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  Fiber materials play a critical role in our life. For instance, 
polymer fi bers may represent one of the most important break-
throughs in the advancement of Materials Science, and they 
have been widely used as structure materials, particularly, var-
ious textiles by the well-developed weaving technology, due to 
the light weight and high fl exibility with low cost. [ 1,2 ]  In con-
trast, metal wires are typically explored for effi cient electrode 
materials in a broad spectrum of electronic devices due to the 
high electrical conductivity. [ 3,4 ]  In general, polymer fi bers have 
been rarely investigated for electronic facilities as they are not 
electrically conductive, while metal wires cannot be effectively 
woven into applicable textile structures because of the high 
weight and low fl exibility. However, high fl exibility, strength, 
conductivity, and light weight are simultaneously required in 
many fi elds. 

 To this end, a lot of efforts have been recently made to syn-
thesize nanostructured fi bers that are proposed to achieve the 
above goals. In one case, carbon nanotubes (CNTs) had been 
spun into continuous fi bers with diameters of micrometers and 
lengths of hundreds of meters by either dry or wet spinning 
processes. [ 5,6 ]  Compared with the conventional fi ber materials, 
the fl exible CNT fi bers showed many combined advantages 
including: (1) low density of 1 g/cm 3  or 10 µg/m, compared 
to 10 mg/m and 20–100 mg/m for cotton and wool yarns, 
respectively; [ 7 ]  (2) high tensile strength up to 10 3  MPa with 
specifi c strength to be 5.3 times of  T1000 , the strongest com-
mercial fi ber and specifi c stiffness to be 4.3 times of  M70J , the 
stiffest commercial fi ber; (3) high electrical conductivity up to 
10 3  S/cm. [ 8 ]  However, the CNT fi bers exhibited relatively low 
electrocatalytic activities that were found to be critical for elec-
tronic applications. In the other case, graphene sheets had been 
also made into continuous fi bers. [ 9–14 ]  Compared with the CNT 
fi ber, the graphene fi ber demonstrated much higher loading 
capability for a second phase such as platinum nanoparticles 
with high electrocatalytic ability but lower electrical conduc-
tivity of 10–10 2  S/cm.  [ 9,14 ]  Both CNT and graphene fi bers had 
been proposed for promising electrode materials. [ 7,15–17 ]  

 Flexible, lightweight, portable electronic devices have con-
tinuously attracted increasing attentions and represent a 

mainstream direction in modern electronics. [ 18–20 ]  An impor-
tant breakthrough had been recently made to fabricate elec-
tronic devices in a wire format. [ 21 ]  Some attempts were made 
to realize wire-shaped dye-sensitized solar cells, lithium ion 
batteries, and electrochemical supercapacitors based on CNT or 
graphene fi bers. However, both high electrocatalytic activity and 
conductivity are required for these electronic devices, while they 
cannot be simultaneously achieved in either CNT or graphene 
fi bers. Therefore, the photoelectric conversion effi ciencies of 
wire-shaped solar cells and energy storage effi ciencies of wire-
shaped storage devices remained low. [ 16,22 ]  The key to improve 
the above effi ciencies is to develop novel fi ber electrodes. 

 Herein, a new family of graphene/CNT composite fi bers was 
synthesized with graphene sheets being incorporated among 
neighboring CNTs to serve as effective bridges to improve the 
charge transport because of strong π-π interactions between 
CNT and graphene sheet, and the novel composite fi bers had 
simultaneously achieved both high electrical conductivity and 
electrocatalytic activity ( Figure    1  ). As two application demon-
strations, the graphene/CNT composite fi ber had been used 
as electrodes to produce high-performance wire-shaped dye-
sensitized solar cells with photoelectric conversion effi ciencies 
up to 8.50% and supercapactiors with specifi c capacitances up 
to ∼31.50 F·g −1  (4.97 mF·cm −2  or 27.1 µF·cm −1 ), much higher 
than ∼5.83 F·g −1  (0.90 ·cm −2  or 5.1 µF·cm −1 ) based on the bare 
CNT fi bers under the same condition.  

 To prepare the graphene/CNT composite fi ber, CNT sheets 
were fi rstly drawn out of spinnable CNT arrays that had been 
synthesized by chemical vapor deposition (Figure S1), and 
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   Figure 1.    Schematic illustration to the structure of the graphene/CNT 
composite fi ber. Here the transport routes indicated by the arrows are 
used to emphasize the fact that the bridged graphene sheets favor the 
charge transport, although the charges may be more easily transported 
along the lengths of CNTs, which are not shown for clarity. 

