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Abstract 

The increasing use of electronics requires highly effective, flexible, sustainable, and safe energy supply systems. 

Lithium-based batteries are the most‐used energy storage devices due to the larger amounts of energy stored in. 

However, the energy and power density balances of existing battery systems are still not satisfactory. Electronic 

conductivity and ionic transport are crucial in enhancing the battery performance. Several approaches have been 

investigated to modify or replace the electrode materials to enhanced aforementioned properties. Nanomaterials offer 

great features to overcome widely known problems by enabling the occupation of all intercalation sites available the 

particle volume. Although these features lead to tolerate high currents and promising solution for high-energy and 

power density, the nature of the electrode materials allow limited supply for greatly developed electronics.Here in 

this review, it will be discussed the nano designs from conventional anodes to next generation anodes for lithium-

based batteries. 

 

 
1.Introduction 
Supported by modern battery engineering, the 
conventional Li-ion battery chemistries are close 
to their theoretical limits. At the same time, new 
approaches on the battery systems have also been 
developing to exceed these limits. 
Positive electrodes, also known as cathode, are 
usually the main contractor in increasing capacity 
in a battery. Besides, the negative electrode sides, 
called as anode, are mostly vital in contributing 
energy density and stability. Synergistic effect  
of the electrochemical reactions between anode 
and cathode cannot be ignored either [1]. 
Recently, cathode architectures have been 
evolving from metal oxide-based electrodes to 
sulfur-based electrodes to obtain higher capacity 
and lower cost. Whereas the anode architectures 
seem to have not found its course exactly yet. 
Although, the story of the negative electrode has 
started with lithium metal at the beginning, 
however, it has continued on graphite for a long 
time due to many important safety concerns. 
Despite all the challenges, indispensable charm of 
lithium metal has been continuing to keep it on 
the agenda. At the same time, the attraction of 
anodes such as silicon, which provides high 
capacity but have many challenges, extends the 
alternatives [2]. 
 

2. Historical Change of Lithium Ion Battery 
Lithium-ion batteries have been commercialized 
by Sony in 1991 with the combination of LiCoO2 
cathode and Graphite anode materials [3].  

Figure 1. Evoulation of Lithium Ion Battery Concepts 

 
Actually, there were a lot of efforts to 
commercialize lithium metal before graphite. 
Because, without any doubt, lithium metal is one 
of the most attractive candidates as an anode 
material for lithium ion batteries due to its high 
theoretical specific capacity (more than 3000 
mAh/g) and lightest weight, and great 
conductivity. However, the practical application 
of lithium metal was seriously hindered by some 
safety concerns and left as experimental 
laboratory studies before 1991. Historical changes 
of the anode materials of the current lithium ion 
battery technology is given in Figure 1. With the 
continuously increasing environmental concern, 
graphite based lithium-ion batteries with high-
energy density and long cycle life have become a 
key enabling technology for sustainable, clean, 
and efficient energy supply [4]. Graphite is the 
most densely used commercialized anode material 
with 372 mAh/g theoretical specific capacity in 
lithium-ion batteries [5]. Because, it has many 
advantages such as a flat and low voltage range 
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with high reversibility and natural abundance and 
low cost [6]. However, this very limited capacity 
of graphite cannot meet high and increasing 
energy demands of new technology market 
including advanced portable electronic devices 
and electric vehicles. Therefore, it is urgent to find 
alternative electrode materials that are the central 
components of lithium-ion batteries and largely 
dictate their ultimate performance [7]. Thus, 
alternative strategies have been developed to catch 
up with the progress in the market. Researchers 
have been working on new and nanostructured 
materials with higher lithium accommodation 
(that means higher specific capacity) capability 
such as Aluminum (Al) [8], Germanium (Ge), 
Antimony (Sb) [9], Tin (Sn) [10], and Silicon (Si) 
[11] to replacing the graphite anode. Among 
them, silicon is the most attractive and promising 
candidate electrode material for lithium ion 
batteries owing to its highest known theoretical 
specific capacity of∼3579 mAh/g (almost ten 
times higher than that of commercialized graphite) 
and its natural abundance on earth crust. But the 
practical application of using silicon anode is not 
so easy because of huge volume changes (∼300%) 
due to the increasing accommodation of Li+ upon 
lithiation. This problem leads to rapid capacity 
fading and loss of electrical contact in the 
electrode [3]. The common problems of the silicon 
anode related with volume change has 
summarized in Figure 2.  

 
Figure 2. Relation of Silicon Anode and Lithiation Reactions 

[3] 

 
3. Overview of Nanomaterials Platform 
Nanomaterials with special structures can change 
the paradigm for energy storage with the help of 
large electrochemically active surfaces that occur 
orders of magnitude faster and allow a greatly 
improved power and cycle life. In other words, 
sizes, morphologies, and structures are strongly 
affect to the electrochemical performances of the 
electrode materials. Thus, many efforts have been 
devoted to designing novel nanostructured 
electrode materials. This can not only offer high 
electronic and ionic conductivity but also provide 
good structural and mechanical integrity [1]. 

In this context, carbonaceous materials, such as 
carbon nanotubes, carbon nanofibers, amorphous 
carbons, and graphenes have been used widely to 
tackle the aforementioned issues even in using 
nanomaterials structures.  

 
Figure 3. Fundamental properties governing the performance 

of nanostructured materials for energy storage application. 

(A) Transport of ions. (B) Transport of electrons. (C) SEI 

formation and parasitic reactions between electrode and 

electrolyte. Blurry areas represent reaction products, such as 

SEI. (D) Connectivity and transport in 3D space [1]. 

