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A review of carbon nanotubes in modern
electrochemical energy storage
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Abstract:  The quest for sustainable energy storage solutions is more critical than ever, with the rise in global energy demand and
the urgency of transition from fossil fuels to renewable sources. Carbon nanotubes (CNTs), with their exceptional electrical conduct-
ivity and structural integrity, are at the forefront of this endeavor, offering promising ways for the advance of electrochemical energy
storage (EES) devices. This review provides an analysis of the synthesis, properties, and applications of CNTs in the context of EES.
We explore the evolution of CNT synthesis methods, including arc discharge, laser ablation, and chemical vapor deposition, and
highlight the recent developments in metal-organic framework-derived CNTs and a novel CNT aggregate with a three-dimensional
ordered macroporous structure. We also examine the role of CNTs in improving the performance of various EES devices such as lith-
ium-ion, lithium-metal, lithium-sulfur, sodium, and flexible batteries as well as supercapacitors. We underscore the challenges that
remain, including the scalability of CNT synthesis and the integration of CNTs in electrode materials, and propose potential solu-
tions and future research directions. The review presents a forward-looking perspective on the pivotal role of CNTs in shaping the fu-
ture of sustainable EES technologies.
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1 Introduction excellent cycle stability and mature technology, lead-
ing to widespread use in electronic products™.
1.1 Background . .
. . . However, the escalating global demand for sustain-
The extensive use of traditional chemical energy ) } ]
able energy solutions, driven by the burgeoning sec-
sources, such as coal, petroleum, and natural gas, has ) ) ) i ]
.. . . e tors of mobile electronics and electric vehicles, has in-
significantly contributed to industrialization and urb- ) )
. . tensified the quest for more efficient and economical
anization. However, this overuse has also led to nu-

. 4] . .
. . energy storage technologies'. Despite their preval-
merous serious issues. Non-renewable resources face gy g g P p

the risk of depletion, and there is a concomitant rise in ence, LIBs have limitations in encrgy density and re-

environmental pollution, including the annual in- source availability, necessitating the exploration of al-

H [5]
crease in global CO, emissions and the melting of gla- ternative EES systems™.

ciers'". Consequently, the development of green, effi- Lithium metal batteries (LMBs) are regarded as

cient, and safe new renewable energy technologies is one of the most promising EES technologies of the fu-
quite urgent. Electrochemical energy storage (EES) ture due to their lowest electrochemical potential of
technology has garnered extensive interest from re- —3.04 V (compared to standard hydrogen electrodes,
searchers due to its convenience, high efficiency, and SHE) and an ultra-high theoretical specific capacity of
environmental friendliness™. 3860 mAh g '°. Despite these advantages, the high

Since their commercialization in the 1990s, lithi- reactivity of lithium metal (Li) can lead to side reac-
um-ion batteries (LIBs) have been favored for their tions with the electrolyte, resulting in the formation of
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an unstable solid electrolyte interfacial (SEI) film.
This instability leads to non-uniform current density
during Li deposition and causes the growth of Li
dendrites, which seriously destabilizes battery opera-
tion and present significant safety hazards'®. Among
various LMBs, lithium-sulfur batteries (LSBs) stand
out as a particularly typical example. Capitalizing on
the Earth’s abundant sulfur (S) content, LSBs offer a
high theoretical specific capacity of 1675 mAh g
and have thus become a popular research focus'”.
However, the insulating nature of sulfur and the shut-
tling effect of lithium polysulfides (LiPSs) during
charging and discharging in ether-based electrolytes
result in the loss of active material, severely limiting
the cycling stability and rate capability of LSBs™. So-
dium-ion batteries (SIBs) and sodium-metal batteries
(SMBs) which utilize the much more abundant ele-
ment sodium (Na) in the Earth’s crust, offer a poten-
tial advantage in material availability over Li-based
energy storage systems. Nevertheless, similar to LIBs
and LMBs, these Na-based batteries still confront
comparable safety challenges'.

In contrast, supercapacitors excel in power dens-
ity but typically lag in energy density compared to
batteries. They store charge through electric double-
layer capacitors (EDLCs) and pseudocapacitors, with
the latter gaining attention for their higher specific ca-
pacitance due to surface Faraday reactions''”. The ef-
ficient transfer of ions and electrons at the microscop-
ic level within EES devices is crucial, and conductive

agents play a pivotal role in this charge-storage pro-
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Carbon nanotechnology, with its environment-
ally friendly approach, presents innovative solutions
by offering materials that boast enhanced efficiency
and unique properties''”. Among the spectrum of car-
bon nanomaterials, including graphene, carbon nan-
ofibers (CNFs), carbon nanosheets, and hybrid bulk
carbon, carbon nanotubes (CNTs) stand out. They ex-
hibit exceptional electronic conductivity, robust mech-
anical strength, excellent chemical stability, high as-
pect ratio, and large specific surface area* ") These
characteristics endow CNTs with significant potential
for EES applications, where they can be utilized ef-
fectively both as active materials and as conductive
additives. Since the discovery of CNTs, a multitude of
studies has been conducted worldwide, spanning
fields including media, transportation, energy, health,

19 This review complements

and the environment
previous works''® by providing updated statistics on
publications and patents from 2000 to 2023, as illus-
trated in Fig. la, focusing on articles and patents
lated to CNTs and EES. The consistent annual

crease in the number of patents and publications

re-
in-
re-
lated to CNTs indicates the sustained and growing in-
terest in CNTs-related research within the scientific
community.
1.2 Introduction to CNTs
1.2.1 Classification of CNTs

CNTs are tubular nanostructures that have been a
focal point of research and industrial interest due to

their unique properties and potential applications in

C=na,+ma,

140

(a) Statistics of articles and patents related to CNTs from 2000 to 2023. (b—e) Schematic diagram of chirality

index of CNTs"®. (Reproduced with permission)
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various fields. The initial terminology for CNTs was
inconsistent, with terms such as “carbon filaments” or
“carbon nanofibers” being used. The concept dates
back to 1890, stemming from observations in the
chemical industry where they were produced by the
decomposition of hydrocarbons over small-molecule
metal catalyst particles, such as iron or cobalt-
nickel'”. The electron microscope’s invention later
allowed for more accurate characterization of CNTs’
intricate structure, leading to the discovery by S.
lijima in 1991, who identified a new carbon isotope
and detailed the helical arrangement of carbon atoms
in CNTs!"",

CNTs are characterized by a helical vector (Chir-
al Vector) derived from the hexagonal lattice’s basis
vectors (a,, a,), expressed as C = na, + ma,
(Fig. 1b—e). The indices (n, m) define the chirality,
which is the CNT’s curl direction'”. Based on the
chiral index, single-walled carbon nanotubes (SW-
CNTs) are classified into 3 types: Zigzag (m = 0),
Armchair (n = m), and Chiral (other values), which af-
fects the electronic properties”™. Theoretical analysis
indicates that SWCNTSs with (n — m) = 3i (i being an
integer) exhibit metallic properties (the density of
states at the Fermi level is not zero), while other val-
ues result in semiconducting properties (the density of
states at the Fermi level is zero)”!). This distinction
forms the basis for the second classification of CNTs.

CNTs can also be categorized based on the num-
ber of graphite layers into SWCNTSs and multi-walled
carbon nanotubes (MWCNTSs). MWCNTs, which con-
sist of multiple layers of graphene, may exhibit vary-
ing chirality across their layers, complicating their
electron transport properties. However, most MW-
CNTs display metallic properties and excellent con-
ductivity™.

1.2.2  Properties of CNTs

CNTs are ideal one-dimensional (1D) materials,
characterized by their exceptional aspect ratio, which
endows them with superior mechanical, electrical, and
thermal properties'®”. The sp® hybridization of CNTSs’
carbon atoms eliminates dangling bonds, ensuring

chemical stability, and forms o-bonds that are among

the strongest known. Theoretical calculations™ sug-
gest CNTs can achieve elastic modulus of 5 TPa, ap-
proximately 25 times stronger than steel. The chemic-
al bond between C—C makes the tensile strength of
CNT go up to 100 GPa™™, 50 times that of steel, and
the elongation at break is as high as 15%—-20%. Be-
sides, the Young’s modulus of the defect-free CNT is
as high as 1 TPa or more”®, 5 times that of steel,
which are much higher than any other materials cur-
rently available. However, synthesis defects can re-
duce actual strength. The exceptional mechanical
properties of CNTs, characterized by their strength
and flexibility, make them ideal candidates for the
construction of self-supporting and flexible electrodes
in EES systems””**, These properties are crucial for
the development of durable and adaptable energy stor-
age devices that can withstand real-world conditions.
Post-treatments of SWCNTSs, such as oxidation or wa-
ter-assisted synthesis, can improve their purity and re-
duce their structural defects, thereby enhancing the
mechanical properties. Pre-treatments and post-treat-
ments of MWCNTs, such as high-temperature anneal-
ing, or chemical functionalization, can dramatically
change the microstructures and surface states, which
can in turn affect the mechanical properties. For ex-
ample, high-temperature annealing improves the
ordered structure and reduces the defects of MW-
CNTs, while chemical functionalization improves the
compatibility with solvents and purity*”.

Electrically, CNTs exhibit unique band struc-
tures that facilitate excellent electron transport. Semi-
conductor-type CNTs are ideal for microelectronic
devices due to their gate-controllable properties™™.
Metal-type CNTs exhibit long free-carrier paths, en-
abling ballistic transport where electrons face minim-
al resistance within the material®”. Ballistic transport
has been observed in both SWCNTs and MWCNTs,
promising for supercapacitor applications due to their
high current density tolerance (10° A ¢cm*)"'". Chlor-
ine doping of MWCNTs enhances their conductivity
by modifying the helicity and morphology, which in
turn influences their electrical properties. CNTs pos-

sess exceptional electrical conductivity due to their
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large aspect ratio and unique outer surface area. These
characteristics make them excellent materials for use
in supercapacitors and battery electrodes, where effi-
cient charge transfer and storage are paramount.
Moreover, CNTs demonstrate electronic conductivity
that is 3 to 20 000 times greater than that of conven-
tional carbon black conductors (Table 1), underscor-
ing their suitability for EES applications™* >,
Thermally, CNTs exhibit excellent thermal con-
ductivity, similar to other carbon allotropes like
diamond and graphite””. Ordered CNT arrangements
achieve thermal conductivities

can exceeding

200 W m ' K', a feature that, combined with their
[37]

low density”", makes them highly desirable for
thermal interface materials. This property is particu-
larly advantageous for applications where weight is a
critical factor, such as in aerospace or portable elec-
tronics. SWCNTs, in particular, have a higher thermal
conductivity per unit mass than MWCNTs. This su-
periority stems from the higher phonon mean free path
in SWCNTs, which facilitates more efficient phonon
transport along the tube. The efficient heat dissipation
capabilities of CNTs are crucial for extending the op-
erational life of batteries and supercapacitors. By pre-
venting thermal buildup—a common issue that de-
grades the performance and safety”®—CNTs can
help maintain the stability and longevity of these en-
ergy storage devices.

CNTs also exhibit enhanced field emission char-
acteristics due to their high aspect ratio and nanomet-
er-sized curvatures, allowing electron emission at
lower voltages. Their stable chemical properties,
mechanical strength, and high melting points make
them competitive in field emission applications*”.
Furthermore, CNTs possess an ultrablack prop-

Table 1 Comparison of properties of different carbon materials

erty due to their unique micro-nanostructures, which
can enhance the absorption of infrared radiation, ap-
proaching the performance of a blackbody. Vanta
Black, developed by Surrey NanoSystems (UK), is an
example of CNT-based material with an emissivity of
0.998 in the visible and infrared spectrum, making it
the darkest man-made substance!*").
1.2.3 Different roles of CNTs

SWCNTs and MWCNTSs each possess unique at-
tributes that influence their applications and roles.
SWCNTs are primarily utilized in nanoelectronic
devices'*”, EES™, composite reinforcement™**, and as
U] In contrast, MWCNTs have a diverse

range of applications, including EES™", hydrogen
[48]

catalysts
storage!”), electromagnetic shielding*™, and biomedi-
cine®. It is evident that both SWCNTs and MW-
CNTs are extensively used in EES applications, albeit
they display significant differences. SWCNTs, known
for their exceptional electrical conductivity and mech-
anical strength as mentioned above, excel in superca-
pacitors and LIBs, particularly in the development of
flexible batteries. These properties can enhance the
EES capacity and cycle life of EES devices"™”. MW-
CNTs are frequently employed as conductive agents
in EES devices, effectively improving the rate per-
formance of batteries. Moreover, their electrochemic-
al properties can be enhanced through surface modi-
fication, making them suitable for use as electrode
materials in supercapacitors””'). Besides, the applica-
tion of SWCNTs in EES devices can be somewhat
limited due to their large bundle size and dispersion
challenges. Nonetheless, their dispersion can be im-
proved through treatment with strong acids and the
use of dispersion aids, which can broaden their applic-
ation in EES devices™”. MWCNTSs, being relatively

[34,35]

Carbon Properties
Specific gravity/(g cm™) Electrical conductivity/(S m™") Thermal conductivity/(W m™' K ") Surface area/(m’ g")
Carbon black 0.1-2.0 0.05-0.30 0.4 10-1443
CNTs 0.8-1.8 1-10* 2000-6000 50-1315
CNFs 1.5-2.0 10°-10 5-1600 20-2500
Graphite 1.9-2.3 O‘.‘(());" 229;” 1-20
Graphene 2.3 10* 600-5000 500-2630

Note: p: in-plane; c: c-axis



5 6 1]

SONG Yao-ming et al: A review of carbon nanotubes in modern electrochemical energy storage

- 1041 -

well dispersed, can be applied in energy storage
devices using simple physical dispersion methods.

