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Chapter

Fiber Composites Made of
Low-Dimensional Carbon
Materials

Yan Xu and Xian Zhang

Abstract

In recent years, a scientific shift has been observed that the use of carbon-based
nanomaterials in different composite materials can improve their mechanical, thermal,
and electrical properties. Different carbon-based nanomaterials have various struc-
tures and mechanical, electrical, and thermal conductivity characteristics. By com-
bining with different material composite methods, carbon composite materials with
different structures can be prepared. Through the optimization of material structure,
carbon composite materials with high performance can be obtained. SP> hybrid carbon
materials, such as carbon nanotubes (CNTs), carbon fiber (CF), and graphene, have
excellent electrical, thermal, and mechanical properties due to their regular carbon six-
membered ring structure, so they are the main low-dimensional carbon materials and
are widely used in composite research. In this chapter, the research progress of carbon
nanotubes, carbon fibers, and graphene-based fibers (GBFs) in composite materials
are introduced, respectively, and the preparation method, molding process, perfor-
mance, and application in industry are summarized. Finally, the existing problems and
future development trend of carbon-based composites are prospected.

Keywords: carbon-based nanomaterials, carbon nanotubes (CNTs), carbon fibers
(CF), graphene-based fibers (GBFs), fiber composites

1. Introduction

Among all kinds of low-dimensional materials [1-8], using carbon-based low-
dimensional materials to improve their physical, mechanical, and electrical proper-
ties has become a trend [9]. These carbon-based nano/micron additives include
carbon fibers (CF), single-walled and multi-walled carbon nanotubes (SWCNTs and
MWCNTs) [10-12], graphene oxide (GO) [13-15], and graphene nanoplates (GNP)
[16]. The results show that the composites with high strength ductility, dimensional
stability, and economy can be produced. They have an attractive application prospect
in the fields of microelectronic devices, aerospace, energy, chemical industry, etc.

Different carbon material units have various structures and mechanical, thermal,
and electrical properties. By combining with different material composite methods,
carbon composite materials with different structures can be prepared. Through the
optimization of material structure, carbon composite materials with high perfor-
mance can be obtained [17, 18]. This chapter mainly introduces the preparation meth-
ods, properties, and application fields of carbon-based nanomaterials, such as CNTs,
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CF, and GBFs, which are commonly used to assemble macro carbon composites. The
preparation methods of GBFs and their composite fibers, as well as their applications
in sensors, energy storage, energy conversion, and other aspects, such as supercapaci-
tors, lithium-ion batteries (LIBs), actuators, and solar cells, are mainly introduced.
Finally, the existing problems and future development of carbon-matrix composites
are summarized.

2. Carbon nanotubes (CNTs)

CNTs were first discovered under TEM in 1991. It is a one-dimensional tubular
material made of SP* hybrid carbon atoms. Its diameter ranges from several nano-
meters to tens of nanometers, and its length can reach centimeter-level at most.
According to the wall layer, it can be divided into single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs) (Figure 1). It is the most commercialized
nanofiber with the highest strength and the smallest diameter [19-21]. Moreover,
CNTs have good toughness, which can withstand 40% of tensile strain without
brittle behavior or fracture phenomenon, thus improving the toughness of matrix
composite [22]. CNTs with super high aspect ratio and excellent mechanical and
physical properties, such as high strength, high thermal conductivity, high conduc-
tivity, and low thermal expansion coefficient, are regarded as the ideal functional
modifier for preparing high-performance composite materials [23-25].

2.1 Fabrication of CNTs

The preparation methods of CNTs include chemical vapor deposition (CVD),
arc discharge (AD), and laser ablation (LA) [26]. CVD is the most commonly used
method to prepare CNTs in the laboratory. Generally, CNTs are grown under the
action of the catalyst after carbon source cracking at a certain temperature. This
method has a series of advantages, such as simple equipment, fast preparation speed,
large output, and controllable quality. The catalysts are generally transition metals
such as iron, cobalt, and nickel, and the carbon sources are generally carbon-contain-
ing organics such as methane, ethylene, acetylene, ethanol, and xylene. The morphol-
ogy (diameter, wall layer, length, density, curvature, crystallinity, etc.) of CNTs can
be tuned by controlling the type and concentration of catalyst, the ratio of carbon
source and injection speed, the temperature, pressure, and time of CVD [27-30].
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Figure 1.
Schematic diagrams of fullerene single-walled carbon nanotube (SWCNT) and multi-walled carbon nanotube
(MWCNT) [19].
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The AD method is also the main method to produce CNTs. Usually, in the low-
pressure arc chamber of inert gas, hydrogen, or other gases, the graphite material
is used as the electrode to generate a continuous arc between the electrodes, which
makes the graphite react with the catalyst to generate CNTs. The AD method hasa
high yield, and the CNT’s crystal structure is relatively complete [31, 32].

Laser ablation is a method to prepare CNTs by bombarding the surface of
graphite target doped with iron, cobalt, nickel, and other transition metals in an
inert gas environment at 1200°C [33]. The advantage of this method is that the
CNTs produced are of high purity and convenient for continuous production,
but this method is not suitable for large-scale macro production due to its high
energy consumption, complex equipment, and high preparation cost [34, 35]. In
addition to the above three main preparation methods, CNTs can also be prepared
by template method, flame method, solar energy method, and electrolytic alkali
metal halide method [36].

2.2 Properties of CNTs

Because of its special tubular structure and the strong binding force between
Sp? hybrid carbon atoms, CNTs have high strength, fracture toughness, and elastic
modulus, which are superior to any one-dimensional fiber [37]. The tensile strength
of CNTs can reach 50-800 GPa, nearly 100 times of that standard steel, about 200
times higher than that of other polymer fibers, and its structure can be kept intact
under 1 million atmospheric pressure. CNTs will not break obviously under large
bending, while graphite fiber will break when bending 1% (volume fraction). The
maximum elastic modulus of CNTs is 1 TPa, which is equivalent to that of diamond
and about five times to that of steel. Due to defects, the actual elastic modulus of
MW(CNTs is in the range of 20-50 GPa [38-40]. Fiber is usually used to strengthen
composite materials. In addition to its own strength, a high aspect ratio (>20) is also
a key factor to obtain high-strength composite materials. The aspect ratio of CNTs
is generally >1000. Therefore, through CNT-reinforced composite materials, it can
show good mechanical strength and fatigue resistance [10, 41].

