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Aligned carbon nanotubes for lithium-ion batteries: A review
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ABSTRACT
Nanoscale materials are gaining massive attention in recent years due to their potential to alleviate the present electrochemical
electrode constraints. Possessing high conductivity (both thermally and electrically), high chemical and electrochemical stability,
exceptional  mechanical  strength  and  flexibility,  high  specific  surface  area,  large  charge  storage  capacity,  and  excellent  ion-
adsorption,  carbon  nanotubes  (CNTs)  remain  one  of  the  most  researched  of  other  nanoscale  materials  for  electrochemical
energy  storage.  Rather  than  having  them  packed  at  random,  CNTs  perform  better  when  packed/grown  to  order,  vertically  or
horizontally  aligned  to  a  substrate.  This  study  presents  an  overview  of  the  impact  of  CNT  alignment  on  the  electrochemical
performance of lithium-ion batteries (LIBs). The unique properties of vertically aligned CNTs (VACNTs) for LIB application were
discussed.  Furthermore,  the  mechanisms of  charge  storage  and  electrochemical  performances  in  VACNT-based (pristine  and
composites) anodes and cathodes of LIBs were succinctly reviewed. In the end, the existing challenges and future directions in
the field were also briefly discussed.
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 1    Introduction
The  ever-increasing  global  energy  demand  and  the  rapid
proliferation  of  miniaturized  electronic  devices  have  positioned
nanotechnology  at  the  forefront  of  modern-day  research  in
material  science  and  engineering,  offering  the  possibility  of
synthesizing  materials  with  nanoscale  dimensions  and  unique
properties  different  from  their  bulk  counterparts  [1].  Regarding
lithium-ion-batteries  (LIBs),  these  unique  properties  have  led  to
the  development  of  batteries  with  greatly  improved
electrochemical  performance  [2].  Compared  to  bulk  electrodes,
nanostructured  electrodes  offer  reduced  distances  for  ionic  and
electronic  transport  owing  to  their  greatly  reduced  sizes  and
increased  area-to-volume  ratio  [3].  This  has  resulted  in  batteries
with higher specific energy capacities and excellent rate capabilities
[4]. Furthermore, prolonged battery cycle life has been achieved by
exploiting the structural  stability of nanoscale electrode materials,
as  they  are  known  to  better  accommodate  the  mechanical  stress
associated  with  lithiation  and  de-lithiation  during  the  cycling
process [5].

Several  nanoscale  electrode  materials  have  been  explored  by
researchers  in  different  attempts  to  improve  the  electrochemical
performance  of  state-of-the-art  LIBs,  with  varying  degrees  of
success  [6–18].  Among  such  materials  are  carbon  nanotubes
(CNTs)  [19–22],  which  are  one-dimensional  (1D)  cylinders  of
graphene  sheets.  This  unique  structure  of  CNTs  endows  them
with exceptional  properties  such as  superb electrical  and thermal
conductivities, exceptional mechanical strength and flexibility, and
high  chemical  and  electrochemical  stability,  which  are  desirable
for  battery  applications  [23–25].  However,  the  vertically  aligned
carbon  nanotubes  (VACNTs),  which  consist  of  arrays  of
individual  CNTs  aligned  perpendicular  to  the  substrate  surface,

have  been  touted  to  be  a  more  suitable  electrode  structure  for
energy  storage  devices  such  as  supercapacitors  [26, 27]  and  LIBs
[28, 29].  Compared  to  their  randomly  oriented  counterparts,  the
VACNTs  offer  higher  mechanical  strength,  larger  surface  areas,
and  greatly  enhanced  electrolytic  access  to  the  electrode  [30, 31].
For instance, it was clearly pointed out that the large surface area
and the  vertical  conducting  channel  of  VACNTs are  the  reasons
for the exceptional power density and rate capability delivered by
the  electrode  fabricated  by  using  VACNTs  grown  on  activated
reduced graphene oxide (VACNTs on a-rGO) [32].  Studies  have
also demonstrated that the VACNT electrode architecture ensures
proper attachment of individual CNTs to the current collector due
to their high degree of alignment, giving rise to greatly improved
electronic transport and ionic diffusion [33–35].

VACNTs  have  also  been  incorporated  into  other
electrochemically active materials, including graphene, metals, and
metal  oxides,  to  form  composite  electrodes  [36].  Such  a  system
combines the exceptional intrinsic properties of the VACNTs and
the  high  specific  capacity  of  the  active  materials.  Silicon,  for
instance,  has  emerged  as  a  promising  alternative  anode  material
because  of  its  high  theoretical  specific  capacity  of  4200  mAh·g−1

and relatively huge abundance in nature [37]. However, its use has
been  hindered  by  pulverization  linked  to  its  large  volumetric
expansion  and  contraction  during  charge  and  discharge  cycles.
This  colossal  electrode  damage  seen  in  Si  and  other  active
materials  has  been  circumvented  by  exploiting  the  high
mechanical strength and the mesoporous nature of the VACNTs
by  several  researchers  [38–43].  In  addition  to  this,  the  VACNTs
also  improve  the  electronic  conductivity  of  the  host  materials
owing  to  their  high  anisotropic  conductivity  along  the  axial
direction [44].
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VACNTs  have  also  been  used  to  improve  the  electrochemical
performance of the existing LIB cathode materials. The VACNTs
provide  regular  pore  structures  with  large  surface  areas  for  the
uniform  deposition  of  increased  mass  of  electroactive  cathode
materials  capable  of  achieving  high  energy  and  power  densities.
They are also used as conductive networks or additives to enhance
the  electronic  transport  in  the  poorly  conductive  cathode
electroactive materials, giving rise to excellent rate capabilities.

While several reviews have been carried out on the methods of
synthesis  [30, 45],  growth  techniques  and  mechanisms  [46, 47],
properties  [48],  alignment  methods  [49],  and  large-scale
production  of  VACNTs  [50],  no  thorough  review,  to  the  best  of
our  knowledge,  has  been done on the  effect  of  alignment  on the
electrochemical performance of VACNTs and their composites in
LIBs.  Thus,  this  review  aims  to  elucidate  the  electrochemical
performance of VACNTs and VACNTs-based composites as both
anode and cathode materials for LIBs.

 2    Nanoscale  materials  and  their  benefits  as
electrode materials for LIBs
With  dimensions  in  the  order  of  100  nm  or  smaller,  nanoscale
materials  have  gained massive  attention in  modern-day  research.
As  the  size  of  a  particle  approaches  the  nanoscale  range,  its
boundary  conditions  are  destroyed,  and  the  particle  surface  is
changed,  resulting  in  properties  that  are  different  from  those  of
their bulk counterparts [51]. For example, the yellow color of bulk
Au solution changes to red at the nanoscale level [52]. Meanwhile,
the ability to alter the properties of materials at the nanoscale level
has  resulted  in  materials  with  some  unique  features,  such  as
increased  surface  areas  [53],  improved  magnetic  behavior  [54],
exceptional thermal and electrical conductivities [55], pronounced
quantum effects [56], and excellent mechanical properties [57].

These  features  have  placed  nanomaterials  at  the  forefront  of
scientific  research,  and  in  recent  years,  they  have  found
applications in a number of fields,  such as drug delivery [58–61],
energy  storage  [62–65],  electrocatalysis  [66–69],  biosensing
[70–73], and water purification [74–77].

In LIBs,  the small  size of  nanomaterials  shortens the transport
paths  of  electrons  and  Li+ ions,  thereby  enhancing  the  rate
capability  and  cyclability  of  the  battery  [1].  More  so,  these
materials  can  withstand  the  large  strain  associated  with  lithium
insertion during charge and discharge process, which could lead to
pulverization and hence, a huge capacity loss [5]. For instance, the
large volume expansion that occurs in bulk Si electrodes has been
mitigated  by  replacing  them  with  their  nanostructured
counterparts,  resulting  in  an  improved  cyclability  [37, 78–80].  In
addition,  the large surface area possessed by nanoscale  electrodes
lowers  the  charge  transfer  resistance  by  improving  the
electrode–electrolyte  contact.  This  increases  the  rate  at  which  Li+

ions  move  in  and  out  of  the  electrode  from  the  electrolyte  and
back.  The  large  surface  area  also  increases  the  energy  density  of

the  battery  by  allowing  more  Li+ ions  to  be  intercalated  into  the
electrode  material.  However,  this  property  has  been  reported  to
increase surface reactions,  which leads to irreversible  lithium loss
(decreased reversible capacity) upon initial cycling [2].

Furthermore,  conventional  LIBs  can  also  profit  a  lot  from  the
ability  of  these  nanoscale  materials  to  be  used  in  manufacturing
electrodes  of  various  sizes,  shapes,  or  forms,  enabling  their
incorporation  into  functional  architectures  [3].  For  example,  the
huge battery packs, which are usually seen as separate components
in electric vehicles, can be incorporated into the vehicle framework
instead  of  occupying  unnecessary  space  elsewhere  and
consequently adding dead weight to the entire structure. This also
opens the door for LIBs to be used in manufacturing portable and
flexible  electronics  (including  wearable,  foldable,  and  stretchable
devices),  which  are  in  increasing  demand.  Instead  of  the  old-
fashioned bulky coin cells,  miniaturized stretchable cells  could be
incorporated into these devices. The above-discussed benefits and
disadvantages  are  further  summarized  in Table  1 for  easier
comprehension.

Figure  1 illustrates  some  of  the  carbon-based  nanoscale  and
nanostructured materials that have been studied in recent years as
prospective  LIB  electrode  materials.  However,  this  review  will
focus on CNTs, specifically the vertically aligned ones. The general
structures  and  properties  of  CNTs  as  well  as  their  method  of
alignment are discussed briefly in the subsequent sub-sections.

 2.1    Structures and properties of CNTs

0.34

n ̸=m

CNTs  are  a  special  kind  of  nanoscale  material.  They  are  1D
cylinders  of  graphene sheets.  Subject  to  the  number of  walls  that
the tube is made of, CNTs can be structurally divided into single-
walled CNTs (SWCNTs, for CNTs having a single tube wall) and
multi-walled CNTs (MWCNTs, for CNTs containing more than a
single  tube  wall),  as  can  be  seen  in Fig. 2(a).  Comparatively,  the
diameter of SWCNTs is roughly 1 nm, while that of MWCNTs is
in  the  range  of  3–30  nm [83]  or  much larger,  with  an  interlayer
distance  of  nm  between  neighboring  graphene  sheets  [84].
Furthermore, the structural description of SWCNT is governed by
the geometric ordering (chirality) of the carbon atoms at the rim
of the tube (Fig. 2(b)) [85], and is defined by the chiral vector (n,
m) [86–88]. For equal values of the chiral vector (i.e., n = m), the
SWCNT is termed armchair,  while zigzag SWCNTs are the ones
having the values of m equal to zero (m = 0), and lastly, the chiral
SWCNTs have different values of n and m ( ).

The  unique  structure  of  CNTs  endows  them  with  exceptional
electrical,  mechanical,  thermal,  and  electrochemical  properties.
The 1D structure of CNTs enables a ballistic transport of electrons
in  CNTs,  giving  them  the  ability  to  convey  electrons  over  long
lengths  with  little  (due  to  defects)  or  no  interruptions,  making
CNTs more electrically conductive than copper [90, 91]. However,
the  electrical  properties  of  CNTs  are  significantly  influenced  by
their  chirality  and diameter  of  the  nanotubes  [92].  SWCNTs can
either be metallic or semi-conductive, depending on the values of

 

Table 1    Summary of the various advantages and disadvantages of nanomaterials in lithium-ion battery application

Advantages Disadvantages

(1) Enhanced rate capability and cyclability due to the reduced transport distances for both electrons and
Li+ ions [2].

(1) Increased side reactions due the large
surface area of the nanoscale materials [3].

(2) Higher specific capacity and improved electrode–electrolyte contact area as a result of the larger surface
area possessed by the nanoscale materials [3].

(2) Nanoscale materials are difficult to
synthesize and their dimensions are hard to
control [2].

(3) Improved structural stability and Coulombic efficiency (CE) resulting from the ability of the nanoscale
materials to withstand the strain associated with the volumetric change during lithium insertion and
extraction [81].

(3) Low volumetric energy density resulting
from the reduced mass of the nanoscale
materials [2].

(4) They allow for new lithium storage mechanisms that are not possible with bulk materials such as the
conversions reactions associated with nanostructured metal oxides, sulfides, nitrides, and fluorides [82].
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their  chiral  vector.  The  armchair  SWCNTs are  metallic  (i.e., n =
m),  while  SWCNTs  with n − m as  a  multiple  of  3  are  semi-
conductive  with  a  little  bandgap;  else,  it  is  a  moderate  semi-
conductor.  However,  with  an  increasing  diameter  or  crystallite
size, the bandgap from chirality decreases [93]. That is, nanotubes
with  larger  diameters  tend  to  be  metallic,  not  minding  their
chirality. Like the SWCNTs, the electrical properties of MWCNTs
can  either  be  semi-conductive  or  metallic.  However,  the  outer
walls  are  dominantly  metallic  due  to  their  larger  diameter  and
physical contact with the conducting external electrode [94].

