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Abstract

Lithium ion battery (LIB) is one of the promising power storage devices in
today’s world. Lithium ion battery like other types of electrochemical cell has
anodic and cathodic electrode in which lithium ion is intercalated and dein-
terclated during charging and discharging process respectively. The capacity
of lithium ion battery is improved by the development of innovative kinds of
electrode. Carbon, metal/semiconductor, metal oxides and metal phosphides/
nitrides/sulfides based nanomaterials improve the capability of LIBs due to
their high surface area, low diffusion distance, high electrical and ionic con-
ductivity. Nanostructured materials represent a rapidly growing area in the
field of Li-ion batteries because of their substantial advantages in terms of
mass transport. In this review anode nanomaterials classified based on type of
transition metal/semiconductor such as carbon, silicon, titanium and tin
based nanomaterials are discussed. Additionally, different electrochemical
reactions, comparative influence of anode materials on LIBs and their appli-
cations are widely explained.

Keywords
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1. Introduction

Li-ion batteries have high energy and power density, which makes it the tech-
nology of choice for portable electronics, power tools, and hybrid/full electric
vehicles. Also reduce green house effect (CO, emissions) by replacing many gas-
oline-powered transportations. Due to depletion of non-renewable fossil fuels

and its environmental issues, lithium ion battery is preferred as source of world
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energy source. Electrical energy storage, such as batteries has the ability to highly
store electricity in chemicals and release it according to demand. Among re-
chargeable battery lithium ion battery currently offers high energy and power
density. However, lithium ion battery also still unable to provide energy for elec-
tronic materials which need high energy density, such as plug-in hybrid electric
vehicles (PHEV) and all electric vehicles (EV). Therefore it requires significant
improvements in many perspectives, such as energy density, safety, durability
and cost [1]. The comparatively high energy density of Li* batteries make it to
have many uses, in electric grid transportations, improving the quality of energy
harvested from wind, solar, geo-thermal and other renewable sources, thus con-
tributing to their more widespread use and building an energy-sustainable
economy [2].

Lithium has lightest density (0.53 g/cm’) and it is most electropositive (—3.04
V vs hydrogen electrode), these unique properties make Li preferable anode ma-
terials in batteries. These exciting properties also result in high voltage, energy
and power density in the battery. Early in 1970 lithium can be used as anode
materials in lithium battery (primary battery), and offered high voltage. Howev-
er, dendritic growth of Li metal, leads to shorting of electrodes and thermal ru-
naway, and this problem leads to the development of new anode for lithium ion.
Instead to improve these effects Li metal was substituted by a Li insertion com-
pound, rather than acting as anode. Most lithium ion batteries use graphite
anode because it offers a high cell voltage in the range of 3.0 - 3.7 V, when com-
pared with Ni-Cd and Ni-MH batteries which show much lower voltage (1.2 -
1.5V) [1].

A source of Li" in Li-ion battery is a positive electrode (cathode). In addition
lithium ion battery has non aqueous liquid electrolyte, polymeric separator, and
negative electrode (anode) which can accept Li ions. The well known cathode
and anode used in lithium ion battery are layered LiCoO, and graphite, respec-
tively. Organic liquid containing lithium salt such as, 1M LiPF, dissolved in a
mixture of ethylene carbonate-diethylene carbonate (EC-DEC) or ethylene car-
bonate-dimethyl carbonate (EC-DMC) used as electrolyte [3]. There are many
effective materials which used as cathodes in lithium ion batteries such as Li-
Co0,, LiNiO, and LiMn,0,. Generally, their high conductive resistance easily
results in a serious polarization and poor utilization of active anode materials
[4].

There are different types of Li-ion batteries based on different anode mate-
rials, cathode materials, electrolytes and separators. A very simplified view of the
most commonly used cell materials is presented in Figure 1 [5]. Both electrodes
allow lithium ions to move in and out of their interiors. During charging lithium
ion moves toward anode (intercalation), while discharging the lithium ion
moves toward cathode. The charge/discharge processes are shown in the follow-
ing sketches [6].

The following equations show the general chemistry that occurs at anode and

cathode in lithium ion batteries while charging:
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Figure 1. Overview of the most commonly commercialised Li-ion battery
concepts.

The cathode half-reaction:
LiCoO, <> Li, CoO, +xLi" +xe” (1)
The anode half reaction:
xLi" +xe” + xC; <> xLiC, (2)

In addition to graphite, there are many alternative materials used as anodes in
lithium ion batteries, such as carbon based materials (CNT, graphene and por-
ous carbon), metal (Sn, In, etc.), metalloids (Si, Sb and Ge, etc.) and transition
metal oxides (Fe, Mn, Ni, Cu and Co) [7].