Adv. Mater. 2014, 26, 2868–2873

http://doi.wiley.com/10.1002/adma.201305188


2869

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

then stacked along the length direction, followed by addi-
tion of 0.025 wt% graphene oxide solution (sheet widths of 
hundreds of nanometers to appropriately 1.5 µm, Figures S2 
and S3). The as-synthesized CNT exhibited a multi-walled 
structure with a diameter of ∼10 nm (Figure S4). The com-
posite sheets were then twisted into graphene oxide/CNT 
composite fi bers. Here the bare CNT sheet without graphene 
oxide sheets could be also twisted into fi bers (Figure S5). Gra-
phene/CNT composite fi bers were produced after reduction of 

the graphene oxide (Figure S6).  Figures    2  a 
and  2 b show scanning electron microscopy 
(SEM) images of a graphene oxide/CNT 
composite fi ber with a diameter of ∼17 µm 
at low and high magnifi cations, respectively. 
The graphene oxide sheets were incorpo-
rated among CNTs. After reduction of the 
graphene oxide, the composite fi ber shrank 
a little as the resulting graphene sheets 
without oxygen-containing groups exhibited 
stronger π-π interactions with CNTs and 
among themselves (Figures  2 c and  2 d). The 
strong interactions between CNTs and gra-
phene sheets had been also verifi ed by high 
resolution transmission electron microscopy 
(Figure S7). Figures  2 e further shows cross-
sectional SEM images of the graphene/CNT 
composite fi ber, which indicated the forma-
tion of a uniform composite.  

 The graphene/CNT composite fi bers had 
been further compared with bare CNT and 
graphene oxide/CNT composite fi bers by 
Raman spectroscopy (Figure S8). For a typ-
ical bare CNT fi ber, G band was much larger 
than D band due to a high quality. After the 
incorporation of graphene oxide sheets, the 
composite fi ber exhibited a larger D band 
compared with the G band (the intensity 

ratio of D to G bands to be 1.26). For the reduced graphene/
CNT composite fi ber, the intensity ratio of D to G bands was 
further increased to 1.73 due to more disordered graphene 
edges after elimination of pendant functional groups in gra-
phene oxide sheets. 

 The graphene/CNT composite fi ber showed remarkable 
mechanical and elecrical properties. It was fl exible and could be 
easily made into various morphologies such as a knot without 
obvious fatigue in structure ( Figure    3  a). The graphene-bridged 

   Figure 2.    SEM images of graphene oxide/CNT and graphene/CNT composite fi bers. a,b) A 
graphene oxide/CNT composite fi ber at low and high magnifi cations, respectively. The scale 
bars in (a) and (c) both represent a length of 10 µm. c,d) A graphene/CNT composite fi ber at 
low and high magnifi cations, respectively. e) Cross-sectional image of a graphene/CNT com-
posite fi ber at high magnifi cations. The arrow shows a graphene/CNT composite sheet. 

   Figure 3.    a) A Graphene/CNT composite fi ber being made into a knot. b,c) Comparison of stress-strain curves and electrical conductivities of dif-
ferent fi bers at room temperature, respectively. GO and RGO represent graphene oxide and reduced graphene oxide, respectively. d,e) Photographs of 
graphene/CNT composite fi bers being woven into a fl exible cotton fabric to make up a word of “Fudan”. The inserted image at (d) shows the “F” at 
a higher magnifi cation. f) Photographs of a blue light emission diode lamp connected to a direct-current circuit with two graphene/CNT composite 
fi bers with length of ∼1.5 cm as conducting wires. The voltage was set to 3 V. 
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much less effective to deposit Pt nanoparticles onto the smooth 
bare CNT fi ber, and Pt nanoparticles tended to form larger 
aggregates with diameters of ∼200 nm (Figure S10).  

