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The development of lithium ion batteries (LIBs) relies on the improvement in the performance of
electrode materials with higher capacity, higher rate capability, and longer cycle life. In this review
article, the recent advances in carbon nanotube (CNT) anodes, CNT-based composite electrodes,
and CNT current collectors for high performance LIBs are concerned. CNT has received consider-
able attentions as a candidate material for the LIB applications. In addition to a possible choice for
anode, CNT has been recognized as a solution in improving the performance of the state-of-the-art
electrode materials. The CNT-based composite electrodes can be fabricated by mechanical or chem-
ical approaches. Owing to the large aspect ratio and the high electrical conductivity, CNTs at very
low loading can lead to an efficient conductive network. The excellent mechanical strength suggests
the great potential in forming a structure scaffold to accommodate nano-sized electrode materials.
Accordingly, the incorporation of CNTs will enhance the conductivity of the composite electrodes,
mitigate the agglomeration problem, decrease the dependence on inactive binders, and improve the
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electrochemical properties of both anode and cathode materials remarkably. Freestanding CNT net-
work can be used as lightweight current collectors to increase the overall energy density of LIBs.
Finally, research perspectives for exploiting CNTs in high-performance LIBs are discussed.

Keywords lithium ion battery, carbon nanotube, composite, conductive additive, structural
scaffold
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able energy will reduce the dependence on conventional
energy sources.

Amongst all the above mentioned renewable energy
technologies, lithium ion battery (LIB) is unique ow-
ing to its great portability. At this age, LIBs occupy
the largest portion of the commercial battery mar-
ket to power portable electronics. Next-generation LIBs
are expected to have high reversible capacity, supe-
rior cycling stability, and excellent rate performance to
match the requirements in hybrid/plug-in electric vehi-
cles (HEV/PEV) and grid storage devices in order to
decrease the emission from burning gasoline [1-3]. LIB
is an electrochemical energy storage device that involves
charge transfer across the interface between the elec-
trolyte and the electrode. Applying lithium to develop
high performance batteries is motivated by its low stan-
dard reduction potential at —3.04 V vs. HT /Hy, as well
as the low density (0.53 g-cm~3). With the same weight,
the batteries based on lithium can store more energy
than any other types of batteries. The earliest lithium
battery was developed based on TiSy cathode and Li
metal anode by Exxon in 1970s [4]. The commercializa-
tion of this lithium battery finally failed for many rea-
sons, such as the high reactivity of lithium to the or-
ganic electrolytes, formation of dendrites, and the high
flammability of metal lithium [3]. Attempts to solve these
safety concerns led to the utilization of carbonaceous
materials as anodes. By combining carbonaceous anodes
and LiCoOs cathodes with layered structures that can
host lithium, LIBs available in the present market were
first commercialized by Sony in 1991 [3, 5, 6].

The working principle of LIBs is illustrated in Fig. 1.
Using “lithium ion battery” instead of “lithium battery”
is associated with the shuttling of lithium ions between
cathodes and anodes [3, 5, 7]. The prevalent cathode ma-
terial could be lithium containing metal oxides and the
anode material is dominated by carbonaceous materials,
for instance, LiCoOs and graphite as shown in Fig. 1.
In the charging process, lithium ions are forced to leave
those gaps between oxide layers in the LiCoOs structure
under an external electric field and intercalate into the
graphite lattice. Note that the term “intercalate” is used
more popularly than “insert” in the literature concern-
ing LIBs. The discharging process can be considered as
the reverse of charging, in which lithium ions deinter-
calate from the graphite lattice and are accommodated
by the LiCoOs lattice again. A porous polymer sepa-
rator electrically insulates the cathode and the anode,
and provides channels for lithium ion transfer during the
charging/discharging processes. In practice, cathode and
anode materials are attached to Al and Cu current collec-
tors, respectively, to improve the electrical conductivity
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and support the electrodes (not shown in Fig. 1).
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Illustration of lithium ion batteries. Grey dots represent

The performance of LIBs is mainly determined by the
intrinsic properties of electrode materials. Carbonaceous
materials as anodes for LIBs exhibit significant advan-
tages [9]. As a new member in the carbonaceous ma-
terial family, carbon nanotube (CNT) is distinguishing
in improving the performance of current electrode ma-
terials. CNT possesses a one dimensional structure with
saturated carbon bonds on the surface [8]. This unique
structural feature raises extra potentials beyond a mere
lithium storage material. For instance, the large aspect
ratio and high electrical conductivity suggest the supe-
riority in forming conductive networks at a rather low
loading of CNTs, which will benefit those popular elec-
trode materials based on oxides with low electrical con-
ductivity [9]. CNTs are made of strong sp? carbon bond-
ing. Their excellent mechanical properties will be utilized
to buffer the volumetric change in the electrodes during
charging/discharging processes [10, 11]. CNT networks
are excellent scaffold structures to host a wide variety of
nano-sized electrode materials. With a similarity in size,
the conducting CNT network is very efficient in electron
transfer with the active materials. The bind-free com-
posite electrode concept can be embodied in the CNT
composite electrodes achieved by either mechanical or
chemical attempts, with the CNT network as structural
scaffold. Lastly, interlaced CNT films hold promises as
lightweight and flexible current collectors.

In this review, we aim to provide a concise but rather
comprehensive survey on the applications of CNTs in
high-performance lithium ion batteries to the best of our
knowledge. This article is arranged as follows: brief dis-
cussion on the lithium storage mechanism in carbona-
ceous materials, the potential of CNT's as conductive ad-
ditives and structural scaffolds for composite electrodes,
the functions of CNTs to template the in-situ growth of
electrode materials, and the applications of CNT films
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as current collectors.