Furthermore,  CNTs  exhibit  thermal  conductivity  twice  that  of
the  best  thermal  conductor  (diamond)  [23].  Experimentally,
MWCNTs have shown thermal conductivity of 3500 W·m−1·K−1 at
room temperature.  Mechanically,  CNTs have excellent  values  for
Young’s  modulus  (1002  GPa)  and  tensile  strength  (about
300  GPa),  making  them  the  strongest  and  stiffest  materials  ever
known,  thanks  to  the  sp2 bonds  between  the  individual  carbon
atoms  of  the  CNTs  [23, 90, 95, 96].  Also,  CNTs  are  very  elastic;
they can be bent, twisted, and kinked without fracture.

Although  studies  have  shown  that  CNTs  exhibiting  these
exceptional and desirable properties are outstanding candidates in
several  areas  of  application,  such  as  energy  storage,  wearable

electronics, chemical sensors, water filtration, and optoelectronics,
there is still a large gap between what is predicted theoretically and
what  has  been  achieved  experimentally  [97].  As  a  result,
researchers  have  delved  into  several  ways  of  practically  realizing
the  exceptional  properties  of  CNTs.  Ways  such  as
functionalization,  structural  manipulations,  compositing,  and
novel methods of synthesizing have all been explored [91, 95, 98].
All  these strategies have been shown to be effective in improving
and  practically  realizing  the  properties  of  CNTs.  However,  the
impact of alignment on the electrochemical performance of CNTs
in LIBs is the focus of this article, as there is still a dearth of review
in this field.

 2.2    CNT alignment
The  properties  of  CNTs  are  anisotropic  in  nature,  implying  that
CNTs  exhibit  different  values  of  the  same  property  when
measured  along  different  orientations  [23, 99].  For  instance,  the
experimentally  obtained  value  of  the  Young’s  modulus  of
SWCNTs  along  the  tube  axis  is  1002  GPa,  while  that  obtained
along  the  radial  axis  is  far  lesser  [100],  indicating  that  CNTs  are
softer in the radial direction than the tube axis [101]. However, an
effective  way  of  preserving  the  anisotropic  properties  of  CNTs  is
by synthesizing them with uniform orientation—aligning. Studies
have  shown  that  aligning  CNTs  in  a  uniform  direction  not  only
facilitates  their  integration  into  physical  devices  but  also
significantly  improves  their  desirable  intrinsic  properties  [99,
102–107].  For  instance,  the  work  of  Mei  et  al.  on  the
morphological  and  microstructural  comparison  of  aligned  and
bulk chemical vapor deposition (CVD)-grown CNTs showed that
aligned  CNTs  exhibit  higher  purity  and  degree  of  graphitization
than their unaligned counterpart [108]. Furthermore, the scanning
electron  microscopy  (SEM)  study  of  the  materials  revealed  that
unaligned  CNTs  tend  to  agglomerate  in  the  absence  of  external
forces  while  aligned  CNTs  retained  their  structure.  Also,  Chen
recently  investigated  the  effect  of  alignment  on  the  thermal
conductivity of CNT films and CNT fibers. The author concluded
that CNT fibers were better thermal conductors than CNT films,
which  was  attributed  to  a  higher  degree  of  alignment  of  CNT
fibers than films [109]. By simply aligning the tubes, Ishikawa et al.
were able to improve the electron mobility of SWCNT based thin
film  transistors  from  30  cm2·V−1·s−1 in  a  previously  reported  work
[110] to a whooping 1300 cm2·V−1·s−1 [111].

CNT  alignment  simply  means  the  act  of  orienting  individual
CNTs  of  a  CNT  ensemble  in  the  same  direction.  This  makes  it
possible  for  the  structural  manipulation of  each of  the  individual
CNTs  of  the  ensemble,  as  it  would  contain  isolated  straight
individual  CNTs  [99],  resulting  in  improved  performance
compared  to  unaligned/bulk  CNTs.  The  alignment  of  CNTs can
be  done  either  perpendicular  or  parallel  to  the  substrates.  CNTs
aligned  perpendicular  to  the  substrates  are  the  VACNTs,  while

 

Figure 1    Classifications of carbon-based nanoscale materials used as electrode materials for LIBs.
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Figure 2    Structures  of  CNTs.  (a)  SWCNT  and  MWCNT.  Reproduced  with
permission  from  Ref.  [89],  ©  Devi,  R.  et  al.  2021.  (b)  Chirality  of  SWCNTs.
Reproduced with permission from Ref. [85], © Tîlmaciu and Morris 2015.
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CNTs  aligned  parallel  to  the  substrates  are  referred  to  as
horizontally  aligned  carbon  nanotubes  (HACNTs)  [112].
However, there is a special kind of VACNTs, called super-aligned
carbon  nanotubes  (SACNTs).  They  possess  a  higher  degree  of
alignment,  which  stems  from  their  thinner  diameter  and  higher
nucleation  density  [113].  Another  distinguishing  factor  of
SACNTs  from  VACNTs,  aside  from  the  degree  of  alignment,  is
the  capability  of  the  SACNTs  to  be  converted  into  continuous
films or yarns in their solid-state [114].

CNT  alignment  can  be  achieved  either in-situ (during  CNT
growth) or ex-situ (post-CNT growth). Either way, there is a need
for a  driving force to incite  the alignment process.  The force can
be generated by exposing them to external fields such as magnetic
field, electric field, or shear field, or can be induced by conditions
and limitations of the surrounding medium and substance, in the
case  of  van  der  Waals  interactions  [112, 115, 116],  as
demonstrated in Fig. 3 below.  For  a  deeper  understanding of  the
mechanism  of  CNTs  alignment  and  other  aspects  regarding  the
alignment  of  CNTs,  the  works  of  Refs.  [30, 112, 115–120]  are  of
good fit.

While  HACNTs  are  more  suitable  for  microelectronics  by
virtue  of  their  direction  of  alignment,  VACNTs  have  found
applications  in  myriads  of  fields,  such  as  the  solar  cells  [121],
biomedicine  (e.g.,  biosensing,  drug  delivery,  cell  stimulation,
regenerative  medicine,  and  biomolecule  filtration  systems)  [122],
energy  storage  devices  (e.g.,  LIBs  and  supercapacitors)  [30, 31],
black-body  absorption  [123],  portable,  flexible,  and  wearable
electronic devices [124], as a result of their exceptional properties
which would be discussed later in this review.

 2.3    The conventional LIBs and their electrode limitations
The  oil  crisis  of  the  1960s  and  1970s  and  the  global  pursuit  for
sustainable  energy  systems  motivated  scientists  to  research
potential  electrochemical  energy  storage  devices  that  could  store
much  more  energies  than  the  already  existing  ones.  The  earlier
works  of  2019  Chemistry  Noble  prize  winners,  Stanley
Whittingham,  John  Goodenough,  and  Akira  Yoshino  [125],  laid
the  foundation  for  the  development  of  LIBs,  culminating  in  the
eventual commercialization of the first-ever LIBs by Sony in 1991
[126]. The modern-day rechargeable LIBs find applications in our
day-to-day  life,  such  as  smartwatches,  personal  digital  assistants
(PDAs),  mobile  phones,  laptops,  drones,  medical  devices,  power
tools,  and  most  recently,  electrical  vehicles.  Compared  to  other
rechargeable battery systems, such as Ni-Cd and Ni-metal hydride
batteries,  LIBs  offer  higher  energy  density  with  minimized

volumetric and mass constraints, a broader range of temperature,
minimal  self-discharge  rate,  and  no  memory  effect  (lazy  battery
effect) [127].

Ever since its commercialization, the LIBs have remained at the
forefront  of  the  rechargeable  batteries  [128].  However,  the
performance  (energy  density,  power  density,  safety,  and  rate
capacity)  of  the  present-day  LIBs  is  still  limited  by  the  poor
properties of the presently used electrode materials; thus, there is a
need to develop advanced nanostructured electrode materials that
can  potentially  address  the  present  performance  limitations  of
LIBs and ever-increasing energy demands.

The conventional LIBs consist of a graphite anode acting as the
negative terminal,  a  lithium metal  oxide cathode,  such as lithium
cobalt  oxide  (LiCoO2 (LCO)),  lithium  manganese  oxide  spinel
(LiMn2O4 (LMO)),  and  lithium iron  phosphate  olivine  (LiFePO4
(LFP)),  and  an  electrolyte,  mostly  a  lithium  salt,  such  as  LiPF6,
dissolved  in  an  organic  solvent.  The  charge  and  discharge
processes  in  LIBs  are  described  by  the  two  half-reactions  in  Eqs.
(1) and (2)

Anode: xLi+ +xe− +6C↔ LixC6 (1)

Cathode: LiMO2 ↔ Li1−xMO2 +xLi+ +xe− (2)

During charging, Li+ ions released from the lithium metal oxide
cathode  migrate  via  electrolyte  to  the  negative  terminal,  where
they  are  inserted/intercalated  into  the  graphite-based  anode.
Whereas  during  the  discharge  process,  the  Li+ ions  are  extracted
from  the  anode  and  then  migrate  back  to  the  cathode.
Interestingly,  the  free  electrons  produced  during  the  Li+ ion
formation,  which  are  also  responsible  for  the  completion  of  the
half-reactions and are driven through an external wire and not via
the electrolytes, as shown in Fig. 4.

 2.3.1    Limitations of the anode

The graphite-based LIBs are the most predominant among other
commercial  LIBs  owing  to  their  ability  to  maintain  their  charge
capacity after several  charge–discharge cycles,  which is  associated
with  their  low  volume  expansion  during  lithium  intercalation.
However,  the  capacity  of  these  LIBs  is  limited  because  of  the
graphite  structure,  which  allows  the  intercalation  of  just  one
lithium atom per six carbon atoms, i.e., LiC6, thus leading to a low
theoretical specific capacity of 372 mAh·g−1, which is not sufficient
to meet  the ever-increasing energy demands (Table  2).  However,
aside from the lithium intercalation storage of the graphite anodes,
alloying  and  conversion  reaction  mechanisms  have  also  been

 

Figure 3    Different  CNT  alignment  forces.  (a)  van  der  Waals’ force.  (b)  Torque  resulting  from  an  external  force.  (c)  Magnetic  field  force.  (d)  Dielectrophoresis-
induced torque. Reproduced with permission from Ref. [116], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018.
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explored by researchers. Si and metals such as Al, Sn, and Sb store
lithium by alloying with the lithium atoms to produce alloy-based
anodes such as Li4.4Si,  LiAl,  Al4Li9,  Li22Sn5,  and Li3Sb with higher
theoretical  specific  capacities  of  4200,  993,  2234,  994,  and  536
mAh·g−1,  respectively  [126].  Despite  their  improved  theoretical
specific  capacities,  their  usage  as  anode  materials  is  hindered  by
pulverization  which  occurs  because  of  the  large  volume  change
(expansion  and  contraction)  during  the  alloying  and  dealloying
processes,  as  seen  in Table  1.  This  large  volume  change  which
occurs  due  to  the  bulk  nature  of  the  electrode  materials
compromises  the  metal-based  anode’s  structural  integrity,
resulting in rapid capacity fading and severe safety issues [130].

The conversion reaction mechanism has also been touted to be
a  promising  approach toward achieving  a  larger  specific  capacity
because  of  its  ability  to  utilize  all  possible  oxidation  states  of  the
compound.  Here,  the  conversion  compound  is  converted  to  an
entirely  new  product  during  lithiation  alongside  changes  in
structural and chemical properties. Several transition metal oxides,
sulfides,  nitrides,  fluorides,  and  phosphides  have  been  shown  to
successfully  undergo  conversion  reactions  [131–136],  producing
materials with improved electrochemical properties. However, the
reaction mechanism is  still  not  fully  understood [137].  Similar  to
the  alloying  mechanisms,  its  commercialization  has  also  been
hindered by problems with pulverization, poor kinetics, cycle life,
and irreversibility [138]. Figure 5 below shows a pictorial  view of
the material pulverization and electrode failure discussed above.

However, in order to overcome these issues of limited capacity
and  pulverization,  there  is  the  need  to  design  nanostructured  or
nanostructured  composite  anodes  with  particle  sizes  in  the
nanometer  scale  [139].  Several  designs  have  been  proposed  with
varying degrees of  success.  Some of these approaches include the
use  of  nanowires  [12, 141–149],  nanotubes  [49, 143, 150–156],
nanofibers  [157–160],  graphene  flakes  [161–165],  hollow spheres
[166–168],  core–shell  [169–173],  composites  [43, 174–177],  and
three-dimensional  (3D)  frameworks  [178–182].  Among  these
materials,  CNTs,  especially  the  vertically  aligned  ones,  have
received great attention in recent years owing to their exceptional

properties  and  their  unique  ability  to  be  incorporated  into  other
materials to form composites.