 A smaller V pp  indicated the a higher activity of the counter 
electrode to catalyze the redox reaction of I 3  − /I − , which con-
tributed to a higher energy conversion effi ciency of the dye-
sensitized solar cell. [ 23 ]  Figure  4 b has compared J-V curves of 
wire-shaped dye-sensitized solar cells based on bare CNT and 
graphene/CNT composite fi bers before and after deposition of 
Pt nanoparticles. The graphene/CNT composite fi ber exhib-
ited a higher Jsc but lower FF than the bare CNT fi ber due to a 
higher conductivity and lower catalytic activity of the composite 
fi ber. As a result, the graphene/CNT composite fi ber showed 
a lower energy conversion effi ciency of (4.30 ± 0.10)%, com-
pared to (5.03±0.12)% for the bare CNT fi ber. However, after 
deposition of Pt nanoparticles, the graphene/CNT/Pt composite 
fi ber showed energy conversion effi ciencies of (8.36 ± 0.10)%. 
It should be noted that, for a bare Pt wire, energy conversion 
effi ciencies of (6.66 ± 0.15)% were achieved. 

structure also enhances the mechanical properties such as 
higher tensile strengths than both bare CNT and graphene 
fi bers. Figure  3 b has compared the typical stress-strain curves 
of bare CNT, bare graphene, graphene oxide/CNT composite 
and graphene/CNT composite fi bers under the same experi-
mental condition. For a bare CNT fi ber, the tensile strength was 
∼500 MPa. For the graphene oxide/CNT composite fi ber, it was 
increased to ∼610 MPa as the graphene oxide sheet served as 
cross-linking components to stabilize the neighboring CNTs. 
After reduction of the graphene oxide, the tensile strength had 
been further improved to ∼630 MPa as graphene sheets can 
more effectively interact with CNTs due to the stronger π-π 
interactions to transfer the load [ 9–11 ] . A relatively lower tensile 
strength of ∼320 MPa was obtained from bare graphene fi bers.  

 The electrical conductivities of the above fi bers at room tem-
perature had been also compared in Figure  3 c. A bare CNT fi ber 
exhibited a conductivity of (370 ± 15) S/cm. After incorporation 
of graphene oxide sheets, the conductivities remained almost 
unchanged, i.e., (368 ± 22) S/cm. As expected, the reduced 
graphene/CNT composite fi ber showed much increased con-
ductivity of (450 ± 20) S/cm. Individual CNTs showed low 
electrical resistances, and the relatively high resistances of 
CNT fi bers were mainly derived from high contact resistances 
among CNTs. The introduction of insulating graphene oxide 
sheets among CNTs almost did not affect the charge transport, 
so the conductivities were not obviously changed. In contrast, 
graphene sheets served as conducting “bridges” to decrease the 
contact resistances. Bare graphene fi bers demonstrated conduc-
tivities of (195 ± 40) S/cm [ 9,10 ]  or ∼400 S/cm. [ 11,12 ]  

 The graphene/CNT composite fi bers were fl exible but tough, 
and they could be easily woven into various fabrics. As a dem-
onstration, Figure  3 d exhibits a photograph of composite fi bers 
being woven into a piece of cotton fabric to form a word of 
“Fudan”. The resulting fabric had been bent or scrolled into 
desired morphologies with stable structures (Figure  3 e). Due to 
the high conductivity, the graphene/CNT composite fi ber had 
been also used as effective conducting wires (Figures  3 f). Two 
composite fi bers served as conducting wires to connect a blue 
light emission dioxide (LED) lamp with a direct-current power. 
The lamp could be stably operated without any fatigue in the 
illumination after 5000 cycles. 

 To further demonstrate the high performances, the gra-
phene/CNT composite fi bers had been compared with bare 
CNT, graphene, and graphene oxide/CNT composite fi bers as 
counter electrodes to fabricate effective dye-sensitized solar cells 
in a unique wire format. Figure S9 shows a SEM image of a typ-
ical cell with a TiO 2  nanotube-modifi ed Ti wire as the working 
electrode. The cyclic voltammographs had been fi rstly studied 
in  Figure    4  a. Two pairs of oxidation/reduction peaks were 
observed with the left pair corresponding to the redox reaction 
of I 3  − /I − . In general, a counter electrode with higher catalytic 
activity shows a smaller peak-to-peak voltage separation (V pp ) in 
the cyclic voltammogram. Compared with bare CNT fi ber, the 
graphene/CNT composite fi ber exhibited a relatively lower cata-
lytic activity. However, the graphene/CNT composite fi ber could 
be uniformly deposited with small Pt nanopariticles (diameters 
of ∼10 nm) due to the existence of graphene sheets on the sur-
face. The resulting graphene/CNT/Pt composite fi ber showed a 
low V pp  of 0.32 V with high catalytic activity. In contrast, it was 

