
Composites Science and Technology 72 (2012) 121–144
Contents lists available at SciVerse ScienceDirect

Composites Science and Technology

journal homepage: www.elsevier .com/ locate/compsci tech
Review

Carbon nanotube (CNT)-based composites as electrode material for rechargeable
Li-ion batteries: A review

Xian-Ming Liu a,b, Zhen dong Huang a, Sei woon Oh a, Biao Zhang a, Peng-Cheng Ma a, Matthew M.F. Yuen a,
Jang-Kyo Kim a,⇑
a Department of Mechanical Engineering, Hong Kong University of Science & Technology, Clear Water Bay, Kowloon, Hong Kong
b College of Chemistry and Chemical Engineering, Luoyang Normal University, Luoyang 471022, Henan, China
a r t i c l e i n f o

Article history:
Received 12 June 2011
Received in revised form 28 September
2011
Accepted 15 November 2011
Available online 26 November 2011

Keywords:
A. Carbon nanotubes
A. Nano composites
B. Electrical properties
D. Scanning electron microscopy (SEM)
D. Transmission electron microscopy (TEM)
0266-3538/$ - see front matter � 2011 Elsevier Ltd. A
doi:10.1016/j.compscitech.2011.11.019

⇑ Corresponding author. Tel.: +852 23587207; fax:
E-mail address: mejkkim@ust.hk (J.-K. Kim).
a b s t r a c t

The ever-increasing demands for higher energy density and higher power capacity of Li-ion secondary
batteries have led to search for electrode materials whose capacities and performance are better than
those available today. Carbon nanotubes (CNTs), because of their unique 1D tubular structure, high elec-
trical and thermal conductivities and extremely large surface area, have been considered as ideal additive
materials to improve the electrochemical characteristics of both the anode and cathode of Li-ion batteries
with much enhanced energy conversion and storage capacities. Recent development of electrode mate-
rials for LIBs has been driven mainly by hybrid nanostructures consisting of Li storage compounds and
CNTs. In this paper, recent advances are reviewed of the use of CNTs and the methodologies developed
to synthesize CNT-based composites for electrode materials. The physical, transport and electrochemical
behaviors of the electrodes made from composites containing CNTs are discussed. The electrochemical
performance of LIBs affected by the presence of CNTs in terms of energy and power densities, rate capac-
ity, cyclic life and safety are highlighted in comparison with those without or containing other types of
carbonaceous materials. The challenges that remain in using CNTs and CNT-based composites, as well as
the prospects for exploiting them in the future are discussed.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

One of the greatest challenges to today’s wireless, mobile soci-
ety is to provide highly-efficient, low cost, and environmentally–
friendly energy storage media for powering increasingly diverse
applications [1,2]. As the performance of these electronic devices
depends largely on the performance of the energy storage media
which in turn is affected by the properties of the materials used
to synthesize them, significant efforts have been made towards
developing new and high-performance materials for battery com-
ponents. Amongst various energy and power technologies,
rechargeable Li-ion batteries (LIB) are a representative of those
based on electrochemical energy storage and conversion [3–8]. A
typical LIB consists of a negative electrode (i.e. anode, made of
graphite), a positive electrode (i.e. cathode, made typically of Li-
CoO2), and a Li ion conducting electrolyte (see Fig. 1). When the cell
is charged, Li ions are extracted from the cathode, move through
the electrolyte and are inserted into the anode. Upon discharge,
the Li ions are released by the anode and taken up again by the
cathode. The electrons pass around the external circuits in opposite
directions. The positive electrode half-reaction with charging being
forwards is given:

LiCoO2 ¡ Li1�xCoO2 þ xLiþ þ xe� ð1Þ

while the negative electrode half-reaction is given:

xLiþ þ xe� þ 6C ¡ LixC6 ð2Þ
ig. 1. Working principle of Li-ion batteries. The anode is graphite and cathode is a layer
etween the electrodes.
Eqs. (1) and (2) are in units of moles, x is the coefficient typically
one for a complete reaction.

Rechargeable LIBs possess many advantages over traditional
rechargeable batteries, such as lead acid and Ni–Cd batteries.
They include high voltage, high energy-to-weight ratio, i.e. energy
density, long cyclic life, no memory effect and slow loss of charge
when not in service [1,2]. For these reasons, LIBs are currently the
most popular type of battery for powering portable electronic de-
vices and are growing in popularity for defense, automotive and
aerospace applications. Although they have shown remarkable
commercial successes, the electrodes and their constituent mate-
rials are still the subject of intensive research. Diverse range of
new applications, such as electric vehicles (EVs), hybrid electric
vehicles (HEVs), power tools, uninterrupted power sources
(UPS), stationary storage batteries (SSBs), microchips and next-
generation wireless communication devices, including 3G mobile
phones, are the major driving force behind these research efforts
to enhance the ultimate battery performance. In addition to the
energy/power density and cyclic performance, safety and cost
are two most critical issues that have limited their applications
so far in these areas. Because a single type of LIB cannot satisfy
all requirements of such a large variety of applications, different
types with specific properties and characteristics should be con-
sidered. For example, batteries with a high energy capacity are re-
quired for high-speed telecommunication devices; whereas
batteries with a high power capacity are desirable for EVs, HEVs
and power tools.
ed lithiated transition metal oxide. The operation involves a cyclic transfer of Li ions
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Fig. 2. Structures of different carbon materials. After Lin et al. [17], Moniruzzaman
and Winey [18].
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A major disadvantage of LIBs is their low power density as a
consequence of high polarization, especially at high charge–dis-
charge rates. Slow Li ion diffusion rates, poor electrical and thermal
conductions in the electrode and across the electrolyte–electrode
interface are mainly responsible for the high polarization. To over-
come these problems, it is important to develop new electrode
materials with a large surface area, a short diffusion path for ionic
transport and high electronic/thermal conductions. Nanoscaled
electrode materials offer many advantages over conventional
materials: (i) reversible Li intercalation and extraction without
destruction of the electrode material structure; (ii) increased Li
ion insertion/removal rates due to the short transport path; (iii)
enhanced electron transport properties; (iv) increased contact area
with the electrolyte, reducing the volume changes associated with
intercalation [9,10]. Carbon nanotubes (CNTs) have been used,
with varying successes, as additive for both anode and cathode
materials, or as the replacement material for anodes, to satisfy
the above multi-functional requirements for LIBs [6–8,11–15].
2. Structure, synthesis and properties of CNTs

Since the discovery of CNTs [16], significant research efforts
have been directed towards understanding their fundamental
properties and practical applications [17,18]. Different from other
allotropes of carbon, such as graphite, diamond and fullerene
(Fig. 2), CNT is a 1D material with a length-to-diameter ratio, or as-
pect ratio, in excess of 1000. They are envisioned as cylinders com-
posed of rolled-up graphene sheets around a central hollow core
Table 1
Physical properties of carbon materials [26,27].

Property Graphite Diamo

Gravity (g cm�3) 2.09–2.23 3.5
Electrical conductivity (S cm�1) 2.5 � 104p

3.3c
10�2

Thermal conductivity (W/(mK)) 3000p

6c
900–2

Coefficient of thermal expansion (K�1) �1 � 10�6p

29 � 10�6c
1�3 �

Thermal stability in air (�C) 450–650 777
Surface area (m2 g�1) Variable 10–50
Modulus (GPa) 1000p

36.5c
500–1

⁄p: In-plane and c: c-axis.
with diameters on a nanometer scale and end caps with a hemi-
sphere of fullerene structure.

There are two types of CNTs: single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [19].
SWCNTs consist of a single graphene layer, whereas MWCNTs
consist of two or more graphene layers with van der Waals forces
between adjacent layers. At present, there are primarily four meth-
ods developed to synthesize CNTs, including arc-discharge [16,20],
laser ablation [21], gas-phase catalytic growth from carbon mon-
oxide [22], and chemical vapor deposition (CVD) from hydrocar-
bons [23]. The arc discharge and laser ablation techniques make
them unsuitable for mass production [24], whereas the gas phase
techniques, such as CVD, offer a better potential for production
of large quantities of CNTs at a low cost.

According to the rolling angle of the graphene sheet against the
tube axis, CNTs have three chiralities: armchair, zigzag and chiral.
The chirality is defined by the chiral vector, Ch = na1 + ma2, where
the integers (n, m) are the number of steps along the unit vectors
(a1 and a2) of the hexagonal lattice [24]. Using this (n, m) naming
scheme, the three types of orientation of the carbon atoms around
the nanotube circumference are specified. The nanotubes are called
‘‘armchair’’ and ‘‘zigzag’’ for n = m and m = 0, respectively; other-
wise, they are called ‘‘chiral’’. The chirality of CNTs has a significant
impact on their transport properties, particularly the electronic
properties. For a given (n, m) CNT, if (2n + m) is a multiple of 3, then
it is metallic, otherwise it is a semiconductor. Each MWCNT con-
tains multiple layers of graphene sheets that can have different
chiralities, so that the prediction of its electronic properties is more
complicated than that of SWCNTs.

The chemical bonding of perfectly structured CNTs is composed
entirely of sp2 carbon–carbon bonds. This bonding structure is
stronger than the sp3 bonds found in diamond, and provides CNTs
with amazing mechanical properties. Many studies reported
mechanical properties of CNTs that exceed those of any previously
known materials [25]. Although there is no consensus on the exact
values of these mechanical properties of CNTs, theoretical and
experimental results have shown extremely high mechanical prop-
erties of CNTs with the Young’s modulus as high as 1.2 TPa and the
tensile strength of 50–200 GPa [25], making CNTs the strongest
and stiffest materials on earth.

In addition to the exceptional mechanical properties, they also
possess useful physical properties. Table 1 summarizes these prop-
erties that are compared with other carbon materials [26,27]. It is
clear that CNTs have many advantages over the other allotropes of
carbon in terms of electrical and thermal properties. These proper-
ties make CNTs an ideal material for use in areas such as field emis-
sion, thermal conductors, energy storage, conductive adhesive,
thermal materials, structural materials, fibers, catalyst supports,
biological applications, air and water filtration, ceramics and other
applications [17,26,28].
nd C60 SWCNT MWCNT

1.7 0.8 1.8
10�5 102–106 103–105

320 0.4 �6000 �2000

10�6 6.2 � 10�5 Negligible Negligible

>600 >600 >600
>100 >100 >100

000 14 1200 1000



Table 2
Electrical resistivities of three conductive additives and the corresponding electro-
chemical parameters. After Wang et al. [52].

