represent the atomic 

ratio of Ni, Mn and Co respectively) are similar, the reversible specific charge capacities 

increase from the lower Ni composition NMC to the higher Ni composition NMCs (i.e. 

from 163 mAhg-1 for NMC-111 to more than 200 mAhg-1 for NMC-811) [27]. Research is in 

progress to develop Ni-rich NMC, the roadmap for the development in the short and 

long term of the Ni-rich NMC are shown in Figure  [5].  
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Figure 7 Roadmap for the present and future of the NMC battery technology highlighting the 

trend for the energy density and cost of the material. (numbers followed by NMC represent the 

atomic ratio of Ni, Mn and Co respectively). This image is reused from Ref. [5] under the 

Attribution 4.0 International (CC BY 4.0). 

The energy density value for NMC 811 is much higher than the targeted value 

(760 Wh/Kg and 3650 Wh/l), as shown in the respective Figure -10. The rate capacity of 

the cathode also increases with the Ni content, electronic conductivity and Li+ 

diffusivity also gradually increased with increase in the Ni content (conductivity 5.2 x 10-

8 S/cm for NMC 111 and 2.8 x 10-5 S/cm for NMC 811, diffusivity for NMC 111 10-11 to 10-12 

cm2/S and for NMC 811 10-8 to 10-9 cm2/S) [27]. As shown in Figure  , there are mainly 

three types of cathode materials; conversion type, oxides and polyanionic. The cathode 

material should have higher discharge voltage, almost all the oxides are showing higher 

discharge voltage and higher capacity as compared with that of conversion and poly-

anionic type of cathode materials. Some of the poly-anions also exhibit higher discharge 

voltage but exhibit relatively lower practical capacity. So, considering both capacity and 

discharge voltage the oxides are the best future cathode materials which are under 

development to provide commercial-scale application. When comparing high energy 

NMC and NMC 811, the former has high capacity but lower voltage than the latter. 
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Figure 8 Charge capacity of different cathode materials and its electrode potential with Lithium 

reference electrode. (Reproduced with permission from Ref. [27], copyright 2020, Royal Society 

of Chemistry). 

The gravimetric energy density shown in Figure  implies that the Ni-rich NMC 

and high-energy (HE) NMC are capable of meeting the energy target of 2025. Polyanion 

cathode materials are not in the near range of the target value (indicated in a green 

colour band, in Figure . The gravimetric density of conversion type cathode indicates 

that some of the cathode materials (FeF3 and NiF2) can meet the energy demand of 2025 

and beyond. Similarly, the volumetric energy density of the cathode material is shown 

in the Figure  .   
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Figure 9 The gravimetric energy density of different cathode materials with the target 
value for the year 2025, the green band indicate the target value for 2025. (Reproduced 

with permission from Ref. [27], copyright 2020, Royal Society of Chemistry). 
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Figure 10 The volumetric energy density of various electrode materials with the in-demand 

target value for the year 2025. (Reproduced with permission from Ref. [27], copyright 2020, 

Royal Society of Chemistry). 

 

All the NMC series cathode material from NMC-111, NMC-442, NMC-532, NMC-622 

and NMC-811 exhibited an increase in the capacity and charge cut off voltage from 4.2 

V to 4.7 V. Interestingly, these cathode materials show higher specific capacity when 

nickel content is increased in the NMC. Among all these NMCs, NMC-811 delivers a 

highest specific capacity of 215 mAh g-1, 234 mAh g-1, 239 mAh g-1 and 260 mAh g-1 for 

4.2 V, 4.4 V, 4.5 V and 4.7 V charge cut off voltage respectively. NMC-811 exhibits the 

best electrochemical performance compared with the other series of NMC cathode 

materials. Upper cut-off voltage increases with the increase in the Ni content, this 
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further increases the self-heating rate and affect the structural stability. Higher content 

of highly reactive Ni and the lower content of Mn/Co in the Nickel rich cathode 

necessitate the need for surface protection, to avoid the reaction between the electrolyte 

and the electrode [5]. 

Lin Ma et al. [84] extensively studied the reaction between the nickel rich cathode 

and electrolyte at the elevated temperatures, employing traditionally carbonate-based 

electrolytes. Among those NMC series, NMC 532 and NMC 622 are substantially 

reactive with carbonate-based electrolyte than NMC 442 and NMC 111 when compared 

at the same potential. Whereas, the NMC 811 is dramatically more reactive than all 

other NMC grade cathode materials at potential that lies within the electrode potential 

window [84]. So, the exothermic behaviour of the NMC 811 is not only affected by the 

upper cut off voltage but also with other voltage values in the range of (4.2 – 4.7 V). 

When the upper cut off voltage increases, SHR (Self Heating Rate) increases especially 

at 4.7 V, indicating a trade-off between the energy density and safety (extreme heat 

damages the battery that could be explosive). On the other hand, the presence of Ni, Mn 

and Co in the NMC cathode material affect the thermal stability at a different cut off 

voltages. Among these three materials, Mn is electrochemically inactive and stabilizes 

the oxide matrix. Higher the nickel content, lower will be the onset temperature for the 

phase transition from spinel to rock salt structure. In conclusion, it is inappropriate to 

incorporate NMC 811 as a safe cathode in the lithium-ion cell that has traditional 

carbonate-based electrolyte. This suggests that alternative stable and effective 

electrolyte is needed for safe and purposeful use of NMC 811 as the cathode material 

[84]. 

5.3 NMC Technology in LIBs for future EVs and HEVs 

5.3.1 Core-Shell NMC Cathode Materials 

 

High capacity and low structural instability of NMC 811 is investigated in many 

research studies, to improve the structural stability. Yang-Kook Sun et al. [85] proposed 

the core-shell structure by combining the good thermal stability of Li [Ni0.5Mn0.5]O2 and 

high capacity of Li[Ni0.8Mn0.1Co0.1]O2. In their research study, the Li[Ni0.8Mn0.1Co0.1]O2 

was used as the core and the Li [Ni0.5Mn0.5]O2 was used as the shell for increasing the 

capacity and providing higher thermal stability respectively. Figure 5 shows the SEM 

(Scanning Electron Microscope) image of the NMC based cathode material at low and 

high magnification of the pristine and core-shell of NMC-811. After high-temperature 
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calcination, the core-shell structure is modified to obtain spherical micro-particles. Due 

to the difference in the composition of the shell and core, there is a concentration 

gradient at the boundary which resulted in the elemental diffusion from the core to the 

shell or from the shell to the core, during the high-temperature calcination. The 

concentration of the Ni and Co is abundant in the core and the Mn concentration is 

relatively less. High-temperature calcination led to the Co diffusion from the core to the 

shell [85].  

 

 

Figure 5  Morphology of pristine NMC 811 low (a) and high (b) magnification images. 

Morphology of core-shell NMC 811 low (c) and high (d) magnification images. (Reproduced 

with permission from Ref. [85], copyright 2020, American Chemical Society). 

