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Flexible and portable devices are a mainstream direction in
modern electronics and related multidisciplinary fields. To
this end, they are generally required to be stretchable to
satisfy various substrates.[1,2] As a result, stretchable devices,
such as electrochemical supercapacitors,[3–6] lithium-ion bat-
teries,[7] organic solar cells,[8] organic light-emitting diodes,[9,10]

field-effect transistors,[11] and artificial skin sensors[12] have
been widely studied. However, these stretchable devices are
made in a conventional planar format that has largely
hindered their development. For the portable applications,
the devices need to be lightweight and small, though it is
difficult for them to be made into efficient microdevices. In
particular, it is challenging or even impossible for them to be
used in electronic circuits and textiles that are urgently
required also in a wide variety of other fields, such as
microelectronic applications.

Recently, some attempts have been made to fabricate
wire-shaped microdevices, such as electrochemical super-
capacitors. They have been generally produced by twisting
two fiber electrodes with electrolytes coated on the sur-
face.[13–19] Several examples have been also successfully shown
to make fiber-shaped supercapacitors with a coaxial struc-
ture.[20, 21] Compared with their planar counterparts, the wire
or fiber shape enables promising advantages such as being
lightweight and woven into textiles. Although the wire and
fiber-shaped supercapacitors are also flexible with high
electrochemical performance, they are not stretchable,
which is critically important for many applications. For
instance, the resulting electronic textiles could easily break
during the use if they were not stretchable.

To the best of our knowledge, herein we have, for the first
time, developed a novel family of highly stretchable, fiber-
shaped high-performance supercapacitors. Aligned carbon
nanotube (CNT) sheets that are sequentially wrapped on an
elastic fiber serve as two electrodes. The use of aligned CNT
sheets offers combined remarkable properties including high
flexibility, tensile strength, electrical conductivity, and

mechanical and thermal stability. As a result, the fiber-
shaped supercapacitor maintains a high specific capacitance
of approximately 18 F/g after stretch by 75 % for 100 cycles.

Spinnable CNT arrays were first synthesized by chemical
vapor deposition. A scanning electron microscopy (SEM)
image of the array with height of 230 mm is shown in the
Supporting Information, Figure S1, and the CNT shows
a multi-walled structure with diameter of about 10 nm
(Supporting Information, Figure S2). Aligned CNT sheets
could be then continuously drawn from the array and easily
attached to various substrates. Elastic fibers were used herein
to offer the stretchability in the resulting supercapactiors, and
rubber fibers have been mainly studied as a demonstration.
For a typical fabrication on the fiber-shaped supercapacitor
(Figure 1), a rubber fiber was first coated with a thin layer of

H3PO4–poly(vinyl alcohol) (PVA) gel electrolyte, followed by
winding with a CNT sheet as the inner electrode, coating with
the second layer of electrolyte, winding with another CNT
sheet as the outer electrode that shares the same thickness
with the inner electrode, and finally coating with the third
layer of electrolyte. A vacuum treatment had been used to
improve the infiltration of the electrolyte into the aligned
CNTs after coat of the electrolyte. Figure 1g shows the
structure of the resulting supercapacitor. Similar to springs,
the wrapped CNT sheet electrodes can well maintain the
aligned structure as the CNTs are stabilized by the gel
electrolyte during stretching. Both rubber fiber substrate and

Figure 1. Illustration to the fabrication of a highly stretchable, fiber-
shaped supercapacitor with a coaxial structure.
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gel electrolyte are stretchable, so the supercapacitor also has
the property of stretchability.

Figure 2a shows a typical SEM image of the first CNT
layer that serves as the inner electrode in the fiber-shaped
supercapacitor. Obviously the aligned CNT sheet has been
uniformly and stably attached on the rubber fiber, which can
be further confirmed by the high-resolution SEM image
(Supporting Information, Figure S3). So does the second
CNT layer that functions as the outer electrode. As a result,
the fiber-shaped supercapacitor is uniform in diameter.
Figure 2b,c,d shows typical SEM images of the left, middle,
and right parts of a fiber-shaped supercapacitor with diameter
of approximately 650 mm. The core–sheath structure has been
further verified by the cross-sectional image of the super-
capacitor (Figure 2e, f, g). The two CNT layers can be clearly
observed to be separated by an electrolyte layer. The use of
inner and outer electrolyte layers can improve the infiltration
of the electrolyte among aligned CNTs. The innermost
electrolyte layer also contributes to a strong attachment
onto the rubber fiber (Supporting Information, Figure S4),
while the outermost electrolyte layer can prevent the outer
CNT sheet electrode from being damaged. These fiber-
shaped supercapacitors were highly flexible, and no obvious
damage in the structure had been traced by SEM observations
after they were wound onto different substrates and shapes
(Figure 3a, b). In particular, the use of the elastic rubber fiber
and aligned CNT electrode provides the supercapacitor with
highly stretchability (Supporting Information, Video S1).
Figure 3c (see also the Supporting Information, Figure S5)
shows that a fiber-shaped supercapacitor can be easily
stretched by 100 % without an obvious decrease in the
structure integrity. To further verify the high stretchability
and structural stability, the electrical resistance of the rubber

