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a b s t r a c t

Wire-shaped devices, such as solar cells and supercapacitors, have attracted great attentions due to their
unique structure and promise to be integrated into textiles as portable energy source. To date, most
reported wire-shaped supercapacitors were developed based on carbon nanomaterial-derived fiber
electrodes whereas titania was much less used, though with excellent pseudocapacitvie properties. In
this work, we used a titanium wire sheathed with radially aligned titania nanotubes as one of the
electrodes to construct all-solid-state microsupercapacitors, in which the second electrode was carbon
nanotube fiber or sheet. The capacitance of the resulting microsupercapacitor with a CNT sheet electrode
(1.84 mF cm�2) is about three time of that for the corresponding device with the second electrode based
on a single CNT yarn. The unique wire-shaped structure makes it possible for the wire-shaped micro-
supercapacitors to be woven into various textiles and connected in series or parallel to meet a large
variety of specific energy demands.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The wearable wire-shaped electronics for energy conversion
and/or storage have recently attracted considerable attention, and
have great potentials for various applications, especially as inte-
grated electronics with clothing and other textiles [1–3]. In par-
ticular, wire-shaped energy conversion devices converting light
[4,5], mechanical [6] and/or heat [7] into electricity have been
widely investigated. In order to utilize the electricity thus gener-
ated more efficiently and to effectively extend the duration of its
usage, wearable wire-shaped energy storage devices matching
with those wire-shaped energy conversion counterparts are nee-
ded. Apart from the potential use as electronics with clothing and
other textiles, wire-shaped energy storage devices (e.g., micro-
supercapacitors) can also provide electrical energy for other elec-
tronics, including on-body sensors [8–13]. Microsupercapacitors
(also known as electrochemical capacitors at microscale) possess
high power density and reliability [14], which can satisfy the
power requirements of various wearable electronics. Of particular
importance to their practical applications, microsupercapacitors
with high efficiencies can be fabricated in the form of all-solid-
state devices. In this context, it is highly desirable to develop high-
performance, lightweight, flexible and wire-shaped micro-
supercapacitors for powering wearable electronics.

Wire-shaped (micro)supercapacitors have similar structure
with their planar counterparts, including two electrodes, electro-
lyte and a separator [8–13]. Most wire-shaped solid (micro)
supercapacitors reported to date were constructed by using nickel
wire, carbon nanotube wire, or plastic wire as the wire-shaped
electrode and a polymer gel as the electrolyte [8–13], though their
performance has not reached to the level as expected – probably
due to the limited surface area for metal wires or the limited
electrical conductivity intrinsically associated with plastic wires.
Titanium dioxide (TiO2) has been used as the electrode for
supercapacitors to achieve high specific capacitance as well as
high energy and power densities [15–17]. Highly aligned TiO2

nanotube arrays with a high specific area can be easily obtained by
electrochemical anodization and are attractive as electrode mate-
rials in microsupercapacitors [15–17]. On the other hand, carbon
nanomaterials (e.g., carbon nanotubes, graphene) have been
widely used as active electrodes in microsupercapacitors with high
performance due to their high surface area and high conductivity
[18–26].

Herein, we report the first flexible and wearable wire-shaped
microsupercapacitor based on a wire-shaped microelectrode made
from a titanium (Ti) wire sheathed with radially aligned titania
nanotubes, in which the radially aligned semiconducting titania
nanotubes cannot only increase the surface area of the electrode
but also act as a separator between the Ti fiber electrode and the
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Fig. 1. Schematic illumination of procedures for constructing the wire-shaped
microsupercapacitors based on a wire-shaped electrode made from a titanium (Ti)
wire sheathed with radially aligned titania nanotubes and wrapped with highly-
aligned carbon nanotube yarn or sheet.