2 Carbonaceous materials as anodes in LIBs
2.1 Lithium storage in carbon

From the view of material scientists, carbon is one of
the most abundant elements on the earth with attrac-
tive applications in many fields. The reaction of carbon
and lithium has been investigated for a long time. Be-
sides the formation of carbides, Li can also insert into
the graphite lattice, only resulting in a slight expansion
between graphene layers but retaining the integrity of the
structure. The very low redox potential of such an inser-
tion process suggests a similar reactivity to that of metal-
lic lithium [12, 13]. Accordingly, this “intercalation” re-
action, as termed in many articles, was extensively in-
vestigated from 1950s to exploit carbonaceous materials
as a safer anode than Li metal in LIBs [14-16]. The in-
tercalation mechanism of lithium storage in the graphite
can be understood in terms of the crystal structure. The
graphite lattice is constructed via stacking graphene lay-
ers in either ABAB --- or ABCABC - - - sequences, cor-
responding to the dominant hexagonal graphite and the
less common rhombohedral graphite [17]. Unlike in-plane
carbon atoms, the graphene sheets are held together by
the van der Waals forces from delocalized 7-p bonds.
Such weak interactions between graphene sheets allow
for the intercalation of a wide variety of atoms [14]. The
intercalation of lithium takes place in different stages
because lithium atoms try to occupy distant graphene
layers to avoid the static repulsion [Fig. 2(a), (b) and
(c)]. As a result, the intercalation process is accompa-
nied with an expansion of the graphite lattice along the
c-direction [18-21]. At the fully lithiated stage, lithium
atoms will fill in all gaps between graphene layers and as-
sociate with only one hexagonal carbon ring. The neigh-
bored graphene layer slides slightly to AA stacking to
have each Li atom being sandwiched between hexagonal
carbon rings directly facing each other, forming a Li-
Cs-Li-Cg sequence along the c-axis [Fig. 2(d) and (e)].
This structural model corresponding to the fully inter-
calated graphite has been verified by theoretical studies
[22]. According to this model, the chemical composition
of graphite at the fully lithiated stage is LiCg with a
theoretical capacity of 372 mAh-g~'. The access to all
nearest neighbor sites is only achieved under extreme
synthetic conditions (~60 kbar, 573 K) [23, 24]. The re-
sulted LiC, phase possesses very short Li-Li distances
at ca. 2.5 A and is metastable with respect to the de-
composition to intermediate Li-C phases, Li, and LiCg
at ambient conditions [23].
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Fig. 2 (a)—(c) Formation of Li;Cg intercalation compounds at
different stages with compositions. Graphene layers are drawn as
grey bars. Models are redrawn from Ref. [7]. (d) Crystal struc-
ture of LiCg, showing AA-stacking of graphene layers. (e) Top
view of LiCg. Carbon atoms are plotted with a much smaller size
to emphasize the position of intercalated lithium. The unit cell is
highlighted in red for both (d) and (e).

In practice, perfect graphite is hard to make because
of the easy generation of crystallographic defects by the
relative sliding and rotating of graphene layers. The car-
bonaceous material can be classified into graphitic car-
bon with a high crystallization state of graphite, and into
non-graphitic carbon with varying degrees of misorien-
tation and misfits of graphene layers. The non-graphitic
carbon is composed of many graphite crystallites that
crosslink with amorphous regions so that it lacks long-
range crystallographic orientation along the c-axis. The
planar hexagonal network is still appreciable under struc-
tural characterization tools such as TEM [25, 26]. The
practical lithium storage capacity of non-graphitic car-
bon is affected by the degree of deviation to the ideal
graphite structure. Non-graphitic carbon can be grouped
into “soft” carbon and “hard” carbon. In soft carbon,
the crosslinking between those graphitic regions is weak
and the graphite structure can be developed upon heat-
ing. In contrast, the graphitic regions in hard carbon are
immobilized due to the strong crosslinking. No distin-
guishable development of graphite structures is observed
in hard carbon even at very high temperatures (~3000
°C) [27]. The reversible capacity of soft carbon is always
less than 372 mAh-g—!. This is because the stoichiomet-
ric factor “z” in the end compound “Li,Cg” is smaller
than “1” [28]. In fact, the lack of long-range order in
the stacking of graphene layers and the crosslinking be-
tween graphite crystallites are barriers to the shift to
the necessary AA-stacking for lithium intercalation. The
contribution from the amorphous part of soft carbon is
related to the history of heat treatments [29, 30]. For
hard carbons, the lithium storage capacity is higher than
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that of ideal graphite. Mechanisms to explain this higher
capacity have been proposed by researchers. For exam-
ple, micropores and micro cavities can serve as reser-
voirs to accommodate lithium [31]. Some hard carbons
show high capacities at very low potential just a few mVs
above LiT /Li. Dahn suggested that lithium can be ad-
sorbed on both sides of the graphene layers, which were
randomly arranged like “house of cards” [32]. The in-
troduction of heteroatoms, such as B, Si, P, etc., can
also lead to changes in both specific capacity and charge
potential [33-35]. However, a model that can elucidate
the heteroatom effects has not yet been established very
well. Even though hard carbons deliver higher capac-
ities, novel ideas and projects that address soft car-
bons are still attractive. This is due to several draw-
backs of the hard carbon material. i) There is always an
extremely high irreversible capacity that will consume
a large amount of lithium. ii) The hysteresis between
charging and discharging indicates energy losses during
cycling. iii) Li deposition at shallow potentials will lead
to unwanted plating of lithium metals, being a safety
concern that has to be taken into account in the LIB
manufacturing [36, 37].

2.2 CNTs as a lithium storage material

CNT can be regarded as a roll-up of graphene lay-
ers to form a seamless cylinder capped with fullerenes.
The number of concentric graphene layers groups it
into single-walled carbon nanotube (SWCNT) and multi-
walled carbon nanotube (MWCNT). The spacing of
graphene layers in MWCNTSs is 0.34 nm, close to that
of graphite. This characteristic of the structure of CNT
was first observed by high resolution transmission elec-
tron microscopy (HRTEM) in 1991 [38]. With a unique
structure, CNTs display quite distinctive electrochemi-
cal properties. In an ideal CNT, the graphene layer is
closed and there is no structural opening from the edge
direction as in the graphitic crystallites. The diffusion of
lithium ions can be assisted only by defects on the CNT
structure. To illustrate the mechanism of lithium ion
storage of CNTs, many theoretical studies were carried
out to address the kinetics and thermodynamics of the
lithium insertion [39-42]. Peculiarly important is the ex-
istence of morphological defects. In theoretical attempts,
carbon atoms on the wall of CNTs were artificially re-
moved to form defected rings with more than 6 carbon
atoms. The results showed that the diffusion of lithium
was not energetically favored until the ring-member in-
creased to 9. The energy barrier of lithium ion diffusion
through an enneagon, the 9-membered ring, was calcu-
lated as 9.69 kcal-mol~! [41]. Any carbon rings that con-
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sist of more than 9 carbon atoms will have negligible
restrictions to the penetration of lithium ions.