We further emphasize the distinction between the
applications of metallic and semiconducting CNTs.
The majority of MWCNTs exhibit metallic properties
and possess excellent electrical conductivity, making
them ideal for crafting conductive electrodes for both
supercapacitors and batteries. In contrast, SWCNTs,
due to their unique chiral characteristics, can possess
either metallic or semiconducting properties. Metallic
SWCNTs are particularly notable for their resistance,
which does not increase with length, facilitating bal-
listic transport. This property is beneficial in avoiding
the drawback of severe heat dissipation at high cur-
rent densities™”. The ability of metallic SWCNTs to
conduct electricity without an increase in resistance
over length makes them advantageous for applica-
tions requiring high current densities, minimizing the
risk of thermal issues that can degrade performance
and safety in EES devices. Moreover, metallic SW-
CNTs exhibit significantly higher electrical conduct-
ivity than graphite, up to 10° S m™', due to stronger 7-
electron off-domain interactions, which is advantage-
ous in EES applications™. Semiconducting SW-
CNTs, characterized by their inelastic scattering-based
carrier transport, demonstrate higher electron mobil-
ity than intrinsic silicon-based semiconducting materi-
als, reaching 10° cm”* V™' s™', which is approximately
10 times that of silicon™. Their band gap is also ad-
justable by modifying the tube diameter of CNT, mak-
ing semiconducting SWCNTs primarily suitable for

applications in field-effect transistors.

2 Preparation methods of CNTs

Currently, the prevalent methods for preparing
CNTs include arc discharge (AD), laser ablation (LA),
and chemical vapor deposition (CVD)"*. Addition-
ally, plasma-enhanced CVD (PECVD)"*! and alcohol-
catalyzed CVD (ACVD) are also recognized tech-
niques for CNT synthesis.

In recent years, innovative preparation methods

have emerged, such as metal-organic framework

(MOF)-based CNTs derived from MOFs™!. Another
innovation method involves the synthesis of CNTs at
lower temperatures compared to traditional high-tem-

S However, these methods still

perature methods
have inherent limitations, including high costs, com-
plex processes, harsh conditions, low product purity,
and poor homogeneity. Our group has developed a
novel CVD method for CNT preparation, resulting in
a three-dimensional ordered macroporous (3DOM)
structure with excellent electronic conductivity and a
highly organized honeycomb architecture®”’. This
structure significantly enhances ion and electron trans-
mission, improves the material’s electrical conductiv-
ity, and accelerates the electrochemical reactions in
EES systems, demonstrating excellent performance
and promising application prospects.

The CVD method is the most commonly used in-
dustrial technique for CNT production”™, with AD
and LA methods also in use. While laboratory-scale
preparation often yields more homogeneous results,
industrial application of these methods can reveal
various issues, such as poor material homogeneity,
low purity, and the difficulty of achieving chiral con-
trol. High costs, particularly associated with AD and
LA methods, significantly limit the rapid develop-
ment of CNTs"*. Based on our research findings"”, it
is promising to envision the mass production of CNT
materials with low cost, safety, reliability, homogen-
eity, and good conductivity in the near future. Con-
sequently, the most important CNT preparation meth-
ods and their principles will be introduced in the sub-
sequent sections.

2.1 Plasma synthesis methods
2.1.1  Arc discharge method

Among the various preparation techniques, the
AD method stands out for its ability to produce high-
quality CNTs. The fundamental principle involves
passing a direct current between two graphite elec-
trodes in an inert atmosphere, leading to the vaporiza-
tion of the anode graphite rods and the subsequent
formation and deposition of CNTs on the cathode’s
surface and the reaction chamber’s walls, as depicted
in Fig. 2a®). MWCNTSs can be directly synthesized
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without the need for metal catalysts, whereas the addi-
tion of metal catalysts such as Fe, Co and Ni to the an-
ode facilitates the production of SWCNTs!”. The in-
troduction of metal particle catalysts into hydrocar-
bons also leads to the formation of CNTs, as these
catalysts aid in the decomposition of gas molecules in-
to carbon, which then forms CNTs along the metal
tip®"l. However, it is important to note that the use of
various metal catalysts can compromise the purity of
the synthesized CNTs, making subsequent purifica-
tion steps necessary.

CNTs synthesized via the AD method are known
for their structural precision. However, the final struc-
ture and size of the CNTs are influenced by several
factors, including the temperature within the reaction
chamber, the concentration and type of catalyst used,

and the presence of hydrogen!™

. A research led by
Arora et al. has shown that the crystallinity of the ma-
terial improves with an increase in the discharge cur-
rent'®). More recently, Madni et al. have made signi-
ficant strides in developing a cost-effective synthesis

and purification process for MWCNTs using the AD

(a) AD method

Gas inlet Gas outlet

Glass window

Precursor+catalyst

Closed chamber

)
Power supply
(c) Reaction Heating
chamber coils

Quartz \
tube o0co0~0~0
kY -
Substrate C deposits
7 . \-I.l/ pos!

Outlet

Water cooled

CVD method

method®. A summary of CNT properties under vari-
ous operating conditions is presented in Table 2!,
2.1.2  Laser ablation method

The LA method, initially discovered by Smalley,
is a technique used for the synthesis of CNTs!"!. It op-
erates at temperatures ranging from 800 to 1200 °C
under a pressure of 500 Torr (1 Torr = 0.133 32 kPa)
in an inert gas environment. A high-energy laser beam
is directed at the graphitic material, causing it to evap-
orate and generate gaseous carbon. This gaseous car-
bon is subsequently catalyzed by a transition metal
catalyst to form SWCNTs, as illustrated in Fig. 2b"".
The LA method’s core principle involves focusing a
high-energy laser on graphite positioned within a
quartz boat in the reaction chamber, leading to the
evaporation of graphite and the production of CNTs.
The characteristics of the laser, including its laser in-
tensity, wavelength”™, and the local conditions near

the evaporation zone!™

, significantly influence the
structure and properties of the synthesized CNTs. Ad-
ditionally, factors such as the buffer gas pressure,

chamber pressure, chemical composition, and ambi-

(b) LA method

Furnace

Water cooled
collector

Reaction chamber

Graphite

(@
: AD method

50/0
LA method

1%

I Others

| 0
CnHm I 1%

Carrier gas*

collector

Fig.2 (a—c) Schematic diagram of the main synthesis methods of CNTs"”: (a) AD method (b) LA method, and (c) CVD method. (d) Distribution of different
preparation methods. (Reproduced with permission)
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Table2 CNT properties via arc discharge method
. Observation parameter
CNT type Diameter/nm Inert gas Pressure/Torr References
Voltage/V Current/A

SWCNT 1.3-15 He 23-25 55 [65]
SWCNT 1.1-1.7 Ar 50 100 [66]
SWCNTs 1.3-2.7 H, - 120 [67]
MWCNTs 30-80 Ar 600-750 20 70 [68]
MWCNTs 20-60 Ar 380 6-20 [69]
MWCNTs 15-150 Ar 20-30 50-200 [70]
MWCNTs - - - 90 [71]
MWCNTs 10-20 Air 0.0075 12 70 [72]

ent temperature greatly affect the final product’s prop-
erties. Studies related to CNTs prepared by the LA
method are detailed in Table 3+7¢7,

The LA method’s effectiveness in producing
CNTs is significantly impacted by the catalyst selec-
tion and reaction temperature. Higher temperatures
generally increase both the yield and diameter of the
CNTs, but there is a threshold beyond which the cata-
lyst’s activity decreases, negatively affecting CNT
growth. While the LA method is more conducive to
SWCNT growth compared to the AD method, its in-
dustrial applications are limited due to the high cost of
equipment and the complexity of the operation pro-
cess.

2.2 Thermal synthesis method

such as CVD,
PECVD, floating catalyst chemical vapor deposition
(FCCVD) and ACVD, are recognized for their energy
efficiency, with synthesis temperatures generally be-
low 1200 °C™. These methods offer a lower cost and

Thermal synthesis methods,

more controlled approach to CNT synthesis com-
pared to plasma-based methods.

2.2.1 Chemical vapor deposition

CVD is a process where carbon atoms are depos-
ited, and CNTs are formed through the catalytic de-
composition of carbon monoxide or hydrocarbon

gases (in liquid or solid form) at temperatures ranging

from 500 to 1200 °C™. The carbon source is first in-
troduced into the reaction chamber, where, in the pres-
ence of a catalyst, it decomposes to form CNTs
(Fig. 2¢)P”. Theoretically, any carbon-containing sub-
stance can serve as a carbon source for CNTs™®"!, The
CVD method offers advantages such as requiring a
small amount of catalyst and allowing for precise con-
trol over CNT structure. It is commonly used in hori-
zontal reactors that maintain a uniform temperature.
The utilization rate distribution of different methods is
shown in Fig. 2d.

The synthesis of CNTs by CVD method is influ-
enced by several process parameters, including the
type of carbon source, catalyst, reaction temperature,
reaction time and gas flow rate™!. The carbon source’s
structural orientation significantly affects the CNT
properties. Linear hydrocarbon molecules, such as
methane and acetylene, typically yield straight and
hollow CNTs, while cyclic hydrocarbons like ben-
result in more curved

zene and cyclohexane

StI'LlCtuI‘GS[SO]

. The calcination temperature is crucial
for synthesizing CNTs with varying properties. Yan et
al. found that increasing the temperature increased the
growth rate, density, and length of CNTs™!. The gas
flow rate also significantly influences the CNT pro-
duction, with increased flow rates shortening the con-

tact time between the carbon precursor and the cata-

Table 3 CNT properties via laser ablation methods using Ar as inert gas

CNT type Diameter/nm Length/pum Pressure/Torr Laser source Temperature/°C Catalyst References
SWCNT 1.1-1.4 10-20 500 Pulsed Nd: YAG 800-1150 Co/Ni [74]
SWCNTs 1.1-14 - 400 Nd: YAG 925 Co-Ni [76]
SWCNT 10.0 - 0.75 Pulsed Nd: YAG Ambient Co-Fe [77]
MWCNT 5.0-20.0 1-10 - CO, laser 660 Fe [78]
MWCNT - - 0.08 Solid state-focused: 10—80 mW 700-900 Fe [79]
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lyst, leading to fluctuations in CNT yield and grain
size. The type of catalyst is another critical parameter.
Huynh et al. synthesized CNTs using methane and Fe-
rich and Cr-rich particles on a stainless steel foil as a
catalyst™. The pretreatment of the steel foil is essen-
tial for CNT formation, with the size of the Fe and Cr
particles closely related to the diameters of the syn-
thesized CNTs. Transition metal atoms, such as Fe,
Co, and Ni, generally exhibit better catalytic activity
for CNT growth!”. Table 4 summarizes the CNTs
synthesized by the CVD methods™* "),

The growth mechanism of CNTs has been a top-
ic of debate. Baker and colleagues proposed key steps
for CNT growth on the catalyst surface, observing
single CNT growth under electron microscopy
(Fig. 3a)!'”*. Initially, hydrocarbons adsorb and de-
compose on the catalyst surface, with the generated
carbon partially diffusing into the gas phase and par-
tially dissolving into the catalyst. The dissolved car-
bon then diffuses within the catalyst before being de-
posited and growing on the particle’s backside.
However, it has also been shown that the activation
energy of carbon diffusion through the catalyst sur-
face is significantly lower than that of bulk
diffusion. More specifically, growth mode is also
related to the type of catalyst. Kumar et al. described
two growth modes: the tip-growth model and the
base-growth model (Fig. 3b, ¢)®*”. In the tip-growth
model, where the catalyst-substrate interaction is
weak, hydrocarbons decompose at the metal’s top,
and carbon diffuses through the metal, with CNTs
growing longer as long as the metal’s top remains ex-

posed to fresh hydrocarbon decomposition. The base-

growth model occurs when the catalyst-substrate in-
teraction is strong, and the metal has an obtuse con-
tact angle with the substrate, leading to the formation
of a hemispherical dome of carbon that extends up-
ward, with the catalyst particles rooted in the sub-
strate.

