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Abstract

In recent years, the carbon-based fibers (CBFs) including carbon fibers, carbon nanotube fibers and graphene fibers have
received extensive attention due to excellent thermal, electrical and mechanical properties. Here, the current status of CBFs
is reviewed from the following aspects: sprecursors, preparation, performance and application. The precursor systems
including acrylonitrile copolymers, pitch, cellulose and lignin, carbon nanotube, graphene and other rare synthetic polymeric
precursors. The relationship of preparation method and performance of CBFs is presented. In addition, this review gives the

overview of application and future development of CBFs.
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Introduction

Carbon-based fibers (CBFs) with high carbon content pos-
sess excellent mechanical, electrical, thermal and other
intrinsic properties, which are useful in various fields, such
as aerospace, military, automobiles, biomedicine, energy,
construction, and sports [1]. The precursor of CBFs mainly
include polymers and carbon units. Polyacrylonitrile (PAN),
pitch, cellulose and lignin are the representive polymer pre-
cursor for CBFs. CBFs are typically prepared in four stepes:
polymer preparation or polymerization, spinning, pre-oxi-
dation and carbonization. At present, the carbon nanotube
(CNT) and graphene are the main precursors which are
used for carbon unit-based CBFs, and the preparation pro-
cess includes the construction of carbon unit and subsequent
spinning. Among them, PAN, pitch, cellulose, lignin, CNT
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and graphene are mainly introduced in this review. In addi-
tion, other rare precursors are also introduced briefly.

As early as the late 1870s, Joseph Swan and Thomas Edi-
son trial-produce carbon yarn with cotton and other mate-
rials, which was used as filament for electric bulb. Then
viscose-based CBFs were developed by the U.S. Air Force
Base-Wright Patterson in 1950 and successfully produced
by the U.S. Union Carbide Corporation company in 1959.
PAN-based CBFs were first prepared by Shindo in 1959 and
successfully produced by Japan Nippon Carbon Co., Ltd
in 1962. The pitch-based CBFs were invented by Sugirou
Otani in 1965 and first produced by Japan Kureha Chemi-
cal Company in 1970. After decades of development, the
PAN-based CBFs accounts for more than 90% of the global
CBFs markets and the total production was 167.90 kiloton
in 2020 [2]. Generally, the mechanical performances are
the significant evaluation factors in producing PAN-based
CBFs. The theoretical tensile strength and tensile modulus
of PAN-based CBFs calculated by the interatomic bond-
ing force can reach 180 GPa and 1020 GPa, respectively.
However, the actual maximum tensile strength and elastic
modulus of PAN-based CBFs are only 7.15 GPa and 600
GPa at present, which makes more efforts to narrow the
gap. With the rapid development of the modern industries,
such as aerospace transportation, and military industries, the
demand for CBFs is growing quickly. Therefore, the low-
cost, easy-to-obtain, high-efficiency and simple-to-process
are important factors in industrial production. In addition,
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with the over-exploitation of oil resources, the search for
new alternative renewable precursors is never stopping. As
an example, lignin has been studied as precursor for poly-
mers-based CBFs.

The CNTs-based CBFs have potential application in sen-
sors, supercapacitors (SCs) and batteries due to high strength
and good conductivity [3]. CNTs, a new kind of fullerene,
were first reported by Iijima in 1991 [4]. CNTs can be clas-
sified into single-walled (SWCNTs), double-walled (DWC-
NTs) and multi-walled (MWCNTs) according to the num-
ber of graphite layers, the diameter of CNTs ranges from a
few nanometers to tens of nanometers. The tensile strength,
elastic modulus, conductivity, ampacity and thermal con-
ductivity (room temperature) of CNTs can achieve 50 GPa,
1 TPa, 10° S/m, 10° A/cm? and > 3000 W/m-K, respectively,
because of the nearly perfect graphene network structure
[5-7]. CNTs-based CBFs were first fabricated by Vigolo
et al. using the coagulation spinning method in 2000 [8].
The elastic modulus was only ~ 15 GPa, which was much
less than the theoretical value of individual CNT due to the
introduction of unavoidable defects during the CNTs assem-
bling process. In recent years, many technologies have been
developed to fabricate CNTs-based CBFs, including solution
spinning [9], CNT arrays [10], chemical vapor deposition
(CVD) [11], as well as twisting/rolling of CNT Films [12].
However, these technologies are not mature enough to large-
scale industrial production.

Graphene is a unique two-dimensional honeycomb mon-
olayer crystal material with sp> hybridization of carbon
atoms, which was proposed by Brodie in 1859 [13] and was
prepared by Andre Geim and Konstantin Novoselov using
the micromechanical exfoliation method in 2004 [14]. The
thinness of graphene is only one carbon atom, which breaks
the thermodynamical concept that the two-dimensional
crystal structure can not exist stably under normal tem-
perature and pressure. Actually, the appearance of corruga-
tion structure in free graphene may be the reason for the
stable existence according to Meyer et al. [15]. Incredibly,
graphene possesses unprecedented comprehensive perfor-
mance: tensile strength, elastic modulus, carrier mobility,
thermal conductivity (room temperature) and transmittance
are 130 GPa, 1.0 TPa, 200,000 cm?/Vs, 5000 W/mK and
97.7% [16-20], respectively. However, graphene is hard to
form uniform dispersion owing to the intermolecular forces
between graphene sheets, it can not be arranged uniformly
and orderly along the fiber axis [21]. Graphene oxide (GO),
as an intermediate substance, can be dissolved in water and
other “similar-water” solvents because of abundant oxygen
functional groups on GO sheets [22]. In 2011, Gao et al.
first prepared GO-based fibers by traditional wet-spinning
of GO liquid crystals (LCs) [23], then successfully obtained
graphene-based CBFs after reduction, which show tensile
strength of 140 MPa and elastic modulus of 7.7 GPa. In
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recent years, various technologies have been developed to
prepare graphene-based CBFs through GO self-assembly,
such as microfluidics [24], dimensionally confined hydro-
thermal [25], CVD [26], GO films twisting [27], electro-
phoretic [28] and dry-spinning [29], which endow graphene-
based CBFs with excellent comprehensive performance.
Therefore, graphene-based CBFs have great potential appli-
cation in many fields, such as aerospace, electronics and
chemical industries.

Among all CBFs materials, the natural CBFs including
cellulose and lignin-based CBFs are mainly used to pro-
duce ablation-resistant and thermal insulation materials.
Pitch-based CBFs are mainly used as reinforce composite
materials, high-temperature ablation materials, high-tem-
perature structural materials and high-thermal-conductivity
materials in the fields of aerospace, energy and construction.
PAN-based CBFs have large-scale application in aerospace,
national defense, military industry, energy, construction, bio-
medicine, environment and sporting goods. However, CNTs
and graphene-based CBFs are in the initial stage of develop-
ment, which need more exploration in practical application.
In this review, the CBFs prepared from different precursor
mainly including acrylonitrile copolymers, pitch, cellulose
and lignin, carbon nanotube, graphene, and their processing,
properties, application are presented. Some terms from the
original paper are used in this review.

PAN-Based CBFs
Polymerization

PAN is a main precursor to prepare CBFs, which accounts
for more than 90% of the entire global fiber market [2].
Shindo et al. first adopted PAN as a precursor to prepare
PAN-based CBFs with the elastic modulus of 140 GPa in
1961 [30]. Subsequently, some improvements including the
tension and length retention were introduced in the stabili-
zation and carbonization process to increase the mechani-
cal properties of PAN-based CBFs [31]. The elastic modu-
lus of PAN-based CBFs is 414 GPa after carbonization at
2500 °C [31]. Generally, PAN precursor is fabricated by
the copolymerization of AN and another monomer or more
than two monomers, such as methyl acrylate, acrylic acid,
methyl methacrylate, methacrylic acid, itaconic acid, maleic
acid, sodium propylene sulfonate, vinyl acetate vinyl bro-
mide and acrylamide (Fig. 1) [32, 33]. The comonomers
should maintain suitable copolymerization parameters with
PAN, resulting in the comonomer evenly distributed along
the main chain to obtain ideal copolymer. Meanwhile, the
content of comonomer is also an important consideration
that can affect the properties of the fibers, which is gener-
ally <5 mol% [34]. The introduction of comonomers into
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Fig. 1 Several types and structures of copolymer for PAN precursor

the PAN chains can reduce the activation energy in the late
cyclization reaction process and broaden the exothermic
peak, which improved the performance of the fibers [35].
Many technologies were used for the synthesis of PAN pre-
cursor, such as suspension polymerization, solution polym-
erization, emulsion polymerization, bulk polymerization, ion
polymerization, etc. Among them, solution polymerization,
emulsion polymerization and suspension polymerization
are main methods for the processing of PAN precursor in
recent years. Many solutions are adopted to dissolve PAN
prepolymer, such as dimethylformamide (DMF), dimethy-
lacetamide (DMA), dimethylsulfoxide (DMSO), propylene
carbonate and sodium thiocyanate (NaSCN) aqueous solu-
tion. These solutions can endure the polymerization reaction
proceeding smoothly and make the solution spinnable after
polymerization [36]. The solution polymerization is suit-
able for the continuous processing of PAN precursor, while
the lower concentration of polymerization solution, high
transfer constant of traditional solvent systems and limited-
molecular weight products are not conductive to the devel-
opment in the industrial production [37]. In comparison, the
suspension polymerization is used to prepare PAN precursor
with negligible by-products, and the molecular weight can
be adjusted to an extremely high range. The polymer yield
can reach 90% since the exothermic nature of polymeriza-
tion is well controlled during the discontinuous processes
of suspension polymerization [38]. Moreover, the reactants
need to be treated before the spinning process including ish-
ing, filtration, drying, milling and redissolving processes.

Br/\

vinyl bromide

Ny

NH,

acrylamide

Initiators, such as persulfate salts and iron salts, are also
used for polymerization. However, the initiator remaining
in the spinning solution will cause defects in the fiber, and
then lower the mechanical properties. Various measures have
been developed to improve the purity of spinning solutions.
As an example, the modified initiators are introduced into
reaction systems to decrease or even extinguish the metal
impurities [34]. Therefore, as mentioned above, the com-
position of the PAN precursor and polymerization process
are the significant factors to fabricate the high mechanical
performance of PAN-based CBFs. In addition, the polymeri-
zation method and initiator are necessary factors to achieve
high mechanical performance.

Processing

The spinning methods of PAN-based CBFs mainly include
dry spinning, wet spinning, melt spinning, electrostatic spin-
ning. Melt spinning is not suitable for PAN-based copolymer
because the decomposition temperature of PAN is lower than
that of the melting temperature, so that it has to introduce
suitable plasticizers, solutions or copolymers to decrease the
melting temperature of PAN [39]. Moreover, the PAN pre-
cursor obtained by melt spinning possesses solvent residue
affecting the performance of the final fibers. In dry spinning,
a suitable solvent is also demanded to dissolve PAN precur-
sor, it has to maintain stability with PAN copolymers when
the temperature reaching the boiling point. Therefore, the

@ Springer



634

Advanced Fiber Materials (2022) 4:631-682

choice of solvent is limited to a certain extent, usually, DMF
or DMACc is feasible.

Wet spinning is the main technology for the processing
of PAN precursor in industrial production, which is gener-
ally divided into wet spinning, dry-jet wet spinning and
gel spinning. The traditional wet spinning process is to
extrude the spinning solution directly through the spin-
neret into the coagulation bath, followed by stretching and
winding to form the birth fibers (Fig. 2a). In comparison,
in the process of dry-jet wet spinning, the spinning solu-
tion will pass through a period of air after being extruded
by the spinneret, and then enter the coagulation bath
(Fig. 2b). The gel spinning process is similar to dry-jet
wet spinning in that there is also an air section during the
processing, while the spinning liquid is cooled in the air
to form a pre-gel, and then form the gel in a low-tempera-
ture coagulation bath (Fig. 2c). The fibers prepared by gel
spinning possess ultra-high mechanical properties since
the high molecular weight PAN-based copolymer and
high spinning solution concentration are adopted. Chae
et al. used the PAN/methacrylic acid copolymer with high
molecular weight (Mn =513,000 g/mol) to prepare CBFs
precursor by gel spinning technology, as well as a low
temperature (— 50 °C) methanol bath was used to condense
the spinning liquid into the gel state [40]. After carboniza-
tion, the tensile strength and elastic modulus were 5.5-5.8
GPa and 354-375 GPa, respectively [40]. Morris et al.
adopted PAN/methyl acrylate (97/3 wt%) copolymer with
the M, of 1.7 x 10% g/mol and the polydispersity of 1.7
to prepare CBFs precursor with small filament diameters
of 5 pm by gel spinning technology [41]. The CBFs pre-
cursor showed that the average tensile strength and elas-
tic modulus were 954 MPa and 15.9 GPa, respectively
[41]. After carbonization, PAN-based CBFs with smaller
diameters of ~2.5 um showed that the tensile strength and
elastic modulus were 4.3 +1.0 GPa and 361 +45 GPa,
respectively [42]. In addition, there are also some works
to prepare CBFs with a high mechanical performance by
using high molecular weight PAN-based copolymer that
the tensile strengths and elastic modulus can reach 1.8
GPa and 35 GPa, respectively [43].
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During the wet spinning process, various conditions
can influence the performance of CBFs precursors, such
as solvents, spinnerets and coagulation bath. The polar sol-
vents are used to dissolve PAN-based copolymer because
of the dipole—dipole interaction between the polar nitrile
groups of PANs, such as DMF, DMSO, DMAc, zinc chlo-
ride, nitric acid, NaSCN and ionic liquids [44]. Moreover,
the amount of solvent depends on the parameters of the
copolymer including contents, molecular weight and PDI,
ensuring the copolymer solution has suitable viscoelastic
behavior for the spinning. The topography of spinneret and
the number and size of the aperture have great influence on
the performance of PAN-based CBFs precursor. Generally,
the shape of the spinneret hole is designed to be round, and
the number of the holes is 100—5x 10’ with a diameter of
40-100 pm. The spinneret hole is designed to other shapes
to adjust the shape and the performance of CBFs precur-
sor, such as conical, square and trilobal, etc. The composi-
tion of the coagulation bath is a significant factor that can
affect the internal structure of the fiber, such as the hole and
skin core structure. Usually, water, ethanol, ethylene glycol
and acetone are used as coagulation baths which possess
a certain velocity to promote uniformly relative diffusion
between the solvent and the coagulation bath in the spinning
solution and reduce the voids and defects inside the fiber.
In addition, the pre-fiber is stretched during the spinning
process to increase the orientation of the polymer chain
along the stretching direction and reduce the diameter of
the precursor fibers, thereby reducing the gaps and improv-
ing the mechanical performance. The stretching temperature
can be combined with the stretching rate to synergistically
enhance the mechanical properties of CBFs precursor. In
the post-treatment process, the precursor is also stretched at
a suitable velocity to further improve the regularity, density
and orientation of the polymer chains, generally including
water bath stretching and steam stretching. After spinning
process, the oils are used to inhibit the binding of precursor
and keep it stable during the stabilization process, such as
polyester of long-chain fatty acid and polyol, ethylene oxide
adducts of long-chain fatty amides, and modified polydi-
methylsiloxane. However, the processing of PAN-based
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Fig.2 Schematic of three species of wet spinning. a Traditional wet spinning. b Dry-jet wet spinning. ¢ Gel spinning
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CBFs will be influenced. In addition, drying, relaxation
drying and heat setting treatment are performed at post-
processing to remove the moisture and increase the density
of the fiber. Finally, PAN-based CBFs precursor is twisted
on a spool for further heat treatment.

Heat Treatment of PAN-Based CBFs Precursor

The heat treatment of PAN-based CBFs precursor is gen-
erally divided into three species: oxidation, carbonization
and graphitization (Fig. 3) [34]. The temperature ranges of
oxidation, carbonization and graphitization are 200-300 °C,
1000-1700 °C and 2500-3000 °C, respectively [45]. During
the oxidation process, a precursor is oxidized to N-contain-
ing ladder-type polymers, which endure higher temperature
processing. The structure of fibers is further transformed
into a turbostratic carbon structure in the carbonization pro-
cess performed in an inert atmosphere. The graphitization
process is also carried out under inert gas conditions, and
the graphite crystals inside PAN-based CBFs are further

Polyacrylonitrile

Dehydrogenation

Cyclization moomom
N N N

Fig.3 Schematic of the reaction process from PAN to carbon phase
[34]. Reproduced with permission from ref. 34. Copyright 2012,
WILEY-VCH

oriented and arranged along the axis of the fiber. The ten-
sile modulus of PAN-based CBFs can be adjusted by gra-
phitization. In addition, the precursor is drawn to ensure
the arrangement and orientation of the structure during the
whole heat treatment process.