 2.3.2    Limitations of the cathode

The cathode materials used in conventional LIBs have also drawn
much  attention  in  recent  years.  As  mentioned  earlier,  the  most
widely used active cathode materials in LIBs are mainly inorganic
salts such as LiCoO2, LiMn2O4, and LiFePO4. However, the use of
these  materials  is  fraught  with  different  drawbacks.  For  instance,
although LiCoO2 has good cyclability and high theoretical specific
capacity  (274  mAh·g−1)  [183],  its  actual  specific  capacity  is  often
restricted to 120–140 mAh·g−1 [184, 185]. More so, its toxicity and
high cost have also raised huge concerns about battery safety and
price.  LiMn2O4,  on  the  other  hand,  is  characterized  by  high
operating voltage of up to 4.0–4.2 V vs. Li/Li+ [186]. Compared to
LiFePO4,  LiMn2O4 exhibits  superior  electrical  and  ionic
conductivities  [187].  However,  the  primary  issues  with  the
LiMn2O4 lie  in  its  low theoretical  specific  capacity  (148  mAh·g−1)
and  fast  capacity  fading  at  high  temperatures  caused  by  Mn
breakdown  [188, 189].  Meanwhile,  LiFePO4 possesses  a  higher
theoretical  specific  capacity  (170  mAh·g−1)  and  a  much  flatter
charge/discharge potential curve at 3.45 V vs. Li/Li+ than LiMn2O4,
but  suffers  from  poor  rate  capability  due  to  its  low  electrical
conductivity [190–192].

Lithiated transition metal  phosphates  have also been touted as
promising cathode materials for LIBs. The most promising among
them,  lithium  vanadium  phosphate  (Li3V2(PO4)3),  has  a  high
operating  potential  (3.0–4.8  V)  and  high  theoretical  specific
capacity (197 mAh·g−1) [193]. However, similar to LiFePO4, its use
has  been  hindered  by  the  issue  of  poor  electrical  conductivity
[186].  Vanadium  pentoxide  (V2O5)  has  also  garnered  much
interest  due  to  its  high  theoretical  capacity  of  440  mAh·g−1 [194].
The high-capacity stems from its ability to theoretically hold up to
three  moles  of  lithium  per  mole  of  V2O5.  Meanwhile,  like  the
other  cathode  materials  mentioned  earlier,  the  V2O5 also  suffers
limited  electrochemical  performance  due  to  poor  electrical
conductivity,  low ion diffusion,  and irreversible structural  change
emanating  from  multiple  phase  transitions  during  the
charge–discharge process [195–197].

In  the  conventional  LIBs,  the  conductivities  of  these  active
cathode  materials  are  enhanced  by  coating  the  current  collectors
with  slurries  containing  a  mixture  of  the  electroactive  materials,
conductive  agents  (such  as  carbon  black),  and  polymer  binders
(for  holding  the  electroactive  materials  and  conductive  agents
together). Such cathode configurations are prone to huge internal
electrical  resistances  resulting  from  the  formation  of  different
interfaces  between  the  grain  boundaries  of  the  electroactive
materials,  conductive  agents,  and  the  current  collectors  [198].
These  additional  interfaces  lead  to  increased  charge  transfer
resistances and rapid capacity fading at high current rates [199].

However,  this  issue  of  poor  electronic  conductivity  can  be
solved  by  integrating  VACNTs  as  conductive  networks  into  the
LIB cathodes [200]. This facilitates electron and Li+ ion transport,
resulting in improved rate  capabilities.  The VACNTs also offer  a
significant  improvement  in  energy  density  by  allowing  the
deposition of more electroactive materials [201].

 

Figure 4    Schematic  diagram  of  the  LIB.  Reproduced  with  permission  from
Ref. [129], © American Chemical Society 2013.

 

Table 2    Electrochemical properties of graphite and various group-IVA metals [140]

Anode material Li intercalation stoichiometry Theoretical specific capacity (mAh·g−1) Volume fluctuations (%)

C LiC6 372 < 5

Sn Li4.25Sn 959 257

Ge Li4.25Ge 1600 270

Si Li4.4Si 4200 300
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 2.4    Mechanism of Li+ storage in CNTs
As  mentioned  earlier,  Li+ ions  are  stored  via  three  mechanisms:
intercalation,  alloying,  and  conversion  reaction.  Intercalation  is
common  among  the  allotropes  of  carbon  (graphene  and  CNTs),
titanium  disulphide  (TiS2),  titanium  dioxide  (TiO2),  etc.,  while
alloying  and conversion reactions  are  employed by  metals,  metal
oxides, phosphides, sulfides, fluorides, etc. As previously explained
in this review, the alloy and conversion materials are susceptible to
pulverization  and  electrode  failure  due  to  the  large  volumetric
change  (expansion and contraction)  that  occurs  during  lithiation
and  delithiation  [130].  Thus,  this  discussion  would  be  limited  to
the intercalation mechanism associated with CNTs.

Interestingly,  the  interior  and  exterior  walls  of  CNTs  are  both
electrochemically  active  locations  for  Li+ ions  intercalation.  Thus,
many  studies,  including  theoretical  works,  have  been  done  to
succinctly  probe  the  lithium  storage  mechanism  employed  by
these materials [202–214]. In 2000, Yang et al. [202] examined the
correlation  between  structure  and  charge–discharge  behaviors  of
closed-end  raw  CNTs  synthesized  by  the  arc  discharge  method.
They  reported  the  difficulty  in  intercalating  Li+ ions  inside  the
hollows  of  the  tubes  because  of  the  closed  ends.  Thus,  they
proposed a mechanism in which the Li+ ions can be intercalated or
stored on the  naked surfaces  of  the  CNTs.  Zhao et  al.  [203]  also
studied  the  Li+ ions  intercalation  in  CNT  ropes  using  the  first-
principles  method.  They  observed  that  both  the  interior  and
exterior  interstitial  spaces  are  favorable  sites  for  lithium
intercalation. Their result also showed a higher lithium density of
LiC2, which is significantly higher than the lithium density of LiC6
seen  in  graphite.  To  determine  which  site  is  most  favorable  for
lithium  adsorption  between  the  interior  and  exterior  walls  of
CNTs,  Senami  et  al.  [207]  applied ab  initio quantum  chemical
calculations to investigate the adsorption of lithium atoms on the
surface  of  the  (12,  0)  zigzag  SWCNT.  The  result  of  their  study
showed that the inside wall of the SWCNT favors the adsorption
of lithium atoms compared to the outside wall.

Furthermore, the Li+ ion intercalation density is also influenced
by  the  morphology  of  the  CNT  under  consideration.  Several
studies have shown that defects affect the morphologies of CNTs,
which  invariably  influence  their  capacities  [204, 206, 208,
214–218].  For  instance,  Nishidate  et  al.  [204]  applied  molecular
dynamic calculations  to  investigate  the  diffusion behaviors  of  the
Li+ ions traveling into the SWCNT via the defects on the sidewall.
Their results show that large defective sites favor the adsorption of
Li+ ions  inside  the  SWCNT.  The  defects  are  formed  by  the
removal of carbon atoms from the hexagonal carbon ring, leading
to the occurrence of a hole in the CNT wall. The hole grows bigger
as more carbon atoms are removed from the hexagon. The results
from the molecular dynamic calculations by Nishidate et al. [204]
reveal  that  although Li+ ions  can diffuse  easily  through the n =  9
defective  ring,  they  are  unable  to  diffuse  through  the  defect-free
ring, and n = 7 and n = 8 defective SWCNT rings.

It is also important to mention that, aside from the sidewalls of
the CNTs, Li+ ions can also enter the CNTs via the ends of open-
ended  CNTs.  The  result  of  the ab  initio investigation  of  Li+ ions
diffusion in CNTs by Meunier et al. [212] reveals that Li+ ions can
enter  through  the n =  9  defective  site  or  via  the  ends  of  open-
ended CNTs. Their result  also shows that the rate of  diffusion of
the ions is unrestricted once they enter inside the CNTs, provided
that  the  tubes  are  short.  Shimoda  et  al.  [208]  also  reported  an
increased lithium storage capacity from LiC6 in closed-end CNTs
to  LiC3 after  chemically  etching  the  CNTs  with  a  solution  of
H2SO4 and HNO3 in a ratio of 3:1. They attributed the improved
capacity to the Li+ ions diffusion into the CNTs via the open ends
and the sidewall  defects introduced by the etching process.  Thus,
open-ended  CNTs  with  shorter  lengths  are  required  to  achieve
high Li+ ions diffusion rates inside the CNTs. The CNT length is
essential  in  determining  the  diffusion  coefficient,  and  this  is
because the Li+ ions inserted into the tubes undergo a 1D random
walk inside and are unable to leave if the tubes are too long, thus
resulting  in  decreased  effective  diffusion  rate.  This  explains  the
reason  for  the  irreversible  capacity  that  occurs  in  CNT  anodes
because some lithium-ions intercalated into the anode during the
first cycle never make it back to the cathode.

 3    VACNT-based anodes for LIBs
Ideal  anode  material  for  advanced  LIBs  should  display  higher
capacity and improved charge–discharge rates than graphite [219].
In this regard, CNTs have been reported to display better lithium
storage  capacity  compared  to  graphite  due  to  their  unique  1D
structures  and  properties,  enhanced  conductivities  as  high  as  106

and  105 S·m−1 for  SWCNTs  and  MWCNTs,  respectively,  high
tensile  strength  of  up  to  60  GPa,  large  specific  surface  area,
mesoporous structure, low density, and high rigidity with Young’s
modulus  of  the  order  of  1  TPa  [220–222].  SWCNTs  have  been
reported to deliver reversible capacities of up to 700 mAh·g−1 [219,
223], a value almost twice the theoretical capacity of the graphitic
anode.

The increased specific capacity and rate capability seen in CNT-
based  anodes  are  the  consequence  of  the  large  surface  area,
reduced  Li+ ions  diffusion,  and  electronic  transport  pathways
offered  by  CNTs,  properties  that  are  peculiar  to  the  nanoscale
materials  [30, 31].  In  metal  composite  electrodes,  the  high
mechanical  strength  and  nanoscale  size  of  the  CNTs  provide  a
solution  to  the  bulk  crystalline  expansion  and  pulverization
discussed earlier  in  this  review.  Herein,  CNTs can act  as  support
matrixes  and  flexible  wire  mesh  to  withstand  the  effect  of  the
volume  change  and  transport  electrons  to  and  from  the  active
materials [224, 225].

 3.1    Pristine VACNTs as anode materials for LIBs
Several  studies  [33, 201, 226–234]  have  suggested  that  VACNTs
offer  better  electrochemical  performance  than  graphite  and  their
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Figure 5    Schematic diagrams of the mechanical degradation of an electrode material at (a) the particle level and (b) electrode level during cycling. Reproduced with
permission from Ref. [139], © Macmillan Publishers Limited 2016.
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randomly  oriented  counterparts.  The  improved  performance
results  from a combination of the unique properties of VACNTs
which are enumerated below.

• VACNTs possess larger surface area for better accessibility of
electrolytes to electrodes and increased lithium storage.

• The highly aligned individual CNTs within the VACNT array
are  well  attached  to  the  current  collector,  ensuring  fast  charge
transport by the formation of adequate 1D electron pathways.

• VACNTs  possess  3D  hierarchical  structures  for  increased
lithium  storage  and  support  for  the  deposition  of
electrochemically active materials.

• The  regular  inter-tube  spacing  and  large  pores  facilitate  the
diffusion and accessibility of electrolytes.

Benefiting  from  their  alignment  in  the  vertical  direction,
VACNTs can create well-defined vertical channels in the direction
of  ion  diffusion  with  reduced  tortuosity, resulting  in  higher
electronic  conductivity  and  ionic  diffusivity  [49].  Thus,  ions  and
electrons can easily be transported through the 1D channels to the
surface  of  the  active  material  and  the  current  collector,
respectively.

Chen  et  al.  [226]  studied  the  electrochemical  performance  of
VACNTs  fabricated  on  the  surface  of  carbon  nanofibers  (CNFs)
with  active  Ni  bound on  the  other  end  of  the  CNTs.  The  anode
delivered exceptional  cyclic  stabilities  of  480.82 mAh·g−1 after  100
cycles  at  100  mA·g−1 and  260.88  mAh·g−1 after  1000  cycles  at  a
higher  current  density  of  1000  mA·g−1.  It  also  displayed  an
impressive  rate  capacity  of  262.06  mAh·g−1 at  1000  mA·g−1.  They
suggested that  the  improved electrochemical  performance shown
by the anode was due to the multiple transport routes provided by
the intimate connection between the aligned CNTs and the CNFs.
They  also  recognized  the  impact  of  the  gaps  between  individual
CNTs and the large surface area for improved Li+ ions diffusivity.
Meanwhile,  the  randomly  aligned  MWCNTs  synthesized  by
Frackowiak  et  al.  [235]  via  catalytic  decomposition  of  acetylene
showed a high lithium storage capacity of 952 mAh·g−1 during the
first  cycle,  which  dropped  significantly  to  273  mAh·g−1 after  five
cycles.  They  attributed  this  to  huge  hysteresis  loss  typical  for
randomly  oriented  CNTs  (RO-CNTs).  Wang  et  al.  [236]  also
obtained a reversible lithium storage capacity of 340–350 mAh·g−1

at low current density for randomly oriented MWCNTs prepared
by the catalytic vapor deposition technique. Their result is similar
to the reversible capacity of some graphite anodes.