In core-shell structure, Li+ de-intercalation reaction begins from the surface of the shell 

and once it is finished further extraction of the Li+ ions continue from the inner core. An 

inverse process occurs during the intercalation process. The core-shell structured 

cathode exhibited a good cyclability, with a capacity retention of 98% after 500 cycles 

whereas the pristine NMC 811 exhibited only 81% capacity retention. The thermal 

stability of the core-shell structure was significantly improved as compared with the 

pristine NMC 811. Cathode material thus encourages a new era for the development of 

high capacity LIBs with high energy density, longer cycle life and provide more safety 

[85].  
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 Layered transition metal oxide (NMC) exhibit poor stability especially at a high 

operating voltage (> 4.7V), which limits its wide application in stationary and mobile 

appliances [84]. Wu et al. [86] investigated a core-shell nanostructure of NMC532 

Li(NixMnyCoz)O2 as a core and LiFePO4 as shell layer. They used an active inorganic 

coating (~40 nm) of LiFePO4 on NMC to protect it from Mn dissolution into electrolyte 

to prevent from parasitic reactions. This modified NMC cathode material exhibited high 

reversible capacity in long term cycling between 3.0 and 4.6 V, a capacity of 168.5 

mAhg-1 and 173.3 mAhg-1 were maintained after 150 charges/discharge cycles between 

3.0 and 4.5 V respectively.  

5.3.2 Concentration Gradient NMC  

In a layered Lithium Nickel Manganese Cobalt Oxide cathode material, each of 

the cathode particles has a central bulk which has a higher concentration of Ni and the 

outer layer has a higher concentration of Mn. The concentration of Ni decreases from 

the center of the particle to the surface, whereas the concentration of Mn and Co 

increases as the surface is approached [87]. A typical concentration gradient Lithium 

Nickel Manganese Cobalt Oxide is shown in the Figure 6.  

 

 

Figure 6 The schematic diagram of a layered cathode material single particle, (left) 
concentration gradient core shell structure of NMC, (right) cross section view of the 

concentration gradient core shell NMC. 

T. Ohzuku et al. [88] demonstrated layered lithium insertion material in LiNi0.5Mn0.5O2 

as a possible alternative to LiCoO2 cathode material to improve chemical and structural 

stability. The core-shell structure reported in the literature [85] reviewed thoroughly 
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that helped to understand the structural mismatch between the core and the shell [87]. 

Voids present in the shell and the core of individual particles was approximately ten 

nanometres in diameter. In nickel rich cathode, core material was found to undergo 

volume change of 9-10%, whereas the shell undergoes volume change from 2-3% 

during the de-intercalation of Li+ ions. This difference in shrinkage leads to the gradual 

separation of core and shell which deteriorates the performance and reduction in the 

capacity. To overcome this problem, Sun Y. K et al. [85] experimentally analysed a 

cathode material in which each particle is surrounded by a concentration gradient of 

Li(Ni0.8-xCo0.1+yMn0.1+z)O2 in which the concentration range of each element is Li (0 ≤ x ≤ 

0.34), Ni (0 ≤ y ≤ 0.33), Mn (0 ≤ z ≤ 0.21) and Co in the outer layer. The inner particle is a 

bulk of Li[Ni0.8Co0.1Mn0.1]O2 that satisfy high energy and power requirement demands 

of high power electronic devices. Co, Ni and Mn concentration remains nearly constant 

from the center towards the interface of the inner particle. The outer layer of the 

cathode material is designed with decreasing Ni concentration and the Co and Mn 

concentration increases. This material not only show the high reversible capacity of 209 

mAhg-1 as compared with the bulk composition of Li[Ni0.8Co0.1Mn0.1]O2 but also the 

improved stability due to the concentration gradient for outer layer and further 

improves safety. 

5.3.3 High Energy Density NMC 

Layered-layered composite high-energy NMC (HE-NMC) cathode material is 

another substitute for conventional cathode material in high energy LIBs (approximately 

900Wh/kg) which got scientific attention in recent years [5]. HE-NMC is composed of 

LiMO2 (M=Ni, Co, Mn) and Li2MnO3, with the composition as	5���?;�F. 81 − 59��?��.  

The main function of Li2MnO3 is to supply Li+ to LiMO2 to stabilize material. However, 

it suffers from severe cycling instability that limits its applicability in EVs [5]. The 

capacity and cycling stability depend on the amount of 5 and the relative amount of 

Manganese, Cobalt, and Nickel in LiMO2 components. The layered structure of LiMO2 

containing Co and Ni has a positive effect on the thermal stability with the introduction 

of manganese into the layered structure. Many research studies have demonstrated that 

this type of electrode can deliver its theoretical capacity which is 260 mAhg-1 when 

charged and discharged between 5V and 2V vs Lithium [8]. If low discharge current 

rate (0.05 mAcm-2) with relatively high value of 5 (0.5-0.7), and elevated operating 

temperature (approximate50°C) is employed then an anomalous behaviour is exhibited 

by this cathode (i.e. capacity in excess to the theoretical capacity). But in most cases, the 
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discharge capacity decreases steadily on cycling and after a few cycles, it approaches 

the theoretical values. The reason for such anomalous behaviour is not known currently 

[8]. This type of electrode material outperforms the conventional layered LiCoO2, spinel 

LMO and LFP electrodes.  

Oxy-fluorination composition of the cathode exhibited excellent retention and 

good rate capabilities in both spinel and layered structures [89]. Improvement in the 

electrochemical performance is due to the small difference in the lattice parameter 

between the cubic phases formed during the charging and discharging cycles and 

reduced the dissolution of manganese.  

5.3.4 Substituted, Single-Coated and Double-Coated NMC 

Cation substitution and surface modifications have been widely used to 

overcome the instability in the solid-electrolyte interface and to modify structural 

integrity to improve the electrochemical performance of the cathode material. 

Generally, in the coated layers, the electrical conductivity remains a crucial figure of 

merit. In cation substitution, various dopants have been implemented for enhancing the 

structural stability of the Ni-rich cathode materials, specifically Ti substitution has 

improved the cyclic stability by reducing the cation mixing of Li+/Ni+. Among the 

lanthanum-based oxides (LaMO, M = Li and Transition Metals - TM) suppress the 

reaction between the electrolyte and electrode by forming a thin layer on the surface of 

the electrode, it holds good electronic conductivity and thermal stability [90]. The 

dopant like Mo, Zr and its performance on cathode material was investigated [91-92]. 

Molybdenum dopant in NMC811 shown higher capacity retention and voltage 

hysteresis for 100 cycles at a C/3 rate [91]. When Zirconium (Zr) dopant is used the 

capacity, retention was maintained for more than 100 cycles with increasing the 

concentration of Zr in cathode material [92].  

Other research studies were based on the substitution of expensive Co with 

cheaper Al, Fe and Ti to improve the electrochemical behaviour and lowering the cost. 

When Co was substituted with Fe, the capacity and rate capabilities decreased due to 

numerous antisite defects in the crystal structure [93]. But when the Co was replaced 

with the inactive aluminium, improvement in the rate performance and cycling stability 

was observed. However, capacity was reduced with the increase in the substitution 

concentration of Al greater than 5 at% [94]. Nevertheless, Aluminium substitution has 

improved the thermal stability of the cathode material [95]. 
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Apart from the conventional doping and surface coating modification on the 

cathode material, H. Yang et al. [90] developed dual modified Nickel rich Layered oxide 

cathode, which exhibits the combined advantages of both doping (cation substitution) 

and surface modification (coating). This provided the operational elevated temperature 

(60 °C) and under extended cut-off voltage (4.5 V) has enhanced the electrochemical 

performance, largely suppressed the voltage fading and capacity retention. Due to the 

difference in migration energy of La and Ti with the NMC layers and the similarity in 

ionic radii of Ti with the Ni, the Ti dopant migrate into the NMC whereas La evades to 

the surface forming a LaTMO2 (TM-transition metals) layer.  Figure 7 shows the energy of 

the La and Ti with the layers of the NMC and the conductivity of the LaTMO2 with that 

of pristine NMC. The presence of Ti dopant can prevent cation Li+/Ni+ mixing and 

reduce the irreversible capacity loss due to the formation of the passivating layer. The 

coating layer also reduces the interfacial resistance and prevent surface degradation 

during cycles [90]. 