Conductive
additives

Resistivity of
electrode
(10�2 X cm)

Initial discharge
capacity
(mA hg�1)

Capacity retention
ratio after 20 cycles
(%)

Carbon
black
(CB)

5500 �85 70

Carbon
fibres
(CFs)

1000 �104 90

MWCNTs 375 �122 100
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Recent development of LIBs has involved design of hybrid nano-
structures by incorporating CNTs into Li-storage compounds as
new electrode material in an effort to best utilize the aforemen-
tioned attractive properties of CNTs. Useful properties of CNTs for
LIBs include the mechanical and transport properties along with
a large specific surface area and a more accessible structure for Li
interaction. In contrast, carbon lamellas in carbon black, a tradi-
tional additive material, are circumferentially oriented and block
much of the particle interior, rendering the majority of matrix use-
less as intercalation material. In contrast, CNTs with diameters on a
nanometer scale and controlled lengths can offer nearly 100%
accessibility of the entire carbon structure to Li interaction, espe-
cially when the tube ends are opened by simple techniques, such
as ball milling [29,30]. The accessibility is often limited if the CNTs
are agglomerated, but they still provide inherently a much higher
accessibility than any other conventional graphitic materials [13].
The high accessibility of the structure also offer a high mobility
to ion exchange processes, a fundamental requirement for dynamic
response of batteries based on intercalation.

3. Cathode materials

In rechargeable LIBs, cathode materials are a key component
that determines their functional performance. Among many cath-
ode materials, the layer-structured LiCoO2, LiMnO2 and LiNiO2,
spinel LiMn2O4, Li(Ni1/2Mn1/2)O2, Li(Ni1/3Co1/3Mn1/3)O2, and
Li(Ni1/2Mn3/2)O4, and elemental sulfur have been studied exten-
sively [31–42]. Li transition metal phosphates with an ordered
olivine-type structure, LiMPO4 (M = Fe, Mn, Ni, or Co), have also at-
tracted much attention due to their high theoretical specific capac-
ity (�170 mA hg�1) [43–45]. Among these phosphates, LiFePO4 is
the most attractive because of its high stability, low cost and high
compatibility with environment [46,47]. A major disadvantage of
LiFePO4 is that to attain the claimed full capacity is extremely dif-
ficult because of their low electrical conductivities leading to an
initial capacity loss and poor rate capability, as well as slow diffu-
sion rates of Li ions. The electrical and thermal conductivities, and
the high stability are amongst the basic characteristics that must
be satisfied to ensure high energy storage capability, long lifetime
and high safety of LIBs. Li transition metal fluorophosphates, where
the [PO4]3� group is replaced with [PO4F]4– group have also been
considered a promising cathode material because of their en-
hanced charge balance and dimensionality [48]. Li2FePO4F is a
new cathode material with several advantages, including facile
2D transport pathways, minimal structural changes during
charge–discharge cycles and a high capacity of 135 mA hg�1 [49].
These studies redefined the scope of polyanion framework materi-
als as Li insertion cathodes and demonstrated the possibility of
using sodium–iron phosphates as starting material for cathodes.
A related development is the possibility of a sodium ion cell based
on insertion materials such as Na3V2(PO4)2F3 [50] that possess
many advantages, such as improved safety, low cost and possibility
of using electrolytes at low decomposition voltages. A new class of
Li-based fluorosulphate materials was also developed as cathode
materials, which exhibited excellent capacity retention and a high
rate at an average potential of 3.6 V versus Li/Li+. This potential is
within the safe stability range of organic electrolytes. The new
class of polyanionic compounds with their rich and fascinating
crystal chemistry provides valuable information in the quest for
even better cathode materials [51].

Although many different types of cathode materials have been
developed as discussed above, the most popular chemistries in cur-
rent production can be narrowed down to three, namely LiCoO2,
LiMn2O4 and LiFePO4. The Li–Co chemistry is more popular in de-
vices like laptops, cameras and cell phones than the other two
chemistries mainly because of its higher charge capacity. The other
two chemistries are used mainly based on the need for higher dis-
charge currents, improved safety, or where the cost is the driving
factor. Judging from the low conductivities of all these three cath-
ode materials, however, carbon-based composites or incorporation
of highly conducting carbon materials into these materials have
become the choice for future direction in the development of high
performance LIBs.

3.1. Layered LiMO2/MWCNT nanocomposites

The layer-structured compound, LiCoO2, has been widely used
as very effective cathode material for a long time. However, this
material has in general high electrical resistance with reports on
serious polarization and poor utilization of active material. In order
to make full use of the active material and thus increase the capac-
ity, charge–discharge rate and the lifetime, conductive additives
are often added to form conductive networks within the material.
Carbon black (CB), carbon fibers (CF) and MWCNTs have been em-
ployed as conductive additive and Table 2 compares the electrical
resistivities of these three additives and the corresponding electro-
chemical parameters. MWCNTs are proven to be the most effective
in reducing the resistance and thus improving the electrochemical
performance of the composite cathode [52]. CNT’s 1D geometry
and extremely high aspect ratio in particular favor developing con-
tinuous conductive networks at a very low percolation threshold,
which in turn allow efficient electronic transport throughout the
material. Furthermore, the high crystalline and nanoscale structure
of MWCNTs facilitate rapid transfer of electrons in comparison
with vapor-grown carbon fibers. Their large surface area guaran-
tees close contact with the active material, LiCoO2. Fig. 3 presents
schematic models showing the formation and the maintenance of
networks in cathode materials containing MWCNTs compared to
those containing carbon black. The capacity retention ratios (mea-
sured at a rate of 2C) depicted in Fig. 4 clearly indicate the advan-
tage arising from the addition of MWCNTs: the ratio remained
almost unchanged for the LiCoO2/MWCNT composite cathode,
while the ratios for those containing CF and CB were reduced by
10% and 30%, respectively, after 20 charge–discharge cycles.

A further investigation was carried out of MWCNTs and carbon
black as conducting additive in LiNi0.7Co0.3O2 cathodes [53,54]. It is
shown that the CNTs acted as conductive networks between Li-
Ni0.7Co0.3O2 particles. The discharge capacity of the composite
cathode containing MWCNTs was remarkable 223 mA hg�1 with
an 89.9% efficiency at C/10 rate and 214 mA hg�1 at 1C rate in
the initial cycle. This observation further confirmed the effective-
ness of CNT addition into the cathode material to improve the elec-
tron conduction and reversible capacity along with a high cyclic
efficiency. LiCoO2 cathodes with a density of up to 4.0 gcm�3 were
fabricated using alternate conducting agents of MWCNTs and con-
ventional CB (Super P) [55]. The electrode containing CNTs outper-
formed that without CNTs in terms of both rate (1C) and cyclic
efficiency. A cathode with a high density is one of the most impor-
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Fig. 3. Schematics of electrodes with different conductive fillers. (a) Carbon black (spherical) and (b) MWCNTs (wire-like). After Wang et al. [52].

Fig. 4. Effect of conductive additives on the capacity retention ratio at a rate of 2C:
(a) MWCNTs; (b) carbon fibers; and (c) carbon black. After Wang et al. [52].
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tant factors that affect Li-ion batteries with a high specific energy,
while a cathode with a high conductivity is essential to high power.
It can be concluded that MWCNTs are an efficient conducting agent
to replace CB for high-energy LIBs.
Fig. 5. (a) SEM micrographs of NCM electrodes containing MWCNTs as conductive agen
After Varzi et al. [58].
Among many layered metal oxides, LiNi1/3Co1/3Mn1/3O2 (NCM)
is considered a very promising cathode material because of its
excellent thermal safety characteristics compared to LiCoO2, good
capacity in a wide potential range and small volume changes upon
cycling [56,57]. NCM has been chosen as the active material for po-
sitive electrodes using 1% MWCNTs as conductive agent [58].
MWCNTs were well mixed with the active materials and attached
onto the surface of particles, as shown in Fig. 5a. The addition of
MWCNTs significantly enhanced the rate performance of NCM-
based cathodes at different C-rates between C/5 and 5C. As shown
in Fig. 5b, the specific discharge capacities delivered by the cath-
odes containing MWCNTs were higher than those of the electrodes
containing only the ordinary conductive agents at all investigated
rates. The effect was more significant at higher current rates –
i.e. about 50% higher specific capacity at 5C. After cycling at rela-
tively high currents and returning to C/5, the capacity values re-
mained much the same as the initial values. The incorporation of
CNTs of low contents as a conductive additive presented an effec-
tive strategy to establish an electrical percolation network in the
electrode, resulting in much improved rate capabilities of NCM
electrodes.

3.2. LiFePO4/MWCNT nanocomposites

LIBs work when electrons are exchanged simultaneously as a
result of intercalation and extraction of Li ions. Both the ion and
t. (b) Rate capability of NCM-based electrodes at different charge/discharge rates.



Fig. 6. Cyclic performance of LiFePO4 cathodes containing (a) no additives, (b)
5 wt.% carbon black, and (c) 5 wt.% MWCNT at 0.25 C. After Jin et al. [59].

Fig. 8. Cyclic performance of different cathode materials at C/2: (a) LiFePO4 and (b)
LiFePO4/1 wt.% MWCNT nanocomposite. After Wang et al. [61].
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electron transport properties are critical to cathode materials, and
LiFePO4 has a poor electrical conductivity of around 10�9 S cm�1.
MWCNTs were successfully used to replace the conventional filler,
carbon black, in LiFePO4 [59], showing that LiFePO4–C/Li battery
with 5 wt.% MWCNTs displayed much better electrochemical prop-
erties with a discharge capacity of 142 mA Hg�1 at 0.25 C at room
temperature than those with carbon black or without any additives
(Fig. 6).

A novel network composite cathode made from LiFePO4 parti-
cles mixed with MWCNTs was studied for high rate capability
[60]. Fig. 7 shows the 3D networks consisting of MWCNTs inter-
connecting LiFePO4 particles, which effectively improved the elec-
tron transfer between the active material and current collector (Al
foil), as well as the electrochemical performance, see Table 3. In the
high-frequency region, the intercepts with real impedance [Re(Z)]
axis of LiFePO4/MWCNTs and LiFePO4/acetylene black composites
were 105 X and 154 X, respectively. These values are known to
be the total electric resistance of the electrode materials, electro-
lyte resistance and electric leads. The substantial reduction in total
Fig. 7. SEM images of LiFePO4/MWCNTs composite cathode

Table 3
Two different conductive additives and the corresponding electrochemical parameters. Af

Conductive additives Re(Z) of electrode (X) Initial discharge ca

CB 154 �146
MWCNT 105 �155
electrical resistance was attributed to the replacement of acetylene
black (AB) by MWCNTs. The slope of the impedance of the LiFePO4/
MWCNT composite was higher than that of LiFePO4/AB, indicating
enhanced electrochemical activity of LiFePO4 due to MWCNT net-
works. The initial discharge capacity was improved to
155 mA Hg�1 at C/10 rate. MWCNTs were also known very effec-
tive in improving rate capability and cyclic efficiency, which is cru-
cial to high-power LIBs particularly for electric vehicles.