Research has shown that CNT growth is not
strictly parallel to the graphite layer and may involve
more complex processes. Helical, bidirectional, and br-
anching CNTs have been observed (Fig. 3d—g)!'".
High-resolution transmission electron microscopy
(HRTEM) has also shown that the graphite layer can
grow along the catalyst’s side, forming non-parallel
“herringbone” or “cup-shaped” CNTs (Fig. 3h, i)\
In addition, CNT arrays with fewer defects have also
received widespread attention, including ultralong
(Fig. 3j) or ultrapure (Fig. 3k)"”” CNT horizontal ar-
rays and vertical arrays (Fig. 31)!'"".

2.2.2  Plasma enhanced chemical vapor deposition

PECVD is an innovative technique utilized for
the synthesis of thin film materials through the chem-
ical reaction of gaseous precursors in the presence of a
glow discharge plasma!'®". This method is character-
ized by its low deposition temperature and minimal
impact on the substrate’s structure and physical prop-

erties!""

, ensuring uniformity in the film’s thickness
and composition. The primary methods for sustaining
glow discharges include radio frequency excitation,
direct current (DC) high voltage excitation, pulsed ex-
citation, and microwave excitation. Sato et al. have
successfully synthesized CNTs using radio frequency

)[103]’

plasma enhanced vapor deposition (RF-PECVD a

process that involves the activation of a metal catalyst

Table 4 CNT properties by chemical vapor deposition method

CNT type  Diameter/nm  Length/um  Inert gas  Temperature/°C  Time/min Carbon source Catalyst References
SWCNT 1-3 - Ar-He/H, 550-750 10 Ethylene Fe, Fe/Al, Co/AlO, [85]
SWCNT 0.8-1.3 10 H,-N, 850-950 30 Coal gas Ferrocene [86]

MWCNTs 31-36 - Ar 850 60 Acetylene Ferrocene [87]

MWCNTs 1021 - H, 1000 10-120 Methane MgMoO, [88]

MWCNTs 10-140 - H, 800 5 Cyclohexane Co, Fe, Al [89]

MWCNTs - - N, 750 - Xylene & Cyclohexanol Ferrocene [90]
MWCNT 106 8 NH, 650—800 10 Acetylene Stainless steel [91]
MWCNT 10-50 - Ar 400—-1000 30 Ethanol Stainless steel [92]

MWCNTs 34 - Ar 750 5-240 Benzene Ferrocene [93]
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Growth stops

L

a: probability

Carbon sources
Growing CNTs

Fig.3 (a) Schematic of the key steps involved in the growth of carbon nanofibers (CNFs): adsorption, diffusion and precipitation

[17,94

!, (b—c) Growth mechan-

isms of CNTs prepared by CVD method™: (b) tip-growth model and (c) base-growth model. (d—g) Different types of CNFs!'"*"): (d) whisker-like, (e—f) spiral
and (g) branched. (h, i) Herringbone CNF"”., (j) Horizontal array of ultralong CNTs (550 mm)“. (k) Ultrapure semiconducting
CNT arrays®.. (1) Vertical array of CNTs"", (Reproduced with permission)

on the substrate. This activation leads to the forma-
tion of nanoscale catalyst particles, which is crucial
for the growth of CNTs. The formation of metal nano-
particles in the RF-PECVD process is highly sensit-
ive and significantly influences the quality of CNT
growth!'*,

Compared to AD and LA methods, CVD offers a
simpler and more cost-effective approach for synthes-
izing CNTs at low temperatures and atmospheric pres-
sure. While the crystallinity of CNTs produced by arc
and laser methods may surpass that of CVD-grown
CNTs, the latter excels in terms of yield and purity™.
Furthermore, CVD provides unparalleled control over
the architecture of CNTSs. Therefore, CVD is the most
widely used technology (Fig. 2d).

The versatility of CVD is particularly high-
lighted by its compatibility with a broad spectrum of
hydrocarbons, which can be in solid, liquid, or

gaseous states, serving as carbon sources''*. This
flexibility significantly broadens the range of sub-
strate materials that can be utilized for CNT synthesis.
Furthermore, CVD facilitates the growth of CNTs in a
couple of forms, including powders, thin or thick
films, and in structures that can be aligned, tangled,
straight, or coiled. The reaction parameters in CVD

95 which, in contrast to the

are notably malleable
more equipment-intensive and financially demanding
AD and LA methods, makes CVD a more accessible
and market-friendly technique. Essentially, CVD has
been extensively adopted for the large-scale fabrica-
tion of CNTs, and there exists considerable potential
for the future advancement of cost-effective and struc-
turally precise CNT synthesis technologies.
2.3 Other synthesis methods of CNTs
Metal-organic framework (MOF) materials,

known for their ordered porous crystalline structures
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composed of metal ions or ion clusters linked by or-
ganic ligands, have emerged as a novel platform for
the synthesis of CNTs. In 2013, Yang et al. pioneered
the use of iron-doped zeolite imidazole framework
(ZIF)-8 to produce nitrogen-doped CNT composites
(NCNT) through pyrolysis under nitrogen, yielding a
mixture of Zn-Fe-ZIF crystals and dicyandiamide*".
This method has attracted attention for its potential to
enhance the electrochemical performance and catalyt-
ic properties of CNT composites'””). In particular, re-
searchers have explored the in-situ transformation of
MOFs into CNT-based composites, employing tech-
niques such as field emission scanning electron micro-
scopy (FESEM) and HRTEM to characterize the evol-
utions. Building on this, Lou et al. in 2016 created ni-
trogen-doped hollow CNT materials (NCNTFs) from
ZIF-67 (Fig. 4a—c), finding that optimal structures
formed at 700 °C with the morphology of the precurs-
or preserved'®. The calcination temperature influ-
enced the CNT length, and the presence of hydrogen
was crucial for the formation of hollow structures.
The ZIF-67 particles served dual roles as a carbon and
nitrogen source and as a template, resulting in NCNT-
Fs with superior electrocatalytic activity compared to
commercial Pt/C electrocatalysts. In 2017, Wang et al.
combined MOF-67 with melamine, using a two-step
warming procedure to produce spherical actinide-

based carbon nanotube assemblies (3D-CNTA)!*!
ZIF-67 functioned as both a precursor and a structural
inducer, while melamine initiated the growth of CNTs
(Fig. 4d—f). The 3D-CNTA exhibited excellent elec-
trical conductivity, a high specific surface area (up to
108 m* g''), and a rich porous structure, with each
CNT encapsulated by Co@NC core-shell particles,
enhancing catalytic activity and stability. Wang et al.
also summarized the progress in preparing CNT-based
materials from MOFs™!
using MOFs for CNT growth and the creation of hier-

archical CNT structures that traditional methods can-

, emphasizing the benefits of

not achieve!"'”. The controlled synthesis of CNTs
with tailored properties remains an active area of fu-
ture research.

Our group has also made significant progress in
synthesizing CNTs material with tailored structures at
relatively low temperatures through a double-temper-
ature zone CVD route (Fig. 5a)"”. We successfully

5711 " also known as

prepared 3DOM CNT aggregates
ordered macroporous graphene-like carbon materials
(OMGCs)!""?, at a annealing temperature of 400 °C.
This was achieved using a co-sacrificial hard tem-
plate composed of Ni salts-impregnated polymethyl
methacrylate (PMMA) microspheres. We identified 3
critical parameters that significantly influence the mi-

crostructure and morphology of the final material: the

S

[ \

BYiE pse-like str;hct_ure

{9100 nm

o

Fig.4 (a—b) FESEM and (c) HRTEM images of NCNTFs!""™, (d—e) FESEM and (f) HRTEM images of 3D-CNTA!"". (Reproduced with permission)
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Fig. 5 (a) Schematic diagram of the preparation process of CNC-OMGCs and CNT-OMGCs carbon-based electrode materials based on nickel nitrate and col-
loidal crystal microsphere templates””. (b) SEM and HRTEM images of CNC-constructed CNC-OMGCs!"'?. (c) SEM and HRTEM images of
CNT-constructed CNT-OMGCs"", (Reproduced with permission)

low-temperature zone calcination temperature, the
carrier gas flow rate, and the high-temperature zone
calcination temperature. This calcination strategy
provides a straightforward preparation route for CNTs
with specific morphologies, which is essential for
cost-effective and large-scale CNT production. We
propose that both the carbon nanocages (CNC)
(Fig. 5b)"" and CNTs structural units (Fig. 5¢)°” can
serve as fundamental structural and functional units to

facilitate ion and electron transport in EESP"''"!12,

A succinct comparison of the principles,
key advantages, and disadvantages of different
found in

CNT preparation methods can be

Table SPH19%10810%11123] “AT] in all, when considering
the application of CNTs in EES, key factors such as
electrical conductivity, dispersion, and cost are para-
mount. These factors are integral to understanding
how different CNT preparation methods meet various
application demands and the trade-offs inherent in

their selection.

Table 5 Comparison of methods for synthesizing CNTs

Preparation methods Working principles Advantages Disadvantages Products References
Heat graphite rods to over 3000 °C, Complex equipment. hich
Arc discharge vaporizing graphite and depositing High-quality SWCNTs, cost I;as t?) vfin d ci}allge noin SWCNTs, [113-117]
(AD) CNTs in the presence of catalysts like adjustable process parameters sepa,ratiO}; and pur,i ﬁcationg e MWCNTs
Fe, Co and Ni for SWCNT production.
Use high-energy laser on graphite
Lase{le)a“"“ ggjzlglfgbﬁfﬂgzﬁ‘:z dag‘li\gess‘“e’ High quality SWCNT High cost, not scalable SWCNTs  [118-120]
generation with catalyst assistance.
Chemical vapor Intr(?duce gaseous carbon source with Adjustable reaction Complex catalyst mechanisms
o carrier gas into the chamber, and . . SWCNTs,
deposition CNTSs form at 500—1200 °C with parameters, controllable CNT and design, high cost, easy to MWCNTs [121-125]
(CVD) . - structure, scalable wind
catalysts like Fe, Co and Ni.
CNT grow from MOF catalyzed by X]l'g:)rlyl s(gﬁrf:zr;/rl::igc:i;;;;}tl Limited research, potential NCNTs,
MOF-based growth  metals 11k5 Fe, Co, Ni or Zn at potential for diverse CNT production challenges NCNTFs, [106,108,109]
430-900 °C 3D-CNTA
: structures
Using polymers or other solid or liquid
. organics as carbon source in the low-  Mild conditions, highly
PMMA microsphere temperature zone, the given precursors controllable, cost-effective, CNT-OMGCs
template-based double- - . ; . . Early-stage research [57,111,112]
Jone CVD containing Ni catalyst in the high- suitable for 3DOM structure, aggregates

temperature region transform into scalable

CNT-OMGC:s at 400—1000 °C.
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3 Application of CNTs in EES devices

3.1 Application of CNTs in lithium-ion batteries

As mentioned above, LIBs have been extens-
ively utilized in portable electronics and electric
vehicles since the 1990s, owing to their excellent sta-
bility and high performance''**"'**. The performance
of LIBs is significantly influenced by the electrode
materials, with CNTs offering enhanced mechanical
strength and electrical conductivity due to their in-
trinsic properties''*”. The integration of CNTs with
electrode materials can provide a long-range conduct-
ive network, mitigating volume expansion during
charging and discharging processes, and leading to the
formation of separated network composite materials
with improved performances!'"*".
3.1.1 Anode