2. Nanostructured Material for Rapidly Growing Lithium Ion
Battery Technology

Now a day’s nanostructured materials are widely used in the field of Li-ion bat-
teries because of their great advantages in terms of mass transport, higher elec-
trode-electrolyte contact area, and better movement of lithium ion during inter-
calation and deinterclation. Generally, nanocomposites show higher reversible
capacity and better cycling behavior than their large structural materials. In ad-
dition, nanocomposites have large surface/volume ratio and the geometry which
make it efficient electrode materials for powerful electrochemical energy storage
devices with both high energy and power density. C, Si, TiO, and SnO, based
nanomaterials have received a great attention, and considered as alternative
anode materials for lithium ion batteries [8].

Graphite anodes have a theoretical lithium storage capacity of 372 mAh/g to
form LiC, intercalation compound. Recently, many efforts in research are cur-
rently made to increase this limited capacity. Nanostructured anodes can be used
to increase this limited capacity due to three reasons:

1) Decreasing the size of the active particles to the nano range; result in larger
surface/volume ratio which implies a larger specific capacity and contact area

with the electrolyte leading to high lithium ion movement across the electrode/
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electrolyte interface [9].

2) The reduction of the size of the particles result in decreasing the path
length for lithium ijon implies a reduction of the length of the electron and Li*
inside the particles. Therefore the conductivity is going to be increased, because
after the electron has reached the surface of a particle it is driven to the current
collector in a conductive medium immediately [10].

3) The intercalation of lithium ion is accompanied with a dilatation of the
particles, which may result in the formation of cracks, or even pulverization
when the particle size is in the micron range [9] [10].

During Charging/discharging process in Li-ion batteries mainly three types of
reactions occurs:

» Diffusion of Li* and electron within solid electrode materials (anode and ca-
thode).

» Charge transfer at electrode electrolyte interface.

» Movement of Li" ion in the electrolyte.

Diffusion of Li ions across Solid state is known as the rate-controlling step for
Li-ion batteries which determine the rate of charge/discharge. The time for Li
ion diffusion can be expressed as a function of diffusion coefficient of Li ions
and the diffusion length as following:

L’ion
=
DLi

where L ion is the diffusion length of solid materials and DLi is the diffusion
coefficient of Li ions. As shown from Equation that a faster diffusion can be
achieved in a system with higher diffusion coefficient and lower diffusion length.
Diffusion coefficient of Li ions in most electrode materials is very low (107 -
107" cm?/s) and has large diffusion length, which result in more diffusion time.
Nanostructured materials are capable to improve rate performance of Li ion
batteries because of its low diffusion length and high diffusion coefficient [11].
Here the authors compared the data with different anode materials and are listed
in Table 1.

Table 1. Comparison of the theoretical specific capacity, charge density, volume change
and potential of various anode materials.

Materials Li C LiTi0, Si Sn  Sb Al Mg Bi

Density (g:cm™) 0.53 2.25 3.5 233 729 67 27 13 978
Lithiated phase ~ Li LiC, Li,Ti,0,, Li,Si Li,Sn Li,Sb LiAl Li,Mg Li,Bi

Theoretical specific

. ., 3862 372 175 4200 994 660 993 3350 385
capacity (mAh-g™)

Theoretical charge

. ~5 2047 837 613 9786 7246 4422 2681 4355 3765
density (mAh-cm™)

Volume change (%) 100 12 1 320 260 200 96 100 215

Potential vs. Li

0.05 1.6 04 06 09 03 01 08
(~V)
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3. Classification of Anode Nanomaterials

Different materials can be used as anode in lithium ion batteries, which have
different capacity. The large size of nanomaterials offers low capacity as com-
pared to its nanostructure. In order to address this large capacity nanomaterials
different semiconductor, metals and metalloids can be synthesized currently.
Some of nanomaterials that used most commonly in lithium ion batteries can be

discussed in this review.

3.1. Carbon Based Nanomaterials Anode for Lithium Ion Battery

3.1.1. Porous Carbon

Porous carbon materials, such as microporous (pore size < 2 nm), mesoporous
(2 nm < pore size < 50 nm), macroporous (pore size > 50 nm) materials, can
provide extra capacities for lithium ion batteries, which are much higher than
that of graphite. Porous structures, offer large surface area and providing more
active positions to combine Li-ions, which provide extra capacities for lithium
ion batteries. Many researchers have demonstrated that micro/mesopores can
store large amounts of Li-ions. Therefore, porous carbon materials often result
in enhanced capacities and good cycling performances, owing to large surface
areas and small mechanical stresses of volume expansion/contraction during

cycling [7].

3.1.2. Carbon Nanotubes (CNTs)

Carbon nanotubes consist of carbon atoms that are structured in layers of gra-
phene into the shape of a cylinder. One carbon atom of a graphene is symmetri-
cally bound to the other three carbon atom [12].