The carbon atoms in CNTs are arranged in a six-membered ring network
structure, which is very conducive to phonon vibration. Therefore, CNTs have
good thermal conductivity. Due to the anisotropy of the structure, the thermal
conductivity of CNTs along the length direction is much higher than that in the
vertical direction. Theoretically, the thermal conductivity of SWCNTs can reach
10,000 W/mK at room temperature. Due to the presence of impurities, the highest
experimental values of SWCNTs and MWCNTs are 3500 and 3000 W/mK, respec-
tively [42-44]. Theoretical calculation and experimental results show that with the
increase of CNT diameter, the thermal conductivity of CNTs shows a downward
trend (Figure 2) [45]. This is because the increase of diameter inevitably increases
the defect content, which leads to more phonon scattering.

CNTs are widely used in various electronic devices due to their high con-
ductivity and chemical stability [46]. For SWCNTs, the specific surface area
of SWNTs can reach 240-1250 m? - g_l, which can generate 180 F - g_1 specific
capacitance, 20 kW - kg_1 power density, and 6.5-7 Wh - kg_1 energy density. At
the same time, high-temperature heat treatment can reduce the electrode imped-
ance and increase the specific capacitance of SWNTs. The increase of capacitance
is considered to be caused by the increase of specific surface area and a large
number of 3-5 nm pore distribution [47, 48]. For MWCNTs, they usually have
a high specific surface area (about 430 m”- g™"), a specific capacitance of up to
180 F - g_l, a power density of 8 kW - kg_l, and an energy density of 0.56 Wh - kg_l.
CNTs of different shapes (such as direct growth, porous, array, and crimp) have
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Figure 2.
The relationship between thermal conductivity and diameter of CNT5 [45].

been tested as electrodes. The array CNT is the most suitable electrode because of
its small internal resistance, good reaction rate, regular gap structure, and stable
conductive channel [49-51].

3. Carbon fibers

Carbon fiber is a kind of fiber material with high strength and high modulus. Its
carbon content is more than 90%, and CF with carbon content more than 99% is
also called graphite fiber, which is mainly composed of disordered graphite micro-
crystals stacked along the axial direction of the fiber [52]. CF is not only flexible
and acid and alkali resistant but also stronger than steel, which makes it an impor-
tant material for national defense, military industry, and civil use [53].

CF can be classified into polyacrylonitrile-based (PAN-based) CF, asphalt-
based CF, viscose-based CF, and gas-phase growth CF according to the source of
precursors [52]. As shown in Figure 3, according to the basic morphology, it can be
divided into filament CF and short CF, wherein filament CF can be woven into two-
dimensional CF fabric and three-dimensional CF fabric. Based on the mechanical
properties, it can be divided into general CF and high-performance CF which can
also be divided into high-strength type (strength >2000 MPa) and high model type
(modulus >300 GPa) CF. With the rapid development of aerospace, automobile
manufacturing, and sports facilities, the performance of CF has been increased,
and the outputs have been improved continuously. Currently, the largest amount of
polyacrylonitrile-based CF is used in the real world [54].

3.1 Fabrication of CFs

The industrial production of CF mainly includes polyacrylonitrile-based CF,
asphalt-based CF, and viscose-based CF. Among them, the preparation process of
viscose-based CF must be graphitized by high-temperature stretching. Because of its
complex equipment and technical difficulties, it has not been effectively developed.
The production process of polyacrylonitrile-based CF mainly includes two processes:
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Figure 3.
The pictures of (a) filament CF, (b) short CF, (c) CF cloth, and (d) 3D CF braid.

raw silk production and carbonization. The production process of raw silk mainly
consists of polymerization of acrylonitrile monomer, solution defoaming, wire
spraying, traction, water washing, oiling, drying, and reeling. Moreover, the car-
bonization process mainly includes pre-oxidation, low-temperature carbonization,
high-temperature carbonization, surface treatment, sizing and drying, winding,
and other processes. Note that the pre-oxidation refers to heating the precursor fiber
in the air to about 270°C, holding for a period of time, so that the polyacrylonitrile
linear polymer will be oxidized, pyrolyzed, cross-linked, and cyclized to form a heat-
resistant ladder polymer. In order to prevent melting and deformation of polyacry-
lonitrile fiber during high-temperature carbonization, the color of polyacrylonitrile
fiber gradually changes from white to yellow, then brown, and finally black. The
pre-oxidized fiber is carbonized in inert gas with high temperature, and then the
cross-linking reaction arises further. With the removal of hydrogen, nitrogen, and
oxygen atoms, CF with disordered graphite structure is formed.

The raw material of asphalt-based CF is petroleum asphalt or coal asphalt. The
preparation process mainly includes refining, spinning, pre-oxidation, carboniza-
tion, or graphitization of asphalt. Among them, mesophase asphalt is a kind of nem-
atic liquid crystal (LC) material composed of disk-shaped or rod-shaped molecules
formed by heavy aromatics during heat treatment. The asphalt-based CF prepared by
mesophase asphalt is easy to graphitize and usually has a high modulus [52, 55-57].

3.2 Properties of CF

Due to the carbonization and orientation at high temperatures, the carbon atoms
of CF are arranged very closely, and the disordered graphite is closely connected. In
addition, the diameter of CF is smaller, which can reduce the content of defects, so
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it has very high mechanical strength and modulus. The tensile strength and modu-
lus of CF can reach 7 and 700 GPa, which are much higher than those of glass fiber
and Kevlar fiber. CF can withstand high temperature above 3000°C without contact
with air. Therefore, CF has outstanding heat-resistant performance. The higher is
the temperature, the greater is the fiber strength. After graphitization, the density
of mesophase asphalt-based CF increases, and the carbon content exceeds 99%.
Most of the carbon atoms in the fiber form a large area of graphite sheet structure
along the fiber axis by Sp? hybridization, which is very conducive to the phonon
vibration. Therefore, the thermal conductivity of the graphite fiber can reach up to
1000 W/mK [45, 58, 59]. It is worth noting that the electrical properties of CF are
not ideal, because of the inherent polycrystalline structure and a large number of
grain boundaries inevitably formed during the pyrolysis of organic precursors [21].

4. Graphene-based fibers (GBFs)

Graphene is a two-dimensional (2D) crystalline sheet with a monolayer of carbon
atoms densely packed in an SP*-bonded honeycomb lattice and can be considered as
asingle layer of the graphitic film in graphite. Thus, graphene is the thinnest nano-
material known [60, 61]. As shown in Figure 4, the length of carbon—carbon bond in
graphene is about 0.142 nm; all carbon atoms are connected with three surrounding
carbon atoms by ¢ bond; the remaining P electron orbit is perpendicular to the plane
of graphene to form delocalized = bond because n electron can move freely in the
plane, rendering graphene holding excellent electrical properties [62, 63].

