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and Huisheng Peng*ab
A new redox-active gel electrolyte has been developed by adding 2-

mercaptopyridine to poly(vinyl alcohol)–H2SO4 and exhibits reversible

redox reactions for a high pseudocapacitance. Upon combinationwith

carbon nanotube/mesoporous carbon hybrid fibers that show large

surface areas to fabricate a fiber-shaped supercapacitor, an area

specific capacitance of 507.02 mF cm�2 has been achieved.
Introduction

Wearable ber-shaped supercapacitors (FSSs)1–5 have attracted
increasing interests due to the combined advantages of small
size, light weight and high exibility. However, the relatively low
electrochemical performance of the FSSs has severely limited
their practical applications. To this end, a lot of efforts are made
to enhance their electrochemical properties by introducing new
materials6–13 and optimizing device structures.14–17 Typically,
electrochemically active metal oxides18–22 and conductive poly-
mers23–25 are deposited into the ber electrode for high specic
capacitances. For instance, a FSS based on bare carbon nano-
tube (CNT) bers exhibited an area specic capacitance of 1.97
mF cm�2.13 Aer incorporation of MnO2, Co3O4/NiO, polyani-
line and poly(3,4-ethylenedioxythiophene), the area specic
capacitances are increased to e.g., 3.71,21 52.6,22 38 (ref. 24) and
73 mF cm�2,25 respectively. The optimization of the ber elec-
trode has been discovered as another general and promising
method in enhancing the specic capacitance. For instance, a
graphene/CNT core–sheath ber is designed and used to offer a
high area specic capacitance of 177 mF cm�2.12 Although the
specic capacitances of FSSs have been greatly improved in the
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past years, they are still far away from the expected levels by
practical applications.

In this Communication, we present a new and general
strategy to produce the FSS with much increased area specic
capacitance through the use of an effective redox-active gel
electrolyte that is prepared by adding 2-mercaptopyridine
(PySH), an electrochemical active compound, to the PVA–H2SO4

electrolyte. For the resulting FSS based on two aligned CNT/
mesoporous carbon (MC) hybrid ber electrodes, a high specic
capacitance of 507.02 mF cm�2 (or 17.51 mF cm�1) has been
achieved and well maintained aer 1000 cycles. This FSS is also
exible, and the specic capacitance can retain by above 97%
aer bending for 500 cycles.
Experimental section
Preparation of the PVA–H2SO4–PySH gel electrolyte

Polyvinyl alcohol (1 g) was added to deionized water (10 g) and
swelled for 4 h at room temperature, followed by heating at 95
�C under vigorous stirring for 1.5 h. H2SO4 (0.01 mol) and 2-
mercaptopyridine (0–0.3 g) were then added to the above solu-
tion to obtain a homogeneous gel under stirring.
Fig. 1 Schematic illustration to the workingmechanism of a FSS based
on the redox-active gel electrolyte.

This journal is © The Royal Society of Chemistry 2015
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Fabrication of FSSs

CNT sheets were prepared from spinnable CNT arrays,26 and
three layers of CNT sheets with the same width of 1.5 cm were
stacked together along the length direction, followed by addi-
tion of an MC (provided by XF Nano, INC Advanced Material
Supplier, pore diameter: 3–5 nm) dispersion in N,N-dime-
thylformamide. The CNT/MC hybrid bers with different MC
weight percentages were prepared using solutions with
different MC concentrations (0.1, 0.4, 0.7 and 1.0 mg mL�1).
The resulting CNT andMC hybrid sheet was rolled into a ber at
Fig. 3 (a) Galvanostatic charge/discharge curves of FSSs based on the PV
mercaptopyridine (PySH) at a current density of 2.90 mA cm�2. (b) Length
PySH at a current density of 2.90 mA cm�2. (c) CV curves for PVA–H
electrolytes at a scan rate of 5 mV s�1. (d) Galvanostatic charge/disc
percentage of 13.1%) gel electrolytes at a current density of 0.87 mA cm

Fig. 2 SEM images of the aligned CNT fiber before and after incor-
poration of MC. (a) A bare CNT fiber. (b and c) A CNT/MC hybrid fiber
(MC weight percentage of 68%) at low and high magnifications,
respectively. (d) Cross-sectional image of the CNT/MC fiber.