The rate performance of the dual modified sample (LT1) has improved especially 

at the higher current rate (5C to 10C), compared to pristine NMC reversible capacity of 

110.9 mAhg-1. LT1 maintained a reversible specific capacity of 157.1 mAhg-1, this 

excellent rate capacity of LT1 is due to the conductive LaTMO2 coating layer which 

benefits the electron transportation [90]. The presence of Ti improves the structural 

stability of NMC whereas the coating layer of LaTMO2 enhances the 

structural/interfacial stability under extended operation voltage range. 

 

Figure 7 Shows the relative energy of Lanthanides and Titanium at different Nickel 

concentration layers (left). Conductivity of the pristine NMC and dual modified NMC (right). 

(Reproduced with permission from Ref. [90], copyright 2020, John Wiley and Sons). 
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6 Anode materials for Li-Ion batteries  

 In the next part of the review, evolution of anode materials and its current status 

and way forward has been detailed. Any secondary reversible rechargeable batteries, 

the cathode and the anode act as the oxidant and reductant concerning the separation 

energy of the electrolyte. The separation energy is the working voltage window of the 

electrolyte which is the difference in energy between the lowest unoccupied molecular 

orbit (LUMO) and the highest occupied molecular orbit (HOMO) of the electrolyte. For 

thermodynamic stability, the electrochemical potential of the anode and cathode should 

fall within this energy window of the electrolyte. Figure 8 (a), shows the schematic 

representation of the energy levels of the electrodes and electrolyte. The performance of 

the new electrode materials depends on the working window of the available 

electrolyte. Further, the energy storage mechanism in commercial lithium batteries is 

based on the redox reactions occurring through reversible intercalation of lithium-ion 

without any structural changes. The lithiation process or intercalation process directly 

implies energy density. Over time, the researchers have found new mechanisms for 

lithiation of anode materials (insertion of Li ions), alloying and conversion reactions. 

Figure 8 (b), shows some of the major merits and demerits of these mechanisms [96]. 

For an anode material, the voltage plateau preferably should be below 2.0 V but the 

capacity should be much higher than the cathode material. However, the cathode 

material exhibits higher operating voltages. This led to the combination of anode and 

cathode to provide the LIB cells with high energy and power density and high 

operating voltages [97].  

The key requirement of the anode material to be used in the lithium ion battery are as 

follows; [97-98] 

• For a stable LIB, the energy of anode should be lower than the energy of 

electrolyte otherwise the electrolyte gets reduced. 

• High lithium intercalation facilities for anode and higher energy storage capacity 

of the LIBs can be achieved with maximum electrochemical potential difference 

between anode and cathode, preferably the anode potential ≤ 0.5 V. 

• The anode selection mainly depends on the crystal structure and physical 

properties such as specific capacity, electrical conductivity, mechanical stability 

and chemical properties.  
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• The anode material must contain the elements and compounds with low atomic 

weights, low density and large lithium per formula unit. 

• The anode material must be cyclable, should yield large, should be stable and 

should provide large reversible capacity.  

• The anode material should exhibit the potential near to Lithium metal so that the 

whole cell can function at a higher operating voltage. 

• The anode material must not chemically react with the electrolyte and must not 

be soluble in solvents. 

• The anode must be environmentally friendly, cheap, safe and good electrical and 

lithium ion conductivity. 

 

Figure 8 (a) Shows the schematic illustration of the energy of the electrodes and electrolyte, (b) 

shows the different lithiation mechanism and its corresponding merits and demerits. 

(Reproduced with permission from Ref. [96], copyright 2020, John Wiley and Sons). 
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6.1 Insertion type anode materials 

 The insertion process is prominent in cathode materials but several anode 
materials such as titanium-based and carbon-based materials also adopt the insertion 
process. The vacancies that exist in the material structure of the electrode is called the 
insertion storage, which acts as the site for Li-ion intercalation that can provide higher 
capacity, higher rate capability, safer battery operation and longer cycle life for the 
anode materials. This insertion process can take place in two different methods, one is 
the heterogeneous insertion, and another is homogeneous insertion. In the former 
process, the potential remains constant and in later the potential changes with the 
change in composition of the different anode material. This change in potential with the 
change in composition provides faster kinetics and better structural stability. However, 
both intercalation processes provide less capacity due to finite accommodation sites or 
vacancies that is only one electron is stored per ionic centre [96]. Lower capacity of 
graphite lead to the lower energy density and limits LIBs in large power density 
applications. However, varying the type of carbon (natural graphite, synthetic graphite, 
mesocarbon, soft carbon, hard carbon), type of binders and surface modification of 
graphite and utilizing different electrolytes can improve the energy density [97]. 

6.2 Alloying type anode materials 

 In non-aqueous electrolyte, lithium can alloy with metal and non-metals at room 
temperature which can deliver higher capacity, for example, alloying of lithium with 
silicon can deliver higher capacity values up to 4200 mAhg-1. But its practical 
application has limitations due to large volume expansion during the alloying process. 
Recently, tin and silicon are used as the anode materials in commercial batteries which 
show a capacity improvement of 30% than that of graphite-based traditional lithium-ion 
batteries but only at the expense of the cycle life [97]. To overcome this challenge, 
various methods such as alloying of silicon with other metals are investigated and use 
of nanostructures of silicon is another option to accommodate towards volume 
expansion is another solution. (For more details on modified silicon as an anode 
material see the section 6.5) 

6.3 Conversion type anode materials 

 This process is defined as the storage process of the transition metal compounds 
(MaXb, M = Metal). In this process, the lithium reacts with elements X (O, S, F, P, N) to 
form LiyX and reduce the metals to their zero-oxidation state which provides higher 
capacity. Long ago, metals lagging insertion site is considered inappropriate for the 
insertion process. Later, these metals were found to be appropriate for the conversion 
process and capable of delivering higher capacity. However, these metals are affected 
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by large voltage hysteresis, which depends on the electronegativity and conductivity of 
the lithiated matrix. Recently, conductive matrix or doping of highly conductive metals, 
as well as the nanostructured electron collectors, have boosted the performance of these 
materials [96]. Linsen Li et al. [99] investigate the root cause for the voltage hysteresis in 
iron fluoride conversion anode, and determined that ohmic voltage drop, reaction 
overpotential, spatial distribution is contributing towards voltage hysteresis, and 
hysteresis can be mitigated by rational design & optimization of material microstructure 
and electrode architecture.  

6.4 Carbon-based anodes 

Over the decades, graphitic carbon is dominating the global market of anode 

materials. Various anode materials have been studied including graphitic carbon, 

amorphous carbon, tin oxides, nitrides and tin-based alloys [100].  The Graphite as 

anode generally suffers from low rate capabilities and dendrite formation due to 

overcharging. This would potentially lead to internal short-circuit that raise safety 

concerns including fire or explosion. The solid electrolyte interface on the graphite 

anode surface results in low coulombic efficiency and an irreversible capacity loss [5]. 

To overcome such challenges, the carbon anode materials have been subjected to mild 

oxidation of graphite, the formation of composites with metal oxides, carbon is coated 

with polymers (poly-thiophene, poly-pyrrole, and polyaniline) and other kinds of carbons 

(coating of thermal vapour decomposition carbon on graphite, coke coating graphite, modified 

coke coating graphite and epoxy resin coated graphite) including carbon nanotubes [100]. 