Graphite, with its Li-intercalation chemistry, has
been the prevalent choice for anode materials in the
past decades. However, its theoretical specific capa-
city of 372 mAh g is insufficient to meet the increas-
ing demands for high-performance batteries. Alternat-
ive materials with transformation or alloying mechan-
isms, such as elements from the IVA and VA groups
(Si, Sn, Al, Sb, etc.), offer higher theoretical capacit-
ies. Yet, these materials contend with challenges in-

cluding poor electrochemical reversibility and signi-

%" Graphite
W grown &
e 8| Ni etched

L % a =

| catalyet

on grap

3D Ni foam CNTs on

graphite foam

3D Graphite foam

®
0050 5 onT
5 4m'Si)

(i) CNT Bundles
on graphit

(i) Dispersed CNTs
hite

ficant volume changes during lithiation and delithi-
ation"",
To address these issues, the integration of 1D
carbon materials into 3D hybrid micro/nanostructures
has been explored. This approach can replace tradi-
tional pure carbon materials in commercial LIB an-
odes, leading to improved economics and enhanced
performance. For instance, Yan et al. demonstrated
the synthesis of CNT-embedded 3D graphite foam us-
ing a CVD technique (Fig. 6a)""**. By using commer-
cial nickel foam as a template and ethylene as a car-
bon source, they created a 3D graphite structure
through a calcination process in a hydrogen-argon at-
mosphere. The subsequent etching of the nickel tem-
plate and the growth of CNTs on the resulting graph-
ite foam led to the formation of a composite material.
This composite, particularly the well-dispersed car-
bon nanotube assemblage (G-CNT) obtained through
an additional annealing step, showed remarkable elec-
trochemical performance, retaining a capacity of
200 mAh g at a high current density of 500 mA g~
Si-based anode materials are among the most
promising candidates for next-generation LIBs due to
their theoretical specific capacity, which exceeds that
of commercial graphite by more than tenfold"*". They
also offer a lower voltage platform and are cost-effect-

ive due to the abundance of Si reserves!**"*% Des-

(c)
CNTs spray dryin

—

Carbon layer
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Fig. 6 (a) Schematic illustration of controlled CNT growth on graphite foam"*. (b) SEM images and schematic diagram of separation network formed

between CNTs and silicon as the mass of CNTs increases'*”. (c) Schematic of the Si/CNTs@(S)-C design!"*"\. (d) Preparation and application diagram of
3DOM NiS,@OMGC™., (Reproduced with permission)
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pite these advantages, the development of silicon-
based anodes has been slow due to several challenges.
The semiconductor nature of Si results in poor elec-
trical conductivity, which hampers ionic conductiv-

ity[130,137,

during charging and discharging generate stress that

81 Moreover, the substantial volume changes

can lead to particle cracking and pulverization, ulti-
mately causing electrode failure!*”. Additionally,
these volume fluctuations can result in an unstable
solid electrolyte interface (SEI), exacerbating capa-
city degradation and reversibility deterioration.

To overcome these issues, researchers have de-
veloped strategies such as making Si/CNTs compos-
ites, nano-sizing silicon, electrode structure design,

pre-lithiation, and additive

[140-144]

electrolyte
engineering . Notably, the rational design of
Si/CNTs composites has proven effective in address-
ing these challenges. Park et al. produced Si/CNTs
composites using a ball milling method, which signi-
ficantly improved the electrochemical properties once
the CNT content reached optimal levels (Fig. 6b)"'*].
This structural design allowed for the fabrication of
high-performance silicon-based electrodes with thick-
nesses up to 300 micrometers, enhancing conductiv-
ity and mechanical toughness. Consequently, the
Si/CNTs anode material achieved an ultra-high area
capacity of up to 45 mAh cm ™’ in a half-cell, with a
full-cell capacity of 29 mAh cm™, a mass energy
density of 480 Wh kg ', and a volumetric energy
density of 1600 Wh L™'. Zhang et al. introduced a 3D
Si/CNTs composite with voids and carbon shells,
which demonstrated robust capacity and cycling sta-
bility properties (Fig. 6¢c)!'*. After 1000 cycles at
0.2 C, the composite maintained a reversible capacity
of 943 mAh g', and even at varied cycling rates, the
electrode’s reversible capacity reached 622 mAh g,
Despite the progress, the application of CNTs in
LIBs remains challenging. The cycle life and safety
performance of CNT and microscale Si-based anode
composites require further enhancement. Additionally,
the fabrication process of Si/CNTs composites is com-
plex and may involve environmentally harmful acid

etching!"*”'**. Therefore, there is a need to optimize

the preparation process, with the potential to use ball
milling and spray drying methods to prepare Si-based
negative electrodes as a foundation for Si/CNTs com-
posites. The synthesis of Si/CNTs composites is in-
tricate, and achieving industrial-scale production is a
goal yet to be realized!"*.

Conversion anode materials, which undergo a
conversion reaction for lithium storage, typically in-
clude transition metal oxides, sulfides, selenides, and

(1491501~ These materials often face issues of

nitrides
volume expansion and low conductivity during char-
ging and discharging. Combining them with highly
conductive carbon materials is a viable solution. The
performance of electrode materials is influenced not
only by their structural units but also by their micro-
scopic morphology!*. 3DOM materials have gained
attention in energy storage due to their larger specific
surface area and porous 3D structure!' . Our
group’s research has explored 3DOM graphenic car-
bon materials, demonstrating the OMGCs preparation
using PMMA microsphere template and a solution of
metal nitrate and citric acid"'”. Building on this, Liu
et al. created Ni,S@OMGC composites within a
3DOM carbon matrix, which showed excellent elec-
trochemical Na-storage performance (Fig. 6d)!"*%.
Wang et al. proposed a self-templated gradient calcin-
ation process by CVD to synthesize CNT-OMGCs
(Fig. 5a) [57,111]’
(~1.0 S m™") approaching that of commercial CNTs.

which exhibited a conductivity

The implementation of these honeycomb-networked
carbon materials as conductive additives in LIBs
demonstrated superior performance over traditional
carbon blacks and many commercial CNTs, under-
scoring their substantial potential for applications in
the EES sector.
3.1.2 Cathode

Initially, LIBs employed lithium cobalt oxide
(LiCo0O,) as the layered oxide cathode material.
However, its relatively low theoretical specific capa-
city did not meet the evolving demands for high en-
ergy density, long cycle life, and a wide application
temperature range. Consequently, research has led to

the discovery of alternative cathode materials, includ-
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ing lithium manganate spinel (LiMn,0,), lithium iron
phosphate (LiFePO,, abbreviated as LFP) with an
olivine structure, and layered ternary oxides
(LiNi,CoMn,O,, shorted as NCMIII, NCMS523,
NCMS811), which have achieved higher energy densit-
ies!"’). Despite these advancements, these materials
grapple with challenges such as poor electrical con-
ductivity and suboptimal cycling stability. As ana-
lyzed, the integration of CNT materials with cathode
active materials can significantly boost their perform-
ances'>),

LiMn,0,, a spinel compound with charging and
discharging voltages between 3.5 and 4.3 V and a the-
oretical specific capacity of 148 mAh g ', has been
utilized in the development of LiMn,0,/CNTs and
LiNi, ;Mn, ;0,/CNTs composites by Le et al."™.
These nanocomposite cathode materials exhibited
greater efficiency for Mn’*/Mn*" and Ni*/Ni*" redox
pairs, positioning them as promising candidates for
high-power lithium secondary batteries. Guo et al.
leveraged the high electronic conductivity and large
aspect ratio of SWCNTs as a conductive agent to fab-
ricate a self-supported ultra-thick LiMn,0,@CNTs
material with a thickness of up to 600 pum, a loading
of approximately 190 mg cm >, and an areal capacity
of 20 mAh cm "\, This exceeded the thickness and
loading capacity of conventional materials. The SW-
CNTs formed an intertwined yarn structure on the
LiMn,O, surface, endowing the electrodes with ro-
bust mechanical strength and flexibility. Notably,
these electrodes remained intact without cracks even
after a 180° bend. Electrochemical tests revealed that
the electrode with a mass loading of 30 mg cm ™ re-
tained 94% of its capacity after 50 cycles at 0.5 C,
while the 60 mg cm ™ electrode showed a capacity re-
tention of 95% after 50 cycles at 0.1 C. The
190 mg cm * ultra-thick electrode (600 um) boasted a
remarkable areal capacity of 20 mAh cm * with 97.5%
(mass fraction) active material, underscoring the bene-
fits of SWCNTs’ exceptional electrical conductivity
(Fig. 7a)!"*!.

LiFePO, (LFP), an olivine-structured material, is

widely used as a cathode material in LIBs due to its

high theoretical specific capacity, long cycle life,
abundance, low cost, and environmental friendli-
ness''®. However, its low electronic conductivity and
sluggish Li" diffusion impede its broader applica-
tion!"®. To address this, high conductivity material
modifications have been explored to achieve high en-
ergy and high power performances!®”. Gao et al. util-
ized co-precipitation and microwave plasma CVD
(MPCVD) techniques to prepare a LFP/CNTs nano-
SEM observations indicated that the
de-
creased post-composite formation (Fig. 7b, ¢)''®*l. The
MPCVD method prevents particle growth, and the
CNTs’ presence inhibits LFP particle aggregation.

composite.

particle size of the LFP/CNTs nanomaterials

The nanocomposites consist of LFP nanoparticles en-
capsulated by curled CNTs, forming an effective 3D
conductive network that connects individual LFP nan-
oparticles. HRTEM images revealed the clear lattice
structure of LFP, with lattice stripes of 4.27 A width
corresponding to the (101) face of the orthorhombic
phase. Electrochemical kinetic studies attributed the
enhanced performance to the swift transport of ions
and electrons, with uniform distribution of electrons
and ions throughout the nanocomposites.

LFP has been extensively used in electric and hy-
brid electric vehicles due to its superior cycling stabil-
ity!"*". However, high-rate Li" transport is limited, po-
tentially due to restricted Li" transport near the active
site in the electrolyte, crucial for fast charging!®”. To
modify LFP materials, Wang et al. introduced a
design involving the in-situ embedding of CNTs dur-
ing a hydrothermal process to decorate porous LFP
microspheres!'*”
structure, named C@LFP/CNTs (Fig. 7d)!'%, im-

proved the transport kinetics of electrons and Li" ions,

. This dual-carbon modified porous

achieving high bulk energy density, excellent rate per-
formance, The
C@LFP/CNTs maintained a specific capacity of
73 mAh g ' at a high rate (60 C) and retained a revers-
ible capacity of 113 mAh g after 1000 cycles at
10 C, with a capacity retention of 98%. For fast char-

and stable cycling performance.

ging, the material’s performance was evaluated by

charging at 20 C and discharging at 1 C. The char-
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Fig. 7 (a) Morphology characterizations of F-LMO electrodes'*”. (b) TEM images of LiFePO,/CNTs nanocomposites''*”’. (c) Schematic diagram of electrode
process dynamics: electrons and ions distribute uniformly in the LiFePO,/CNTs nanocomposites'*"’. (d) SEM, TEM and HRTEM images of C@LFP/CNTs!"*"!,
() Schematic structure and the electronic photo of the electrical pathway formed by NCM-CB and NCM-SWCNT!%!, (Reproduced with permission)

ging process took 142 s, achieving a charging capa-
city of 117 mAh g™ (76% of the total capacity). After
200 s of charging (including 142 s of galvanostatic
current charging and 58 s of galvanostatic voltage
charging), the total charging capacity reached
135 mAh g', with a charging efficiency of about
90%, surpassing some industry standards (80% char-
ging efficiency in 30 min). The volumetric energy
density of C@LFP/CNTs-based LIB was also evalu-
ated, maintaining a volumetric energy density of
443 Wh L™ at 10 C, which is one-third higher than
that of commercial LFP/C (323 Wh L™"). Even at cur-
rent rates up to 60 C, a high volumetric energy dens-
ity of 219 Wh L' can be achieved, highlighting the
potential of C@LFP/CNTs for advanced EES and
conversion devices in electric and hybrid electric
vehicles.

