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Abstract:  Graphene  fibers  (GFs)  have
demonstrated high strength, high electrical and
thermal  conductivity,  mechanical  flexibility,
chemical stability, and good functionality, etc.
at  the  macro-scale,  and  have  been  used  in
many different fields, particularly next-genera-
tion wearable  and  flexible  devices.  This   re-
view provides an overview of recent advances
in the  fabrication  of  GFs,  including  wet   spin-
ning, confined  hydrothermal  synthesis,   chem-
ical  vapor  deposition,  and  other  emerging
techniques.  Special  emphasis  is  placed on the
development  of  GF-based devices  that   con-
vert  solar,  thermal,  or  moisture  energy  from
the  environment  into  electrical  energy.  The
working principles, structural design, and performance of these devices are summarized and current challenges and prospects
for their use in wearable energy systems are detailed.
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 1    Introduction
Graphene,  a  two-dimensional  (2D)  honeycomb

carbon  material,  has  high  electron  mobility  (2×
105  cm2/(V·s))[1],  excellent  thermal  conductivity  (5×
103 W/(m·K))[2],  large surface area (2.63×103 m2/g)[3],
and promising mechanical elasticity (1 TPa) and stiff-
ness  (340  N/m)[4].  Assembling  atomic-thin  graphene
sheets into  functional  macroscopic  fibers  has   attrac-
ted much attention because of the numerous potential
applications in light-weight aircraft, wearable or fold-
able  electronics,  advanced  energy  devices  and  so  on.
Because  of  the  irregular  size/shape  of  2D  graphene
sheets and the complexities involved in their layer-by-
layer assembly[4], great efforts have been dedicated to
achieving  the  construction  of  GF.  For  example,  in
2011, a wet spinning method was developed to fabric-
ate  graphene  oxide  (GO)  fiber  based  on  the  formed
orientated GO liquid crystal (LC) during flow process
for  the  first  time[5].  Then,  graphene  fibers  (GFs)  of

several meters in length were obtained after chemical
reduction  or  high-temperature  treatment.  Dong  et  al.
prepared electrically conductive GF directly from GO
solution  through  the  space-confined  hydrothermal
strategy[6]. To date, the mechanical strength of GF has
reached approximately 3.4 GPa, nearly 10 times great-
er than that of the GF produced in 2011[7]. Meanwhile,
the  electrical  conductivity  of  GF  have  also  reached
about 8 × 105 S/m and a thermal conductivity of 1290
W/(m·K)[8],  respectively.  Importantly,  the  ability  to
tune chemical composition and physical structure has
endowed GF with diversified functional properties, in-
cluding  high  flexibility,  stretchability,  charge  storage
capacity,  energy  conversion  capacity  and  so  on[9–10],
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which will subsequently provide unconventional solu-
tions  for  next-generation  technologies  by  leveraging
graphene-based fiber[11–14].

As  illustrated  in  Fig.  1,  the  development  of  GF
follows a  systematic  research  framework   encom-
passing synthesis,  optimization, structure-property re-
lationships,  and  applications.  The  synthesis  of  GFs
primarily relies on wet spinning of GO, hydrothermal
methods and chemical vapor deposition (CVD), where
key factors such as diamine ion bridging and interlay-
er  interactions  play  crucial  roles  in  determining  the
material’s  fundamental  characteristics.  Subsequent
optimization  through  wet-spinning  techniques  allows
precise control over microstructural features and mor-
phological attributes, while concentration adjustments
and defect engineering at micro- and nano-scales fur-
ther enhance material performance. Understanding the
intricate  structure-property  relationships  is  essential
for tailoring GFs’ mechanical strength, electrical con-
ductivity  and  porosity.  These  engineered  properties
ultimately enable advanced applications ranging from
light-weight electrical  wires  to  fibrous  energy   har-
vesters,  including  fibrous  solar  cells,  thermoelectric
generator  (TE),  moist-electric  generator  (MEG).  This

review aims to provide a comprehensive discussion on
the fabrication of GFs and related fibrous energy har-
vesters (Fig. 1).