Following section will discuss about graphite-based anode materials, its modification 

with other elements to address the challenges is briefly discussed, the characteristics of 

the graphite anode material are tabulated in Error! Reference source not found.. 

6.4.1 Parameters affecting the performance of the anode material 

It is expected that the energy density of LIBs increases with any new anode 

materials, but the energy density additionally depends on several other parameters 

such as cell coulombic efficiency, irreversible capacity loss, anode porosity, inactive 

volume, average voltage of anode, volumetric capacity, and standard voltage of cathode 

[96]. 

The anode material with a minimum average voltage usually contribute to the 

maximum of energy density in the LIBs than the anode material with a higher average 

voltage. So, the average voltage has a greater contribution than volumetric efficiency. 

‘Sb’ has mid-range volumetric capacity but bears high average voltage and result in a 

Jo
urn

al 
Pre-

pro
of



40 

 

very little contribution to the energy density of the full cell. Metals such as Ag and Mg 

show very low average voltage and brings higher density for the full cell, but the cost 

and scarcity of Ag and Mg and also poor rate capability of Mg limits its use in lithium 

batteries. On the other hand, metals Si and Sn show an acceptable average voltage and 

their low cost and earth abundance they are a good candidate for future lithium-ion 

batteries [96]. 

Porosity is another parameter which affects the volumetric capacity or energy of 

the batteries. When the porosity is low for an anode material, it will increase the 

impedance, affect the rate performance and reduce the charge capacity. Similarly, the 

wettability will be affected by the low porous nature of the anode material which limits 

the ionic transport. So, previous studies suggest that the porosity of the anode material 

should be between the 10 – 40% by volume to maintain faster ionic movement and to 

reduce the inactive volume content in the electrode [96]. 

The irreversible capacity loss also largely affects the energy density of the 

lithium-ion battery. On increasing the irreversible capacity loss, the energy density 

increases until the irreversible loss of the anode is equal to the cathode. Further increase 

in irreversible capacity loss will reduce the energy density due to the formation of the 

solid-electrolyte interface (SEI) with side reaction. In most cases, the SEI film is 

damaged by the development of cracks due to the structural and volume change of the 

material and this brings the fresh surface of the electrode in contact with an electrolyte 

which further decreases the capacity of the battery. Incorporation of the lithium powder 

to the anode, additive to the electrolyte and pre-lithiation of the anode is the common 

method to prevent the reversible capacity loss. This increases the inactive volume in the 

electrode material which adversely affect the volumetric efficiency [96].  

Apart from all these parameters, coulombic efficiency (CE) is another parameter 

which causes the capacity fading. A large decrease in capacity retention has resulted 

from a decrease in CE after repeated cycling. Figure 9 shows the impact of CE of an 

anode on cyclic life and capacity retention of the full cell, it can be seen that a small 

change in CE (99.99% to 99.95%) brings a large shift in capacity retention (5% to 22%) 

after 500 cycles. The lower CE is associated with an irreversible loss which is due to the 

side reaction of the anode, structural degradation and electrical loss among the anode 

and current collector. The CE can be improved by increasing the ionic and electronic 

conduction inside electrode material and incorporating electrode material with 
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extrinsically high conductivity and predefined tunnel for ion transport. Further, coating 

the anode with active and inactive materials can limit the side reactions [96].  

 

Figure 9 Impact of CE of the anode on the charge cycle life and capacity retention of the full-cell. 

(Reproduced with permission from Ref. [96], copyright 2020, John Wiley and Sons). 

6.4.2 Mild oxidation of graphite 

 Formation of nano-channels or micropores while oxidation enhances the lithium 

intercalation and formation of a dense layer of oxides which further inhibits the 

decomposition of the electrolyte. If the graphite is extensively oxidised the 

electrochemical performance drastically decreases. Depending on the graphite material 

and the oxidizing agent electrochemical performance is always different. Generally, 

mild oxidation of the graphite improves the surface structure by removing some defects 

and active site in the material, dense layer of oxides acts as a passivating film, the nano-

sites/micro-pores will aid as the passage and storage site for the lithium ions and it also 

improves the coulomb efficiency and cycling stability [100]. 

 Y. P Wu et al. [101] investigated the effect of oxidation of natural graphite in 

nitric acid solution. This improved the electrochemical performance of the graphite as 

an anode material in lithium-ion batteries. With this oxidation, high reactivity towards 

lithium such as carbon chains, an edge carbon atom, and sp3 hybridized carbon atom 

and structural imperfection were eliminated. More micro-pores and nano-pores were 

introduced consequently to enhance and ease lithium intercalation and de-intercalation 

with new sites for lithium storage. An oxide layer formed at the interface prevented the 

decomposition of the electrolyte and increased the stability of the graphite. The 
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reversible capacity increase from 251 to 335 mAhg-1 was observed and the capacity 

remained the same even at the elevated temperature up to 100 °C. 

 T.H.N.G Amaraweera et al. [102] investigated the surface modification of needle-

platy graphite (NPG) as an anode for the lithium-ion batteries. They used two methods 

of investigation NO (hot concentrated HNO3) and NS (1 M (NH4) S2O8 in 1 M H2SO4) 

methods. The electrochemical performance has markedly improved in vein graphite 

(NPG). The oxide layer acted as an SEI (solid electrolyte interface) which improved the 

stability by eliminating the surface imperfections, reduced surface reactivity and 

blocked the co-intercalation of the solvated Li-ions. Their NO and NS method on NPG 

increased the reversible capacity from 317 to 354 mAh g-1 and improved Coulombic 

efficiency. They suggest these approaches in the vein graphite can be successfully used 

as the anode material in LIBs [102]. Liquid phase oxidation was developed by Yongqi 

Dai et al. [103] and synthesized tin-graphite anode material by using the oxidant H2SO4, 

HNO3, and H2O2. These samples of the tin-graphite anode were analysed, and the 

crystallinity of the graphite oxidized by concentrated sulfuric acid was achieved 

successfully. The specific discharge capacity of the samples prepared on concentrated 

sulfuric acid is higher than the samples prepared in HNO3, and H2O2, by 113 and 75 

mAhg-1 respectively. The specific discharge capacity of the material prepared by 

sulfuric acid was 687 mAhg-1after 20 cycles which is higher than the other samples for 

the same discharge cycles. The decay rate of the anode prepared with sulfuric acid was 

low as compared with others [103]. Figure 10 (a) shows the specific capacity of Sn@C 

composite anode during discharge and charge cycle and its efficiency in comparison 

with Sn anode. Figure 10(b) shows the specific capacity variation of these samples 

during discharge cycles. 

6.4.3 Composites of graphite with metal and metal oxides 

 Apart from the oxidation of the graphite, graphite composites with metal and 

non-metal oxides are electrochemical performance-enhancing techniques. Graphite 

particles are microencapsulated with Ni to form composite and to suppress the co-

intercalation of the solvated lithium ions into the graphite. The composite of graphite 

with Ni shows great improvement in the Coulombic efficiency, charge-discharge 

performance, and cyclic behaviour with propylene carbonate-based electrolyte.  

Y.P Wu et al. [104] investigated the sensitivity of the graphite material to 

humidity and suggested that the composite of graphite with silver can strikingly reduce 
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the affinity of graphite towards the water. The composite formed during heat treatment 

converts the Ag ions into metallic silver and carbide covering and removing active sites 

that absorb water. Cycling stability was also improved strikingly, this composite 

formation is considered as the first study in the history of the anode for lithium-ion 

batteries [104]. Yan Wang et al. [105] developed a hydrothermal reaction method for 

twin structural Sn@C core-shell composite for the anode of lithium-ion batteries. This 

composite exhibited superior first discharge capacity of 905 mAhg-1 with a reversible 

capacity of 400 mAhg-1 at the current density of 100 mAg-1 for 50 cycles. This composite 

exhibits exceptional rate capability without significant capacity loss even at a current 

density to 1000 mAg-1. This may open a new era of research for practical metal storage 

electrodes for lithium-ion batteries.  