In another study on hybrid LiFePO4/MWCNT composites, LiFe-
PO4 was synthesized based on a room-temperature solid-state
reaction, followed by microwave heating and addition of both citric
acid and MWCNTs [61]. The as-prepared LiFePO4/MWCNT compos-
ite cathodes exhibited an excellent electrochemical capacity of
145 mA Hg�1 at C/2 and maintained a stable cyclic ability. The cy-
cling behavior of LiFePO4 with and without MWCNT additives are
shown in Fig. 8. The initial capacity of LiFePO4 cathodes was re-
duced from 90 to 70 mA Hg�1 after 50 charge–discharge cycles.
The large reduction in residual capacity was attributed to the slow
diffusion of Li ions in LiFePO4 and poor contact between the LiFe-
PO4 nanoparticles and conductors. In contrast, the corresponding
(a: plane section; b: cross section). After Li et al. [60].

ter Li et al. [60].

pacity at C/10 (mA Hg�1) Capacity retention ratio after 50 cycles (%)

90
95



Fig. 9. (a) Schematic illustration of CNT-amorphous FePO4 core–shell nanowire; (b) HRTEM image of core–shell nanowire; (c) charge–discharge profiles of the initial five
cycles at a current rate of 20 mA g�1; and (d) specific capacity as a function of number of cycles at current rates of 20, 100, 200, 500, and 1000 mA g�1. After Kim et al. [62].

Fig. 10. Initial charge–discharge curves of the composites with (a) MWCNTs and (b) AB at different rates with the cutoff voltage between 3.2 and 4.3 V. After Liu et al. [63].
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reduction in capacity was almost negligible along with a much
higher initial discharge capacity of �145 mA Hg�1 when MWCNTs
were added into the cathode material. MWCNTs facilitated the for-
mation of 3D networks that connected the LiFePO4 particles,
improving the transport characteristics of Li ions and electrons at
high rates. It was also claimed that the expansion of citric acid dur-
ing the charge–discharge process reduced the particle size, thus
reducing the diffusion path, which in turn improved the reversibil-
ity of Li ion intercalation/extraction.
A high-rate capability is essential for future battery applications
like electric vehicles that require a high power density during oper-
ation. The hierarchical nanostructure with FePO4 shell directly
grown on the CNT core was used as a cathode material for LIBs,
which exhibited excellent electrochemical properties [62]. Fig. 9a
schematically illustrates the core–shell structure of amorphous
FePO4/CNT hybrid nanowires, through which Li ions and electrons
could readily diffuse into and out because of its nanometer scale
and large surface area. It is expected that the improved transport



Fig. 11. Nyquist polts of LiMn2O4 composite cathodes containing 5 wt.% MWCNT
and AB at room temperature (with equivalent circuit inert). After Liu et al. [63].
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can enhance the rate capability of LIBs. The high resolution trans-
mission electron microscopy (HRTEM) image in Fig. 9b clearly
identifies the amorphous nature of the outer shell.

The charge–discharge curves of the initial five cycles of the core–
shell electrode at a current rate of 20 mA g�1 are shown in Fig. 9c.
The discharge capacity measured based on the total weight of the
core–shell structured nanowire electrodes was about 149 mA Hg�1

at the first cycle and then it was reduced to 140 mA Hg�1 after sev-
eral cycles with high reversibility. A clear potential plateau near
3.4 V was similar to the crystalline olivine LiFePO4 cathode. This
behavior has an advantage in monitoring the state of charge during
battery operation. The specific capacities of the nanowires at differ-
ent current rates are shown in Fig. 9d. The left and right Y-axes rep-
resent the specific capacities calculated based on the total weight of
nanowires and the weight of amorphous FePO4 shell alone, respec-
tively. The high specific capacity of the nanowires was retained
after 50 cycles even at high current rates up to 1000 mA g�1. The
reversible capacities were about 160, 133, 125 and 100 mA Hg�1

based on the weight of the amorphous FePO4 shell at current rates
of 100, 200, 500, and 1000 mA g�1, respectively.

3.3. LiMn2O4/MWCNT nanocomposites

A few studies have also been reported for improving the elec-
trochemical performance of LiMn2O4 electrodes by incorporating
oxidized MWCNTs [63]. Fig. 10 presents the results from the galva-
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Fig. 12. (a) Residual discharge capacity of LiMn2O4 cathodes with and without MWCNTs v
and without MWCNTs.
nostatic charge–discharge tests of LiMn2O4/MWCNT cathodes. The
initial discharge capacities were 119.4, 110.6, 105.5 and
91.4 mA Hg�1 at the rates of 0.1, 0.5, 1 and 2 C, respectively, which
were much higher than the conventional LiMn2O4/AB with the
same additive content. It was concluded that the improved con-
ductive networks facilitated connection between the active mate-
rials and electron transport, with associated enhancements in
rate capability and cyclic performance. Fig. 11 shows the electro-
chemical impedance spectra (EIS) of LiMn2O4 with MWCNTs or
AB additives. The charge transfer resistance Rct, a measure of elec-
trochemical reactions at the electrode–electrolyte interface and
particle-to-particle contact, was 34.32 and 53.2 X, respectively,
for LiMn2O4/ox-MWCNT and LiMn2O4/AB composites, indicating
a much lower charge transfer resistance of the former cathode
material containing MWCNTs. The 3D networks formed by oxi-
dized MWCNTs increased the contact area of active materials,
effectively reducing the charge resistance.

LiMn2O4/MWCNT nanocomposites were also prepared by a fac-
ile sol–gel method [64]. The nanocomposites showed high cyclic
performance with a remarkable capacity retention of 99% after
20 cycles, which is much better than the corresponding initial
capacity loss of 9% after 20 cycles for the neat LiMn2O4 nanoparti-
cles, as shown in Fig. 12a. Fig. 12b presents a significant reduction
in charge transfer resistance from 120.4 X for the spinel LiMn2O4

to 98.3 X for the LiMn2O4/MWCNT nanocomposite, a direct reflec-
tion of the improved electrical conductivity arising from the inti-
mate networking by MWCNTs among the spinel LiMn2O4 particles.
3.4. Intrinsically conducting polymer (ICP)/MWCNT nanocomposites

LIBs with cathode materials made from intrinsically conducting
polymers (ICP), such as polyaniline (PANI), polyacetylene, polythi-
ophene, polypyrrole and polymethylthiophene, have several
important advantages over conventional LIBs with metal oxide
cathodes, such as a longer cyclic life, a lower self-discharge rate,
higher endurance to overdischarge, a lower manufacturing cost,
more flexible shapes to form and easiness to make thin films.
Among many conducting polymers, PANI is a promising candidate
for the electrode material because it has good redox reversibility,
high stability in air and aqueous solutions, and can be easily pre-
pared using a chemical or electrochemical method at low produc-
tion costs. However, the electrodes synthesized from conducting
polymers also have problems related to stability, adherence and
conductivity that may affect the reversibility of the electrode and
thus limit their applications in energy storage devices. Recent stud-
ies have shown that the introduction of MWCNTs into PANI can en-
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Fig. 13. Variations of (a) Coulombic efficiency and (b) discharge capacity of neat PANI and PANI/MWCNT composites as a function of cycle number from 2 to 4 V at a current
density of 20 mA g�1. After He et al. [68].

Table 4
Electrochemical performances of nanostructured cathode materials containing MWCNTs, CB, AB and CFs.

Electrode Current rate Initial discharge capacity
(mA hg�1)

Cyclic performance
(cycles)

Residual discharge capacity
(mA hg�1)

Charge transfer resistance
(X)

Ref.

LCO/MWCNT 2C 118 20 118 375 [52]
LCO/CF 2C 98 20 88.2 1000 [52]
LCO/CB 2C 86 20 60.2 5500 [52]
LCO/MWCNT 1C 144 40 119.5 10 [55]
LCO/CB 1C 146 40 99.3 20 [55]
LNC/CB 1C 169 50 138.6 90 [53]
LNC/MWCNT 1C 214 50 199.0 56 [54]
LFP/MWCNT 0.25C 138 30 142 [59]
LFP/CB 0.25C 135 30 132 [59]
LFP/MWCNT 0.1C 155 50 145.7 105 [60]
LFP/CB 0.1C 147 50 132.3 154 [60]
LFP/MWCNT 0.5C 145 50 151 76 [61]
LFP/CB 0.5C 112 50 123 115 [61]
LMO/AB 2C 80 40 72 53.2 [63]
LMO/MWCNT 2C 92 40 90 34.3 [63]
LMO 2C 54.7 20 49.8 120.4 [64]
LMO/MWCNT 2C 66.5 100 63.8 98.3 [64]
PANI 20 mA g�1 94 50 99 154 [68]
PANI/MWCNT 20 mA g�1 111 50 123 94 [68]

⁄C represents theoretical capacity of LCO, LNC, LFP and LMO, respectively.
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hance the electrical properties by facilitating charge transfer pro-
cesses between the two components [65–67]. An extremely high
efficiency close to 100% with a discharge capacity of 120 mA Hg�1

was achieved using these composite electrodes along with Li metal
and an ionic liquid electrolyte [65].

PANI/MWCNT composites prepared by an in situ chemical oxi-
dative polymerization method were also extensively studied [68].
The charge transfer resistance of the electrode was reduced due
to the incorporation of MWCNTs. Coulombic efficiency is an impor-
tant index in assessing the performance of LIBs. An increase in Cou-
lombic efficiency is often reflected by an increase in reversibility of
charge–discharge cycle as the cycle number increases. As shown in
Fig. 13a, the Coulombic efficiency approached 99% for the PANI/
MWCNT composites and only about 95% for the neat PANI. The
variations of discharge capacity with the cycle number for these
materials are shown in Fig. 13b. The discharge capacity of the
PANI/MWCNT composites (122.8 mA Hg�1) was much higher than
that (98.9 mA Hg�1) of the neat PANI. The result remained much
the same even after the neat PANI was applied in the form of
nanofibers [69].
To summarize the above discussions, the relative electrochem-
ical performances of the cathode materials containing different
types of carbon materials, such as MWCNTs, CB, AB and CF, are tab-
ulated in Table 4. It is clearly seen that both the initial and residual
discharge capacities of the composite cathodes containing
MWCNTs are significantly higher than those with other types of
additives, CB, AB or CFs, regardless of the types of metal oxide
materials. In addition, the corresponding charge transfer resistance
was generally lower for the former than the latter cathode materi-
als. The CNTs facilitated the formation of electric/thermal conduc-
tive networks that reduced the inner resistance and enhanced the
thermal dissipation, ultimately resulting in higher specific capaci-
ties even at high charge–discharge current rates as well as en-
hanced safety for LIBs.