In  another  study,  Bulusheva  et  al.  [229]  examined  the  cyclic
performance  of  VA-MWCNTs  and  disordered  (DO)-MWCNTs
electrodes,  synthesized  using  0.5%  ferrocene.  They  reported
specific capacities of 350 and 197 mAh·g−1 for the VA-MWCNTs
and  DO-MWCNTs,  respectively,  after  50  cycles.  They  attributed
the higher specific capacity observed in the VA-MWCNTs to their
larger  surface  area.  Wang  et  al.  [231]  reported  a  high  reversible
capacity  for  VA-MWCNTs  synthesized  on  a  planar  quartz
substrate  with  nanocrystalline  Fe  as  the  catalyst.  The  VA-
MWCNTs  displayed  a  stable  reversible  capacity  of  950  mAh·g−1

after the first cycle. Monalisa et al. [233] fabricated VA-MWCNTs
with tree-like carbon nanostructures. The material also displayed a
stable reversible capacity of 459 mAh·g−1 after 50 cycles. Masarapu
et  al.  [230]  reported  an  unusual  but  welcoming  increase  in  the
specific capacity with an increase in cycle number. They observed
a 250% increase from 132 mAh·g−1 in the first cycle to 460 mAh·g−1

after 1200 cycles.  They suggested that the anomalous behavior of
the VA-MWCNTs could result from the structural alterations that
took place with repeated cycling.

Welna et al. [33] also conducted a detailed study comparing the
electrochemical  performance  of  aligned  and  non-aligned  CNTs.
The  VA-MWCNTs  (Fig. 6(a))  were  synthesized  via  pyrolysis  of
iron(II)  phthalocyanine  (FePc)  on  a  quartz  substrate  under  an
Ar/H2 environment.  The  alignments  of  the  VA-MWCNTs  were
retained  by  Ni  film  support  at  the  base,  which  also  served  as  a
current  collector,  as  shown  in Fig. 6(b).  The  non-aligned  CNTs
shown  in Figs.  6(c) and 6(d) were  also  synthesized  via  the  same
technique,  except  that  they  were  treated  with  hydrofluoric  acid
(HF) to detach the quartz substrate.

Upon  electrochemical  testing,  as  shown  in Fig. 7(a),  after  the
first cycle, the reversible capacity of the VA-MWCNTs decreased
from 980 mAh·g−1 to a minimum near the 10th cycle but increased
slightly  afterward  and  stabilized  near  750  mAh·g−1.  On  the  other
hand,  the  reversible  capacity  of  the  non-aligned  MWCNTs
decreased steadily from 158 to 58 mAh·g−1 by the 34th cycle. Figures
7(b) and 7(c) are  the  voltage  profiles  of  the  different  cycles

 

Figure 6    SEM images of ((a) and (b)) VA-MWCNTs and ((c) and (d)) non-aligned MWCNTs anodes. Reproduced with permission from Ref. [33], © Elsevier B.V.
2011.

  Nano Res.  7
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



reported  in Fig. 7(a).  They  concluded  that  the  significantly
improved reversible capacity observed for the VA-MWCNTs was
due  to  the  alignment  of  the  nanotubes  in  the  direction  of  ion
diffusion, which allows for more Li+ access to the nanotubes.

The rate capabilities of both the aligned and non-aligned CNTs
were also studied (Fig. 7(d)). The maximum reversible capacity of
782  mAh·g−1 was  observed  for  the  VA-MWCNTs  at  a  current
density of 57 mA·g−1. This result is obviously more than twice the
theoretical capacity of the graphite anode (372 mAh·g−1). However,
the  capacity  decreased  with  an  increase  in  the  current  density
because  of  the  reduced  ion  diffusion  at  high  current  densities
[127].  Nonetheless,  the  reversible  capacity  never  went  below
166  mAh·g−1 until  the  current  density  exceeded  26  A·g−1.  On  the
contrary,  the  non-aligned  MWCNTs  displayed  lower  rate
capabilities  than  the  VA-MWCNTs.  The  maximum  value  was
169  mAh·g−1 at  50  mA·g−1,  which  decreased  to  26  mAh·g−1 at
1200  mA·g−1.  Again,  they  concluded  that  the  improved  rate
capability  of  the  VA-MWCNT  electrode  resulted  from  the
alignment of the individual CNTs. The orderly alignment of VA-
MWCNTs  ensured  intimate  contact  between  each  individual
CNTs and the Ni current collector. This enabled each of the VA-
MWCNTs  to  partake  in  the  cycling  of  the  electrode,  thereby
maintaining  electrical  continuity.  In  contrast,  due  to  their
disorderliness,  the  non-aligned  MWCNTs  suffer  from  huge
hysteresis  loss.  The  nanotubes  are  not  directly  attached  to  the
current  collector  but  rely  on  the  contact  between  each  other  for
electrical continuity.

Lu  et  al.  [201]  addressed  the  multiple  challenges  faced  by  the
state-of-the-art  LIBs  (energy  density,  power  density,  safety,  and
lifespan) by using a VACNT anode synthesized directly on Ni foil
substrate. The anode delivered a high reversible capacity, and high
energy  and  power  densities  of  600  mAh·g−1,  297  Wh·kg−1,  and
12  kW·kg−1,  respectively,  at  0.25  C.  As  expected,  they  attributed
this improved performance to the unique porous structure, larger

surface  area  of  the  VACNTs,  and  the  intimate  contact  between
individual CNTs and the Ni current collector. Kathleen et al. [156]
also demonstrated high electrochemical performance for the VA-
SWCNT LIB anode. The VA-SWCNTs were synthesized directly
on Inconel foils and later assembled in a half-cell configuration for
performance testing.  After  300 cycles  at  1  C (1  C = 372 mA·g−1),
the  VA-SWCNT  anode  still  delivered  exceptionally  high  charge
and discharge capacities (both > 1200 mAh·g−1). The post-mortem
imaging  study  also  revealed  that  the  SWNCTs  maintained  their
vertical  alignment  across  the  Inconel  substrate.  This  again
confirms the effect of the high conductivity, large surface area, and
exceptional mechanical strength possessed by VACNTs.

Abdollahi  et  al.  [32]  also  reported  high  electrochemical
performance  for  a  3D  flexible  anode  fabricated  by  synthesizing
VACNTs  on  porous  a-rGO  paper  using  a  plasma-enhanced
chemical  vapor  deposition  (PECVD)  technique.  The  VACNTs
served  as  an  electrical  conduction  route  to  enhance  Li+ ion
intercalation.  The  result  of  the  electrochemical  performance
revealed  a  large  initial  discharge  capacity  of  1401  mAh·g−1 and  a
high  reversible  capacity  of  459  mAh·g−1 at  150  mA·g−1.  After
100  cycles,  the  anode  displayed  a  stable  capacity  of  459  mAh·g−1,
which  is  more  than  the  theoretical  specific  capacity  for  graphite.
As  expected,  they  attributed  this  improved  performance  to
efficient conducting paths offered by the VACNTs as well as their
role  in  improving  the  accessible  surface  area. Table  3 below
compares  the  electrochemical  performances  of  vertically  aligned
and  randomly  oriented  CNT  anodes  as  reported  in  other
literatures not previously discussed.

Although  the  pristine  VACNTs  offer  considerable
improvement  to  the  specific  capacity  compared  to  the  graphitic
anode, their full potential as stand-alone anode materials is yet to
be actualized owing to a number of issues. Firstly, due to the large
active surface area and the presence of defects on the surface of the
CNTs, during the initial charging process, an increased amount of

 

Figure 7    (a) Specific capacity as a function of the number of cycles for VA-MWCNTs and non-aligned MWCNTs at similar discharge rates. (b) Voltage profiles of
cycles  2–34  for  VA-MWCNTs  and  (c)  voltage  profiles  for  cycles  2–34  for  non-aligned  MWCNTs.  (d)  Specific  capacity  as  a  function  of  specific  current  for  VA-
MWCNTs and non-aligned MWCNTs electrodes. Reproduced with permission from Ref. [33], © Elsevier B.V. 2011.
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Li+ ions partake in the formation of the so-called solid electrolyte
interface  (SEI)  and  are  not  recovered  from  the  electrolyte  upon
discharge  [219, 241].  This  leads  to  colossal  irreversible  capacity
loss,  thus,  poor  initial  CE.  For  a  more  detailed  understanding  of
how  the  SEI  is  formed,  the  following  review  articles  are  highly
recommended  [242–245].  Secondly,  the  CNTs  undergo  broad
voltage  changes  during  discharge,  limiting  their  use  in  portable
electronic  devices  that  require  a  stable  voltage  supply.  These
drawbacks  are  most  likened  to  the  difficulty  in  obtaining
consistent  structures  and  morphologies  during  synthesis.  Thus,
there  is  a  need  to  fabricate  novel  nanostructured  materials  that
could  combine  the  unique  properties  of  the  VACNT  and  the
compositing material.

 3.2    VACNT composite anodes
VACNTs  can  be  integrated  as  a  support  matrix  to  other
electrochemically  active  materials  like  Si,  Ge,  metal,  and  metal
oxide  nanoparticles  to  form  composite  electrodes  with  highly
improved  battery  performance.  The  resulting  CNT-metal
composite  anode  systems  employ  two  mechanisms  for  lithium
storage:  the alloying or conversion and intercalation mechanisms
of  the  electroactive  materials  and  CNTs,  respectively.  These
composite  systems  take  advantage  of  the  electroactive  materials’
high lithium storage capacity without compromising the materials’
structural integrity during the lithiation and delithiation processes.
During charging, the electroactive materials alloy themselves with
Li+ ions,  leading  to  an  increase  in  size.  Still,  the  structure  is
maintained  because  the  CNTs  are  there  to  act  as  a  flexible  wire
mesh,  allowing  the  electroactive  materials  to  remain  attached  to
the current collector. It has also been demonstrated by researchers
that  CNTs  improve  the  stability  of  the  SEI  layers  formed  during
initial cycling in composite electrodes. The CNTs limit the volume
change  of  the  anode  and  ensure  that  the  SEI  layers  are  firmly
attached to the active materials’ surface during subsequent cycling
[246–248]. More so, aside from the CNTs acting as a glue matrix
to  the  active  materials,  they  also  store  any  extra  Li+ ions  that  are
not  alloyed  with  the  active  materials,  leading  to  highly  improved
storage  capacity.  The  huge  irreversible  capacity  loss  issue  is  also
minimized  in  the  composite  structures.  In  fact,  a  group  [249]
argued that proper deposition of active materials onto the surfaces
of CNTs reduces the specific surface areas of CNTs exposed to Li+

in  the  electrolyte,  leading  to  significantly  reduced  first-cycle
irreversible capacity loss (improved initial CE).

However, compared to the randomly oriented CNTs, VACNTs
are best suited for the formation of these composite electrodes. As
mentioned  earlier,  this  results  from  their  inherent  well-defined
pore structure, perfectly aligned 1D conductive electron pathways,
larger  surface  area,  and  regular  inter-tube  spacing  that  can
accommodate the internal stress induced by lithium-ion insertion
and extraction.

 3.2.1    Silicon-VACNT composites

Si, which is the second most abundant element on earth, is viewed

as the most promising choice for anode materials in LIBs because
of  its  remarkably  high  lithium  storage  capacity  (~  4200  mAh·g−1

for Li4.4Si) and the high melting point of its lithium compounds. It
also  has  a  higher  operating  potential  than  lithium,  inhibiting
metallic-lithium  deposition  in  the  case  of  overcharge.  However,
using pristine Si as an anode material is fraught with some issues.
Firstly,  the  Si  anode  suffers  low  CE  as  a  result  of  pulverization
[250].  Like  metals,  Si  undergoes  large  volumetric  changes  during
alloying  and  dealloying  (charge  and  discharge).  The  SEI  formed
during  the  first  lithiation  process  is  repeatedly  destroyed  due  to
this  volume  change.  Meanwhile,  new  SEI  films  are  continually
formed  on  the  Si  surfaces  exposed  by  pulverization.  This
phenomenon  leads  to  huge  irreversible  loss  owing  to  the
consumption of a massive amount of Li+ ions during repeated SEI
film  formation.  More  so,  when  pulverization  occurs,  the  anode
loses contact with the current collector,  resulting in anode failure
after  just  a  few  cycles.  Secondly,  during  alloying  and  dealloying,
the  crystalline  Si  nanoparticles  become  partially  amorphous,
which  is  known  to  have  lower  conductivity  than  the  crystalline
ones.  This  structural  alteration to  the  less  conductive  amorphous
Si makes it  difficult for the current to reach the current collector.
Thirdly,  overall  electronic  transport  within  pristine  Si  anodes  is
poor due to the inherent semiconducting nature of elemental Si.