 

Figure 10 (a) Specific capacity of Sn@C anode during charge and discharge cycles and its 

Coulombic efficiency in comparison with Sn anode. (b) Discharge capacity variation of the 

graphite oxidized with HNO3, H2SO4, and H2O2 during the different cycle. (Reproduced with 

permission from Refs. [103 and 105], copyright 2020, Taylor and Francis, and Springer Nature, 

respectively). 

Graphite anode material is modified with LiAlO2 and investigated the electrochemical 
performance by Yan Wu et al [104]. LiAlO2 is promising lithium conducting solid 
electrolyte which has not gained attention in modifying anode materials. They have 
developed LiAlO2/C nano-composites anode material and investigated by X-ray 
photoelectron and X-ray diffraction. Excellent rate performance and outstanding 
lithiation and delithiation have been observed at a current density of 0.1C. Since LiAlO2 

is a lithium-ion conductor and its deposition method don’t facilitate the graphite in 
lithium-ion conductivity which implies that LiAlO2 is a promising candidate for 
modifying graphite anode for future high-performance lithium-ion batteries [106].  

(a) (b) 
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6.4.4 Coating of graphite anode materials 

 To improve the surface structure of graphite anode material beside the mild 

oxidation (as discussed in the earlier sections) and deposition of metal and metal 

oxides, the surface coating also attracted the attention of the researchers. The surface 

coating of the graphite anode material has also proven exceptional electrochemical 

performance. Coating by polymers and other kinds of carbon materials have been 

investigated since the development of the lithium-ion batteries. In the beginning, the 

polymers considered for coating are conductive and electroactive such as 

polythiophene, polypyrrole and polyaniline to improve electrochemical performance, 

but later other kinds of polymers are also considered as the coating material such as 

gelatin and cellulose. These non-electroactive polymers also modified the 

electrochemical performance of the anode material [96]. Figure 11 shows the difference 

between the conventionally coated graphite and anode coated with polyelectrolyte 

[100]. 

 

Figure 11 Difference between the conventional coating and coating with polyelectrolyte on the 

surface of the graphite anode particle. (Reproduced with permission from Ref. [100], copyright 

2020, Elsevier). 

Wu Xu et al. [107] investigated the electrochemical performance of AlF3 coated 

graphite anode. A thin layer approximately 2 nm thick coating of AlF3 on graphite 

anode has not significantly improved the electrochemical performance, different 

samples of graphite anode with different composition of AlF3 were analysed. The 
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coating has not changed the structure of the bulk material, so it exhibited similar 

electrochemical responses and voltage characteristic of pristine carbon anode. However, 

capacity, rate performance and cycling stability have improved significantly. Different 

composition of AlF3 on graphite shown different performance level on cycling, among 

the samples the 1% AlF3 has shown 92% capacity retention. Figure 12 shows the 

capacity and cycling stability and first cycle charge-discharge profile of different 

graphite samples [107].  

 

Figure 12 (a - b) Rate capability and long-term cycling stability of the different graphite 

samples. (c) First cycle charge-discharge profile of different graphite samples at 0.05C rate. 

(Reproduced with permission from Ref. [107], copyright 2020, Royal Society of Chemistry. 

Lithium-ion battery always demands the feature of fast charging possibility especially 
when used in electric vehicle applications. Surface modification with amorphous Al2O3 
shell layer has improved the fast-charging capacity of the lithium-ion batteries. Dae Sik 
Kim et al. [108] investigated the modified graphite anode and concluded that 1 wt% 
Al2O3 exhibited a reversible capacity of about 337.1 mAhg-1 at a higher current rate of 
4000 mAg-1. Such an improvement in electrochemical kinetics for lithium-ion 
intercalation was achieved by improving the electrolyte wettability by surface 
modification with Al2O3 on the graphite anode material. Their proposed shell layer 
amorphous Al2O3 coating can be a practical way of improving fast charging capability 
for high power lithium-ion batteries. 

6.4.5 Nanomaterials of graphite as an anode in Li-Ion batteries 

 Despite all these advantages and disadvantages with the graphite modifications 
to be used as the anode materials, graphite is insufficient to act as next-generation 

(c) 
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anode materials due to its low theoretical gravimetric capacity of 372 mAhg-1, safety 
issues caused with the use of certain electrolyte, and the small difference in the 
operational potential of graphite with lithium. Therefore, efforts are still required to 
meet the future high energy demand by developing novel anode materials. 

 Carbon Nanotubes (CNTs) are developed in 1991, since then it has shown some 
unique properties needed for anode materials. Several classifications have been 
reported, based on configuration, it is classified as armchair, zigzag and chiral. Based on 
the degree of graphitization it is classified as amorphous and graphitic ones. Finally, 
based on the structural, it is classified as single-wall and multi-wall CNTs [100]. A 
nanotube is formed by rolling graphene sheets into closed cylinders with at least one-
dimension remains at nanoscale.  

 Licht et al. [109] reported a solar thermal electrochemical process (STEP) in 
which the ambient CO2 captured in the molten lithiated carbonate leads to the 
production of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) through 
electrolysis by using steel electrodes. Exceptionally good performance was 
demonstrated both in lithium-ion and sodium-ion batteries by the low-cost CO2 derived 
nanotubes and nanofibers. Optimised storage capacities are measured over 370 mAh g-1 
and 130 mAh g-1 for lithium and sodium -ion batteries with no capacity fade as tested 
up to 200 to 600 cycles respectively.  

6.5 Non-Lithium based anode materials 

Apart from conventional carbonaceous anode materials, there are many other 

anode materials which can be used as a substitute for graphite. Presently, alloy type 

anode materials are gaining popularity due to its high capacity. Among these, Si is 

considered as the most promising candidate for next-generation anode for lithium-ion 

batteries because of its highest theoretical capacity of 4200 mAhg-1, which is 10 times 

higher capacity than commercially available graphite anode materials [110].   

In the following sections, silicon-based anodes, its challenges and associated 

nanostructure and different growth methods are discussed briefly.  

6.5.1 Silicon-based anode for Li-Ion batteries 

Silicon is considered as one of the promising candidates to be used as the anode 

material due to its high theoretical capacity (approximately, 4200 mAhg-1, 

corresponding to fully lithiated state), relatively low cost and low toxicity [111]. The 

main challenge in using silicon as the anode is that it swells about 400% when it alloys 

with Li-ions and it also shrinks when lithium ions are released. This significantly 
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reduces the capacity as it also crumbles the silicon structure over the repeated charge 

and discharge cycles. To solve this volume change associated with lithiation and de-

lithiation, the researchers have developed synthetic strategies using nanostructured 

Silicon-based anode materials to reduce the stresses developed [111]. Silicon 3D porous 

structure studied in the Hanyang University in South Korea proved that this structure 

can accommodate the volume changes [112]. It maintained a charge capacity greater 

than 2800 mAhg-1 at a rate of 1C over 100 recharge cycles. Silicon nanotubes have 

shown high reversible charge capacity approximately 3200 mAhg-1 and impressive 

capacity retention of 89% after 200 cycles [113]. Silicon-carbon composites are another 

possible material to overcome the volume expansion related problems during charge-

discharge cycles. Among all the Si-C composites, the porous Si with C outer rigid shell, 

Si-C core-shell Nanowires and 3D porous bulk silicon particles with Si pore have shown 

better results especially in regard to volume expansion, fast charging, charge capacity 

and more research word is required to be undertaken to improve the capacity of the 

anode (practical value reaching towards theoretical value) with improved life cycle 

[111]. 