In comparison to LFP materials, layered ternary

oxide cathode materials such as NCM111, NCM523
and NCMS811 can achieve higher energy density due
to their higher charging platforms and cut-off
voltages"®”. SWCNTs, with their excellent electrical
conductivity, can enhance the electrochemical per-
formance of ternary anodes when dispersed effect-
ively. However, their large bundle size makes disper-
sion challenging, limiting their application in energy
storage. Kim et al. introduced a method for dispersing
SWCNTs using strong acid and co-co-solvent
(NaNO,) for mild oxidation, which improved the dis-
persion from liquid crystal slurry and was used as a
conductive agent in LIBs!®®. The resulting 15 pum
CNT film exhibited a conductivity of 2.3 x 10° Sm,
outperforming traditional carbon black electrodes
(Fig. 7¢)"'®®. The cathode with SWCNT conductive
agent material showed better structural integrity and a
capacity retention rate of 83% after 100 cycles at 1 C,
23% higher than that of carbon black. While SW-
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CNTs offer superior performance, their high cost is a
drawback. MWCNTs are more cost-effective and
widely used. Kim et al. reported a 3D MWCNTSs hy-
brid that cladded the surface of NCM523 material,
with a capacity retention of 94% after 300 cycles of
cycling tests at 1 C!'*!. This indicated that physical
surface coating of CNTs can improve performance to
a certain extent but may result in poor coating uni-
formity. Qu’s research group found that coating
NCMS811 anode with Mg-Al layered double oxide
(Mg-Al-LDO) could enhance cycling stability and in-
crease reversible specific capacity by 5%!'*. Further-
more, the group investigated NCM811 microspheres
with 3D hierarchical composite interconnects made
from 2D Ni-Al LDO flakes and 1D CNTs (named
LDO&CNT), which improved the cycling and rate
performance of LIBs. The analysis showed that the
high conductivity of CNTs, interconnected with Ni-Al
LDO nanosheets, not only prevented CNT aggrega-
tion and Ni-Al LDA sheet stacking but also acceler-
ated Li" and electron shuttling between the electrolyte
and electrode materials, reducing electrochemical po-
larization.

Since the inception of LIB systems, the incorpor-
ation of CNTs has been shown to enhance electronic
conductivity, improve Li" diffusion, maintain materi-
al morphology stability, and increase reversible capa-
city, rate capacity, and cycling stability. Nonetheless,
the synthesis of CNT-based nanocomposites faces
several challenges, including poor adhesion of nano-
particles to CNTs, difficulty in achieving homogen-
eous dispersion, the need to minimize CNT content
without causing particle agglomeration, and the high
cost of SWCNTs!"”!. Additionally, the development
of environmentally friendly, low-cost process techno-
logies for high-volume synthesis and fabrication of
nanocomposites is essential*”). It is important to note
that while current research often focuses on the elec-
trochemical performance of CNTs, their safety in bat-
tery-level systems is an area that requires more atten-
tion'?%,

3.2 Application of CNTs in lithium-metal batter-
ies

As discussed above, LIBs are extensively util-

ized in electronic products and electric vehicles due to
their high energy density, excellent electrochemical
properties, and superior cycle stability. However, the
increasing demand for new energy devices is outpa-
cing the capabilities of the current LIB system. The
next generation of high-energy-density energy sys-
tems, which exceed 350 Wh kg™, has surpassed the
traditional graphite-based LIBs. LMBs, with their
lowest electrochemical potential of —3.04 V com-
pared to standard hydrogen electrodes and an ultra-
high theoretical specific capacity of 3860 mA h g',
are considered the most promising battery systems for
the future and have garnered extensive research atten-
tion®.

Nonetheless, like a coin with two sides, LMBs,
despite their aforementioned advantages, face signific-
ant challenges'”". Firstly, Li metal is highly reactive
and prone to side reactions with the electrolyte solu-
tion, leading to the formation of a SEI film. While the
SEI film facilitates the passage of Li" ions, it is not
conductive to electrons. Moreover, the SEI film is un-
stable and can be damaged during the repeated cycles
of charging and discharging, consuming additional
electrolyte!'”"). The instability of the SEI film can res-
ult in non-uniform local current densities, affecting
the uniform Li deposition and ultimately leading to
the formation of Li dendrites, which significantly im-
pact the battery’s Coulombic efficiency!'’.

In the LMB system, key parameters such as Li
nucleation overpotential, Coulombic efficiency, and
cycle stability are crucial. These parameters are in-
trinsically linked to the battery’s electrochemical reac-
tions, involving Li'-electron transport speeds and in-
terface stability. Advanced characterization tech-
niques have enabled researchers to delve deeper into
the mechanistic aspects of LMBs, fostering rapid ad-
vancements in the field"”.

To address the challenges of LMBs, researchers
have employed several strategies to enhance their
electrochemical performance. One approach involves
the design of an artificial SEI layer to protect the lithi-
um metal and reduce side reactions with the electro-

lyte!'”'™ Another promising method is the use of 3D



5 6 1]

SONG Yao-ming et al: A review of carbon nanotubes in modern electrochemical energy storage

- 1053 -

7] and various car-

collectors, including 3D copper
bon materials'’", to mitigate volume changes during
the charging and discharging processes. Carbon ma-
terials offer a natural advantage in LMBs due to their
lightweight nature, high electrical conductivity, and
adjustable structures. However, the poor lithophilicity
of carbon materials can lead to high local current
densities and limited Li deposition, potentially caus-
ing Li dendrite formation and safety issues''’”. To
counteract this, lithophilic materials such as metal ox-
ides, metal nitrides, nano-metal particles, and het-
eroatom-doped materials have been incorporated into
the carbon matrix'*'**'”"), Pre-lithiation is also used to
deposit some Li, which facilitates further Li depos-
ition.

CNT materials hold great promise in LMB sys-
tems due to their lightweight nature, high conductiv-
ity, large specific surface area, and hollow inner cav-
ity structure, which can effectively reduce local cur-

rent density!'”® "

. For instance, Wan’s group pre-
pared a CNT paper by self-assembly using MWCNTs
and used it as a scaffold for the anode of LMBs
(Fig. 82)""™\. The cell achieved an ultra-high area ca-
pacity of 10 mAh cm ™ and a specific capacity of

2830 mAh g ', maintained over 1000 cycles at
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Fig. 8 (a) Characterization of the CNT paper and the Li/CNT electrode with Li loading of 11.25 mAh cm '™, (b) Morphologies of the CNT sponge at differ-
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ent stages of lithium plating and stripping

bon structural materials with different ratio of CNT and graphene'

CNT bundles: (c)

Polysulfide/C50G50

10 mA c¢m?, avoiding Li dendrite formation and bat-
tery short-circuiting. The CNT paper is lightweight,
robust, and scalable, capable of withstanding large
volume changes and ensuring the integrity of the mi-
crocircuits within the electrodes during Li stripping/
plating cycles. Yang et al. utilized commercial
CNTs as self-supporting substrates for Li metal
(Fig. 8b)!"*"). The porous structure allows Li to depos-
it on the porous sites, forming a pre-lithiated substrate
that induces uniform Li deposition. Chung’s research
team investigated the impact of a 3D conductive net-
work structure, created by combining CNTs and
graphene, on the electrochemical performance of
LMBs (Fig. 8c)"®". They found that a CNT to
graphene ratio of 25 : 75, used as a Li substrate, could
exhibit enhanced rate performance and extended cycle
life. Additionally, when CNTs were used as the posit-
ive electrode in lithium-sulfur batteries (LSBs), an op-
timal ratio of 50 : 50 was found, allowing for 200
cycles at 0.1 C with a capacity retention rate of 60%.
Chen’s group designed a 3D NiO/CNT material by in-
corporating NiO into CNTs, which showed excellent
affinity for molten Li, inhibited Li dendrite formation,
and exhibited excellent electrochemical perform-

ance!'"™. The NiO, a lithophilic material rich in nucle-

e

Separator Lithium/C25G75
" HN Y \:'\ (d) 3

!, (c) Illustration of the carbon structural materials in a lithium-sulfur cell and the material characteristics of the car-

181 (Reproduced with permission)
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ation sites, contributed to the homogeneous Li depos-
ition. The CNTs’ outstanding electrical conductivity
and large specific surface area reduced localized cur-
rent density and individual Li formation. The symmet-
ric cell assembled with this material could operate
stably for 900 h with an overpotential potential of
only 30 mV. When paired with LFP, the full cell ex-
hibited a specific capacity of 140 mAh g'. Tan et al.
modified CNTs with manganese dioxide (MnO,),
which  provided lithophilic
surfaces!'*”. The MnO,-modified CNTs demonstrated

excellent performance, with a lifetime of over 1 800 h

and dendrite-free

and an area capacity exceeding 10000 mAh cm™
when Li plating and stripping were repeated at a high
areal capacity of 6 mAh cm . The significant im-
provement is attributed to the highly conductive por-
ous CNT framework, the low overpotentials due to the
excellent Li affinity and electrolyte wetting properties
of MnO,, and the mossy structure with a large surface
area and distributed Li insertion into MnO,/CNT,
which inhibits dendrite formation.

Despite the progress made in Li-carbon compos-
ite anode materials, the practical application of LMBs
still faces considerable challenges, particularly regard-
ing high energy density and safety issues related to Li
metal itself. Future research should focus on several
key areas'"™: (1) Elucidating the working principles
of Li metal batteries through theoretical simulations
and advanced characterization techniques; (2) Em-
phasizing the design of Li-carbon composite anodes
with a focus on high current density, extended cycle
life, and high Coulombic efficiency; (3) Exploring the
constitutive relationship between carbon-based sub-
strates and lithophilic materials to enhance LMB per-
formance; (4) Combining multiple strategies to im-
prove the safety and cycling performance of LMBs, as
a single approach may have limited impact.

3.3 Application of CNTs in lithium-sulfur batter-
ies

LSBs, a variant of LMBs as discussed earlier,
boast impressive mass energy density of
2600 Wh kg'. The use of sulfur, which is naturally

abundant and low in toxicity, offers potential econom-

an

ic and environmental advantages, making the LSB
system one of the most promising EES techno-
logies!"®!. However, LSBs face several challenges due
to the insulating nature of sulfur cathode and its dis-
charge products (Li,S,, Li,S), the shuttling of poly-
sulfide intermediates between the electrodes, the volu-
metric expansion of sulfur during cycling, and the cor-
rosion of Li metal surfaces. These factors contribute
to high self-discharge, low capacity reversibility and a
short cycle life!"™. To develop LSBs with the desired
energy densities, the electrode materials should pos-

sess specific properties!'™*!

, such as a large pore
volume to accommodate a high content of active ma-
terials, good electrical conductivity to ensure efficient
utilization of sulfur, and large particle sizes to minim-
ize the use of binders and conductive carbon addit-
ives, with binder-free electrodes being the ideal goal.
Furthermore, research into separators and electrolytes
is crucial for achieving high-performance LSBs!"*" "),
This subsection will expand on the above points, dis-
cussing the modification of LSB separators with
CNTs, and the application of CNTs in cathode materi-
als of LSBs.

3.3.1

modification

Intermediate layer material based on separator

To address the challenges inherent in LSBs, vari-
ous nanostructured carbon materials have been ex-
plored as interlayer materials of seperators. CNTs,
with their distinctive 1D nanostructures, have been
particularly noteworthy for their exceptional flexibil-
ity, electrical conductivity, and chemical stability.
They have been integrated into the interlayer of LSBs
to inhibit the shuttle effect of lithium polysulfides
(LiPSs)!". MWCNTSs are preferred over SWCNTSs
due to their lower preparation cost and simpler syn-
thesis conditions, as well as their high electrical con-
ductivity, low thermal expansion coefficient, and
structural stability"”). MWCNTSs serve dual roles in
the intermediate layer of LSBs, i.e., as a coating for
the separator or self-supporting membrane''*?.

Separators are essential components in LSBs that
isolate the positive and negative electrodes to prevent

internal short circuits. However, the pore size of com-
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mercial separators, approximately 100 nm, is relat-
ively large, which is insufficient to confine polysulf-
ides effectively'””. This allows soluble LiPSs to mi-
grate to the negative electrode under the influence of a
concentration gradient during sulfur reduction and to
the positive electrode during oxidation, driven by the
electric field, leading to a pronounced shuttle effect.
To curb the shuttling of dissolved LiPSs, a vari-
ety of MWCNT-based materials have been engin-
eered to modify the separators, offering both physical
trapping and chemical adsorption of LiPSs, thereby
enhancing the of
LSBs!"*. MWCNTs are extensively used to coat LSB
separators. For instance, Chung and Manthiram de-
veloped MWCNT-coated separators that effectively
anchor dissolved LiPSs''* (Fig. 9(a, b)). The MW-
CNT layer facilitates fast electron transport and high

electrochemical performance

sulfur utilization while also acting as a filter to trap
and adsorb LiPSs. The porous structure of the MW-
CNT layer also promotes electrolyte permeation and
electron/ion diffusion. Batteries with MWCNT-coated

separators exhibit enhanced long-cycle performance,

MWCNT—coated
separator
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Sulfur cathode
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with specific capacities of 881, 809 and 798 mAh g
after 150 cycles at 0.2, 0.5 and 1 C, respectively. Ad-
ditionally, Ponraj et al. synthesized hydroxyl-func-
tionalized CNTs (denoted as CNTOH) encapsulated

)1 Leveraging the good

on the separator (Fig. 9¢
conductivity and polarity of CNTOH, this modifica-
tion can address the issue of poor conductivity of the
active substance and mitigate the diffusion and migra-
tion of LiPSs in LSBs, further improving the battery’s
performance and stability.

