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Dye-sensitized solar cell and electrochemical capacitor have been coaxially integrated into a novel “energy

fiber” that can simultaneously realize photoelectric conversion and energy storage. A Ti wire substrate

modified with perpendicularly aligned titania nanotubes on the surface and horizontally aligned multi-

walled carbon nanotube sheet serve as two electrodes in the integrated “energy fiber” device. The

“energy fiber” is flexible, and can be woven into various structures such as lightweight textiles to meet

the portable facilities in the electronics.
Introduction

Portable devices represent a mainstream direction in the
current and future electronics.1–4 However, the conventional
planar structure in energy devices cannot effectively meet the
requirements such as being lightweight and deformable. To
this end, some attempts have been recently made to develop
wire-shaped solar cells and energy storage devices.5–9 For the
wire-shaped solar cell, both dye-sensitized and polymer solar
cells have been explored. Polymer solar cells can be made
without liquid components and with high stability, but they
show low energy conversion efficiencies. In contrast, wire-sha-
ped dye-sensitized solar cells can be fabricated with higher
energy conversion efficiencies, though the use of liquid elec-
trolytes has largely limited their performances such as low
mechanical and thermal stabilities. It becomes critically
important to make wire-shaped solar cells with both high effi-
ciencies and stabilities. A general and effective solution may lie
in the development of dye-sensitized solar cells without using
liquid components, which has not been explored yet. For the
wire-shaped energy storage device, electrochemical capacitors
have been mainly investigated.10–14 These wire-shaped energy
conversion and storage devices were prepared by either twisting
two ber electrodes together or winding a membrane electrode
on another ber electrode. They typically exhibited diameters of
tens to hundreds of micrometers with light weights. The wire-
shaped devices are also exible and can be easily woven into
various textiles or other deformable structures according to the
specic requirements.
ineering of Polymers, Department of

dvanced Materials, Fudan University,

udan.edu.cn

tion (ESI) available. See DOI:

hemistry 2014
To promote their practical applications, it is critically
important to integrate solar cells and electrochemical capaci-
tors in a wire format.15–19 Therefore, the resulting exible
structures such as electronic textiles can simultaneously realize
the photoelectric conversion and energy storage for self-pow-
ered applications. A dye-sensitize solar cell and electrochemical
capacitor were recently integrated by twisting two ber elec-
trodes together.20 However, the twisted two ber electrodes were
found to be separated from each other under bending. In
addition, the liquid electrolyte in the dye-sensitized solar cell
was diffused into the electrochemical capacitor part. It is
crucial, although it remains challenging, to improve the
stability.21–24

Herein, we report a novel, coaxial, all-solid-state “energy
ber” by integrating dye-sensitized solar cell and electro-
chemical capacitor. A Ti wire substrate modied with perpen-
dicularly aligned titania nanotubes on the surface and
horizontally aligned carbon nanotube (CNT) sheets serve as two
electrodes in the integrated “energy ber” device. The maximal
photoelectric conversion efficiency achieved 2.73%, while the
energy storage efficiency reached 75.7% with specic capaci-
tances up to 0.156mF cm�1 or 3.32mF cm�2 andpower densities
up to 0.013 mW cm�1 or 0.27 mW cm�2 at a current of 50 mA.
Experimental section

CNT sheets were drawn from CNT arrays that had been
synthesized by chemical vapor deposition, and the preparations
are detailed in the ESI.†25,26 TiO2 nanotubes were synthesized on
commercially available Ti wires (diameter of 127 mm and purity
of 99.9%) by electrochemical anodization. The anodization
occurred at a voltage of 60 V for 1–10 h in a two-electrode
electrochemical cell. A 0.3 wt% NH4F/8 wt% H2O–ethylene
glycol mixture solution was used as the electrolyte. Ti wire and
Pt sheet served as anode and cathode, respectively. The
J. Mater. Chem. A, 2014, 2, 1897–1902 | 1897
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Fig. 1 (a) Schematic illustration of the structure of the coaxially inte-
grated dye-sensitized solar cell and electrochemical capacitor into an
“energy fiber”. (b and c) Cross-sectional views of the PC and ES parts of
the “energy fiber”, respectively. (d) Photograph of an “energy fiber”.
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modied Ti wires were washed by deionized water for three
times to remove the residual electrolyte and then heated to and
annealed at 500 �C in air for 1 h. The resulting TiO2 nanotube-
modied Ti wires were immersed in 40 mM TiCl4 aqueous
solution and treated at 70 �C for 30 min and then washed by
deionized water for three times. Finally, they were annealed at
450 �C for another 30 min in air, followed by cooling down to
room temperature naturally.

