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Textile electrodes woven by carbon nanotube–graphene
hybrid fibers for flexible electrochemical capacitors†

Huhu Cheng,a Zelin Dong,a Chuangang Hu,a Yang Zhao,a Yue Hu,a Liangti Qu,*a

Nan Chena and Liming Dai*b

Functional graphene-basedfibers are promising as new types offlexible buildingblocks for the construction

of wearable architectures and devices. Unique one-dimensional (1D) carbon nanotubes (CNTs) and 2D

graphene (CNT/G) hybrid fibers with a large surface area and high electrical conductivity have been

achieved by pre-intercalating graphene fibers with Fe3O4 nanoparticles for subsequent CVD growth of

CNTs. The CNT/G hybrid fibers can be further woven into textile electrodes for the construction of

flexible supercapacitors with a high tolerance to the repeated bending cycles. Various other applications,

such as catalysis, separation, and adsorption, can be envisioned for the CNT/G hybrid fibers.
1 Introduction

Graphene with a two dimensional (2D) carbon nanostructure
has fascinating properties, including giant electron mobility,
large surface area, high mechanical, thermal and chemical
stability.1–5 As a consequence, many attempts have been made
to integrate the unique properties of the individual graphene
sheets into useful 1D bers, 2D lms and 3D graphene
ensembles for practical applications.6,7 Some breakthroughs
have recently been made for the fabrication of 1D macroscopic
graphene bers (GFs) via wet-spinning by several groups,8,9 and
through hydrothermal strategy by us.10,11 The resultant GFs are
light-weight, highly exible, and electro-conductive. Due to the
strong p–p stacking interaction between individual graphene
sheets,12,13 however, the unique 2D feature such as the initial
large surface area of graphene sheets would be drastically lost
during the manufacturing process, which largely limits their
applications in certain devices that specically require large
surface areas (e.g., supercapacitors).

As a member of the carbon family, 1D carbon nanotubes
(CNTs) also possess unique properties.14–17 Recent studies
demonstrate that hybrid materials of the 2D graphene sheets
and 1D CNTs can exhibit synergistic effects to show greatly
improved electrical, thermal conductivity and mechanical exi-
bility compared with each of the single constituent compo-
nents.18–23 So far, some of such 2D and 3D hybrid structures have
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been fabricated as transparent conductors19 and electrode
materials for supercapacitors.22,24However, the fabrication of 1D
macroscopic CNT/graphene (CNT/G) hybrid bers has been
much less discussed, though they are promising as new types of
exible building blocks for the construction of wearable archi-
tectures anddevices. By solution spinning of graphene andCNTs
with poly(vinyl alcohol) (PVA),Min et al.25have recently produced
hybrid bers withmuch increased toughness. However, the high
surface area and conductivity intrinsically associated with gra-
phene andCNTs have been signicantly reduced by the presence
of the intercalated polymers.

Electrochemical capacitors (ECs) have attracted much
attention because of their high power density, long cycle life,
and high charge-storage efficiency.26–32 Of particular interest is
the development of lightweight, exible supercapacitors33 that
have high capacitance performances even under mechanical
deformation. We have recently demonstrated extremely high
capacitances for 3D graphene structures with highly exposed
graphene planar surfaces,34 and highly compression-tolerant
supercapacitors for graphene-based foam electrodes.35 In this
study, we have developed a exible EC with textile electrodes
made from CNT/G hybrid bers of large surface area and high
exibility. The CNT/G hybrid bers were fabricated by directly
growing CNTs along graphene bers with embedded Fe3O4

nanoparticles as catalysts for chemical vapor deposition (CVD)
of the nanotubes.
2 Experimental
2.1 Preparation of CNT/G bers

A graphene oxide (GO) suspension was prepared by a modied
Hummers method as reported in our previous papers.10,33,35 The
Fe3O4-containing graphene (G/Fe3O4) ber was obtained by
thermally treating the mixture of 8 mg ml�1 GO and Fe3O4
This journal is ª The Royal Society of Chemistry 2013
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nanoparticles (20 nm, Aladdin Chemistry Co. Ltd) in a closed
glass pipeline10 (Fig. 1). The weight ratio of GO suspension/
Fe3O4 is 4 : 1. Then, we transfer the G/Fe3O4 ber into a CVD
chamber for the CNT growth. The fabrication of the CNT/G ber
was carried out at 750 �C under a ow of C2H2/H2/Argon
(5 sccm/150 sccm/800 sccm) for 15 min.