 2    Fabrication of GF
 2.1    Wet-spinning

It is difficult to directly disperse graphene sheets
in water or organic solvents, therefore, GO with oxy-
gen-rich functional groups was initially employed for
GF fabrication.  When increasing the concentration of
GO dispersion to about 3 mg/mL, a typical LC started
to be shown (Fig. 2a)[5]. Based on this, a wet-spinning
method  was  developed  for  producing  GO  fibers  by
Gao’s group[9]. The progress from the initial GO LC to
the  fully  formed  fiber  is  a  multifaceted  process  that
can  be  delineated  into  3  distinct  stages.  Initially,  the
process  begins  with  the  flow-induced  unidirectional
alignment of the GO sheets (stage I in Fig. 2b). At this
stage, GO sheets, which are originally distributed ran-
domly within the three-dimensional (3D) space of the
stable GO LC, are realigned along the flow direction.
This alignment is crucial for homogenizing the orient-
ational order of the GO sheets, which is a prerequisite
for  achieving  a  uniform  fiber  structure.  After  the
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Fig. 1    Fabrication of GFs for fibrous energy harvesters. (Reprinted with permission, Copyright 2013, American Chemical Society[15]; Copyright 2012,
American Chemical Society[16]; Copyright 2011, American Chemical Society[17]; Copyright 2018, Wiley[18]; Copyright 2016, Wiley[19];

Copyright 2013, Wiley[41]; Copyright 2017, Elsevier[20])
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alignment  of  GO  sheets,  the  process  transitions  into
the  second  stage  (stage  II),  which  entails  a  crucial
solvent  exchange  between  the  coagulation  baths  and
GO  LC,  leading  to  the  formation  of  self-supporting
GO  gel  fibers.  Then,  a  wet-drawing  procedure  was
employed to further enhance the regular alignment of
the GO sheets along the fiber axis, thereby contribut-
ing to the mechanical strength and structural integrity
of GO gel fibers. The third stage (stage III) is charac-
terized by the drying process, during which the evap-

oration of  solvents  induces  the  radial  buckling of  the
GO sheets and shrinkage of GO gel fibers to the com-
pact stacking of the solid GO fibers. The obtained GO
fiber from GO LC often exhibited a wrinkled surface
morphology. Finally, GF with the desired mechanical
and  morphological  characteristics  was  obtained  after
high-temperature treatment or chemical reduction.

Fu et al. further demonstrated that the efficacy of
GFs  is  contingent  upon  numerous  factors,  including
size and orientation of GO sheets, inter-sheet interac-
tions,  and  imperfections  in  GFs[10].  By  using  GO
sheets with  large  size,  GFs  with  significantly   im-
proved  mechanical  properties,  including  enhanced
tensile modulus and flexibility, have been prepared. A
notable  improvement  in  the  orientation  of  the
graphene sheets  within  the  fibers  was  when   employ-
ing  GO  sheets  with ～ 23  μm  size[8].  A  significant
challenge arises from the folding of these GO sheets,
which introduces a multitude of pores within the fiber
structure that weaken the mechanical properties of GF
by  creating  points  of  structural  inconsistency.  Small
GO sheets  (～0.8  μm)  result  in  a  substantially  dense
internal structure. However, this leads to a chaotic and
poorly  oriented  internal  structure.  To  address  these
challenges, the innovative approach involved the com-
bination of both large and small GO sheets in the spin-
ning  solution[12]. Large  GO  sheets  guided  and   en-
hanced the orientation of the structure, while the small
sheets  filled  the  gaps,  preventing  the  formation  of
weakening  pores.  This  synergistic  approach  resulted
in  a  highly oriented GF,  achieving a  strength of  1.08
GPa. Xu et al. introduced a comprehensive and syner-
gistic  defect  engineering strategy aimed at  mitigating
potential imperfections across all scales, thereby max-
imizing the  inherent  capabilities  of  GFs  in  a  produc-
tion-viable  manner[13].  This  approach  encompasses  3
distinct  strategies  with  a  focused  emphasis  on  defect
management  throughout:  (1)  the  wet  spinning  of  GO
LCs  with  continuous  stretching  to  ensure  a  uniform
orientation of graphene along the fiber axis; (2) refin-
ing the radial  dimensions by adjusting the concentra-
tion  of  the  spinning solution and the  nozzle  diameter
to  produce  ultrafine  GO  fibers  with  minimal  core-
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Fig. 2    The wet spinning technique and diverse approaches for augmenting
the mechanical characteristics of GFs. (a) Proposed model for one pitch of
GO LC (left). The vectors (ns) of the lamellar blocks rotate anticlockwise
along the helical axis. Polarized optical microscopy images between crossed
polarizers of GO LCs in lateral domains (right). Reprinted with permission,
Copyright 2011, Nature Publishing Group[5]. (b) Evolution of the micro-
structural composition of graphene oxide fibers throughout the wet spin-
ning process. Reproduced with permission, Copyright 2014, American

Chemical Society[9]. (c) A schematic depiction of the apparatus employing a
dual-capillary spinneret for the direct fabrication of GFs. Reproduced with
permission, Copyright 2014, American Chemical Society[15]. (d) Diagram
displays the ideally concentric configuration achieved by bidirectionally en-
hancing the organization of assembly. Reproduced with permission, Copy-

right 2024, Nature Publishing Group[14]
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sheath  structure  defects,  orientation  boundaries  and
voids;  (3)  employing  high-temperature  graphitization
to refine  the  atomic  structure  of  graphene.  GFs   de-
veloped  through  this  method  exhibited  exceptionally
high  stiffness  of  ～ 282  GPa,  a  mechanical  tensile
strength of ～1.45 GPa, significant electrical conduct-
ivity  (～ 0.8  ×  106  S/m),  and  outstanding  ampacity
(～2.3 × 1010 A/m2)[13].