fiber attached with aligned CNT sheets was traced during the
stretching process. Interestingly, a micro-buckled structure
was observed on the above fiber and the electrical resistance
was varied in less than 5% during stretch with a strain of
100 % (Supporting Information, Figures S6,S7). These prop-
erties are critically important to guarantee a high specific
capacitance and stability during use.

Different thicknesses of CNT layers, that is, 110, 220, 330,
440, and 550 nm, were compared for the fiber-shaped super-
capacitors. The thickness was controlled by varying the layer
number of aligned CNT sheets, which typically have a thick-
ness of about 18 nm.[22] Cyclic voltammetry (CV) was first
used to characterize the electrochemical property of aligned
CNT electrodes.[23] Figure 4a shows typical CV curves that
were measured by a two-electrode system at a scan rate of
50 mVs�1 in the PVA/H3PO4 gel electrolyte. Obviously, the
CV curves share a rectangular shape that corresponds to an
electrochemical double-layer capacitor. The current was first
increased with the increasing thickness of CNTelectrode from
110 to 330 nm and then maintained with the further increase
in the thickness. The increasing current is mainly derived from
the higher electrode mass, while the formation of a platform
may be explained by the fact that it is difficult for the gel
electrolyte to infiltrate into the dense CNT material. Fig-
ure 4b shows the corresponding galvanostatic charge–dis-
charge curves of the supercapacitor between 0 and 0.8 V at
a current density of 0.1 Ag�1. The charge-discharge curves
were nearly symmetric, which indicated a high reversibility
between charge and discharge processes. Figure 4c compares
the specific capacitances of the aligned CNT electrodes with
increasing thicknesses. They increased from 11.0 to 19.2 Fg�1

with the increasing thickness from 110 to 330 nm, which is
mainly due to the decreased electrical resistance of the CNT
sheet electrode. With the further increase to 550 nm, the
capacitances are reduced to 11.3 F g�1 as the gel electrolyte
cannot be efficiently infiltrated into the CNT sheet electrode
during the fabrication. Obviously, an optimal thickness for the

Figure 2. Scanning electron microscopy (SEM) images of fiber-shaped
supercapacitors. a) The inner CNT sheet electrode that corresponds to
the state at (c) in Figure 1. b)–d) SEM images of the left, middle, and
right parts of the fiber-shaped supercapacitor corresponding to the
state at (f) in Figure 1. e)–g) Cross-sectional images of a fiber-shaped
supercapacitor with different magnifications. The arrows show the
aligned CNT sheet.

Figure 3. a), b) Photographs of two fiber-shaped supercapacitors being
wound on different shapes of substrates. c) Photograph of the fiber-
shaped supercapacitor with different strains of 0%, 25%, 50%, 75%,
and 100%.
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CNT electrode appears at 330 nm for the fiber-shaped super-
capacitor.

Figure 4d compares CV curves of the fiber-shaped super-
capactor based on the 330 nm-thick CNT electrodes with
increasing scan rates from 20 to 100 mVs�1. The rectangular
shape is well-maintained, which indicates a high electro-
chemical stability in the supercapacitor. Figure 4e further
shows the charge–discharge curves at different current
densities from 0.05 to 0.50 Ag�1. The charge–discharge
curves are similar in shape between 0 and 0.8 V, indicating
that the supercapacitors can be stably performed in a wide
range of current densities. The specific capacitances have

been maintained to be
almost 100 % after 1000
charge–discharge cycles
(Figure 4 f). To better
understand the stable elec-
trochemical performance,
the structure of the super-
capacitor was further traced
by SEM, and it was found to
be well-maintained after
operation (Supporting
Information, Figure S8).