Initially, PAN-based CBFs precursor is oxidized at
200-300 °C. PAN polymer possesses an extremely strong,
concentrated exothermic reaction that is hard to control dur-
ing the oxidation process, resulting in the formation of inter-
nal and surface defects in CBFs. Since the functional groups
in the comonomer may cause side reactions during the
polymerization and spinning process, the specific comono-
mer is introduced into PAN polymer to reduce the activation
energy of the oxidation reaction and broaden the temperature
range of the exothermic reaction [46]. The oxidation process
is performed in an oven with a series of different air heating
zones ensure the temperature of PAN-based CBFs precur-
sor increase gradually. The exothermic reaction is strictly
controlled during the process to avoid local overheating,
and the fiber is stretched to prevent fiber from shrinking
and to increase the tensile modulus [47]. Moreover, the hot
gas stream is passed into the oven to achieve the purpose
of heating, supplying oxygen, and removing reaction gas
and excess reaction heat. The polymer chain will undergo
complex reaction processes including reorganization and
oxygen cross-linking during this process [48]. The reaction
rate of the cyclization reaction of the polymer under the
oxygen condition is higher than that of the inert gas condi-
tion, and the final PAN-based CBFs show a higher yield and
better performance. Meanwhile, the cyclization rate is also
influenced by the properties of the copolymer. Therefore,
the density of PAN-based CBFs increases as the polymer
chains transform into the heteroaromatic structure after oxi-
dation treatment. In addition, there are some technologies to
reduce the stabilization time and energy consumption, such
as thermal and environmental treatment [49], microwave-
assisted plasma treatment [50] and electron-beam-assisted
cyclization [51].

After oxidation, the precursor with heteroaromatic struc-
ture is carbonized and graphitized at a higher temperature
and inert gas conditions (Fig. 3). When the temperature is
heated to 400-600 °C, the hydroxyl groups in the oxidized
fibers will undergo a cross-linking condensation reaction,
leading to the reorganization and coalescence of the cyclized
cross-section. The dehydrogenation reaction occurs with the
cyclization reaction, resulting in a graphite-like structure
fixed by nitrogen atoms [52]. Subsequently, the denitrifi-
cation will happen at a higher temperature to form a nor-
mal graphite layer [53]. In the initial stage of carboniza-
tion, the heating rate is controlled to protect the internal
structure of PAN-based CBFs from being destroyed by the
gas compounds formed during the reaction, simultaneously,
the nitrogen atoms are removed more thoroughly and CBFs

@ Springer



636

Advanced Fiber Materials (2022) 4:631-682

with high mechanical performance. However, the structure
of PAN-based CBFs will be influenced by the high heating
rate, resulting in a decrease of the final mechanical perfor-
mance. The gaseous compounds formed at 200-1000 °C
mainly included water, oxygen, hydrogen, carbon monox-
ide, ammonia, methane, hydrogen cyanide, tars and other
high molecular weight compounds [54]. PAN-based CBFs
include more than 90% carbon and a very small amount of
nitrogen and hydrogen after the non-carbon elements were
removed. The polymer will undergo further condensation
reaction to form the turbostratic carbon phase when the
temperature is heated to 1600 °C [55]. This structure is ori-
ented in the direction of the external force to endow the
high tensile properties for PAN-based CBFs. Moreover, the
orientation and size of the crystallites are greatly increased
during the carbonization process [56]. The tensile strength
and elastic modulus of PAN-based CBFs were improved
by increasing the carbonization temperature and the tensile
strength will reach the maximum value of 1500 °C [57]. The
elastic modulus will increase in the higher temperature due
to the formation of more ordered crystals, while the tensile
strength decreased slightly.

Finally, PAN-based CBFs undergo a graphitization
process at 2500-3000 °C. The crystals in fibers are fur-
ther arranged and oriented, which thereby improving the

cvI 1000 C

tensile modulus. However, the tensile strength will decrease
accordingly since the void inside fibers will increase with
the process of graphitization (Fig. 4) [58]. The graphitiza-
tion process is also performed under inert gas conditions and
the processing is seriously controlled to prevent the graph-
ite structure in PAN-based CBFs from damage. In addition,
the surface oxidation treatment is performed to increase the
surface adhesion of PAN-based CBFs. And then a small
amount of thermoplastic/thermosetting polymer is applied
on the surface to improve the processing performance of
fiber-based composites and enhance the interface adhesion
with matrix substances. Finally, PAN-based CBFs products
are classified and collected according to different mechani-
cal performances.

Pitch-Based CBFs

The pitch is a suitable raw material to prepare CBFs,
which is the most widely used substance in the industri-
alization of CBFs except PAN. The pitch is obtained from
petroleum byproducts, coal istes, tar, pyrolysis of polymers
and some pure raw materials (Fig. 5). Generally, the pitch
is divided into two species: isotropic pitch and anisotropic
pitch (mesophase pitch). Otani first prepared pitch-based

Fig.4 High Resolution Transmission Electron Microscope (HRTEM) images and schematic of PAN-based CNFs with chemical vapor infiltra-
tion at a 1000 °C, b 2300 °C, and ¢ 2800 °C. The above pictures show the actual pores (arrows) in the fiber [58]. Reproduced with permission

from ref. 58. Copyright 2011, Elsevier Ltd
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CBFs by isotropic pitch obtained from the pyrolysis of
polyvinyl chloride (PVC) in 1965 [59]. In the same year,
Brooks et al. discovered mesophase pitch by polarizing
microscope during the processing of isotropic pitch [60].
Since then, many studies on mesophase asphalt had been
carried out [61]. Compared with isotropic pitch, meso-
phase pitch possesses more excellent intrinsic properties,
such as high molecular weight, graphitization, aromatic-
ity and high crystallinity, which thereby endowing better
mechanical performance for pitch-based CBFs. According
to the research, the tensile strength, elastic modulus and
elongation of pitch-based CBFs could reach 3.8 GPa, 965
GPa and 0.9%, respectively [62]. Even if isotropic pitch-
based CBFs are disadvantageous in mechanics, the better
elongation and the intrinsic nature will improve the devel-
opment in many applications, such as chemical resistance,
toughening and heat resistance [63].
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Pitch Preparation

The performance of the pitch is significant for the quality of
the final CBFs. Generally, petroleum byproducts and coal
residue are the main raw materials to prepare the pitch pre-
cursor since they are inexpensive and ubiquitous in indus-
trial production. The various aromatic polymers are simply
obtained from these istes, followed by heat-treating in a harsh
environment to obtain pitch precursor [64]. The properties of
the prepared pitch precursor can not be predicted and con-
trolled since the raw materials are impure and the complex
chemical reactions happened during the preparation of the
precursor. Moreover, the pitch precursor obtained from petro-
leum byproducts and coal residue is often isotropic [65]. To
obtain high mechanical performance of pitch-based CBFs,
some methods are performed to convert isotropic into meso-
phase, such as hydrogenation, pyrolysis, catalyst and solvent
extraction [66—69]. In addition, high-temperature centrifu-
gation, high-pressure condition and heat treatment are also
conducive to the formation of mesophase pitch [70-72].
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The relatively pure raw materials are used to prepare the
pitch precursor. Otani firstly used PVC to fabricate the pitch
precursor that was simple converted from polymer chains to
pitch structure through heat treatment at different tempera-
ture [59]. The PVC will undergo cyclization, aromatization
and condensation to form the pitch structure during the heat
treatment process, while it has some disadvantages, such
as the long processing time and low yield which limit the
development in industrial production [73]. In addition, some
researchers used polymer and petroleum byproducts or coal
istes mixtures to prepare the pitch precursor, and the pro-
cessing parameters were adjusted to improve the mechanical
performance of CBFs [74, 75].

The pure raw materials are also suitable to prepare
the pitch precursor, such as anthracene, naphthalene,
poly(methyl vinyl ketone) and polyolefin [76—79]. Generally,
these raw materials possess low reactivity which demand
harsh reaction conditions during the processing, including
high temperature and high pressure [80]. Moreover, the cata-
lysts are also used to promote the reaction, such as ferric
chloride and aluminum chloride [81]. However, these cata-
lysts will remain in the system after processing, resulting in
the reduction of the processing performance of the pitch pre-
cursor, especially in spinnability. Therefore, the hydrofluoric
acid/boron trifluoride (HF/BF;) was developed to overcome
the catalyst legacy so as to obtain pitch-based CBFs with
excellent performance [80], while the strong acidity of the
HF/BF; possessed extremely high requirements for produc-
tion equipment which limits the development of the industry.

Termocouple 4—7 — Air presure

—> Pitch precursor
Nozzle «—
—> Cooling and solidification
Spool «— NERRE

!

Fig.6 Schematic of melt spinning process
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Melt Spinning

The melt spinning is a suitable technology to prepare pitch-
based CBFs precursor due to its high molecular weight,
high viscosity and complete solid. During the melt spin-
ning process, the pitch precursor is heated to a molten state
under inert gas conditions, and then the molten body is
extruded from the nozzle by applying air pressure to form
nascent fibers (Fig. 6). The pitch-based CBFs precursor is
quickly cooled and solidified in the air, and finally wound
on a spool.

The design of the melt spinning process is an
extremely complicated procedure. The properties of
pitch-based CBFs precursors are influenced by numer-
ous factors, including melting temperature, air pressure
parameters, viscosity, collecting speed, stirrer and nozzle
shape [82, 83]. The viscosity of pitch precursor is the
key factor for spinning which is determined by the pro-
cessing temperature. It is necessary to maintain a certain
viscosity while ensuring the melting of the pitch precur-
sor, therefore, the temperature is generally controlled
slightly above the softening point. Meanwhile, the spin-
ning process is carried out continuously through suitable
air pressure [84, 85]. The fiber precursor is difficult to
spin no matter the viscosity of the precursor is too high
or too low, which will affect the performance of the fib-
ers. Generally, both pitches of isotropic and mesophase
structures have spinnable properties, and their viscosity
exhibits similar variation trends during the spinning pro-
cess which may be related to air pressure. The diameter
of pitch-based CBFs can be adjusted by air pressure and
collection speed [83, 86]. The topography of the nozzle
is also a decisive factor for the shape and diameter of
the fibers, which is usually designed as Y-shape, trian-
gle, square and other shapes. The parameters of the noz-
zle, including length, diameter and angle, are designed
to improve the spinnability of pitch precursor and the
mechanical performance of the fibers. In addition, the
nozzle is designed as non-circular to prepare pitch-based
CBFs with specific shapes, which is used in composite
materials [87].

Heat Treatment of Pitch-Based CBFs Precursor

The processing of pitch-based CBFs precursor is simi-
lar to that of PAN-based CBFs which are mainly divided
into three processes: stabilization, carbonization and
graphitization. The stabilization process is performed
at air conditions and the temperature below the soften-
ing point of the pitch fiber precursor (250-350 °C). The
complex physical and chemical reactions occured in this
process include oxidation, condensation and dehydration,
thereby promoting the transition of pitch fibers from a
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thermoplastic state to a thermoset state [88, 89]. However,
a disadvantage that the stabilization process will take a lot
of time and energy to make the fiber withstand a higher
temperature in the subsequent heat treatment. Therefore,
many oxidizing agents are used to replace air to shorten
oxidation time and reduce energy consumption, such as
pure oxygen, nitric acid and iodine but these oxidizing
agents are expensive and complicate to operate, which are
not suitable for the fabrication of pitch-based CBFs in
actual production. Some surface treatment technologies
also improve the efficiency for oxidation including plasma,
electromagnetic field and mechanical compression, while
these process require additional energy.

Similar to PAN-based CBFs, during the carboniza-
tion process under inert gas conditions, pitch-based CBFs
undergo a complicated removal reaction of non-carbon ele-
ments, such as dehydrogenation, deoxygenation, denitrifica-
tion and condensation. Thus, the carbon content is increased
and improve the arrangement and orientation structure of
the crystals inside fibers. For pitch-based CBFs, carboni-
zation is generally divided into two steps: low-temperature
carbonization (300-500 °C) and high-temperature carboni-
zation (500-1400 °C). At 300-500 °C, the non-carbon ele-
ments are beginning to disappear through the evaporation
process of small molecule gases, such as ammonia, carbon
monoxide and methane, resulting in the improvement of
the aromatic structure [90]. As the non-carbon elements
are almost removed at 500-1400 °C, the aromatic structure
is transformed into a denser structure [91]. The orientation
and arrangement of the molecular structure and the aroma-
ticity are further improved, thereby greatly improving the
mechanical properties of pitch-based CBFs [92].

The aromaticity, molecular weight, and crystallinity of
mesophase precursor are better than that of the isophase
pitch precursor, significantly, only the mesophase pitch fiber
precursor can be graphitized at higher temperature [93]. The
graphitization is performed at 2000-3000 °C, and the elastic
modulus of fibers will be greatly improved due to the for-
mation of more regular graphite crystal regions [94], while
the tensile strength increases slightly [57]. Importantly,
the precise control and inert gas conditions are required in
graphitization to avoid the sublimation of graphite and the
destruction of the crystal structure. Although the carbon loss
can not be avoided during processing, the carbon yield is
generally > 80% after graphitization [57].

Cellulose-Based CBFs

Cellulose is the most widely distributed polysaccharide in
nature, which is mainly from plants. In recent years, cellu-
lose has attracted widespread attention since it satisfies the
requirements of the era, such as environmental protection,

low cost and easy availability. However, for cellulose-based
CBFs, Thomas Edison used cotton and other plant fibers
to prepare CBFs as early as the 1880 [95]. In the following
decades, rayon-based CBFs had achieved commercial pro-
duction by Union Carbide through the hot stretching technol-
ogy [96]. However, compared with PAN-based CBFs and
pitch-based CBFs, cellulose-based CBFs have less industrial
development. Because the disadvantages in the preparation
of cellulose-based CBFs, such as cumbersome process, high
cost, low efficiency, and low performance. Recently, with the
rise of sustainable, degradable and recyclable raw materials,
cellulose has received renewed attention in the preparation
of CBFs. Moreover, the high cost of PAN-based CBFs and
the over-exploitation of petroleum resources are significant
reasons to drive the continued development of cellulose in
the preparation of CBFs. Therefore, as one of the raw mate-
rials for CBFs, cellulose possesses a promising prospect in
the current market.

Cellulose Precursor

Cellulose must be separated and extracted before fabricating
CBFs because there are other biomass materials in the crude
extract of cellulose, such as hemicellulose, lignin, etc. The
discontinuity of cellulose is the shortcoming to prepare high
mechanical performance of CBFs. Therefore, the regener-
ated cellulose (artificial cellulose) with specific dimensions
and extremely high purity has been developed to improve
the mechanical performance of CBFs [97]. The morphol-
ogy and structure of cellulose are important parameters to
achieve high performance. Northolt et al. proposed two dif-
ferent molecular chain conformations and the crystal struc-
ture of cellulose: cellulose I and cellulose II, which repre-
sented nature cellulose and regenerate cellulose, respectively
[98]. It was obvious that the molecular chains of the two
celluloses were arranged in parallel, while the arrangement
of cellulose II was antiparallel,which was not as regular
as that of cellulose I (Fig. 7a). Meanwhile, the content of
hydrogen bonds in cellulose I were larger than that of cel-
lulose 11, so the naturally formed crystal structure was tighter
(Fig. 7b). and the elastic modulus of cellulose I was higher
than that of cellulose II.

Generally, artificial cellulose mainly includes viscose
rayon, lyocell, tire cord, cotton, cupro, fortisan, bocell,
etc. [99]. Among them, viscose rayon and lyocell are the
representative candidates to prepare cellulose-based CBFs
(Fig. 8). Generally, the traditional viscose is dissolved in an
alkaline solution, such as sodium hydroxide and sulfonated
with carbon disulfide (CS,), followed by spinning in the
coagulation bath including sulfuric acid and sodium sulfate
to remove the excess CS, [99]. Moreover, zinc salts are intro-
duced into a coagulation bath to control the formation of a
skin/core structure during the spinning process, resulting in
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Fig.8 Schematic of the preparation process of several different cellulose-based CBFs

the high mechanical performance of CBFs. But the complex
production process and the large consumption of CS, with
high pollution limit the development of viscose-based CBFs.