Since graphene was found in 2004 [61], because of its unique physical and
chemical characteristics, such as extraordinary thermal conductivity [64], mechani-
cal strength (622 - 42+ 4(N-m™)) [65], and fast electron mobility (4 = 10,000
cm?-V'.s™) [66-70], it has aroused great interest. Due to the oxygen-containing
functional groups, graphene materials obtained from chemical methods such as
graphene oxide and reduced graphene oxide (rGO) are highly maneuverable and
reactive, which further inspires a wide range of research enthusiasm in preparation,
chemical modification, and well-controlled assembly of advanced and macroscopic
structures for various device applications [71-77]. To this end, graphene-based 3D
aerogels (GBAs), 2D membranes (GBMs), and 1D fibers (GBFs) have been devel-
oped. Among them, GBAs hold the current world record for the lightest material,

7“.‘-5."‘_;%

Figure 4.
(a) Schematic diagram of a honeycomb crystal lattice of graphene, and (b) a single-layer suspended graphene
sheet exhibits intrinsic microscopic roughening.
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with a density of 0.16 mg - cm™ [78], and have demonstrated good capability in the
removal of spilled oils [78, 79]. GBMs, which are usually fabricated by infiltration or
CVD, have also found to have various applications in the field of energy storage and
conversion [80]. Compared with GBAs and GBMs, GBFs possess not only outstand-
ing mechanical property and high conductivity but also good valuable flexibility
that can be curved, knotted, and even woven into flexible conductive fabric,

which are considered capable of improving the practical applications of GBFs. The
development of high-performance GBFs could inspire more engineering applica-
tions of graphene. However, assembling microscopic graphene sheets into 1D fiber
remains as an unusual challenge because of the irregular shape and size and the
movable stacked layers of graphene sheets compared with the highly tangled CNT
assemblies [63]. Nevertheless, the assembly of graphene sheets into macroscopic
fibers has attracted wide interest due to the lightweight, lower cost, shareability,
ease of functionalization, and practical importance of GBFs in contrast to CNTs
and CF. Beyond that, 1D GFs with mechanical flexibility is particularly important
for wearable textile devices and can serve as the building blocks for constructing 2D
and 3D macroscopic architectures for various applications.

4.1 Fabrication of GBFs

At present, the manufacturing methods of GBFs are mainly influenced by
traditional synthetic fiber production methods, including melt spinning and solu-
tion spinning [63]. However, due to the high-temperature stability of graphene, its
melting temperature is even higher than that of fullerene and carbon nanotubes.
Therefore, melt spinning is not the choice for manufacturing GBFs, while solution
spinning is [81, 82]. Solution spinning mainly includes wet spinning, dry jet wet
spinning, and dry spinning. In addition to these traditional solution spinning meth-
ods, some new methods, including electrophoresis, template hydrothermal method,
and chemical vapor deposition-assisted assembly, have been developed recently. In
this part, the common methods of preparing GBFs will be introduced in detail.

4.1.1 Wet spinning

Wet spinning is one of the main methods to prepare chemical fiber. The impor-
tant step is to prepare a spinning solution. Because graphene is not easily dispersed
in water or other organic solvents, it is difficult to prepare a spinning solution, so
it is not possible to prepare fibers from graphene by wet spinning [83-85]. As an
important precursor of graphene, graphene oxide can be well dispersed in polar
solvents (such as water), so it is expected to prepare fibers by wet spinning [86].
The steps of preparing GBFs by wet spinning are as follows: first, GO dispersions
are injected into a stable aqueous solution to form GO spinning dope and then
injected into the coagulation bath to form a gel-like fiber to prepare GO dope. After
solidification for a period of time, GO fiber can be obtained by extracting colloidal
fiber and drying, and then GO fiber can be reduced to produce GBFs, as shown in
Figure 5. An rGO fiber can be further produced by reducing the GO fiber when
needed [86, 87]. To ensure uniform and continuous formation of gelatinous fibers,
the fibers after solidification should be kept at a certain speed. They can be drawn
through a rotating bath or using a collecting unit, as shown in Figure 5. The high-
est strength rGO fiber is made by the method shown in Figure 5a. This method
includes an easy spin of a small amount of fiber, but it lacks accurate control of fiber
moving speed. In contrast, the method shown in Figure 5b can provide constant
traction and determined moving speed to synthesize fibers, so the method is more
suitable for producing fibers with accurate tensile ratio and good scalability [88].

7
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Figure 5.
(a) The synthesis of graphene oxide fiber by wet spinning in rotating coagulation bath and (b) collection unit
[86, 87].

Zhen et al. prepared liquid crystal GO aqueous solution for the first time in
2011, taking NaOH/methanol solution as coagulation bath, obtaining GO fiber
through wet spinning, and then reducing GO fiber in hydroiodic acid to produce
GBFs. This method can make GO sheets form liquid crystals, which can enhance the
strength and flexibility of GBFs. The tensile strength of the fiber is 140 MPa, and
the conductivity is 2.5 x 10*S- m™ [86]. Then, Zhen et al. further tried to increase
the lamella of the raw material GO, using N,N-dimethylformamide (DMF) as the
solvent, acetone, and ethyl acetate mixture as the coagulation bath. After that, the
mechanical ability of GBFs was improved by spinning drafting and high-temper-
ature treatment at 3000°C, making its strength reach 1.45 GPa [89]. On the other
hand, the conductivity of GBFs can be improved by ion doping, and the conductiv-
ity of potassium doped GBFs can reach 2.24 x 107 S - m™" [90]. In addition, Shaohua
et al. prepared non-liquid crystal GO aqueous solution to achieve a high concentra-
tion of spinning solution to improve the fiber yield. The concentration of a spinning
solution can reach 2%, and then GBFs were obtained through a similar wet spinning
process and reduction by hydrocodone. The mechanical and electrical properties of
the fiber were 208 MPa and 1.53 x 103 S - m™* [91], respectively.