Carbon nanotubes (CNTS) are one dimensional nanomaterial and classified
in to:
> Single-walled carbon nanotube (SWCNT) rolled up by one-layer graphene.

» Multiwalled carbon nanotube (MWCNT) rolled up by multilayer graphene.

CNTs have light weight and prefect connection in their hexagonal structure
which offers it excellent mechanical, electrical and chemical properties. Cur-
rently, CNTs has many emerging application due to its excellent electrochemical
properties, low density, high rigidity, and high tensile strength. CNTs are widely
used in lithium-ion batteries, both as the anode material and the conductive ad-
ditive in the composite electrodes [13].

Single wall carbon nanotubes (SWCNTSs) are promising nanomaterials which
have reversible capacity 1116 mAh-g™. A purified single-wall carbon nanotube
(SWCNT) delivered a capacity larger than 1050 mAh-g™ [3]. Multi-wall carbon
nanotubes (MWCNT) which have high capacity can be formed introducing 10
nm thick layer of Al,O, by atomic layer deposition (ALD) on to electrodes. The
resultant MWCNT anode has a stable capacity of 1100 mAh-g™" in 50 charge-
discharge cycles at the current rate of 372 mA-g™'. Al,O, adsorbed to EC (Ethy-

lene Carbonate) molecules of the electrolyte decreases the decomposition of the
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electrolyte. However, the results are obtained at the laboratory scale and differ-
ent from result gained with commercial products. Commercial MWCNTs have a
typical capacity close to 250 mAh-g™', and after purification, the capacity rise to
400 mAh-g™". Li insertion induce large stresses during cycling in lithium ion bat-
teries because MWCNTs close structure does not allow expansion of graphene
sheets as in graphite, therefore MWCNTs show a tendency to suffer from
Li-induced embrittlement. In contrast the promising results reported, the carbon
nanotubes have not found a place in the industry of the lithium-ion batteries,
because of their cost and the difficulty to prepare them free of any large struc-

tural defects and high voltage hysteresis [14].

3.1.3. Graphene

Graphene is a monolayer of graphite, which contain sp> hybridized carbon
atoms arranged in a honeycomb crystal lattice. Graphene forms the basic struc-
ture for other carbon materials like graphite, carbon nanotubes and fullerenes.
Also, it is two-dimensional carbon material with a specific surface area of 2600
m’/G resulting in higher lithium storage capacity. Furthermore, its high electron
mobility (15,000 cm*/(Vs)), outstanding thermal conductivity (3000 W/(m-K)),
good chemical stability and excellent mechanical properties make unique for
forming composite materials used as negative electrode. Composite electrodes
also allow for the storage of more lithium ions and increase the battery’s capaci-
ty. As a result, the life of batteries containing graphene can last significantly
longer than conventional batteries [1].

In conventional lithium ion batteries, no storing of lithium ions (lithium ions
are inserted and removed immediately) in the electrode materials, as a result the
materials will swell and shrink, leading to a quicker breakdown. This can be
avoided through the addition of graphene, which has efficient conductivity and
less heat resistant within the electrode, so batteries can operate at lower temper-
atures, which ultimately improves the battery’s safety. Graphene has many addi-
tional characteristics such as the quantum hall effect, bipolar field-effect, ferro-
magnetism, superconductivity and high electron mobility. These properties
make graphene suited for use in many fields [15].

The introduction of heteroatoms such as nitrogen in to graphene can further
enhance its electrochemical performance. Nitrogen is more electronegative than
carbon but has a similar atomic diameter, which lead to enhanced interaction
between a nitrogen-doped carbon material and lithium ions. In addition the
presence of nitrogen introduces more defects, providing more active sites for li-
thium storage [16] [17]. Graphene is building blocks for carbonaceous materials
of other dimensionalities (that is, graphite, fullerenes and carbon nanotubes)
and listed in Table 2.

3.1.4. Hard Carbon Nanomaterial for Lithium Ion Batteries
Hard carbons have small graphitic grains with disordered orientation, and are

much less relevant to exfoliation. These grains also have nanovoids between
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Table 2. Graphene properties compared with other carbonaceous materials.

Graphene  Carbon nanotube Fullerene Graphite
Dimensions 2 1 0 3
Hybridization sp2 Mostly sp2 Mostly sp2 sp2
Highest (for
Hardness . 8 ( High High High
single layer)
Tenacity Flexible, elastic Flexible, elastic Elastic  Flexible, non-elastic
Experimental
Specific surface area ~1500 ~1300 80 - 90 ~10-20
(m*g™)
Electrical Structure- 1o Anisotropic: 2 - 3 X
. . ~2000 10
conductivity (S-cm™) dependent 104*, 6F
Anisotropic:
Thermal conductivity P
o 4840 - 5300 3500 0.4 1500 - 2000%,
(W-m™.K™) 5-10%

them, resulting in reduced isotropic volume expansion. Nanovoids and defects
in hard carbons result in theoretical capacity greater than 372 mAh-g™' and
excess gravimetric capacity. These properties make hard carbons a high capacity
high cycle life material. However, hard carbon has high fraction of exposed edge
planes which increases absolute quantity of SEI formed and reducing the cou-
lombic efficiency in the first few cycles. Additionally, the void spaces in the
grains of hard carbon significantly reduce the density of the particles, further
decreasing volumetric capacity [2].