2.2 Preparation of a exible supercapacitor

The textile electrodes were fabricated by pre-weaving the
G/Fe3O4 bers, followed by the CVD process as mentioned
above. Thin polyethylene terephthalate (PET) lms coated with
an Au layer were used as supporting substrates and current
collectors. The separator is a lter paper soaked with 1 M
Na2SO4 aqueous electrolyte.

2.3 Characterization

The morphology of the samples was examined by scanning
(SEM, JSM-7001F) and transmission (TEM, JEM-2010) electron
microscopies. The X-ray energy disperse spectra (EDS) of the
samples were taken on a JSM-7001F SEM unit. The Raman
spectra were measured under ambient conditions using a
Renishaw microRaman spectroscopy system with a 514.5 nm
argon-ion laser. The X-ray diffraction (XRD) patterns were
obtained by using a Netherlands 1710 diffractometer with a Cu
Ka irradiation source (l ¼ 1.54 Å). The electrical conductivity of
the CNT/G ber was measured by using a four-probe resistance
tester (Model ST2258A, Suzhou, China). A mechanical property
test of the CNT/G ber was conducted with an AGS-X material
testing system (SHIMADZU). The strain rate for one centimeter
gauge length is 0.2 mm min�1 with a preload of 0.5 N. Cyclic
voltammetry (CV) and galvanostatic charge–discharge curves
were recorded using a CHI 660D electrochemical workstation.

3 Results and discussion

Fig. 1 schematically shows the process for fabricating CNT/G
bers. Briey, the aqueous GO suspension (8 mg ml�1) was well
Fig. 1 Fabrication scheme of the CNT/G fibers. (a) An aqueous GO suspension
mixed with Fe3O4 nanoparticles in a closed glass pipeline. (b) The G/Fe3O4 fiber
released from the pipelines and dried after the hydrothermal process. (c) The as-
prepared fluffy CNT/G fiber with the enlarged schematic drawing showing CNTs
grown between graphene sheets after the CVD process.

This journal is ª The Royal Society of Chemistry 2013
mixed with Fe3O4 nanoparticles under ultrasonication, followed
by a hydrothermal process within glass pipelines according to
our previous report.10 Graphene/Fe3O4 (G/Fe3O4) bers were
collected aer being released from the pipelines, which were
then treated through the CVD process for direct growth of CNTs
along graphene bers.

Just like the pristine graphene bers,10 the as-prepared G/
Fe3O4 ber (Fig. 2a, le) has a uniform diameter of �34 mm
(Fig. 2b) and is composed of densely packed graphene sheets
(Fig. 2b and c). A high-magnication cross-sectional SEM image
of the G/Fe3O4 ber reveals the intercalation of Fe3O4 nano-
particles within graphene sheets (Fig. 2d). O and Fe elemental
mappings (Fig. 2f and g) are consistent with the C mapping
(Fig. 2e) determined by EDS, indicating the uniform distribu-
tion of Fe3O4 along the graphene ber.

The CNT/G ber was prepared by the CVD process carried
out at 750 �C under a ow of C2H2/H2/Argon (5 sccm/150 sccm/
800 sccm) for 15 min, which almost maintained the initial
length of the G/Fe3O4 ber (Fig. 2a, right), while its diameter
increased signicantly. Fig. 2h exhibits a CNT/G ber with a
diameter of 100 mm, about three times that of the G/Fe3O4 ber.
The observed uffy surface of the CNT/G ber (Fig. 2h) is
composed of highly entangled CNTs (Fig. 2i). Fig. 2j and k show
the cross-sectional view of a deliberately broken CNT/G ber,
which indicates that the CNTs grew not only on the surface but
also within the ber to increase the ber diameter. The CNT/G
ber maintains the good exibility of the graphene ber, as
demonstrated by bending it into a loop (Fig. 2l) or spring shape
(Fig. 2m) without any obvious structural damage. Due to the
expansion of the densely packed graphene sheets by the inter-
calated growth of CNTs, the CNT/G ber has a lower tensile
strength (24.5 MPa) than that of a pure graphene ber (180
MPa).10 As a consequence, we have observed the relatively large
specic surface area of the CNT/G bers (ca. 79.5 m2 g�1), which
is close to the theoretical specic surface area of multi-wall
carbon nanotubes,36 but is signicantly higher than that of pure
graphene bers (ca. 18 m2 g�1). Furthermore, the CNT/G ber
has a four-probe electrical conductivity of about 12 S cm�1 at
room temperature, which is also slightly higher than that of
graphene ber (ca. 10 S cm�1), probably attributable to the
highly entangled CNTs within bers and efficient electric
transport between graphene sheets and CNTs.10,20,22