Fig. 2. Morphology of the anodized Ti wire and aligned CNTs. (a) SEM image of an anodiz
wire. (d) SEM image of aligned CNT sheet drawing from the vertically-aligned CNT array.
aligned CNT array, followed by in-situ wrapping around an anodized Ti wire.
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outmost carbon nanotube (CNT) yarn or sheet electrode, which
was twisted around the outer surface of the anodized titanium (Ti)
wire (Fig. 1).
2. Materials and methods

The vertically-aligned CNT array was synthesized by chemical
vapor deposition using ethylene as the carbon source (120 sccm),
the sputter-coated Fe (1.2 nm)/Al2O3 (3 nm) catalyst on a silicon
wafer as the nanotube growth substrate and a mixture of argon
and hydrogen (flow rate of 400 sccm/30 sccm) as the carrier gas at
750 °C [27,28]. The resultant-vertically aligned CNT array was then
directly drawn into horizontally-aligned CNT sheet or spun into
yarns using a microprobe with rotating rapid of 2000 rpm. Aligned
titania nanotube array was radially grown on the surface of a Ti
wire (purchase from Alfa Aesar) with a diameter of 127 μm
through an electrochemical anodic oxidation method in the elec-
trolyte solution containing 0.3 wt% NH4F (SigmaAldrich) and
2 vol% H2O in ethylene glycol (SigmaAldrich) at 60 V for 2 h [29].
The growth was carried out in a two-electrode electrochemical cell
using Ti wire as the working electrode and platinum plate as the
counter-electrode. The anodized Ti wires were washed with
ed Ti wire. (b, c) SEM images of the radially aligned titania nanotubes around the Ti
(e) Optical photograph of the process for drawing the CNT sheet from the vertically-



Fig. 3. Morphology of the wire-shaped microsupercapacitors. (a, b) SEM images of a wire-shaped microsupercapacitor using a single CNT yarn wrapped the titania
nanotubes supported by a titaniumwire as one of the electrodes under low (a) and high (b) magnifications. (c) SEM image of the interface between the titania nanotubes and
CNT yarn. (d) SEM image of a microsupercapacitor using aligned CNT sheet wrapped the titania nanotubes supported by a titanium wire as the second electrode. (e) SEM
image of the aligned CNT bundle formed from the CNT sheet at the end of the microsupercapacitor for connecting to an external circuit. (f, g) Low and high magnification
SEM images of a Ti wire wrapped with an aligned and continuous CNT sheet.
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deionized water to remove the residual electrolyte, followed by
annealing at 500 °C in air for 1 h.

The wire-shaped microsupercapacitors were fabricated as fol-
lows. The annealing anodized Ti wire was immersed into a gel
electrolyte solution of poly(vinyl alcohol) powder (10 g, SigmaAl-
drich) and H3PO4 (10 g, SigmaAldrich) in water (100 mL) for
10 min, followed by evaporating the water in air. Then, the CNT
yarn was carefully wrapped around the above sample by hand. In
the case of CNT sheet electrode, the CNT sheet was drawn from a
vertically-aligned CNT array onto the surface of the electrolyte-
coated anodized Ti wire by rotating the Ti wire to wrap the CNT
sheet from one end to another end of the Ti wire. Additional
electrolyte was coated onto the assembled devices to enhance the
contact state between the CNT yarns or sheet with the electrolyte.
Finally, both electrodes of CNT yarns or sheet and Ti wire were
connected to external circuit using silver paste for subsequent
characterization. The carbon nanotube structure was characterized
by SEM (JEOL JSM-6510LV/LGS operated at 20 kV). Electrochemical
measurements were performed on an electrochemical working
station (CHI 760C, U.S.A.).
3. Results and discussion

As schematically shown in Fig. 1, the titania nanotube array
was prepared by electrochemical anodizing a Ti wire as a working
electrode in the electrolyte solution containing 0.3 wt% NH4F and
2 vol% H2O in ethylene glycol for 2 h at a voltage of 60 V by using a
platinum plate as the counter electrode. The anodized Ti wire was
then washed with deionized water, followed by annealing at
500 °C for 1 h. Thereafter, the resultant anodized Ti wire was
immersed into a gel electrolyte solution of poly(vinyl alcohol)
powder (10 g) and H3PO4 (10 g) in water (100 mL) for 10 min,
followed by evaporating the water in air. Highly aligned CNT yarn
or sheet was wrapped around the air-dried hybrid wire, and the
infiltrated gel electrolyte can effectively prevent the outer CNT
electrode from contacting with the core Ti wire. Finally, the



Fig. 4. Electrochemical performance of the wire-shaped microsupercapacitors with the CNT yarns or sheet electrodes. (a) CV curves measured at a scan rate of 0.1 V s�1.
(b) The galvanostatic charging–discharging curves of the microsupercapacitors at a constant current of 1 μA. (c) The dependence of specific capacitance of various devices on
the current. (d) Nyquist plots of the microsupercapacitors within the frequency range from 10�2 to 105 Hz.