The dependence of spe-
cific capacitance on super-
capacitor length had been
also carefully investigated
aiming at practical applica-
tions. The specific capaci-
tances were slightly varied
at about 20 Fg�1 with the
increasing length from 2 to
10 cm (Supporting Informa-
tion, Figure S9). The mass
energy and power densities
of the fiber-shaped super-
capacitor are further com-
pared in the Supporting
Information, Figure S10.
The mass energy densities
are decreased from 0.515 to
0.363 Whkg�1, while the
mass power densities are
increased from 19 to
421 Wkg�1 with the increas-
ing charge–discharge cur-
rent density from 0.05 to
1 Ag�1.

The specific capacitance
can be further enhanced by
introducing ordered meso-
porous carbon (OMC) com-
ponents among aligned
CNTs in the two electrodes
by a dip-coating method
(Supporting Information,
Figure S11). CV curves of
the supercapacitors fabri-

cated with different OMC contents in the CNT composite
electrodes are shown in the Supporting Information, Fig-
ure S12; the current increases with increasing OMC weight
percentage. Corresponding charge–discharge curves of the
supercapactiors measured at a current density of 0.1 Ag�1 are
given in the Supporting Information, Figure S13a. The
specific capacitance is improved to 41.4 Fg�1 at the aligned
CNT/OMC composite layer with an OMC weight percentage
of 50 %, compared with 19.2 Fg�1 without the use of OMC
(Supporting Information, Figure S13b).

Some attempts have been made to fabricate supercapa-
citors based on carbon-based fiber electrodes. In the case of

Figure 4. a),b) CV and Galvanostatic charge–discharge curves of fiber-shaped supercapacitors with different
thicknesses of CNT layers. The CV measurements were performed in a potential range of 0 to 0.8 V at a scan
rate of 50 mVs�1 in H3PO4–PVA gel electrolyte. The Galvanostatic charge–discharge measurements were
carried out at a current density of 0.1 Ag�1. c) Dependence of specific capacitance on the thickness of CNT
layer. d) CV curves of a fiber-shaped supercapacitor with the CNT thickness of 0.33 mm at different scan rates.
e) Galvanostatic charge–discharge curves of a fiber-shaped supercapacitor with the CNT thickness of 0.33 mm
at different current densities. f) Dependence of specific capacitance on cycle number for a fiber-shaped
supercapacitor with the CNT thickness of 0.33 mm. The specific capacitance was calculated from the charge–
discharge curves at the current density of 0.1 Ag�1 in H3PO4–PVA gel electrolyte.
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CNT materials, the specific capacitances were typically low,
for example, 4.5 and 5 F g�1.[24,25] The fiber-shaped super-
capacitors based on graphene and pen ink were 25–40[14] and
21–35 F g�1,[13] respectively. For a carbon nanofiber/CNT
composite, the resulting fiber-shaped supercapacitors exhib-
ited specific capacitances of 42–80 Fg�1.[20] In summary,
herein the stretchable fiber-shaped supercapacitors show the
similar level of specific capacitances to the other carbon-
based fiber-shaped supercapacitors that were not stretchable.

The electrochemical properties of the fiber-shaped super-
capacitor were carefully studied for the high flexibility and
stretchability. Here the bare aligned CNT electrode has been
studied as a demonstration. The CV and charge–discharge
curves of the fiber-shaped supercapacitors being bent with
different radii of curvatures are compared in Figure 5a (see
also the Supporting Information, Figure S14). The shapes of
CV and charge–discharge curves were maintained to be
almost the same under all bending conditions. The CV and
charge–discharge curves of the fiber-shaped supercapacitors
by stretch with different strains are further compared in
Figure 5b (see also the Supporting Information, Figure S15).
The CV and charge-discharge curves remain unchanged at
a strain of 75 % or lower and start to deform at a higher value.
Furthermore, the specific capacitance is maintained by more
than 95 % after stretched by 100 cycles at a strain of 75%

without obvious structural damages (Figure 5c; Supporting
Information, Figure S16). Furthermore, it can be also
remained above 90% after 1000 charge-discharge cycles
when applied a strain of 75 % (Figure 5 d).

In summary, a highly stretchable, fiber-shaped super-
capacitor has been developed with high performance by
winding aligned CNT sheets on elastic fibers. The high
stretchability and specific capacitance have been simultane-
ously achieved by designing a coaxial structure that favors
high contact areas between the electrode and electrolyte
besides the combined remarkable properties enabled by the
aligned CNTs.
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