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A high-performance flexible and weavable
asymmetric fiber-shaped solid-state supercapacitor
enhanced by surface modifications of carbon fibers
with carbon nanotubes

Xiaoyu Lu, Yang Bai, Ranran Wang and Jing Sun*

A carbon fiber-based positive electrode enhanced by carbon
nanotube modification with electrodeposited porous
NiCo(OH)x and a negative electrode decorated with activated
carbon were prepared. The assembled asymmetric fiber-
shaped solid-state supercapacitor showed high energy and
power densities with great weavability to be used in wearable
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A high-performance flexible and weavable
asymmetric fiber-shaped solid-state
supercapacitor enhanced by surface modifications
of carbon fibers with carbon nanotubes†

Xiaoyu Lu,ab Yang Bai,a Ranran Wanga and Jing Sun*a

To meet the demands of high energy storage and low productive cost as well as the ability to be

incorporated into wearable electronics, we developed a flexible and weavable asymmetric fiber-shaped

solid-state supercapacitor (a-FSSC) based on carbon fiber bundle@CNT–NiCo(OH)x (CF@CNC) and

carbon fiber bundle@activated carbon (CF@AC) electrodes with increased operating voltage (1.4–1.6 V)

and capacitance. For the positive electrode of CF@CNC, great electrochemical performance

enhancement brought about by surface modifications with air plasma and carbon nanotube (CNT)

coating is demonstrated. For the negative electrode of CF@AC, a facile and effective way of

incorporating activated carbon into carbon fiber bundles is developed. The resultant assembled a-FSSC

showed an areal energy and power density of 33.0 mW h cm�2 and 0.75 mW cm�2 at 1.6 V, which are

better than those of most of the present fiber-shaped supercapacitors. The volumetric energy and

power density of 0.84 mW h cm�3 and 19.1 mW cm�3 are also comparable to the reported results. Its

long cycle life (100% capacitance retention after 8000 charge–discharge cycles) reveals its high

electrochemical stability. High capacitance retention in the repeated bending (20% decay after 1000

bending times) and torsion (107% retention after 1000 twisting times) tests demonstrated the great

flexibility, structural stability and potential utilization of the a-FSSC in wearable electronics. As

a demonstration, a woolen fabric woven with three a-FSSCs connected in series can light a blue LED

and be worn on the arm.
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1. Introduction

A rapid development of exible, wearable and stretchable
electronic devices such as exible sensors, articial skin and
portable devices has motivated the exploration for appropriate
exible energy supply.1–3 Compared with traditional bulky and
rigid energy storage devices, ber-shaped solid state super-
capacitors (FSSCs) have shown promising prospects in such
personalized electronics thanks to their lightweight, exibility,
high power/energy densities, and long cycle life as well as ease
of integration.4,5 As for practical application, FSSCs can be
readily woven into textiles to exhibit unique functions and even
endowed with stretchability by incorporating a coiled struc-
ture.6–8 The core challenge now is to increase the energy storage
Ceramics and Superne Microstructure,
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and power delivery of FSSCs and to maintain high exibility
when applied to various wearable devices.1

Usually, a FSSC is made of two brous electrodes with active
materials on the surface assembled with a solid-state electro-
lyte. Since the ber substrate plays a dominant role as both the
current collector and support, many attempts have been made
to develop carbonaceous bers such as reduced graphene oxide
(rGO) and carbon nanotube (CNT) bers by wet-spinning, dry-
spinning and other methods.9–21 Along with directly used
carbon bers (CFs), they provide high electrical conductivity
and endow the FSSC with intensity, exibility and weavability.22

To realize streamlining and standardization to meet the
demands of mass production, Peng and his co-workers23

proposed a continuous process by integrating the main four
steps of FSSC fabrication: ber substrate preparation, active
material introduction, electrolyte inltration and the assembly
of the FSSC device. But concerning their cost, even with excel-
lent electrical and capacitive properties, CNT and rGO bers are
currently too expensive as electrode substrates. Direct utiliza-
tion of commercially available carbon bers and metal wires
(Ni,24 Ti25 etc.) seems to solve the problem by removing the rst
step of ber substrate preparation. Metal wires with better
J. Mater. Chem. A, 2016, xx, 1–10 | 1
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electrical conductivity than carbonaceous materials serve well
as the current collector, but their low surface area limits the
deposition amount of active materials. Besides, the FSSC built
on metal wires can hardly meet the demands of repeated
bending and lightweight for wearable electronics due to its
inborn rigidity and relatively heavy weight.26 Wang and his co-
workers prepared a polyester yarn coated with Ni to obtain the
exibility of yarn as well as high electrical conductivity of Ni. But
the preparation of hybrid ber substrates is still quite
complex.27 As for these concerns, carbon bers (CFs) are more
promising in the near future because of their balanced prop-
erties of ne conductivity, great mechanical properties and low
costs.