Metal-based compounds, including metal oxides,
sulfides, phosphides, borides, hydroxides and MOFs,
can interact chemically with LiPSs through polar in-
teractions, thus inhibiting their shuttling in LSBs'"*”.
For example, the Ce-MOFS/MWCNTs composite pre-
pared by Hong et al., achieved an initial specific capa-
city 0f 993.5 mAh g ' at 0.1 C with a high sulfur load-
ing of 6 mg cm™> when used as a coating for the Li-S
battery separator (Fig. 9d)!"**. After 200 cycles,
the battery retained an impressive capacity of
886.4 mAh g'. The uniform distribution of catalytic

active centers, large specific surface area, and good

PE separator

{‘i&}

WIH‘OL!P:MJ'C%M-D“H E, =248 0V
Ce®O @Li ©s CH

CNTOH-coated separator Li anode &

Ce-MOF-2

5" 2
PP Separator
e €
s ™ *
S cathode
/

[

*g o *
e ©

.
.

w Polysulfide @ Li*

Fig.9 (a—b) Mechanism and SEM image of MWCNTs-coated separator for
arators''*. (d) Scheme of Ce-MOFs/CNTs as coating materials in LSB

MWCNTs/NCQDs-coated separator preparation process and the application in LSBs
and the corresponding SEM images'
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PE separator () Li ion
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LSBs". (c) Schematic illustration of trapping LiPSs by the CNTOH-coated sep-

and the Li,S, adsorption sites in the Ce-MOF!"*., (¢) Schematic diagram of

12 (f) Application of spiderweb separator in LSBs

21 (Reproduced with permission)
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electronic conductivity of Ce-MOFS/MWCNTSs con-
tribute to their excellent electrochemical performance,
mitigating the transport and diffusion of polysulfides
and promoting the efficient catalytic conversion of
LiPSs. Yao et al. combined 2D antimony sulfide
(Sb,S;) flakes with MWCNTSs (Sb,S;/MWCNTs) to
enhance the Celgard polypropylene (PP) separator''”.
The low average capacity decay rate of LSBs with
Sb,S,/MWCNTs-modified separators ( ~ 0.049% after
1000 cycles at 1 C) indicates a strong interaction with
polysulfides, as confirmed by density functional the-
ory (DFT) calculations.

The synergistic effects of different components
in nanocomposites typically result in superior proper-
ties compared to single-component materials, attract-
ing significant research interest!'””. MWCNT-based
composites, such as MWCNTs/carbon, MWCNTs/
polymer, and MWCNTs/metal matrix composites,
have been extensively utilized as coatings for LSB
separators. Pang et al. prepared MWCNT/N-doped
carbon quantum dots (NCQDS) composites for this
purpose (Fig. 9¢)*". The large specific surface area
and abundant oxygen-containing functional groups of
CNTs make them effective adsorbents for LiPSs and
contribute to the enhanced electrical conductivity of
the composites. Batteries with MWCNT/NCQDS-
coated separators show improved electrochemical per-
formance, with an average self-discharge rate of about
11% after 48 h, lower than that of cells with unmodi-
fied MWCNT separators.

In addition, scholars have prepared MWCNTs/
polymer composites to capture LiPSs in LSBs through
physical blocking and chemical bonding strategies.
For example, a spider web diaphragm consisting of
three functional nanomaterials with good mechanical
properties and excellent electrical conductivity was
developed. (Fig. 9", When it was tested in a LSB’s
separators, the cell had a higher discharge capacity
and more stable cycling performance than those with
polyethylene (PE) separators.

3.3.2  Self-supporting intermediate layer material

Beyond the use of MWCNT-based materials to

coat the separator to curb LiPSs shuttling, an alternat-

ive strategy involves inserting a self-supporting sand-
wich layer between the cathode and the separator'””.
These self-supporting interlayers are typically thicker
than modified separators and exhibit strong chemical
and/or physical adsorption capabilities for polysulf-
ides, ensuring effective interaction. Additionally, the
interlayer should permit unhindered diffusion of Li"
ions while preventing the passage of LiPSs on the
cathode side™”.

Graphene oxide (GO) has garnered increased in-
terest in EES due to its rich oxygen functional groups,
substantial specific surface area, and excellent elec-
trical conductivity®. In the context of LSBs, numer-
ous studies have explored the combination of MW-
CNTs with GO to form barrier materials that inhibit
the shuttling of LiPSs. Kim et al. synthesized a freest-
anding GO/MWCNTs thin film”"), which demon-
strated high electronic conductivity and a robust abil-
ity to anchor LiPSs, thereby enhancing the electro-
chemical performance of LSBs. The battery utilizing
the GO/MWCNTs film delivered an initial specific
capacity of 1370 mAh g ' at 0.1 C, and after 300
cycles at 0.2 C, it maintained a discharge specific ca-
pacity of 671 mAh g', corresponding to a capacity
decay rate of approximately 0.043% per cycle. Wu et
introduced a 3D graphene/MWCNTs aerogel
(G/MWCNTs) as a self-supporting interlayer to fur-

ther improve the performance of LSBs”". This aero-

al.

gel, with its 3D interconnected porous network, was
fabricated the
graphene/MWCNTs aerogel by self-propagation com-

through rapid reduction of a
bustion. The G/MWCNTs aerogel possesses good
mechanical elasticity and numerous pore channels,
which safeguard the integrity of the intercalation lay-
er during battery assembly and provide ample active
centers for anchoring LiPSs.

Despite the significant enhancement in the elec-
trochemical performance of LSBs with CNTs-based
interlayers, unresolved issues remain before practical
application can be realized"”. While CNTs materials
aid in anchoring LiPSs, they only partially address the
shuttle effect from either a physical or chemical per-

spective®™”). The active material can still migrate to
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the negative side during cycling. Moreover, in most of
the aforementioned studies, the sulfur loading is typic-
ally around 1-2 mg cm °, with the highest not surpass-
ing 10 mg cm ***. As sulfur loading increases, the is-
sues of active material loss and LiPSs shuttling per-
sist despite the presence of a cut-off layer™. There is
an urgent need to develop new materials with stronger
binding energy and interaction with LiPSs. Further-
more, the mechanisms of CNTs-based materials in the
loading and catalytic conversion of LSBs, as well as
their phase-transition mechanisms during cycling, re-
quire more in-depth investigation™). Studies on the
application of CNTs-based composite interlayers to
anodes are scant, necessitating further research in this
area. The introduction of a coating or an independent
intermediate layer increases the inactive weight ratio
of the cell, making it crucial to balance the CNTs in-
terlayer with the overall energy density of the battery
for the development of high-energy LSBs®*'".
3.3.3 Application of CNTs in positive electrodes
Sulfur is the predominant cathode material in
LSB due to its high theoretical capacity. Nonetheless,
the intrinsic poor conductivity of sulfur and its dis-
charge products Li,S, and Li,S, along with the shut-
tling of soluble polysulfides between electrodes, pose
significant challenges™". To address these issues, nu-
merous solutions have been proposed, including the
integration of sulfur with various conductive carbon-
based materials and the introduction of catalytic ma-
terials such as transition metal oxides, phosphides,

and selenides to facilitate the redox reaction

process''*.

A variety of carbon materials have been de-
veloped to enhance the electrochemical performance
of LSBs, significantly increasing the specific capacity
of sulfur and extending the charge-discharge cycle
life®™). One effective strategy is the impregnation of
sulfur into conductive porous carbon matrices to form

(2122131 These materials

nanostructured composites
provide limited space to restrict the diffusion of LiPSs
and accommodate the volume expansion of sulfur dur-
ing cycling”'¥. Various carbon materials, including

porous carbon particles®'”, CNTs™*'®, CNFs?'7,

graphene”®'®), have been explored, with the potential to
increase the specific capacity of LSBs to over
1000 mAhg .

Amir et al. developed sulfurized polyacryloni-
trile (SPAN) self-supported thin film composites with
CNTs as the conductive backbone*"”!

involving electrostatic spinning and sulfurization

, using a process

(Fig. 10a). By co-spinning sulfur, polyacrylonitrile
(PAN), and CNT precursors into nanofibers and vul-
canizing them in an elevated temperature sulfur atmo-
sphere, the authors synthesized SPAN-CNT compos-
ites with varying CNT to PAN ratios. The addition of
5%-10% CNT to the electrospinning precursor resul-
ted in swollen nanofibers with increased diameter and
a roughened surface. An optimal mass ratio of CNT to
PAN of 20% was found, with the SPAN-CNT cath-
ode exhibiting a stable discharge capacity of
1314 mAh g' and a Coulombic efficiency approach-
ing 100% after 250 cycles at 0.5 C, indicating prom-
ising potential for high-performance LSB applica-
tions.

While the combination of conductive carbon-
based materials with sulfur can improve the electro-
chemical performance of LSBs, the interaction
between carbon materials and LiPSs is primarily
through physical adsorption, which is limited. To
more effectively anchor LiPSs, the introduction of
chemical bonding with polar materials has been ex-
plored. Researchers have

recently incorporated

“strong chemical affinity” into the design of matrix
materials to further mitigate the shuttle effect'*”),
Wang et al. reported on the growth of MoS,-
MoN heterostructure nanosheets on nitrogen-doped
CNT arrays, which were utilized as a freestanding
cathode for LSBs (Fig. 10b)**"". The MoS,-MoN het-
erostructure was obtained through a hydrothermal
method, with MoS, nanosheets grown on CNT arrays
and subsequently reduced in a mixture of Ar and NH;.
The MoN component acts as an electron provider to
accelerate the redox reaction of LiPSs, the MoS, lay-
er ensures smooth Li" diffusion and CNT has excel-
lent conductivity. The cathode exhibited excellent

cycling performance, with a low capacity decay rate
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of 0.039% per cycle over 1000 cycles at 1 C and a
high initial areal capacity of 13.3 mAh cm” at an
electrolyte volume/sulfur loading ratio (E/S) of
63mLg "

He’s group introduced a bifunctional, flexible
framework material 1T-MoTe,
nanosheets grown in situ on CNTs (MoTe,-CNT)
(Fig. 10c)™". The MoTe,-CNT composite demon-
strated the ability to guide homogeneous Li growth
and form a sulfide-rich SEI that stabilizes Li depos-

with metallic

ition, inhibits electrolyte decomposition, and prevents
Li loss, thereby extending the cycle life. The full coin
cells, with a low negative-to-positive capacity ratios
of ca. 2.5 and a high areal capacity of 7.6 mA h cm
showed 75% capacity retention after 500 cycles. And,
flexible pack batteries fabricated with MoTe,-CNT
delivered a high capacity of 1533 mA h g ' with an
energy density of 319 Wh kg ' at a low electrolyte-to-
capacity ratio (= 2.9 pL/mAh) and a low E/S ratio
(= 4.5 uL/mg).

A FeCo alloy modified and CNT linked hollow
CNCs host (named CoFe-CHC-X) from Yu’s group is

constructed by in-situ transformation of Fe and Co

elements doped Zn-based MOFs and melamine
(Fig. 10d)***. The hollow CNCs linked by CNT can
facilitate the transport of electrons on the cathode and
the physical adsorption of Li,S,, promoting the elec-
trochemical performance of LSBs.

It must be emphasized that while scientific re-
search has significantly improved the modification of
LSBs, leading to enhanced reversible specific capa-
city and cycling stability, practical applications still
face challenges. These include achieving high sulfur
content (> 90%, mass fraction) and high sulfur loading
(> 5 mg cm ), in addition to the previously discussed
low E/S ratio?>!.