Advancing  the  interfacial  interactions  of  GO
sheets  is  a  pivotal  aspect  in  enhancing  the  overall
mechanical  properties  of  fibers[21–25].  The  integration
of  phenolic  carbon contributes  to  the  densification of
GFs by mitigating defects and amplifying the interfa-
cial interaction between inner graphene sheets via the
formation  of  new  carbon-carbon  bonds.  Meanwhile,
the  integration  of  metal  ions,  especially  calcium ions
(Ca2+), into the GO dispersion will create strong bonds
at  the  interface  of  the  graphene  layers  by  ion  cross-
linking. Furthermore,  organic  materials  such as  poly-
dopamine,  chitosan  and  phenolic  resin,  also  act  as
crosslinking  agents  to  form  networks  that  interlock
with the graphene sheets in GFs[26].

This crosslinking process is crucial as it not only
enhances the binding force between the layers but also
imparts additional  properties  to  the  fibers.  For   in-
stance,  polydopamine  might  contribute  to  improved
environmental stability, while phenolic resin could en-
hance thermal resistance. Ding et al. introduced a scal-
able  method  to  fabricate  high-performance  graphene
fibers by covalently bridging GO edges with aromatic
amide  bonds  via  wet-spinning  route.  The  resulting
fibers  achieve  remarkable  mechanical  strength
(3.54  GPa)  and  conductivity  (1.5×105  S/m)  at  room
temperature,  outperforming  conventional  graphene
fibers. The edge-bridging strategy enhances π-π stack-
ing and  electron  conjugation  while  enabling   industri-
al-scale production, offering promising applications in
lightweight  composites  and  advanced  electronics[27].
The potential of these materials promotes the applica-
tions of GFs in different fields like biomedicine, elec-
tronics, energy storage and so on.

The  innovation  in  wet-spinning  process  greatly
enriched the  physical  morphologies  of  GFs.  For   ex-

ample, dual-capillary coaxial spinning produced a hol-
low GF or  necklace-like GF with designed structures
by inserting air into the inner capillary and GO disper-
sion  in  the  ring-like  space  between  two  capillaries
(Fig.  2c)[15].  Aligned distribution of  GO sheets  in  GF
can also be achieved by optimizing shear forces along
the fiber axis by employing flat filament nozzles. Li et
al. introduced a novel bidirectional assembly order en-
hancement, significantly elevating the mechanical and
thermal  properties  of  GFs  (Fig.  2d). Utilizing   mul-
tiple shear-flow fields,  they achieved a concentric ar-
rangement of GO sheets and axial  alignment,  leading
to  optimized  sheets  organization,  densification,
and crystallization within GFs with an ultrahigh mod-
ulus  of  ～ 901  GPa  and  thermal  conductivity  of
1660  W/(m·K),  suggesting  broader  scientific  and
technological  implications[14]. These  efforts   collect-
ively  underscore  the  critical  role  of  sheet  orientation,
interfacial engineering,  and  defect  control  in   unlock-
ing  the  full  mechanical  and  functional  potential  of
graphene fibers fabricated via wet spinning.
 2.2    Shape-confined hydrothermal method