According to the equations for energy (E) and power (P)
densities of an FSSC: E ¼ CV2/2, P ¼ E/t, the performances of an
FSSC can be improved through improving the capacitance (C)
and extending the voltage window (V). One common approach
is to coat the original ber substrate with pseudocapacitive
materials such as rGO,27 polyaniline (PANI),12 polypyrrole
(PPy)15,28 and transition metal oxides/hydroxides including
manganese dioxide (MnO2),29,30 cobalt oxide (Co3O4),20 NiCo2O4

(ref. 31) and so on. The introduction of pseudocapacitance has
resulted in the poor capacitance of traditional electrical double
layer capacitors. However, the relatively poor electrical
conductivity and low specic surface area as well as the
hydrophobic surface of CFs make them unfavorable for the
deposition of active materials and effective ion/electron
exchange,24 resulting in poor electrochemical reactivity and
structural instability such as cracking and exfoliation of the
introduced active material.32 As another approach, enlarging
the operating voltage of FSSCs is effective in promoting their
energy storage and output. For example, compared with
symmetric supercapacitors, asymmetric ones can expand the
operation voltage range from 0–0.6 V to 0–1.5 V with an energy
density enhancement of 1860%.24 Choosing suitable and effi-
cient counter ber electrodes for the positive electrode in FSSCs
opens up a new research topic but has not yet been intensively
investigated. Since the negative electrode in an asymmetric SC
system usually requires a carbonaceous material with a high
surface area, strategies such as electrochemical activation33 and
a modied Hummers' method34 have been applied to endow
pristine smooth CFs with partially exfoliated thin carbon sheets
that are attached to the inner core. Nonetheless, these methods
oen include complex and time-consuming oxidation–reduc-
tion procedures. Considering these disadvantages, it is still
a challenge to achieve well-designed CF-based electrodes for
asymmetric FSSCs with high energy storage, lightweight and
exibility for applications in exible and wearable electronics.

In order to combine these two approaches to gain high
energy storage, we propose the fabrication of an asymmetric
ber-shaped solid-state supercapacitor (a-FSSC) made of CNT
modied CF bundles electrodeposited with NiCo(OH)x
(CF@CNC) as the positive electrode and activated carbon (AC)
coated CFs (CF@AC) as the negative electrode. To overcome the
intrinsic drawbacks of CFs such as hydrophobicity, relatively
poor electrical conductivity and low surface area, air plasma
treatment and CNTmodication on the CF surface were applied
2 | J. Mater. Chem. A, 2016, xx, 1–10
during the fabrication of CF@CNC. The two strategies syner-
gistically helped in establishing intimate interaction between
the CF and the electrodeposited porous NiCo(OH)x, not only
improving the ion/electron transport on the interface but also
preventing the deposited NiCo(OH)x from falling off during
reactions. The negative electrode was prepared by readily
incorporating carbon ber bundles with activated carbon,
revealing excellent capacitance and cyclic stability. Benetting
from its unique hierarchical porous structure and improved
potential window (1.6 V), the CF-based a-FSSC exhibited areal
and volumetric energy densities of 33.0 mW h cm�2 and 0.84
mW h cm�3, respectively, which are superior to those of most of
the reported FSSCs. Typically, an 8.5 cm long, 2.4 mm thick
FSSC exhibited a capacitance of 400 mF at a high current
density of 5 mA. The excellent exibility and stability were
further demonstrated with repeated bending and torsion tests.
As the power supply for wearable electronics, a piece of cotton
fabric woven with a-FSSCs can be worn on the arm while
lighting up commercial light-emitting diodes (LEDs). Moreover,
due to the facile fabrication of CF bundles, the a-FSSC can be
readily tuned in thickness and length to meet various require-
ments for serving well as an ideal energy storage device for
exible and wearable electronics.
2. Experimental and calculation
sections
2.1 Preparation of CF@CNC, CF@NC and CF@PNC