3.5. Other nanocomposites containing MWCNTs as conductive additive

Several other types of nanocomposite cathode materials have
been synthesized using CNTs. For example, MWCNTs were coated
with Co3O4 nanocomposites by a chemical precipitate method for



Fig. 14. Incorporation of SWCNTs into Li-ion batteries: (a) coin cell components and
(b) discharge data for a coin cell containing a purified SWCNT anode and a
LiNi0.2Co0.8O2 cathode operating at 25 �C. After Raffaelle et al. [98].
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use as cathode material [70]. The capacities of the MWCNT/Co3O4

nanocomposite cathodes measured during Li insertion and extrac-
tion were 591.7 and 407.9 mA Hg�1, respectively. These values are
almost twice those of the MWCNTs used (313.7 and
217.6 mA Hg�1, respectively), but were much lower than those of
the Co3O4 cathodes (1100.5 and 682.7 mA Hg�1, respectively).

PVC/CNT nanocomposites were synthesized via electrochemical
polymerization of N-vinyl carbazole (VC) on CNT films, whose
charge–discharge characteristics were evaluated [71]. After 20 cy-
cles, high specific discharge capacities of 45 and 115 mA Hg�1 were
obtained for PVC-functionalized SWCNTs and MWCNTs, respec-
tively. This study provided two important pieces of information:
namely (i) the hybrid nanocomposites can perform much better
than the neat PVC for use as cathode material and (ii) the PVC/
MWCNT nanocomposite presents a higher discharge capacity than
the PVC/SWCNT nanocomposite.

The elemental materials to be used as positive electrode for LIBs
should have an inherently high discharging capacity and an excel-
lent cyclic life, along with long-term operation and a low cost. A Li/
S redox couple has a theoretical specific capacity of 1672 mA Hg�1,
and a theoretical specific energy of 2600 W h kg�1, based on sulfur
active material and assuming complete reactions between Li and S
to form Li2S. Use of S is in general advantageous because it is envi-
ronmentally benign and inexpensive. It also has disadvantages,
such as a low conductivity and easy dissolution in the electrolyte
to form polysulfide. MWCNTs were incorporated into sulfur to en-
hance the electrical conductivity and thus to reduce the dissolution
of sulfur [72]. The initial discharge capacity of the sulfur electrode
containing MWCNTs was 485 mA Hg�1 at 2.0 V vs. Li/Li+. The cyclic
life and rate capability of sulfur cathodes increased significantly as
a result of adsorption of polysulfides by MWCNTs. In addition, the
structural modification of the carbon matrix resulted in increases
in both sulfur utilization and cyclic life of the Li/S batteries.

4. Anode materials

Considerable attention has recently been attracted to Li alloy
materials containing elements such as Si, Al and Sn for application
as negative electrodes of LIBs because these elements possess a
higher theoretical specific capacity than that of the traditional an-
ode material, graphite [73–76]. Among these, Si has the highest va-
lue. The practical use of Si particles, however, is significantly
hindered because of two major problems. One is the low electrical
conductivity and the other is the severe volume expansion/con-
traction during the alloying and de-alloying reactions with Li ions
[77–80]. Several failure modes of Si particle electrodes have been
identified [81,82]: Si particles expanded upon charging as a result
of the alloying reaction, leading to swelling of the electrode layer,
where carbon powder was also added to compensate for the poor
conductivity of Si particles. In the following discharging period, the
Si particles contracted as a result of the de-alloying reaction, but
the electrode layer remained swollen because of its inelastic nat-
ure. The net result after the charge–discharge cycles was break-
down of the conductive networks that existed between Si, carbon
particles and the current collector.

Several approaches have been proposed to address the above
problems: for instance, breakdown of the conductive network
can be minimized either by (i) applying a pressure on cells [83]
using an elastomeric binder [84] or (ii) forming a composite with
conductive materials, such as CNTs [85,86]. Different carbon addi-
tives show different degrees of crystallinity, morphology and par-
ticle sizes, which in turn influence the conductivity and
electrolyte absorption capacity and thus the overall capacity of
the cell. The large electrochemically accessible surface area of por-
ous nanotube arrays and their high conductivities make them an
ideal anode material for LIBs.
Apart from Si, intermetallic compounds, transitional-metal oxi-
des (MO, where M is Co, Ni, Cu or Fe) and Sn/C nanostructured
composites have also been studied, showing that they possessed
high electrochemical capacities with 100% capacity retention for
up to several hundred cycles and high recharging rates [87–91].
One of the disadvantages of these materials was that their syn-
thetic routes were very complicated and expensive.
4.1. CNTs as anode materials

CNTs possess a unique shape and a high capacity that are useful
characteristics for use in LIBs, particularly if Li ions can be interca-
lated into the tube. Template-synthesized CNTs can be fabricated
as free-standing nanoporous carbon membranes, and narrower,
highly ordered graphitic CNTs can be prepared within the mem-
brane’s tubules [92]. Both the outer and inner tubules are electro-
chemically active for intercalation of Li ions. Electrochemical test
results showed that the CNT membrane electrodes exhibited a
reversible intercalation capacity of 490 mA Hg�1. The CNT struc-
ture and the degree of graphite crystallinity play a major role in
determining both the specific capacity and cyclic life of CNT mem-
branes [11–15,92,93]. The cycleability of highly-graphitized
MWCNTs was more stable than that of slightly graphitized
MWCNTs, whereas the slightly graphitized MWCNTs had a higher
specific capacity than the highly-graphitized MWCNTs. This obser-
vation is attributed to the fact that Li tended to be doped preferen-
tially into the regions with less organized graphitic structures,
microcavities, edges of graphitic layers or the surface of single gra-
phitic layers. Nevertheless, graphitized CNTs in general showed a
higher capacity of Li intercalation than amorphous CNTs [94].
The electrochemical performance of CNTs during Li insertion corre-
lates well with their micro-texture and chemical compositions that
are affected by the synthesis conditions [94–96]. The rather dis-
couraging results on Li insertion capability of MWCNTs in an ear-
lier paper [97] further confirmed the importance of CNT structure.



Table 5
Effect of processing and material parameters on electrochemical performance of CNT anode materials.

MWCNT The initial capacity (mA Hg�1) Cyclic performance (cycles) Residual capacity (mA Hg�1) Ref.

Charge Discharge Charge Discharge

Pristine 312 [99]
Chemically Etched 422 2087 100 [99]
Purified 351 641 50 311 [101]
Ball-milling 50 616 [101]
Short CNTs 502 1295 50 230 [104]
Long CNTs 188 615 50 142 [104]
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Instead of using CNTs as the main anode material, studies have
also been made on incorporation of CNTs as additive into the
otherwise graphite dominant anode in anticipation to improve
the capacity due to the CNT’s higher electrical conductivity and
specific surface area than graphite. The electrochemical perfor-
mance of LIBs relies largely on the efficient cyclic insertion/extrac-
tion of Li ions between the cathode and anode, where rapid
charging, high ionic storage and slow discharge constitute ideal de-
vice characteristics. Coin-cell batteries constructed using purified
SWCNT ‘paper’ as the anode and LiNi0.2Co0.8O2 as the cathode
material were reported [98]. An overview of the components used
to fabricate the battery is shown in Fig. 14a: they are from left to
right (1) cathode mixture in aluminum cap, (2) Celgard separator,
(3) O-ring, (4) SWCNT anode, and (5) stainless steel cell base.
Fig. 14b shows the typical charge–discharge behavior for the
SWCNT anode coin cell. The first discharge cycle had a capacity
of 166 mAhg�1 under these conditions, demonstrating the viability
of SWCNT anode material.

4.2. Factors affecting performance of MWCNT anode materials

There are several important factors that affect the electrochem-
ical performance of CNT anode materials, among which the surface
condition and length of CNTs have been extensively studied. The
MWCNTs were modified through chemical etching, ball-milling
and shortening, and their influences on the initial and residual
capacities are summarized in Table 5 and the details are discussed
in the following.

A large number of defects and pores were introduced to
MWCNTs as a result of chemical etching by HNO3, which were cor-
related to enhancements of the capacity in the voltage range above
1.0 V and the reversible capacity [99,100]. These observations were
related to preferential doping of Li ions onto the reactive defect
Fig. 15. Variation of Crev with number of cycles at a current density of 25 mA g�1.
After Wang et al. [103].
sites rather than the perfect carbon structure. Although the ball-
milling treatment also increased both the reversible capacity and
Coulombic efficiency of MWCNTs, a large voltage hysteresis oc-
curred because of the large amount of surface functional groups
formed on MWCNTs [101]. The voltage hysteresis of MWCNTs
was partly related to the kinetics of Li diffusion into the inner cores
of MWCNTs, which could be reduced by cutting the MWCNTs into
shorter segments [102].

Extensive research has been made to evaluate the effect of
MWCNT length on the performance of anode material [103–105].
A new approach was developed to cut conventional micrometer-
long entangled MWCNTs into about 200 nm long segments that
could give rise to excellent dispersion. The reversible capacity of
LIBs increased, whereas the irreversible capacity decreased upon
shortening the MWCNT lengths because the insertion/extraction
of Li ions into/from the short MWCNTs were easier than long
MWCNTs. Moreover, short MWCNTs had a lower electrical resis-
tance and Warburg prefactor, resulting in better rate performance
at high current densities [103]. It can be seen from Fig. 15 that
short MWCNTs had a higher Li extraction capacity than the long
MWCNTs, and the specific capacities became stable after 30 cycles
for both electrodes. The retention of reversible capacities after 50
cycles was also higher for short MWCNTs (77%) than long ones
(60%).

A basically analogous conclusion has been drawn in another
study on the effects of CNT type and length synthesized by two dif-
ferent methods [105]: short CNTs or carbon nanorods, a few hun-
dred nm in length, were synthesized by oxidation and
carbonization of carbon-encapsulated iron carbide/iron nanorods,
whereas long CNTs, a few lm in length, were synthesized by cata-
lytic pyrolysis of C3H6 using Fe as catalyst. The reversible capacities
of the electrode made from short CNTs were 266 and 170 mA Hg�1

at current densities of 0.2 and 0.8 mA cm�1, respectively, which
Fig. 16. Electrochemical impedance spectra of 5 wt.% BCNTs, straight MWNTs and
carbon black in graphite anode materials. After Lv et al. [107].