In 2012, Dong et al. fabricated GFs directly from
GO  dispersion  by  a  shape-confined  hydrothermal
method for the first time[6], by sealing ～8 mg/mL GO
dispersion  in  a  one-dimensional  (1D)  glass  pipeline
(～0.4 mm in inner diameter) and thermally treating at
230 °C for 2 h. The dimensions of GFs, including dia-
meter  and  length,  can  be  controlled  by  varying  the
pipeline’s dimensions or adjusting the GO suspension’s
concentration (Fig. 3a-c). Remarkably, ～1 mL of GO
dispersion  can  yield  a  GF  up  to ～ 6  m  long.  This
shape-confined hydrothermal process results in tightly
stacked graphene layers,  giving the GFs considerable
tensile  strength  of ～ 180  MPa.  The  stabilization  of
GO dispersions  leads  to  a  turbulent  state  when   ex-
posed to elevated temperatures. This turbulence facil-
itates the detachment of oxygen-containing functional
groups from  GO  sheets,  resulting  in  a  notable   de-
crease in the absolute zeta potential of the GO disper-
sion. The  subsequent  reduction  in  electrostatic   repul-
sion among  the  GO sheets  encourages  their   aggrega-
tion along with the 1D glass pipeline and leads to the
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formation  of  a  gel-like fiber  structure.  Then,  a   com-
pact GF was fabricated upon further drying. The prop-
erties  of  the resulting GFs can be easily regulated by
controlling  the  hydrothermal  conditions,  such  as  the
temperature  and  the  composition  of  GO  dispersion.
Furthermore, the versatility of this method allows for
the exploration of GO dispersions with other function-
al materials for the design and fabrication of GFs with
customized components  and  architectures.  For   ex-
ample,  by  introducing  a  removable  wire-type  tem-
plate  inside  the  1D  glass  pipeline  in  the  shape-con-
fined  hydrothermal  method,  hollow  functional  GFs
with 1,  2,  3,  or  4 channels can be fabricated (Fig.  3d
and  e)[16].  A  scalable  shape-confined  hydrothermal
method  for  synthesizing  GFs  modified  by  single-
walled  carbon  nanotube  (SWNT)  was  developed  by
injecting  SWNT/GO  mixed  dispersion  in  a  fused-
silica capillary column microreactor from one end by

Chen et  al[28].  After  heating the dispersion to 220 °C,
the reduction  of  GO  to  graphene  occurs,   simultan-
eously  facilitating  the  bonding  between  SWNT  and
graphene  sheets.  Then,  GFs  can  continuously  output
from  the  other  end  of  fused-silica  capillary.  These
novel hydrothermal  techniques  not  only  enable   pre-
cise control over the dimensions and structural proper-
ties of GFs directly but also open up new possibilities
for  creating  intricate  and  multifunctional  GFs
(Fig. 3f).  Such tunability and scalability highlight the
hydrothermal method as a promising strategy for mass
production and  customization  of  GFs  for  various   ap-
plication scenarios.
 2.3    CVD method

The  ability  of  CVD  method  to  produce  single-
layered  and  few-layered graphene  on  catalyst   sub-
strates  has  been  a  cornerstone  in  the  advancement  of
graphene technology[17]. This has also been utilized to
prepare  GF  with  perfectly-honeycomb carbon  atomic
arrangement.  Typically,  polycrystalline  nickel  (Ni)
films  undergo  initial  annealing  in  an  argon/hydrogen
(Ar/H2)  environment  at  temperatures  ranging  from
900 to 1000 °C to enlarge grain size, followed by ex-
posure  to  a  hydrogen/methane  (H2/CH4)  gas
mixture[29]. During  this  phase,  hydrocarbons   decom-
pose,  allowing  carbon  atoms  to  diffuse  into  the  Ni
film and form a solid solution owing to the relatively
high carbon solubility of  Ni at  high temperatures.  As
the temperature  drops  during  the  cooling  phase,   car-
bon atoms migrate out of the Ni―C solid solution and
precipitate on the Ni surface, leading to the formation
of  graphene  (Fig.  4a).  The  CVD  method  applied  to
synthesize GFs, can avoid the complex reduction pro-
cess of  GO  typically  required  in  wet  spinning  meth-
ods. This  thermodynamic  preference  necessitates   al-
ternative  approaches  to  achieve  the  desired  1D  fiber
structure. To  address  this  challenge,  researchers   em-
ploy  fibrous  templates  as  a  scaffold  for  GF  growth.
These templates guide the carbon species into a mac-
roscopic 1D structure, effectively overcoming the nat-
ural inclination to form planar arrangements. Dai et al.
used  copper  wire  as  a  substrate  for  CVD  growth  of
hollow  multilayer  graphene  tubes.  These  tubes  were
then transformed into macroscopic porous GFs by re-
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moving the copper in an iron chloride (FeCl3) and hy-
drochloric  acid  (HCl)  solution,  and  continuously
drawing the graphene tube out of the liquid[30].