As an important member in the family of carbon, the
possibility of CNT in regard to potential anode material
has aroused great interests. The lithium storage capac-
ity of a variety of MWCNTs and SWCNTs has been
investigated extensively [43-52]. The amount of lithium
that CNT can store is related to the concentration of
its structural defects. Therefore, CNTs from different
sources revealed a wide range of reversible capacities.
Pristine aligned CNTs synthesized via a chemical vapor
deposition (CVD) method [53, 54] possessed a clean sur-
face with a small concentration of defects, which was
evidenced by the low Ip/Igratio in the Raman spectrum
(Fig. 3). Such raw CNTs displayed a reversible capac-
ity of 160 mAh-g—! in the voltage range of 0.01-2 V vs.
Li*/Li, much lower than that of graphite (Fig. 3). Sim-
ilarly, CNT arrays exhibited a reversible capacity of 200
mAh-g~! and good cycle and rate performance [55]. Free-
standing CNT paper and CNT-carbon black mat were
also explored as anodes, where metal current collectors
were not necessary anymore due to the conductive and
self-sustained property of the CNT network [56-58]. Such
anodes displayed a reversible capacity of less than 300
mAh-g~!. In some publications, the capacity of CNTs
exceeded the value in terms of the composition of LiCg
compound [44, 45, 59-65]. The excess in the capacity can
be attributed to the defects introduced to CNTs by me-
chanical or chemical processes. Upon a ball-milling pro-
cess, the capacity of SWCNT bundles was increased over
1000 mAh-g—t [45]. This increase can be interpreted as
a result of the effective shortening in the length and the
opening of the ends of CNTs, which favored the lithium
diffusion into the CNTs. The extra capacity may also
result from the lithium storage in spaces within CNT
bundles [61, 62, 65]. As other carbonaceous materials,
doping B or N atoms may also affect the capacity [40,
66, 67]. Although the specific capacity of CNTs can be
increased after certain mechanical or chemical processes,
there are still no conclusive results. One drawback for
CNT anodes is that it did not display a voltage plateau,
which reminds us the potential profile of hard carbon.
This similarity, along with the high irreversible capac-
ity in initial cycles, indicates that the lithium storage of
CNTs may be determined by the amorphous feature such
as structural defects, rather than the intercalation into
graphite crystallites. The efficiency of lithium storage in
CNTs may still remain low because of the inevitable loss
between the input and the output energies upon the hys-
teresis loop in each of the charging/discharging cycles. To
this end, there is still lack of clear conclusions regarding
the practical reversible capacity of CNTs. However, the

Yang Wu, et al., Front. Phys., 2014, 9(3)
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Fig. 3 (a) SEM image of aligned CNT array. (b) TEM image of individual CNTs (courtesy of Dr. Yuquan Wang). (c)
Raman spectrum of CNTs. (d) Cyclic performance of as-prepared CNTs from 0.01-2 V vs. Lit /Li.

and electrical properties of CNTs give rises to additional
applications beyond an anode material.

3 Beyond anode materials: CNTs as
conductive additives and structural scaffolds

Many electrode materials are oxides with poor con-
ductivity. The performance of such electrode materials
highly relies on the adequate addition of carbon con-
ductive additives. The high electrical conductivity, large
aspect ratio, excellent mechanical properties, and high
chemical stability suggest CNTs as a distinctive choice
for improving electrochemical properties of both cath-
odes and anodes [8-11]. Compared with the percolative
paths formed by traditional carbon conductive additives
such as carbon black and graphite powders, CNTs with
large aspect ratios (typically 10* or higher) are more
effective to form a continuous and conductive network
throughout the composite and to gain a much lower
percolation threshold. Accordingly, the conductivity and
electrochemical properties of the electrodes can be im-
proved at a smaller amount of CNT, leading to a higher
gravimetric capacity and power density for the entire
electrode. Another significance of CNT's arises from their

Yang Wu, et al., Front. Phys., 2014, 9(3)

applications as structural scaffolds in composite elec-
trodes. Because of the excellent mechanical properties
of CNTs, the conductive bridges within the composite
electrodes can be preserved even when any volumetric
change occurs during the lithiation and delithiation pro-
cesses, resulting in better cycling stability and rate per-
formance.

As to composite electrodes, homogeneous dispersion
of CNTs in the active material matrix is very crucial,
since non-uniform spatial distribution of the conductive
fillers will result in heavy polarization as well as severe
capacity fading of the composite electrodes. CNTs can
be incorporated with active particles by mechanical ap-
proaches such as blending, spraying, and ultrasonication,
etc. Alternatively, composite electrodes can also be ob-
tained by in-situ growth of anode or cathode materials on
CNTs in either solution or vapor based methods. Synthe-
sis and properties of CNT composite electrodes achieved
by these two kinds of approaches will be reviewed respec-
tively.