Fig. 17. (a) TEM image and (b) megascopic HRTEM image of the selected red area in
image (a) of an as-prepared q-CNT, and (c) schematic structural model of polygonal
cup-stacked-type. After Zhou et al. [108].
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were almost twice those of the electrodes containing long CNTs.
Both the surface film and charge-transfer resistances of the short
CNTs were significantly lower than those of the long CNTs; and
the Li diffusion coefficient of the electrodes made from both CNTs
decreased with decreasing voltage, the reduction being more seri-
ous in long CNT electrodes than short ones. These observations fur-
ther confirmed a higher electrochemical activity and more
favorable kinetic properties during the charge–discharge process
in the electrodes made from short CNTs.

Li ion insertion in MWCNTs occurs only in the low potential re-
gion and clearly differs from the case of graphite. While the typical
discharge curve of the latter usually shows a staging phenomenon
characterized by several potential plateaus, such a behavior is not
observed in MWCNTs. Because of the morphological complexity of
the CNTs, the identification of Li storage sites in general remains
the main hindrance for elucidating the mechanism of Li insertion.
Indeed, different from graphite, Li storage in CNTs is much more af-
fected by the presence of so-called ‘‘3D defects’’, such as cavities
and pores of different shapes and dimensions [106]. Therefore,
unexpected results are often obtained when CNTs with unique
structures are used as the anode material of LIBs.

As important members of the carbon nanotube family, bamboo-
shaped carbon nanotubes (BCNTs) and quadrangular carbon nano-
tubes (q-CNTs) were thought to be suitable for anode material in
LIBs, due to better improved cyclic stabilities and higher electric
conductivity than common MWCNTs [107,108]. BCNTs that pos-
sess a high percentage of edge-plane sites on the surface exhibited
better electrochemical characteristics with a faster electron trans-
fer rate than their straight CNT counterparts with smoother and
more basal plane regions. Fig. 16 presents the EIS of the BCNT,
MWNT and CB samples. The significantly reduced resistance arose
from the higher electron transfer kinetics of the BCNTs than those
of CB and MWNTs due to the better wettability, more edge sites
and more oxygen functional groups, and easier formation of 3D
electrical conduction networks in BCNTs.

Novel q-CNTs were prepared on a large-scale production and
investigated as the anode material for LIBs [108]. Compared with
traditional CNTs, the q-CNTs possess a novel nanostructure, such
as quadrangular cross section, one open end and ‘‘herringbone’’-
like walls, as shown in Fig. 17. The unique nanostructure of q-CNTs
could shorten the diffusion time by both increasing diffusion coef-
ficient and decreasing the diffusion pathway, resulting in an excel-
lent rate capability.
Doping of CNTs using a heteroatom is also found to be efficient
in improving the electrochemical performance of CNT anodes:
boron- and nitrogen-doped MWCNTs as anode materials have
been studied. Boron-doped MWCNTs exhibited a discharge capac-
ity of 180 mA Hg�1, which is higher than 156 mA Hg�1 for the un-
doped counterparts [109]. Prepared from pyridine as a precursor,
nitrogen-doped MWCNTs were shown to have a reversible spe-
cific capacity of 340 mA Hg�1 [110]. The improved electrochemi-
cal performance is attributed to boron or nitrogen doping
leading to a breakdown in in-plane hexagonal symmetry of CNT
walls, resulting in an increase in electrical conductivity
[111,112]. Composites are often the only way to maximize the
performance of the constituent materials. A nanocomposite of
CNTs and gold particles in a block copolymer matrix sustained
more than 600 cycles at rates ranged from C/1.8 to 8.8C [113].
The composites had enhanced Li-ion diffusion through improved
electronic conductivity.

MWCNTs are particularly attractive because they possess sites,
where Li ions can be intercalated: spacing between the graphene
layers, local turbostatic disorders arising from the highly defective
structures, and the central core [92–96]. The large capacities are of-
ten ascribed to defects and shortened length of the nanotubes,
which can improve Li diffusion properties [114]. Other advantages
of MWCNTs, such as high electrical and thermal conductivities, en-
dow MWCNT electrodes with high power outputs and good heat
dissipation, improving the safety of the devices. One typical disad-
vantage of using CNT anodes is the irreversible capacity charge loss
in the first cycle due to the SEI formation on the nanotubes that
needs to be overcome during the battery charge phase. The other
is the difficulty of uniform dispersion into the electrodes.

4.3. Nanocomposite anode materials containing CNTs as conductive
additive

Previous studies have shown that the reversible capacity of
CNTs varied widely depending on the synthesis method and
treatment technique employed. The irreversible capacity, how-
ever, was too high to realize practical applicability. Furthermore,
the reduction in capacity upon charge–discharge cycles was very
high due to the detrimental surface reactions with solution spe-
cies [115]. The formation of intense surface films may increase
the electrode impedance and even electrically isolate part of the
active mass [116]. In order to overcome these issues, several
methods have been developed, including the use of MWCNTs as
additive. Many different CNT composites with a variety of Li stor-
age materials have been studied, such as Sn/MWCNT [117,118],
Bi/MWCNT [119], SnSb/MWCNT [120,121], CoSb3/MWCNT [122],
CoSn3/MWCNTs [123], Ag/Fe/Sn/MWCNT [124], TiO2/MWCNT
[125,126] and SnO2/MWCNT [127,128] for use as anode materials.
Li storage metals and metal oxides, such as Sn, Sb, TiO2 and SnO2,
easily develop cracks during the charge–discharge process in spite
of their significantly high electrochemical Li intercalation capaci-
ties. The breakdown of the electrode is a major cause of rapid
degradation of their capacities as a consequence of the large spe-
cific volume change during the lithiation and de-lithiation reac-
tions. The combining of MWCNTs that can hinder the
agglomeration and enhance the electronic conductivity of the ac-
tive materials is responsible for the enhanced cyclic performance.
Table 6 summarizes the electrochemical parameters, such as ini-
tial charge and discharge capacities and residual reversible capac-
ities, of various anode materials with and without CNT additives,
undeniably confirming much enhanced cycle performance of the
nanocomposites containing MWCNTs as compared to the neat an-
ode materials. The details of the changes in electrochemical prop-
erties affected by the presence of CNTs are discussed in the
following.



Table 6
Electrochemical parameters of anode materials consisting of various types of MWCNT-based nanocomposite.

Electrode type Current rate Initial charge capacity
(mA Hg�1)

Initial discharge capacity
(mA Hg�1)

Cycle
number

Residual reversible capacity
(mA Hg�1)

Charge transfer
resistance (X)

Ref.

Sn/MWCNT 0.1 C 643 1590 40 627 [117]
Sn-MWCNT 50 mA g�1 570 30 442 16.4 [118]
SnNi-MWCNT 50 mA g�1 512 30 431 17.3 [118]
Bi/MWCNT 25 mA g�1 308 570 50 315 [119]
Sb 50 mA g�1 648 1023 30 115 [120]
SnSb0.5 50 mA g�1 726 951 30 171 [120]
Sb/MWCNT 50 mA g�1 462 1266 30 287 [120]
SnSb0.5/MWCNT 50 mA g�1 518 1092 30 348 [120]
CoSb3/MWCNT 312 915 30 265 7.2 [122]
Ag/Fe/Sn/MWNT 0.2 mA cm�2 530 300 420 [124]
TiO2 50 mA g�1 52 287 75 21 123 [125]
TiO2/MWCNT 50 mA g�1 168 830 75 165 75 [125]
SnSb/MWCNT 50 mA g�1 680 1408 50 480 [121]
Ag- 0.2 mA cm�2 500 250 30 172 15.8 [126]
TiO2/MWCNT 0.2 mA cm�2 30 >400 [127]
SnO2/MWCNT 37.2 mA cm�2 728.3 40 126.4 [128]
SnO2 37.2 mA cm�2 665.1 40 505.9 [128]
SnO2/MWCNT 850 mA g�1 100 100 60 [129]
Li4Ti5O12 850 mA g�1 145 145 500 142 38 [129]
Li4Ti5O12/MWCN 50 mA g�1 819 50 279 [147]
Si/MWCNT (7:3) 50 mA g�1 1770 50 1250 [147]
Si/MWCNT (5:5) 50 mA g�1 1182 50 889 [147]
Si/MWCNT (3:7) 0.25 mA cm�2 960 1882 30 1066 [151]

⁄C is the theoretical capacity of Sn.

Fig. 18. Discharge capacity and charge–discharge efficiency versus cycle number
for Li4Ti5O12/MWCNT electrode at different rates of (a) 85 mA g�1, (b) 170 mA g�1,
(c) 340 mA g�1, (d) 850 mA g�1, (e) 1700 mA g�1, and (f) 3400 mA g�1. After Huang
and Jiang [129].

Fig. 19. Schematic illustrations of self-assembly for preparation of nanocompos-
ites: (1) MWCNT as primary support; (2) a second phase of nanoparticles (in pink)
are anchored onto MWCNTs, (3) a third phase of nanoparticles (in purple) are
attached to the surface of the second phase nanoparticles, and (4) a third phase of
nanoparticles (in blue) are also landed onto the MWCNTs. Further addition of
phases can also be carried out with the same assembling strategy. After Li et al.
[133]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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4.3.1. Li4Ti5O12/MWCNT composites
Spinel Li4Ti5O12 has long been considered as a promising alter-

native to graphite anode material for LIBs. The combination of zero
strain insertion properties and high Li mobility makes it an ideal
anode material. However, its rate performance is severely limited
due to its low electronic conductivity. The introduction of
MWCNTs into Li4Ti5O12 particles showed an ameliorating effect
on rate capability and capacity retention [129]. The charge transfer
resistance of Li4Ti5O12 and Li4Ti5O12/MWCNT electrodes was 60
and 38 X, respectively. The cycling stability of Li4Ti5O12/MWCNT
composite shown in Fig. 18 indicates that the discharge capacity
was quite stable during the charge–discharge process at low cur-
rent rates. Even after 500 cycles at 850 mA g�1 the discharge
capacity was standing at 142 mA Hg�1, which was 97.9% of the ini-
tial discharge capacity. It is worth noting that the anode could be
charged at an extremely high rate of 3400 mA g�1. These results
confirmed that the Li4Ti5O12/MWCNT composite electrode had a
high rate capability and capacity retention, which can be attributed
to the improvement in conductivity and the smaller size of Li4-

Ti5O12 crystals in the Li4Ti5O12/MWCNT composite electrode.