The dry-jet spinning is performed to prepare lyocell.
The preparation process of viscose-based CBFs precur-
sor is improved by replacing the traditional solutions with
quaternary amine oxide N-methylmorpholine-N-oxide
(NMMO), therefore the cellulose is directly dissolved and
forms a spinnable solution. Moreover, the stabilizing agents
are introduced into solution to prevent side reactions [100].
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Compared with viscose, lyocell possesses various advan-
tages, such as the ultra-high solvent recovery rate (>99.9%),
pollution-free emissions, simple operation and environmen-
tal protection. Significantly, the lyocell precursor has better
cross-sectional morphology, sheath-core structure, higher
orientation and crystallinity than that of viscose precursor,
which benefits from the removal of the oxidative degradation
process. The crystallinity of lyocell precursor is two times
more than that of viscose precursor, resulting in the higher
performance of the final CBFs. However, there is little
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lateral interaction among the fibers, which may adversely
affect performance.

Heat Treatment of Cellulose-Based CBFs Precuersor

The stabilization process of cellulose will undergo pyroly-
sis at 100-400 °C, and the precursor is further stabilized
at [101]. The complex chemical reactions occur during
the pyrolysis process due to the complexity of the internal
structure of cellulose, which can be roughly divided into
dehydration and dehydrogenation. The carbon-based cova-
lent bonds are partially destroyed, such as carbon—oxygen
bonds, carbon—carbon bonds. The main pyrolysis products
include water, carbon dioxide, carbon monoxide, ethylene,
L-glucose, and other small molecule compounds. However,
the loss of carbon during the pyrolysis process is not condu-
cive to the preparation of CBFs, which has prompted some
effective methods to delay the carbon loss. In order to mini-
mize the formation of L-glucose, there are several methods to
promote the dehydration of cellulose-based CBFs precursor,
such as reducing the heating rate, utilizing the flame retard-
ant, pyrolysis in a reaction atmosphere, and impregnation
of the precursor with organosilicon compound [102, 103].
It is beneficial to promote dehydration with the combination
of at least two or more measures. As an example, Brunner
found that the carbon yield was 11% when the heating rate
was 70 °C/h, and it achieved 28% at 0.03 °C/h [103]. The
burnt manifestation disappears at low heating rates, thereby
increasing the carbon yield. Meanwhile, the low heating rate
can promote the formation of the regular structure (density,
specific surface area and micropore volume), while it will
consume plenty of energy which is not conducive to the
industrial production. For reactive atmosphere, although
HCI vapor is the effective conditions to promote dehydra-
tion, it is impractical in actual product due to the strong cor-
rosiveness of HCl vapor. A small amount of flame retardant
can remove hydroxyl from cellulose, such as urea, Lewis
bases and Lewis acids [52, 104]. In addition, the impreg-
nation of fiber precursors by organosilicon compounds can
effectively improve the mechanical properties of cellulose-
based CBFs, which tensile strength and elastic modulus
reach 1.8 GPa and 100 GPa, respectively [105].

The pyrolysis reaction is completed at 400 °C, then the
temperature is increased to 900-1500 °C through faster heat-
ing rates for further carbonization. Under inert gas conditions,
the carbon content continually increases with the release of
non-carbon atoms, which will exceed 95% after carboniza-
tion. There are many complex reactions in the carbonization
process due to the diversity of the structure of cellulose pre-
cursor, such as rearrangement, cyclization and aromatization,
resulting in the shrinkage of the volume and the increase of
the density. Eventually, the mechanical performance of fibers

is improved after the formation of the graphite-like layer and
the appearance of a microcrystalline structure.

The graphitization of cellulose-based CBFs is performed
under inert gas conditions at 1500-3000 °C. The carbon
content exceeds 99% and the graphite layer structure grows
during this process. It is worth mentioning that, the drafting
process runs through the entire heat treatment process to
increase the regularity of the molecular structure along the
longitudinal axis, thereby improving the tensile property. In
addition, the time of graphitization is a significant parameter
for the performance of the final fiber. Although the time is
short, it is enough to change the graphite structure in a few
seconds under the action of ultra-high temperature.

Lignin-Based CBFs

Lignin is the second-largest green and renewable carbon
resource. Moreover, lignin possesses rich aromatic ring
structure aliphatic group, aromatic hydroxyl group and
quinone group, which can be used as a precursor to pre-
pare CBFs [106]. Generally, lignin possesses an amor-
phous and disordered structure with phenylpropane as the
basic structural unit (Fig. 9a) [107, 108]. It is derived
from p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol, which are corresponding to p-hydroxyphenyl
lignin, syringyl lignin and guaiacyl lignin, respectively
(Fig. 9b). According to the different basic unit content,
lignin is classified into softwood lignin and hardwood
lignin. The softwood lignin consists of guaiacyl lignin
and traces of syringyl lignin and p-hydroxyphenyl lignin,
while the hardwood lignin possesses both guaiacyl lignin
and syringyl lignin. It is worth noting that plant lignin
includes the above three units, which promotes large-
scale industrial production. In recent years, hardwood
lignin and softwood lignin have been used to produce
carbon nanofibers [109, 110]. The processing technology
and properties of softwood and hardwood lignin in the
preparation of carbon nanofibers demand to be further
investigated.

Lignin Preparation

The lignin can be separated and extracted from trees as
a sustainable green industrial materials (Fig. 10) [111]. The
paper/pulp production processes, such as alkaline pulping,
are also commonly technologies to obtain lignin. However,
a large amount of impurities, such as salt, ash, sulfur-based
compounds, etc., are produced during the papermaking
process, resulting in impure lignin [112]. Besides, bio-
mass conversion technology has been developed to prepare
lignin. The sulfur-free technology is performed and the
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Fig.9 a The molecular structure of softwood lignin [107]. Reproduced with permission from ref. 107. Copyright 1980, Springer-Verla. b The
molecular structure of three aromatic alcohol precursors: (i) p-coumaryl alcohol, (ii) coniferyl alcohol and (iii) sinapyl alcohol [108]. Repro-
duced with permission from ref. 108. Copyright 2015, American Chemical Society

characteristics of lignin are controlled by process parameters
and intrinsic properties of biomass [113].

Lignin-Based CBFs Processing

As early as the 1960s, Otani et al. first published a pat-
ent for the preparation of CBFs with lignin as a precursor
[114]. Briefly, the technical lignin were pre-treated, such as
purification and refining, followed by spinning to prepare
precursor (Fig. 11) [115]. Many methods are used to spin
lignin including dry spinning, wet spinning, melt spinning
and electrostatic spinning [116, 117], but dry spinning and
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wet spinning technologies almost disappeared in the 1970s
[118]. The melt spinning is the most common technology
for preparing lignin-based CBFs in recent years [119, 120].
The spinnability of lignin can be improved by controlling
the lignin parameters (molecular weight and polydispersity
index) in the melt spinning process. The atmospheric acetic
acid method can effectively remove insoluble impurities
in lignin raw materials, thereby turning it into a meltable
spinning dope [121]. The melt viscosity is a significant fac-
tor in determining the spinnability of lignin, therefore, the
system temperature should be precisely controlled during
processing. The spinning equipment parameters also affects
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Fig. 11 Schematic of the fabrication process of the lignin-based CBFs [115]. Reproduced with permission from ref. 115. Copyright 2017, The
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the melt spinning process of lignin, which is similar to the
pitch-based CBFs as mentioned above. In addition, heat
treatment of the lignin precursor before melt spinning can
effectively improve the spinnability and porosity.

Heat Treatment of Lignin-Based CBFs Precursor

The precursor stabilization process is heating and oxidation
under air or oxygen conditions at 200-280 °C. The complex

chemical reactions occur in this process including oxida-
tion, condensation, cross-linking, and recombination, which
ensure that the precursor can be carbonized at higher tem-
peratures. Normally, the purpose of stabilizing is achieved
by heat treatment, while it will take much time and energy.
The oxidation treatment process can greatly shorten the sta-
ble time of the precursor and reduce energy consumption
[122]. Moreover, the pre-treatment of the lignin precur-
sor before stabilization like iodine treatment can improve
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thermodynamic stability and reduce energy consumption
[123]. Interestingly, Kubo et al. prepared cellulose spinning
dope by atmospheric acetic acid pulping method, and the
fiber precursor obtained by the melt spinning method was
carbonized directly without stabilization [121]. The hard-
wood lignin exhibited excellent melting properties due to
partial acetylation, while the softwood lignin was hardly
transformed into the meltable spinning dope. Therefore, the
melt spinning temperature of hardwood lignin and softwood
lignin were 210 °C and 350-370 °C, respectively. Although
the thermal stabilization process is omitted and the prepara-
tion process is simplified, the higher temperature will dam-
age the surface structure, resulting in a decline in mechanical
performance.

The carbonization process is carried out under inert gas
conditions at 800—1400 °C. Similar to the carbonization pro-
cess of other materials, most of the non-carbon elements in
the system are removed and the carbon content is greatly
increased. The carbon layer structure is arranged more neatly
and tightly, which improves the mechanical properties of
lignin-based CBFs. Besides, the graphitization is performed
at a higher temperature to further improve the mechanical
properties, while the lignin-based CBFs precursor can not
achieve the expected effect. The modulus of the fibers will
not increase or even decrease in the graphitization, which is
inconsistent with industrial CBFs [124]. Therefore, the gra-
phitization of lignin-based CBFs demands further in-depth
research.

PAN, Pitch, Cellulose and Lignin-Based CBFs
Applications

As early as the 1960s to the 1970s, CBFs have already real-
ized industrial production, and its precursors mainly include
PAN, pitch and viscose. The viscose-based CBFs are only
used to produce ablation-resistant and thermal insulation
materials due to its low carbonization yield, high techni-
cal difficulty, complex equipment and high cost. Although
pitch-based CBFs have abundant resources and high carbon
production, the complex raw materials and poor product
performance hinder large-scale development. PAN-based
CBFs have a simple production process, excellent mechani-
cal properties and wide-range in application, which occupy
more than 90% of all CBFs markets in industrial production.
Nowadays, CBFs with ultra-high mechanical properties are
widely used in aerospace, national defense, military indus-
try, energy, construction, biomedicine, environment, sport-
ing goods and other fields.

In recent years, the representative companies that pro-
duce CBFs mainly include Toray, Mitsubishi, DuPont, SGL,
Hexcel, Cytec and Zoltek. Among them, Toray is in a lead-
ing position in the research and development of PAN-based
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CBFs. According to the standard proposed by Toray, CBFs
can be divided into “T” (meaning tensile strength) and “M”
(meaning tensile modulus) series, such as T300, T700,
T1000, M35J, M40J, M60J, etc. In addition, according to
the number of fiber filaments, CBFs are divided into small
tows (<48 K) and large tows (>48 K). The small tows, such
as 14 K and 21 K, which are mainly used in the high-tech
fields such as national defense and military industry, and
the large tows including 48 K, 60 K, 120 K, 360 K and
480 K are utilized in textile, medicine, electromechanical,
civil engineering, transportation and other civil industries.

In addition to pure CBFs, there are also CBFs composites
in industrial production. The mechanical properties of the
matrix materials can be adjusted by CBFs, such as PEEK,
CTBN, epoxy resin, etc. As an example, CBFs were sized by
PEEK-1, 3-dioxolane to enhance the interface bonding force,
so that the interfacial shear strength of the PEEK composites
was increased from 43.42 to 83.13 MPa [125]. Although
many researches have been carried out on the thermody-
namic and electrical properties of CBFs in devices such
as batteries and SCs [126—129], the rise of materials with
excellent electrical properties including CNT and graphene
has gradually diverted researcher’s attention. As for green
materials, although cellulose and lignin have great poten-
tial as CBFs raw materials, however, in-depth research is
urgently demanded to improve production technology and
mechanical properties in the future. Eventually, the various
parameters of CBFs prepared by PAN, pitch, cellulose and
lignin are shown in Table 1.

CNT-Based CBFs
CNT-Based CBFs Fabrication
CNT Solution Spinning

Solution spinning technology has been used to fabricate
various CBFs with outstanding performance, such as PAN-
based CBFs and acrylic acid-based CBFs. There are two
main solution spinning methods for preparing CNT-based
CBFs including surfactant suspension CNTs spinning and
liquid crystal spinning of CNTs in superacid. Vigolo et al.
first prepared CNT-based CBFs by CNT solution spin-
ning in 2000 [8]. During the processing, sodium dodecyl
sulfate (SDS) was used as a surfactant to make SWCNTSs
uniformly dispersed in the aqueous solution, then the dis-
persions were injected into coagulation liquid with poly-
vinyl alcohol (PVA, 5 wt%) through a syringe (Fig. 12a).
According to the analysis of X-ray scattering, PVA was
adsorbed onto CNTs to replace some SDS molecules due
to the amphiphilic character, and then forms a CNT rib-
bon [9]. CNT-based CBFs were prepared by twisting a
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Table 1 The various parameters of CBFs prepared by PAN, pitch, cellulose and lignin

Ref  Precursors

Processing/modification technology Tensile

Elastic modulus (GPa) Applications

strength
(GPa)

[30] PAN Solution spinning - 140 -
Carbonization 1000 °C

[31] PAN Solution spinning - 414 -
Carbonization 2500 °C

[40] PAN/MAA Gel spinning 55-5.8 354-375 -
Carbonization 1450 °C

[42] PAN/MA Gel spinning 43+1.0 361+45 -
Carbonization 1000-1500 °C

[63] Isotropic pitch Melt-spinning 2.05 54.5 -
Carbonization 1100 °C

[70]  Eucalyptus tar pitches Melt-spinning 0.13 14 -
Carbonization 1000 °C

[79]  Isotropic pitch Melt-spinning 0.635 67 -
Carbonization 950 °C

[94] Mesophase pitch Melt-spinning 1.87-2.52  366-605 -
Carbonization 1300-2500 °C

[98] Cellulose Dry—wet spinning 1.7 44 -

[109] PAN/pitch/lignin Electrospinning - - SCs specific capacitance of 165 F/g
Carbonization 800 °C at 1 mA/cm™>

[117] Lignin/PAN Electrospinning - - Batteries discharge capacity of 150
Carbonization 1000 °C mAh/g

[121] softwood kraft lignin ~ Fusion spinning 264+3.1 3.59+0.43 -
Carbonization 1000 °C

[123] Lignin Electrospinning 0.089 >5 -

Carbonization 1400 °C
[126] P(AN-coMHI) MoS,

Hydrothermal 200 °C

Annealed 500 °C

[127] P(ANcoMHI)/F,:MoS, Coaxial electrospinning Carboniza- —

tion 1300 °C
Hydrothermal 200 °C
[128] P(AN-coMHI)
Hydrothermal 200 °C
Calcined 600 °C
[129] P(AN-coMHI)/MnO,
Carbonization 1150 °C
Hydrothermal 200 °C

Electrospinning -

Electrospinning -

Electrospinning -

- Batteries capacity of 1168.6 mA h/g
at a current density of SA/g

- Batteries capability of 832 mAh/g at
a current density of 10 A/g

- Batteries capacity of 586.7 mAh/g
after 400 cycles at 1 A/g

- Electrode capacity 587.5 F/g at 0.5
Alg

CNT ribbon due to the presence of the capillary action.
The diameter ranged from several micrometers to one
hundred micrometers was mainly affected by the process-
ing conditions, such as the diameter of the syringe, the
flow rate of the injected solution, and the condition of
the polymerization coagulation liquid. As a result, CNT-
based CBFs showed a plastic behavior, and the tensile
strength, elastic modulus and electrical conductivity were
300 MPa, 40 GPa and 10 S/cm, respectively (Fig. 12b—d)
[9]. Moreover, the performance of CNT-based CBFs can
be further improved by hot-drawing [130]. In the further
investigation, the SDS is replaced by lithium dodecyl
sulphate (LDS) to prepare composite CNT-based CBFs
containing CNTs (60%) and PVA (40%) with a length of
100 m and a diameter of 50 pm [131]. These fibers exhibit

excellent mechanical properties that the tensile strength
and elastic modulus are 1.8 GPa and 80 GPa, respectively
[131]. The presence of PVA can improve the mechanical
performance of CNT-based CBFs composites, while the
electrical and thermal abilities decrease compared with
pure CNT-based CBFs. Therefore, Ericson et al. adopted
fuming sulfuric acid to make SWCNTs dispersed in the
solution, and followed by conventional spinning to pre-
pare well-aligned macroscopic fibers [132]. The fuming
sulfuric acid would charge the SWNTs and promote its
orderly arrangement into an aligned phase of individual
mobile SWCNTSs surrounded by acid anions. Therefore,
CNT-based CBFs show the high electricity of 500 S/cm,
thermal conductivity of ~21 W/mK, tensile strength of
116 + 10 MPa and elastic modulus of 120+ 10 GPa [132].
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Kozlov et al. used polymer-free spinning to obtain high
purity CNT-based CBFs with ultra-high concentration
sulfuric acids as dispersant. The results showed the elec-
trical conductivity of 140 S/cm and the tensile strength
of 65 MPa [133]. The concentrated sulfuric acid can be
replaced by chlorosulfonic acid to improve the productiv-
ity and comprehensive performance [134]. The superacid
treatment can functionalize the surface of CNTs, so that
CNTs are dispersed in solutions to meet the demand of the
wet-spinning. However, indubitably, the super acid will
bring some serious problems in industrial production,
such as the high demands for equipment and high cost.
Some researchers adopted other dispersants to replace
the super acid. As an example, Zhang et al. utilized eth-
ylene glycol solution as dispersant to disperse SWCNTs
and followed by injecting into ether solution to prepare
CNT-based CBFs [135]. The ethylene glycol and ether
would diffuse each other during the preparation process,
the tensile strength, elastic modulus and electrical con-
ductivity of CNT-based CBFs were 150+ 60 MPa, 69 +41
GPa and 8 x 10* S/m, respectively [135]. Moreover, it was
found that the intrinsic parameters of CNTs would cause
certain influence on the performance of CNT-based CBFs,
including CNT diameter, number of walls, aspect ratio,
graphitic character and purity [136]. The tensile strength
and conductivity of CNT-based CBFs were improved by
assembling high aspect ratio CNTs, which the average
tensile strength and room temperature electrical conduc-
tivity reached 2.4 GPa and 8.5 MS/m, respectively [136].
In addition, the highly aligned and densified CNT-based
CBFs were prepared in rapidly and potentially continuous
manner by combining the advantages of the wet spinning
and direct spinning methods [137]. The fibers were ultra-
lightweight, strong (specific tensile strength =4.08 +0.25
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Ntex™1), stiff (specific tensile modulus=187.5+7.4
Ntex ™), electrically conductive (2,270 S m2/kg) and
highly flexible (knot efficiency =48 + 15%), which were
suitable for various fabric-based applications [137].