3.1 CNT composite electrodes by mechanical
approaches

Many research efforts involve the incorporation of CNTs
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with active electrode material particles by mechanical
approaches, such as blending and ball milling, result-
ing in CNT composite electrodes with higher conduc-
tivity, higher specific capacity, better cycling stability,
and improved rate performance than those with car-
bon black. For example, in LiFePO4~-MWCNT compos-
ite cathodes, LiFePO4 particles were connected with a
three-dimensional conductive network structure formed
by MWCNTSs, which can improve electron transport
and electrochemical activity effectively [68-72]. The
LiFePO4-MWCNTSs composite with loading of MWC-
NTs ranging from 4 wt% to 10 wt% exhibited higher
specific capacity, better cycling stability, and improved
rate capability than pure LiFePO, or LiFePO4-carbon
black cathodes. MWCNTs have also been widely used
as effective conductive additive in LiCoOs, LiMnyQOy,
LiNig 7C09.302, LiNi; ;3C01/3Mn; 302, Si, and graphite
electrodes, showing improvements in specific capacity,
cycling stability, and rate performance [73-80].
Applying CNTs as a sole kind of conductive addi-
tives may not be effective to achieve a decent surface
coverage on active materials. This problem can be cir-
cumvented by a strategy of hybrid conductive agents,
which contain both CNTs and carbon blacks powders.
CNTs with large aspect ratios favor the electron transfer
among multiple particles of the active material along the
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axial direction of CNTs, but do not provide efficient sur-
face coverage on individual active particles. In compari-
son, it is easier for round-shaped carbon black powders
to provide a conductive layer covering individual active
particles. Therefore, with the hybrid conductive agent
consisting of fillers with a wide range of aspect ratios,
charge transfer pathways can be supplied by both link-
ing multiple active particles in the long range and cross-
ing the surface of individual active particles in the short
range. The hybrid CNT-carbon black conductive addi-
tives have been integrated into composite LiCoOq elec-
trodes by mechanical blending and exhibited higher con-
ductivity, better cycling stability, and rate performance
than the electrodes containing a single type of conduc-
tive agents [75, 81]. Generally speaking, CNTs with large
aspect ratios always suffer from agglomeration to a cer-
tain extent. We demonstrated that continuous CNT films
drawn from super-aligned CNTs (SACNT) arrays with
an end-to-end joining mechanism [53, 54, 82, 83] can be
cold rolled into the LiCoOs-carbon black composites to
avoid agglomeration of CNTs [84]. The composite cath-
odes containing homogeneous and hybrid SACNTs (less
than 0.01 wt%)-carbon black conductive network exhib-
ited reduced percolation threshold, increased conductiv-
ity, much better cycling and rate performances compared
with the LiCoOs-carbon black cathodes (Fig. 4).
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Fig. 4 (a) Schematic of long-range and short-range conductive pathways by a hybrid Super P-SACNT network for the
LiCoO2 matrix. (b) The conductivity of the LiCoO2-Super P and LiCoO2-Super P-SACNT cathodes at different loading of
conductive agents. (c) Cycling and (d) Rate performance of the LiCoO2-Super P and LiCoO2-Super P-SACNT composite
cathodes, respectively [84]. Reproduced from Ref. [84], Copyright © 2013 Elsevier.
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In the above-mentioned work, CNTs mainly serve as
the conductive additive. Binders such as polytetrafluo-
roethylene (PTFE) or polyvinylidene fluoride (PVDF),
which are electrochemically inactive, are commonly re-
quired to bind the active materials and conductive ad-
ditives together. The insulating binders have no bene-
fits in regard to the overall energy density. To eliminate
binders, an ultrasonication and co-deposition (USCD)
method was developed to fabricate high performance
LiCoO2-CNT and LiMnyO4-CNT electrodes (Fig. 5)
[85]. The ideas of using CNTs as both conductive addi-
tive and structural scaffold were achieved by construct-
ing a continuous and conductive three-dimensional CNT
framework via ultrasonication to embed active material
particles. Note that only super-aligned CNTs with very
clean surface and strong van der Waals forces among
tubes can form the continuous network upon ultrasoni-
cation. Binder-free cathodes with excellent flexibility and
conductivity displayed much better cycling stability and
greater rate performance than classical cathodes with
binder. Furthermore, the absence of binder is remark-
able for high energy density batteries. The binder-free
LiCo02-3 wt% SACNT composite showed an impres-
sive 20.6% increase in specific mass capacity and 64%
increase in specific volume capacity than the optimized
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classical LiCoO2-10 wt% Super P cathode with binder.
The USCD procedure was very fast (10 minutes of ultra-
sonication) and easy for large-scale production of various
kinds of CNT-based composite electrodes.

Binder-free CNT composite electrodes fabricated by
other mechanical approaches have also been enriched in
the literature [86-88]. For instance, by dropping TiOs
nano-crystal suspension in toluene on a CNT paper con-
taining ultra-long CNTs with a length of 5 mm, inti-
mate contacts between TiO; and CNTs were achieved
in combining with vacuum infiltration [87]. Upon sol-
vent evaporation and sintering, the TiOs nanoparticles
were assembled on CNT's, forming conformal mesoporous
TiOs coatings on CNTs, which ensured effective electron
transport between the CNT scaffold and TiOs nanopar-
ticles. The porous channels in the CNT scaffold provided
pathways for effective ion transport. Therefore, the flex-
ible TiO2-CNT composite electrodes demonstrated ex-
cellent performance because of the effective pathways for
charge and ion transports and the robust scaffold struc-
tures. There has also been an attempt to prepare bis-
crolled LiFePO4/CNT composite yarns for use as binder-
free cathodes. LiFePO4 particles were first dispersed in
isopropanol by ultrasonication and then deposited onto
MWCNT films by vacuum-assisted filtration. Upon twist

Flexible composite
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Fig. 5 (a) Cross-sectional SEM image of a LiCoO2-1 wt% SACNT composite. (b) Features of composite electrodes
prepared by the UCSD method with different types of CNTs. (c) Cycling (0.1 C) and (d) Rate performance of the binder-
free LiCoO2 -SACNT composite cathodes. Reproduced from Ref. [85], Copyright (© 2012 Wiley-VCH.
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insertion in a liquid bath, LiFePO4/MWNTs biscrolled
yarns were produced, which displayed reasonable rate
performance [86].

3.2 In-situ growth of electrode material on CNTs

The chemical inertness of carbon enables a great viability
of CNTs in a wide variety of chemical reactions. Accord-
ingly, the strategy of in-situ growth of anode or cath-
ode materials on CNTs has been extensively explored
and results in a vast number of composite electrodes.
The growth of electrode materials can be implemented
in both solution phases or in gaseous phases. In the previ-
ous section, we have discussed recent updates on making
CNT composite anodes and cathodes through mechan-
ical approaches. All successful methods towards CNT
composite electrodes have to provide intensive energetic
inputs to overcome the van der Waals attractions among
CNTs. Surfactants or mild surface oxidation becomes
sometimes necessary to weaken or alter the interaction
among CNTs. Adequate surface modification of CNTs
can be achieved by coatings due to the in-situ growth.
Thus, the importance for this strategy may not only lie in
the effective fabrication of composite electrodes, but also
result in rich surface chemistry that benefits the disper-
sion of CNTs and chemical interactions between CNTs
and electrode materials.