Xingshuai L et al. [113] studied 2-Dimensional g-SiC2 and g-SiC3 which are 

known as the siligraphenes that exhibits high capacity, good stability and good 

electrical conductivity. Fully lithiated phases of siligraphenes are Li5Si2C4 and Li10Si2C6 

and they exhibit good theoretical capacities up to 1286 and 2090 mAhg-1 which are 

several times higher than the currently available anode materials. This siligraphene 

combines the advantages of both Si and C. Silicon offers high storage capacity and low 

charge/discharge platform and Carbon offers good stability and conductivity [112]. This 

indicates that siligraphenes can be a promising candidate as a future anode material. 

Minsub Oh et al. [114] investigated the effect of alloying Si with Ti and Fe for 

electrochemical performance of anode material. This material exhibited high cyclic 

stability and rate capability (stably operated for more than 500 cycles with a capacity higher 

than 1400 mAhg-1). The SEM images of the Ti and Fe alloyed Si anode proved that the 

loss of electrode material is quite small even after 500 cycles and maintained a capacity 

higher than 1400 mAhg-1 without catastrophic failure even up to 1000 cycles. As usual 

the cracks were started to develop after few initial cycles, but the crack propagation rate 

has been reduced relatively in comparison with pure Si anode. Figure 13 shows the 

crack formation and its propagation with charge-discharge cycles. This crack formation 

is due to the suppressed volume expansion of the anode material with the reduction of 
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active material. With the number of cycles, the crack propagation and fragmentation 

were observed. Figure 13 d and e exhibit further, each of this fragment evolves into a 

pillar or bump-like structure, which is further illustrated in Figure 13 f, g and h. It is 

also found these bumps were in micro size and the micro bumps were suited to endure 

long cycles as they shrank slowly and steadily avoiding catastrophic failure [114]. The 

strategies to further improve this anode is given in Table 6. 

 

Figure 13 The SEM images of Ti and Fe alloyed Si anode material over 500 cycles, the crack 

initiation and propagation over a different number of cycles, a) 1 cycle b) 5 cycles c) 10 cycles d) 

25 cycles e) 50 cycles f) 100 cycles g) 300 cycles h) 500 cycles. (Reproduced with permission 

from Ref. [114], copyright 2020, John Wiley and Sons). 
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6.5.1.1 Challenges in using silicon as anode materials 

 Extreme volume expansion, unstable solid electrolyte interface (SEI), and low 

intrinsic electronic and ionic conductivity are some of the major challenges that need to 

be addressed while using Si as the anode materials. Extreme volume expansion 

approximately 400% could produce mechanical stress and strain on the surface of the 

silicon materials, leading to cracking and pulverization. Unfortunately, this 

phenomenon will lose the electrical contact between the fragments formed during the 

volume expansion resulting in low electrical conductivity. This would also result in 

capacity loss due to the electrical isolation of the fragments and current collector [115]. 

The formation of the SEI layer around the silicon anode material act as a layer to allow 

the penetration of lithium ions and as an insulator to the electron. The interface between 

the silicon and electrolyte is not static due to the volume expansion and contraction 

during the lithiation and de-lithiation process, this pave the way for the appearance of 

new silicon fragments that create new fresh SEI film on these surfaces again. This also 

results in the consumption of lithium ions and electrolyte for continuous SEI formation 

which adversely enhances the rapid consumption of the silicon-based anodes. Besides, 

silicon has low intrinsic electronic conductivity about 10-3 S cm-1 and low lithium 

diffusion with diffusion coefficient in between 10-14 to 10-13 cm2 s-1 [115].  

6.5.2 Silicon nanostructures as anode materials 

 Over a decade, substantial efforts have been devoted to overcoming the 

challenges mentioned above and enhancing the cycling performance. Novel silicon 

nanostructures have been developed to mitigate these issues. 

6.5.2.1  Silicon nanoparticles 

 By relieving internal strains, the nanoparticle-based silicon anode materials have 

overcome large expansion and contraction problems. Si particle size scaling down to 

nanoscale can overcome the issues related to detrimental pulverization. Cycle life has 

been greatly improved with nanoparticle strategy in Si-based anodes. It was 

demonstrated that the particle size of 150 nm acted as benchmark, > 150nm will lead 

towards fracture and pulverization however maintaining < 150nm will eliminate 

cracking related issues. Large gravimetric surface area 50 m2 g-1 lead to undesirable side 

reactions and results in capacity loss in Si-based anode materials [115]. 
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6.5.2.2 Hollow nanostructures 

 This is another novel nanostructure, ranging hollow spheres and hollow 

nanotubes. The introduction of the inner void can deliver an extra space to 

accommodate the unavoidable volume expansion and buffer the mechanical strain 

induced by the diffusion of lithium ions during the charge and discharge process [115]. 

The key design characteristic is the fabrication of the void in the nanostructured silicon, 

Xingkang Huang et al. [116] reported a novel method to prepare hollow silicon with 

tuneable morphology from hollow cubes, spheres, and tubes to flowers and other 

shapes. Figure 14 illustrates the synthesis of hollow Si anode material. In this method, 

various carbonates were synthesised, followed by silicon deposition and removal of the 

carbonate template by immersing in the dilute HCL. This was the first time that the 

carbonate is used as the template for the synthesis of hollow silicon. As prepared 

hollow silicon used as an anode material showed excellent cyclic performance, in 

particular, the flower-like structure delivered a capacity of 814 mAhg-1 at a current 

density of 4800 mA g-1 and retained 651 mAhg-1 that is 80% of its reversible capacity 

after 700 cycles, silicon nanotubes retained 80% of its reversible capacity after 200 cycles 

whereas the silicon Nano-cubes and Nano-spheres retained 62.3% and 75.8% of 

reversible capacity respectively after 100 cycles [116].  

 

Figure 14 Illustration of the synthesis of hollow silicon from the carbonate template. 
(Reproduced with permission from Ref. [116], copyright 2020, John Wiley and Sons). 

6.5.2.3 Silicon Porous nanostructures 

 Beside hollow nanostructure silicon, porous nanostructures are also proven to be 

an alternative material morphology to improve the capacity and cycling stability. 

Meso/macropores present in silicon material can accommodate the volume expansion 

during the charge-discharge cycles and also these pores provide the channel for the 

quick transport of the lithium ions and full infiltration of electrolyte [115]. 
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6.5.3 Silicon metal and metal oxide composites 

 The electrochemical performance of the silicon can be improved by forming 

composites with metal and metal oxides. On the other hand, the doping of the silicon 

with other metals can effectively improve the conductivity and charge transfer process. 

David et al. investigated a self-standing anode material consisting of molecular 

precursor derived silicon oxy-carbide glass particles embedded in a chemically 

modified reduced graphene oxide matrix. With effective electron conductor, this porous 

reduced graphene matrix provides higher coulombic efficiency and additional 

mechanical structure stability. Charge capacity of approximately 588 mAhg-1 up to 1020 

cycles with no traces of mechanical failure is determined [117]. This technology 

eliminates use of metal current collector, polymeric binders and conducting agents 

thereby reducing the total electrode weight and provide opportunities to produce 

efficient lightweight batteries [117]. However, the cost and synthesis of the anode 

material at the manufacturing scale is a point of concern in developing batteries.  