For the photoelectric conversion part, when the temperature
dropped to 120 �C, the TiO2 nanotube-modied Ti wire was
immersed into 0.3 mM N719 solution in a mixture solvent of
dehydrated acetonitrile/tert-butanol with a volume ratio of 1/1
for 16 h. A layer of CNT sheet (with a thickness of 20 nm) was
then wrapped onto the dye-absorbed modied Ti wire that
functioned as the working electrode. Thicker CNT sheets were
prepared by repeating the winding process. The resulting ber
was further inserted into a transparent uorinated ethylene
propylene tube with a diameter of 500 mm (Shanghai Yi Chuan
Shui Plastic Products Co.), followed by injection of the melted
solid-state electrolyte, i.e., a mixture of 1 g of ionic liquid crystal
of 1-ethyl-3-methylimidazolium iodide (EMII), 0.35 g of ionic
liquid of 1-propyl-3-methylimidazolium iodide (PMII) and 0.03
g of iodine.27 During the measurement, the light was irradiated
onto the solar cell in a perpendicular direction.

For the electrochemical storage part, the TiO2 nanotube-
modied Ti wire was coated with a gel electrolyte of PVA/H3PO4

with a mass ratio of 1/0.85. More details were provided in the
ESI.† The CNT sheet was wrapped onto the following Ti wire. To
make the capacitor more stable, a second layer of PVA/H3PO4

gel electrolyte was further coated on the outer surface.
The structures were characterized by scanning electron

microscopy (SEM, Hitachi, FE-SEM S-4800 operated at 1 kV).
The photoelectric conversion measurements were made by a
Keithley 2400 Source Meter under illumination (100 mW cm�2)
of simulated AM 1.5 solar light provided by a solar simulator
(Oriel-Sol3A 94023A equipped with a 450 W Xe lamp and an AM
1.5 lter). Galvanostatic charge–discharge characterizations
were measured by an Arbin multi-channel electro-chemical
testing system (Arbin, MSTAT-5 V/10 mA/16 Ch). Cyclic vol-
tammetry and electrochemical impedance spectroscopy were
performed on an electrochemical analyzer system (CHI 660D).
The electrochemical impedance spectroscopy measurement
had been made at a potential of 0.1 V and the frequency range
from 100 MHz to 1 MHz.

Results and discussion

Fig. 1a schematically shows the structure and charging–dis-
charging mechanism of the integrated “energy ber”. Aer
absorbance of solar energy, the photoelectric conversion (PC)
part generates electric energy that is stored in the electro-
chemical storage (ES) part when the switch is turned on to the
red line. The stored electric energy can be used to power elec-
tronic devices by connecting them to the blue line and turning
on the switch to the blue line. More details on the charging–
discharging processes are provided in the ESI.† Fig. 1b and c
represent cross-sectional schemes of the PC and ES parts,
1898 | J. Mater. Chem. A, 2014, 2, 1897–1902
respectively. The center Ti wire is perpendicularly grown with
aligned TiO2 nanotube on the surface and serves as a negative
electrode,21 while a thin layer of CNT sheet has been wound to
function as the positive electrode in both cases. Eutectic melts
of ionic liquid crystal (EMII) and ionic liquid (PMII) with iodine
had been used in the PC part, and a PVA/H3PO4 gel was used as
the electrolyte in the ES part. Fig. 1d shows the photograph of a
typical integrated “energy ber”.

The structure of the coaxially integrated “energy ber” has
been investigated by scanning electron microscopy (SEM). A Ti
wire with a diameter of 127 mm was used as the substrate
(Fig. 2a), and TiO2 nanotubes should have been uniformly
grown on the Ti wire as it remained uniform in diameter
(Fig. 2b). A layer of aligned CNT sheet can be then wound on the
TiO2 nanotube-modied Ti wire (Fig. 2c and d). Aer anodiza-
tion, the resulting wire showed an increased diameter to 150 mm
(Fig. 2b). According to the cross-sectional image in Fig. 2e, the
diameter of the Ti wire was decreased to 100 mm, so the thick-
ness of the TiO2 nanotube may be calculated to be appropriately
25 mm. TiO2 nanotubes were perpendicularly grown on the Ti
wire (Fig. 2f). The PC part would be completed aer incorpo-
ration of the melted solid electrolyte. For the ES part, a layer of
PVA/H3PO4 gel electrolyte was rstly coated onto the TiO2