In addition to GBFs, graphene composite fibers can also be prepared by wet spin-
ning, so as to effectively improve the fiber performance and expand the application
field. Conducting polymer monomers are polymerized in situ during spinning to
prepare composite fibers [92, 93], or oxides or other materials are added directly
into the spinning solution to increase the capacity of fiber-shaped supercapacitors
[94, 95]. Wujun et al. used GO to disperse the water-insoluble activated carbon in
the aqueous solution, spinning and reducing to obtain graphene/activated carbon
composite fiber. The fiber has a specific surface area of 1476.5 m” - g and a capacity
of 43.8 F - g™" [96]. Similarly, the graphene/manganese dioxide composite fiber can
be spun by a similar process, and the capacity of the supercapacitor can reach
66.1F - cm™ [97]. In addition to inorganic materials, GO and polyvinyl alcohol
(PVA) also have good compatibility. Adding sodium hydroxide to non-liquid crystal
GO aqueous solution for a pH = 11. Then, adding PVA can significantly increase the
affinity between fiber and electrolyte [98]. Similarly, the surface of the fiber with
a large number of hydroxyl groups can significantly increase the hydrophilicity
and strength of the fiber, which is caused by a large number of oxygen-containing
functional groups on its surface [99]. Mochen et al. developed a method to improve
the strength of graphene fiber. They spun GO and phenolic resin together. After
carbonization under the condition on 1000°C, the C-C covalent bond was
formed between graphene sheets, and the fiber strength reached 1.45 GPa [100].
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The tensile strength and elongation at break of graphene fiber with 10% phenolic
resin are 1.45 GPa and 1.8%, respectively, which are better than most GBFs reported
before. The increase of strength, toughness, and elongation can be attributed to the
formation of a C—C bond between the graphene sheet and phenolic carbon, which
provides sliding space for the graphene sheet before fracture. Yang et al. developed
a simple but effective method for continuous manufacturing of neat, morphologi-
cally defined, graphene-based hollow fibers (HFs) with coaxial capillary spinning
strategy. As shown in Figure 6, the preparation method of GO-HFs is to use coaxial
capillary spinneret to spray silk in 3 mol - L™* KCI methanol solution and use
compressed air to replace the internal fluid of KCl/methanol solution to successfully
prepare GO-HFs with necklace structure (nGO-HF). Experiments show that nGO-
HF has a large elongation of about 6% when it breaks, which indicates that nGO-HF
has a strong ability to bear compression, which is caused by the elastic deformation
of hollow microspheres [101]. Therefore, the physical properties of GBFs can be
controlled by adjusting the spinning conditions.

4.1.2 Dry spinning

In the dry spinning of GBFs, GO dispersion (mainly dispersed in water) is also
used as a spinning assistant rather than a coagulation bath. Instead, the GO disper-
sion is injected and sealed in a pipe, and the GO dispersion is precipitated in the form
of gel state fiber at high temperature by heating or chemical reduction, and then
dried rGO fibers can be obtained by further solvent removal. GO dispersions are
considered to be colloids with large-size dispersants [102-104]. The study of Dong
et al. and Yu et al. shows that high temperature can promote the rapid movement
of GO dispersant and increase the possibility of collision and precipitation of GO
plate. At the same time, high temperature or chemical reduction can also separate the

Figure 6.
Schematic of the setup that used a dual-capillary spinneret to divectly spin GO-HFs [102].
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oxygen-containing groups in GO and reduce the zeta absolute potential of GO disper-
sion. Finally, due to the lack of sufficient electrostatic repulsion, GO sheets’ precipi-
tate is assembled into fibers. The fibers in the gelatinous state expand in the solvent,
but the diameter of the fibers can be reduced by about 80% after drying [105, 106].

In the process of dry spinning, the precipitate of GO sheet under the condition
of 220-230°C is actually a solvothermal process (the water is used as the solvent to
disperse GO). The process flow is shown in Figure 7 [107], and the fibers made in this
way are actually rGO fibers. It is reported that 27% of oxygen in GO can be removed
at 180°C and most hydroxyl, epoxy, and carboxyl groups begin to separate at 200°C
[108, 109]. Therefore, GBFs synthesized by the hydrothermal method has consider-
able conductivity, without post-reduction treatment [105, 110]. In addition to the
hydrothermal method, Jihao et al. also use the chemical reduction method of CO to
produce rGO fiber. First, the GO and vitamin C (VC) solution was injected into the
polypropylene (PP) tube, then heated to 80°C, and kept for 1 h, while GO was reduced
and assembled into gel-like rGO fibers. After extraction and drying, the fiber diameter
decreased by 95-97%, which was due to the shrinkage of the fiber due to the removal
of moisture. Finally, the conductivity of the rGO fiber is about 8 S - cm [111].

In the dry spinning process, GO dispersion does not necessarily exist in the form
of liquid crystal [106]. The randomly dispersed low-concentration GO dopes (8 mg -
ML composed of small-diameter GO (d = 0.5-4 pm) can also be used for the syn-
thesis of GBFs [112, 113]. Compared with the wet spinning method, the preparation
of graphene fiber by dry spinning does not need other auxiliary reagents, only needs
high-temperature reduction or chemical reaction to get GBFs, and can get any shape
of GBFs by pre-setting template, even hollow structure GBFs [105, 106, 112]. It is
worth noting that after reduction, the strength of GO fiber obtained by dry spin-
ning is lower than that by wet spinning, but its toughness is as high as 19.12 MJ - m >,
which is expected to become a green processing method of GBFs in the future [107].

4.1.3 Dry jet wet spinning

Dry jet wet spinning is another important spinning method of conventional syn-
thetic fiber. The results show that PAN-based carbon fibers can be spun with high
concentration coating by this method and the mechanical properties of the fiber are
better than that of wet spinning [52, 114]. Shayan et al. use dry jet wet spinning to
improve the strength of the fiber. The existence of the air layer effectively reduces
the speed gradient of the spinning liquid from the spinneret to the coagulation
bath, so that the fiber has a better arrangement. However, if the air layer is too long,
it will affect the tensile property of the fiber and control the diameter of the needle
and the distance of the air layer. Then, the high-strength GBFs with circular cross
section can be spun (Figure 8a) [115].
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Figure7.
Schematic illustration of the dry spinning process with a concentrated organic dispersion of GO [108].
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Figure 8.
(a) A digital photo showing the setup for dry jet wet spinning of GBFs [115]. (b) and (c) Surface and
cross-sectional images of a GBFs [103].

Figure 8b and c shows the surface and cross-sectional images of dry jet wet
spinning fiber, which indicates that the GBFs with smooth surface and circular cross
section can be produced by dry jet wet spinning with proper solvent coalescent pair
(chlorosulfonic acid and diethyl ether), which is not realized in both wet spinning
and dry spinning.