However,  using  CNTs  as  conductive  networks  and  support
frameworks  is  essential  in  facilitating  electronic  movement,
preventing  electrode  crumbling  (improving  CE),  and  enhancing
SEI  stability.  Thus,  there  have  been  several  studies  on  this  effect
[234, 251–260].

In  a  bid  to  explore  the  effect  of  CNTs  on  the  electrochemical
performance  of  Si-based  anodes,  Xue  et  al.  [251]  studied  the
performances  of  pure  Si,  carbon-coated  Si  nanoparticles  (Si@C),
and carbon-coated Si nanoparticles dispersed in randomly aligned
CNT  networks  (Si@C-CNTs).  The  pure  Si  electrode  delivered
initial  charge and discharge capacities of 4299 and 2780 mAh·g−1,
respectively, correlating with a low initial CE of 65%. The low CE
was  attributed  to  large  irreversible  capacity  loss  caused  by  the
colossal volume changes and loss of electrical connections between
Si  nanoparticles.  Poor  cycling  performance  was  also  reported  as
the  first  cycle  reversible  capacity  of  2780  mAh·g−1 decreased
drastically to 100 mAh·g−1 after 40 cycles. The Si@C, on the other
hand,  offered  improved  electric  conductivity  and  cushioned  the
large  volume  change  of  the  active  Si,  giving  room  for  75%  CE,
48% capacity  retention,  and reversible  capacity  over  100 mAh·g−1

after  40  cycles.  However,  although  the  Si@C-CNTs  offered  the
least  reversible  capacity  and CE of  699  mAh·g−1 and 54% among
the  three  electrodes,  they  demonstrated  the  best  cycling  stability
and  the  highest  capacity  retention  of  up  to  70%  after  40  cycles.
The low CE was reported to be as a result of poor CE of randomly
aligned CNTs.

Meanwhile, higher CE, reversible, and retention capacities have
been achieved with VACNTs/Si composites, as shown in Table 4.
For  instance,  Fu  et  al.  [253]  studied  the  electrochemical

 

Table 3    Electrochemical performances of VACNTs and RO-CNTs from different studiesa

Material Cre (mAh·g−1) Cirre (mAh·g−1) Current density (mA·g−1) Number of cycles References

RO-SWCNTs 460 1200 20 — [237]

RO-MWCNTs 250 250 50 — [238]

RO-SWCNTs 600 1400 50 — [238]

VACNTs/G 897.83 — 100 5 [239]

VACNTs/G 525 2350 500 1000 [240]

VACNTs 557 2350 2 C 20 [232]
a Cirre is the reported first cycle irreversible discharge capacity while Cre is the reversible discharge capacity after N number of cycles.
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performance  of  a  free-standing,  binder-free,  and  flexibly  aligned
CNT-Si  sheet  anode  coated  with  an  additional  layer  of  carbon.
The aligned CNT sheet was used as the current collector and the
electrochemically  active  substrate  on  which  the  Si  was  deposited.
In addition, the aligned nature of the CNTs enabled the uniform
deposition  of  Si  by  providing  significant  inter-tube  spacing.  This
novel  nanostructure  delivered  initial  charge  and  discharge
capacities  of  1801  and  2270  mAh·g−1,  respectively,  corresponding
to  an  initial  CE  of  79%.  Upon  further  cycling  at  a  high  current
density  of  100  mA·g−1,  an  excellent  reversible  capacity  of
1494 mAh·g−1,  CE of ~ 98%, and capacity retention of more than
94% after  45  cycles  were  obtained. In  the  same experiment,  they
also examined the rate capability of this material by measuring the
specific  capacity  at  different  current  densities  (50,  100,  200,  400,
and  800  mA·g−1).  They  obtained  high  capacities  of  around  1720,
1600,  1500,  1250,  and  1000  mAh·g−1 for  the  respective  current
densities.

Yildiz  et  al.  [254]  also  examined  the  electrochemical
performance  of  a  similar  composite  anode  system  prepared  by
electrospinning  polymethyl  methacrylate  (PMMA)-Si  nanofibers
onto aligned CNT sheets. The structure was coated with pyrolytic
carbon to hold the Si nanoparticles firmly within the CNT sheets
and  stabilize  the  formation  of  SEI,  which  could  lead  to  a  huge
irreversible  loss.  A  high  reversible  capacity  of  1470  mAh·g−1,
improved retention capacity of 88%, and high CE of 98% after 150
cycles  at  a  high  current  density  of  100  mA·g−1 were  reported.  In
2015, Epur et al. [258] studied the electrochemical performance of
a  simple  binder-free  scribable  electrode  comprising  vertically
aligned  Si-coated  MWCNTs  (VASCNTs)  on  a  copper  foil.  The
scribed electrode displayed a high discharge capacity of over 3000
mAh·g−1 and  a  low irreversible  loss  of  19% during  the  first  cycle.
The  electrode  also  showed  improved  cycling  performance  with
high retention capacity and CE of 76% and 98.5%, respectively.

Wang  et  al.  [38]  were  the  first  to  report  the  lowest  first-cycle
irreversible  loss  of  6%  for  a  nano-hierarchical  Si  anode.  They
fabricated  the  anode  by  synthesizing  VACNT  arrays  directly  on
Inconel  substrate  and  subsequently  depositing  Si  on  the  as-
synthesized VACNTs. Upon electrochemical testing, the resulting
nanostructured  VASCNT  electrode  delivered  very  high  charge
and  discharge  capacities  of  1958  and  2078  mAh·g−1,  respectively,
with an initial  CE of 94%. This corresponds to an initial  capacity
loss  of  6%.  Subsequent  cycles  resulted  in  a  much  higher  CE  of
99.5%  and  a  fairly  constant  capacity  with  a  loss  of  ~  0.3%  per
cycle.  They attributed this performance to the combined effect of
the unique properties of the VACNT arrays and the high lithium
storage capacity of Si.

In an earlier study, Wang et al.  [249] reported the synthesis of
1D  heterostructures  consisting  of  VACNTs  coated  with
amorphous/nanocrystalline Si droplets via a facile two-step liquid
injection  CVD  process. Figures  8(a) and 8(b) show  the  SEM
images  of  the  as-grown  VACNTs  and  the  hybrid  VACNTs/Si
nanostructures.  It  can  be  clearly  seen  from Fig. 8(b) that  the

VACNTs  retained  their  vertical  alignment  after  Si  deposition.
Figure 8(c) is the transmission electron microscopy (TEM) image
of  a  single  Si-coated  tube,  while Fig. 8(d) is  the  high-resolution
TEM  (HR-TEM)  image  of  the  hybrid  structure  showing  the
crystal lattice orientations within an Si nanoparticle.

Upon  electrochemical  testing,  the  hybrid  VACNTs/Si
nanostructures  anode  delivered  first  discharge  and  charge
capacities of 2552 and 2049 mAh·g−1, respectively, as shown in Fig.
9(a). This corresponds to an irreversible capacity loss of 19.7% and
initial  CE  of  80.3%.  However,  the  CE  reaches  99%  in  the
subsequent  cycles  alongside  slightly  increased  discharge  and
charge  capacities  due  to  the  activation  of  more  Si  atoms.  The
hybrid  structure  also  exhibited  an  excellent  rate  capability,
delivering a high capacity of ~ 1000 mAh·g−1 at 2.5 C, a value three
times more than that of graphite (Fig. 9(b)).

Despite  the  enormous  prospects  of  these  materials,  their
commercialization and practical applications are still hampered by
the high cost of elemental Si preparation methods.

 3.2.2    Germanium-VACNTs composites

Ge  has  been  reported  to  possess  a  high  theoretical  capacity  of
~  1600  mAh·g−1,  high  electronic  conductivity,  and  lithium
diffusivity [264, 265]. However, Similar to pure Si anodes, pristine
Ge anodes are also susceptible to pulverization which occurs as a
result  of  large  volumetric  change  during  alloying  and  dealloying,
leading  to  loss  of  electrical  contact  between  the  current  collector
and the active material (Ge) as shown in Fig. 10(a). This invariably
causes a huge fractional loss of capacity during cycling [266, 267],

 

Figure 8    SEM images of (a) as-grown VACNTs and (b) VACNTs coated with
Si  nanoparticles.  (c)  TEM  image  of  a  single  VACNT  coated  with  multiple  Si
nanoparticles.  (d)  HR-TEM  image  of  a  single  Si  nanoparticle  showing  the
crystal  lattice  orientations.  Reproduced  with  permission  from  Ref.  [249],  ©
American Chemical Society 2010.

 

Table 4    Electrochemical performances of some selected VACNTs/Si composite studies

Anode system Reversible capacity
(mAh·g−1)

Capacity retention
(%)

Coulombic efficiency
(%)

Current density
(mA·g−1) Number of cycles References

VACNTs/Si 1100 51 99.5 0.2 C 100 [261]

VACNTs/Si 765 — 98 15 C 100 [262]

VACNTs/Si core–shell 2502 90.4 — 420 100 [257]

VACNTs/Si core–shell 2510 91 99 420 80 [259]

3D VACNTs/Si 2562 93 — 1000 100 [252]

3D VACNTs/Si 1687 94.4 99.7 — 200 [234]

Patterned VACNTs/Si 650 — ~ 95 400 10 [263]
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leading  to  low  CE.  The  intrinsic  semiconductive  nature  of
elemental Ge also prevents efficient electron transport. To mitigate
these issues,  researchers  have explored the combination of  CNTs
and  Ge  to  form  a  composite,  which  has  proven  to  be  the  best
alternative.

In  2014,  Susantyoko  et  al.  [268]  reported  the  performance  of
amorphous  polycrystalline  Ge  on  VA-MWCNT  arrays
(MWCNT/c-Ge)  and  amorphous  Ge  on  the  identical  MWCNT
arrays  (MWCNT/a-Ge)  as  active  materials  for  LIBs. Figures
11(a)–11(c) show  the  SEM  images  of  the  as-synthesized  VA-
MWCNTs,  c-Ge  coated  VA-MWCNTs,  and  a-Ge  coated  VA-
MWCNTs.  According  to Fig. 12(a),  during  the  first  cycle,  the
MWCNT/c-Ge displayed discharge and charge capacities of 955.6
and 710.8 mAh·g−1 at 0.1 C, with an initial CE of 71.3%. After the
first  cycle,  the  specific  capacity  became  more  stable  from  the
second to the 100th cycle,  decreasing from 774.3 to 730.2 mAh·g−1

with an improved CE of over 95%. Similarly,  the MWCNT/a-Ge
showed high first-cycle  discharge  and charge  capacities  of  1725.8
and  1234  mAh·g−1,  corresponding  to  an  initial  CE  of  73.5%,  at  a
current density of 0.1 C, as shown in Fig. 12(b). Interestingly, after
100  cycles,  it  still  showed  a  very  high  specific  capacity  of  1096.1
mAh·g−1 with CE above 95%. Although they reported that the VA-
MWCNTs contributed to less  than 5% of the specific  capacity of
the entire structure, they attributed the cycling stability reported in
both  cases  to  the  VA-MWCNT  role  as  a  support  matrix  to
mitigate pulverization. Gao et al. [269] also reported excellent rate
capability  and  highly  improved  stability  for  a  graphene/CNT
(GCNT) hybrid structure coated with Ge. The Ge/GCNTs anode
displayed  a  specific  capacity  of  over  800  mAh·g−1 at  a  very  high
current density of 40 A·g−1 after 200 cycles.

Wang et al. [270] used VACNT arrays as a 3D current collector
to  enhance  the  electrochemical  performance  of  a  1020-nm-thick
Ge  film,  as  shown  in Fig. 10(b).  After  100  cycles,  the  VACNT-
supported electrode structure  exhibited a  high reversible  capacity
of 1314 mAh·g−1 and an impressive capacity retention of 97.2% at
a rate of 0.2 C (1 C = 1600 mA·g−1). It also showed an impressive
rate  performance,  with  a  high  reversible  capacity  of  more  than
843  mAh·g−1 at  a  rate  of  10  C.  These  improvements  were
attributed  to  the  presence  of  more  free  spaces  offered  by  the
VACNTs to withstand the huge volume change and provide rapid
electron transport.

All  these  studies  strongly  underlie  the  exceptional
electrochemical  performances  of  the  Ge-VACNT  composite
electrodes  and  portray  them  as  a  promising  and  highly
competitive  alternative  in  LIB  anodes.  Nevertheless,  their
commercialization  remains  a  critical  issue  yet  to  be  addressed
because of the high cost of production.

 3.2.3    Tin-VACNT composites

Sn has also been considered a promising candidate to replace the
graphitic  anodes  owing  to  its  theoretical  specific  capacity  of
992  mAh·g−1 (for  its  Li22Sn5 alloy)  [271]  and  relatively  huge
abundance in nature. However, similar to Si and Ge, their usage is
also  hindered  by  large  volumetric  change  upon  lithiation  and
delithiation,  which  results  in  pulverization  and  poor  cycling
performance  [272].  CNTs  have  been  incorporated  with  Sn  for
composite anode systems to abate this issue.