4.3.2. Transitional metal oxide/MWCNT composites
It is proven that transitional metal oxides could deliver revers-

ible capacities as high as 1000 mA Hg�1 [130–132]. However, their
applicability is limited by the large hysteresis in their charge–dis-
charge curves and the relatively low electronic conductivity. Nano-
composites containing CNTs for energy storage applications are
prepared by simply mixing MWCNTs with the functional metal
or metal oxide particles based on various techniques. The resultant
composites have a compositional variation across the radial direc-
tion and a constant concentric arrangement of each participating
component along the axial direction, resembling an electric cable
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configuration. A general approach to produce MWCNT/metal oxide
nanocomposites via self-assembly was developed recently [133].
Schematic illustrations of the self-assembly of MWCNT nanocom-
posites are shown in Fig. 19. The self-assembly technique allows
preparation of binary composites as well as more complex sys-
tems, such as ternary and quaternary composites. The nanoparti-
cles of active phase, e.g., metals and metal oxides, serve as the
primary building block to form various types of composites,
including TiO2/MWCNT, Co3O4/MWCNT, TiO2/Co3O4/MWCNT and
Co/CoO/Co3O4/MWCNT. It was shown that the self-assembled
TiO2/MWCNT composites were sufficiently robust and their elec-
trochemical performance was significantly enhanced compared
to neat TiO2.

1D nanostructured electrode materials showed strong potential
for LIBs due to their good electrochemical performance. Co3O4/CNT
composites were synthesized using a hydrothermal method as an-
ode material [134]. Nanocrystalline Co3O4/CNT composite anodes
exhibited a reversible Li storage capacity of 510 mA Hg�1 over 50
cycles. Fe3O4/CNTs composites were also studied as anode material
[135]. Fe3O4 nanoparticles were attached onto the sidewalls of
modified CNTs by chemical coprecipitation of Fe2+ and Fe3+ in an
alkaline solution. The electrochemical test results indicate that
Fig. 20. (a) As-synthesized TiO2 nanoparticles (TEM image), (b) raw MWCNTs (FESEM i
view of TiO2/MWCNT nanocomposite (TEM images), and (e) XRD spectra of as-prepared
the initial discharge and charge capacities of the 66.7 wt.% Fe3O4/
CNTs nanocomposite electrodes were 988 mA Hg�1 and
661 mA Hg�1, respectively. The charge capacity retained after
145 cycles was 645 mA Hg�1, which outperforms that of commer-
cial graphite materials. The excellent cycleability and the high
capacity retention of the electrodes are attributed to the frame-
work of CNTs and deposition of nanosized Fe3O4 particles onto
CNTs.

Incorporation of CNTs as an additive to active anode materials is
an effective strategy to form conductive networks in the electrode
at a content much lower than other carbonaceous materials, like
carbon black and graphite. Many applications including aerospace,
transportation and portable electronics require lighter weight and
longer life batteries for electrochemical energy storage [136],
which in turn depend on the weight and volume of the electrode,
except for its energy content. New techniques have been devel-
oped to meet this requirement. CNTs have the capability to be
assembled into free-standing electrodes as an active Li-ion storage
material or as a physical support for ultra-high capacity anode
materials like silicon or germanium [137]. The major advantage
arising from utilizing free-standing CNT anodes is the removal of
the copper current collectors, which can translate into an increase
mage), (c) as-prepared TiO2/MWCNT nanocomposite (FESEM image), (d) magnified
TiO2/MWCNT nanocomposite and as-received MWCNT. After Li et al. [133].



Fig. 21. Electrochemical properties of TiO2/MWCNT nanocomposite anodes: (a)
voltage profiles for discharging and charging cycles; (b) cyclic performance; and (c)
cyclic voltammograms. After Li et al. [133].
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in specific energy density by more than 50% for the overall battery
design. However, major challenges, such as the first cycle charge
loss and paper crystallinity for free-standing CNT electrodes, need
to be overcome through further research.

4.3.3. TiO2/MWCNTs nanocomposites
Fig. 20 shows representative images of the TiO2/MWCNT nano-

composites and their starting building blocks. The as-prepared
TiO2 nanoparticles used in the composites had a narrow size distri-
bution of 3–4 nm. The MWCNT nanocomposite exhibited a rough
surface after decoration with uniformly dispersed TiO2 nanoparti-
cles (Fig. 20c and d). The corresponding XRD spectra (Fig. 20e) indi-
cate that although the (101) diffraction of the metal oxide phase
overlaps with (002) of MWCNTs, the TiO2 nanoparticles maintain
their pristine phase even after decoration onto the MWCNTs. All
diffraction peaks can be indexed to tetragonal anatase TiO2 nano-
rods (JCPDS file No. 21-1272).

The performance of the TiO2/MWCNT system was tested in real
working environments for LIB applications. To increase the elec-
tronic conductivity of anode materials, carbon black are normally
mixed with the host material. However, a simple mechanical mix-
ing cannot provide a uniform mixture, causing general problems
like polarization of the active component and high resistance to
electron transfer. When MWCNTs are evenly distributed between
the active TiO2 nanoparticles, the TiO2/MWCNT nanocomposites
may solve these problems. Although MWCNTs could serve as the
major anode material, their discharge only occur at a potential of
about 0–0.2 V (vs. Li/Li+) [138,139] that is much lower than the
limit of 1.0 V in this particular study. Therefore, it was assumed
that the MWCNTs in the as-prepared TiO2/MWCNT nanocompos-
ites did not participate in the charge–discharge reactions, and
acted only as oxide carrier and charge conductor.

Fig. 21a shows the charge–discharge profiles cycled between 1
and 2.5 V at a constant current density of 300 mA g�1. Except for an
irreversible reaction taking place in the first discharge cycle, both
the discharge and charge curves for the 15th cycle show a profile
much the same as the 2nd and 3rd curves with only a negligible
shift. This implies that a stable structure was formed during the
first Li insertion to the anatase TiO2 nanoparticles. The cyclic per-
formance of the TiO2/MWCNT electrode shown in Fig. 21b indi-
cates that the first specific discharge capacity was as high as
318.5 mA Hg�1 with a corresponding charge capacity of
233.0 mA Hg�1. A drop of 26.8% was observed. However, from
the 3rd to 15th cycle and onwards, the specific capacity showed
only a marginal reduction, and the Coulombic efficiency (i.e., the
ratio of Li extraction to Li intercalation capacity) was close to unity
(>98%), indicating an excellent cyclic stability. The reversible
capacity maintained stably during these cycles was about
225 mA Hg�1, which is approximately 17% higher than the capacity
of hydrogen titanate nanowires (�191.8 mA Hg�1) [140], 32% high-
er than that of nanosized rutile TiO2 (�170 mA Hg�1) [141] or 50%
higher than that of anatase TiO2 (�150 mA Hg�1) [142]. Fig. 21c
presents two cycles of CVs at a slow sweep rate of 0.05 mV s�1, fur-
ther confirming the quasi-reversible process. Both CVs were re-
corded after 15 charge–discharge cycles, and they were relatively
stable and showed nearly the same peak positions. These observa-
tions are testament to kinetically reversible Li ion intercalation
into and extraction from the well-dispersed, uniform-sized TiO2

nanoparticles and excellent electrochemical performance of the
TiO2/MWCNT system.

To increase the ionic and electronic diffusion and thus to
achieve a high rate capability, unique nano-architectures were syn-
thesized and electronically conductive phases were introduced
into the nanocomposite. Nanocomposites consisting of brookite
TiO2 nanoparticles attached to MWCNTs [143] were also investi-
gated as the anode materials for LIBs. Brookite TiO2 crystallizes
in the orthorhombic system which is different from the anatase
and rutile forms of TiO2 discussed in Section 4.3.2. The brookite
crystallites had an average diameter of 7 nm, which was smaller
than those obtained from pure brookite due to the homogeneous
nucleation onto the MWCNT surface. Fig. 22 shows that the brook-
ite/MWCNT composite gave rise to a remarkably high capacity and
stable cycleability, useful attributes for anode materials in LIBs.
The composites exhibited a high discharge capacity of
151 mA Hg�1 even after 100 cycles at a rate of C/5 (Fig. 22a). The
beneficial effect of MWCNTs in the composite electrode was fur-
ther evidenced by the large difference in charge–discharge profiles
between the neat brookite and brookite/MWCNT composites



Fig. 22. (a) Charge–discharge curves (every 10th cycles) of brookite/MWCNT nanocomposite anodes cycled between 2.5 and 1.0 V at a rate of C/5; (b) comparison of cycling
behaviors at the 10th cycle between neat brookite and brookite/MWCNT nanocomposite. After Lee et al. [143].

Fig. 23. Rate capability and Coulombic efficiency for neat brookite and brookite/
MWCNT nanocomposite at different C rates. After Lee et al. [143].
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(Fig. 22b). The reversible capacity was higher and the cell polariza-
tion was lower in the descending order of brookite/MWCNT,
brookite/Super P and neat brookite. The 1D nature of MWCNTs of-
fered well-developed conductive pathways between the active
brookite particles and the copper current collector. The rate capac-
ities and Coulombic efficiency of the brookite/MWCNT nanocom-
posites were much better than the corresponding values of the
neat brookite under the identical conditions, as shown in Fig. 23.
At rates of 3, 10, 20, and 40 C, the composites delivered specific
capacities of 170, 132, 100, and 51 mA Hg�1, respectively, main-
taining an excellent Coulombic efficiency of higher than 98%. The
MWCNTs facilitated rapid Li ion transport through the large elec-
trode–electrolyte contact area.

Recently, well-organized CNT/TiO2 core/porous-sheath coaxial
nanocables were synthesized by controlled hydrolysis of tetrabutyl
titanate in the presence of CNTs as anode material for LIBs [144].
The morphology of the CNTs was well maintained even after calci-
nation, although their surface became slightly rough (Fig. 24a). A
uniform sheath with a thickness of about 25 nm can be clearly seen
from the image. The 0.34 nm spacing observed in the core of the
coaxial nanocable corresponds to the (002) crystalline planes of
the MWCNTs (inset in Fig. 24b). Lattice fringes with a spacing of
0.35 nm are clearly visible from the HRTEM image taken from
the nanocable edge (Fig. 24c), which is in good agreement with
the spacing of the (101) planes of anatase TiO2, thus demonstrat-
ing the presence of nanocrystalline TiO2.

Compared with neat CNTs or neat TiO2, the CNT/TiO2 coaxial
nanocables showed a much improved rate capability and cycle per-
formance. As shown in Fig. 24d, both the specific capacities of the
CNT core and the TiO2 sheath were much higher than that of the
TiO2-free CNT or that of the CNT-free TiO2 sample. In addition,
the capacity retention and the Coulombic efficiency kept almost
100% (Fig. 24e). It is thought that the coaxial cable morphology
provides an ideal solution to the ionic-electronic wiring problem
in LIBs as well as the synergism of the two cable wall materials.
The storage of TiO2 was improved by the contact with CNTs and,
even more remarkably, the storage in CNT was improved by the
presence of TiO2.