Another strategy is growing graphene nanosheets
on  pre-carbonized fibers,  specifically  using   polyac-
rylonitrile  (PAN)  as  a  precursor  (Fig.  4b  and  c)[31].
This  approach  yields  three-dimensional  (3D)  GFs
characterized by discrete graphene sheets on their sur-
face.  The  process  involves  carbonizing  PAN  fibers
and  treating  them  with  ammonia,  followed  by  the
growth  of  3D  graphene  sheets  by  the  CVD  method.
This method shows significant advantages over liquid-
phase self-assembly or other template methods. Mean-
while,  at  the  graphene  growth  temperatures
(<1200  °C),  complete  graphitization  of  the  polymer
precursor fibers could not be achieved, leading to the
presence of defect sites. These defects result in a gap
in electrical and thermal conductivity when compared
to ideal GFs. Future optimization of the growth condi-
tions and alternative materials or methods could close
the  gap  in  the  properties  of  the  resulting  GFs.  Li  et
al. ’s innovation in creating porous GFs using the thin
graphene film lift method highlights the importance of
precise  methodology  in  material  science  (Fig.  4d-g).
This  process  underscores  the  intricate  balance  of

forces  at  play,  specifically  the  surface  tensions  at  the
solid-liquid, gas-solid and gas-liquid interfaces[17].  By
manipulating these forces, researchers can control the
fiber’s  characteristics,  including  its  conductivity,
which reaches approximately 1000 S/m. This level of
conductivity  opens  up  new  possibilities  for  GFs  in
various  electrical  applications.  Li  et  al.  presented  a
novel  approach  for  fabricating  graphene-coated  alu-
mina  fibers  and  fabrics  (GAF/GAFF)  through  CVD
on  commercial  alumina  substrates.  The  resulting
GAFF material combines multiple advantageous prop-
erties,  including  adjustable  electrical  resistance
(1−15000  Ω/sq),  exceptional  mechanical  strength
(>1.5 GPa), lightweight construction, flexibility, and a
multi-scale  structural  design.  These  characteristics
make it particularly valuable for thermal management
applications  and  electromagnetic  shielding
solutions[32].  Overall,  the  CVD-based approach   en-
ables precise structural control at the atomic level, of-
fering a route to fabricate highly ordered GFs with su-
perior electronic performance, albeit with higher com-
plexity and cost.
 2.4    Other strategies

The  direct  extrusion  of  high  concentrations  of
GO LCs into air is a streamlined and potentially cost-
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effective  dry-spinning  approach  to  fabricate  GFs
(Fig. 5a). High concentrations ensure the formation of
viscoelastic  GO  LC  gels,  which  are  critical  for  the
fiber’s  structural  integrity.  The  increased  LC  domain
size  at  higher  concentrations  aids  the  achievement  of
better alignment of GO under shear stress, which is an
essential  factor  for  the  fiber’s strength  and   consist-
ency[34].  Meanwhile,  the  solvent  choice  in  dry-spin-
ning  plays  a  crucial  role  in  the  fiber’s  quality.
Solvents  with  low surface  tension  and  high  saturated
vapor pressure, like CH3OH, C2H5OH, (CH3)2CO and
C4H8O(THF),  are  preferred

[33]. These  solvents   facilit-
ate quicker solidification of GO gel fibers, crucial for
maintaining the integrity and uniformity of the fibers.
Research  into  new  solvent  formulations  or  mixtures
could further enhance the quality and properties of the
spun GFs.  Although dry-spun GFs have some limita-
tions  in  mechanical  strength  due  to  microvoids  and
core–shell  structures,  they exhibit  high toughness (up
to  19.12  MJ/m3)  and  flexibility.  Drawing  inspiration
from  the  biological  natural  silk  production
process[35–36],  a  novel  ‘wet-to-dry’  hybrid  spinning
technique  (where  GO liquid  crystals  are  first  aligned
in  a  wet  phase  and  then  rapidly  solidified  by  solvent
evaporation,  mimicking  natural  silk  production)  has
been  devised,  ensuring  the  conversion  of  nearly  all
GO  into  fiber  form.  At  the  juncture  where  2
droplets—one containing GO and the other polyethyl-
eneimine—meet,  the  interaction  of  these  oppositely
charged entities  in  their  aqueous states  leads to  bind-
ing  (Fig.  5b).  Following  this,  one  of  the  components
engages and  draws  the  point  of  interfacial   conver-
gence of  the  droplets,  creating  a  slender  vertical   li-
quid column.  Within this  column,  GO complexes are
subjected  to  shear  forces,  prompting  their  alignment
into a  finely  spun  fiber.  When  compared  to   conven-
tional wet-spinning techniques, this innovative wet-to-
dry approach is markedly more energy-efficient, char-
acterized by  its  straightforward  methodology,   ab-
sence  of  chemical  waste,  and  the  near-total  conver-
sion of GO precursors into fibers.