4.1.4 Chemical vapor deposition-assisted assembly

In the production of graphene made by chemical vapor deposition, the
composition of graphene can be easily changed by changing the composition of
the gas phase. Xinming et al. reported in 2011 a method of self-assembly of two-
dimensional CVD grown films into one-dimensional GBFs in ethanol, acetone, and
other organic solvents through the change of surface tension. The resulting fibers
have a high conductivity of about 1000 S - m™" [116]. Seyed et al. reported another
method of film assembly. They first scraped and coated the GO dispersion into
multiple film strips, dried and twisted it to get GO fiber, and then put it through
thermal reduction to get GBFs. The GO fiber made by this method has high elonga-
tion at break (8.3-78.3%) and excellent fracture toughness (1.3-17.4 J - m~>), but its
strength is low (9.7-85.9 MPa) due to many defects in the fiber section [117]. Jiali
et al. also developed a method for preparing GBFs by film shrinkage, as shown in
Figure 9. First, graphene was produced on copper foil by CVD with methane asa
carbon source. In order to obtain a complete and independent graphene film, a layer
of polymethyl methacrylate (PMMA) is spin-coated on the surface of graphene.
The copper foil is etched with 1 M ammonium persulfate solution, and the PMMA
layer is washed off with acetone to obtain the laminated graphene film. Second, the
film is pulled out of the solution with tweezers to shrink to form GBFs with uniform
diameter [118]. The graphene film can be directly used to prepare GBFs by film

11
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Figure 9.
Schematic illustration of GBFs prepaved by film assembly [118].

shrinkage method, and the obtained fiber generally has more pores. However, the
CVD method needs a lot of instrument investment and strict gas conditions, and
the cost is high, so it is difficult to promote.

4.1.5 Templated hydrothermal method

Zelin et al. reported a template hydrothermal method to prepare GBFs. GO
dispersion was injected into the stripping pipe, sealed at both ends, and then
heat-treated in water at 230°C for 2 h to form continuous GBFs. The structure of
GBFs can be adjusted by controlling the concentration of GO dispersion and the
inner diameter of a glass tube. The graphene fiber has a porous structure, has a
density of only 0.23 g - cm >, and hasa good flexibility [105]. Yunming et al. used a
simple low-temperature-induced self-assembly method to synthesize GBFs. They
mixed GO and ascorbic acid evenly and sealed them in a specific straight glass
tube. They carried out the hydrothermal reaction at 90°C and 120°C, respectively,
until the fiber was completely formed and then obtained GBFs with layered porous
structure. Its conductivity can reach 1.3 x 10* S - m™". After heating, it has excellent
mechanical properties and can be easily woven into the spinning products [119].
Lizhi et al. further developed on the basis of previous methods, and the specific
preparation process is shown in Figure 10.

First, the dispersion of GO is sprayed into liquid nitrogen through a spout to
prepare a layer bridging GO dispersion - interconnected graphene oxide ribbons
(IGOR). Then, a certain concentration of GO dispersion is uniformly mixed with
IGOR dispersion and injected into a quartz capillary with an inner diameter of
0.4 mm. The two ends are sealed, heated at 230°C for 2 h, and finally dried in air for
12 h. The GBFs show higher strength and toughness [120].

In order to increase the length of GBFs prepared by the hydrothermal method,
Dingshan et al. improved the above methods. The authors replaced the brittle glass
tube with the flexible and high-temperature-resistant fused silica capillary column,
injected the GO dispersion containing ethylenediamine into it, and sealed it. After
that, they put it in the furnace at 220°C for 6 h, extruded it with nitrogen to form the
fiber, dried it, and collected the long enough GBFs [106]. Although the GBFs with
porous structure can be prepared by the hydrothermal method, it is difficult to achieve
continuous production because of the need of closed space and long reaction time.
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Schematic illustration of graphene hybrid fibers prepared by hydrothermal method [120].

4.1.6 Conductive substrate-assisted spontaneous reduction and assembly

The conductive substrate-induced spontaneous reduction and self-assembly
of GO generally proceeds by putting metal substrates (e.g., Al, Fe, Cu) into GO
solution for GBF preparation. As shown in Figure 11, Junjie et al. take copper
wire as the substrate and adopt the three-electrode method to make the GO sheet
continuously deposit on the surface of copper wire under the double induction of
electrochemistry and template. Both GO and copper are simultaneously restored.
Then, they etch and remove the copper wire in the FeCl; solution to obtain the
graphene hollow fiber with an oriented structure. The controllable preparation of
the hollow fiber can be realized by controlling the diameter, length of the sub-
strate, and the time of electrochemical deposition. The graphene hollow fiber has
excellent flexibility and conductivity and can be used as the electrode material of
supercapacitor [121].

B Cu wire
B Graphene
B Oxygen groups

Figure 11.
Scheme of spontaneous reduction and assembly of graphene hollow fiber on active metals substrates [121].
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4.1.7 Electrophorvesis self-assembly method

The electrophoretic phenomenon occurs in a colloidal solution because charged
particles can move under the action of electric field. Lianlian et al. developed a
method for preparing GBFs with electrophoretic self-assembly. The graphite probe
was used as a positive electrode to invade the GO dispersion. Under constant potential,
the graphite probe was extracted slowly and uniformly, and self-assembled GO fibers
were formed at the tail of the cathode. After drying and heating, GBFs with a smooth
surface and circular cross section can be obtained [122]. Because the electrode moving
speed is only 0.1 mm - mm ™, it takes 1 week to get 1-m-long fiber. The yield of GBFs
obtained by this method is too low to scale production.

4.2 Applications of GBFs

Thanks to graphene’s superior electrical, mechanical, and thermal properties
and good flexibility, GBFs have great potential in sensor, energy storage, energy
conversion, and other fields.

4.2.1 Sensor

With the continuous development of flexible equipment, intelligent devices,
including electricity, humidity, force, and temperature, can rapidly make structural
changes in the environment and be increasingly concerned by people. The GBFs
shows excellent performance in this regard.

Zhao et al. successfully developed a graphene-based multifunctional optical fiber
sensor, which can respond to three different stimulations. They deposited GCN on
GF (GF and GCN) and twisted it with another GF to form a double helix GBFs. In
the twisted structure, the contact interface of the two fibers has a sandwich-like
graphene/GCN/graphene structure. Under different external voltage controls,

GF and GCN can show three different stimulus modes. Each mode can respond to
temperature fluctuation, mechanical interaction, and humidity change and hasa
high sensitivity to specific stimulation [123]. Yanhong and his team electroplated
polypyrrole on half of the surface of GBFs, which changes the current transmission
rate on both sides of the fiber. With different types of current, the fiber has different
bending states. The prepared electric GBFs are expected to be applied in the multi-
arm tweezers and mesh driver [124]. Chunfei et al. used twisted GBFs to realize tem-
perature sensing. With the increase of temperature, the fiber resistance decreases.
This is mainly due to the transition of semiconductor characteristics between
graphene sheets. The fiber has similar sensing characteristics for temperature under
different stretching conditions and has a wide application prospect [125].