Sun et  al.  [273] reported the electrochemical  performance of  a
binder-free  LIB  anode  based  on  an  Sn-coated  VACNT  array
synthesized on a  stainless  steel  (SS)  substrate. Figure 13(a) shows

 

Figure 10    Schematic diagrams of structures of (a) a planar current collector with Ge layer and (b) a 3D VACNT supported thick Ge film before and after cycling.
Reproduced with permission from Ref. [270], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2014.

 

Figure 9    (a) Charge/discharge curves and CE of the hybrid VACNTs/Si anode over 25 cycles at 100 mA·g−1. (b) Rate capability of the hybrid anode at different charge
and discharge current rates. Reproduced with permission from Ref. [249], © American Chemical Society 2010.
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VACNTs synthesized on the SS current collector with an average
diameter  of  20  nm.  Upon  coating  with  Sn,  the  average  diameter
increased to 100 nm but still  maintained large inter-tube spacing
for  efficient  strain  accommodation  (Fig. 13(b)).  The  authors
compared the Sn mass loading on the Sn-coated VACNTs and flat
Sn  film,  and  they  observed  that  the  Sn  mass  loading  on  the
VACNT sample was larger than that of the flat Sn film by a factor
of  1.3–1.4.  This  was  obviously  due  to  the  improved  surface  area
offered by the VACNTs, allowing for more active materials to be
loaded on them.

As  shown  in Fig. 14(a),  after  400  cycles,  the  Sn-VACNT
composite  anode delivered a  reversible  capacity  of  930.8  mAh·g−1

at  0.2  C  with  an  initial  CE  of  ~  80%.  Prolonged  cycling
(1000  cycles)  at  0.5  C  also  delivered  a  considerably  high  specific
capacity  and  CE  of  380.9  mAh·g−1 and  99.37%,  respectively  (Fig.
14(b)). The rate performance at current densities from 0.1 to 1.0 C
was  also  evaluated. Figure  14(c) shows that  the  composite  anode
delivered  excellent  rate  stability  and  specific  capacities  even  after
200 cycles. Upon reversing the current density to the initial 0.1 C,
the initial specific capacity of 953.5 mAh·g−1 was also restored.

Furthermore,  to  distinguish  the  impact  of  the  VACNT
structure,  three  different  electrodes  consisting  of  pure  VACNT,
flat  Sn  film,  and  Sn-coated  VACNT  anodes  were  fabricated  for
electrochemical  testing.  From Fig. 14(d),  although  the  pure
VACNT anode showed very low specific capacity when compared
to  the  other  two,  it  showed  the  least  degradation  (high  stability)
across the 100 cycles. When compared to the Sn-coated VACNT,
the  Sn  film  electrode  showed  very  fast  degradation  and  lower
specific  capacity  resulting  from  pulverization.  This  improved
stability  and  specific  capacity  seen  in  the  Sn-coated  VACNT
electrode  is  a  result  of  high  mechanical  strength,  porous  nature,
and large surface area offered by the VACNTs in the composite.

Deng  et  al.  [274]  reported  improved  electrochemical
performance  for  a  3D  tin  disulfide  (SnS2)/VACNTs  anode.  The
anode  exhibited  an  excellent  specific  capacity  of  551  mAh·g−1,  a
good cyclability of 551 mAh·g−1 at 100 mA·g−1,  and an impressive
rate capability of 223 mAh·g−1 after 100 cycles. They attributed the
high performance to the combined effect of SnS2 and the presence
of the nanostructured VACNT arrays. The VACNTs served both

as  conductive  additives  and  support-framework  to  enhance  the
conductivity  of  SnS2 and  accommodate  the  effect  of  volume
change during cycling.

 3.2.4    VACNT-metal oxide composites

As stated earlier,  CNTs can be incorporated into metal  oxides  to
form  composite  materials  for  LIB  anodes.  These  materials  are
touted  to  be  the  most  promising  candidates  to  replace
conventional  graphitic  anodes.  They  can  offer  thrice  the
gravimetric capacity of graphite with minimal capacity fading over
several  cycles  [130].  Similar  to  Si  and  Ge,  which  have  been
discussed  earlier,  pristine  metal  oxide  anodes  suffer  from
pulverization  due  to  high  volumetric  changes  that  occur  during
charging  and  discharging.  As  we  already  know  from  our
discussion  so  far,  this  phenomenon  results  in  severe  capacity
fading  and  battery  failure.  To  abate  this  issue,  CNTs  have  been
used  as  scaffolds  or  support  matrices  to  withstand  the  volume
changes of the metal oxides during cycling owing to their unique
tensile  strength,  leading  to  improved  cyclability.  Such  composite
materials  would  utilize  two  lithium  storage  mechanisms:
intercalation  and  alloying  or  conversion  reactions,  leading  to  an
increased specific capacity. In addition to the enhanced cyclability
and increased specific  capacity,  the  CNT/metal  oxide  composites
offer improved rate capability because the CNTs can also act as a
conducting  wire  to  improve  electronic  transport.  Several  groups
have  reviewed  the  performances  of  the  CNT/metal  oxide
composite  anodes  but  with  little  or  no  emphasis  on  the  aligned
CNTs,  despite  their  excellent  prospects  in  energy  storage
applications [275–283]. Thus, in this section of our review, we will
restrict  our  discussions  to  only  aligned  CNT/metal  oxide
composites.

Owing  to  their  unique  properties  discussed  earlier,  aligned
CNTs  have  been  integrated  into  different  metal  oxides  to  form
composite  anode  for  LIBs.  In  2018,  Zhu  et  al.  [284]  fabricated  a
free-standing  and  binder-free  TiO2/SACNT  hybrid  film  that  can
be  used  as  flexible  anodes  in  LIBs.  The  SACNT  arrays  were
synthesized  on  Si  wafers  in  a  low-pressure  CVD  system.  The
composite  anodes  were  fabricated  via  the  sol-gel  technique  by
dispersing the SACNT arrays in a mixture of  ethanol,  ammonia-

 

Figure 11    SEM images of (a) as-synthesized VA-MWCNTs, (b) c-Ge coated VA-MWCNTs, and (c) a-Ge coated VA-MWCNTs. Reproduced with permission from
Ref. [268], © Elsevier Ltd. 2014.
 

Figure 12    Cyclic performance of (a) MWCNT/c-Ge and (b) MWCNT/a-Ge at constant current rate of 0.1 C for 100 cycles. Reproduced with permission from Ref.
[268], © Elsevier Ltd. 2014.
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water,  and  tetrabutyl  titanate  (TBT).  Afterward,  the
electrochemical  performance  of  the  TiO2/SACNT  films  was
investigated  in  half  cells,  using  pristine  lithium  foils  as  both
counter  and  reference  electrodes.  After  1000  cycles,  the
TiO2/SACNT films still delivered impressive capacities of 190, 145,
135, 125, 120, and 100 mAh·g−1 at high current densities of 1, 5, 10,
20,  30,  and  60  C,  respectively,  with  CE  of  nearly  100%  at  each
cycle.  They  also  reported  that  the  structure  of  the  TiO2/SACNT
composite was intact after 1000 cycles at 60 C. They attributed the
excellent  electrochemical  performance  to  the  flexibility  of  the
SACNTs  due  to  their  nanoscale  diameter  (~  10  nm),  the  highly
conductive  nature  of  the  SACNTs  for  improved  electron
transport, and the large surface area offered by the SACNTs for a
large amount of lithium storage.

Aside  from  the  TiO2,  aligned  CNTs  have  also  been  used  to
form composite anode systems with other titanium-based oxides,
such as  Li4Ti5O12 (LTO),  with impressive results  [285–287].  LTO
displays  some impressive  advantages  over  conventional  graphite-
based  anodes,  such  as  flat  and  relatively  high  redox  potential
(1.55 V vs. Li+/Li) [288]. This results in a decreased cell potential of
the  LIB,  obviating  electrolyte  decomposition  and  SEI  formation.
This  enables  the  LTO  electrodes  to  withstand  high  current
densities  [289].  Despite  these  excellent  properties,  the  LTO  is

fraught with low electronic conductivity (< 10−13 S·cm−1) [290] and
a relatively low Li+ ion diffusion coefficient [291], culminating in a
low-rate  performance.  However,  the  electronic  conductivity  and
Li+ ion  diffusivity  can  be  enhanced  by  coating  the  LTO
nanoparticles  on  highly  conductive  aligned  CNTs.  For  instance,
Pawlitzek et al. [285] fabricated a VACNT/LTO composite anode
by  decorating  VACNTs  synthesized  on  Ni  foil  with  LTO
nanoparticles  via  spray  deposition  technique.  The  open-pore
nature  of  the  VACNT arrays  contributed  immensely  to  the  high
effectiveness of the spray deposition technique. Samples with four
different  LTO  loads  were  prepared  (45  wt.%,  60  wt.%,  70  wt.%,
and  78  wt.%),  and  their  electrochemical  performance  was
investigated in coin cells by cyclic voltammetry (CV). The specific
capacity dropped from 185 mAh·g−1 in the low LTO load sample
(45 wt.%) to 135 mAh·g−1 in the high LTO load sample (78 wt.%)
at  2 C (1 C = 175 mAh·g−1)  (Fig. 15(a)).  The higher performance
observed  in  the  low  LTO  sample  was  attributed  to  the  relatively
higher CNT content and the narrow size distribution of the LTO
nanoparticles (~ 25 nm), offering a more specific surface area for
Li+ ions  storage.  Furthermore,  the  rate  capability  was  tested  at
extremely high current densities  (up to 500 C).  As shown in Fig.
15(b), all the coin cells display high specific capacities at very low
discharge rates below 2 C. However, the 78 wt.%, 70 wt.%, and 60

 

Figure 13    SEM images of (a) as-synthesized VACNT array and (b) Sn-coated VACNT array. Reproduced with permission from Ref. [273], © Elsevier Ltd. 2014.

 

Figure 14    Capacity  retention  and  CE  of  Sn-coated  VACNT  anode  at  (a)  0.2  C  for  400  cycles  and  (b)  0.5  C  for  1000  cycles.  (c)  Rate  performance  of  Sn-coated
VACNT  anode  from  0.2  to  1.0  C  and  back  to  0.1  C.  (d)  Reversible  capacities  of  pure  VACNT,  flat  Sn  film,  and  Sn-coated  VACNT  anodes.  Reproduced  with
permission from Ref. [273], © Elsevier Ltd. 2014.
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wt.%  composites  all  experienced  significant  capacity  drops  at  30,
50, and 100 C, respectively. Contrastingly, the 45 wt.% composites
still  maintained  an  impressive  high  specific  capacity  of  110
mAh·g−1 up to  300 cycles.  This,  again,  was  attributed to  the  LTO
particle size and the high VACNT content for improved electronic
transport. They also investigated the cyclability of the electrodes at
a current density of 10 C. After 500 cycles, the cells exhibited very
high-capacity retentions of 97% and 95% for 45 wt.% and 60 wt.%
composites and lower capacity retentions of 78% and 51% for the
high LTO load composites (70 wt.% and 78 wt.%) (Fig. 15(c)).

Lou  et  al.  [292]  reported  the  electrochemical  performance  of
LIB  anodes  fabricated  by  coating  manganese  oxide  (MnO2)  over
well-aligned CNTs. The VACNTs were grown on SS foil via a one-
step  floating  catalyst,  followed  by  MnO2 and  carbon  coatings  by
spontaneous  deposition  and  CVD,  respectively.  The  carbon
coating was done to prevent the aggregation of the MnO2 film and
to provide more SEI film stability for improved cyclic stability. The
C/MnO2/VACNTs  anodes  delivered  a  stable  capacity  of
738  mAh·g−1 at  60  mA·g−1 (0.05  C)  without  any  decrease  in
capacity  after  100  cycles  and a  capacity  of  374  mAh·g−1 at  a  high
current  density  of  6000  mA·g−1 (5  C).  They  ascribed  the  high
electrochemical  performance  of  the  anodes  to  the  role  played  by
the thin metal  oxide  film in  making the  entire  composite  system
active  and  electrochemically  accessible,  as  well  as  to  the  high
conductivity,  large  surface  area,  and  mesoporosity  of  the
VACNTs.

In a more recent report by Abdollahi et al. [43], 3D hierarchical
MnO2 nanoflakes (NFs) were synthesized on VACNTs grown on
SS to serve as anodes for LIBs. The SEM and TEM images in Figs.
16(a) and 16(b) show  the  highly  porous  MnO2 NFs,  uniformly
coated on VACNTs.

To  better  understand  the  electrochemical  behavior  of  the
composite  system,  they  also  fabricated a  pristine  VACNT anode.