The use of a graphitic tip as a positive electrode
in  a  GO colloidal  solution  is  a  unique  application  of

electrophoretic  principles  in  GF  production
(Fig. 5c)[37]. Research into the interplay of electrostat-
ic,  van  der  Waals  forces,  and  π-π  stacking  could
provide  insights  into  controlling  GF  dimensions  and
properties more precisely.  Gao et  al.  also presented a
technique in the field of fabrication of GF by electro-
spinning from the mixture of GO and polyacrylate so-
dium (PAS)[38], resulting in GFs with exceptional elec-
tronic  quality  and  crystallinity  (Fig.  5d  and e).   Re-
cently, Chang et al. demonstrated a method for the re-
versible  assembly  of  GO  microfibers  via  solvent-
triggered fusion and fission[39]. This process allows for
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the  seamless  merging  and  separation  of  macroscopic
fibers,  driven  by  dynamic  geometric  deformation  of
the  GO fiber  shell  due to  solvent  dynamics  (Fig.  5f).
The  findings  highlighted  the  potential  for  creating
structurally  robust  materials  with  unchanged  density
and mechanical strength upon fusion, enabling higher
load  capacities.  Furthermore,  the  application  of  GO
coating to traditional fibers enhances their functional-
ity  with  reversible  fusion-fission properties,  broaden-
ing  the  scope  of  their  use.  This  research  signifies  a
pivotal  advancement  in  materials  science,  indicating
potential  for  fields  requiring  dynamic,  stimuli-re-
sponsive systems,  and  contributing  to  the   develop-
ment of  recyclable  materials.  The  diversity  of   emer-
ging fabrication strategies reflects the ongoing innova-
tion in GF synthesis, aiming to balance mechanical ro-
bustness,  process  simplicity,  and  multifunctionality
for real-world deployment.

 3    Light-weight electrical wires
Based  on  the  low  density  and  tunable  structure/

component,  GFs exhibit  significant  potential  across  a
broad spectrum of  applications,  notably  in  the  devel-
opment  of  high-performance  conductive  wires  with
enhanced properties.  For  example,  Xu  et  al.   synthes-
ized  continuous  graphene-metal  hybrid  fibers  for
light-weight  wires  through  the  wet-spinning  process,
utilizing giant GO combined with commercially avail-
able  Ag  nanowires.  The  resulting  Ag  nanowires-
doped  GFs  exhibited  a  high  electrical  conductivity,
reaching up to 9.3 × 104 S/m, and a significant current
capacity  of  7.1  ×  103 A/cm2  (Fig.  6a-c)[40].  Later,  the
same group introduced a comprehensive defect engin-
eering strategy  to  prepare  GF  with  exceptional   stiff-
ness measured at ～282 GPa, alongside a mechanical
tensile strength of 1.45 GPa. High electrical conduct-
ivity  (～ 0.8  ×  106  S/m)  and  outstanding  ampacity
(～2.3×1010 A/m2)  were  also  achieved  (Fig.  6d-g)[13].
A straightforward two-zone vapor transport technique
was developed for synthesizing chemically doped GFs
(Fig.  6h),  which  had ～   0.77×107  S/m  for  Fe-doped
GF,  1.50×107  S/m  for  Br  doped  GF,  and  2.24  ×  107
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S/m for K-doped GF. The remarkable increase in con-
ductivity was  attributed  to  the  enhanced  carrier   con-
centration of post-doping, combined with the inherent
high carrier mobility derived from graphene sheets[19].
Furthermore, a  soft  and  transparent  film was  demon-
strated  by  the  integration  of  a  network  of  GFs  into  a
polydimethylsiloxane (PDMS) matrix. A magnetic GF
wire  was  easily  fabricated  by  adding  Fe3O4  nano-
particles  in  GO  dispersion  through  ultrasonication,
and  then  conducting  hydrothermal  treatment  within
pipelines  for  the  in-situ  integration  of  Fe3O4  nano-
particles into the interlayer of graphene sheets[6].

 4    Fibrous energy harvesters
 4.1    GF-based fibrous solar cells

Photovoltaic  devices,  traditionally  composed  of
stiff panels, are ill-suited for scenarios demanding ad-
aptability, such  as  portable  and  sophisticatedly   integ-
rated gadgets.  Consequently,  the  exploration  of   flex-
ible organic  photovoltaics  has  emerged  as  a   prom-
ising  avenue  of  research  aimed  at  catering  to  these
specific  needs.  Utilizing a  cost-efficient  and practical
solution process, Yang et al. transformed graphene in-
to  flexible  fibers,  which  demonstrated  a  density  of
0.61  g/cm3,  a  tensile  strength  ranging  from  102  to
103 MPa,  and  an  electrical  conductivity  between  102