In addition, GO fiber is partially restored by laser method, which is sensitive to
humidity. By changing the position, the fiber can be transformed into various shapes.
Taking advantage of the hydrophilic characteristics of GO in a humid environment, the
distance between sheets is increased, while graphene is non-hydrophilic. Hence, the
bending degree of the fiber changes with the humidity. Meanwhile, the fiber is woven
into fabric shape, which still has sensitive response performance [126]. After twisting
the spinning GO fiber, the twisted fiber will rotate repeatedly as the humidity changes
periodically. When the humidity increase, a large number of oxygen-containing func-
tional groups on the surface of GO will absorb water, and the distance between layers
will increase. Otherwise, the distance between layers will decrease. A magnet is added
at the lower end of the fiber to prepare a humidity sensing electric motor. The speed of
the motor reaches 5190 r - min~". The motor can convert the change of environmental
humidity into electric energy and realize the collection of energy [127].
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The GBFs and the GBFs coated with a layer of carbon nitride on the surface are
wound together. The middle carbon nitride layer is equivalent to a buffer layer.
Its conductivity is related to the layer spacing. With the pressure increase, the
distance decreases and the conductivity is, in turn, to increase, which can realize
the stress sensing [123].

4.2.2 Energy storage
4.2.2.1 Lithium-ion batteries

With the development of science and society, a portable energy storage device is
becoming smaller and more flexible. Lithium-ion batteries are a new type of energy
storage device, which has the advantages of high energy density, environmental
friendliness, long cycle life, and high working voltage. However, the traditional LIBs
cannot meet the needs of wearable electronic devices due to its large usage, rigidity,
and weight. Therefore, it is necessary to develop new batteries with small volume,
lightweight, and high flexibility. GBFs maintain the unique characteristics of the
graphene nanosheet. When GBFs are used in the fiber lithium battery, it can realize
the series connection with flexible electronic devices and drive them to work stably,
achieving high energy density and holding a good commercial prospect [128, 129].

Jung et al. of the Korea Institute of Chemistry used pure GBFs as the negative
electrode material of lithium-ion batteries. The battery circulates 100 times in the
range of 0.005-3 V under the current density of 100 mA - g~', and the capacity
is still 224 mAh - g™" [130]. Minsu et al. obtained hollow GBFs by coaxial spin-
ning and increased specific surface area and active site, and its capacity remained
196 mAh - g ™" in the range of 0.005-1.5 V for 100 cycles under the current density
of 0.2C [131]. Due to the low capacity of pure GBF battery, Jong et al. added MnO,
active material in graphene; the addition of MnO, increased the distance between
graphene sheets and gave lithium-ion fast transfer channel. Moreover, the battery
made by MnO, coating of graphene has good cycle stability, and the cycle capacity
of 100 times remained 560 mA - g™ . Minsu et al. filled the inner space with Si/Ag
nanoparticles, and the outer graphene well controlled the volume expansion of the
inner silicon during charging and discharging, providing a smooth electronic chan-
nel. Compared with the simple mixing process, it has better cycle stability and rate
performance, and the capacity of 100 cycles remains 766 mAh - g™ [131].

The GBFs prepared by the above method have low strength, and it is difficult to
form a macroscopical fiber battery. In one report, a fiber battery electrode com-
prised of 2D/2D layered titania sheets/rGO sheets (titania/rGO) composites was
prepared through wet spinning method [132]. By assembling the cathode of titania/
rGO fiber with the anode of lithium wire in parallel, a fiber-shaped half-cell was
fabricated. This hybridized fiber electrode had an ordered stacking structure, high
linear density of active materials, and abundance of exposed active sites, which
endows the fiber electrode with prominent mechanical flexibility combined with
excellent battery performances of high linear capacity of 168 mAh - g_l, good rate
capability, and outstanding cyclic behavior. Woon et al. used wet spinning to con-
struct graphene/carbon tube/sulfur electrode as positive material of Li-S battery.
Graphene has high conductivity and can transfer electrons rapidly. Meanwhile, GO
fiber as a matrix can obtain light fiber with certain mechanical strength for wear-
able equipment, as shown in Figure 12a and b [133].

Compared with wet spinning, the diameter of the nanofiber film obtained
by electrospinning is smaller. As the electrode material of lithium battery, it can
significantly reduce the migration distance of lithium-ion and increase the specific
surface area of the electrode material and improve the electrochemical performance
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Figure 12.
(a) Schematic of fiber-shaped lithium-ion battery. (b) Schematic illustration of synthetic route of
rGO/CNTs/S fiber [133].

of the battery [134-136]. Xiaoxin et al. obtained the Si-graphene-C structure which
is similar to the coronary artery based on bionics. Graphene can effectively control
the volume expansion of Si, and high conductivity is also conducive to the rapid
transfer of ions. Meanwhile, the inclusion of graphene also avoids direct contact
between Si and electrolyte and avoids the formation of a large number of SEI films.
After 200 cycles, the capacity retention rate is still 86.5% [137]. Jian et al. continued
to wrap a layer of graphene outside SnO, and GO nanofibers with a double-layer
protection method to inhibit the volume expansion and agglomeration of active
materials. This method is applicable to almost all oxide and graphene nanofiber
electrodes obtained by electrospinning, with good universality [138].

At present, there are few researches on the application of GBFs in LIB and the
assembly of woven fiber batteries. Compared with the traditional button batter-
ies, the assembly process of GBFs is relatively complex, so it is unable to achieve
continuous production.

4.2.2.2 Supercapacitor

In addition to the application in LIB, GBFs are also widely used in the field of
supercapacitors. Supercapacitor, also known as a double electric layer capacitor
or electrochemical capacitor, is a new energy storage device that uses the rapid
adsorption—desorption of electrolyte ions with electrode materials or the revers-
ible oxidation-reduction reaction on the surface of electrode materials to realize
electric energy storage [139, 140]. With the continuous development of wearable
devices, flexible supercapacitors have become the preferred energy source for vari-
ous electronic devices due to their fast charge and discharge ability and long cycle
life. Among them, fiber supercapacitors have attracted much attention due to their
lightweight, small size, high flexibility, and good wearability. GBFs have excellent
conductivity and super high specific surface area, so it has been widely used in the
field of fiber supercapacitor [141].