   Figure 4.    a) Comparison on electrochemical properties of bare CNT, gra-
phene/CNT, graphene/CNT/Pt and bare Pt fi bers, respectively. b) Com-
parison on J-V curves of wire-shaped DSCs with bare CNT, graphene/
CNT, graphene/CNT/Pt and bare Pt fi bers as the counter electrodes, 
respectively. 
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composite fi bers at increasing current densities of 0.2, 0.4, 1.0 
and 2.0 A/g. All the curves remained the symmetrical shapes, 
indicating a high reversibility during the charge and discharge 
processes in a wide current range. The electrochemical stability 
of the wire-shaped capacitor was further analyzed by cyclic vol-
tammetry at increasing scan rates of 10, 50, 100, 200 mV·s −1  
(Figure  6 d). The rectangular shape had been well maintained 
for a good electrochemical stability.  

 The dependence of specifi c charge and discharge capacitance 
on current density was also compared in Figure  6 e. The max-
imal specifi c capacitance achieved ∼31.50 F·g −1  (4.97 mF·cm −2  
or 27.1 µF·cm −1 ) at a current density of 0.04 A/g, compared 
with ∼5.83 F·g −1  (0.90 ·cm −2  or 5.1 µF·cm −1 ) based on the bare 
CNT fi bers under the same condition (Figure S14). Therefore, 
the capacitances were not obviously changed with the varying 
GO content in the composite fi ber. Electrochemical impedance 
spectroscopy was also used to characterize the micro-capacitor 
(Figure S15). The 90 o  inclination in the Nyquist plot indicated 
a nearly perfect capacitor performance. The semi-arc from the 
inserted image further demonstrated a pseudo-capacitance 
derived from the graphene oxide. The horizontal inception cor-
responded to the equivalent series resistance of 11.0 Ohm·cm 2 . 
The wire-shaped capacitor derived from the graphene oxide/
CNT composite fi ber showed a high cyclic stability (Figure  6 f). 
No obvious decrease in capacitance had been observed in 5000 
cycles. 

 In summary, novel nanostructured composite fi bers based 
on graphene and CNT have been developed with high tensile 
strength, electrical conductivity, and electrocatalytic activity. 
As two application demonstrations, these composite fi bers 

 These wire-shaped solar cells could be easily woven into 
lightweight and fl exible textiles for practical applications. 
 Figure    5  a shows a photovoltaic textile fabricated from six wire-
shaped solar cells. As expected, it had exhibited stable and high 
energy conversion effi ciencies under bending (Figures  5 b and 
S11). The photovoltaic textile could be further integrated into 
clothes or attached onto various fl exible substrates to power 
miniature devices (Figures  5 c and  5 d). As an application dem-
onstration, a commercial red light emission diode lamp had 
been lighted up by the photovoltaic textile (Figure  5 d). Such 
photovoltaic textiles are particularly useful to support portable 
and fl exible devices or facilities in the future.  

 These conducting fi bers had been further twisted to make 
wire-shaped micro-capacitor (Figures S12 and S13).  Figure    6  a 
has compared the bare CNT and graphene oxide/CNT com-
posite fi bers by cyclic voltammetry. A typical rectangular shape 
corresponding to a double layer capacitor was found for the 
bare CNT fi ber, while a redox peak at 0.3−0.6 V that indicated 
a pseudo-capacitance derived from the oxygen-containing func-
tional groups had been observed for the graphene oxide/CNT 
composite fi ber. Galvanostatic charge-discharge curves based 
on bare CNT and graphene oxide/CNT composite fi bers are 
also compared in Figure  6 b. The bare CNT fi ber exhibited a 
symmetrical triangle for the electric double–layer capacitor, 
while the graphene oxide/CNT composite fi ber showed a devia-
tion from the triangle, which was derived from rapid Fara-
daic reactions in the presence of oxygen-containing groups, 
particularly, epoxy and alkoxy in graphene oxide sheets. [ 24–26 ]  
Figure  6 c further shows galvanostatic charge-discharge curves 
of wire-shaped capacitors on the basis of graphene oxide/CNT 