Hard carbon can form composite with Si to increase the capacity of Li* batte-
ries. Kim et al successfully dispersed nanocrystalline Si (¢-Si) in amorphous Si
(a-Si) encapsulating hard carbon (HC) as an anode material for fast chargeable
lithium-ion batteries. The HC-(-Si)-(a-Si) anode shows excellent cycle retention
97.8% even after 200 cycles at a 1°C discharge/charge rate. Furthermore, the Li-
Co00,/HC-(c-Si)-(a-Si) full-cell showed excellent rate capability and very stable
long-term cycle. Even at a rate of 10°C discharge/charge, the capacity retention
of the full-cell was 50.8% of its capacity and showed superior cycle retention of
80% after 160 cycles at a rate of 1°C discharge/charge, which indicates the possi-
bility of its practical application [18].

3.2. Silicon Based Anode Nanomaterials for Lithium Ion Batteries

Silicon has attracted attention of many researchers due to its excellent feature
such as high theoretical specific capacity, higher safety and stability than gra-
phite (lithiated silicon is more stable in typical electrolyte than lithiated gra-
phite). Si anode materials suffer from some drawbacks such as: drastic volume
change while the alloying/de-alloying reactions of Li ion, the intrinsic low elec-
trical conductivity, and the unstable solid electrolyte interphase (SEI) formed in
the common electrolyte of LiPF, [19].
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3.2.1. Pure Si Nanostructures

Si-based bulk materials exhibited a marked loss of capacity in a few cycles. Di-
verse Si nanostructures have been developed to improve the absolute volume
change during charging/discharging process. The improvement can be result in
shortening of lithium ion diffusion distance and enhancing the electro activity
toward Li uptake/release. Controlling the morphology and size of nanowires
makes the structure to have good cycling stability. The limited nanowire diame-
ter allows for better accommodation of the large volume change and provides
1D electronic pathways allowing for efficient charge transport. The Si nanowires
display high capacities at higher current density. Even at 1°C rate, the capacities
remains 2100 mAh-g™', and a reversible capacity of over 3000 mAh-g™' is main-
tained after 10 cycles [20].

Two-dimensional (2D) Si thin film is another promising nanostructure with
improved cycle stability and rate capabilities. Basically, nanosized thin film can
minimize the volume variation and retain structural integrity. The cycling stabil-
ity and the Li accommodation capacity mainly depend on the film thickness as
thinner films offer larger accommodation capacity. A 50 nm-thick Si film was
found to give a charge capacity over 3500 mA h-g™' and maintained during 200
cycles at a rate of 2°C, while a 150 nm-thick film showed around 2200 mAh-g™*
during 200 cycles at 1°C in the electrolyte of 1 mol/L LiCIO, in polyethylene
carbonate. Although Si thin films offer high specific capacity, good capacity re-
tention and fast charge/discharge rate, the practical application is limited be-
cause of their prohibitively high synthesis costs for industry and low active ma-
terial content [19].

The mechanism of electrochemical lithiation of Si is critical to improve the
performance of Si anode. In order to find out the lithiation mechanism, X-ray
diffraction (XRD) analysis was performed to investigate the phase transition,

and the reaction mechanism is explained as follows [20]:

During discharge:
Si(crystalline) + xLi* + xe~ o
— Li,Si(amorphous)+(3.75—x)Li" +(3.75—x)e
Si(crystalline) + xLi" +xe~ — Li;;Si, (crystalline) (2)

During charge:

Li,;Si, (crystalline) — Si(amorphous)+ yLi" + ye~ + Li ;Si, (residual) ~ (3)

3.2.2. Si/Metal Oxide Composites

McCormac et al. encapsulated Si nanoparticles within a highly porous TiO, na-
nofiber matrix using a unique sulphur-templating method combined with elec-
trospinning. After electrochemical characterization, it was determined that the
Si/TiO, composite nanofibers have specific surface area as large as 387 m>g™'
and the outside porous TiO, nanofiber matrix is able to compensate for 300%

volume expansion during the Si lithiation/delithiation process. Therefore,
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Si/TiO, porous nanofibers have high electrochemical performance, which gives a
stable specific capacity of above 1586 mA h-g™' even after 180 cycles at 0.135
A-g™' [21].