Figures  17(a) and 17(b) show  the  galvanostatic  charge/discharge
curves  of  both  electrode  materials  for  the  first  five  cycles.  The
VACNTs  coated  with  MnO2 NFs  (MnO2 NFs/VACNTs)
composites delivered impressively high first discharge and charge
capacities  of  2438  and  1289  mAh·g−1 at  a  current  density  of
250  mA·g−1.  In  contrast,  the  pristine  VACNT  electrode  showed
notably  lower  first  discharge  and  charge  capacities  of  1390  and
533 mAh·g−1,  respectively.  The anodic  peak at  1.3  V and the  two
marked peaks at  1.04 and 1.63 V (in the first  cycle  CV curve)  in
Fig. 17(c) are  attributed  to  the  electrolyte  decomposition  and  the
formation  of  the  SEI  layer.  Similarly,  the  prominent  cathodic
peaks  at  0.67,  1.18,  and  1.632  V  in Fig. 17(d) are  related  to  the
formation  of  the  SEI  layer  and  the  reduction  of  Li+ ions  in  the
electrolyte with the MnO2 NFs. Meanwhile, the overlapping redox
peaks  seen  in  the  first  five  cycles  demonstrate  the  structural
stability  and  electrochemical  reversibility  of  both  electrodes,
further confirming the impact of the high mechanical strength of
VACNTs.

Upon  further  cycling,  the  MnO2 NFs/VACNTs  anode
consistently  showed  superior  specific  capacities  over  the  pristine
VACNT anode,  as  seen in Fig. 18(a).  After 150 cycles,  the MnO2
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Figure 15    Electrochemical characterizations of VACNT/LTO composites (45 wt.% black, 60 wt.% red, 70 wt.% blue, and 78 wt.% purple). (a) Voltage profiles at 2 C.
(b) Discharge capacities at different rates, up to 500 C. (c) Cyclability test at 10 C. Reproduced with permission from Ref. [285], © Elsevier B.V. 2016.

 

Figure 16    (a) SEM and (b) TEM images of MnO2 NFs/VACNTs. Reproduced
with permission from Ref. [43], © Elsevier Ltd. 2021.
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NFs/VACNTs  electrode  still  delivered  a  charge  capacity  of
803.2 mAh·g−1 and increased CE of up to 98.4%. According to Fig.
18(b), the rate capability test results of both electrodes at different
current densities (250, 500, 1000, and 2000 mA·g−1) reveal specific
capacities of 1115, 849, 601, and 414 mAh·g−1, respectively, for the
MnO2 NFs/VACNTs  anode.  These  results  were  considerably
higher  than  those  observed  for  the  pristine  VACNT  electrode,
with  specific  capacities  of  376,  245,  163,  and  109  mAh·g−1.  They
also reported that the MnO2 NFs/VACNTs composites exhibited
a  high  electrolyte/electrode  contact  area,  short  Li+ diffusion
pathway,  and  good  cyclability.  They  attributed  these  outstanding
performances to the high electronic conductivity  and mechanical
strength  of  the  VACNTs  to  facilitate  electron  transport  and
prevent pulverization of the nanostructured electrode.

Luo  et  al.  [293]  also  reported  improved  electrochemical
performance  for  Mn3O4/SACNT  composite  anodes.  The  Mn3O4
was  anchored  on  the  SACNTs  by  the  decomposition  of
Mn(NO3)2.  The  composite  anode  displayed  high-capacity
retention of 95% after 100 cycles at 1 C and a good rate capacity of
342 mAh·g−1 at a high current density of 10 C. The SACNTs films
provided  the  conductive  pathway  and  served  as  a  structural
framework  to  anchor  the  Mn3O4 nanoparticles,  eliminating  the
need  for  a  binder  and  giving  room  for  improved  conductivity
despite the insulating nature of the Mn3O4 particles. The porosity
of  the  Mn3O4/SACNTs  composites  offered  by  the  SACNT  films
enabled  electrolyte  infiltration  and  accommodated  the  volume
change during cycling.

In a very interesting study by Li et al. [294], the electrochemical
performance  of  a  ternary  anode  developed  by  combining  MnO,
VACNTs,  and  TiO2-C  (MnO-CNTs@TiO2-C)  was  investigated.
Spherical  MnO  particles  were  grown  along  vertically  aligned
CNTs  to  produce  a  sea  urchin-like  structure  (MnO-CNTs)  and,
afterward,  coated  with  a  layer  of  TiO2-C.  These  VACNTs  were
reported to penetrate the inner MnO core and connect it with the
TiO2-C.  This  was  done  to  provide  an  effective  route  for  electron
transport and withstand the mechanical strain that occurs during
the  conversion  reaction. Figures  19(a')–19(d') summarize  the
structural evolution of the MnO-based microsphere anodes upon
cycling.  The  stable  TiO2 shell  provided  protection  for  the  inner
MnO. The carbon coating on the TiO2 improved the conductivity
of  the  TiO2 shell  and  the  whole  composite  anode,  giving  rise  to
high  reversibility  and  structural  stability.  Upon  comparing  the
cycle performance of the four MnO-based anodes over 200 cycles
and  at  a  current  density  of  100  mA·g−1,  as  expected,  the
MnO-CNTs@TiO2-C  delivered  the  highest  specific  capacity
(~ 900 mAh·g−1) amongst the four anodes (Fig. 20(a)).  According
to Fig. 20(b), the rate capability study of the MnO-CNTs@TiO2-C
anode  over  200  cycles  revealed  high  capacities  of  825,  720,  623,
524,  449,  and  300  mAh·g−1 at  current  densities  of  100,  200,  500,
1000,  2000,  and  5000  mA·g−1.  The  result  of  the  cycling  test  also
showed  good  capacities  of  648,  502,  and  389  mAh·g−1 at  high
current  densities  of  100,  1000,  and 5000 mA·g−1 over  1000,  2000,
and  2000  cycles,  respectively.  As  discussed  above,  excellent

 

Figure 17    Charge–discharge curves of (a) pristine VACNTs and (b) MnO2 NFs/VACNTs electrodes. CV curves of the 1st,  3rd,  and 5th cycles at a current density of
250 mA·g−1 for (c) pristine VACNTs and (d) MnO2 NFs/VACNTs electrodes. Reproduced with permission from Ref. [43], © Elsevier Ltd. 2021.
 

Figure 18    (a) Comparisons between the cycling performance and CE of both pristine and MnO2 NFs/VACNTs electrodes. (b) Rate capability test of the VACNTs
and MnO2 NFs/VACNTs electrodes. Reproduced with permission from Ref. [43], © Elsevier Ltd. 2021.
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performances were reported because of the combined roles played
by the compositing materials.

There  are  also  reports  of  VACNT/Fe-based  composites.  For
instance,  in  2019,  Jessl  et  al.  [295]  reported  the  electrochemical
performance of a composite anode fabricated by coating VACNTs
with  α-Fe2O3 nanoflakes  via  a  microwave-assisted  hydrothermal
technique.  The  VACNT/Fe2O3 electrode  was  cycled  at  0.2  C  for
50 cycles and after the first 20 cycles, the specific capacity stabilized
at  a  high  value  of  912  mAh·g−1.  A  further  study  of  the  rate
performance revealed that the composite electrode retained more
than  400  mAh·g−1 after  160  cycles  when  cycled  at  1  C.  They
attributed  this  positive  behavior  to  the  open  structure  of  the
composite  electrode  and  the  excellent  electronic  network  offered
by the VACNTs.  They also investigated the structural  stability  of
the  electrode  system  by  disassembling  the  battery  after  40  cycles
and  taking  the  SEM  images.  The  SEM  images  revealed  that  the
initial  honeycomb  structure  of  the  VACNT/Fe  oxide-based
composite electrode was maintained, corroborating the usefulness
of the VACNT scaffolds.

In  another  study  by  Wu  et  al.  [296],  improved  specific
capacities,  remarkable  capacity  retention,  and  impressive  rate
capability  were  reported  for  composite  anodes  fabricated  by
sputtering  Fe3O4 nanoparticles  on  SACNT  arrays  by  a  one-step
direct  current  (DC)  magnetron  sputtering  technique.  The
SACNTs,  as  expected,  provided  the  conducted  pathways  for
electron transport  and prevented the  agglomeration of  the  Fe3O4
nanoparticles.  The SACNT/Fe3O4 anode delivered a high specific
capacity of over 800 mAh·g−1 and CE of more than 90% at 0.1 A·g−1

over 100 cycles. At a higher current density of 9 A·g−1 (equivalent
to  25  C  of  graphite  electrodes),  a  high  specific  capacity  of  340
mAh·g−1 was still achieved after 100 cycles.

Furthermore,  pulverization  due  to  volume  change  during
cycling  and  the  poor  electronic  conductivity  suffered  by  pristine
nickel oxide (NiO)-based anodes have been addressed by coating
the  NiO  on  VACNT  arrays.  Susantyoko  et  al.  [297]  studied  the
electrochemical  performance  of  LIB  anode  fabricated  by  coating
NiO  on  VA-MWCNTs.  The  VA-MWCNTs  were  grown  on  SS
disks via the PECVD technique, and the NiO was sputtered on the
VACNT  arrays  in  a  DC  sputtering  chamber.  To  study  the
contribution  of  the  VA-MWCNTs  to  the  improved
electrochemical  performance  of  the  composite  anode  system,
another composite anode was fabricated (SS/NiO) without the VA-
MWCNTs  on  the  SS  disk.  As  shown  in Fig. 21(a),  the  VA-
MWCNTs/NiO and SS/NiO delivered specific discharge capacities
of 864.8 and 285.9 mAh·g−1, respectively, at a fixed current density
of 143.6 mA·g−1 over 50 cycles. At different charge/discharge rates
of  0.1,  0.2,  0.5,  and  1  C  (1  C  =  718  mA·g−1),  the  VA-

MWCNTs/NiO anode delivered specific capacities of 958.2, 936.6,
889.7, and 820.1 mAh·g−1, respectively, whereas the SS/NiO anode
delivered  low  specific  capacities  of  398.6,  293.7,  215.1,  and
159.2  mAh·g−1 at  the  same  current  densities  (Fig. 21(b)).
Furthermore,  the  electrochemical  impedance  spectroscopy  (EIS)
results  at  a  low-frequency  value  of  0.22  Hz  were  provided,  as
shown  in Fig. 21(c).  The  resistances  of  the  VA-MWCNTs/NiO
anode  varied  in  the  range  of  62.2 Ω  (at  0.6  V  discharge)  to  228
Ω (2.1 V discharge), whereas the SS/NiO resistances varied largely
in  the  range  of  130.8 Ω  (at  0.3  V  discharge)  to  1653.8 Ω  (at  3  V
charge). Compared to the SS/NiO anode, the VA-MWCNTs/NiO
anode  displayed  lower  resistance  values  across  all  potentials,
indicating better ionic transport. Figure 21(d) reveals that the VA-
MWCNTs/NiO anode exhibited lower charge-transfer resistances
than  the  SS/NiO  anode  across  all  potential  values,  resulting  in
superior  electron  transport.  The  excellent  rate  performance,
evidenced  by  the  low  internal  resistance  and  the  low  charge-
transfer  resistance  of  the  VA-MWCNTs/NiO  electrode,  was
attributed  to  the  improved  electronic  and  ionic  transport  offered
by the presence of the VA-MWCNTs.

The  structural  stability  tests  of  both  anode  systems  were  also
performed by disassembling the cells after 50 cycles and taking the
SEM  images.  The  images  revealed  that  the  active  material  in  the
SS/NiO  electrode  was  easily  stripped  off  because  of  the
pulverization of the NiO active material and the poor adhesion of
the  NiO  to  the  SS  disk.  Conversely,  the  structure  of  the  VA-
MWCNTs/NiO electrode was maintained. This was attributed to
the  presence  of  the  VA-MWCNTs  as  scaffolds  to  buffer  and
withstand  the  mechanical  strain  caused  by  volume  changes  and
the  strong  attachment  of  the  active  NiO  materials  to  the  VA-
MWCNTs.  In  another  study,  Deng  et  al.  [298]  fabricated  a  3D
composite  anode  by  coating  nitrogen-doped  aligned  CNT
(NACNT)  array  with  NiO  nanoparticles  wrapped  with  graphitic
carbon layers. The anode system delivered a high specific capacity
of  649  mAh·g−1,  CE of  95.2%,  and capacity  retention  of  91.6% at
0.2  C  over  200  cycles.  This  excellent  performance  was  also
attributed to the role played by the aligned CNTs in improving the
electronic  conductivity  of  the  active  materials  and preventing the
aggregation of NiO particles.