   Figure 5.    A photovoltaic textile woven from 6 wire-shaped solar cells. a,b) Photographs of the photovoltaic textile before and after bending, respectively. 
c) The photovoltaic textile attached onto a fl exible coat. d) A commercial red light emission diode lamp lightened up by the photovoltaic textile. The 
photovoltaic textile was operated under illumination of simulated AM1.5 solar light from a solar simulator. 
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   Figure 6.    a,b) CV and galvanostatic charge-discharge curves of wire-shaped supercapacitors with bare CNT and graphene oxide/CNT composite 
fi bers as electrodes, respectively. The CV and galvanostatic charge-discharge curves were measured at 200 mV·s −1  and 1 × 10 −6  A, respectively. The 
wire-shaped supercapacitors showed the same length of 1.2 cm. c, d) Galvanostatic charge-discharge and CV curves based on the graphene oxide/
CNT composite fi ber electrodes at increasing current densities and scan rates, respectively. e) Dependence of specifi c capacitance on current density. 
f) Dependence of specifi c capacitance on cycle number based on the graphene oxide/CNT composite fi ber electrode. The specifi c capacitance was 
calculated from the charge-discharge curves at a current density of 2.0 A/g. 

are used to fabricate fl exible, wire-shaped dye-sensitized solar 
cells and electrochemical supercapacitors both with high per-
formances. The wire-shaped dye-sensitized solar cell shows a 
maximal energy conversion effi ciency of 8.50%, and the wire-
shaped supercapacitor exhibits a high specifi c capacitance of 
∼31.50 F·g −1  (5.83 F·g −1  derived from bare CNT fi bers). These 
miniature wire-shaped devices have been further shown to be 
promising for fl exible and portable electronic facilities.   

 Experimental Section 
  Synthesis of composite fi bers.  The synthesis of CNT array and graphene 

oxide is described in the Supporting Information. Graphene oxide/CNT 
composite fi bers were fabricated by a biscrolling method. [ 15 ]  Briefl y, CNT 
sheets that had been drawn out of the CNT array were stacked along 

the length direction, [ 27 ]  followed by addition of the graphene oxide 
solution (0.025 wt%) in water and ethanol (volume ratio of 1:20). The 
resulting graphene oxide/CNT composite fi lms were scrolled into fi bers 
at the rotary rate of 2000 rpm. Graphene/CNT fi bers could be further 
synthesized by dipping the graphene oxide/CNT fi bers in an aqueous 
solution of hydroiodic acid (40%) at 80 °C for 6h, followed by immersion 
into methanol and drying in vacuum for 12 h. 

  Deposition of Pt nanoparticles.  A double potential step method was 
used to deposit Pt nanoparticles onto the surfaces of bare CNT and 
graphene/CNT composite fi bers at room temperature with the fi rst step 
at –0.5 V for 5 s and the second step at 0 V for 30 s. [ 28 ]  The electrolyte 
was composed of 5 mM H 2 PtCl 6  and 0.5 M H 2 SO 4  in water, and a 
platinum wire and saturated calomel electrode served as counter and 
reference electrodes (+0.241 V vs. RHE), respectively. The resulting 
fi bers were immersed in deionized water to remove the electrolyte and 
dried in vacuum for 12 h. 

  Fabrication of wire-shaped dye-sensitized solar cells.  A TiO 2  nanotube-
modifi ed Ti wire that absorbed N719 dye served as the working 
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electrode. [ 29 ]  The dye-absorbed working electrode was twisted with a 
composite fi ber as the counter electrode to form a wire-shaped dye-
sensitized solar cell. The wire-shaped solar cell could be sealed in 
a transparent fl exible fl uorinated ethylene propylene tube, followed 
by injection of a redox electrolyte (containing 0.1 M lithium iodide, 
0.05 M iodine, 0.6 M 1, 2-dimethyl-3-propylimidazolium iodide, and 
0.5 M 4-tert butyl-pyridine in dehydrated acetonitrile and 2-dimethyl-3-
propylimidazolium iodide). 

  Fabrication of wire-shaped supercapacitors.  The graphene/CNT 
composite fi ber electrodes were fi rstly incorporated with a gel electrolyte 
of PVA/H 3 PO 4  (mass ratio of 1/1) and dried in vacuum. The resulting 
two fi ber electrodes were then twisted together, followed by coat of a 
second layer of the same gel electrolyte to avoid the short circuit of the 
wire-shaped supercapacitor.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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