Chen et al. prepared pure GBFs with a non-liquid crystal method and further
assembled the fibers into flexible supercapacitors. The capacitance of the supercapac-
itor is 39.1 F - g~ when the current density is 0.2 A - g~". At the same time, it is found
that the electrochemical performance of GBFs can be greatly improved by immers-
ing it into 6 M KOH for 10 min before the electrochemical performance test. At the
current density of 0.2 A - g™, the specific capacitance is 185 F - g™* (226 F - cm™), and
the energy density is 5.76 Wh - kg_1 (power density is 47.3 W - kg_l) [91]. The capaci-
tor has good toughness and can be woven into fabric and light LED after charging. Hu
and Zhao integrated two electrodes (the upper and lower part of rGO) and separator
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(the middle part of GO) into the GO optical fiber, as shown in Figure 13a, and made
akind of all-in-one fiber graphene supercapacitor (rGO-GO-rGO) without any
adhesive. The diameter of the rGO-GO-rGO fiber is 50 pm, and the rGO part is about
1/4 of the fiber width. The rGO-GO-rGO fiber supercapacitor shows remarkable
mechanical flexibility, which can bend to various curvature while maintaining high
capacitance (Figure 13b) [142, 143].

At present, the specific capacitance of pure GBFs is far less than the theoretical
capacitance of graphene. How to improve the capacitance of GBFs is still a big chal-
lenge. Currently, an effective method that has been proven and widely used is the
hybridization strategy, including doping and compounding with other substances.

Doping increases the active region on the surface of graphene and further
improves its catalytic activity for a redox reaction. Among all kinds of atom doping,
nitrogen atom doping is the most common. Doping nitrogen atoms with extra valence
electrons into graphene will introduce new energy into the low energy region of
the carbon conduction band. The introduction to this new energy can improve the
catalytic activity and electrochemical performance of graphene materials. Yunzhen
et al. extruded the GO dispersion into the substrate of hydroxylamine ethanol solution
as a network, dried it, and heat it to obtain the nitrogen-doped rGO network fabric.
Then, the PT foil was used as the collector to assemble the supercapacitor. The specific
capacity was 188 F - g~' when the scanning rate was 5mV - s~ in 25% KOH electrolyte.
When the scanning rate was increased to 1and 10 V - s, the specific capacity was
kept at 74.2 and 48.4%, respectively, showing very excellent rate performance [144].
Guan et al. constructed nitrogen-doped porous GBF supercapacitors with high energy
density output, large-scale weaving, and flexible wearable application prospects by
means of self-assembly of the liquid-liquid interface and molecular functional doping
pore formation in the micro-reaction system. The area-specific capacitance of the
fiber supercapacitor prepared by this method is as high as 1132 mF - cm ™, which has
excellent cycle stability and bending durability [145].

Graphene can be compounded with other carbon nanomaterials, conducting
polymers, metal oxides/sulfides, and other materials to form graphene composite
fibers. The high specific capacitance of the additives can be used to improve the
electrochemical performance of the composite fibers.

Yu et al. constructed a graphene/CNT composite fiber. Due to the high conductiv-
ity of CN'Ts, the conductivity of the composite fiber can reach 102 S - cm™, and the
specific surface area can reach 396 m”- g~ The volume-specific capacitance of the
fiber electrode is 305 F - cm >, and the mass-specific capacitance is 508 F - g~* [106].
Yuning et al. mixed GO and pyrrole monomers as spinning solution and extruded
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Figure 13.
(a) Scheme of supercapacitor supported by two electrodes. (b) Capacity decrease with increasing bending
cycles [142].
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them into FeCl; solution to solidify and polymerize pyrrole in situ, and the PPy/GO
composite fiber was obtained after reduction by hydroiodic acid. The fiber has a skin
core structure, and its capacitance performance is greatly improved compared with
pure rGO fiber. The area-specific capacitance is 1072 mF - cm > (73.4 F - g "), and the
energy density is between 6.6 and 9.7 p Wh - cm™ [146]. Bingjie et al. synthesized the
graphene/molybdenum disulfide composite fiber electrode with the one-step hydro-
thermal method. The electrode has a new intercalation nanostructure, which effec-
tively combines the excellent conductivity of the graphene sheet layer with the high
pseudocapacitance of molybdenum disulfide. The final assembled fiber-like super
electric container shows a volume-specific capacitance of up to 368 F - cm™ [147].
Qiuyan et al. overcame the problem of poor interaction between MXene layers and
prepared MXene/graphene composite fiber. The orientation distribution of MXene
sheets among GO liquid crystal templates realized high load (95 w/w%). The com-
posite fiber shows excellent conductivity (2.9 x 10*S-m™) and ultrahigh-volume-
specific capacitance (586.4 F - cm™), far exceeding the value of pure GBFs [148].

In addition, the structure optimization of GBFs is also an effective way to
improve the performance of GBF supercapacitor, which mainly lies in the improve-
ment of specific surface area and the regulation of the layer arrangement structure.
The porous GO fiber reported by Seyed et al. in 2014 was transformed into porous
rGO fiber after thermal reduction at 220°C, as shown in Figure 14.

The specific surface area of the fiber is 2210 m* - g', and the conductivity is
about 25 S - cm™, and the specific capacity of the fiber is 409 F - g when the
current density is 1 A - g7, The specific capacitance of 56 F - g still exists when
the current density is increased to 100 A - g'1 [117]. Chen et al. used cellulose
nanocrystals (CNC) to adjust the structure of GBFs. CNC nanorods can not only
improve the serious accumulation of graphene sheets in GBFs but also inhibit the
possible bending and folding of graphene sheets in the process of fiber-forming, so
as to form ordered nanopore structure. The composite GBFs were assembled into
a supercapacitor with a conductivity of 64.7 S - cm™" and a specific capacitance of
208.2 F - cm ™, which has excellent electrochemical performance [99]. In addition,
they also use graphene hollow fiber prepared by the electrochemical method as the
electrode of fiber-like supercapacitor [121], and the additional inner surface of hol-
low fiber can provide more contact area with electrolyte. Under the current density
of 0.1 A - g™, the specific capacitance of the assembled solid-state supercapacitor
canreach 178 F - g7, and it has good rate performance and cycle stability. Guoxing
et al. prepared graphene/conductive polymer composite hollow fiber with the
hydrothermal method. The combination of hollow structure and pseudocapacitance
provided by conductive polymer greatly improved the capacity of the capacitor and
provided a new idea for the improvement of supercapacitor capacitance [149].
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Figure 14.
Porous graphene fiber and its supercapacitor. (a) SEM image of porous fibers. (b) Schematic illustration of the
structure of supercapacitor. (c) CV curves of graphene fibers prepared in different coagulation baths.
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4.2.3 Energy conversion
4.2.3.1 Actuator

Actuators are a kind of stimuli-sensitive device that can respond to external
stimuli, such as humidity, temperature, and electrical changes, and transfer the
stimulus into deformation or motion [126, 127]. Due to quantum mechanics and
electrostatic double-layer effect, graphene may cause space warping or plane
expansion under the charge injection. In addition, the intercalation or removal of
ions or molecules in graphene products under external stimulation will also lead to
the bending, twisting, and even reversible change of the interlayer spacing. In this
way, the type and degree of deformation can be controlled by the composition and
surface chemical state of graphene [150, 151].