CNT Arrays

The CNT array drawing has been widely explored to prepare
CNT-based CBFs in recent years, which was first proposed
by Jiang et al. [10]. The process of array drawing mainly
includes the CVD method to grow CNT arrays and spin-
ning. The CNT array is grown vertically on the substrate
by the CVD method, and then it is pulled out by using spe-
cific machinery so that CNT-based CBFs can be assembled
through the intermolecular forces [138]. There are some
parameters determining whether the CNT array has spin-
ning capability, such as the pretreatment conditions and the
coalescence of catalyst, substrate, temperature, gas flow
rates and reaction time. Jiang et al. first prepared a CNT-
based CBFs (up to 30 cm) by drawing from super aligned
CNT arrays [10], and the twisting process was introduced
into the drafting process in the future research [139]. During
CVD process, the iron catalyst was deposited on the silicon
substrate by the physical vapor deposition (PVD) process to
form a stable catalyst layer. The iron layer was placed in the
reaction chamber with thickness of 1-3 nm. The argon was
added into the chamber to exhaust the air, and then carbon
source gas was introduced, such as acetylene and ethylene
[138]. The carbon source decomposed to generate carbon
atoms at a high temperature. And the carbon atoms reacted
with the iron catalyst to form CNTs, which adhered to the
catalyst substrate and grow vertically. Eventually, CNTs
stopped growing after the deactivation of catalyst [140].
During the spinning process, CNT arrays were pulled from
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Fig. 13 a—f Schematic of self-entanglement mechanism for continu-
ous pulling of CNT-based CBFs. The CNT array consists of crossing
over (solid gray lines) and branched (dashed gray lines) CNT bun-
dles. g SEM image of the pulling process at the top of a CNT array
(the junction position is marked by the dashed circle), h and i at the

the substrate under external force, and assembled end-to-end
into continuous CNT-based CBFs (Fig. 13a—f) [141]. In the
SEM images, it was obvious that the entangled structure
appeared at the top and bottom surfaces of the CNT arrays
(Fig. 13g—i), while there was no similar structure in the as-
grown CNT arrays (Fig. 13j-1). Therefore, it could prove
that the entangled structure formed at the bottom or top of
the CNT arrays was significant for the continuous pulling
process.

In catalyst researches, it is found that the structure and
form of catalyst can influence the quality and structure of
CNTs [140]. The hierarchical structure of iron/silica can
adjust the number of CNT walls below 10 [142], and even
to 1 or 2 when aluminum oxide is introduced into iron/sil-
ica as a middle layer [139]. Significantly, the mechanical
performance of CNT-based CBFs containing CNTs with
small diameter and few walls is better than that of CBFs
formed by MWCNTs [143]. However, CNT-based CBFs
are mainly formed by overlapping a large number of CNTs.
Since the height of CNT arrays is relatively low, there are
a large number of joint defects inside the fibers. The fiber
breakage occurs at the joint under external force, and CNT-
based CBFs fracture is mainly completed by the way that
the CNT bundle slips off along the joint during the tensile
process [144]. Therefore, the tensile performance of CNT-
based CBFs is much lower than that of single CNT. Many
technologies were explored to improve the mechanical per-
formance of CNT-based CBFs, such as liquid shrinking,
polymer infiltration, drawing CNTs from CNT array, and ion

bottom of a CNT array (two kinds of junctions are marked by the
dashed circles and an arrow respectively). j CNT-based CBFs took
near an entangled structure. k and 1 are enlarged images of the areas
marked in (h) [141]. Reproduced with permission from ref. 141. Cop-
yright 2011, Elsevier Ltd

irradiation [145-148]. After treatment, the maximum tensile
strength and stiffness of CNT-based CBFs reached 3.3 GPa
and 263 GPa, respectively [149], and it could remain stable
within a few meters [150]. For spinning speed, Alvarez et al.
reported a modified dry spinning process. The drawing rate
was improved by using spinnable CNT arrays, which were
completely detached from the substrate and the correspond-
ing catalyst nanoparticles. Meanwhile, the aligned CNT
arrays could detach from the substrate and maintain their
integrity [151]. The CNT ribbon of ~45 m was fabricated in
less than 5 s with a drawing rates of 15.93 m/s [151]. Moreo-
ver, array-spun CNT-based CBFs had good conductivity at
room temperature [152], while the electrical conductivity
was specifically influenced by a large number of pores inside
the fibers [153]. Therefore, some feasible methods were used
to reduce the pores inside the fibers, such as twisting and
acid/oxygen treatment. As an example, Wang et al. prepared
a high conductive CNT-based CBFs with an electrical con-
ductivity of 3.2 X 10* S/m after acidification [154]. The acid
treatment densifies and functionalizes the surface of the
CNT-based CBFs, thereby improving its conductivity.

Floating Catalyst CVD (FCCVD) Spinning

FCCVD spinning is a method of continuously preparing
CNT-based CBFs. Unlike other methods, this strategy can
convert the carbon source into the aerogel in pyrolysis tem-
perature and followed by directly self-assembling to prepare
CNT-based CBFs. Zhu et al. first adopted FCCVD method
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Fig. 14 a Schematic of the direct spinning process. b Schematic of
the clockwork assembly operating at a lower temperature outside the
furnace hot zone. ¢ The video frame views up the furnace, show-
ing the nanotubes being drawn from the aerogel into the fiber on the
spindle [155]. Reproduced with permission from ref. 155. Copyright
2004, American Association for the Advancement of Science. d

to prepare CNT-based CBFs with a length of 20 cm in 2002
[11]. During the processing, n-hexane was selected as a
carbon source and ferrocene/thiophene composition was
used as a catalyst, and the prepared fibers showed the ten-
sile strength of ~1.2 GPa [11]. Li et al. improved FCCVD
method to realize continuous preparation of CNT-based
CBFs at the laboratory level in 2004 [155]. The CNT aerogel
was mechanically stretched in the gas phase reaction zone,
and followed by twisting at a rotating rod to directly obtain
pure CNT-based CBFs (Fig. 14a—c). During this process,
the number of CNT walls could be adjusted by the sulfur
content, carrier gas volume and temperature, resulting in the
different performances of CNT-based CBFs. Many methods
have been developed to control the number of CNT walls,
for example, selecting a carbon source [156], controlling
the ratio of thiophene to the catalyst and adding time [157],
sulfur doping [158] and adjusting the content of catalyst
[159], etc. It was found by Barnard et al. that the SWCNTSs
with the diameter of 1.1-2.2 nm were easily prepared by
using ethanol and toluene as a carbon source, and the high
content of DWCNTs with the diameter of 2.2-5.3 nm was
obtained by using methanol as a carbon source [156]. Lee
et al. investigated the effect of sulfur on the size of iron
catalyst particles and synthesized CNTs during the direct
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Schematic of the hierarchically helical structure of the wool fiber. e,
f SEM images of CNT ribbon at high and low magnifications, respec-
tively. g SEM image of primary CNT-based CBFs. h SEM image of
the hierarchically helical CNT-based CBFs [162]. Reproduced with
permission from ref. 162. Copyright 2017, WILEY-VCH

spinning of CNT-based CBFs [158]. The DWCNTs with
the diameter of 5-10 nm were synthesized from acetone,
ferrocene, and thiophene, whereas the single-walled CNTs
with the diameter of 1-1.5 nm were obtained from methane,
ferrocene, and sulfur, because the anti-agglomeration effects
of sulfur atoms [158].

Koziol et al. found that CNT-based CBFs spun from the
gas phase had high strength, high axial elastic modulus and
high toughness [160]. The orientation and density of CNTs
were improved by increasing the speed of winding rates,
thereby enhancing the mechanical properties of CNT-based
CBFs, therefore, the tensile strength and elastic modulus
reached 8.8 GPa and 357 GPa, respectively [160]. Although
the method of directly spinning CNT-based CBFs from CNT
aerogel is convenient, the obtained fibers tend to contain
some impurities including residual catalysts or unreacted
carbon, which can adversely affect the performance. There-
fore, Lee et al. introduced the esterification of carboxylic
acid and 1,5-pentanediol to cross-link between CNTs,
thereby improving the mechanical properties of the final
fibers [161]. Inspired by wool fibers, Liu et al. designed an
aligned CNT-based CBFs with hierarchically helical struc-
ture (HHF) (Fig. 14d). It showed excellent mechanical and
heating properties because there were many hierarchically
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Fig. 15 a Schematic of the twisting process and the geometrical
elongation for the film near the surface of CNT-based CBF (left),
and SEM images of the unstretched and stretched parts of the film
(right). b SEM image of a CNT-based CBF prepared by twisting
a piece of as-grown film with a width of 2 mm and a thickness of
200 nm [12]. Reproduced with permission from ref. 12. Copyright
2009, WILEY-VCH. ¢ SEM image of a CNT-based CBF obtained

helical voids inside fibers (Fig. 3f and 14e) [162]. The
helical primary CNT-based CBFs was fabricated at first
(Fig. 14g), followed by bundling these fibers to achieve HHF
(Fig. 14h). As a result, it exhibited ultrafast thermal response
over 1000 °C/s, low operation voltage of several volts, and
high heating stability over 5000 cycles. In addition, for
multi-fiber consolidation, Li et al. introduced an adhesion
agent of polyethyleneimine into CNT-based CBFs to pre-
pare a robust larger-diameter fiber [163]. The merged fibers
exhibited excellent strength retention from the component
fibers, high electrical conductivity and stability due to the
entanglement action between polyethyleneimine and CNTs.

CNT Films Twisting/Rolling

The CNT films twisting/rolling is a simple and effective
method to prepare CNT-based CBFs. Ma et al. first adopted
this method to prepare CNT-based CBFs in 2009 [12]. First,
CNT films with net structure were prepared by FCCVD, and
then cut a piece of CNT tape from CNT films, followed by
twisting tape to prepare CNT-based CBFs (Fig. 15a and b).
There was a densification procedure before twisting where
the films were immersed in acetone to reduce the free vol-
ume in fibers. The length and diameter of the fibers were
determined by the length and width of an adopted slice of the
films. Typically, the length and diameters of the synthesized
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by rolling the double-walled CNT film [165]. Reproduced with per-
mission from ref. 165. Copyright 2010, Elsevier Ltd. d Schematics
of the spin-fabricating process of CNT-based CBFs. e Exhibition of
the spinning stage with rotation motor. The inset is a typical image of
the fiber spinning process. f SEM image of a CNT-based CBF with
a diameter of ~70 pm [166]. Reproduced with permission from ref.
166. Copyright 2012, Elsevier Ltd

fibers were 4—8 cm and 30-50 pm, and the tensile strength
and elastic modulus were 550-800 MPa and 9-15 GPa,
respectively [12]. To improve the mechanical performance,
they introduced epoxy and polyvinyl alcohol into CNT-based
CBFs to prepare polymer chains-infiltrated composite fibers
[164]. The composite fibers exhibited a range of mechanical
properties because the volume fraction of CNTs could not be
accurately controlled through the infiltration method. As a
result, the tensile strength of epoxy and PVA infiltrated fib-
ers were 0.9—1.6 GPa and 0.7-1.3 GPa, respectively, and the
corresponding elastic modulus were 30-50 GPa and 20-35
GPa, respectively [164]. In addition, Feng et al. prepared
a high-quality DWCNT film in one-step by FCCVD with
acetone as a carbon source in an argon flow, then the firm
was rolled into a fiber with multiple membrane structure
(Fig. 15¢) [165]. Interestingly, Song et al. presented a cus-
tomized technique to spin CNT-based CBFs from SWCNT
films by utilizing a motorized pulling/twisting stage [166].
The silicon film was separated from the silicon wafer with a
smooth surface, and then the edge of the film was contacted
with a custom-made spinning stage with a sharp tip. When
the spinning stage was driven using a motor, the fibers were
stretched and spun simultaneously (Fig. 15d and e). The
diameter of the fiber could be controlled between approxi-
mate 30-130 pm by the area initially covered by the film, the
speed of spinning/pulling motors and its ratio (Fig. 15f). The
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Fig. 16 a Schematic of the arc-discharge setup for the fabrication
process of SWCNT/PNP: graphite is used as electrodes with permal-
loy particles embedded in the cathode. b Wet spinning process of a
SWCNT/PNP/PVA fiber. ¢ The cross-sectional morphology and d

smaller diameters were achieved by more spinning cycles
and slower retraction speed. Although CNT films twisting/
rolling can prepare CNT-based CBFs simply, it is not suit-
able for the production of continuous fibers due to the limita-
tion of the size of CNT films.

CNT-Based CBFs Application

In the past few decades, verious functional devices and
composite materials based on CNT-based CBFs have been
continuously developed due to the inherent excellent prop-
erties of CNT-based CBFs, such as high strength/tough-
ness composite fibers, sensors, actuators transmission
lines, supercapacitor, etc. Therefore, the high performance
of fibers enhance the development of the tip-fields.

High Strength/Toughness/Conductivity Composite Fibers
CNT-based CBFs with excellent thermal, electrical and

mechanical performance are selected to compound with

@ Springer

surface morphology of a SWNT/PNP/PVA fiber. e, f Small magnet is
stuck on the fabric [168]. Reproduced with permission from ref. 168.
Copyright 2015, American Chemical Society

other matrix materials to greatly improve various proper-
ties. In the past few decades, verious matrix materials have
been adopted to achieve the purpose of enhancing composite
fiber properties, such as epoxy resin, PVA, carbon, poly-
amines, dicyclopentadiene and polydimethylsiloxane. Mora
et al. reported CNT-based CBFs-reinforced epoxy matrix
composites through the back diffusion of the uncured epoxy
into an array of aligned CNT-based CBFs, which was similar
to standard composite materials reinforced with commercial
fibers in many respects [167]. The tensile strength and stiff-
ness of composite fiber (27% fiber volume fraction) reached
253 MPa and 18.8 GPa, respectively, which was better than
that of epoxy (43.0 MPa and 1.2 GPa) [167]. Zhou et al.
fabricated high-strength SWCNT/ permalloy nanopowder/
PVA multifunctional nanocomposite (SWCNT/PNP/PVA)
fibers by wet spinning [168]. The SWCNT/PNP was fabri-
cated by the arc-discharge method with permalloy particles
as a catalyst which was embedded in a graphite cathode
(Fig. 16a). Then, dispersing SWCNT/PNP in PVA solution
to perform wet-spinning to obtain SWCNT/PNP/PVA fib-
ers (Fig. 16b). The composite fiber possessed a smooth and
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uniform surface with a diameter of 18 pm (Fig. 16¢ and d),
and the failure strength, electrical conductivity and mag-
netic property (PNP content is 38.0 wt%) were 700 MPa,
96.7 S/m and 24.8 emu/g, respectively. Meanwhile, the fiber
could be woven into a piece of fabric by a weaving machine
(Fig. 16e), showing a good magnetic property (Fig. 16f).
Wu et al. also presented a “layer-by-layer” method to pre-
pare CNT/polymer composite fibers by using PVA as an
exemplary polymer [169]. Hollow cylindrical CNTs were
continuously produced in a high-temperature reactor, shrank
in PVA solution, and deposited on a movable substrate line
to obtain composite fibers. The tensile strength and electrical
conductivity of composite fibers were 1255 MPa and 1948
S/cm, respectively, which was more than that of PVA matrix
(50 MPa and 0 S/cm) [169].