The nano-scaled dimension of the material has shown
great impacts on the properties. With respect to elec-
trochemistry, nanomaterials show indeed potentials in
high-performance LIBs because their reduced dimensions
shorten the diffusion length of Li™ and enable high rate
capability [89]. Solution-based chemistry has shown re-
markable versatility in synthesizing nano-sized anode
materials on CNTs. Owing to the great capability to al-
loy large amounts of lithium, p-block metals are of great
interests as potential replacements to graphite in com-
mercial LIBs. For example, LisoSn and Lis 4Si corre-
spond to a specific capacity of 960 mAh-g~! and 4200
mAh-g~!, respectively, far beyond those of commercial
graphite (372 mAh-g=! in theory) [89, 90]. By choos-
ing adequate salts such as SnCly, deposit of tin on CNT's
electrochemically is successful to improve the capacity of
anodes [91]. High lithium storage capacity can also be ful-
filled by a combination of two or more metal species that
alloy with lithium. SnSb (<50 nm) and SnySb nanopar-
ticles (100-200 nm) were coated on CNTs by reductive
precipitation of metal chloride salts such as SnCls and
SbCls within a CNT suspension [92, 93]. The reduction
of metal ion can be catalyzed by the conductive CNTs.
Thus, the continuous precipitation of metal is preferen-
tial on the surface of CNTs. The applications of Sn-Sb
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alloy nanoparticles have since been extended substan-
tially to electrochemical energy storage. Even though the
improvement in anode capacity by depositing metals on
CNTs has been demonstrated effective, one drawback
that we are concerned about is the dramatic volumet-
ric change during the formation of lithium alloy [94, 95].
To circumvent this problem, Kumar et al. filled tin into
CNTs to reduce the possibility of pulverization as a con-
sequence of lithiation [96]. The capacity can be main-
tained at 800 mAh-g=! for at least 40 cycles. To enable
the tin-fill, vigorous oxidation of CNTs in concentrated
nitric acid was a prerequisite to open the ends. Similarly,
molten SnSb can be encapsulated inside CNT's, forming
SnSb nanorods with CNT shells upon cooling [97]. The
CNT shells can improve both the electrical conductivity
and mechanical integrity of the SnSb nanorods during cy-
cling. Another way to ease the volumetric expansion is to
dilute the active metal, such as Sn, into an inactive ma-
trix composed of another metal that will not alloy with
lithium. Examples of Sn-Co and Sn-Cu alloys were re-
ported [98, 99]. Lastly, there are a significantly less num-
ber of publications describing in-situ growth of Si and Si-
based alloys on CNT's by solution approaches, because Si
cations cannot exist in any aqueous solutions. However,
by involving a supercritical process in toluene, Chan et
al. fabricated silicon-coated MWCNTs, which displayed
a specific capacity as high as 1500 mAh-g~! [100]. The
carbon coating by the pyrolysis of sugar was a critical
step for obtaining stable cycling performance. Adopt-
ing diazonium chemistry, pre-synthesized Si nanoparti-
cles can also be grafted on the surface of MWCNTs with
strong covalent bonding [101].

SnQOs is a promising type of anode material. The homo-
geneous nano-coating of SnOy on CNTs can be achieved
by solution-based methods, such as hydrothermal pro-
cess, solvothermal process, and sol-gel process, etc. [102—
111]. A SnO3/MWCNT composite was synthesized in
combining with carboxymethyl cellulose as a binder hy-
drothermally and delivered a reversible capacity of 473
mAh-g=! for at least 100 cycles [104]. Wen et al. re-
ported in-situ hydrothermal growth of mesoporous SnOq
on MWCNTs [103]. In this approach, cetyltrimethylam-
monium bromide was employed as a structure-directing
agent. The mesoporous SnOo-MWCNTSs composites ex-
hibited higher reversible capacity and better rate capa-
bility than those of pure SnOs. The improvement of the
hybrid mesoporous composite was related to the hol-
low structure, strength and flexibility, excellent electri-
cal conductivity, and large surface area [Fig. 6(a) and
(b)]. Zhang et al. used poly(vinyl-pyrrolidone) as a link-
ing agent to anchor SnOs nanoparticles on cross-stacked
CNT sheets, which were assembled from CNT films dir-
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Fig. 6 (a) TEM image of MWCNT-mesoporous SnO2 (m-SnO2). (b) Cycling performance of a, MWCNTSs and m-SnOa,
and b, m-SnOs. Inset: voltage profiles MWCNTs and m-SnOs. Reproduced from Ref. [103], Copyright © 2007 Wiley-VCH.
(c) TEM images of cross-stacked CNT sheets loaded with SnO2 nanoparticles. (d) Cycling performance of the composite
electrodes at different voltage windows. Reproduced from Ref. [105], Copyright © 2009 Wiley-VCH.

ectly drawn from as-grown super-aligned CNT arrays
[105]. The formation of SnO2 was instead carried out in
a solid state reaction. Remarkably, this hybrid composite
displayed a much higher capacity at 850 mAh-g=! with
100% retention for 65 cycles [Fig. 6(c) and (d)]. This
superior performance can be attributed to the ordered
and continuous CNT sheets that serve as a conductive
network and structural scaffold. The challenge in using
cross-stacked CN'T sheets in solution-based methods was
how to pertain its structure in turbulent systems such as
a hydrothermal bath. Another method with great sim-
plicity was to soak such cross-stacked CNT sheets into
the aqueous solution of the metal nitrates, which were
directly decomposed into oxides by a following anneal-
ing step in Ar or Ny. A large variety of metal oxides can
be synthesized onto CNTs by this means.