The CFs were drawn out from a commercial CF fabric and
washed with deionized water and ethanol. A bundle of CFs with
adjustable length and thickness was assembled using silver
paste and copper tape to gain a CF electrode substrate. The
pristine CF bundle was rstly treated with an air plasma system
(manufactured by the Institute of Plasma Physics, Chinese
Academy of Sciences) under a condition of 60 mW for 4 min in
order to obtain a hydrophilic surface. The pretreated CF bundle
was then dip-coated in a SWCNT aqueous solution (0.25 mg
mL�1, NanoIntegris) and dried in an electrical oven at 60 �C.
This process was repeated once again for sufficient coating of
CNTs. In an aqueous solution that contained Ni(NO3)2 (0.0075
M), Co(NO3)2 (0.0075 M) and urea (0.15 M), electrodeposition
was conducted with a CF bundle as the working electrode,
a platinum wire as the counter electrode and an SCE as the
reference electrode. The CF working electrode was conducted at
a constant potential of �0.9 V. The as-prepared CF@CNC was
dried at room temperature. In the text, the average diameter of
CF@CNC and CF@AC bundles is 0.92 mm (Fig. S1†) and the
electrodeposition time is 25 min if not specially declared.

For comparison, the CF bundle without any special treatment
before direct electrodeposition under the same conditions as the
CF@CNCwas denoted as CF@NC. The CF bundle treated with air
plasma before the electrodeposition was denoted as CF@PNC.
2.2 Preparation of CF@AC

Activated carbon was mixed with acetylene black and poly-
vinylidene uoride in ethanol in a weight ratio of 80 : 10 : 10 to
This journal is © The Royal Society of Chemistry 2016
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1
form a uniform slurry. A pristine CF bundle was dip-coated with
the mixture slurry and dried at room temperature. The CF@AC
was obtained aer repeating the above process several times.
5
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15
2.3 Fabrication of the a-FSSC

An a-FSSC was assembled with a CF@CNC (or contrast samples)
and a CF@AC using PVA–KOH as the gel electrolyte. The PVA–
KOH gel was prepared by dissolving 4 g PVA in 40 mL 2 M KOH
solution and then heating at 90 �C for 1 h. Both the positive and
negative electrodes were immersed in the electrolyte for 30 min
at rst, and then dried in air for 10 min. Subsequently, the two
electrodes were twisted together to make an a-FSSC. Aer drying
at room temperature, the device was subjected to various tests
for the evaluation of its capacitance, exibility and other
performances.
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2.4 Material characterization

The microstructure and morphology of the samples were
characterized with a eld emission scanning microscope
(Hitachi UHR FE-SEM SU 8220) and a transmission electron
microscope (JEM-2100F at 200 kV). Raman spectra were recor-
ded on a DXR Raman Microscope, Thermal Scientic Corpo-
ration, USA, with a 532 nm excitation length. The resistances of
CF and CF@C bundles were measured using a four-probe
method at room temperature, which can eliminate the contact
resistance between the CF bundle and probe. The contact angle
was tested with an operation manual for an automatic contact
angle meter (Kono, SL200B). In the repeated bending and
torsion tests, a universal testing machine (CMT6103, MTS
Systems (China) Co., Ltd.) was used to bend the a-FSSC to
specic positions. And a 30� twisting angle was applied with
a high-precision motorized rotation stage.
40
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2.5 Electrical measurements of the single electrode and ber
supercapacitor

Electrochemical tests (linear sweep voltammetry, cyclic vol-
tammetry, galvanostatic charge–discharge and Nyquist plots)
were conducted with an electrochemical workstation CHI 660D.
A three-electrode cell consisting of an SCE electrode as the
reference electrode, a platinum wire as the counter electrode,
and CF-based electrodes as the working electrode in a 2 M
aqueous KOH electrolyte was used to evaluate the electro-
chemical performances. The individual ber electrodes were
about 920 mm in diameter and 8.5 cm in length if not specially
declared. The CF-based electrode as a whole is considered as
a cylinder to calculate its surface area (Aber) and volume (Vber).
Specic areal capacitance (Csp) measured in the three-electrode
system was calculated by

Csp ¼ Celectrode/Afiber (1)

where Celectrode is the measured capacitance of the ber elec-
trode calculated from CV curves according to the following
formula:
This journal is © The Royal Society of Chemistry 2016
Celectrode ¼ Q

2V
¼ 1

2Vn

ð
iðVÞdV (2)

in which Q represents the total voltammetric charge of a CV
curve, V is the operating potential window, n is the scan rate and
i(V) is the current density.

The performances of the assembled a-FSSC were evaluated in
a two-electrode conguration. Nyquist plots were obtained
under open circuit voltage at frequencies from 100 000 to 1 Hz,
with a potential perturbation of 5 mV.

The capacitance of a-FSSCs (Ccell) was calculated from gal-
vanostatic charge–discharge curves according to the formula:

Ccell ¼ it

V � VIR

(3)

in which i represents the discharging current, t is the dis-
charging time, V is the operating voltage and VIR is the IR drop.
The capacitance calculated from CV curves was based on the
formula:

Ccell ¼ 1

2Vn

ð
iðVÞdV (4)

where V represents the operating voltage, n is the scan rate and
i(V) is the current density.