T. Chen, L. Dai / Energy Storage Materials 2 (2016) 21–2624
opposite ends of the Ti wire and CNT yarn or sheet wrapped
around the Ti wire were connected to external circuit with silver
paste for subsequent structure and microsupercapacitor perfor-
mance characterization.

Fig. 2a shows a typical SEM image of an as-prepared anodized
titanium wire, which shows a relatively rough surface compared
with the pristine wire before anodization. SEM images of the
anodized titanium wire under higher magnifications are shown in
Fig. 2b and c, which clearly show the aligned titania nanotubes
with a tube length of about 10 μm (Fig. S1). The X-ray Diffraction
(XRD) spectra in Fig. S2 confirm the presence of TiO2 outside of the
Ti wire upon anodization, and a highly crystalline anatase phase
for the TiO2 nanotube after annealing. As mentioned above, the
aligned CNT sheet and yarn were prepared through a dry-spinning
process [13] from a spinnable vertically-aligned CNT array (Figs.
2d, e and S3) [27–34]. Fig. S4a and b shows SEM images of the CNT
spun fiber with a diameter of 18 μm and a uniform morphology
consisting of nanotubes aligned with each other within the yarn.
The corresponding Raman spectrum in Fig. S5 shows a G-band
peak at 1574 cm�1 and a D-band peak at 1344 cm�1 with a high
peak intensity ratio of IG/ID (1.16), indicating a high quality and low
defect content for the CNTs. The high-quality, highly aligned CNT
structure can efficiently enhance charge transport through the
CNT yarn, which is attractive for device applications. As seen in Fig.
2d and e, a highly aligned CNT sheet can be continuously drawn
from the spinnable vertically-aligned CNT array and be in-situ
wrapped around the Ti wire for the construction of wire-shaped
microsupercapacitors.

The wire-shaped microsupercapacitors were fabricated by
twisting aligned CNT yarns as the second electrode around the Ti
wire sheathed with radially aligned titania nanotubes as the pri-
mary electrode. Fig. 3a and b shows SEM images of the micro-
supercapacitor thus prepared. Due to its high flexibility and tensile
strength, the CNT yarn can be readily twisted around the Ti wire
with an intimated contact for efficient charge transport (Fig. 3c).
However, limited area of the Ti wire was covered when only a
single CNT yarn was used, which could lead to a poor device
performance. Therefore, microsupercapacitors with similar struc-
tures using the titanium wire sheathed with radially aligned tita-
nia nanotubes wrapped by two or three CNT yarns were con-
structed (Fig. S6). As expected, devices using two or three CNT
yarns showed a much better performance than their counterparts
based on a single CNT yarn (vide infra), though still a large portion
of the Ti wire did not contribute to the device performance. As an
alternative, therefore, microsupercapacitors with a large-area
aligned CNT sheet directly wrapped around the Ti wire con-
tinuously were fabricated (Figs. 2e and 3d). Fig. 3d shows an SEM
image of one end for such a device with the CNT sheet bundled
together for connecting to an external circuit (Fig. 3e). Fig. 3f and g
shows that CNTs highly aligned with each other and fully covered
the outside surface of the Ti wire, leading to efficient charge
transport for high device performance (vide infra).

To evaluate the electrochemical performance of the wire-
shaped microsupercapacitors, we performed cyclic voltammetry
(CV), galvanostatic charge/discharge, and electrochemical impe-
dance spectroscopic (EIS) measurements. Fig. 4a shows CV curves
of the microsupercapacitors using CNT yarns or sheet as the sec-
ond electrode at a scan rate of 0.1 V s�1. The rectangular shape of
the obtained CV curves is an indication for the electrical double
layer capacitance. Typical galvanostatic charge/discharge curves of
the wire-shaped microsupercapacitors are shown in Fig. 4b,
showing the symmetric triangular shape for a nearly ideal capa-
citive behavior. The specific capacitance can be calculated using
the equation of Csp¼2IΔt/SΔV, where I is the applied current,Δt is
the discharging time, and ΔV is the voltage window, respectively.
Here, S is the surface area of a fiber-shaped supercapacitor, which
was calculated by multiplying the circumference of the Ti wire and
the effective device length. As seen in Fig. 4a and c, the specific
capacitance (per electrode area) of the wire-shaped micro-
supercapacitor increased from 0.57 through 0.90 to 1.04 mF cm�2