Despite the difficulty in observing the graphene sheets by
SEM, Fig. 2h–k due to the dense growth of CNTs, the hybrid
structure of CNTs with graphene sheets was conrmed by TEM
imaging (Fig. 3a and b). The inset in Fig. 3b shows the typical
electron diffraction pattern of a highly crystalline graphene
sheet. The multiwalled graphitic layers are clearly observed in
the high resolution TEM image of the grown CNT in Fig. 3c.
Since the Fe3O4 nanoparticles were pre-anchored on the gra-
phene sheets during the synthesis of the G/Fe3O4 ber, it seems
that the CNTs grow out from the nucleation catalysts distrib-
uting along the graphene planar sheets (Fig. 3d). The enlarged
view of the nucleation site is presented in the inset of Fig. 3d,
which displays the metal core surrounded by graphitic layers.
The catalyst is not removed aer the growth of CNTs, which has
a low content of less than 2 wt% within G/CNT bers (Fig. S1 in
Nanoscale, 2013, 5, 3428–3434 | 3429
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Fig. 2 (a) Photograph of an �5 cm long G/Fe3O4 fiber (left) and a CNT/G fiber (right). (b) SEM image of the G/Fe3O4 fiber. (c and d) The surface and cross-sectional
SEM images of the G/Fe3O4 fiber, respectively. (e–g) C, O, and Fe elemental mappings of (b) determined by EDS. (h and i) SEM images of the G/CNT fiber and enlarged
surface, respectively. (j and k) Cross-sectional view of the CNT/G fiber with different magnifications. (l) A photo of a loop shaped CNT/G fiber. (m) The spring shape of
the CNT/G fiber. Scale bars: a, 0.5 cm; b, h and j, 10 mm; c and d, 100 nm; i and k, 1 mm; l, 1 cm; m, 100 mm.

Fig. 3 TEM images of a piece of the CNT/G fiber (a and b), single grown CNT (c),
and (d) CNT grown on graphene sheets with a short growth time (5 min). The
inset in (b) shows the selected area electron diffraction of the graphene sheet. The
inset in (d) shows an enlarged view of the catalyst. Scale bars: a, 100 nm; b, 50 nm;
c, 10 nm; d, 100 nm; and inset of d, 10 nm.

3430 | Nanoscale, 2013, 5, 3428–3434
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ESI†). The catalyst was enwrapped in the carbon shells (Fig. 3d,
inset), which may have contributed to the capacitance.

Fig. 4c shows the Raman spectrum of a CNT/G ber in
comparison with a pure graphene ber (Fig. 4a) and a G/Fe3O4

ber (Fig. 4b). As can be seen, all of them exhibit the typical D
and G bands.37 Both the graphene ber (Fig. 4a) and the G/Fe3O4

ber (Fig. 4b) derived from hydrothermally reduced graphene
oxides show a relatively high D band with an intensity ratio (ID/
IG) of ca. 0.9, which is much larger than the corresponding value
of 0.39 for the CNT/G ber (Fig. 4c). The relatively strong G band
seen in Fig. 4c indicates a highly graphitic crystalline structure
for the CNT/G ber.

Fig. 5 represents the XRD patterns of a graphene ber, G/
Fe3O4 ber, and CNT/G ber, respectively. As can be seen, the
graphene ber has a diffraction peak at 2qz 25� assigned to the
(002) plane of stacked graphene sheets.6 Apart from the typical
peak at 2q z 25�, the G/Fe3O4 ber exhibits a series of distinct
diffraction peaks positioned at ca. 30.4�, 35.7�, 43.5�, 53.7�,
57.3� and 63� corresponding to the (220), (311), (400), (422),
(511) and (440) planes of the intercalated Fe3O4 nanoparticles
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Raman spectra ofagraphenefiber (a), G/Fe3O4fiber (b), andCNT/Gfiber (c).