Not only the metals but also metal oxides composites with silicon has improved 

the electrochemical performance. Fang et al. investigated the silicon with titania Si@TiO2 

a composite of silicon with core-shell nanostructure in which Si Nanoparticles are 

encapsulated in TiO2 hollow sphere [118]. It is proven that the titania shell is effective in 

improving structural stability and electrical conductivity. A well-designed core-shell 

nanostructure with enough space can accommodate the volume change. At 0.05 C and 

1C current rate reversible capacities of 1911.1 and 795 mAhg-1 are achieved and when 

tested for 100 cycles this composite maintained a capacity of 804 mAhg-1 at 0.1C current 

rate [118]. This can be an alternative or supplementary coating method instead of 

carbon and can also be applied to other high capacity battery materials having high 

volume change during charge and discharge process. In other work, Yang et al. 

investigate amorphous titanium dioxide (TiO2) instead of crystalline titanium oxide 

which demonstrated superior electrochemical performance and extremely safer lithium 

storage. Amorphous TiO2 shell show versatile behaviour during lithium discharging 

and charging processes, maintaining high structural integrity. Additionally, superior 

buffering properties compared to crystalline TiO2 is demonstrated. Therefore, this anode 

material is safer than conventional carbon-coated silicon anode materials [119]. 

6.5.4 Silicon carbon and polymer composites 

 The combination of silicon nanostructures with various morphologies have 

proven as an efficient method of improving the electrochemical performance of lithium-
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ion batteries. Even though this silicon nanostructures can address the pulverization, 

however during volume expansion damage is caused to the SEI layer that results in the 

consumption of many lithium ions which adversely affect the CE and reversible specific 

capacity of the batteries. The carbon material is considered as one of the best suitable 

candidates to address these issues and to improve the electrochemical performance 

because of its outstanding electrical conductivity and mechanical strength [120]. Many 

research activities are undertaken on the carbon-silicon composites to improve the CE 

and reversible specific capacity. Chen et al. proposed a double-shell concept for 

stabilizing the SEI layer and accommodating the volume change. Double carbon shells 

coated Si Nanoparticles (DCS-Si) were prepared by chemical vapour deposition and 

magnesiothermic reduction (the reduction of SiO2 to Si Nanoparticles using Mg 

vapour). Inter shell spaces are preserved for buffering the volume change and 

mechanical stress from the inner carbon shell. This is suitable to prepare both 

nanospheres and nanotubes. Tiny silicon particles are randomly distributed within the 

inner carbon shell. Superior rate capability and good cycling performance up to 1000 

cycles and the high rechargeable specific capacity of 1802 mAhg-1 at a current rate of 

0.2C were delivered. Their DCS-Si//LiNCM full cell exhibited high energy density and 

volumetric density 473.6 Wh kg, and 472.3 WhL respectively, proving that DCS-Si is a 

highly competitive candidate for the anode materials in lithium batteries as shown in  

Figure 15 [121]. 
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Figure 15 (a) Charge-discharge profile and specific capacity of LiNCM cathode (b) shows the 

rated specific capacity and Columbic efficiency corresponding to the discharge rate (0.1C to 

0.5C) for DCS-Si//LiNCM full cell (c) Charge/discharge profile for full cell DCS-Si//LiNCM at 

the different current rate (0.1C to 0.5C rates) (d) shows the cycling performance and 

corresponding Coulombic efficiency of the DCS-Si//LiNCM full cell at 0.5C for 200 cycles. 

(Reproduced with permission from Ref. [121], copyright 2020, John Wiley and Sons). 
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Xuan et al. [121] reported a novel composite anode consisting of detonation 
nano-diamond, with SiOx nano-particle and carbon nanosheets. The high reversible 
capacity of 1182 mAhg-1 at a constant current of 100 mAg-1 after 100 cycles was exhibited 
by SiOx/ND-C (Nanodiamond Carbon). Compared to traditional SiOx/ C anode, this 
SiOx/ND-C exhibited remarkably high rate performance and long-term cycling stability, 
with a reversible capacity of 622 mAhg-1 at a high constant current of 1000 mAg-1 after 
750 cycles, initially after 100 cycles, a capacity retention of 1182 mAhg-1 was retained at 
a constant current of 100 mAg-1,  Figure 16 (a-b). This composite is chemically stable 
that consists of super hard nanoparticles with a low binding energy of Li+, a pinning 
effect is formed on the carbon nanosheet by nano-diamond which enhances the stability 
of the structure and promotes lithium-ion transport into core layer of the material [122].  

 

Figure 16 Shows the capacity of the SiOx/ C  and  SiOx/ND-C. (a) Capacity variation up to 100 

charge-discharge cycles. (b) Capacity variation of SiOx/ C and SiOx/ND-C for 60 cycles. (c) 

Capacity variation of SiOx/ C and SiOx/ND-C for 700 charge-discharge cycles. (Reproduced with 

permission from Ref. [120], copyright 2020, Elsevier). 

 

6.6 Lithium-based anode materials 

6.6.1 Lithium Zinc Titanate –Li2ZnTi3O8 

Lithium zinc titanite is considered as another promising anode materials. It has a 

theoretical capacity of 227 mAhg-1, low working plateau and excellent thermal and 

structural stability [123-126]. However, this material exhibits large capacity loss due to 
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poor conductivity after several cycles. Therefore, currently this material is not yet used 

in wider applications as an anode material. So, systematic and progressive 

understanding of the lithium zinc titanate and suitable modification such as surface 

coating and doping has become important in solving the challenges and enabling its 

usage in LIBs. The common coating materials are carbon, relative oxides and other 

compounds [127].  

Good physical and chemical stability, abundance, excellent conductivity properties 

make carbon coating a convenient and suitable approach to improve the conductive 

properties of the lithium zinc titanate. Carbon coating also helps in avoiding the 

reaction between the electrolyte and electrode material [128]. Other non-carbon-based 

materials used as surface coating are TiO2, Li2ZrO3, KCl, Na2MoO4, and La2O3. The 

coating of lithium zinc titanate with TiO2 has a remarkable increase in the charge 

capacity, specific capacity, and cycling stability [129]. 

Doping is considered as an effective way of enhancing the electronic and ionic 

conductivity of the electrode material. The most known doping cation elements are Na+, 

Ag+, Cu2+, Al3+, Ce4+, and V5+ [127]. Among these ions, sodium is cheaper, abundant and 

environmentally friendly. Na-doping decreases the conduction band resulting in band 

gap reduction and thereby an increase in the conductivity of the electrode material by 

replacing Li atom with Na atom [130]. 

Al-doped and Ag-doped lithium zinc titanite show almost similar results. The 

abundance, less toxic, less expensive and lighter Aluminium makes it a most promising 

substitute material for the anode. Aluminium doped anode material shows good 

specific capacity and excellent rate capability than the pristine Li2ZnTi3O8 whereas the 

Ag-doped Li2ZnTi3O8 shows high reversibility, higher capacity and cycle capability and 

stability than the pristine Li2ZnTi3O8 [131-132]. Cu-doping, due to special outer 

electronic configuration of Cu2+, it often increases the electronic conductivity. The 

specific capacity and cycling stability of the Cu-doped Li2ZnTi3O8 have been improved 

compared to the pristine, Al-doped and Ag-doped Li2ZnTi3O8 [133].  