Jia et al. showed an electrochemical fiber driver with high driving activity and
durability based on GF/polypyrrole (GF/PPY) double-layer structure, as shown in
Figure 15. Because of the asymmetry of the structure, GF/PPY fiber shows revers-
ible bending deformation under the condition on positive and negative charges. As
shown in Figure 15, when a positive voltage is applied to GF/PPY fiber, graphene will
shrink and expand due to anion discharged from PPY, and the fiber will bend to the
left. When a negative voltage is applied, GF/PPY fiber can bend to the right [152].

Compared with rGO, GO has more oxygen functional groups, so it is more sensi-
tive to water. Based on this principle, Huhu et al. fabricated an asymmetric rGO/
GO fiber by region-selective laser reduction along the GO fiber. When exposed
to humid air, the rGO/GO fiber can bend to the rGO side and then return to its
original state after air moisture dispersion. After that, they made a twisted GO fiber
by rotating the GO hydrogel fibers in the direction of rotation. The spiral geometry
inside them was the main reason for the reversible rotation in the moist air.

4.2.3.2 Solar cell

Wearable solar cells can supply power to flexible smart devices at any time, while
GBFs can be used as electrode materials to achieve this new function. Peng et al.
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Figure 15.
Schematic illustration of the expansion-contraction mechanisms of the GF/PPY bilayer structure. Charges in
each electrode are completely balanced by ions from the electrolyte.
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obtained GBFs by wet spinning and then made its surface loaded with Pt metal par-
ticles by electrodeposition to the obtained counter electrode. The titanium wire with
titanium dioxide microtubules on the surface is used as the working electrode; the
dye-sensitized solar cell (DSSC) has an energy conversion efficiency of 8.45%, which
is much higher than other linear photovoltaic devices. The continuous collection of
energy can be realized by putting linear solar cells into conventional clothes [153].
The high surface properties and good electrical and electrochemical properties of
graphene are the important reasons to improve the performance of fiber DSSC.

5. Conclusions and perspective

This chapter mainly summarizes the main preparation methods, properties,
and application fields of CNT, CF, and GBF materials. Among them, CNTs have
unique one-dimensional nanostructures and excellent mechanical, electrical, and
optical properties. Through various methods of modification, researchers con-
tinue to prepare CNT composite nanomaterials with excellent performance, which
has a good application prospect. Starting from the needs of the application field,
it is the trend to study the carbon nanotube composite materials in the future
to expect to obtain the high-efficiency structure which is corresponding to the
application performance. Although some progress has been made in the prepara-
tion and properties of carbon nanotube composites, the mechanism of improving
the properties of composites and the dispersion of carbon nanotubes still need to
be explored.

CF is a new type of fiber material with high strength and high modulus, which
contains more than 95% carbon. Its quality is lighter than that of aluminum, but
its strength is higher than that of steel, and it has the characteristics of corrosion
resistance and high-temperature resistance. It is an important material in the mili-
tary industry and civil use. With the rapid development of CF composite and the
continuous improvement of molding technology, its application scope is expanding
day by day, and it shows good application potential in many fields. However, the
physical and chemical properties of CF composites are complex, so it is necessary to
study the basic theories of physical and chemical properties, mechanics, and heat,
so as to improve the performance of CF composites.

GBFs have achieved great success in functional application, and it is far more
amazing than CF. So far, various preparation methods have been studied and used
in large-scale production of GBFs, which provides a positive impetus for the future
application of GBFs. GBFs have been given new performance and function and
provide new opportunities for various applications, including fiber-optic actuators,
batteries, super electric containers, dye-sensitized solar cells, and sensors.

GBFs are a kind of graphene nanosheet assembled in one-dimensional space.

At present, the structure of GBFs can be regulated in the following aspects: (1)
Diameter. Generally, the diameter of GBFs is 10-100 pm. If it is prepared by electro-
spinning, its diameter can be controlled below 500 pm. (2) Porosity. On the one
hand, it can be prepared by self-assembly, rolling, graphitization, and sintering; on
the other hand, it can be prepared by freeze-drying, air spinning, and other meth-
ods. In addition, graphene hollow fiber can also be prepared. (3) Orientation. The
arrangement of graphene sheets has a great influence on the properties of GBFs.
The GBFs with a high degree of orientation can be obtained by the stress field ori-
entation effect in the wet spinning process, the self-assembly in the electrochemical
deposition process, and the second phase auxiliary orientation effect in the compos-
ite fiber. (4) Section morphology. It is difficult to maintain the circular cross section
of the fiber, which is generally irregular. At present, the conventional method is to
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adjust the fiber cross-sectional shape by adjusting the spinneret hole shape, but the
research progress is slow.

In order to meet the needs of different applications, graphene composite fibers
appear. The additive materials include metal, inorganic, and polymer materials,
such as silver nanowires, silicon nanoparticles, molybdenum disulfide nanopar-
ticles, polypyrrole nanoparticles, etc. Basically, any nanomaterial can be added to
GBFs to get graphene composite fiber. But one of the key problems is to control the
structure of the composite fiber. The main control factor is the morphology of the
second phase and its distribution in the fiber. For GBFs and its composite fiber,
the main problems are as follows: (1) Compared with the graphene nanoflakes, the
properties of GBFs are greatly cracked. (2) GBFs are composed of layers, which are
very different from the chain structure of the traditional chemical fiber, so its flex-
ibility is poor. (3) It is difficult to realize continuous production. Even with the most
suitable wet spinning method for continuous production, its continuous production
is very difficult, and the yield is very low.

Although GBFs are faced with many problems, remarkable achievements
have been made. Compared with CF, GBFs have the characteristics of high
strength, high modulus, conductivity, and certain flexibility, which have devel-
oped into a new type of high-performance fiber. On the other hand, graphene
composite fiber is committed to develop into a new type of multifunctional
intelligent fiber. This kind of fiber starts from modifying the traditional general-
purpose fiber to improve some aspects of the performance of the general-
purpose fiber and to develop new kinds of fiber, such as graphene/nano titanium
oxide composite fiber. It can also develop new fiber performance and functions,
such as energy storage, and finally realize multiple functions such as perception,
judgment, correspondence, information transmission, etc. on the fiber and
become a new type of intelligent material. Therefore, GBFs and its composite
fiber will be widely used in aerospace, energy sensing, intelligent life, and other
fields in the future.
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