nanotube-modied Ti wire, followed by winding of the aligned
CNT sheet and coating of a second layer of the same gel elec-
trolyte. Therefore, ve circles, i.e., Ti wire, TiO2 nanotube, gel
electrolyte, aligned CNT sheet and gel electrolyte in the radial
direction, are veried (Fig. 2e). The PVA/H3PO4 gel electrolyte
had been efficiently inltrated into the aligned TiO2 nanotubes
and CNTs with high surface areas (Fig. 2g and h), which
provides high energy storage efficiencies. It should be also
noted that the TiO2 nanotubes and wound CNTs remained
highly aligned aer the incorporation of electrolytes (Fig. 2f and
g), which is a key to the high performance of the “energy ber”
as the aligned nanotubes function as effective pathways for the
charge transport.
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM images. (a) Ti wire. (b) TiO2 nanotubes grown on the Ti
wire. (c and d) CNT sheet wrapped on the TiO2 nanotubes for the PC
part at low and high magnifications, respectively. (e) Cross-sectional
image of the energy storage part. (f–h) Magnified images of the red
rectangular areas at (e).
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Fig. 3 represents a typical J–V curve of the PC part under the
illumination condition of standard AM 1.5 (a power density of
100 mW cm�2). Here the CNT sheet with a thickness of 20 nm
and TiO2 nanotubes with a length of 25 mmon the Ti wire served
as counter and working electrodes, respectively. The open circle
voltage (Voc), short circle current density (Jsc) and ll factor (FF)
were 0.635 V, 7.29 mA$cm�2 and 0.59, respectively. Therefore,
the energy conversion efficiency can be calculated to be 2.73%.
Fig. 3 J–V curve of the PC part under the illumination of AM 1.5.

This journal is © The Royal Society of Chemistry 2014
Although the efficiency was relatively lower than the wire-sha-
ped dye-sensitized solar cell based on the conventional liquid
electrolyte, the use of the eutectic melts provides the PC part
with both much higher thermal and mechanical stability.20 For
liquid electrolytes, the use of an acetonitrile solvent with a
boiling point of 81.1 �C resulted in much decreased energy
conversion efficiencies by 54.0% from room temperature to
70 �C, while for the PC part, a high performance had been well
maintained even at temperatures up to 120 �C by tracing the J–V
curve.28 The energy conversion efficiencies were varied in less
than 8.0% during heating. In addition, for the reported wire-
shaped dye-sensitized solar cell based on a twisted structure,
the two twisted ber electrodes were separated during bending,
which had decreased the energy conversion efficiency by 18.1%
aer bending for 100 cycles; for the PC part with a coaxial ber
structure, the energy conversion efficiencies were slightly
decreased by 3.9% aer bending for the same cycle number
(Fig. S1†).

The electrochemical properties of the ES part had been
carefully studied. Fig. 4a shows Galvanostatic charge–discharge
curves at a current range from 1.00 � 10�7 to 1.00 � 10�5 A. All
curves appeared in a symmetric, triangle shape that indicated
an electric double-layer capacitor. To investigate the cyclic
performance at different currents, cyclic charging–discharging
characterizations were also made with the increasing current
from 2.00 � 10�7 to 1.00 � 10�5 A (Fig. 4b). The Coulomb effi-
ciencies had been increased from 94% to appropriately 100%,
and the specic capacitances could be maintained by 80.8%.
Fig. 4c further shows that the specic capacitances remain
unchanged in 8000 cycles at a current of 1.00 � 10�5 A. Cyclic
voltammograms were compared at increasing scan rates of 10,
20, 50, 100, 200, 500 and 1000mV s�1 (Fig. 4d). They maintained
a rectangular shape that also veried an electric double-layer
capacitor in Fig. 4a. Here the maintained rectangular shape
also demonstrates that the ES part had a low internal resistance
and high performance in a rapid charging–discharging
characterization.

The ES part was also investigated by electrochemical
impedance spectroscopy (Fig. 4e). The 90� inclination in the
Nyquist plot demonstrated a nearly perfect capacitor perfor-
mance of the device. The difference of horizontal intercepts
between black square and red triangular plots also indicates
that the internal resistances are decreased with the increasing
CNT thickness. Fig. 4f shows that, with the increase in CNT
thickness, the length specic capacitances are increased and
reach a plateau value of 0.156 mF cm�1 (i.e., 3.32 mF cm�2,
Fig. S2†) at 10 mm. This phenomenon indicates that the elec-
trolyte can be mainly inltrated into the CNT sheet material
with a thickness of 10 mm. Here a thickness of 500 nm had been
mainly studied in the following discussion if not specied,
aiming at the future development for miniature and lightweight
devices.