Molybdenum oxide (MoO,) is also a potential durable material which forms
composite with Si because of little chemical and mechanical degradation during
repeated lithium ion insertion and de-insertion. Martinez-Garcia et al. designed
a silicon decorated MoO, nanoplatelet composite material using a hot wire
chemical vapor deposition and ultrasonic spray method, which is desirable to
realize a high rate and durable, binder free anode in lithium-ion batteries. The
specific capacity of the synthesized silicon decorated MoO; started at 1475 mA
h-g™' and dropped to about 1000 mA h-g™' at a cycling rate of 100 mA-g™' in the
second cycle, and then it retained this capacity for over 50 cycles. Even at a high
current rate of 10 mA-g™', the charge capacity in the silicon sprayed MoO, com-
posite remained above 1037 mA h-g™' after 50 cycles, which means there is al-

most no steady state capacity fading during cycling [18].

3.2.3.Si/C Composites

The combination of Si and carbon materials can highly improve the specific
capacity, cycle stability and rate capability for LIBs. Kim ef al. prepared silicon/
carbon composite (Si-C) by thermal decomposition and subsequently formed
three-dimensional (3D) electrode structures by the laser ablation process. This
3D Si-C electrode with a conformal carbon coating and empty voids is effec-
tive in mitigating large volume expansion and achieving a stable cycling per-
formance. The increased performance exhibited a high specific capacity (>1200
mA h-g™' over 300 cycles) and good rate capability (1170 mA h-g™" at 8 A-g™")
[22].

The specific capacity and cyclability of nanostructured Si-C composite elec-
trodes are measured by constant discharge/charge testing. The Si-C electrode de-
livered a discharge capacity of about 2000 mAh-g™ in the first cycle, but with an
irreversible capacity of about 550 mAh-g™'. Part of this irreversible capacity is
used to form a SEI layer on the surface of the negative electrode. The reversible

capacity was improved from the second cycle [23].

3.2.4. Si/Graphene Composite
Silicon nanoparticles coated with graphene have become a promising candidate
as LIB anode, due to the large surface area, mechanical flexibility, chemical sta-
bility and excellent conductivity of graphene. The reversible specific capacity of
Si composites can reach 1500 mAh-g™' after 200 cycles. A very stable cycling
performance of the composite has been observed. The capacity remains 1205
mAh-g™' even after 150 cycles [24].

The cycle performances of anode of different composites of Si nanoparticles
and graphene ratios are recorded and visibly at a rate of 100 mA-g™', all compo-
sites have better capacity retention than the Si nanoparticles or graphene, be-

cause of better dispersion of Si nanoparticles in the graphene sheet. The synthe-
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sis process leads the Si nanoparticles dispersing well on the graphenes, which
guarantees that there is abundant interspace between the Si nanoparticles. The
abundant interspace can accommodate the volume change of Si nanoparticles in
the charge/discharge processes effectively, which also keeps the Si-based anodes
to maintain stable in cycling [10].

The composite of 65% Si nanoparticles exhibits the highest capacity after 40
cycles. The high reserve rate of sample 65% Si nanoparticles after 40 cycles is a
significant improved property compared with other Si and graphene composite
materials. Only the composite with weight ratios of 65:35 has the highest capaci-
ty after 40 cycles. This means that the cycle performances of the Si nanopar-
ticles/graphene composite are visibly influenced by the concentration of the
graphenes in the composite, which affects the Si nanoparticles dispersion se-
verely. The materials exhibit a low capacity when there are more graphenes due
to the lower content of Si nanoparticles. On the contrary, the materials have a
larger initial capacity. But the capacity decreases gradually, because there are no
enough graphenes to construct the frame work, resulting in the Si nanoparticles
aggregating. Thus, the material of 65% Si nanoparticles/35% graphene compo-
site has the highest initial capacity [24].

This indicates that the 65% Si nanoparticles 35% graphene composite has
good cycling performance, and the capacity retention after 20 cycles is 96.72%.
The initial capacity of the sample 65% Si nanoparticles is 1354 mA-g™', and this
value falls to 1271 mA-g™' at the second cycle. Then, it keeps above 850 mA-g™" at
the 100th cycle. This is because parts of the active materials are not completely
utilized during the first cycles, and they are activated along with the charge/
discharge process, which makes the diffusion path of Li* wider and results in the
capacity enhancement of the material. The structure of composites results in ex-

cellent cycle performances [25].