Transition metal oxides, such as Co30y4, Fes O3, Fe3Oy,
MnOs, Mn3Oy4 etc., are another class of material with
high lithium storage capacities [112, 113]. Their CNT-
based composites were fabricated to explore their po-
tential as anodes for LIBs [114-116]. As earth abundant
materials, Fe3O4 and FepO3 are of great interests [114,

Yang Wu, et al., Front. Phys., 2014, 9(3)

117]. FegO4 nanoparticles were formed along the side-
walls of MWCNTSs by the chemical co-precipitation of
Fe?" and Fe?" in an alkaline solution [118]. The Fe3Oy4-
CNTs composite electrode displayed stable cyclic re-
tention and delivered a high discharge capacity of 656
mAh-g~! at the 145th cycle. A creative study concerned
well dispersed FezO4 nanorods, as the active material,
into the SWCNT conductive network [114]. The syn-
thesis involved a hydrothermal step using FeCls as the
source, followed by a heat treatment to anchor FesOy
nanorods into the SWCNT network. The SWCNTSs ben-
efited both structural integrity and electrical conductiv-
ity. With only 5 wt% SWCNTSs, the highest reversible
capacity was delivered at 1000 mAh-g~! for 100 cycles,
suggesting a competitive anode material. What should
be noted is the high rate performance. Stable capaci-
ties of 800 mAh-g~' and 600 mAh-g~! were delivered at
5C and 10C, respectively. Possible reasons could be the
charge transfer between Fe3O4 and CNTs, as preliminar-
ily evidenced by the change in the shape of G-bands as
well as the shift and the increase in low frequency lines
from 1554 to 1538 cm™! in Raman spectra. Therefore,
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the chemical process potentially bonded the active ma-
terial and the CNTs. For other transition metal oxides,
the MnOgy nano-flakes/CNT composite was synthesized
hydrothermally with little capacity fade for the first 20
cycles [119]. Reddy et al. synthesized MnOo-CNT nano-
cables. The MnOg nanotube was first synthesized in an-
odic aluminum oxide (AAO) templates and CNTs were
then grown inside MnOs tubes with a CVD method to
form a core-shell structure [115]. The MnO2-CNT nano-
cable displayed ~1000 mAh-g~? for initial cycles, which,
however, fast decayed to ~500 mAh-g=! after 15 cy-
cles. The core-shell structure of CNT/Co304 was also
reported by Wang et al. [120]. By a hydrothermal pro-
cess, Co304 nanoparticles were coated on CNT's and the
composite electrode exhibited a stable capacity of 530
mAh-g=! over 100 cycles.

Titanium and vanadium oxides exhibit lower ca-
pacities in comparison with late transition metal ox-
ides because the lithium storage in such oxides expe-
riences the insertion/intercalation process, instead of
the conversion process [121-124]. Consequently, tita-
nium and vanadium oxides show a small polarization
in charge/discharge voltage plateaus. Both TiOs and
Li4Ti5012 can be obtained via hydrothermal reactions or
sol-gel processes [125-129]. A LigTi5O1o-MWCNT core-
sheath anode composite, in which TiOs was coated on
MWCNTs, followed by a hydrothermal process and a
post-annealing process to afford Li;Ti5O12, was reported
[126]. Such a coaxial nanocable was capable to show en-
hanced lithium storage capacities and kinetics. With a
higher oxidation state, vanadium oxides display a higher
voltage than titanium oxides and therefore are exploited
as cathode materials. A sol-gel method was developed
to integrate SWCNTs with the VoOs aerogel synthesis

(a) ALD V,0; coating

CNT sponge

[130]. The V2O05-SWCNT composite electrodes exhibited
specific capacities above 400 mAh-g~! at 1C rate. Re-
cently, a nanocomposite that consisted of interpenetrat-
ing VoO5 nanowires and CNTs was synthesized [131].
The composite electrode was freestanding and flexible.
Its high performance resulted from the CNT conductive
network, the interconnected ionic channel, and the me-
chanical robustness provided by the ultra-long CNTs.
With 25 wt% of CNTs, the composite electrode was able
to deliver a stable capacity of 120 mAh-g=! for more
than 200 cycles at 5C rate. Prevalent cathode materi-
als, such as LiFePOy, LiNizMn,Coi_;_,O2, LiMnyOy,
and LizVy(POy)s etc., were also synthesized on CNTs
via in-situ growth in either liquid phase or solid phase
attempts [132-138]. To date, there have been a great
number of publications regarding composite electrodes
utilizing CN'T's via solution-based approaches to improve
the performance of LIBs. To initiate innovative research,
we may suggest a comprehensive understanding in the
chemical interaction at the interface and its influence on
charge transfers.

In parallel to applying solution-based approaches, the
synthesis of active material on CNTs can also be imple-
mented via vapor-based methods such as atomic-layer
deposition (ALD) or chemical/physical vapor deposi-
tion (CVD/PVD) [139-142]. Conformal coating of V505
(~17 nm in thickness) on CNT sponge has been reported
via an ALD method, in which VO(OC3H7)3 was used as
the vanadium precursor and deionized (DI) water was
used as the oxidizing agent [140]. In the voltage range of
2.1-4.0 V, the MWCNT /V305 core-shell sponge showed
a high and stable areal capacity of 816 wAh-cm=2 at
1C rate and an areal capacity of 155 pAh-cm~2 at 50C
rate, corresponding to a power density of 21.7 mW-cm 2
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Fig. 7 (a) Schematic of the fabrication of VoOs-coated MWCNT sponge.(b) and (c) SEM images of raw-CNTs, CNTs
coated with V2Os by ALD, respectively. (d) Cycling performance of VoO5-MWCNT sponge at different voltage windows.
Reproduced from Ref. [140], Copyright (© 2012 American Chemical Society.
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Fig. 8 (a) Illustration of the fabrication of Si coating on aligned CNT arrays by CVD. Reproduced from Ref [143],
Copyright © 2012 American Chemical Society. (b) and (c) SEM and TEM images of Si coated VACNTSs. (d) Specific
capacity and Coulombic efficiency at different rates. Reproduced from Ref. [139], Copyright © 2012 Wiley-VCH.