and  103  S/cm.  These  GFs  were  further  enhanced  by
the electrodeposition  of  platinum  nanoparticles,   en-
abling them to  act  as  a  counter  electrode,  while  a   ti-
tanium  wire  infused  with  vertically  aligned  titania
nanotubes  served  as  the  working  electrode  (Fig.  7a).
By  intertwining  these  2  electrodes,  GF-based  dye-
sensitized  photovoltaic  device  capable  of  efficiently
harvesting  light  from  all  directions  was  successfully
created (Fig. 7b). The exceptional flexibility, mechan-
ical  robustness,  and  electrical  conductance  of  the
graphene  composite  fibers  culminated  in  achieving  a
certified  maximum  energy  conversion  efficiency  of
8.45%,  setting a new benchmark for the efficiency of
wire-shaped photovoltaic devices[41].
 4.2    GF-based fibrous TE

The high  electrical  conductivity,  tunable   struc-
ture, and  excellent  flexibility  of  GF  make  it   particu-

larly suitable for creating fiber-shaped TE generators.
These generators,  which  convert  temperature   differ-
ences  into  electrical  energy,  are  increasingly  sought
after for their potential in sustainable energy solutions.
Initial  studies  in  2016  revealed  GF’s  promise  in  TE
applications, showcasing  specific  values  for  its   See-
beck  coefficient  (ranging  from  –3.9  to  0.8  μV·K–1)
and  the  thermoelectric  figure  of  merit  (ZT)[42].
However, the  quest  to  further  enhance  these   proper-
ties led to various innovative doping strategies. Intro-
ducing  poly(3,4-ethylenedioxythiophene)  :  poly(sty-
renesulfonate) (PEDOT:PSS),  bromine,  and   poly-
ethyleneimine ethoxylated (PEIE) into GF has shown
significant improvements in the TE performance[43–45].
Notably, the creation of PEDOT:PSS/graphene hybrid
fibers  through  shape-confined  hydrothermal  methods
demonstrated  enhanced  electrical  conductivity  and
Seebeck  coefficient  (～ 17.4  μV·K–1)[44],  by  reducing
the  charge  carrier  transport  barriers  after  the  doping
process (Fig. 7c).

The  development  of  integrated  p-n  connected
all-GFs  marked  a  notable  advance  in  this  field
(Fig.  7d)[43].  These fibers displayed improved ZT and
power factor values and could be woven into flexible
substrates like  PDMS to create  wearable  TE generat-
ors.  Such  generators  have  shown  impressive  output
power at room temperature, underscoring their poten-
tial in wearable technology. Bromine-doped GFs have
set  new  benchmarks  in  TE  performance,  surpassing
both  undoped  GFs  and  those  composed  solely  of
graphene  or  carbon  nanotubes.  The  enhancements  in
these  materials  can be  attributed to  the  dual  effect  of
bromine doping,  which  not  only  lowers  thermal  con-
ductivity through increased phonon scattering but also
raises the  Seebeck  coefficient  and  electrical   conduct-
ivity  by  adjusting  the  Fermi  level.  Despite  these
breakthroughs,  GF-based  TE  generators  still  face
challenges  in  transitioning  from  the  laboratory  to
practical applications, a high temperature difference to
achieve optimal TE performance, limitations in terms
of  scalability  and  mechanical  compliance[44]. The   fu-
ture of GF in TE applications hinges on continued in-
novation in  material  science  and  engineering  to   en-
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hance its properties while addressing its current limit-
ations. While current advances have validated the po-
tential of GF-based TE devices, further breakthroughs
in  dopant  selection  and  fiber  integration  are  essential
to  meet  the  demands  of  practical  energy  harvesting
systems.