In general, doping is an effective strategy to enhance the electrochemical 

property of the pristine Li2ZnTi3O8. The size of the doping cation should be greater than 

the ionic radius of the lithium ions this can broaden the migration channel for the Li-

ions at the lithium sites. To decrease the charge transfer resistance and to improve the 

diffusion coefficient of lithium ions are the purpose of the doping process. The doping 
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of pristine Li2ZnTi3O8 with the earth-abundant elements to improve the electrochemical 

property is highly recommended for anode material development [127]. 

6.6.2 Lithium Titanate 

LIBs are considered as the promising energy storage technology for stationary 

and mobile applications, however, the poor safety characteristics has hindered its use in 

commercial applications. To transcend the problems associated with safety, titanium-

based anode materials have attracted widespread attention due to its thermal stability 

compared to other conventional graphite anodes. So, titanium-based anode material can 

offer significant safety advantage over graphite anode [134]. For the preparation of the 

Li3+yTi6-yO12, solid-state synthesis is adopted due to its simplicity and lower cost [135]. 

However, Manickam et al [136, 137] reported crystals are developed at relatively high 

sintering temperature. TiO is widely used as the titanium source and LiOH or Li2CO3 is 

used as the lithium source during the synthesis of lithium titanate. Lithium cells with 

micro-sized particles on the anode of Li3+yTi6-yO12 have a theoretical capacity of 175 

mAh/g and deliver a specific capacity of about 100 mAh/g with a poor rate capability 

[138]. By controlling the particle size of the lithium titanate, electrochemical 

performance of the anode can be improved by shortening or decreasing the diffusion 

length [134]. 

High operating voltage than that of the graphite and reduction in volumetric 

energy density due to high porosity and low loading density of nanometer-sized 

lithium titanate anode material. Introduction of primary nanoparticle and micro-sized 

secondary particle is the practical approach to improve the loading capacity of the 

lithium titanate. The micro-sized particles improve the trap density and the load 

capacity, whereas the nanoparticles exhibit all the benefits associated with Li3+yTi6-yO12 

nanopowder [134]. Figure 17 (a-b) shows the charge/discharge profile for conventional 

Li3+yTi6-yO12 with micro-sized particles and specifically designed Li3+yTi6-yO12 with 

primary nanoparticle and micrometre-sized secondary particle.  
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Figure 17 (a) Shows the charge/discharge curve for conventional Li3+yTi6-yO12 (b) shows the 

charge/discharge curve for Li3+yTi6-yO12 with primary and secondary particles.  (Reproduced with 

permission from Ref. [134], copyright 2020, John Wiley and Sons). 

The carbon coating on the Li3+yTi6-yO12 anode material has improved the electrochemical 

performance. The rate capability of this anode material is significantly enhanced 

especially at higher discharge rate with the change in concentration of the carbon 

coating [134]. So, carbon coating is a strategy widely been used to improve the rate 

capability of the lithium titanate, as shown in Table 6. The corresponding 

electrochemical behaviour of those samples are shown in Figure 18 (a-b), where the 

discharge capacity of the carbon-free and carbon-coated Li3+yTi6-yO12 [138-140] has been 

compared and clearly the carbon-coated sample showed superior performance. 

 

Figure 18 (a) Shows the comparative rate capability of carbon-free Li3+yTi6-yO12 and 
carbon-coated Li3+yTi6-yO12. (b) Cyclability comparison of the carbon-coated (5.2 wt%) 

Li3+yTi6-yO12 from 1C to 10C rate with carbon-free Li3+yTi6-yO12 at 1C rate discharge. 
(Reproduced with permission from Ref. [134], copyright 2020, John Wiley and Sons). 
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Table 3 The characteristics of lithium anode materials and its possible modification strategies to 

improve the electrochemical performance. 

Anode Materials Graphite Silicon Lithium Zinc 

Titanate 

Lithium Titanate 

Theoretical 

discharge capacity 

(mAh g-1) 

372 [96-98] 

 
3590 [111] 227 [123] 175 [138-139] 

Practical discharge 

capacity (mAh g-1) 

300-320 [97] 1400 – 3124 [112] 150 – 226 [123] 110 – 167 [138] 

 
Modification 

strategies 

Mild Oxidation, 
composite 
formation, 

Nanotechnology
, coating [96-98] 

 

Alloying, 
composite 
formation, 

nanostructures. 
[111-115] 

Synthesis methods, 
coating, doping 

[124-126]. 

Composite 
formation, synthesis 

methods, 
nanotechnology 

[138-140]. 

7 Conclusions and Future Perspectives 
 

 In this review article, a summary of the cathode and anode materials for 

developing a robust, stable, better specific capacity, faster charging and discharging and 

higher capacity lithium-ion batteries. Lithium nickel manganese cobalt oxide (NMC) 

cathode materials have been reviewed to understand their historical development in the 

Li-ion batteries specially focused towards materials along with future scope, challenges 

and modification strategies that would aid in the development of high capacity lithium-

ion batteries for meeting the energy demand of the next two decades. This article 

discussed the cathode materials characteristics relevant in selection for future research 

and studies. The modification strategies used to improve the electrochemical 

performance of the cathode materials has been identified. The role of nanomaterials on 

improving the electrochemical performance of NMC cathode material is summarized in 

the review article. Nanomaterial engineering such as core-shell, concentration gradient 

and high-energy HE-NMC has been reported in detail including the most relevant 

research findings. This technology is mainly used to improve the structural stability of 

NMC 811, thereby improving the electrochemical performance without any material 

degradation after high cyclability of the LIBs.  Apart from this, cation substitution, 

coating and dual coating are other technologies used for the improvement of the 
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stability of the solid-electrolyte interface and structural integrity of the cathode 

materials. Dopants such as Mo, Zr, Al, Fe and Ti are extensively reviewed to 

understand their effect on the electrochemical performance of the NMC cathode 

materials. 

 Along with the review on cathode materials, a review on anode materials has 

been explored to locate various emerging potential materials. An insight into insertion 

type, alloying type and conversion type anode materials are discussed. Carbon-based 

(graphite) anode materials are generally classified as insertion type, which is the most 

commonly and commercially used anode material. Coating of graphite with polymers 

such as polythiophine, polypyrrole and polyaniline improved the electrochemical 

performance. Low cost solar thermal electrochemical process (STEP) was pointed out 

for the synthesis of carbon nanotubes and nanofibers, this carbon nanotubes and fibres 

can be used in both lithium and sodium-ion batteries. Lithium-based and non-lithium-

based anode materials are further discussed in this review paper. The high theoretical 

capacity of silicon acts as promising candidate for high capacity lithium-ion batteries in 

the near future. Volumetric change during the lithiation and de-lithiation process is the 

main challenge in using the silicon as anode material. Various nanostructures of silicon 

such as nanoparticles, hollow nanotubes and porous nanoparticles are used to 

significantly reduced the volumetric changes during the charge-discharge cycles. 

However, further extensive research must be undertaken before their use in commercial 

applications to address the safety concerns leading toward explosive batteries during 

volume expansions. Silicon with carbon and polymer composites can also accommodate 

the volume change yet not safer to be used. This report also discussed the lithium-based 

anode materials such as lithium zinc titanate and lithium titanate referring to its safety 

characteristics than that of graphite anode. Extensive research and development are 

required on both existing cathode and anode or alternative materials to develop high 

capacity lithium-ion batteries to meet future energy demand. However, from the 

author’s opinion, the layered oxides, spinel oxides, and polyanions remain the viable 

practical cathodes and nanostructured anodes serve as a basis for future battery 

systems.  
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