(Fig. 7). In comparison to solution-based methods, e.g.
sol-gel process, the deposition in vapor phase does not
need elevated temperatures to crystallize the target
product. However, because carbon is rather active at ele-
vated temperatures, extra cautions are required to main-
tain a reductive reaction condition. Even so, attentions
on the variation of the oxidation states of metals need to
be paid. For performing vapor phase synthesis, the CNT
network needs to possess a high porosity to avoid tortu-
ous diffusion paths for the gas molecules. One possible
choice is vertically aligned CNT (VACNT) arrays [Fig.
8(a)] [143]. By using such a porous VACNT array sub-
strate, Si nanoparticles were deposited by a CVD method
with silane as the precursor [139]. The nanostructured
Si/VACNT electrode exhibited reversible capacities of
2050 mAh-g~! at C/2 with a very good capacity reten-
tion as shown in Fig. 8. A carbon coating was deposited
on the outer layer of Si to guarantee the stable perfor-
mance. This work represented a thick battery electrode
with potentials for large-scale production. Free-standing
Si/CNT anodes were made by deposition of Si onto CNT
networks with similar CVD methods [143, 144].
Another way to produce highly porous CNT networks
that are suitable for vapor phase growth is to draw
CNT films, directly from super-aligned CNT arrays. The
CNT film is ordered and composed of single-layer parallel
CNTs along the drawing direction. Therefore, it can be
utilized as a scaffold to host deposits generated from the
PVD processes, such as e-beam evaporation and mag-
netron sputtering. Both methods have been used to pro-
duce binary or ternary oxides. The large-scale production
of iron oxide onto CNT's can be implemented with a mag-

Yang Wu, et al., Front. Phys., 2014, 9(3)

netron sputtering process. Sputtering plasma can be gen-
erated by two opposite guns using Fe as targets and the
CNT film was then gradually drawn through the plasma
as shown in Fig. 9(a) [145]. This method provided an
easy access to control the thickness of the deposit on the
CNT film. Deposited Fe can be spontaneously oxidized
to Fe3Oy4. The thickness of the Fe3Oy4 sheath on CNTs
can be confined to 5-7 nm, as a function of the drawing
speed of the CNT film. The corresponding composite dis-
played a reversible capacity of 800 mAh-g~! based on its
total mass (Fig. 9). The excellent reversibility can be ac-
counted for by the structure integrity as revealed by the
post-cycle microscopic studies.

The current trend in the electrode materials for the
high performance LIBs is to downsize the material scale
to nanometers in order to facilitate the ionic transfer. It
is also important to come up with nano-sized conductive
additives to deliver electrons to each of the electrochem-
ically active point. This concept can be proofed by in-
situ growth of active material directly on CNTs. When
enclosed by active materials, the notorious agglomera-
tion problem of CNTs would be mitigated. Finally, the
CNT composite electrodes obtained via in-situ synthesis
are paradigms in line with the bind-free concept since
the active materials strongly interact with the surface of
CNTs and hence organic binders become unnecessary.

4 CNT current collectors

The current collector, as an important battery com-
ponent to hold the electrode material and to conduct
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Fig. 9 (a) Hlustration of the sputtering process to deposit Fe on the CNT film. Inset: A photograph taken in the magnetron
sputtering process. (b) TEM image of a CNT coated with iron oxides. (¢) and (d) Electrochemical characterizations of
cycling and rate performances of Fe3O4-CNT electrodes, respectively [145]. Reproduced from Ref. [145], Copyright © 2013

American Chemical Society.

electricity between the electrode material and the elec-
trode lead, would substantially influence the overall per-
formance of LIBs. Current collectors of commercial LIBs
are commonly made of metals such as Al and Cu foils.
These metal current collectors have no contribution to
the overall capacity, but account for 15%-20% of the
total mass of the battery [146], which would reduce
the energy densities of LIBs severely. In addition, these
metal current collectors often exhibit weak adhesion and
limited contact area to the electrode material. Detach-
ments of electrode materials from current collectors of-
ten result from volumetric change during the charg-
ing/discharging processes or bending/folding in flexible
LIBs, leading to capacity loss or poor performance at
high rates. Moreover, metal current collectors are suscep-
tible to long-term degradations, which may increase the
internal impedance and cause capacity losses [147, 148].
Therefore, it is critical to develop a novel type of current
collector that is lightweight, thin, mechanically durable,
and chemically stable for use in the high-performance
flexible LIBs. CNTs with high conductivity, low density,
excellent mechanical properties, and high chemical sta-
bility are a kind of very promising material for use as
current collectors for LIBs.

The interlaced conductive CNT networks are excel-
lent examples for lightweight current collectors for the
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next-generation LIBs. SWCNT films made from vacuum
filtration of SWCNT suspension were originally used as
current collectors in Zn-MnO» batteries [149]. The high
porosity and high surface area of CNTs allow for good in-
tegration with the active material particles. The conduc-
tivity of such CNT film was as high as 1600-2000 S/cm
[149, 150]. Later on, it was demonstrated that aqueous
CNT ink with sodium dodecylbenzenesulfonate (SDBS)
as a surfactant can be coated onto paper. The highly con-
ductive paper with conformal CNT coating with a low
sheet resistance around 10 /sq can serve as lightweight
current collectors to replace heavy metal foils in LIBs,
leading to higher energy density of the batteries [151].
Afterwards, freestanding CNT films without any sup-
ports were developed as current collectors to further in-
crease the energy density of the LIBs [152-154]. CNT
films can be made by a spray-painting method for use as
current collector [152]. A mixture of 0.5-1 wt% of SWC-
NTs and 20 wt% of Super P conductive carbon additive
were dispersed in 1-methyl-2-pyrrolidone (NMP) by ul-
trasonication to form viscous and highly conductive inks
suitable for spray painting. The spray-painted SWNT-
Super P films have a thickness of 30 um, areal density
of 2 mg-cm ™2, and sheet resistance of as low as 10 Q/sq,
adequate for the use of current collectors [152]. Alter-
natively, CNT films can also be fabricated by a doctor-
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blade coating method [153]. Aqueous CNT ink was first
coated onto stainless steel substrates, forming CNT thin
films with thickness of around 2 pm. After coating elec-
trode slurry onto CNT film and immersing the whole
substrate into DI water, the electrode/CNT layer can
be peeled off from the stainless steel substrate. The ran-
domly oriented CNT thin film serves as freestanding and
lightweight current collector with an areal density of 0.2
mg/cm?. Electrodes made with such CNT current col-
lectors demonstrated high energy density based on the
total mass of the battery.