Fig. 5. Flexibility and properties of the wire-shaped microsupercapacitors, these devices were fabricated using the second electrode with two CNT yarns. (a) Optical
photograph of a wire-shaped device at a bending state. (b, c) Optical photographs of the wire-shaped microsupercapacitor woven into a white textile without (b) and with
bending (c). (d) Dependence of the specific capacitance on the bending angles. (e) Dependence of the specific capacitance on the bending cycles. (f) CV curves of two
microsupercapacitors in series and parallel at a scan rate of 0.1 V s�1. (g) The galvanostatic charging–discharging curves of two microsupercapacitors in series and parallel at
a constant current of 1 μA.
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as the number of the CNT yarn increased from one through two to
three. The capacitance of the microsupercapacitor with a CNT
sheet electrode reached to 1.84 mF cm�2 that was about three
time of that for the device based on a single CNT yarn electrode,
attributable to the increased effective area of the electrode. The
performance of this newly-developed wire-shaped micro-
supercapacitor is comparable with that of the CNT fiber-based
device using liquid electrolyte [13]. The specific volumetric capa-
citance of the CNT sheet-based microsupercapacitor is about
1.84 mF cm�3, and corresponding energy density and power
density are 0.16�10�3 mW h cm�3 and 0.01 mW cm�3, respec-
tively. The dependence of specific capacitance on current is shown
in Fig. 4c, which shows that the specific capacitance of the
microsupercapacitors with CNT yarns reduced with increasing
current much faster than that of devices based on the CNT sheet.
Thus, the wire-shaped microsupercapacitor with the CNT sheet
electrode exhibited a higher stability than its counterparts based
on the CNT yarns. The capacitance for both type devices retained
at least 80% (Fig. S7) even after 1000 charge–discharge cycles,
suggesting reasonably good stabilities. Nyquist plots measured
over a frequency range from 10�2 to 105 Hz are shown in Fig. 4d,
showing the vertical lines at low frequencies characteristic of a
pure capacitive behavior. The series resistances of micro-
supercapacitors based on the CNT yarns decreased from 580
through 240 to 160Ω as the number of the CNT yarns increased
from one through two to three, in a good consistence with the
improved device performance as the number of CNT yarns
increased.

As expected, these wire-shaped microsupercapacitors are so
flexible that they can be bent over a large angle (Fig. 5a) and
woven into a textile (Fig. 5b and c). Fig. S8 shows CV and charge–
discharge curves of a typical microsupercapacitor when it was
bent to different angles ranging from 0° to 180° (Fig. 5d), indi-
cating a good flexibility and stability. Besides, these wire-shaped
microsupercapacitors can be bent for hundreds of times without
any obvious change in electrochemical performance (Figs. 5e and
S9). Furthermore, the output current and voltage of these wire-
shaped microsupercapacitors can be easily tuned by connecting
them in series or in parallel (Fig. 5f and g). For instance, an output
voltage of 1.6 V could be achieved by connecting two micro-
supercapacitors in series, and the output current can be tuned up
to the sum of that of the two devices by connecting them in
parallel.
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4. Conclusions

In summary, we have developed a series of wire-shaped
microsupercapacitors by using highly aligned CNT yarn or sheet
as the electrode, which was wrapped around a Ti wire sheathed
with radially aligned titania nanotubes as the other electrode. Our
results demonstrated that the specific capacitance of the micro-
supercapacitors based on the CNT yarn electrode increased as the
number of the CNT yarn increased, and the devices using the CNT
sheet electrode showed the highest capacitance (1.84 mF cm�2)
due to its large effective area. The wire-shaped micro-
supercapacitors are highly flexible; their capacitance almost
unchanged when they were bent at different angles ranging from
0° to 180°. The wire-shaped microsupercapacitors also showed
good flexibility and stabilities with almost no change in electro-
chemical performance over hundreds bending cycles. Further-
more, the output voltage and current can be easily tuned by
integrating multiple of the microsupercapacitors in series and in
parallel, respectively. These newly-developed flexible and wear-
able energy storage devices show great potential to be used as
energy sources for portable and/or wearable electronics and many
other applications.
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