3.3. Tin Based Anode Nanomaterials for Lithium Ion Batteries

Sn anode research is different from Si and Ge anodes in that much focus has
been placed on oxides, which showed significantly improved cycle stability. In
the fully lithiated state, Sn forms Li,,Sn,;, which places its theoretical capacity
limit at 990 mAh-g™'. While Sn specific capacity is significantly less than that of
Si, its volumetric capacity is comparable. However, the theoretical capacity of
pure Sn has not been achieved with stable cycling, possibly due to the brittleness
of the fully lithiated phase [26]. Many tin-based intermetallics and their compo-
sites have been examined as lithium storage materials and have shown increased
long-term cycling stability compared to metallic Sn. These intermetallics include
CueSns, SnSb, CoSn;, CoSn, Co;Sn,, CoSn,, Ni,Sn,, Sn,Mn, LaSn,, Ag,Sn, SnAg,,
Mo,Sn, Ti,Sn, Mg,Sn, SnMn,C, Sn,Fe, FeSn, Fe,Sn,, Fe,Sn; and V,Sn,. Even
though the electrochemical performance of many of these materials is no better
than that of graphite, some of them or their composites have exhibited interest-

ing properties. CuSn;, as an inactive/active intermetallic has been widely used as
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an alternative anode material for rechargeable lithium ion batteries [27].

The specific capacities of the as-deposited and post heat-treated composite
samples were 534 and 737 mAh-g™', respectively at the 70th cycle and the cor-
responding energy densities of the as-deposited and heat-treated composites
were 1240 and 1760 Wh/kg, respectively. This enhancement in electrochemical
behavior of tin oxide and graphene composites relative to pure tin oxide films is

attributed from the addition of graphene [28].

3.3.1. Pure Tin Anode
The theoretical capacity of pure Tin is is three times that of the graphite anode
(372 mAh/g), based on the end lithiated phase Li,-4Sn. Later, crystallographic
studies suggested that the realistic form of this end phase could be Li,,Sn, (thus,
4.25 Li per Sn). Therefore, its maximum gravimetric capacity could be 959.5
mAh-g™', which is still much higher than most common graphite anodes. Also,
the potential of the tin-based anodes is slightly higher than that of graphite, which
reduces the potential safety problems with dendrite formation on the host anode,
during rapid charging and discharging. Unfortunately, they are affected by the
large volume change of these metals during lithium insertion/extraction [1].
Whittingham group demonstrate, pure tin foil (bulk) can be cycled as 600
mAh-g™ for 10 to 15 deep cycles. However, the expansion and contraction of the
electrode crystalline lattice cause some breaking-up of the material. Conse-
quently, the loss of electronic contact between active materials and the current
collector dramatically decreases the reversible capacity after 15 cycles. In order
to overcome these effects, nanostructures or nanocomposite have been exten-

sively applied [3].

3.3.2. Tin/Carbon Composite

Kim et al. reported Sn/C composite by infiltrating tetraethyltin into mechanical-
ly milled polystyrene resin powder. The obtained composite has a capacity of
480 mAh-g™" with good capacity retention over 30 cycles. Recently, Hassoun et
al. were able to synthesize carbon-tin composites by infiltration of a tin precur-
sor into an organic gel, followed by calcination under argon. Uniform dispersed
tin particles were found in the carbon matrix. The particle size of tin was around
50 nm at the surface and less than 10 nm in the bulk. Also, a small amount of re-
sidual SnO, (8.8%) are found in the composite. properly designed nano-composites
show excellent cycling performance. At a 0.8°C rate, the electrode delivers a spe-
cific capacity on the order of 500 mAh-g™' and remains stable over more than
200 cycles. At 5°C rate, the composite recovered 200 mAh-g™', which is about
40% of its total capacity. Later, Scrosati et al further improved the synthesis
procedures and obtained a pure tin compound without a trace of tin oxide. The
tin component in the composite is highly stable stored in open air without un-
dergoing any decomposition, because of the protective carbon matrix. The high
purity Sn-C composite delivers a reversible and stable capacity on the order of
450 mAh-g™' [10].
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3.3.3. Tin-(M)-Carbon (M = Co, Fe, Ti)

Sn-Co exists as 5-nm particles encapsulated in carbon, which most likely used to
prevent much contact between the electrolyte and the metal. Thus, few side reac-
tions happened during electrochemical cycling. The electrochemical behavior of
the crystalline tin anode was found to be inferior to that of amorphous tin-based
materials. Heating the sample in H,/He atmosphere can crystallize the Sn-Co
amorphous material and also maintain carbon content. The crystallization pri-
marily happened at 300°C. When the amorphous Sn-Co carbon composite were
heated to 250°C, the capacity of the material was about 300 mAh-g™' for the ini-
tial cycle and rapidly dropped to about 200 mAh-g™" after 10 cycles. After heating
to 450°C, the capacity is only about 50 mAh-g™'. Despite its remarkable perfor-
mance, cobalt is expensive and toxic [1].