Zhang et al. adopted phenolic resin as a carbon source to
prepare CNT-based CBFs/carbon composites, successfully
improving the strength and electrical conductivity [170].
During the fabrication process, the polydopamine (PDA)
formed on the surface of CNTs through an auto-oxidative
reaction, followed by pyrolysis to build the effective physi-
cal interlocking and conductive pathways at the interface
between CNTs and carbon matrix, resulting in better load
transfer and electron transport. The tensile strength and
the electrical conductivity of fibers reached 727 MPa and
2.1x 10 S/cm, respectively [170]. Feng et al. reported a
facile and efficient strategy for preparing CNT-based CBFs/
carbon composites via electrified preform heating chemi-
cal vapor infiltration (ECVI) [171]. CNT-based CBFs were
fabricated by FCCVD (Fig. 17a), followed by acid treating

CNT fiber preform
at 600 °C

ECVI. e-g Exhibition of the fabrication process of CNT-based CBFs/
carbon composites [171]. Reproduced with permission from ref. 171.
Copyright 2019, Elsevier Ltd

to dissolve the metal catalysts and twisting to form unidirec-
tional preforms (Fig. 17b and c¢). CNT-based CBFs preform
was clamped between graphite electrodes, and the voltage
was applied to reach the reaction temperature of 1000 °C,
followed by adding hexane as a carbon source to prepare
CNT-based CBFs /carbon composites (Fig. 17d—g). The
performance of the composites could be adjusted by dif-
ferent ECVI times. The optimized CNT-based CBFs/car-
bon composites exhibited a combination of tensile strength
(205 MPa), excellent conductivity (431 S/cm), light weight
(1.21 g/cm3), as well as the fracture strain (21.2%).
Additionally, numbles of metal ions and nanocarbon
materials are introduced into CNT-based CBFs to mainly
improve the conductivity of the composites, such as copper,
silver and graphene. Han et al. reported an effective method
to fabricate CNT-based CBFs/Cu composites through PVD
and drawing [172]. CNT-based CBFs were fabricated by
FCCVD, then the copper film was coated on the surface of
the fibers by PVD (Fig. 18a). CNT-based CBFs/Cu com-
posites were drawn through a small die hole to satisfy the
densification and alignment (Fig. 18b). The electrical con-
ductivity and ampacity of composite fibers increased from
7.64x 10° S/m and 5.76 x 10° A/cm” to 1.37x 107 S/m and
1.09 x 10* A/em?, respectively, and tensile strength increased
from 258 to 515 MPa [172]. Rho et al. reported the prepara-
tion of continuous CNT-based CBFs/Cu composites with a
high current-carrying capacity due to the existence of Cu
nano fibrillar structures [173]. During the early stage of elec-
trodeposition, Cu was electroplated on continuous fibers and
Cu fibril structures were embedded in the voids inside the

@ Springer



652

Advanced Fiber Materials (2022) 4:631-682

Initial yarn guide

(©

Winding yarn guide

Winding Gear Spindle pin

Spindle base

Fig. 18 Schematic of a PVD of copper on the CNT-based CBFs, and
b drawing treatment processing for CNT-based CBFs/Cu composites
[172]. Reproduced with permission from ref. 172. Copyright 2017,
Elsevier Ltd. ¢ Schematic of continuous production of hybrid CNT/
graphene fibers. (i) Electrospinning setup used for graphene deposi-

fibers, so that the effective ampacity reached~1x 107 A/
cm? [173]. Moreover, silver/polymer can also improve the
mechanical and electrical abilities of CNT-based CBFs, and
the composite fiber is still flexible after infiltration [174].
The introduction of graphene will greatly enhance the com-
prehensive performance of composite materials because
of the intrinsic properties of graphene. Zhong et al. fabri-
cated DWCNT/graphene multiple-thread fibers by FCCVD
and posted-stretching processing [175]. DWCNT bundles
wrapped by graphene in the monofilament fibers were highly
disordered. The hybrid multiple-thread fibers were twisted
to form one fiber, of which tensile strength and electrical
conductivity were 300 MPa and 10° S/m, respectively [175].
In the further study, Foroughi et al. adopted MWCNTSs
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as graphene collector; (iii) graphene dispersion (electrospray)
[172]. Reproduced with permission from ref. 176. Copyright 2014,
WILEY-VCH

and graphene to prepare MWCNT/graphene hybrid fibers
with excellent electrical conductivity of >900 S/cm [176].
The arrays of vertically aligned MWCNTSs were converted
into indefinite long MWCNT sheets by drawing. Then
the graphene flakes were deposited onto MWCNT sheets
by electrospinning to form a composite structure. Finally,
the composites were twisted to fabricate fibers (Fig. 18c).
Lepak-Kuc et al. developed a theoretical model to explain
the role of CNTs and graphene in the hybrid networks [177].
The graphene was not only effective conductive fillers of
CNT networks, but also the effective bridges to introduce
additional states at the Fermi level of CNTs.
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Fig. 19 a Exhibition of a CNT-based CBFs was drawn through a dia-
mond wire-drawing die. Inset was optical image of some diamond
wire-drawing dies. b Schematic of the morphological changes of
CNT bundles passing through the dies. ¢ Schematic of the fabrication
of dense CNT films by rolling [181]. Reproduced with permission
from ref. 181. Copyright 2015, IOP Publishing Ltd. d SEM images

Transmission Lines

CNT-based CBFs with excellent conductivity can be selected
to fabricate transmission lines. For conductive materials, low
resistance and high conductivity are the main evaluation
indexs that determine the ability of the wires. The electrical
properties of CNTs play a decisive role in the intrinsic con-
ductivity of CNT-based CBFs. Generally, according to their
atomic structures, CNTs can be divided into metallic and
semiconducting, the electrical conductivity of the former
is higher than that of the latter [178]. Therefore, the better
conductivity of CNT-based CBFs will be obtained by using
metallic CNTs. In addition to the type of the CNTs, many
techniques have been developed to improve the conductiv-
ity of CNT-based CBFs, such as type enrichment, doping,
alignment and densification. Zhao et al. reported the iodine-
doped DWCNT cables with an electrical resistivity of ~ 10~/
Q-m and a high current-carrying capacity of 10°~10° A/cm?
[179]. Moreover, the cables could be connected to arbitrary
length and diameter without degrading their electrical prop-
erties, and ionic doping was combined with densification to
improve the conductivity. Alvarenga et al. adopted a draw-
ing dies to radially densify CNTs sheets into bulk wires,

of silver clusters attached to individual CNT bundles and e the distri-
bution of silver on the lateral surface of the fiber [182]. Reproduced
with permission from ref. 182. Copyright 2014, Elsevier Ltd. f SEM
images and the insets show the electrodeposition of Cu on as-received
CNT wires and g Au-sputtered CNT wires in 60 s [183]. Reproduced
with permission from ref. 183. Copyright 2019, Elsevier Ltd

and KAuBr, doping solution was used to further improve
the conductivity during wire drawing [180]. KAuBr4 could
significantly reduce the tunneling barrier between individual
CNTs and the concomitant doping, meanwhile, the densifi-
cation process made CNTs closer and lower charge transfer
barrier, resulting in enhancing bulk electrical conductivity
to 1.3 % 10° S/m [180]. In the further study, the influence of
the alignment of the fibers for the conductivity was investi-
gated. Guo et al. fabricated light-weight CNT-based CBFs
by drawing macroscopic CNT films through diamond wire-
drawing die, and the electrical conductivity was as high as
that of stainless steel [181]. The entangled CNT bundles
were straightened by tension to improve the alignment
(Fig. 19a—c), simultaneously, the intertube space and contact
resistance were reduced by the process of diamond wire-
drawing dies, leading the conductivity reached 1.6 x 10® S/m
[181]. The introduction of metals also significantly improves
the conductivity of CNT wires, such as gold, silver and cop-
per. Lekawa-Raus et al. prepared a hybrid CNT-based CBFs/
silver conductor by introducing silver nanoparticles into the
CNT network [182]. The silver nanoparticles acetone sus-
pension solution with extremely low surface tension and vis-
cosity was uniformly coated on the CNT-based CBFs. The
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Fig.20 a Schematic of the self-developed fabrication process of the
PU/cotton/CNT-based CBFs [188]. Reproduced with permission
from ref. 188. Copyright 2016, American Chemical Society. b Sche-
matic of stretchable triboelectric structure. ¢ Schematic of experimen-
tal setup of motion sensing fabric [189]. Reproduced with permission
from ref. 189. Copyright 2016, The Authors, published by Springer
Nature. d Schematic of cross-section of the four-terminal strain gauge

nanosilver clusters were adhered to CNT bundles after sol-
vent evaporating, forming an evenly distributed silver phase
(Fig. 19d and e). Therefore, the silver doping improved the
conductivity of CNT-based CBFs and promoted their appli-
cations on transmission lines. Thang et al. synthesized CNT
wires by wet-spinning, and made Au and Cu deposite on
wires to produce high-performance CNT/Au/Cu composite
wires by sputtering and electroplating two-step deposition
method [183]. It was found that the deposition of Cu on the
CNT wires was more homogeneous due to the improvement
of wettability and reactivity of the wire surface (Fig. 19f
and g). The tensile strength and electrical conductivity of
the composite wires reached 0.74 GPa and 4.65x 10° S/cm,
respectively. Moreover, the composite wires with high CNTs
volume fraction were expected to be light-weight, which was
a promising candidate to substitute conventional heavy metal
wires in the future transmission applications. In addition,
some studies have been developed to improve the compre-
hensive properties of CNT-based CBFs. The poly (dimethyl
siloxane) is introduced into CNT-based CBFs to enhance
the flexibility of the fiber-based conductor [184], and the
polyimide aerogels are used as the dielectric layer for CNT
wires to achieve the electrical insulation properties without
changing the conductivity [185].
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sensor comprised of CNT-based CBFs. Inset: top schematic view of
the arrangement of the CNT-based CBFs and the electrodes includ-
ing unidirectional and bidirectional configurations [190]. Reproduced
with permission from ref. 190. Copyright 2015, IOP Publishing Ltd.
e Schematic of the CNT thermoacoustic chip [191]. Reproduced with
permission from ref. 191. Copyright 2013, American Chemical Soci-
ety

Electronic Sensors

The electronic sensors fabricated by CNT-based CBFs with
excellent electric response capability have been developed
in recent years, which are generally divided into three types:
strain sensors, thermal and potentiometric sensors and bio-
logical sensors. Zhao et al. first developed a prototype CNT-
based CBFs strain sensor by CNT array spinning and the
deposition of aluminum electrodes in 2010 [186]. It showed
consistent piezoresistive behavior under repetitive straining
and unloading, as well as good resistance stability at temper-
atures ranging from 77 to 373 K [186]. In further study, the
twisting technology was introduced into CNT-based CBFs
to improve flexibility [187]. The tensile strain was improved
from 1 to 500%, meanwhile, the relative resistance main-
tained highly stable and reproducible during 100 stretch-
ings (strain 500%) cycles [187]. Moreover, the twisted CNT-
based CBFs can be used to fabricate a reusable rotational
actuation with energy densities of 8.3 kJ/kg [187]. Elastic
polymers, such as polyurethane (PU), can also improve
the flexibility of the CNT-based CBFs. Wang et al. used a
highly reliable, stretchable and conductive composite fibers
as an effective strain sensor through a self-designed coating
approach to incorporate highly conductive SWCNTSs into
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the elastic cotton/PU core-spun fibers (Fig. 20a) [188]. The
sensor could reach 300% strain and maintain stability dur-
ing nearly 300,000 stretching (40% strain) cycles, moreo-
ver, it was also able to detect and monitor the movement
of human limbs, such as fingers, elbows and even the wink
of eyes [188]. In the further research, Sim et al. introduced
triboelectric technology into fiber to prepare a self-poared
strain sensor, which used the silver-coated nylon/PU as core
fiber and the wrinkled polyvinylidene fluoride-co-trifluoro-
ethylene/CNT layer as shell (Fig. 20b) [189]. During tensile
deformation, the reversible distance change induced by the
Poisson’s ratio difference between the core fiber and the
shell was the reason for electrical generation. The sensors
exhibited 50% resilience and maintained high-performance
after 10,000 stretching cycles. Moreover, it was woven into
a textile as sensors to detect the magnitude and direction of
the motion (Fig. 20c). Jandro et al. presented a foil strain
gauge sensor by using CNT-based CBFs as the piezoresistive
sensing element (Fig. 20d) [190]. The result of parametric
studies is used to design the sensor, which maximize the
sensitivity of the sensors to mechanical loading, so that it
can detect the deformation and maintain stability during the
cycle process. Besides, Wei et al. fabricated thermoacous-
tic chips with CNT-based CBFs arrays on patterned silicon
wafers (Fig. 20e) [191]. They showed excellent mechanical
robustness and thermoacoustic effect that could be used at
the loudspeakers and earphones.

CNT-based CBFs-based temperature sensors with min-
iaturized and flexible capabilities have received wide atten-
tion. According to researches, the introduction of polymer
can improve the performance of temperature sensings, such
as epoxy resin and poly (vinylidene fluoride) (PVDF). Sib-
inski et al. adopted PVDF to prepare a temperature sensor
since its sufficient temperature resistance, good flexibility
and proper adhesion, therefore, it could be easily integrated
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into textronic inner garments [192]. Moreover, Guinovart
et al. presented a simple and generalized approach to build
electrochemical sensors. Interestingly, the commercial cot-
ton fibers were turned into electrical conductors through the
dyeing process by using a CNT ink, and then partially coated
with a suitable polymeric membrane to build ion-selective
electrodes [193]. The sensor could sense the concentration
of pH, K* and NH,*, more importantly, it showed the limits
of detection and the linear ranges that were similar to those
electrodes obtained with lab-made solid-state ion-selective.

In terms of biological sensors, Schmidt et al. demon-
strated a CNT-based CBFs-based sensor to detect elec-
troactive neurotransmitter dynamics in the brain [194].
CNT-based CBFs electrodes coupled with fast-scan cyclic
voltammetry (FSCV) are used to discriminately detect
rapid neurotransmitter fluctuations in acute brain slices,
such as dopamine, adenosine and serotonin. The presence
of CNT-based CBFs can improve the selectivity, sensitiv-
ity, and spatial resolution of the microelectrode, as well
as faster apparent electron transfer kinetics. Moreover, it
is found that in the process of characterizing CNT-based
CBFs microelectrodes for high-speed measurements with
FSCYV, the detection of dopamine by CNT-based CBFs
microelectrodes can simultaneously achieve high sensi-
tivity, high sampling frequency and high time resolution
[195]. Similarly, many technologies have been developed
to improve the surface topography of the electrode and
increased its selectivity and sensitivity, such as laser
treating, oxygen plasma etching, antistatic gun treating,
chlorosulfonic acid treating and nafion polymer coating
[196-199]. As an example, Yang et al. introduced oxygen
plasma etching and antistatic gun treating to modify the
surface of CNT-based CBFs microelectrodes [197]. The
current for dopamine was increased threefold by single
oxygen plasma etching and fourfold by single antistatic

~ 13.8 contraction

Fig.21 a Actuation mechanism of CNT-based CBFs/TPU composite actuator. b Exhibition of a spiral CNT-based CBFs/TPU composite driver
[205]. Reproduced with permission from ref. 205. Copyright 2018, Society of Chemistry
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gun treating, as well as 12-fold by the combination of
above two methods. It is found that oxygen plasma etch-
ing will increase surface oxygen content without affecting
the surface roughness, while the antistatic gun treating
will increase surface roughness without changing oxygen
content, so that the sensitivity was improved by both of
above two technologies.