In the domain of CNT-sulfur composite cath-
odes, substantial research has been documented. For
instance, Li et al. proposed a theoretical model™* to
demonstrate the influence of CNTs on the sulfur con-

tent in CNT-sulfur composites, as follows:
s X (4a* + 4ad)
Pont X d? + ps X (4a? + 4ad)

S% =

where, pq\r denotes the real density of CNTs, typic-
ally 1.2 g em™, py is the density of sulfur, with a typ-

ical value of 2.07 g cm, and a signifies the thickness
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of sulfur on the CNT surface, assuming a core-shell
structure. The model indicates that the CNT diameter
significantly influences the sulfur content in the com-
posite; for example, a CNT diameter of 4 nm can in-
crease the sulfur content to 90% (mass fraction), com-
pared to 54% with a diameter of 20 and 3 nm.

Building on this theory, this research group has
developed a sulfur-carbon composite cathode using
SWCNTs with diameters of approximately 2—3 nm.
Remarkably, with a sulfur thickness of about 6 nm on
the SWCNT surface, the cathode achieved a sulfur
content as high as 95%, delivering a specific capacity
of 1280 mAh g during the first discharge at a cur-
rent density of 0.25 A g '. Additionally, a three-layer
composite cathode, prepared by simple stacking,
achieved a sulfur loading of 7.2 mg cm* and an area
capacity of 8.6 mAh c¢cm . This process exclusively
uses sulfur and carbon, eschewing traditional conduct-
ive additives and binders, which is advantageous for
large-scale production.

However, sulfur-carbon composite cathodes may
compromise sulfur utilization at high sulfur loadings.
To address this, Yuan et al.”?*! devised a hierarchical
CNT conductive network structure, combining short
MWCNTSs with long vertically aligned CNTs to serve
as sulfur hosts. This design enabled a CNT-sulfur
composite positive electrode to reach an area capacity
of 15.1 mAh cm” at a sulfur area loading of
17.3 mg cm 7, showcasing the high electronic con-
ductivity and the merits of the hierarchical structure.

While individual CNTs offer limited enhance-
ment for LSB performance due to their restricted
physical adsorption of LiPSs, further improvements
can be attained through stronger chemisorption and

chemical bonding. Wu et al.**"

integrated these con-
cepts into LSB cathode host materials, creating an en-
tanglement-free conductive CNT network with highly
dispersed Co/N catalytic nodes. This design optim-
ized the electric field distribution and catalyst site
homogeneity, achieving an area capacity of
8.86 mAh cm™ at an ultra-high sulfur loading of
13.1 mg cm ™ (E/S = 8 uL mg'). Moreover, it dis-

played excellent rate performance (473.6 mAh g ' at

20 C) and long-cycle stability (1 200 stable cycles at
1 C), offering innovative directions for LSBs cathode
material design with uniform electric field forces and
catalytic effects.

Advanced characterization techniques, such as
in-situ X-ray diffraction, in-situ Raman spectroscopy,
and in-situ TEM, have been increasingly applied to
study LSBs. These studies aim to elucidate the reac-
tion mechanisms, thereby enhancing the electrochem-
ical performance of LSBs through various approaches.
Despite these efforts, the majority of research has con-
centrated on the macroscopic sulfur redox process (Sq
to LiPS to Li,S,/Li,S)**". There is a recognized gap in
the research regarding the detailed reaction principles
behind the conversion of carrier materials with Li,S,
to Li,S, a process that is responsible for approxim-
ately half of the battery’s capacity.

There is a pressing need for a targeted method or
mechanism to gain a deeper understanding of the in-
teractions between the substrate materials and sulfur
species during the redox process, particularly focus-
ing on the transformation between Li,S, and Li,S. Ad-
ditionally, the electron/ion transfer mechanisms at the
catalyst interface in LSBs have not been fully un-
raveled””!. The phenomenon of partial dead sulfur ac-
tivation during the oxidation of Li,S also warrants fur-
ther investigation!"””’. Additionally, theoretical calcu-
lations and simulations play a pivotal role in guiding
the development of advanced CNT-based Li-S cath-
ode materials. These computational tools offer in-
sights into the structural and chemical properties of
potential materials, which can significantly accelerate
the discovery and optimization of new materials for
LSBs.

3.4 Application of CNTs in sodium batteries

As mentioned above, LIBs have been extens-
ively utilized in electronic products due to their high
energy density and good cycle stability. However, the
increasing scarcity of lithium resources, a result of
continuous mining, poses a challenge. SIBs emerge as
a promising energy system for future large-scale EES,
leveraging the abundance of sodium reserves and

lower development costs™.
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Carbon, the predominant anode material in LIBs,
also becomes the go-to material for SIBs due to its
plentiful crustal reserves and superior electrical con-

ductivity”**

. Carbon materials, categorized by their
dimensions into 0D, 1D, 2D and 3D forms, have been
summarized for their physical properties and charac-

.21 who also review the pro-

teristics by Zhang et a
gress of carbon-based anodes in Na electrodes. This
section focuses on the advancements in CNT-based
anode materials for SIBs within the realm of 1D car-
bon materials.

Zheng et al. uncovered the sodiation/desodiation
mechanism of MWCNTs and their mechanical proper-
ties through in-situ TEM studies™”. They observed
that the SEI layer tends to grow on the MWCNT sur-
face during sodiation, with Na dendrites resembling
fish scales forming as sodiation progresses. An unusu-
al narrowing of the MWCNT width was noted during
sodiation, likely due to lattice collapse from Na" em-
bedding and the Joule heating effect of MWCNTs. In-
situ bending experiments indicated that while pristine
MWCNTs possess excellent mechanical properties,
sodiated/desodiated MWCNTs are prone to fracture
even without external forces. These findings offer
valuable insights into MWCNT degradation in SIBs
and guide future applications. Zhao et al. created N-
doped nanotube structured materials, known as N-
CNT, with adjustable interlayer distances through the
one-step pyrolysis of g-C,N, precursors, aided by a Ni

t!" They explored the micro-morphological

catalys
evolution from 2D layer structures to 1D nanotube
structures with varying layer spacing (0.342 to
0.462 nm). As an anode for SIBs, N-CNT with a
0.462 nm layer spacing in an ether-based electrolyte
demonstrated a remarkable reversible capacity of
290.3 mAh g ' at 0.05 A g ' and 164.5 mAh g ' at
10 A g, indicating an ultra-high rate capacity. Over
1 000 cycles, the material showed excellent long-term
cycling performance, attributed to its unique 1D struc-
ture, high conductivity, and optimal interlayer spa-
cing. Kinetic analysis suggested a significant capacit-
ive storage mechanism of N-CNTs, contributing to its

impressive rate capacity and recyclability. Ex-situ Ra-

man and XRD analyses confirmed the insertion/ex-
traction of Na during discharge/charge, with DFT cal-
culations indicating that pyridine N and pyrrole N in
the ether-based electrolyte have a stronger Na-adsorp-
tion capacity than ester-based electrolytes.

SMBs have garnered attention for their potential
in gigawatt-scale energy storage. However, their prac-
tical application faces issues such as inefficient cation
utilization, dendrite growth, and excessive use of in-
active materials’™”. Bai et al. proposed a design for a
negative-free Na electrode in SMBs, where various
Zn-containing poly-alloys, including ternary and me-
dium/high entropy alloys, were thermally encapsu-
lated by carbon™!. The interwoven CNTs serve as a
lightweight and mechanically flexible substrate for Na
deposition, with NaZn,; material diffusing uniformly
within the CNTs before Na deposition, tuning the Na
affinity of the scaffolds without nucleation overpoten-
tial. Theoretical and experimental evaluations con-
firmed preferential Na nucleation within the compos-
ite scaffold, directed along the nanotube, achieving up
to 10 mAh cm™.

On the cathode side of SIBs, CNTs primarily
function as conductive agents, enhancing the electro-
chemical performance of Na electricity when com-
bined with active materials. Qin et al. prepared a com-
posite of Na,V,(PO,),F, (NVPF) with a 3D conduct-
ive network and CNTs (NVPF/@C/CNTs) using a
solvent-heated method”**. The NVPF nanosheets dis-
persed into the CNT-formed network, resulting in a
discharge specific capacity of 107 mAh g™ after 200
cycles at 0.2 C and 68 mAh g ' at 10 C. The superior
electrochemical performance arises from the syner-
gistic combination of nanostructures, carbon coatings,
and 3D conductive networks. Yan et al. employed a
hydrogel self-templating strategy to produce
Na,V,(PO,),@C@CNT materials with a porous net-
work structure, using OD nanoparticles and 1D
CNTs™!. The highly conductive CNTs facilitated Na*
transport during repeated sodiation/desodiation, while
the porous structure alleviated volume expansion. The
material exhibited excellent cycling stability and rate

performance.
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The use of CNT materials in SIBs and SMBs
capitalizes on their excellent electrical conductivity,
combined with various active substances to enhance
the material’s electrical and chemical properties.
Moreover, there is substantial scope for research into
flexible Na electrical devices based on CNTs, indicat-
ing a promising avenue for future development.

3.5 Application of CNTs in supercapacitors

Supercapacitors are recognized for their rapid
power delivery, excellent cycling stability, and
safety™®!. These devices typically comprise two elec-
trodes, an electrolyte, and a separator. The charge
storage mechanisms of electrode materials, pivotal to
the electrochemical performance of supercapacitors,

are divided into
[237,238]

non-Faraday and Faraday

processes . In non-Faraday processes, charge
storage relies on the electrochemical double-layer ca-
pacitance (EDLC), which arises from polarization
charge separation at the electrode/electrolyte interface.
Carbon materials, owing to their low cost, non-tox-
icity, chemical stability, high specific surface area,
and high electronic conductivity, have become the
leading  choice  for non-Faraday electrode
materials'™’. CNTs, in particular, have garnered wide-
spread attention due to their distinctive porous struc-
ture, mechanical and thermal stability, and electrical

properties>* >+

, enabling efficient charge distribu-
tion across their accessible surface area through inter-
connected mesopores.

Li et al. introduced a 3D porous structure com-
posed of micrometer-sized activated carbon (AC), 1D
CNT, and 2D reduced graphene oxide (rGO), forming
a structured composite material®*!. The CNTs and
rGO assembled into a 3D porous framework through
van der Waals forces, with the AC being anchored
within this structure. The CNTs enhanced the AC’s
electrical conductivity, while the AC, in turn, preven-
ted CNT aggregation. Collectively, these materials
contributed to the overall capacitance, with the
AC/CNT/rGO electrode achieving a high specific ca-
pacitance of 101 F g™ and a specific energy density of
30 Whkg ™.

Lee et al. presented an aerogel structure with a

layered nanostructure of ternary carbon, comprising
graphene oxide, PAN and CNTs (denoted as
CNTs@Gr-CNF)**!. This material offered a highly
electroactive surface and excellent electrical conduct-
ivity. The CNTs@Gr-CNF electrode demonstrated a
high specific capacitance of 521.5 F g’ at 5 A g,
with a capacitance retention rate of 98% after 10 000
consecutive charge/discharge cycles at 5 A g'. Fur-
thermore, the team developed a composite supercapa-
citor device featuring CNTs@Gr-CNF as the negative
electrode and NiCo,S, nanopins as the positive elec-
trode. This hybrid device delivered a specific capacit-
ance of 218 Fg ' at 1 A g', a specific energy density of
62.1 Wh kg, and a power density of 789.7 W kg ',
along with excellent cycling stability, retaining 91.7%
capacitance after 10 000 charge-discharge cycles.

In summary, the application of CNT materials in
supercapacitors extends the utility of CNTs in EES
devices, with numerous research accomplishments to
date. Future developments in CNT-based capacitor
devices should concentrate on several key areas”*.
(1) Producing high-purity CNTs and carbon materials
with a high specific surface area is essential for
achieving high specific capacitance™®. (2) Enhan-
cing pseudocapacitance can be achieved by introdu-
cing abundant surface functional groups and improv-

ing electrolyte penetration**”

. (3) Optimizing the
electrode fabrication process can reduce internal res-
istance and enhance rate characteristics, either by dir-
ectly growing CNTs on a conductive substrate to cre-
ate an integrated electrode or by manipulating the
structure and arrangement of CNTs?**!,
3.6 Application of CNTs in flexible EES devices
With the rapid evolution of wearable electronics
and portable devices, device concepts such as elec-
tronic textiles and flexible smartphones are moving
from idea to reality. This shift has created demand for
a new generation of batteries characterized by being
“lightweight, convenient and flexible”"\. To better
satisfy the needs of modern technology products and
the pursuit of a high-quality and eco-friendly lifestyle,
there is a pressing need to develop lightweight flex-

ible devices that offer excellent stability*. Flexible
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energy storage materials have unique requirements
compared to their traditional counterparts. They must
maintain both electrical and mechanical flexibility,
withstand the volume changes associated with the
charging and discharging processes of batteries or ca-
pacitors, and exhibit resilience to physical deforma-
tion™". As highlighted earlier, CNTs possess a high
Young’s modulus, mechanical strength, electrical con-
ductivity, and chemical stability. These attributes
make them well-suited for use in flexible electro-
chemical devices. A significant body of literature
already exists, summarizing the applications and re-
search progress of CNTs in flexible devices™™ >,
This new section will therefore focus on the latest re-
search developments involving CNTs in flexible EES
systems.