Fig. 5 XRD patterns of a graphene fiber (a), G/Fe3O4 fiber (b), and CNT/G fiber (c).

Fig. 6 (a) CV curves of the capacitors of the CNT/G fiber at scan rates of 10–
500 mV s�1. (b) Evolution of the discharge current density versus scan rate. (c)
Galvanostatic charge–discharge cycles (CC) at current density of 10–200 mA cm�2

of the CNT/G fiber. (d) A schematic model for estimating the cylindrical surface
area of the CNT/G fiber.
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(JCPDS no. 88-0315).38 In contrast, most of the diffraction peaks
associated with Fe3O4 largely disappeared and the graphene
peak at ca. 25� was drastically suppressed for the sample of
CNT/G ber (Fig. 5c). The peak at 26.1� corresponds to the (002)
interplanar spacing between the CNT walls. The other CNT
characteristic peaks at 2q ¼ ca. 42.7� and 54� correspond to the
(100) and (004) reection, respectively.39 On the other hand, the
crystalline phase of Fe residue is represented by a strong (110)
reection at ca. 43.7� with an additional peak at 51.1�.39 The
remaining peaks at ca. 44.8� and 48� are presumably related to
the iron carbide associated with the resultant CNTs.39 These
This journal is ª The Royal Society of Chemistry 2013
results indicate that the initially intercalated Fe3O4 nano-
particles within the graphene bers have been reduced into Fe
nanoparticles by the H2 ow during the CVD process for the
CNT growth (Fig. 3).

Having performed the structural characterization, we further
investigated the cyclic voltammetry (CV) response of a single
CNT/G ber as the working electrode. A Pt wire and Ag/AgCl
(3 M KCl) were used as the counter and reference electrodes,
respectively. The electrolyte was 1 M Na2SO4 aqueous solution.
As shown in Fig. 6a, the CNT/G ber electrode exhibited rect-
angular CV curves, showing ideal capacitive behavior within the
measured scan rates from 10 to 500 mV s�1 probably due to the
fast ion transportation resulting from the high conductivity and
high specic surface area of the CNT/G ber.

Efficient ion adsorption/desorption on the CNT/G ber was
also evidenced by the linear relationship of the discharge
current densities with the scan rates over 10–500 mV s�1

(Fig. 6b). In contrast, the pure graphene ber exhibited the
compressed current–voltage cycles with increased scan rates
(Fig. S2†), indicating the ineffective ion transport through the
neat graphene ber. The galvanostatic charge–discharge curves
at a current density of 10–200 mA cm�2 of the CNT/G ber are
shown in Fig. 6c. The ber surface area (A) can be estimated
from A ¼ 2prL, where r is the ber radius and L is the ber
length. Based on the ber surface area, the specic capacitance
(Cs) calculated by using the slope of the discharge curves with
different current densities is between 1.2 and 1.3 mF cm�2,
indicating the stable capacitance performance. These results
show that the CNT and graphene hybridmicrobers with a large
specic surface area greatly facilitate the rapid transport of
electrolyte ions within the electrode material to show the
improved electrochemical properties.

To explore the application of CNT/G bers in exible and
wearable electronic devices, we fabricated the textile electrodes
woven from CNT/G bers. Due to the rough surface of the
Nanoscale, 2013, 5, 3428–3434 | 3431
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Fig. 8 (a) Schematic illustration of a flexible supercapacitor using the textile of
CNT/G fibers as electrodes. (b and c) Photos of the fabricated textile super-
capacitor in the flat and bending states, respectively. Insets of (b) and (c) show a
light-emitting-diode (LED) lighted by this textile supercapacitor in the flat and
bending states. Scale bar: b and c, 1 cm.
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individual CNT/G bers, it is difficult, if not impossible, to
directly knit CNT/G bers into textile. We therefore knitted the
textile from G/Fe3O4 bers (Fig. 7a) rst, followed by the CVD
growth of CNTs as mentioned in the Experimental section
(Fig. 7b). The as-formed textile of the CNT/G bers is still ex-
ible just like that of the G/Fe3O4 ber (insets in Fig. 7a and b).
The overlapped CNT/G bers (Fig. 7c) within the textile show
the structural feature of highly entangled CNTs (Fig. 7d) similar
to that of individual CNT/G bers in Fig. 2h and i.