Actuators

The intelligent actuators made of CNT-based CBFs usu-
ally have the ability to twist and stretch when it is subjected
to external stimuli such as chemical, electric and thermal.
Foroughi et al. designed a three-electrode electrochemical
system by using an electrolyte-filled twist-spun CNT-based
CBFs which could provide a reversible 15,000 rotations
and 590 revolutions per minute, since the fiber volume was
increased by electrochemical double-layer charge injection
[200]. In the further study, Lee et al. adopted solid gel to
replace electrolyte to prepare all-solid-state CNT-based
CBFs muscles with the tensile contraction of 16.5% and the

(@) | ]
Agt+e > Ag
o ® ®
¢ ¢ ©
<
y (¥
1 ® ¢ 6
Commercial ® (¥
CNT yarn

(b) MXene dispersion

J

Drop casting

contractile energy conversion efficiency of 5.4% [201]. The
tensile contractions of parallel muscles and braided muscles
assembled by several fibers were 11.6% and 5%, respectively
[201]. Kim et al. demonstrated hierarchically twisted CNT-
based CBFs artificial muscles with a contractile work capac-
ity of 3.78 kJ/kg which was 95 times more than the work
capacity of mammalian skeletal muscles [202]. Besides,
the actuator could be excited without electrochemical infil-
trating of polymer, such as paraffin wax, polystyrene (PS),
poly(styrene-b-isoprene-b-styrene) (SIS) and polyurethane
(PU), etc. Lima et al. designed a paraffin wax-infiltrated,
twist-spun CNT-based CBFs as electrolyte-free muscles
that could spin a rotor at an average 11,500 revolutions/
minute or deliver 3% tensile contraction at 1200 cycles/
minute [203]. The volume of paraffin wax could be changed
by external stimuli, such as electrical, chemical or photonic
excitation, thereby generating torsional rotation and contrac-
tion of the fiber. In further study, Kwon et al. compared the
effects of different polymers on fiber rotation [204]. The
results showed that PS-infiltrated CNT-based CBFs muscles
possessed larger rotation (29.7 deg/mm) than that of those

1 v
Mn2* + 2H,0
- MnO, + 2e" + 4H*

Ag/MnO, Composite
Sheath Supercapacitor

Biscrolling

6

Fig. 22 a Schematic of the fabrication process of Ag/MnO, composite sheath fibers [210]. Reproduced with permission from ref. 210. Copyright
2018, Nature Publishing Group. b Schematic of the fabrication process of MXene/CNT fibers [213]. Reproduced with permission from ref. 213.

Copyright 2018, WILEY-VCH
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SIS-infiltrated CNT-based CBFs muscles (14.4 deg/mm).
Song et al. prepared an electrothermally reversible actua-
tor by using CNT-based CBFs and thermoplastic PU resin
(TPU) with excellent shape memory, contraction and stabil-
ity (Fig. 21a) [205]. A large stretching stroke was obtained
within 5 s (about 13.8%) when lifting load was ~ 1905 times
more than the weight of the actuator (Fig. 21b). Moreover,
the tensile actuation of the actuator was 3.6% when the stress
was more than 33 MPa (corresponding to 28 400 times the
weight of actuator), which was about 30 times higher than
the recovery stress of shape memory polymer.

Supercapacitors (SCs)

SCs with the ability to store electrical energy, have been
widely investigated, which possess the better energy density
and longer cyclic lifetimes than that of traditional capacitors
and lithium batteries. In recent years, CNT-based CBFs with
excellent conductivity are used to prepare excellent SCs,
and many methods have been developed to improve energy
density and intrinsic capacitance of SCs. Lee et al. designed
a hybrid nanomembranes with high mechanical strength and
flexibility to prepare SCs that are made of densified CNT
sheets coated with poly(3,4-ethylenedioxythiophene) [206].
The hybrid nanomembrane attached to a current collector
exhibited volumetric capacitance of ~40 F/cm?® at 100 V/s
[206]. SCs with diameters of ~ 30 pm were obtained by
twisting the hybrid nanomembranes, and its volume energy
and power density were ~47 mWh/cm® and ~ 538 mWh/cm?,
respectively. Moreover, Wang et al. prepared SCs by using
two individual CNT-based CBFs infiltrated with polyani-
line nanowire arrays [207]. As a result, the prepared SCs
had high flexibility and an area capacitance of 38 mF/cm?,
which could be easily woven or knitted into conventional
textile fabrics to use in wearable electronics. In further study,

Fig.23 a Schematic of a torsionally tethered coiled harvester elec-
trode and counter and reference electrodes in an electrochemical bath,
showing the coiled fibers before and after stretching [220]. Repro-
duced with permission from ref. 220. Copyright 2017, American
Chemical Society. b Schematic of the flexible CNT-based thermoe-
lectric generators based on CNT-based CBFs [221]. Reproduced with

the gamma irradiation treatment on the surface of CNTs
would improve the area capacitance (43 mF/cm?) owing to
the increase of the carboxyl groups [208].

In addition to the introduction of polymers, some metal
oxides are also used to improve the electrochemical perfor-
mance of SCs. Choi et al. prepared a CNT/MnO, composite
SCs with CNT-based CBFs electrode prepared by twisting
MWCNT sheets to achieve high internal porosity followed
by MnO, depositing [209]. MnO, was effectively trapped in
the pores during deposition due to the 3D porosity inside the
fibers, followed by forming a well-blended zone with aligned
CNT bundles. The all-solid-state SCs with KOH gel as the
electrolyte achieved good electrochemical performance
that the specific capacitance was 25.4 F/cm?® at 10 mV/s,
and energy and average power density were 3.52 mWh/cm®
and 127 mW/cm?, respectively [209]. Next, Kim et al. fur-
ther introduced the Ag layers into MnO,-deposited SCs to
increase the specific areal capacitance and energy density to
322.2 mF/cm? and 18.3 pWh/cm?, respectively [210]. The
Ag interlayers would decrease the solid-state charge diffu-
sion length in the MnO,, and the generated electrons during
the charge/discharge process were rapidly collected by the
adjacent Ag layer (Fig. 22a). Su et al. produced high per-
formance asymmetric two-ply fiber SCs consisted of CNT-
based CBFs as negative electrode and CNT/MnO, compos-
ites as positive electrode in aqueous electrolyte [211]. As a
result, the energy reached 42.0 Wh/kg at a power density of
483.7 W/kg, and 28.02 Wh/kg at 19.25 kW/kg [211]. Co;0,
can also be deposited into SCs with H,SO, gel as the elec-
trolyte to improve electrochemical performance, so that the
areal capacitance and energy density reached 52.6 mF/cm?
and 1.10 pWh/cm?, respectively [212]. Moreover, transition
metal MXenes can be used in SCs due to its high electri-
cal conductivity and hydrophobic surface. As an example,
Wang et al. prepared MXene/CNT SCs with the 3 M H,SO,

I Electrode (c)
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Pt colloid -”fc,g-._\
edec s

Pt nanoparticles

; \ adsorption }

N Pt-CNT film E/ “0/; %\%
type s 9/\()%
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fiber solar cell m V-
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permission from ref. 221. Copyright 2017, American Chemical Soci-
ety. ¢ Schematic of the preparation processes of Pt-adsorbed hybrid
fibers and application as counter electrodes for fiber solar cells [225].
Reproduced with permission from ref. 225. Copyright 2012, Ameri-
can Chemical Society
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as the electrolyte by crolling MXene-coated CNT sheets
(Fig. 22b) [213]. MXene/CNT SCs with double MXene/
CNT electrodes showed the specific capacitance of 1083 F/
cm’, the SCs with Mxene/CNT and RuO,/CNT electrodes
achieved a maximum energy density of 61.6 mWh/cm? and
a power density of 5428 mW/cm?, which were suitable for
small electronic devices [213].

The metal wires, such as Pt and Cu, are also introduced
into SCs to improve the electrochemical performance.
Zhang et al. presented core/sheath structured linear SCs
through one-step continuous spinning with CNT-based
CBFs as sheath and Pt wire as core [214]. Pt wire served
as a current collector could make charges produced on the
active materials transport efficiently along the length of the
SCs. The gravimetric capacitance and areal capacitance of
SCs (PVA-H;PO, Gel as the electrolyte) reached 86.2 F/g
and 52.5 mF/cm?, respectively [214]. Kim et al. prepared
the SCs by using giant GO sheets and SWCNTSs, while it
showed relatively low areal capacitance of 2.38 mF/cm?
in LiCl gel electrolyte [215]. To increase electrochemical
performance, Kou et al. prepared two-ply fibers SCs with
polyelectrolyte-wrapped graphene/CNT core-sheath fibers
as electrodes [216]. The SCs showed capacitance of 269
mF/cm? and energy density of 5.91 uWh/cm? in the liquid
electrolyte (1 M H,SO, solution), as well as 177 mF/cm?* and
3.84 pWh/cm? in a solid electrolyte (PVA-phosphoric acid).
Meanwhile, some researchers introduce the elastic matrix
into SCs to improve the flexibility, such as polydimethylsi-
loxane, PU, nylon, rubber and spandex. As an example, Son
et al. prepared the fibers with supercoil structure by insert-
ing a giant twist into CNT-wrapped spandex fibers [217].
The fiber exhibited a highly ordered and compact structure
along the fiber direction with the elastic deformation up to
1500%. The superelastic SCs were fabricated by incorporat-
ing MnQO, and coating an aqueous PVA/LiCl gel electrolyte
on the fibers, and its linear and areal capacitance values were
21.7 mF/cm and 92.1 mF/cm?, respectively [217]. Moreover,

CNT hollow fiber

So sulens\w /1

GO/CNT

it can be reversibly stretched to 1000% without significant
capacitance loss. Similarly, Choi et al. prepared a solid-state
SCs with stretchability up to 30% strain, and the fibers elec-
trodes were made by trapping high content (93%) of MnO,
nanoparticles within the galleries of helically scrolled CNT
sheets [218]. Simultaneously, it showed the line capacitance
of 60.6 mF/cm, the area capacitance of 888.7 mF/cm? and
the volumetric capacitance of 154.7 mF/cm? [218].

Energy Harvesters

In recent years, energy recovery has attracted increasing
attention due to the huge energy demand and the continu-
ous reduction of existing resources. Some new technologies
have been developed to transform the external energies into
electrical energy which are called “energy harvesters” [219].
For CNT-based CBFs, there are mainly three technologies to
realize energy conversion including mechanoelectrical con-
version, thermoelectric conversion and photoelectric conver-
sion. Kim et al. reported a CNT-based CBFs harvester that
could convert tensile or torsional mechanical energy into
electrical energy through electrochemical methods without
an external bias voltage (Fig. 23a) [220]. The electric energy
generated by the fibers was 250 W/kg as the stretching cycle
frequency reached 30 Hz [220]. Moreover, the harvester
could be used in the collection of wave energy, respiration
sensors and other composite electrical devices.

For thermoelectric conversion, a variety of researchers
introduce polymer into individual CNT films to enhance the
thermoelectric performance of the final CNT composites,
such as polyethylene, poly(vinyl acetate), polyaniline and
polyvinylidene fluoride. However, these composite films
possess certain limitations in wearable devices. In further
research, CNT-based CBFs are selected to fabricate ther-
moelectric harvesters. Choi et al. proposed a flexible and
ultralight thermoelectric generator based on all-carbon
CNT-based CBFs without metal electrodes (Fig. 23b) [221].

RGO/CNT

Fig.24 Schematic of the fabrication process of RGO/hollow CNT-based CBFs membrane [229]. Reproduced with permission from ref. 229.

Copyright 2018, Elsevier B.V
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Fig. 25 a Schematic of wet-spinning process of GO fibers. b Side-view SEM image of assembled GO blocks. d The tighten knot of graphene-
based CBFs [23]. Reproduced with permission from ref. 23. Copyright 2011, Springer Nature

CNT-based CBFs were alternatively doped into n- and
p-types by using polyethyleneimine and FeCl,, respectively,
and the highly conductive CNT-based CBFs were used as
electrodes between the doped regions to minimize the circuit
resistance. The thermoelectric generators based on 60 pairs
of n- and p-doped CNT-based CBFs showed the maximum
power density of 10.85 pW/g and 697 pW/g at a temperature
of 5 and 40 K, respectively [221].

Generally, the photoelectric conversion is used in solar
cells, and it is popular for Pt and titanium dioxide (TiO,)
to fabricate solar cells due to the special photoelectric
capability [222]. In the past ten years, CNT-based CBFs
have been selected to prepare the solar cell for photoelec-
tric conversion. Chen et al. prepared fiber-shaped dye-sen-
sitized solar cells by utilizing CNT-based CBFs and TiO,
nanoparticles [223]. A CNT-based CBFs incorporated with
dye-loaded TiO, nanoparticles were used as working elec-
trode and another individual CNT-based CBFs were used
as counter electrode, followed by twining to produce the
fiber-shaped solar cells with the power conversion efficiency
of 2.94% [223]. Liu et al. introduced the semiconducting
polymer into fiber-shaped solar cells to improve the flex-
ibility, resulting in power conversion efficiencies from 1.4%
to 2.3% [224]. To make the power conversion more efficient,
Zhang et al. fabricated TiO,-based dye-sensitized fiber solar
cells with a Pt-CNT hybrid fibers as a counter electrode,
and the power conversion efficiency achieved 4.85% under
standard illumination (AM1.5, 100 mW/cm?), which was
comparable to the same type of fiber cells with a Pt wire
electrode (4.23%) (Fig. 23c) [225]. Besides, Yu et al. pre-
sented a novel photoelectric conversion fiber by integrating
photomechanical actuation and the electrostatic effect [226].

One electrode was an aligned CNT-based CBF coated with
poly(tetrafluoroethylene) to store charges, and the other elec-
trode was made of a bilayer composite strip of CNT sheets/
paraffin wax/polyimide for photomechanical actuation. The
fiber-type photoelectric conversion device was repeatedly
bent and released to change the distance between the strip
and the electrodes under the periodical irradiation of visible
light, so that the number of induced charges was changed to
generate potential differences. As a result, it can output a
peak voltage of nearly 150 mV under the light irradiated, as
well as exhibiting highly stable and durable properties [226].

Sewage Treatment

In addition to the fields of thermal, electrical and mechanical
applications, CNT-based CBFs can also be designed into
specific structures for sewage treatment. In recent years,
forward osmosis (FO) has become a very popular technol-
ogy for sewage treatment due to its relatively low hydraulic
requirement, simply fouling removal and low energy con-
sumption [227]. Fan et al. first proposed a self-sustained hol-
low CNT-based CBFs and polyamide thin film composites
(CNT TFC-FO) with high porosity, good hydrophilicity and
excellent electro-conductivity [228]. In the FO and pressure
retarded osmosis modes, the fluxes (against a pure water feed
using 2.0 M NaCl draw solution) of the membrane with the
thickness of 126 pm was 4.7 and 3.6 times higher than that
of the commercial cellulose triacetate TFC-FO membrane,
respectively [228]. Moreover, the flux of the membrane
increased by about 50% in the process of simulated separa-
tion of oil and water at a voltage of 2.0 V [228]. In further
research, they adopted reduced GO (RGO) to improve the
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Fig.26 a Schematic of CTCS technology. b Photograph of GO hol-
low fibers. ¢ Photograph of GO hollow fibers generated with the air
flow rate of 1.0 mL/min [244]. Reproduced with permission from
ref. 244. Copyright 2013, American Chemical Society. d Schematic
of the coaxial spinning process. e-f SEM images of GO/sodium car-
boxymethyl cellulose composite fibers. g SEM images of side view of
a two-ply SC. h SEM image of a two-ply SC knot [216]. Reproduced
with permission from ref. 216. Copyright 2014, Springer Nature. i
Schematic of the “intercalated” structure of the GO fibers and gra-
phene-based CBFs [245]. Reproduced with permission from ref. 245.
Copyright 2015, American Association for the Advancement of Sci-

forward osmosis performance [229]. The membranes were
fabricated by constructing RGO on a hollow CNT-based
CBFs substrates via electrophoretic deposition coupling with
chemical reduction processes (Fig. 24). RGO could provide
water permeability and ion selectivity due to the ultra-low
friction and well-defined interlayer spacing, moreover, its
high porosity and good wettability would increase the water
flux of CNT hollow fiber substrates. Therefore, the DI water
flux of the membrane (0.5 M NaCl draw solution) was 22.6
LMH, which was 3.3 times more than that of the commer-
cial membrane [229]. Eventually, the various parameters of
CBFs prepared by CNTs are shown in Table 2.