This journal is © The Royal Society of Chemistry 2015
a rotary rate of 1000 rpm. Aer drying in a vacuum for 24 h, the
hybrid ber was coated with a layer of the gel electrolyte which
also served as the separator and dried at room temperature. Two
hybrid bers were twisted together, followed by coating of the
gel electrolyte again to produce a FSS.
Results and discussion

Fig. 1 schematically shows the structure of the FSS. The new gel
electrolyte was prepared by dissolving PVA in water, followed by
addition of H2SO4 and PySH. An aligned CNT/MC hybrid ber
had been prepared by coating MC onto aligned CNT sheets
drawn from spinnable multi-walled CNT arrays (Fig. S1 and
S2†), followed by rolling into a ber. Fig. 2a and b compare
scanning electron microscopy (SEM) images of a CNT ber
before and aer coating MC particles. The bare CNT ber
displays a diameter of �36 mm, while the CNT/MC hybrid bers
show increased diameters aer incorporation of MC particles
with sizes of hundreds of nanometers to several micrometers
(Fig. S3†). The diameters of CNT/MC hybrid bers are appro-
priately 53, 81, 110, and 134 mm with the increasing MC weight
percentages of 32%, 53%, 68% and 86%, respectively (Fig. S4
and S5†). 68% wt% of MC has been mainly used if not specied.
A–H2SO4–PySH gel electrolyte with different weight percentages of 2-
specific capacitances (CL) of FSSs with different weight percentages of

2SO4 and PVA–H2SO4–PySH (PySH weight percentage of 13.1%) gel
harge curves of PVA–H2SO4 and PVA–H2SO4–PySH (PySH weight
�2.

Table 1 Comparison of FSSs with different gel electrolytes

Electrolyte CL (mF cm�1) CA (mF cm�2) CV (mF cm�3)

PVA–H2SO4 2.01 � 0.12 58.08 � 3.47 21.12 � 1.26
PVA–H2SO4–PySH 17.51 � 1.32 507.02 � 38.22 184.37 � 13.90
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Fig. 4 (a) Galvanostatic charge/discharge curves of FSSs with different
MC weight percentages at a current of 30 mA. (b) Area specific
capacitances (CA) of FSSs with different MC weight percentages at a
current of 30 mA.

Fig. 5 Electrochemical performances of the FSS with the PVA–H2SO4–P
different scan rates. (b) Galvanostatic charge/discharge curves at differe
number. (d) CV curves before and after bending at a scan rate of 10mV s�

a current density of 2.32 mA cm�2. (f) Dependence of specific capacitan
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Fig. 2c and d further show that the MC particles are inltrated
among aligned CNTs. Due to a highly ordered and uniform
mesoporous structure (Fig. S6†), the MC has a high specic
surface area of 1067 m2 g�1 that is important for the use of the
redox-active gel electrolyte in energy storage (Fig. S7†). The
introduction of MC provides the hybrid ber with a surface area
of 923 m2 g�1, much higher than 160 m2 g�1 for the bare CNT
ber (Fig. S8 and S9†).

The PVA–H2SO4–PySH gel electrolyte was coated onto the
surface of the hybrid ber, and two coated bers were then
twisted to produce the FSS. Fig. 3a compares galvanostatic
charge/discharge curves of the FSSs using PVA–H2SO4–PySH gel
electrolytes with increasing PySH weight percentages under the
same other conditions. Below 13.1%, the redox shuttle cannot
be effectively realized; beyond the point, the specic capaci-
tances are slightly decreased with the increasing PySH weight
percentage (Fig. 3b). The highest specic capacitance occurs
at 13.1%.