Fig. 5a shows a typical photocharging and galvanostatic
discharging curve at a discharging current of 1 mA. The ES part
had been quickly charged to a plateau voltage of 0.63 V,
appropriately equal to the Voc of the PC part. It was then dis-
charged at the current of 1 mA to 0.005 V. The energy storage
J. Mater. Chem. A, 2014, 2, 1897–1902 | 1899
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Fig. 4 Electrochemical characterizations of the ES part. (a) Galvanostatic charge–discharge curves under currents ranging from 1.00 � 10�7 to
1.00 � 10�5 A. (b) Cyclic performance at the increasing electric current. (c) Long life cyclic performance at a current of 1.00 � 10�5 A. C0 and C
correspond to the specific capacitances of the first and following cycles, respectively. (d) CV curves with increasing scan rates. (e) Nyquist plot of
the “energy fiber”with different CNT thicknesses. (f) Dependence of specific capacitance on the CNT thickness. The cyclic galvanostatic charge–
discharge measurements were made at a current of 1.00 � 10�6 A.
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efficiency (hstorage) and entire photovoltaic conversion and
energy storage efficiency (h) were calculated from the following
equations

hstorage ¼

ð
UdQ

Einhconver

¼ 0:5 ItdischargeðU2 �U1Þ
PintchargeDlhconver

(1)

h ¼

ð
UdQ

Ein

¼ 0:5 ItdischargeðU2 �U1Þ
PintchargeDl

(2)

Here Q is the electric charge of galvanostatic discharging
process; Ein and hconver are the incident solar energy and energy
conversion efficiency of PC part during the photocharging
process, respectively; I is the galvanostatic discharging current
of 1 mA; tdischarge is the discharging time; U1 and U2 are the
lowest and highest voltages, respectively; Pin is the illuminated
light-energy density of 1000 W m�2; tcharge is the photocharging
time; D and l are the diameter and length of the PC part,
respectively. The voltages and energy storage efficiencies were
varied during the photocharging and galvanostatic discharging
1900 | J. Mater. Chem. A, 2014, 2, 1897–1902
process (Fig. 5b). The voltage was rapidly increased and reached
the plateau in a second at the beginning of the photocharging
process. The energy storage efficiency was rstly increased to a
maximum of appropriately 60% in a second and then decreased
to the plateau of 5% in �9 seconds. The hconversion values were
largely dependent on the length of TiO2 nanotubes, and an
optimal length of 25 mm had been discovered for these systems
(Fig. S3†).29,30 Therefore, TiO2 nanotube with a length of 25 mm
was generally used in this work. On the other hand, the h values
were decreased with the increasing CNT sheet (Fig. 5c), and a
maximum of 1.2% had been achieved at �20 nm which had
been mainly used for the following PC part (note that here the
CNT thickness was 500 nm in the ES part). This phenomenon
can be explained by the fact that the optical transmittances were
decreased with the increasing thickness of CNT sheet, which
reduced the current density of the PC part (Fig. S4†). In addi-
tion, the critical photo-charging time to the voltage plateau was
also increased with the increase of the CNT sheet due to the
reduced photocharging current, so the ES part can be more
rapidly charged for thinner CNT sheets. The energy storage
efficiencies were increased with the increasing CNT sheet
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) A typical photocharging and Galvanostatic discharging curve. (b) Dependence of voltage and storage efficiency on the photocharging
time during the photocharging and Galvanostatic discharging process. (c) Dependence of entire photoelectric conversion and storage efficiency
on CNT thickness in the PC part on the photocharging time. (d) Dependence of energy storage efficiency on CNT thickness in the ES part.

Fig. 6 (a) Dependence of entire photoelectric conversion and storage
efficiency on the bent cycle number. h0 and h correspond to the entire
photoelectric conversion and storage efficiencies before and after
bending, respectively. (b) Dependence of entire photoelectric
conversion and storage efficiency on the time. h0 and h correspond to
the entire photoelectric conversion and storage efficiencies of the as-
fabricated device and the one at the following measured time,
respectively.
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thickness and reached a plateau of 75% at 10 mm (Fig. 5d),
which agrees with Fig. 4f. At the same time, the specic
capacitance and energy storage efficiency were increased with
This journal is © The Royal Society of Chemistry 2014
the increasing TiO2 nanotube length to 16 mm and then possibly
reached a plateau (Fig. S5†). This phenomenon may be
explained by the fact that the TiO2 nanotubes cannot be fully
lled with gel electrolyte beyond the critical length of 16 mm.

This integrated “energy ber” was exible and could be
deformed without obvious fatigues in both structural integrity
and electronic properties. Fig. 6a shows the dependence of the
entire photoelectric conversion and energy storage efficiency on
bent cycle number. The entire efficiency had been maintained
by 88.2% even aer bending for 1000 cycles (Fig. S6†). In
addition, the entire efficiency of the “energy ber” could be
maintained by 90.6% aer 1000 hours (Fig. 6b).
Conclusion

In summary, we have developed a novel coaxial, all-solid-state,
ber-shaped “energy ber” that can simultaneously realize
energy conversion and storage by integrating dye-sensitized
solar cell and electrochemical capacitor. The photoelectric
conversion and energy storage efficiencies currently reach
2.73% and 75.7%, respectively. More efforts are underway to
further improve them by optimizing the structure. The “energy
ber” is exible and stable, and shows promising applications
for various portable electronic devices that require lightweight
and weaveable materials.
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