@ Springer
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ence. j Schematic of wet-spinning of GO fibers, two-step reduction
and thermal annealing [246]. Reproduced with permission from ref.
246. Copyright 2016, Wiley—VCH. k Schematic of the preparation of
chemically doped graphene-based CBFs via a two-zone vapor trans-
port method [247]. Reproduced with permission from ref. 247. Copy-
right 2016, Wiley—VCH. 1 (i) Schematic of the biomimicking thought
process. (ii) Schematic of the microfluidic channel design and spin-
ning process. (iii) SEM image of the microfibers. (iv) Schematic of
the micro SC assembly. (v) Exhibition of the micro SC under bending
[248]. Reproduced with permission from ref. 248. Copyright 2018,
American Chemical Society

Graphene-Based CBFs
Graphene-Based CBFs Fabrication
Wet-Spinning with GO LCs

GO LCs are popular substance to fabricate GO fibers
explored by Xu et al. [230], and they prepared the first con-
tinuous GO fibers by traditional wet-spinning technology
in the same year [23]. GO dispersions were injected into
NaOH/methanol coagulation bath by using a glass syringe
with a nozzle, and GO fibers were wrapped around the spin-
ning drum (Fig. 25a). Eventually, GO fibers were reduced in
hydroiodic acid to obtain graphene-based CBFs. The neat
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Fig. 27 Schematic of GO sheets flowing in a tubular channel, e meso-
phase flat channel, and i thinner flat channel. SEM images of b wrin-
kled sheets in the cross-section of the columnar fiber produced from
a tubular channel. f A layer structure of a graphene belt assembled
by a flat channel. j A highly ordered and compact structure of a thin
graphene belt. ¢ Long arc and dispersed intensity of the characteristic
(002) reflection on WAXS patterns indicating low sheet orientation

and tight arrangement of GO sheets have strong interactions
between layers (Fig. 25b), which caused high elastic moduli
of GO fibers (5.4 GPa) and graphene-based CBFs (7.7 GPa)
[23]. Moreover, graphene-based CBFs can be knotted and
woven without any break (Fig. 25¢). Cong et al. used cetyl-
trimethyl ammonium bromide (CTAB) to replace NaOH
methanol solution to induce the self-assembly of GO sheets
because of the electrostatic interaction between CTAB and
GO, the tensile strength, elastic modulus and electrical con-
ductivity reached up to 182 MPa, 8.7 GPa and ~ 35 S/cm,
respectively [231].

To further improve the mechanical properties of gra-
phene-based CBFs without reduction of the electrical
conductivity, the large-scale GO sheets are introduced
to fabricate high-strength graphene-based CBFs that the
tensile strength and elastic modulus achieve 501.5 MPa
and 11.2 GPa, respectively [232]. The fibers possess
fewer defects and higher ordered arrangement, leading
to better mechanical performance. To investigate the
relationship between GO sheets parameters and fib-
ers properties, chen et al. used different kinds of GO
sheets to prepare graphene-based CBFs [233]. The
results depicted that the performance of graphene-based
CBFs was influenced by size, alignment, orientation,
inter-sheet interactions, defects and packing density of
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along the fiber axis direction. g Narrow dispersion of the (002) plane
on WAXS patterns indicating enhanced sheet orientation order. k A
high degree of sheet orientation indicated by the concentrated short
arc of the (002) plane on the WAXS pattern. d, h and 1 are the stress—
strain curve of graphene-based CBFs prepared for three different
microfluidic channels [24]. Reproduced with permission from ref. 24.
Copyright 2019, IOP Publishing Ltd

GO sheets. Moreover, the high-performance graphene-
based CBFs were achieved by using large dimension
graphene sheets that lead to highly aligned structures
and fewer defects [234]. Cao et al. selected GO sheets
with two sizes (17 pm and 30 pm) to prepare graphene-
based CBFs [235]. It was found that the tensile strength
of GO fibers prepared by large GO sheets was higher
(267 MPa) than that of the sample prepared by small GO
sheets (192 MPa), and the former was improved to 365
MPa after chemical reduction. Wallace et al. prepared
the high-performance RGO fibers by the self-assembly
of ultralarge GO crystalline dispersions, which showed
the elastic modulus of > 29 GPa, the electrical conduc-
tivity of 2508 + 632 S/m, and specific surface area of
2210 m?/g (2605 m?/g before reduction), respectively
[236]. Besides, various methods can improve the perfor-
mance of graphene-based CBFs, such as ion-doping [237,
238], coagulation fluid adjusting [239], polymer graft-
ing [240], bionic structure designing [241], etc. Huang
et al. used universal GO precursors to prepare graphene-
based CBFs by hydrogel-assisted spinning [242]. The
rolling process could improve the performance of gra-
phene-based CBFs that the tensile strength, elongation,
and average density were 238 MPa, 2%, and 1.7960 g/
cm?, respectively [242]. Chen et al. developed a scalable
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Fig. 28 a Exhibition of single graphene-based CBFs with a diameter
of ~33 pm and length of 63 cm. b SEM image of the cross-section of
graphene-based CBFs. ¢ and d The axial external surface and inner
cross-section SEM images of graphene-based CBFs, respectively.
e The high-resolution SEM image of the cross-section of graphene-
based CBFs. f—j Shaping and weaving of graphene-based CBFs [25].
Reproduced with permission from ref. 25. Copyright 2012, Wiley—
VCH. k Schematic for the formation process of graphene sheet/
ribbon hybrid fibers. I-n SEM images of the IGORs with different

non-liquid—crystal spinning technology to synthesize
continuous graphene-based CBFs with high electrical
performance (the capacitance of 279 F/g at a current
density of 0.2 A/g) [243].

Inspired by traditional wet-spinning, the coaxial two-
capillary spinning (CTCS) technology is further developed.
As shown in Fig. 26a, CTCS equipment was designed as
a hollow tube structure with a tip. Yang et al. prepared
a hollow graphene-based CBFs by CTCS technology
and designed the macro morphology of CBFs (Fig. 26b,
c) [244]. Similarly, Liang et al. prepared graphene/poly-
mer composite fibers by CTCS. The sodium carboxym-
ethyl cellulose solution was injected into two capillaries
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structures, such as a knot, twine, and buckling. o—q SEM images of
the GN-IGR fibers. The graphene ribbons were bound by the sheets
(marked by a dotted circle). The width of the bundled ribbons by
graphene sheet was~600 nm (marked by parallel dotted lines) [249].
Reproduced with permission from ref. 249. Copyright 2017, Elsevier
Ltd. r Schematic of the preparation process of the RGO@C fibers. s
Surface morphology of the RGO@PDA fibers. t SEM image of the
cross-section of RGO@PDA fibers [250]. Reproduced with permis-
sion from ref. 250. Copyright 2018, Wiley—VCH

with GO suspension as inner fluid, and the as-prepared
fibers were called core-sheath fibers (Fig. 26d—f) [216].
SCs were prepared after chemical reduction which could
be knotted without damage (Fig. 26g—h). However, there
were many defects in graphene-based CBFs, which would
effect the mechanical performance. In order to minimize
fiber defects, Xin et al. prepared graphene-based CBFs
by utilizing large and small GO sheets. The small GO
sheets were inserted into the large GO sheets as backbone
skeleton (Fig. 26i), the tensile strength was improved to
1080+ 61 MPa after thermal annealing (1800 °C) [245].
Xu et al. prepared extremely strong graphene-based CBFs
via full-scale synergetic defect engineering (Fig. 26j)
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Fig.29 a Schematic of a gel-phase RGONR fiber being formed from
chemically reduced GONR solution during the drawing process. b
A solid RGONR fiber formed by the electrophoretic self-assembly
method. ¢ Cross-section and d side-view images of the fracture sur-
face of the RGONR fiber. e The surface texture of the RGONR fiber

Metal mesh Graphene growth

(b)

Etching
=

and the partial alignment of associated features along the direction of
the fibers. The magnified image in the inset showed aligned nanorib-
bons. f Image of the as-spun fiber after annealing at 800 °C. Parts b—f
are obtained by SEM [28]. Reproduced with permission from ref. 28.
Copyright 2012, IOP Publishing Ltd

Collapse
e

Metal removed

Fig.30 Fabrication of GWFs by CVD with copper wire meshes as substrates. a Schematic of steps for GWF preparation. b Macroscopic optical
images (left), top-view SEM images (right) of copper meshes before (top) and after (bottom) graphene growth. ¢ Optical images of GWF films
floating on water and depositing on glass and PET [251]. Reproduced with permission from ref. 251. Copyright 2012, IOP Publishing Ltd

[246]. Undergoing two-step reduction (chemical reduction
with hydroiodic acid, thermal reduction at 1300 °C) and
thermal annealing (3000 °C), the tensile strength and elas-
tic modulus of graphene-based CBFs reached 1450 MPa
and 282 GPa, respectively [246]. Meanwhile, Liu et al.
chemically doped (potassium, FeCl; and Br,) graphene-
based CBFs with superb electrical conductivity by a facile
two-zone vapor transport method, making the conductiv-
ity reach (0.77-2.24) x 107 S/m (Fig. 26k) [247]. Also,
inspired by the spinning process of spiders (Fig. 261), Pan
et al. designed a spider biomimicking microfluidic chan-
nels to prepare micro graphene-based CBFs with excellent
flexibility after assembled into micro SCs [248].

To further investigate microfluidics technology, Xin et al.
designed several different microfluidics channel models
to explore the influence of channel shape on the arrange-
ment and orientation of GO sheets and the mechanical
properties of graphene-based CBFs [24]. When GO sheets
flowed in a tubular channel (Fig. 27a), a mesophase flat
channel (Fig. 27e) and a thinner flat channel (Fig. 27i),
there were different arrangement patterns appearing which
included curved and distorted of 0.75, arranged of 0.86, and
neatly organized of 0.94 (Fig. 27¢, g, k). The arrangement of
the GO sheets showed the increasingly regular and compact
as the channel shape changed from tubular to mesophase
flat, thinner flat, and the increaseing degree of orientation
(Fig. 270, f, j). Moreover, the mechanical performance of

@ Springer



666

Advanced Fiber Materials (2022) 4:631-682

GO film

b |
250 jm

Fig.31 a Fabrication of the 2D GO films. b Free-standing thin GO
film. ¢ SEM image of a GO film. d SEM image of a thin GO film
being scrolled into a GO fiber [27]. Reproduced with permission
from ref. 27. Copyright 2014, American Chemical Society. e Sche-
matic of the fabrication process of Graphene-based CBFs. (I) HI
reduction; (II) thermal annealing and mechanical press; (III, IV)
twist. f Optical image of thermally annealed graphene film. g, h Opti-

graphene-based CBFs was enhanced by adjusting the maxi-
mum tensile strength and elastic modulus of fibers (Fig. 271),
which was higher than other graphene-based CBFs fabri-
cated in a tubular and mesophase flat channel (Fig. 27d, h).
Therefore, it is proved that the performance of Graphene-
based CBFs can be regulatable by designing different micro-
fluidics channel models.

Dimensionally Confined Hydrothermal (DCH) Method

DCH method is an effective process to fabricate shape-
confined graphene-based CBFs. Dong et al. prepared sin-
gle graphene-based CBFs with a diameter of ~33 pm and a
length of 63 cm by DHC method (Fig. 28a) [25]. GO sheets
suspension is poured into a glass tube with an inner diameter
of 0.4 mm, followed by hydrothermal treating and drying in
air. The shape of graphene-based CBFs is consistent with
the glass tube (Fig. 28b—e), which can be designed for differ-
ent planar and 3D geometric structures (Fig. 28f—j). Sheng
et al. prepared graphene composite fibers named GN-IGR
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cal images of graphene-based CBFs. i-k SEM images of a single gra-
phene-based CBF in differently magnified views. SEM images of (1)
a cross knot, m a carrick bend knot, and n a flat knot. 0 Photograph
of cross-stitch in the pattern of ZJU by woven graphene-based CBFs
into cotton cloth [254]. Reproduced with permission from ref. 254.
Copyright 2016, Wiley-VCH

fibers using highly interconnected graphene ribbons (IGRs)
and graphene nanosheets (GNs) (Fig. 28k) [249]. The inter-
connected graphene oxide ribbons (IGORs) with different
structures (Fig. 281-n), such as knot, twine, and buckling,
are consistent with the prepared GN-IGR fiber structure
(Fig. 280—q). The tensile strength and elongation of GN-
IGR fibers reached up to 223 MPa and 22.0%, respectively
[249]. Ma et al. prepared carbon-coated RGO composite
(RGO @C) fibers by putting polydopamine PDA and GO
(GO@PDA) into fibers, and following evaporating and
annealing to obtain RGO @C fiber (Fig. 28r) [250]. And the
GO@PDA was assembled into flexible fibers with uniform
linear morphology, neat arrangement and compact layered
organization (Fig. 28s and t).

Electrophoretic Self-Assembly
Electrophoretic self-assembly is an effective method to

prepare functional graphene-based CBFs without any poly-
mer or surfactant. Jang et al. fabricated RGO nanoribbon
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Fig.32 a Schematic of the dry-spinning process of GO sheets with a
concentrated organic dispersion. The SEM images of GO fibers with
different shrink ratios including b 0%, e 15%, h 50% and k 80%. The
cross-section of GO fibers with different shrink ratios including ¢

(RGONR) fibers with electrical and field emission properties
by electrophoretic self-assembly [28]. A graphitic tip was
immersed into the chemically RGO nanoribbon colloidal
solution in a Teflon vessel in which the counter electrode
was embedded (Fig. 29a). The distance between the counter
electrode and the immersed tip was ~5 mm and a constant
voltage ranging from 1 to 2 V was applied during the with-
drawal process for the graphitic tip. The structure of the
prepared RGONR fibers was uniform and the arrangement
of nanoribbons was neat and closing along the axial direc-
tion of fibers (Fig. 29b—f). And the prepared RGONR fibers
showed a low potential for field emission (0.7 V/pm) and
field emission currents (400 A/cm?) after thermal annealing,
which maintained excellent durability at a high current level
(300 A/cm) during long-term operation [28].

Chemical Vapor Deposition (CVD) Method
CVD methods have been utilized to prepare 1D, 2D and

3D carbon materials including fibers, films and spatial net-
work structure polymers in recent years. Li et al. directly

Gel fiber

667
1l [\
Dried fiber
>4 A \
//Infrared lamp 1§ N _
Vi N Collection
/ N
Solvent volatilization

50%

0%, £ 15%, i 50% and m 80%. The magnified images of the top SEM
images d, g, j and m, respectively [29]. Reproduced with permission
from ref. 29. Copyright 2017, Royal Society of Chemistry

reported self-assembled, porous, and monolithic graphene-
based CBFs with the electrical conductivity of ~ 1000 S/m
from CVD-grown graphene film [26]. The morphology and
pore structure of fibers were controlled by the evaporation
of solvents with suitable surface tension. Zhu et al. prepared
graphene-based woven fabrics (GWFs) in three steps: CVD-
growth, etching, and collapsing (Fig. 30a) [251]. Graphene
uniformly and neatly grew on the copper mesh (Fig. 30b),
and the GWFs exhibited well-aligned arrays along with the
horizontal and vertical directions (Fig. 30c). In addition,
Xiao et al. designed 3D Ni scaffolds to prepare 3D graphene
with a uniform arrangement structure using CVD methods
[252].

2D Films Twisting

2D film twisting method is simple and efficient which can
synthesize graphene-based CBFs. Cruz-Silva et al. prepared
graphene-based CBFs by twisting the 2D GO film [27]. GO
dispersion was evenly spread on the PTFE substrate by
a bar (Fig. 31a), forming an ultra-thin (2.9 pm) GO film
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Fig.33 a Schematic of a wire-shaped supercapacitor fabricated
from two twined graphene-based CBFs with polyelectrolyte. b SEM
images of the twined structure of graphene-based CBFs coated with
polyelectrolyte. ¢ Exhibition of graphene-based CBFs@3D-G fiber
SCs in bending state. d Exhibition of the textile embedded with two
graphene-based CBFs@3D-G fiber CSs [256]. Reproduced with per-

(Fig. 31b). The prepared GO film showed a slightly wrinkled
structure that can enhance ductility for films (Fig. 31c), GO
fiber was fabricated by winding GO film with the elongation
of 0.76 (Fig. 31d). Electrical conductivity of as-prepared
graphene-based CBFs was 416 S/cm after thermal reduction
at 2000 °C. Hua et al. prepared helical GO and RGO fibers
by twisting and chemical reduction of GO films [253]. Inter-
estingly, the elongation of GO fibers (20-30%) was lower
than that of RGO fibers (40-50%), while the elastic modulus
of GO fiber was higher than that of RGO fibers because of
the hollow cavities and the stress concentration. Wang et al.
synthesized highly stretchable graphene-based CBFs by GO
films twisting (Fig. 31e) [254]. After chemical reduction,
carbonization and twisting (Fig. 31f-h), graphene-based
CBFs possessed a uniform scrolled structure (Fig. 31i—k)
which could be knotted in several ways and knitted into the
cotton cloth without damage (Fig. 311-o0).