 
Pomerantseva et all. [1] have illustrated the 
hybridization of dissimilar nanomaterials with the 
combination of oxide nanoparticles and carbons 
that maximizes heterointerfaces and shown in 
Figure 3. They also stated that different work 
functions of carbons and oxide nanoparticles led 
electrons to be injected from the carbon into the 
oxide, increasing the electrical conductivity of the 
latter.  

Figure 4. Strategies developed to overcome performance 

limitations of nanomaterials in energy storage applications. 

(A) Nanoscale coatings on the surface of conversion and 

alloying electrode materials need to avoid mechanical 

instability caused by large-volume change and loss of the 

surface area as a result of agglomeration [12]. D, diameter of 

pomegranate microparticle; t, thickness of the conducting 

framework; 2a, void dimension; d, diameter of the active 

material primary particles. (B) Nanostructured 3D electrode 

architecture can be realized through a scalable block-

copolymer self-assembly process [13, 1]. 
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Therefore, the synergistic effects between 
different nanomaterials are reported to be 
achieved by combining materials with different 
properties. This effect is shown in Figure 4. 
According to the presented study, core-shell, and 
new architectured yolk-shell structures can help to 
improve the battery performance by acting as a 
buffer layer via protecting the mechanical 
integrity and reducing the internal stress. In 
addition, the strong and flexible 3D network can 
assists the charge transfer and contribute the 
electrochemical performance. Finally, it can block 
the ultra electrolyte diffusion to control the SEI 
formation on the surface of electrode. 
 
4. Future Prospect of Lithium-Based Batteries 
After 30 years left of commercializing lithium-ion 
batteries, researchers are still considered using 
lithium metal as the most attractive approach to 
develop advanced Li-metal batteries due to 
possessing an extremely high theoretical specific 
capacity (3860 mAh/g) and the most negative 
electrochemical potential (−3.04 V vs the standard 
hydrogen electrode) [14]. Some new strategies 
have been developed to overcome the still 
ongoing problems such as liquid electrolyte 
engineering, solid electrolytes, Li-metal hosts, and 
artificial SEIs (ASEIs) which can be finely 
designed and tuned to address the above-
mentioned drawbacks as favorable Li morphology 
for safe, energy-dense, and long-cycling Li-metal 
batteries. 

Figure 5. Conceptual Schemes of Design Principles for 

ASEIs (A and B) Scheme of the Li-metal morphological 

evolution with cycling under natural SEI (A) and ASEI (B). 

(C) Conceptual scheme showing 3 key properties of ASEIs 

and the corresponding approaches for each point. Principle 1: 

mechanically strong ASEIs suppress dendrites with high 

modulus, while soft coatings conformally adapt the surface 

fluctuation during cycling. Principle 2: uniform and fast Li+ 

flux across the ASEIs enables non-dendritic growth. Principle 

3: completely blocking the electrolyte from contacting Li 

reduces the side reactions, while controllable reactions 

between coatings and Li generate a favorable interfacial layer 

to mitigate further Li corrosion [15]. 
 
Yu et all. [15] have developed SEI designs and 
they categorized and elaborated in their rewiev in 
Figure 5. It has well reported that these structures 

can suppress dendrites with high modulus, while 
soft coatings conformally adapt the surface 
fluctuation during cycling (Principle 1). They also 
presented uniform and fast Li+ flux across the 
ASEIs enables non-dendritic growth (Principle 2). 
Finally, it is observed completely blocking the 
electrolyte from contacting Li reduces the side 
reactions, while controllable reactions between 
coatings and Li generate a favorable interfacial 
layer to mitigate further Li corrosion (Principle 3).  
 
Zhai et all. [14] designed diffent strategy to 
achieve superior performance with containing 
lithium metal electrode. They have developed a 
3D architecture is constructed with g-
C3N4/graphene/g-C3N4 insulator–metal–insulator 
sandwiched nanosheets to guide uniform Li 
plating/stripping in the van der Waals gap 
between the graphene and the g-C3N4, and the 
function of which can be regarded as a 3D 
artificial SEI. Figure 6 shows their unique design 
for future lithium ion batteries.  

Figure 6. Illustration of Li deposition in the van der Waals 

gap between graphene and g-C3N4. a) Li deposition on the 2D 

g-C3N4/Graphene electrode. As a result of large volume 

change and high local current density, the 2D artificial C3N4 

layer tends to crack during cycling, which therefore exposes 

Li to electrolyte and induces Li dendrites formation. b) Li 

deposition on the 3D g-C3N4/G/g-C3N4 electrode. 3D 

structure effectively accommodates the volume change and 

reduces the local current density. The 3D artificial g-C3N4 

layer with a high homogeneity modulates conformal Li 

deposition in the van der Waals gap between g-C3N4 and 

graphene [14]. 

 

According to their results, high Coulombic 
efficiency for Li metal anodes without dendrite 
growth was achieved. They have reported that this 
design takes advantages of the high homogeneity 
and good stability of artificial SEI and the low 
local current density and good adaptability of the 
volume change of 3D host, promising for practical 
application of Li metal-based batteries. 
 
5. Conclusion 
After commercialized the lithium ion batteries, 
numerous efforts have been taken in both 
academia and industry to obtain high capacity, 
high energy density, high safety and high 
cycleability. While the use of nanomaterials in 
commercial devices is very attractive, it also 
presents many challenges. Several nanostructuring 
examples have been demonstrated in this review 
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which led to breakthroughs in performance. 
According to the presented results in this study, it 
is believed that nanostructured materials can 
provide solutions to create high-energy, high-
power, and long-lasting energy storage devices. 
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