Recently, the Whittingham group reported Sn/Fe/C composite prepared by
mechanical milling using Ti, Al and Mg as the reducing agent and different
grinding media. The specific capacity of 600 mAh-g™', close to the theoretical
capacity, was obtained on titanium reduced Sn-Fe carbon composite with good
capacity retention on cycling 200 cycles. Also, Sn-Fe-carbon composite has a
comparable rate capability with Sn-Co-C materials at a current density of 5
mA/cm?®. It still can achieve a specific capacity of 250 mAh-g™" when charged and
discharged between the 0.01 - 1.5 V voltage [10].

3.4. Metal Oxide Based Anode Nanomaterials for Lithium Ion
Batteries

Transition metal oxides are found to be potential substitutes for graphite as
anode materials in LIBs due to their wide ranging electronic, chemical and me-
chanical properties. Nowadays much interest has been aroused in nanostruc-
tured TiO, for obtaining fast lithium insertion/removal due to its excellent safe-
ty, stability and cost effectiveness [21].

There are two types of reaction mechanisms between transition metal oxides
and Li ions:

v Insertion reaction mechanism: MO, + yLi" + ye~ <> Li MO, ;
v’ Conversion reaction mechanism: M O +2yLi" +2ye” <> xM+2yLi,0.

Although these transition oxides are cheap and non-toxic, the amount of Li
ions inserting themselves into the vacancies of their structures is less than that of
the transition metal oxide molecular, which means the insertion reaction-based
transition metal oxide can only provide limited specific capacity. For instance,
the theoretical specific capacity of TiO, is 335 mAh-g™' (lower than that of gra-
phite), even though it can offer excellent rate capability [7].

Other transition metal oxides that could react with Li* are Fe, Co, Ni, Mn, Cu,
Ru, Mo etc. Li,O component will be generated after the conversion reactions
between transition metal oxides and Li* ions, and then reversibly recovered to its
initial state. With the high oxide state, transition metal oxides can deliver high
specific capacities (more than 800 mAh/g) because of multiple electrons in-

volved in the conversion reactions. There is one disadvantage for transition met-
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al oxides performing as anodes. Low Coulombic efficiency has always plagued
transition metal oxides because of the unstable solid electrolyte interface (SEI).
Unlike the uniform SEM layer of carbon based materials, the SEI layer on transi-
tion metal oxides is easily destroyed by the large volume changes during cycling.
Therefore, to achieve reliable cycling performance and high Coulombic efficien-
cy, there are several approaches, such as decreasing the particle size, forming the
deliberated designed porous structure, loading on conductive and flexible host
(graphene, CNT or porous carbon based materials) [3].

Nanostructured metal oxides exhibit good electrochemical properties, and
they are regarded as promising anode materials for high-performance LIBs. Three
different categories of metal oxides nanomaterials with distinct lithium storage
mechanisms classified as follows:

» Tin dioxide (SnO,), which utilizes alloying/dealloying processes to reversibly
store/release lithium ions during charge/discharge.

» Titanium dioxide (TiO,), where lithium ions are inserted/deinserted into/out
of the TiO, crystal framework.

Transition metal oxides including iron oxide and cobalt oxide, which react

with lithium ions via an unusual conversion reaction.

3.4.1. Sn0; Nanomaterials for High-Capacity LIBs

Sn-based materials have drawn much attention as alternative LIB anodes in both
the scientific community and industry. SnO, has been demonstrated to be one of
the most promising anode materials for high performance LIB due to its high
theoretical specific storage capacity (782 mAh-g™'), compared with the commer-
cially used graphite (372 mAh-g™") [29]. As a representative material for this
category, SnO, shows attractive lithium storage properties based on the follow-

ing two reactions:

SnO, +4Li+4e” — Sn+2Li,0 (1)
Sn+xLi" +xe” > Li,Sn (0<x<44) ()

Reaction (1) is generally considered as irreversible, although it has been sug-
gested to be partially reversible in some studies. The alloying/dealloying reaction
described by reaction (2) endows SnO, with the capability to accommodate
maximally 4.4 Li per Sn, corresponding to a theoretical specific capacity of 790
mA h-g™' [30].

3.4.2. TiO2 Nanomaterials for High-Power LIBs

Titanium dioxide (titania) anode is a very promising material for applications in
the LIBs field, and suitable for mass production, cost effective, and TiO, has ad-
mirable advantages such as high electro-activity, strong oxidation capability,
good chemical stability, high abundance and structural diversity. Also, TiO,
shows excellent safety and stability characteristics at the working potential of 1.5
V vs. Li/Li*. These characteristics make TiO, a good anode material in LIBs, es-

pecially for HEV applications. Titania can host 1 mol of lithium per 1 mol of
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TiO, with a theoretical maximum capacity of 330 mAh-g™'. The lithium interca-
lation/de-intercalation process depends on its crystallinity, particle size, struc-
ture and surface area. Titania has many allotropic forms; the most well-known
are rutile and brookite. Even though anatase titania has been considered the
most electroactive form, other allotropes are also widely studied for anode pur-
poses [31].