Supercapacitors, known for high power density,
are an example of EES devices that can benefit from
CNT technology. For instance, Zhu et al. fabricated
freestanding SWCNT films by FCCVD, employing
them as current collectors for flexible supercapaci-
tors”!. These films are lightweight, highly conduct-
ive, mechanically robust, and feature a 3D intercon-
nected porous structure. They support substantial act-
ive material loads and demonstrate specific capacit-
ance values of 4084 F g at 1 A g', with 90.7% re-
tention after 5 000 cycles, surpassing the performance
of conventional current collectors®>”. Moreover, hy-
brid supercapacitors incorporating materials like co-
balt (II) carbonate hydroxide (Co,(OH),CO,) and
polyaniline (PANI) have been shown to maintain ca-
pacitance  stability = under  various
conditions™!. Lu et al. developed CNT@NiCo,S, hy-
brid films, which involve the homogeneous integra-
tion of NiCo,S, onto 3D CNT networks**. This ma-

terial offers several key benefits for flexible superca-

bending

pacitors, including an adjustable microstructure, high
mechanical flexibility, excellent electrical conductiv-
ity, and lightweight design. The resulting supercapa-
citors exhibit impressive energy densities (59.5/
34.5 Wh kg™' at 900/18000 W kg, respectively)
and feature a substantial capacity retention of 80.64%

after 10 000 cycles. Notably, the material maintains its

performance even when bent at angles up to 180°. The
performance of these supercapacitors has been suc-
cessfully demonstrated in wearable devices, under-
scoring the significant potential of CNTs for use in
flexible and wearable EES applications.

The development of flexible batteries requires in-
novation beyond what is used in traditional batteries.
For example, while conventional batteries often use
aluminum or copper foils as current collectors, these
materials present limitations, particularly in terms of
weight and integration with electrode materials'®>”. In
particular, the high weight of aluminum or copper
foils (8—16 mg cm > of area density) can significantly
reduce the overall energy density of a battery. Addi-
tionally, the difficulty in establishing strong interac-
tions between these metals and electrode materials can
lead to the periodic detachment of active materials
from the current collector—a problem that is particu-
larly critical in the flexible battery format. The adop-
tion of CNTs as flexible current collectors has shown
promise in overcoming these challenges, as demon-
strated by applications in flexible LIBs™***”), For in-
stance, Kim et al. employed SWCNTs as current col-
lectors through a direct spinning method for LIBs™.
This approach resulted in superior rate performance
and cycling stability compared to traditional current
collectors. The enhanced performance is attributed to
3 key factors: (1) 3D structure of the CNTs, which fa-
cilitates effective electrolyte penetration; (2) porous
structure, which improves contact with the NCM811
material and provides mechanical adhesion; (3) excel-
lent chemical stability of CNTs in organic electro-
lytes. The researchers also demonstrated that the as-
sembled pouch cells maintained excellent electro-
chemical performance even under severe mechanical
deformation. Similarly, Hong et al. developed flex-
ible LIBs by integrating nanosilicon with superpara-
bolic CNTs through a structural design that leverages
electrostatic interactions™”). The lightweight CNT in-
terlayer effectively accommodates the volume expan-
sion of silicon during charge and discharge cycles, re-
ducing material loss and enhancing cycling stability.
The CNT self-supported electrode exhibited remark-
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able flexibility, with resistance changes of only 2.66%
and 3.14% after 10 000 cycles at 90° and 180° bend-
ing, respectively. Moreover, the flexible pouch cell re-
tained 96% of its capacity after 10 000 cycles at a 90°
bending angle, indicating a promising future for com-
mercially viable flexible LIBs.

LSBs, with their higher energy density com-
pared to LIBs, become even more advantageous when
integrated with flexible electrodes, potentially redu-
cing the weight and volume of wearable devices™.
Research results indicate that the development of flex-
ible LSBs must account for the flexibility of the en-
tire battery assembly, including the lithium metal an-
ode, separator, and sulfur cathode, while also address-
ing the inherent in conventional
LSBs™”?*I. Chen et al. have highlighted that employ-

ing soft structures and soft materials are 2 critical
[258]

challenges

strategies for constructing flexible batteries
However, relying solely on one strategy may limit the
improvements achieved. Building on the previous sec-
tions that discussed the use of CNTs as an intermedi-
ate layer in self-supporting separators for LSBs, we
will now turn to the application of flexible electrodes
in LSB cathodes. Liu et al. utilized lignin as a carbon
source to fabricate flexible CNT films through the FC-
CVD technique®'!. These films demonstrated im-
pressive mechanical strength of 54.53 MPa and elec-
trical conductivity of 4.19 x 10* S m™". When integ-
rated into an LSB cathode and assembled into a bat-
tery, they sustained capacities of 706.1 mAh g ' at
0.5 C and 435.3 mAh g ' at 2.0 C for 200 cycles, re-
spectively. Moreover, a lithium-sulfur flexible pouch
cell with a CNT film cathode was capable of power-
ing a small light bulb even when subjected to bending
from 0° to 180°, showcasing its practical applicability
in flexible electronics.

The integration of CNTs with other materials,
such as graphene, demonstrates their versatility and
potential to enhance performance in flexible EES
devices. Such composites prevent agglomeration and
establish a 3D conductive network, which is crucial
for device performance®. Despite significant strides,

the development of flexible EES devices is still in a

relatively early stage and many challenges
remain®"***, The advancement of high-performance
CNT components, including fibers, films and aero-
gels, is essential. These components require further in-
vestigation to achieve stronger mechanical properties,
lighter and thinner materials, and more scalable and
convenient preparation processes. Additionally, con-
trollable functionalization of CNTs is necessary to
balance electrical conductivity, mechanical properties,
chemical stability, energy density, and power density.
Another challenge is the development of flexible sol-
id or gel electrolytes that are compatible with flexible
devices. These electrolytes must prevent leakage dur-
ing the mechanical stress associated with repeated
bending, stretching, and compression. Moreover, im-
proving the performance evaluation criteria is vital.
Unlike traditional batteries, flexible batteries require
criteria that account for tensile or bending mechanical
deformation, electrochemical performance under dy-
namic conditions, and overall energy and power dens-
ities. While CNT materials have been successfully
utilized in a variety of flexible EES devices due to
their excellent mechanical stability, there is a need for
ongoing research to refine these materials and address
the aforementioned challenges. Future work must fo-
cus on enhancing the mechanical properties of CNT
components and developing performance evaluation
criteria that reflect the unique dynamic conditions of

flexible devices.

4 Summary and outlook

The exploration of CNTs in the realm of EES has
unveiled their multifaceted potential, underlining their
significance in advancing sustainable energy techno-
logies. Over the past decades, the synthesis of CNTs
has evolved significantly, focusing on two major
trends: (1) Controlling the fine structure, including
tube diameter, electronic structure, and chirality and
trends; (2) Controlling the macroscopic structure, in-
cluding large-scale production technology and the
design of CNT aggregate materials®*. This review has
comprehensively examined the properties, synthesis,
and EES applications of CNTs, highlighting their ex-
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ceptional mechanical strength, electrical conductivity,
and thermal performance. The comparison with other
carbon materials has further emphasized CNTs’ super-
ior electrical conductivity, a trait that is invaluable for
EES applications.

The synthesis methods discussed, including AD,
LA, and CVD, have shed light on the industrial relev-
ance and challenges of large-scale production. Among
these, CVD technology shows great potential for the
development of fine structure-controlled synthesis of
CNTs due to its excellent stability and diverse design
space. The tube diameter of CNTs can be tuned
mainly by conditions such as the size of the catalyst,
the type and partial pressure of the carbon source, and

the reaction temperature®®®”

. However, achieving a
uniform distribution of catalyst particle sizes remains
a challenge, affecting the control over individual CNT
diameters. The advent of novel synthesis techniques,
such as those utilizing MOFs and template-assisted
methods demonstrate the capability to produce CNTs
with orderly porous structures. Our group’s investiga-
tion into a straightforward calcination approach for
synthesizing CNTs with 3DOM structures at lower
temperatures exemplifies the continuous innovation
within this domain.

The application of CNTs in various EES devices,
such as LIBs, LSBs, LMBs, SIBs and supercapacitors,
has demonstrated their widespread utility. However,
the field is not without its challenges. The traditional
slurry coating method for electrode fabrication, for in-
stance, introduces inactive binders that reduce the
overall energy density of the battery system. The de-
velopment of integrated monolithic electrodes, which
minimize the use of inactive materials, represents a
promising direction for future EES advancements”*".

In terms of fine structure control, the preparation
of CNTs with specific structures is essential*®!. The
relationship between the diameter of CNTs and the
catalyst size is crucial, as it is closely related to the
growth mechanism of CNTs”*. A synergistic meth-
od involving electrochemical truncation and selective
adsorption has been designed to control the prepara-

tion of CNTs, efficiently regulating their lengths and

length distributions'**”. The preparation of CNTs with
specific electronic structures is even more critical.
Only SWCNTs with homogeneous properties (metal-
lic/semiconducting) tend to fulfill the corresponding
requirements in most electronic applications. Liquid
phase separation, post-processing, and direct growth
are the main methods for separating CNTs with differ-
ent electronic properties. The direct growth method is
relatively the most advantageous and has been repor-
ted in the literature””. However, achieving selectiv-
ity of CNTs with a single property over 99% is still
difficult due to the small differences between the two
CNT growth processes.

The synthesis of chiral controllable CNTs (for
SWCNT only) is another area of focus. Many proper-
ties of CNTs depend on their topology (i.e., chirality).
The control of CNT chirality is mainly focused on the
end-cap or seed structure, aiming to synthesize a spe-
cific chirality at an early stage. CVD technology is ex-
pected to play an extremely important role in this re-
gard, and the thermodynamic and kinetic modulation
of CNT structure based on catalytic growth will surely
play an important role in the future.

Furthermore, the synthesis of CNT aggregates is
vital for fully utilizing the advantages of individual
CNTs. The properties of CNT aggregate materials are
often greatly reduced due to internal impurities, de-
fects, entanglement, and other factors. Therefore, de-
veloping CNT aggregate materials with excellent elec-
trical, mechanical, and thermal conductivity proper-
ties is especially important for the application of EES
systems.

In conclusion, the future of CNTs in EES is
bright but requires a concerted effort to overcome ex-
isting challenges. Interdisciplinary collaboration will
be key in this endeavor, bringing together expertise
from materials science, electrical engineering, nano-
technology, and environmental science. By harness-
ing a multidisciplinary approach, researchers can
design and optimize CNT-based materials for en-
hanced performance, improved safety, and reduced
environmental impact.

The path forward should focus on several stra-
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tegic areas. First, there is a need to refine the synthes-
is processes to improve the uniformity and purity of
CNTs, particularly for industrial-scale applications.
Second, the development of environmentally friendly
and low-cost process technologies for the high-
volume synthesis and fabrication of CNT-based nano-
composites is essential. Third, safety assessments of
CNTs in EES systems are essential, addressing mech-

2691 and

anical stability?®®, electrochemical reliability
health and environmental effects’”’”. A balanced ap-
proach, prioritizing both the advantages and proactive
risk mitigation of CNTs, is crucial for developing se-
cure and efficient EES solutions. Lastly, the integra-
tion of theoretical calculations, simulations, and ad-
vanced characterization techniques will be pivotal
strategies in guiding the development of advanced
CNT-based materials. As we look to the horizon, the
continued research and innovation in the field of
CNTs hold the promise of transforming the landscape
of EES technologies, moving us closer to a sustain-

able and energy-secure future.
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