Dry-Spinning
Dry-spinning is a convenient and energy-saving method
to prepare graphene-based CBFs. Tian et al. obtained

tough graphene-based CBFs by a concentrated organic
dispersion of GO sheets without any coagulating baths
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mission from ref. 256. Copyright 2013, Wiley—VCH. e Schematic of
the fabrication process of K-GF using GO liquid crystal (8 g/L) as
the precursor, and f the microstructure and surface functional group
changes of the fiber during the fabrication process [260]. Reproduced
with permission from ref. 260. Copyright 2019, American Chemical
Society

[29]. The GO LCs dopes were extruded through spin-
neret tip and followed by drying and infrared irradiation
to obtain Graphene-based CBFs (Fig. 32a). The mixed
solvents, including methanol, ethanol, acetone, tetrahy-
drofuran and water, were chosen to promote the balance
of surface tension and volatility of the spinning dopes.
GO fibers possessed numerous aligned wrinkles along
the axial direction of the fibers (Fig. 32b—m), the ten-
sile strength, elongation and electrical conductivity of
RGO fibers were 375 + 20 MPa, 9.4% and 1.32 x 10* S/m,
respectively [29]. Additionally, Feng et al. synthesized
GO fibers by using highly concentrated GO inks through
the dry-spinning method and the average tensile strength,
elastic modulus and fracture toughness of GO fibers were
105 MPa, 0.4 GPa and 5 MJ/m?>, respectively [255].

Graphene-Based CBFs Applications

SCs

SCs, with the ability of high capacitance, fast charge/dis-
charge and cycle stability, have potential applications in the

field of energy storage. It is suitable to use graphene-based
CBFs as an electrode, which can satisfy the requirements
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Fig. 34 a Schematic of the fabrication of dye-sensitized photovoltaic
wire. b SEM image of dye-sensitized photovoltaic wire [261]. Repro-
duced with permission from ref. 261. Copyright 2013, Wiley—VCH.
¢ A GO/CNTY/S fiber wrapped around a glass cylinder. d Schematic
of cable LSB. e Schematic of the cross-sectional view of cable LSB

of novel SCs including portability, lightness and wearable.
Meng et al. first prepared graphene-based CBFs SCs in 2013
[256]. Graphene-based CBFs were synthesized via a DCH
method and then the 3D porous, core—shell graphene-based
CBFs (GF@3D-G) were fabricated by electrochemical depo-
sition and reduction reaction. Eventually, GF@3D-G fiber
SCs with excellent flexibility and knittability assembled
by GF@3D-G as an electrode and PVA/H,SO, as the gel
electrolyte displayed a specific capacitance of 1.7 mF/cm?
(Fig. 33a—d). Zhao et al. prepared an all-graphene coaxial
fiber SCs with graphene-based CBFs as core and dip-coated
graphene as sheath [257]. As a result, it exhibited a high spe-
cific capacitance of 205 mF/cm? (182 F/g) and a high energy
density of 104 pW h/cm? [257]. The electrical performance
of graphene-based CBFs SCs was enhanced by introducing
functional materials, such as CNTs [258]. Kou et al. pre-
pared two-ply fiber SCs using polyelectrolyte-wrapped gra-
phene/CNT core-sheath fibers showing an ultra-high capaci-
tance of 269 mF/cm? and an energy density of 5.91 pWh/
cm? [216]. Yu et al. designed a CNT-graphene fiber with
a hierarchical structure to assemble SCs, and the specific
volumetric capacity reached 305 F/cm?® [259]. In addition,

10 mm
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TEGDME and DOL\/)'
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Separator
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Thermal
treatment

components [263]. Reproduced with permission from ref. 263. Copy-
right 2017, Wiley—VCH. f Schematic of the fabrication of N-GFWs
[264]. Reproduced with permission from ref. 264. Copyright 2019,
Royal Society of Chemistry

Guan et al. prepared graphene-based CBFs by wet-spinning
which possessed porous and wrinkled structure, hydrophi-
licity and excellent conductivity obtaining after hydrophilic
treating in KOH solutions (Fig. 33e and f) [260]. The SCs
based on K-GF showed the capacitance of 145.6 mF/cm?,
an energy density of 3.23 pW h/cm? and a power density
of 0.017 mW/cm?, and its angle could be folded from 0° to
180° [260].

Batteries

In the field of energy storage, it is popular that graphene-
based CBFs are used as battery electrodes. Yang et al. devel-
oped wire-shaped photovoltaic devices based on graphene/
Pt composite fibers, which displayed an energy conversion
efficiency of 8.45% (Fig. 34a and b) [261]. However, the
expensive cost of Pt limits the development of solar batter-
ies. Therefore, Chen et al. developed a dye-sensitized solar
battery assembled from the novel graphene-based CBFs
electrode without Pt nanoparticles, achieving an energy con-
version efficiency reached up to 3.25% [262]. Chong et al.
prepared an ultralight and flexible RGO/CNT/sulfur (RGO/
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Fig. 35 a Schematic illustration of the possible bending of a graphene/GO fiber exposed to different relative humidity. b—d Exhibition of a gra-
phene/GO fiber under different relative humidity [265]. Reproduced with permission from ref. 265. Copyright 2013, Wiley—VCH. e Schematic
rotation of TGF with a paddle at the low (left) and high (right) humidity. f and g Schematic of the designed humidity switch and the alternating
current generator [266]. Reproduced with permission from ref. 266. Copyright 2014, Wiley—VCH. h Schematic of Fe;O,/graphene-based CBFs
spring switch in a circuit, where graphene-based CBFs spring responds to a magnetic field to maintain the i “open” and j “close” states [267].
Reproduced with permission from ref. 267. Copyright 2014, Royal Society of Chemistry

CNT/S) composite fiber, which was further assembled into
a cable lithium-sulfur battery (LSB) with an initial capac-
ity of 1255 mAh/g and areal capacity of 2.49 mAh/cm? at
C/20 (Fig. 34c—e) [263]. The graphene-based CBFs can be
also fabricated as circuit transmissions. Liu et al. prepared
the chemically doped (FeCls, Br,, and K) graphene-based
CBFs with excellent conductivity ((0.77 ~2.2) x 10° S/cm),
which could be used as USB cable and wire [247]. Recently,
Chong et al. also synthesized novel highly porous nitrogen-
doped graphene-based CBFs webs (N-GFWs) in three main
steps: wet-spinning, hydrothermal activation and drying, and
thermal reduction (Fig. 34f) [264]. To satisfy the demand for
multi-battery charge storage in both lithium-oxygen batter-
ies (LOBs) and lithium-sulfur batteries (LSBs), the atomic
structure and electrical conductivity of N-GFWs were
designed by adjusting the degree of N-doping and thermal
reduction. The maximum area capacity of LOBs was 2 mAh/
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cm?, and the capacity retention of LSBs after 200 cycles was
up to 99.96% because the abundant oxygenated and nitrogen
functional groups were entrapped into electrodes [264].

Intelligent Actuators and Sensors

An intelligent actuator is a device that can adaptively adjust
and deform under the stimulation of the external environ-
ment such as temperature, humidity, light, current, voltage,
etc. Cheng et al. designed a moisture-triggered actuator
using graphene/GO composite fibers with asymmetric struc-
ture through positioned laser reduction [265]. The actuator
could perform complex motion forms such as bending and
torsion according to the change of environmental humidity,
and made into a humidity-driven robot hand and crawling
device (Fig. 35a—d). In further research, they also fabricated
twisted GO fibers (TGF) with spiral structure by rotating the
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Fig.36 a Schematic of the fabrication of graphene-based CBFs fabrics. b SEM images of GO fiber fabrics and ¢ graphene-based CBFs fabrics
[271]. Reproduced with permission from ref. 271. Copyright 2016, Nature Publishing Group

Table 3 The various parameters of CBFs prepared by graphene and GO

References Precursors

Processing/modifi-
cation technology

Tensile strength

(GPa)

Elastic modulus Conductivity (S/
(GPa) cm)

Applications

(23]

(26]

[27]

(28]

[29]

[231]

[232]

GO

Graphene

GO

GO

GO

GO/CTAB

Large-scale GO
sheets

GO LCs wet-
spinning

HI acid reduction

CVD

Directly drawing
graphene films

GO films twisting/
rolling
Thermal reduction

Electrophoretic
self-assembly

Hydrazine monohy-
drate

Dry spinning

HI acid reduction

Self-assembly Wet-
spinning

HI acid reduction

GO LCs wet-
spinning

HI acid reduction

0.14

0.085

0.375+0.02

0.182

0.501

1.7 -

- ~1000

- 416

11.6 132

8.7 ~35

11.2 410

SCs capacitance of
0.6-1.4 mF/cm?

Batteries current den-
sities of 5.3 A/cm?

Batteries current
densities of 300 A/
cm?
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Table 3 (continued)

References Precursors Processing/modifi-  Tensile strength Elastic modulus Conductivity (S/ Applications
cation technology (GPa) (GPa) cm)
[236] GO GO LCs wet- ~0.05 >29 25.08+6.32 Energy Storage Tex-
spinning tiles charge storage
Annealing reduc- capacity of 409 F/g
tion at 1 Alg
[243] GO Non-liquid—crystal ~ 0.15+0.05 7.5+0.28 442+13 SCs capacitance of
spinning 279 F/g at a current
HI acid reduction density of 0.2 A/g
[246] GO Full scale defect 1.45 282 8x10° Batteries ampacity of
engineering 2.3%10' A/m?
[250] GO DCH method ~0.724 ~37 ~660 -
Annealing reduc-
tion
[255] GO Dry-spinning 0.105 0.4 - -
HI acid/annealing
reduction
[259] GO/SWCNTs DCH method 0.084 - 102 SCs specific volumet-
Annealing reduc- ric capacity of 305
tion F/cm? in sulphuric
acid
[264] GO/melamine Wet-spinning - - 0.951 LOBs areal capacity
Hydrothermal of 2 mAh/cm? at
Thermal reduction 0.2 mA/cm?
[265] Graphene/GO DCH method - - - Humidity-driven
Positioned laser actuator humidity-
reduction driven robot hand
and crawling device
[269] GO/ZIF-67/pyrrole  Wet-spinning Elec- — - - Adrenaline (Ad)
trodeposition non-enzymatic
Annealing reduc- detection sensitiv-
tion ity of 44.6 mA/
(mM-cm?) and
11.0 mA/(mM-cm?)
at Ad in the range
of 0.06-95 puM and
95.0-5900 pM
[271] GO Wet-spinning 0.6x107° 0.0299 +0.064 ~280 Non-woven fabrics

Hydrazine vapour/
Annealing reduc-
tion

thermal conductiv-
ity of ~301.5 W/
(m-K)

gel fibers [266]. Interestingly, when the environment humid-
ity increased, the fibers would rotate at a high speed and
return to the initial state after the humidity drops (Fig. 35e).
Additionally, fibers were further used to make humidity-
responsive control switches and humidity generators
(Fig. 35f and g). The magnetic nanoparticles (Fe;O,) were
introduced into graphene-based CBFs to assemble magnetic
actuators (Fig. 35h) [267]. The elasticity of the spring was
adjusted by applying a magnetic field to realize the switching
control of the circuit (Fig. 35i abd j).

The excellent deformation response of intelligent sensor
can be prepared from graphene-based CBFs. You et al. fabri-
cated graphene-based CBFs sensors with high stretchability
and sensitivity by direct extrusion of ink [268]. The results

@ Springer

showed that the resistance would change accordingly dur-
ing the bending, twisting, compressing, and stretching of the
fibers [268]. Zeng et al. fabricated novel zeolitic imidazolate
frameworks entrapped 3D graphene-based CBFs by electro-
deposition technology [269]. The prepared fibers were used
as electrodes at adrenaline (Ad) non-enzymatic detection,
which showed high sensitivity of 44.6 mA/(mM-cm?) and
11.0 mA/(mM-cm?) corresponding to the concentration of
Ad in the range of 0.06-95 pM and 95.0-5900 pM, respec-
tively [269]. Moreover, the sensitivity of the sensor exhib-
ited excellent repeatability at extremely low Ad concentra-
tion (0.02 Mm) [269].



Advanced Fiber Materials (2022) 4:631-682

673

Table 4 The various parameters of CBFs prepared by different precursors

Precursor Processing Heat treatment tem- ~ Carbon yield Tensile modulus Tensile strength
perature (°C)
PE [272] Melt-spinning 600-3000 75% 139 GPa 2.5 GPa
UHWMPE [273] - 2000-3000 - 150 g/d 8(J/g)
LLDPE [118] Melt-spinning - 65% 134 GPa 1.54 GPa
PVDC/PVC [274] Thermal decomposition 2500 - 28 GPa 0.24 GPa
At-PBD [275] Melt-spinning 3000 70% 70 GPa 1.2 GPa
St-PBD [276] Melt-spinning 3000 82% 4010 t/cm? 20 t/em?
PVA [277] Heating 1000 - - 5800 kg/cm?
Phenol-hexamine [278] Melt-spinning 2800 - 69 GPa 2.1 GPa
PA-resin [279] Thermal treatment 2500-3000 - 69 GPa 0.7 GPa
phenolic resin [280] Thermal treatment 900 56% - 0.35 GPa
PBZT [281] Dry-jet wet spinning 850-1600 - 196 GPa 0.93 GPa
PBO [282] Dry-jet wet spinning 700-2000 - 175 GPa 0.6 GPa
Polyacetylene [283] Melt-spinning 2500-3000 - 390 GPa 2.3 GPa
PI (S35) [118] - - - 120 GPa 3.5 GPa

Multifunctional Fabrics

Fiber fabrics play a significant role in various fields such
as wearable device and energy. Cao et al. prepared nonwo-
ven, nonknitted, graphene-based networks with excellent
mechanical properties by programmable writing technique
[235]. The GO dispersions were programmed into a cross-
network structure and followed by thermal or chemical
reduction fuyu to endow fiber with mechanical properity
and electrical conductivity. Moreover, graphene-based
CBFs with a cross-net structure which showed mechani-
cal stimuli properity. Seyedin et al. introduced highly flex-
ible and tough GO fibers which could be knitted by textile
machinery [270]. Graphene-based CBFs were fabricated
by dry—wet spinning technology, followed by co-knitting
with commercial nylon fibers to achieve the mechanical
weaving of graphene-based CBFs for the first time [270].
Li et al. reported non-woven graphene-based CBFs fabrics
which composed of randomly oriented and interfused fib-
ers with strong inter-fiber bonding (Fig. 36a) [271]. The
overlapping structures of fabrics (Fig. 36b and c) showed
the electrical conductivity of 28,000 S/m and thermal con-
ductivity of 301 W/mK, respectively [271]. Eventually, the
various parameters of CBFs prepared by graphene and GO
are shown in Table 3.

Other CBFs Precursors

Except for the aforementioned CBFs precursors, there are
some precursor materials including polyethylene (PE),
UHWMPE, LLDPE, poly(vinylidenechloride)-poly(vinyl

chloride) (PVDC/PVC), atactic and syndiotactic
poly(butadiene) (at-PBD and st-PBD), polyvinyl alcohol
(PVA), phenol-hexamine, polyamide(PA)-resin, phenolic
resin, poly(p-phenylene benzobisthiazole) (PBZT), poly(p-
phenylenebenzobisoxazole) (PBO), polyacetylene, polyim-
ide (PI), etc. The main information about these precursors
is shown in Table 4.

Summary

In this review, we mainly summarize the fabrication, char-
acterization and application of CBFs based on the different
precursors, mainly including PAN, pitch, cellulose, lignin,
CNTs, graphene. Among them, PAN-based CBFs with out-
standing mechanical performances have already occupied
the most of the fiber materials markets in modern life. There
are still some significant challenges for CBFs prepared by
PAN, pitch, cellulose, lignin, especially in terms of struc-
ture control (arrangement, orientation, crystallinity, crys-
tallite size, defect, sp? and sp> hybrid) and performances
improvement (tensile strength, Young’s modulus and elec-
trical conductivity). The development of CBFs prepared by
carbon units is only two decades, but their unprecedented
characteristics make them have great potential in practical
applications, such as batteries, supercapacitors, sensors,
etc. At present, the performances of CNTs and graphene-
based CBFs fibers are far from the theoretical values, which
mainly face the problems of insufficient raw material prepa-
ration technology, high cost and limited production scale.
In addition. the concept of green sustainable development
is also one of the most significant factors that must be con-
sidered in protecting the environment. Green, sustainable,
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recyclable, and simply available CBFs precursors prepared
by lignin have attracted more and more attention. There-
fore, the green and low-cost materials will play their unique
advantages in various fields in the future.
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