 4.3    GF-based fibrous MEG
Water, as a recyclable resource, is crucial for life

and represents the planet’s most abundant energy car-
rier,  with  71%  of  Earth’s  surface  being  covered  by
water  and  absorbing  35%  of solar  energy.  This   im-
mense energy potential, if efficiently harnessed, could
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satisfy global energy demands[46].  In 2015, Qu’s team
first  showcased a  novel  GO film-based MEG, effect-
ively transforming moisture energy into electrical en-
ergy[47].  This  groundbreaking  work  significantly
heightened interest among researchers in the potential
of  moisture-enabled  electricity  generation[48–52].  Fol-
lowing this, a coaxial GF-based MEG was developed,
featuring a core silver wire electrode encased in a GO
layer for  power  generation,  complemented  by  a   sec-
ondary  silver  wire  electrode[53].  This  unique  coaxial
design  promotes  directional  moisture  diffusion  and
ionized H+ movement, resulting in a power density of
0.21  µW  cm−2,  an  open-circuit voltage  of   approxim-
ately  0.3  V,  and  a  short-circuit  current  density  of
about 0.7 µA cm−2 under moisture conditions. The ad-
aptability of this GF-based MEG to various forms and
integration  into  flexible  fabrics  for  wearable,  self-
powered electronics  highlights  its  innovative applica-
tion  potential.  In  another  work,  an  electrochemical
treatment process was used to regulate the concentra-
tion of oxygen-containing groups in a GO fiber, creat-
ing  a  gradient  oxygen-containing  GO  region.  With
graphene/gradient  oxygen-containing  GO/graphene
structure,  the  GF-based MEG  facilitated  the   forma-
tion of a concentration gradient of free H+ upon mois-
ture  exposure,  leading to  a  stable  potential  as  H+ mi-
grated,  generating  current  and  voltage  under  specific
humidity  conditions.  For  example,  the  output  voltage
was  110–335  mV  and  the  current  density  was  0.19–
1.06 mA cm−2 depending on the environment  humid-
ity.  It  also exhibited good mechanical  flexibility,  and
the  output  voltage  remained  95%  of  the  initial  value
after  1000  bends[20].  Recently,  similar  built-in  poten-
tial  strategy  was  employed  for  the  development  of  a
high-performance  uniaxial  MEG  with  a  core  of  poly
(3,4-ethylenedioxythiophene)  (PEDOT)  and  a  gel
shell  composed  of  poly  (diallyldimethylammonium
chloride)  and  sodium  alginate,  which  demonstrated
performance of an output voltage of ～ 0.8 V, a max-
imum  current  density  of  1.05  mA/cm2,  and  a  power
density of 184 μW/cm2[54].  These fibrous MEGs were
successfully embedded  into  cloth  to  power  an   artifi-
cial synaptic device by mimicking the action potential

of  a  synapse  under  ambient  conditions,  showing
tremendous  potential  in  human–machine  interactions
and heralding  new  avenues  in  bioelectronic   applica-
tions.  These  findings  exemplify  the  synergy  between
material  innovation  and  device  design  in  exploiting
ambient  moisture  for  sustainable,  wearable  power
solutions.

 5    Summary and outlook
Recent  studies  have  demonstrated  the  feasibility

of  assembling  graphene  nanosheets  into  continuous
macroscopic fibers  through  various  processing   tech-
niques,  offering  a  potential  pathway  to  harness
graphene’s  exceptional  mechanical  and  electrical
properties at larger, more practical scales based on di-
verse  GFs[55–60]. The  fabrication  of  these  GFs  primar-
ily  involves  overcoming  2  critical  technical  barriers:
achieving  controlled  alignment  of  individual
nanosheets  to  optimize  load  transfer  and  electrical
pathways,  and  establishing  strong  interfacial  bonding
between adjacent  nanosheets  to  ensure  structural   in-
tegrity. Current  research  in  this  field  is  actively   ex-
ploring  several  promising  approaches  to  refine  these
fabrication  techniques,  with  particular  emphasis  on
improving  the  mechanical  robustness  and  electrical
conductivity.

While  these  graphene-based fibers  have   demon-
strated interesting  characteristics  that  make  them  po-
tentially useful  for  applications  such  as  flexible   con-
ductors,  thermal  interface  materials,  or  reinforcement
elements in  composites,  their  practical   implementa-
tion  still  faces  several  significant  hurdles.  The  most
pressing challenges  include  developing  scalable   pro-
duction  methods  that  can  maintain  consistent  quality
over  large  volumes,  ensuring  performance  reliability
under various  environmental  conditions,  and   achiev-
ing  cost-effectiveness  compared  to  existing  carbon
fiber technologies. Additionally, researchers are work-
ing  to  better  understand  the  fundamental  structure-
property  relationships  in  these  materials,  particularly
how processing parameters affect the final fiber char-
acteristics at multiple length scales.

The  field  continues  to  evolve  rapidly  as  new
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characterization techniques and computational model-
ing approaches  provide  deeper  insights  into  the   as-
sembly  mechanisms  and  performance  limitations  of
graphene-based fibers. Current research directions in-
clude exploring alternative precursor materials, devel-
oping  more  precise  alignment  control  methods,  and
investigating  novel  post-processing treatments  to   en-
hance specific properties.  As these fundamental  stud-
ies  progress  and  processing  technologies  mature,
graphene-based  fibers  may  find  niche  applications
where  their  unique  combination  of  properties  offers
distinct  advantages  over  conventional  materials,
though widespread  adoption  will  likely  require   fur-
ther advancements in both performance and manufac-
turability.
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