Cyclic voltammetry (CV) was also used to study the electro-
chemical properties of FSSs based on this novel electrolyte.
Fig. 3c compares CV curves of the FSSs derived from PVA–H2SO4

and PVA–H2SO4–PySH gel electrolytes under the same condi-
tions. Obviously, without PySH, the CV curve shows a typical
ySH (PySH weight percentage of 13.1%) gel electrolyte. (a) CV curves at
nt current densities. (c) Dependence of capacitance ratio on the cycle
1. (e) Galvanostatic charge/discharge curves before and after bending at
ce on the bending number.

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) FSSs being woven into a fabric. (b) Three FSSs being con-
nected in series to lighten up nine red light emission diodes.
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rectangular shape, indicating an electric double-layer capaci-
tance. In contrast, a much higher current and a pair of broad
and symmetric redox peaks are observed for the new electrolyte
with the PySH due to the redox reaction of PySH at the elec-
trolyte/electrode interface. Therefore, a higher specic capaci-
tance may be expected for the resulting FSS.

Fig. 3d further compares galvanostatic charge/discharge
curves of the FSSs without and with the PySH. In the new
electrolyte with PySH, a voltage plateau between 0 and 0.2 V
agrees with the CV result. The curve is nearly symmetric during
charge and discharge processes, indicating a high reversibility.
In addition, the PVA–H2SO4–PySH gel electrolyte based super-
capacitor shows a much longer discharge time. As a result, the
specic capacitance is nine times that of the PVA–H2SO4 gel
electrolyte without PySH. The area specic capacitance of
507.02 mF cm�2 is also much higher than the previous FSSs.16,21

The length specic capacitance (CL) and volume specic
capacitance (CV) are also summarized in Table 1.

The MC content was found to largely affect the electro-
chemical performance of the resulting FSS. Fig. 4a compares
the galvanostatic charge/discharge curves of the FSSs with
increasing MC weight percentages under the same other
conditions. When the MC weight percentage is lower than 32%,
the plateau is weak due to less redox-active reactions for a less
content of the MC particle at the electrode/electrolyte interface.
The capacitances are increased with the increasing MC weight
This journal is © The Royal Society of Chemistry 2015
percentage below 68% and then slightly increased beyond this
point. Fig. 4b further shows that the maximal area specic
capacitance occurs at the MC weight percentage of 68%.

The FSS based on the PVA–H2SO4–PySH gel electrolyte with
the PySH weight percentage of 13.1% had been further carefully
investigated. Fig. 5a shows CV curves with increasing scan rates,
and the curve shapes have been well maintained. The high
electrochemical stability is also veried by the symmetric gal-
vanostatic charge/discharge curves (Fig. 5b). In addition, the
specic capacitance of the FSS can be maintained by over 88%
aer 1000 charge/discharge cycles (Fig. 5c).

As expected, the FSS is exible and investigated during
bending. Both CV and galvanostatic charge/discharge curves are
overlapped well before and aer bending (Fig. 5d and e). The
exibility of FSSs was further quantitatively studied by tracing
the specic capacitances during bending. They can be main-
tained by 97% aer bending for 500 cycles (Fig. 5f). The exible
FSSs can be easily woven into the fabric (Fig. 6a). They were
assembled in series or parallel to tune the output voltage or
current, respectively. For instance, Fig. S10† compares galva-
nostatic charge/discharge curves of single and three FSSs in
series at the same charge/discharge current. The potential
window is increased from 0.8 to 2.4 V for the connected three
FSSs. These FSSs can efficiently power nine red light emission
diodes (Fig. 6b).
Conclusion

In summary, we have presented a general and effective strategy
to fabricate novel FSSs with a high specic capacitance of 507.02
mF cm�2 by developing and incorporating a redox-active gel
electrolyte. Therefore, the proposed advantages of FSSs that
may be woven into textiles or integrated into other structures to
satisfy the wearable facilities, portable devices and various
miniaturized products can be effectively achieved. This strategy
may be also extended to the other exible electrochemical
energy storage devices aiming at a high capability.
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