New nano-sized TiO2 rutile has been used as active material in
LIBs. MWCNTs were added into the slurry formulation to partly re-
place Super P and the resulting electrodes were electrochemically
characterized [58]. Fig. 25 shows the rate capability of TiO2 ru-
tile-based composite electrodes containing Super P as unique con-
ductive agent and a Super P + MWCNTs combination at different
current rates. The 1 wt.% MWCNTs in TiO2 rutile-based anodes
was efficient in enhancing the rate capability when the electrodes
were cycled in the potential range 1.0–3.0 V, as well as increasing
both the energy and power densities of LIBs.

4.3.4. SnO2/MWCNT nanocomposites
SnO2 has received much attention as an alternative anode mate-

rial due to its high specific capacity of 782 mA Hg�1. However, it
experiences a large volume expansion of 260% during the
charge–discharge cycles [145] and the incorporation of CNTs is
one of the most well-established methods to reduce the volume
expansion as well as to improve the electronic conductivity of
the electrodes [127,128]. Instead of randomly mixing the active
SnO2 particles with CNTs, a new technique was developed to syn-
thesize a co-axial SnO2 tube/CNT nanostructure [146]. The porous
SnO2 nanotubes were formed first, and a uniform CNT overlayer
was grown on the external surface of the SnO2 nanotubes through
a confined-space catalytic deposition process. The coaxial nano-
structure delivered a reversible capacity higher than that of CNTs
in the voltage window of 5 mV–3 V at a current rate of 0.5 C, as
shown in Fig. 26. The capacity retention of 92.5% after 200 cycles
is deemed similar to the performance of commercial graphite an-
odes. The outstanding electrochemical properties are likely to be
related to several unique features of the nanocomposite: (i) tubular
organization of SnO2 nanoparticles, (ii) stress absorption by the
CNT matrix, and (iii) the existence of a hollow interior allowing
freedom of expansion, increased electrical contact, and enhanced
Li-ion transport.

A novel mesoporous-nanotube hybrid composite was prepared
by a simple method that involved in situ growth of mesoporous



Fig. 24. (a) SEM images of CNT/TiO2 coaxial nanocables; (b) and (c) HRTEM photographs of CNT/TiO2 coaxial nanocables; (d) Typical discharge–charge profiles of CNT/TiO2

nanocables, TiO2-free CNT, and CNT-free TiO2 electrodes at 50 mA g�1 between voltage ranges of 1–3 and 0.01–3 V, the inset shows the corresponding differential capacity
plots; (e) cyclic performance of CNT/TiO2 nanocables at 1000 mA g�1 in the voltage range of 0.01–3 V, the inset shows the corresponding Coulombic efficiency profiles. After
Cao et al. [144].

Fig. 25. Rate capability of TiO2 rutile-based anodes in a LiPF6 electrolyte at two different voltage windows: (a) 1.0–3.0 V and (b) 0.1–3.0 V. After Varzi et al. [58].
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SnO2 on the surface of MWCNTs through a hydrothermal method
[147]. The electrochemical test results indicate that the mesopor-
ous-tube hybrid composites displayed a higher capacity and better
cycle performance than the neat mesoporous SnO2, as shown in
Fig. 27. The improvement was attributed to the synergistic effects
of favorable properties, including the 1D hollow structure, high
strength with flexibility, excellent electric conductivity and large
surface area, which in turn facilitated the reduction in volume
expansion, shortened Li ion diffusion path, easy transmission of
electrons and stable structure after long cycles.

Other conducting elements are often added into the otherwise
two-component SnO2/CNT composite anodes. For example, 1D hy-



Fig. 26. Cyclic performance of SnO2-core/carbon-shell nanotubes and CNTs at a
current rate of 0.5 C and 5 mV–3 V (vs. Li+/Li) voltage window. After Wang et al.
[146].

Fig. 27. Cyclic performance of (a) mesoporous SnO2/MWCNT and (b) neat meso-
porous SnO2 measured at a current density of 33.3 mA g�1. Inset shows the voltage-
capacity profiles of the 16th–20th charge–discharge cycles of (a). After Wen et al.
[147].
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brid nanocables of Au–SnO2/MWCNTs have been developed using a
facile one-pot route and their electrochemical performance was
studied [148]. The introduction of a small amount (0.9 wt.%) of
Au species enhanced the conductive properties. Fig. 28a displays
the XRD pattern of the Au-SnO2/MWCNT nanocables confirming
their crystallographic structure. The peak positions at 33.9 and
51.8� were assigned to tetragonal rutile SnO2 (JCPDS Card No. 41-
1445). However, the diffraction peaks corresponding to Au were
not found. The TEM images (Figs. 28b) present that the MWCNTs
were coated with a Au–SnO2 hybrid layer of uniform thickness
about 10–15 nm, forming nanocables of a diameter about 30–
50 nm. The grain size of the coating material was very small and
no lattice fringe was observed. Fig. 28c shows the rate performance
of SnO2/MWCNT nanocables with and without Au for rates up to
7.2 Ag�1. The nanocables containing Au exhibited higher reversible
capacities both at low and high rates than those without. The for-
mer nanocables with Au had stable reversible capacities of 467 and
392 mA Hg�1 at rates of 3.6 and 7.2 Ag�1, respectively, correspond-
ing to 62% and 52% of the capacities obtained at 0.18 Ag�1. In con-
trast, the capacities were reduced to 370 mA Hg�1 (3.6 Ag�1) and
242 mA Hg�1 (7.2 Ag�1) for the nanocomposites without Au, corre-
sponding to 60% and 39% of the capacities at 0.18 Ag�1, respec-
tively. The existence of Au species in the coating and the unique
1D architecture of CNTs as the template were mainly responsible
for the enhanced reversible capacities of Au–SnO2/MWCNT
nanocables.
The Au-SnO2/MWCNT nanocables had much lower charge
transfer resistance in the medium frequency range than for the
SnO2/MWCNT nanocables, as shown in Fig. 29. The faradic reaction
is determined by ion transfer and electron conduction indicating
that the reduction in charge transfer resistance was likely attrib-
uted to the improved electronic conductivity of Au–SnO2/MWCNT
electrodes arising from the Au nanoparticles. Au, an excellent elec-
tronic conductor, helped improve the Li ion insertion/extraction
reversibility as well as reduce the cell polarization. On the other
hand, the hybrid nanostructure enhanced the electrolyte/SnO2 con-
tact area, shortened the Li ion diffusion path in the SnO2 coating
layer, as well as accommodated the strains induced by the volume
change occurring during the electrochemical reactions. Another
material that has been studied recently along with the SnO2/CNT
composite anodes is graphene or graphene oxide. Incorporation
of 2D graphene sheets to form SnO2/CNT/graphene hybrid compos-
ites in the form of powder or paper further improved the specific
capacity as well as the cyclic performance due to the increased sur-
face area and pore volumes [149].

4.3.5. Si/MWCNT nanocomposites
Silicon is one of the most attractive and widely investigated

candidate anode materials due to its high theoretical specific
capacity of 4200 mA Hg�1 corresponding to the fully lithiated com-
position of Li4.4Si, which is 10-fold higher than that of graphite
[75]. However, large crystallographic volume changes and several
phase transitions occur during the Li insertion and extraction pro-
cesses, leading to the generation of large mechanical strains. These
strains cause cracking and breakdown of the electrode, which re-
sults in the failure of the anode after only a few cycles due to the
loss of electronic contacts between the active particles [150].

In an attempt to improve the cycleability of Si-based anodes,
second phase components have been introduced to serve as buffer
so that a large volume change during cycling can be accommo-
dated. Si/MWCNT nanocomposites with a unique core/shell struc-
ture [151] were fabricated, which showed superior anodic
performance to that observed in electrodes made from bare Si or
Si/MWCNT mixture. The results shown in Fig. 30 indicate that
the specific capacities of the composites with a core/shell structure
were at least twice higher than the other materials. It was pro-
posed that the void space and the flexible characteristics in
MWCNT buffer layer on the Si surface allowed volume expansion
of Si core without severe electrode swelling. The electronic conduc-
tive networks formed by MWCNTs also helped reduce the charge
transfer resistance. The relatively poor performance of the Si/
MWCNT mixture compared to that with a core/shell structure sug-
gests that the composites with active particles of intimate contacts
is more advantageous than simple mixing.

The concept behind the enhanced electrochemical performance
by the Si/CNT composites with a core/shell structure is illustrated
schematically in Fig. 31, which is compared with the Si powder
electrodes consisting of a random mixture of Si particles and CB.
The electric conductive networks are easily broken during cycling
of the conventional anode material because the Si particles tend
to be debonded and separated from the binder after discharging
(Fig. 31a). Once the CNTs are fully integrated with the Si particles
to form a core/shell structure, the composite electrode can deliver
much better electrochemical performance (Fig. 31b). The CNT layer
can accommodate the volume expansion of core Si particles to
minimize the electrode swelling. As a result, the electrical conduc-
tive network is maintained even after a large volume change in Si
particles. The performance of the electrode made from a Si/CNT
simple mixture was not equally improved (Fig. 31b) because the
CNTs played essentially the same role as the CB.

Si/MWCNT composites with different weight ratios were pro-
duced using purified MWCNTs and Si powder through high-energy



Fig. 28. (a) XRD spectrum for Au-SnO2/MWCNT nanocable; (b) TEM images of Au–SnO2/MWCNT nanocables; (c) discharge capacity vs cycle number for SnO2–Au/MWCNT
(j) and SnO2/MWCNT (h) composites at different rates between voltage limits of 0.01 and 1.2 V. After Chen et al. [148].

Fig. 29. Impedance spectra of (a) SnO2–Au/MWCNT nanocable and (b) SnO2/
MWCNT nanocable at an open circuit potential of 1.5 V in eighth cycle. After Chen
et al. [148].
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ball-milling [152]. The electrochemical tests on Li/(Si/MWCNT)
cells indicate that the highest Crev and the lowest Cirr were ob-
tained 1770 and 469 mA Hg�1, respectively, for the composite an-
odes made with a ratio of 50% MWCNT: 50% Si. The ball milling
contributed to decreasing the sizes of MWCNTs and Si particles,
and thus to increasing the electrical contact between these compo-
nents, which in turn enhanced the Li capacity and cyclic perfor-
mance. Similarly excellent results have also been reported of the
Si/CB/SWCNT nanocomposites that were prepared by dispersing
SWCNTs via high power ultrasonication into a pre-milled Si/C com-
posite mixture, followed by a subsequent thermal treatment [153].
The nanocomposite with a nominal composition of 35 wt.% Si/
36 wt.% SWCNTs exhibited a remarkable reversible discharge
capacity of �900 mA Hg�1 with a negligible capacity loss of 0.3%
per cycle up to 30 cycles.