Fig. 8 shows a schematic structure of the exible super-
capacitor using the CNT/G ber textiles as electrodes (Fig. 8a),
and the nal supercapacitors in the at (Fig. 8b) and bending
(Fig. 8c) states. A thin polyethylene terephthalate (PET) coated
with Au was used as the supporting substrate and current
collector. The separator is a lter paper soaked with 1 M Na2SO4

aqueous electrolyte. As shown in the insets of Fig. 8b and c, the
charged device can light a commercial LED in either the at or
bending state, although the charge voltage is only 0.6 V.

To quantitatively investigate the electrochemical perfor-
mance of the newly developed exible supercapacitor, we
measured both CV and charge–discharge curves (Fig. 9). As can
be seen in Fig. 9a, the device maintained a nearly rectangular
CV shape over a wide range of scan rates (0.01–10 V s�1),
showing a great capacitive behavior. The straight triangular
charge–discharge curves are directly associated with the elec-
trical double layer (Fig. 9b). The capacitance Cs dened as C/S
(here, C is the capacitance and S is the total surface area of all
CNT/G bers within the textile electrodes) was calculated by
using the slope of the discharge curves to be about 0.74 mF
cm�2 at a current density of 10 mA cm�2. This value exceeds that
of the ber-shaped solid supercapacitor based on ZnO nano-
wires and graphene lms (0.4 mF cm�2),40 and is similar to that
of the graphene-based ber shaped EC.41 The exible super-
capacitors also work well in a voltage range of 0–1.0 V (Fig. S3†).
The capacitance was calculated by using the slope of the
Fig. 7 Photographs of the G/Fe3O4 fiber textile (a) and the CNT/G fiber textile
(b). Insets in (a) and (b) show the bent states. (c) SEM image of the overlaped CNT/
G fibers within the textile, and (d) its enlarged surface. Scale bars: a and b, 0.5 cm;
c, 10 mm; d, 1 mm.

3432 | Nanoscale, 2013, 5, 3428–3434
discharge curves to be about 0.98 mF cm�2 at a current density
of 20 mA cm�2, which is similar to that tested in a voltage range
of 0–0.6 V. Accordingly, the weight-specic capacitances were
determined to be about 200.4 F g�1 by use of the equations
reported previously,42–44 which is even higher than those of
some typical graphene-based and CNT-based supercapacitors
(Table S1†).45–48

The textile supercapacitors have similar CV curves in both
the bending and at states (Fig. 9c). A long-term bending cycle
test on this textile supercapacitor showed an initial decrease in
the capacitance, which then leveled off at a stable value of ca.
0.4 mF cm�2 aer 1000 cycles (Fig. 9d). With the increase of the
Fig. 9 (a) CV curves of the supercapacitor of the CNT/G fiber textile under the
scan rate ranging from 0.01 to 10 V s�1. (b) The galvanostatic charge–discharge
curves at current density of 10–100 mA cm�2 of the CNT/G fiber textile super-
capacitor. (c) CV curves of the CNT/G fiber textile supercapacitor in the flat and
bending states for one typical bending cycle, respectively. The scan rate is 100 mV
s�1. (d) The durability test of the CNT/G fiber textile supercapacitor undergoing
the repeated flat-to-bending cycles.

This journal is ª The Royal Society of Chemistry 2013
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repeated at-to-bending cycles, the rectangular CV curves
shrink gradually and nally stabilize aer about 200 bending
cycles (Fig. S4†), which is consistent with the capacitance vari-
ation in Fig. 9d. The initial capacitance drop could also be
explained by the fact that the CNT/G ber has the increased
resistance during the early stage bending process, most prob-
ably due to the deformation of the CNT/G ber (Fig. S5†). The
increased resistance could reduce the capacitive performance to
some extent.
4 Conclusions

In summary, we have fabricated the new CNT/G hybrid bers
with a high surface area and electrical conductivity by pre-
intercalating Fe3O4 nanoparticles into graphene bers for
subsequent CVD growth of CNTs. A exible textile of CNT/G
bers was also prepared and used as electrodes for the
construction of exible supercapacitors. Apart from the textile
supercapacitors demonstrated in this study, the CNT/G hybrid
bers could nd many more applications in different elds,
including catalysis, separation, and adsorption.
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