Highly conductive and freestanding CNT films can also
be derived from cross-stacked CNT films drawn from
SACNT arrays with smaller thickness and areal den-
sity than those of the above-mentioned CNT networks.
The SACNT films can be used as lightweight, thin, and
flexible current collectors for both graphite anodes and
LiCoO5 cathodes to demonstrate remarkable improve-
ments in the battery performance (Fig. 10) [155]. Flexi-
ble and freestanding electrodes were fabricated by coat-
ing SACNT films with electrode slurry. The thin SACNT
films were extremely lightweight with an areal density of
as low as 0.04 mg-cm~2 and a thickness of less than 1
um, compared with 16 mg-cm™2 and 20 um for a Cu
foil. As a matter of fact, the graphite-CNT electrodes
exhibited a more than 180% improvement in gravimetric
energy density than the electrodes based on Cu current
collectors. The porous structure of the SACNT films en-
abled easier slurry infiltration, larger contact area, bet-
ter wetting, stronger adhesion, and lower contact resis-
tance at the electrode/CNT interface. The SACNT films
themselves were flexible and strong enough for the struc-
tural integrity of the electrodes. Accordingly, any volu-
metric changes of the electrodes during electrochemical
reaction and repeated mechanical deformation in flexible
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LIBs can be better accommodated, leading to better cy-
cling stability, rate capability, and mechanical durability.
Furthermore, fabrication of the SACNT films has been
scaled up to meet the industrial requirements, and mass
production of lightweight and flexible LIBs with CNT
current collectors is potentially feasible.

5 Conclusions and perspectives

It has become a ubiquitous recognition that the future
of LIBs should focus on both energy and power den-
sity, which is indispensable to the development of elec-
trode materials. The best anode material in LIBs is still
dominated by carbonaceous materials. There have been
tremendous efforts to explore CNT as a candidate of an-
ode. However, it exhibits quite different behaviors. The
lithium storage in CNTs is related to the structural de-
fects and capacitive surface adsorption, rather than the
intercalation process that is common in other types of
carbonaceous materials. Even though CNT is not one of
the best anode materials, it still holds high application
potentials due to its superior electrical and mechanical
properties.

Accordingly, CNTs will be more likely to play an im-
portant supporting role in high-performance LIBs, not
involving into the lithium storage directly but provid-
ing a conductive network and a structural scaffold for
traditional electrode materials. A critical factor in man-
ufacturing battery is the conductivity of the electrode.
The addition of a large amount of carbon additive would
decrease the energy density of the LIBs. Moreover, the
infiltration of liquid electrolytes will be strenuous due to
the low porosity and the existence of binders. In contrast,
a network formed by CNTs could be both highly porous

on CNT

on Cu

2 mm

Fig. 10 (a) Schematic of the procedure for making flexible electrodes on cross-stacked SACNT films as lightweight and thin
current collectors, and a photograph of a freestanding and highly flexible graphite electrode with CNT current collector.
(b) Cross-sectional SEM image of a graphite electrode with a thin CNT current collector. (¢) Photographs of graphite
slurry droplets (15 uL) on a porous CNT film and a flat Cu foil. Contact angles are highlighted. Reproduced from Ref.

[155], Copyright © 2013 Wiley-VCH.
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and highly conductive, which will allow for an easy in-
filtration of electrolytes and minimize the electrical po-
larization inside the electrodes, particularly for high rate
applications.

Another significance that differentiates CNT from
other traditional carbon conductive is its capability to
construct a structure scaffold to host electrode mate-
rials, as a result of its excellent mechanical properties.
With strong interactions, such CNT composite elec-
trodes are self-supported and compatible with the idea
of binder-free composite electrodes. In fact, inactive or-
ganic binders take up to 10 wt% of the electrode. Any re-
moval of inactive component in the electrode is expected
to improve both gravimetric energy and power densities.
Another advantage is the mechanical flexibility of the
CNT scaffolds. Not only can the CNT scaffold host elec-
trode materials, but also buffer the volumetric change
accompanying the lithium intercalation/deintercalation
processes for electrode materials. The entire morphology
of the composite can therefore be maintained even after
many cycles, suggesting an excellent long-term stability.
The mechanical property of CNTs can also be utilized
to make metal-free current collectors with a much lighter
weight, higher stability, and better wettability with the
slurry of electrodes.

Nanosized material has been the most attractive mate-
rial system for the current trend in LIBs. The ionic trans-
fer is greatly facilitated in small dimensions, in which the
diffusion length of Li™ ion is drastically shortened. To ex-
press the advantages of nanomaterials, current collectors
with similar sizes are usually fabricated with sophisti-
cated chemical process. Shifting this strategy to using
CNTs to deliver electrons has been demonstrated suc-
cessful. Nanomaterials can be loaded on the CNT net-
work with both mechanical and chemical approaches.
Indeed, the scaffold function of the CNT network also
effectively avoids the formation of agglomerates of ac-
tive materials. As an alternative conductive additive in
comparison with carbon black, CNTs will lead to high-
performance electrodes in terms of high electric property,
large aspect ratios, and ability to construct conductive
scaffolds to sustain long-term cycling and high power ap-
plications.

In the future, there are still lots of aspects that need to
be addressed regarding the applications of CNTs in the
next-generation LIBs. The mechanism that underlies the
lithium storage in CNT can still be further studied both
experimentally and theoretically. The scientific activities
always benefit from technologies. The advanced char-
acterization and computational resources would enable
the access to more sophisticated modeling. This holds
specific importance to the understanding of lithium stor-
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age in CNTs towards a clear and convincing conclusion.
Interactions between CNTs and active materials are also
of great importance. As the electrochemical process con-
cerns both electron and ion transfers, questions such
as to what extent the interaction promotes the surface
charge transfer would be of great curiosities. The surface
chemistry in the CNT-based composites is the second
important aspect. Lastly, how to reduce the cost of high-
quality CNTs continuously is still an important task for
both scientists and engineers.
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