Aligned  CNTs  have  also  been  composited  with  cobalt  oxide-
based  nanoparticles.  He  et  al.  [299]  investigated  the
electrochemical  performance  of  an  LIB  composite  anode
fabricated  by  growing  Co3O4 nanoparticles  on  SACNT  films  via
the  pyrolysis  method  using  Co(NO3)2 as  the  precursor.  The
Co3O4/SACNT  electrode  displayed  impressive  cycling  stability  of
910 mAh·g−1 after 50 cycles at 0.1 C and great rate performance of
820 mAh·g−1 at  1  C.  In another study by Liu et  al.  [300] in 2014,

 

Figure 19    Schematic diagrams of the structural evolution of the MnO-based microsphere anodes upon cycling: ((a) and (a')) MnO-C, ((b) and (b')) MnO-CNTs-C,
((c) and (c')) MnO@TiO2-C, and ((d) and (d')) MnO-CNTs@TiO2-C. Reproduced with permission from Ref. [294], © American Chemical Society 2020.
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high  specific  capacity,  good  rate  capability,  and  impressive
cyclability  were  reported  for  a  3D  VACNTs/NiCo2O4 core/shell
structures electrode. The composite anode system delivered a high
and  stable  reversible  specific  capacity  of  1147.6  mAh·g−1 at  100
mA·g−1.  At  a  higher current density of  1000 mA·g−1,  the electrode
still maintained a high capacity of 712.9 mAh·g−1 with no capacity
fading  over  200  cycles,  indicating  excellent  rate  capability  and
good  cycle  stability.  These  two  groups  attributed  the  excellent
performances  of  the  LIBs  to  the  high conductivity  of  the  aligned
CNTs  for  enhanced  electronic  transport,  the  mechanical  support
provided  by  the  aligned  CNTs  to  buffer  volume  change  during
cycling,  and  the  availability  of  more  active  sites  offered  by
compositing the different materials together. Table 5 below shows
the  electrochemical  performances  of  some  composite  electrodes
from other studies.

 4    VACNTs-based cathodes for LIBs
As  mentioned  earlier,  the  widely  used  electroactive  cathode
materials  display  low electronic  conductivities,  inhibiting  the  rate
capability  of  the  battery.  LiCoO2,  LiFePO4,  and  LiMn2O4 all
exhibit  low  conductivities  of  ~  10−4,  ~  10−9,  and  ~  10−6 S·cm−1,

respectively [302].
Meanwhile,  binder-free  VACNT  arrays  grown  directly  or

coated  on  bare  current  collectors  have  been  explored  as
alternatives  to  improve  the  conductivities  of  the  electroactive
materials and the general electrochemical performance of state-of-
the-art  cathodes  [303].  The  intimate  electrical  contact  between
current  collectors  and  the  active  materials  reduces  the  charge
transfer  resistances.  More  so,  the  highly  conductive  vertical
channels  of  the  VACNTs  provide  faster  electronic  transport  and
shorter  lithium  diffusion  pathways,  leading  to  improved  rate
capabilities in LIBs. Also, there is increased accessibility of Li+ ions
to  the  electroactive  materials  due  to  the  large  surface  area  and
mesoporous  pore  sizes  of  the  VACNT  arrays.  This  also  ensures
faster Li+ ion diffusion and increased utilization of active materials,
thus, leading to high specific capacities.

Ning  et  al.  [304]  employed  VACNTs,  agglomerated  CNTs
(ACNTs),  and  carbon  black  (CB)  to  construct  conductive
networks  for  LFP  cathodes.  Three  different  LFP-based  cathodes
(LFP-VACNT-CB, LFP-ACNT-CB, and LFP-CB) were fabricated,
and their electrochemical performances were tested. As shown in
Fig. 22,  the  LFP-VACNT-CB  delivered  superior  discharge
capacities at different current densities compared to the other two

 

Figure 20    (a) Comparison of the cycling performance of four MnO-based microsphere anodes over 200 cycles at current density of 100 mA·g−1. (b) Rate capability
test of the MnO-CNTs@TiO2-C microsphere anode. Reproduced with permission from Ref. [294], © American Chemical Society 2020.
 

Figure 21    (a)  Cycling  performance  and  (b)  rate  capabilities  of  MWCNT/NiO,  SS/NiO,  and  MWCNT  anodes.  (c)  Nyquist  plots  of  MWCNT/NiO  and  SS/NiO
anodes, showing the resistance at 0.22 Hz and (d) charge-transfer resistance of MWCNT/NiO and SS/NiO anodes during the 3rd cycle. Reproduced with permission
from Ref. [297], © Elsevier Ltd. 2013.
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electrodes,  an  evidence  of  excellent  rate  capability.  The  extended
charge–discharge  platform  at  ~  3.4  V  in Fig. 22(b),  observed  for
the LFP-VACNT-CB cathode, is  indicative of the involvement of
more  electroactive  materials  in  the  cycling  process  due  to  the
larger surface area and the mesoporous pore geometry of VACNT
arrays  described  earlier.  The  LFP-VACNT-CB  cathode  also
showed  better  specific  capacity  and  capacity  retention  after
100 cycles at 1 C (1 C = 140 mAh·g−1), as shown in Fig. 22(c). The
impedance curves at  10 °C for the three electrodes shown in Fig.
22(d) reveal  a  significantly  reduced  charge  transfer  resistance
(corresponding to the smaller width of the semicircle) for the LFP-
VACNT-CB  cathode.  This  was  attributed  to  the  superior
conductivity offered by the VACNTs.

Ventrapragada et al. [198] attempted to reduce the resistance at
the  current  collector  and  active  material  interface  (CCAMI)  by
coating  VACNTs  with  electrochemically  active  LFP  powders.
The  electrode  delivered  an  impressively  high  energy  density  of
~ 500 Wh·kg−1 at ~ 170 W·kg−1. The electrode was also reported to
have  withstood  a  very  high  current  density  of  ~  600  mA·g−1 for
500 cycles. The high electrical conductivity offered by the VACNT
arrays  allowed  for  highly  improved  electron  transport  across  the
CCAMI.  The  excellent  rate  capability  was  also  attributed  to  the
high stability of the VACNTs. Yilmaz et al.  [305] fabricated a 3D
cathode  consisting  of  an  Al  current  collector,  micropatterned
VACNT  arrays,  and  LFP  powders  coated  on  the  VACNTs  via
electrophoretic  deposition  technique.  As  expected,  the  highly
conductive  VACNT  cores  offered  a  high  specific  surface  area  to
facilitate  more  significant  mass  loading  of  the  electroactive  LFP
powders,  resulting  in  a  high  specific  capacity  of  143  mAh·g−1 at

C/20.  Using  a  simple  ultrasonication  technique,  Luo  et  al.  [306]
fabricated  a  binder-free  LiCoO2-SACNT  cathode.  The  electrode
delivered a specific discharge capacity of 151 mAh·g−1 at 0.1 C after
50 cycles and a high specific capacity of over 130 mAh·g−1 at 2 C.
The  SACNTs  were  reported  to  have  provided  a  continuous
network and porous channels for the rapid transport of electrons
and improved Li+ ions accessibility.

VACNTs have also been directly employed in the fabrication of
V2O5-VACNTs  composite  cathodes  with  high  specific  capacities
and  excellent  rate  capabilities.  Lu  et  al.  [201]  investigated  the
electrochemical properties of a V2O5-VACNTs cathode fabricated
by  coating  VACNTs  with  coaxial  layers  of  V2O5.  The  cathode
delivered  a  high  capacity  of  368  mAh·g−1 alongside  an  excellent
rate  capability.  Jiang  et  al.  [40]  designed  a  poly(3,4-
ethylenedioxythiophene):polystyrenesulfonic  acid  (PEDOT)-
coated  hierarchical  free-standing  V2O5-VACNTs-graphene  foam
(GF)  porous  cathode.  The  electrode  exhibited  a  high  reversible
capacity of 296.8 mAh·g−1 and excellent capacity retention of 113.3
mAh·g−1 at  5  C  after  1000  cycles.  They  also  performed  first-
principles  calculations  to  ascertain  the  contribution  of  the
VACNTs  in  the  electrochemical  performance  of  the  composite
cathode.  The  result  of  their  calculation  confirmed  that  the
presence  of  the  VACNTs  in  the  structure  enhanced  electronic
conductivity  and  Li+ adsorption,  which  led  to  the  impressive  Li+

ion storage and conversion behavior observed in the cathode.

 5    Conclusions and prospects
In  this  article,  we  reviewed  the  electrochemical  performances  of

 

Figure 22    (a) Rate capability, (b) charge–discharge curves at 0.2 C, (c) cycling performances at 1 C, and (d) impedance curves at 10 °C of LFP-VACNT-CB, LFP-
ACNT-CB, and LFP-CB cathodes. Reproduced with permission from Ref. [304], © Elsevier Ltd. 2018.

 

Table 5    Electrochemical performances of VACNTs/metal oxide composites from other studies not discussed in the literature

Composite anode Reversible capacity
(mAh·g−1)

Capacity retention
(%)

Coulombic efficiency
(%)

Current density
(mA·g−1) Number of cycles References

SACNT/TiO2 > 100 — ~ 100 30 C 2500 [301]

SACNT/Li4Ti5O12 154.7 89 ~ 100 5 C 1200 [286]

VACNTs/MnO2 738 99.9 — 60 100 [292]

VACNTs/NiCo2O4 core 712.9 — — 1000 200 [300]

SACNTs/SnO2 1004 — 96 0.1 C 80 [225]
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vertically  aligned CNTs and their  composites  in LIBs.  Compared
to  the  randomly  aligned  CNTs,  VACNTs  offer  improved
electrochemical  performance  in  LIBs.  They  possess  ultrahigh
electronic conductivity, which reduces electron transfer resistance.
Their  regular  pore  structure  and  unidirectionality  provide
improved  electrolyte  access,  lower  ion-diffusion  resistance,  and
shorter  and  directional  pathways  for  enhanced  and  continuous
transport of Li+ ions, which are key requirements for fast electrode
kinetics. More so, the extremely large surface area provided by the
VACNTs increases the number of Li+ ions that could be stored in
the electrode, leading to an improved specific capacity. Regardless
of  the  huge  irreversible  capacity  loss  observed  in  the  VACNT-
based  anodes,  they  are  still  preferable  to  conventional  graphitic
anodes  due  to  their  superior  mechanical  property,  electrical
conductivity,  large  aspect  ratio,  chemical  stability,  structural
flexibility,  and  reduced  tortuosity.  When  used  as  support  in
composite  systems,  their  mesoporous  nature  and  unique
mechanical  properties  offer  sufficient  voids  to  withstand  the
volumetric  changes  that  occur  during  cycling  and  obviate
pulverization.  They also form highly conductive networks,  which
can  potentially  enhance  the  electrical  contact  between  the
electroactive  materials.  This  leads  to  remarkably  improved
cyclability and rate capability.

Meanwhile,  owing  to  the  growing  demands  for  incorporating
CNTs in LIBs, there are still a lot that need to be done in this field
for  these  materials  to  reach  their  full  potential  in  the  battery
industry. For instance, there is a need to develop new or optimize
the available synthesis and purification methods for adequate and
high  yield  of  CNTs.  VACNTs  directly  synthesized  on  current
collectors  (e.g.,  copper,  aluminum,  stainless  steel,  and  nickel)
without any intermediate layer appear to be highly promising for
enhanced electrochemical performances in future LIBs. So, there is
a  need  to  develop  facile  techniques  for  growing  large-scale  and
high-quality  VACNTs  directly  on  these  current  collectors  at  low
cost.

Furthermore, there is a need to employ both experimental and
theoretical  (such  as ab  initio molecular  dynamics  simulations
based  on  density  functional  theory)  frameworks  to  properly
understand the lithium storage mechanisms in CNTs.  Again,  the
impacts  of  different  CNT  structures  and  morphologies  (length,
diameter, number of walls, defects, and alignment) on the general
electrochemical  performance  of  LIBs  remain  unclear.  Thus,  it  is
paramount to carry out both ab initio and empirical studies in this
regard to better understand and correlate the battery performance
with the CNT properties. This would allow for a more controlled
and efficient synthesis of CNTs with desired properties.

More  so,  regardless  of  the  improved  specific  energy  density
offered by VACNTs and their various composites, there is still the
issue of low volumetric energy density resulting from the reduced
mass  of  the  active  materials,  which  are  in  the  nanoscale  range.
Thus,  attention  should  be  drawn,  and  efforts  channeled  towards
simultaneously  increasing  the  mass  loading  of  electrodes  and
maintaining high active material use.

Lastly,  despite  the  improved  battery  performances  reported  in
this  review  for  the  aligned  CNTs  composite  electrodes,  there  are
still  some issues  hindering  their  commercialization,  such  as  poor
adhesion of nanoparticles with VACNTs, agglomeration of active
materials,  choice  of  composite  materials,  cost,  fabrication
techniques,  and  inadequate  understanding  of  the  surface
chemistry  in  the  composite  system.  Hence,  there  is  a  need  for
more  extensive  research  for  these  issues  to  be  addressed.  In  the
case  of  choice  of  composite  materials,  owing  to  the  increase  in
demand  for  LIBs,  it  is  essential  to  choose  cheap  and  heavily
abundant materials, such as Si, Sn, and Fe. There is also a need to
understand better the extent of interactions between the VACNTs

and the  compositing  materials.  Since  the  electrochemical  process
involves  the  transfer  of  electrons  and ions,  a  clear  understanding
of the impact of the VACNT interactions with the active materials
on the surface charge transfer is important. More so, efforts should
be made towards developing facile, environmentally friendly, and
cost-effective fabrication techniques to achieve commercialization
of these nanostructured composite electrodes.
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Vertically aligned carbon nanotubes (VACNTs) offer superior electrochemical performance in lithium-ion batteries 
(LIBs) owing to their unique properties. Their well-defined vertical channels facilitate fast electronic transport and 
ion diffusion. 
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