Decreasing the particle size of rutile form of TiO, to 15 nm allows a larger ca-
pacity of 378 mAh-g™" at first discharge and subsequent stable capacity of 200
mAh-g™' (0.6 Li per one molecule of rutile TiO,) over 20 cycles, at the current
density of 0.05 A-g™'. With particle size of 300 nm, the initial and the 20th cycle
capacities of 110 and 50 mAh-g™' were observed, respectively. The improvement
of the capacity and the Li-ion uptake are related to the nanosize characteristic
and to the high surface area. Similarly, it was reported that 6 nm particle size of
TiO, anatase maintains high capacity at more than 200 mAh-g™' over 20 cycles at
the current density of 0.1 A-g™". Furthermore, at the current rate of 10 A-g”', the
capacity of 125 mAh-g™" was attained. Moving to higher particle sizes of TiO,,
such as 15 nm and 30 nm, make the lithium ion battery to have lower capacities
of 80 and 71 mAh-g”', respectively [32].

Lee’s research group synthesized anatase TiO, microspheres by solvothermal
process. These TiO, microspheres are formed by the combination of ultra-fine 6
- 8 nmTiO, nanocrystals with 4 - 6 nm pore size microstructures. The perfor-
mances of TiO, microspheres are increased and it has high lithium storage capa-
bility, high number of charging discharging cycles and high tap density. This
characteristic improve the capacity, the rate capability as well as the cycling life
of titania based anodes. For instance, Gentili et al. synthesized nanotube of ana-
tase TiO, with wall thickness of 2 - 3 nm, an external diameter of 8 - 10 nm and
length in the range 100 - 300 nm. The synthesized nanotubes exhibited maxi-
mum capacity at around 300 mAh-g™ with lithium uptake roughly 0.98 Li for
unit formula of titania. Along with high capacity, these titania nanotubes showed
high rate capability and good cycling life with a capacity around 250 mAh-g™'
over 100 charge-discharge cycles. Similarly, Brown et al. have synthesized me-
soporous TiO,-B microspheres, with 12 nm pore size. This porous titania has
proved to be a good anode material at different current densities. Interestingly, a
lithium storage capacity of 120 mAh-g™' was attained at the high current rate of
60°C. This improved rate performance was related to the fast kinetics from the
pseudo capacitive electrochemical behavior of microspheres of TiO,-B [31].

Further development of TiO, in terms of power density and cycling life can be
achieved by combining titania nanostructures with with other nanostructure
materials such as carbon, CNTs and graphene. The obtained specific capacity of
this composite was more than 300 mAh-g™" in the potential range from 1.0 to 3.0
V vs. Li/Li*, and stability of these composites was proved over few thousands of
charge discharge cycles, from low to high currents, namely from 10 mA-g™' -
8000 mA-g™', along with very good columbic efficiency. These promising results
were possible due to the nanotubes morphology and to the electronic interac-

DOI: 10.4236/ajac.2022.1311029

444 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2022.1311029

T.S.A.Jeevanetal.

tions between the hybrid components [33].

4. Conclusion

Li-ion batteries have become a prominent technology in the global battery mar-
ket and are currently manufactured in large scale production to be used in small
electronic devices, such as cellular phones, portable computers and mobile elec-
tro-optic equipment. Due to their high power and energy density they are also
good candidates for automotive applications. There are different types of Li-ion
batteries based on different anode materials, cathode materials, electrolytes and
separators. Graphite and LiCoO, are the well known anode and cathode mate-
rials respectively, which used lithium ion batteries. In order to improve the ca-
pacity of batteries different researchers can synthesize many materials which
used as electrodes. Recently, in addition to graphite, there are many alternative
materials used as anodes, such as CNT, graphene, porous carbon, metal (Sn, In,
etc.), metalloids (Si, Sb and Ge, etc.) and transition metal oxides (Fe, Mn, Ni, Cu
and Co, etc.). In order to further improve the theoretical capacity of anodes in
lithium ion batteries, different nanomaterials and their composite can be used.
Nanomaterials can improve the capacity of lithium ion batteries because it de-
creases the diffusion distance of electrodes, and increase surface volume ratio of
electrodes. The most commonly used anode materials in lithium ion batteries
are: carbon silicon, tin, and metal oxide based nanomaterials. Composite of
these nanomaterials can further improve the capacity of lithium ion batteries
than single nanomaterial. Lithium ion batteries still now have limitation apply-
ing to large electric vehicles, in order to improve these problems or to increase
the capacity of anode materials much research is going on.
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