The capacity of pure CNT anode can be increased by filling the
CNT interior with high-capacity Li-storage compounds, such as
those derived from Sn, Sb, alloys and metal oxides, see e.g. co-axial
SnO2 tube/CNT nanostructure [142] discussed in Section 4.3.4. The
nanocomposites of CNT filled with Sn2Sb alloys showed an impres-



Fig. 30. (a) Galvanostatic charge–discharge voltage curves of Si/MWCNT composite anode (Profiles of pure MWCNT anode are presented in inset). (b) Cycle performance of Si/
MWCNT composite anode compared to those of bare Si and Si/MWCNT mixed anodes. After Kim et al. [151].

Fig. 31. Schematic illustrations of failure modes encountered in Si anode materials: (a) normal Si and (b) Si/MWCNT nanocomposite. After Kim et al. [151].
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sive capacity for Li storage through alloy formation, but were sig-
nificantly less cycleable than graphite: their first cycle discharge
capacity was 1250 mA Hg�1 while the corresponding charge capac-
ity was 580 mA Hg�1 [154]. It is believed that a carefully crafted
combination of CNTs and high-capacity Li-storage compounds
may work synergistically to deliver both high capacity and good
cycleability. Sn-filled MWCNTs were synthesized using two differ-
ent methods, including an NaBH4-reduction process and a hydro-
thermal process, as anode material [117]. At a current rate of
0.1 C, the hydrothermally-filled CNTs gave a first-cycle discharge
and charge capacities of 1916 and 834 mA Hg�1, respectively;
while the NaBH4-reduced samples gave much higher values of
2474 and 889 mA Hg�1. It is also interesting to note that the
charge–discharge capabilities of the Sn-filled CNTs nanocompos-
ites were much higher than the corresponding values, 1281 and
340 mA Hg�1, respectively, of those containing open-ended CNTs.
These observations indicate that the electrochemical performance
of CNT-metal composites is related to their structural characteris-
tics: metal-filled CNTs are superior to metal-CNT composite mix-
tures, when used as the anode material for LIBs.

4.4. CNT arrays as anode material

MWCNTs consist of more than two graphene sheets rolled into
closed and concentric 1D cylinders. The graphene sheets have an
inter-planar spacing of ca. 0.34 nm, which is wide enough for the
intercalation/extraction of Li ions. MWCNT arrays have received
much attention for use as anode material due to their large surface
area and ordered electrode configuration [155]. A few studies have
been reported on the fabrication and evaluation of ‘‘free-standing’’
CNT paper electrodes without substrate. The free-standing CNT pa-
per electrodes are light, flexible, highly conductive, and can be fab-
ricated using a simple filtration method under a positive pressure
without having to use a metal substrate or binder [156,157]. An
added advantage is that the electrode made from buckypaper is
much lighter than conventional electrodes that are normally fabri-
cated by coating a mixture containing an active material onto a
metal substrate.

There have been increasing interests in flexible and safe energy
storage devices based on both batteries and supercapacitors to
meet stringent requirements driven mainly by high-power and
high-energy applications. One of the potential solutions to these
demands is combining the storage capabilities of LIBs together
with the excellent power discharge characteristics of capacitors,
making the device highly capable of storing useful quantities of
electricity that can be discharged very quickly. Once the integrated
structure of the electrochemical devices containing three essential
components, namely electrodes, spacer and electrolyte, is made
mechanically flexible, they can be embedded into various func-
tional systems in a wide range of innovative products such as
smart cards, displays and implantable medical devices. A paper-
thin and flexible energy storage device was successfully fabricated
[158] by incorporating nanoporous cellulose as the main constitu-
ent of paper with CNTs. The novelty of this device lies in its
mechanical flexibility allowing to change its shape to meet the
space requirements of modern devices, as well as the elegance of



Fig. 32. Electrochemical properties of nanocomposite thin-film paper battery: (a)
first charge–discharge curves of the samples cycled between 3.6 and 0.1 V at
10 mA g�1; (b) charge capacity vs. number of cycles; and (c) flexible nanocomposite
film battery used to glow a red light-emitting diode (LED). After Pushparaj et al.
[158].
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the design, where all components, i.e. electrodes, electrolyte and
separator, are integrated into a single unit that acts as a building
block for the final battery structure. CNT films of uniform thick-
nesses were grown vertically on a silicon substrate, which were
then impregnated with cellulose to form a nanocomposite paper.
The paper was assembled into a battery by (i) evaporating a thin
layer of Li metal as the anode, (ii) using a Li conducting organic
solution as the electrolyte, and (iii) attaching aluminum foil on
both sides to collect the current. It was claimed that the superca-
pacitor could be combined with batteries to make hybrid devices.
The charge–discharge cycles of the battery were measured be-
tween 3.6 and 0.1 V, at a constant current of 10 mA g�1. A large
irreversible-capacity (�430 mA Hg�1) was observed during the
first charge–discharge cycle (Fig. 32a), and further charge–dis-
charge cycles resulted in a reversible capacity of 110 mA Hg�1

(Fig. 32b). The laminated battery device was able to light up a
red light emitting diode (LED) (Fig. 32c) several tens of cycles, dem-
onstrating its excellent discharge performance.

Although they can be used to produce innovative functional
nanostructures, aligned CNTs (ACNTs) grown on a substrate suffer
from a lack of good electrical connectivity between them [159]. To
avoid the lack of lateral connectivity, a novel approach was devel-
oped to form a nanostructured ACNT/conducting polymer compos-
ite, where the ACNTs were held together by a conducting polymer
layer. The ACNTs remained vertically oriented and protruded from
the conducting polymer layer with 90% of the tube length being ex-
posed. These free-standing ACNT/poly(3,4-ethylenedioxythio-
phene (PEDOT)/poly(vinylidene fluoride) (PVDF) membrane
electrode was not only lightweight, flexible, highly conductive
and mechanically robust, but also could be fabricated into a
rechargeable battery without having to use a metal substrate. In
addition, the capacity of the ACNT/PEDOT/PVDF electrode was
50% higher than that observed for a free-standing SWCNT paper.
This study has important implications in the development of
ACNT/conducting polymer composites as a new class of electrode
material for flexible rechargeable LIBs and may find niche applica-
tions of CNTs in flexible electronic devices.

5. Concluding remarks and future prospect

As LIBs find a diverse range of new applications, such as EVs,
HEVs and power tools, they must have excellent rate charge–dis-
charge performance, as well as high energy and power densities.
To achieve this ultimate goal, there have been enormous research
efforts aimed at improving LIB technology, especially the electrode
performance. Nanoscaled materials represent a rapidly growing
area in the field of LIBs because of their substantial advantages in
terms of mass transport. Transport in nanoparticle systems typi-
cally encompasses shorter transport lengths for both electrons
and Li ions, larger electrode–electrolyte contact area and better
accommodation of the strains arising from Li ion insertion/extrac-
tion [3,88,97,160–163]. However, a large surface area may also in-
crease the solvent decomposition occurring at both the anode and
cathode during charge–discharge cycles, resulting in a large, irre-
versible capacity loss. In addition, poor packing of nanoparticles
may also lead to a low volumetric energy density. Therefore, it is
important that the particle size and morphology be optimized so
as to maximize the performance of the electrode material. The
addition of CNTs in conventional electrodes, both cathodes and an-
odes, can enhance the electronic conductivity, improve Li diffusion
and maintain morphological stability, which in turn result in high-
er reversible capacities, rate capability and battery cycleability.
However, there are also challenges in the synthesis of CNT-based
nanocomposites, which include: (i) poor adhesion of nanoparticles
with CNTs; (ii) difficulties in uniform dispersion; and (iii) a low
CNT content that can be incorporated without agglomeration.
Other important challenges include the development of environ-
ment-friendly, low-cost, high-volume synthesis and fabrication
techniques for nanocomposites, as well as the significant improve-
ment in safety characteristics for their use in the battery systems.
As has been verified for many electrode materials, such as Li4Ti5O12

and LiMn2O4 [164–166], an electronic conductive medium, such as
Ag, could greatly improve their discharge capacity and cyclic sta-
bility at high rates. However, Ag is very expensive and the syn-
thetic route of the composites is difficult to control for
homogeneity of the components. While carbon materials are more
cost effective than Ag, the graphitizing process influences the yield
of the composites. As a key new material, CNT–based nanocompos-
ites have been studied extensively due to their excellent multi-
functional characteristics as electrode materials.

Graphene, a one-atom-thick planar sheet of carbon that is den-
sely packed in a honeycomb crystal lattice, has emerged recent
years as an alternative to other carbon allotropes, including CNTs,
after the development of various routes for synthesis [167–170].
Due to its combination of unique physical, electrical, mechanical
and other functional characteristics, graphene will surely contrib-
ute to achieving the ultimate performance of future LIBs and other
energy storage devices. Indeed, the application of graphene or
graphene oxide in electrode materials for LIBs and supercapacitors
has already appeared in the literature [171–174]. Because it is
highly conductive, mechanically robust, non-toxic, chemically
and thermally tolerant, and has a large electrochemical stability
window, graphene is particularly suited for Li ion storage to re-
place the traditional graphite anodes, for serving as template sup-
porting the active anode particles [149,172], and acting as
conductive additive in LIBs [173]. The most obvious impediment
to commercial exploitation of graphene materials for LIBs is the ab-
sence of reliable methods for large-scale production of processable
graphene sheets. Commercially viable synthetic strategies must be
explored in order to translate laboratory findings into devices.

The rational design of novel electrical energy storage systems
with a high energy density will benefit from a combined experi-
mental and theoretical approach. Nanostructuring the electrode
materials together with incorporation of conducting fillers like
CNTs for larger surface areas and thus higher intercalating capaci-
ties is a promising strategy in advanced LIBs. This gives rise to var-
ious advantages, including (i) fast rate capabilities due to shorter
lengths for both electronic and Li ionic transport, (ii) high energy
density and excellent cyclic life arising from the large electrode/
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electrolyte contact area, as well as (iii) better accommodation of
the swelling strains resulting from the Li ion insertion/extraction
processes. However, the high interparticle contact resistance
caused by the aggregation between the nanostructured active
materials and embedded CNTs limits the efficiency of electronic
conduction and thereby reduces the power density. A revolution-
ary advance is necessary for efficient design of hybrid nanostruc-
tured materials that best utilize the characteristics of both
materials taking into account their relative advantages and weak-
nesses. Progress in these key areas will eventually allow develop-
ing new materials with high energy and high power at low costs,
which will in turn accelerate the innovation in battery systems.
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