The specic areal capacitance of the a-FSSC was calculated
by dividing capacitance by the total surface area of the two
electrodes in the device:

CA ¼ Ccell/Acell (5)

The capacitances normalized to length (Ccell, L) and volume
(Ccell, V) could be obtained in the same way. The device volume
refers to the sum of two cylindrical ber electrodes coated with
the gel electrolyte. The diameter of the CF-based electrode
increased to about 1200 mm aer electrolyte coating.

The areal/volumetric energy density of the a-FSSC was
calculated from galvanostatic charge–discharge curves by the
formula:

EA=V ¼ 1

2
CA=VðV � VIRÞ2 (6)

where V � VIR is the actual operating voltage window.
The areal/volumetric power density of the a-FSSCs was

calculated by the formula:

PA/V ¼ EA/V/t (7)

in which t refers to the discharging time.

3. Results and discussion
3.1 Preparation and characterization of the positive
electrode CF@CNC

The preparation route of the CF@CNC and the fabrication of
the a-FSSC are illustrated in Scheme 1. A CF bundle is composed
of numerous CFs (�7.0 mm in diameter) with a smooth surface
(Fig. 1a). Due to the hydrophobic surface of CFs, the aqueous
solution containing the CNT and electrodeposition solution can
hardly be soaked into the CF bundle. Fig. 1b shows the
J. Mater. Chem. A, 2016, xx, 1–10 | 3



Scheme 1 Schematic illustration of the synthesis procedure for the CF@CNC and fabrication of the asymmetric fiber-shaped solid-state
supercapacitor.
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morphology of the CF@NC sample. Because of bad wetting, the
deposited NiCo(OH)x is uneven. Some area is more deposited
and turn into a densely packed structure, while the rest of the
area is less deposited. Aer air plasma treatment, the contact
angle of the CF bundle decreased from 135� to 0� (Fig. S2†),
implying that the CF surface is effectively decorated with
hydrophilic groups. Compared with other chemical pretreat-
ments, air plasma has advantages such as time-saving and good
repeatability. Moreover, air plasma treatment can ‘clean’ the CF
surface thoroughly, which is commonly used in industrial
production. As a result, the surface of CF@PNC (Fig. 1c) shows
an even honeycomb morphology constructed with vertically
Fig. 1 (a–c) SEM images of a CF, CF@NC and CF@PNC, respectively;
(d) high-resolution SEM image of CF@PNC. CF@NC and CF@PNC are
electrodeposited for 25 min.

4 | J. Mater. Chem. A, 2016, xx, 1–10
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aligned NiCo(OH)x nanosheets, with pore size ranging from 50
to 200 nm (Fig. 1d). Since the electrochemical reactions in
a supercapacitor essentially rely on the active sites,35 the
deposited porous NiCo(OH)x with a large surface area would
improve the capacitive performances.

To further improve the CF properties by surface modica-
tion, we coated CFs with a thin layer of CNTs aer air plasma
treatment (denoted as CF@C). As shown in Fig. 2a, the CF@C is
similar to the original CF in a low resolution. In a high reso-
lution (Fig. 2b), CNTs with random orientations are observed on
the CF surface. The rst advantage of CNT modication is the
improved electrical conductivity. The linear resistance of
a typical bundle was reduced from 4.4 U cm�1 to 2.4 U cm�1

aer CNT decoration. The second advantage of CNT modica-
tion is the enhanced ion diffusion ability. Although the amount
of CNTs can hardly be measured by using a precision balance,
they have an obvious impact on the electrodeposited
NiCo(OH)x. Under the same electrodeposition conditions and
with a similar amount of active material with CF@PNC, the
NiCo(OH)x nanosheets in the CF@CNC exhibit a different
morphology (Fig. 2c). On one hand, CNTs on the smooth CF
surface create more active sites for electrodeposition.36 On the
other hand, the CF surface is divided by CNTs into small
regions. Within these conned regions, the deposited
NiCo(OH)x nanosheets become smaller. They tend to pile up
and nally grow obliquely instead of vertically, forming
a different honeycomb structure with shrunken pores (40–80
nm) (Fig. 2d). As a result, the deposited layer of NiCo(OH)x on
CF@CNC (�0.06 mm) is much thinner than that on CF@PNC
(�0.38 mm) according to the measured diameters of a single CF-
based ber in different samples (Table S1†). In the electro-
chemical reaction, the reduced thickness of the NiCo(OH)x layer
This journal is © The Royal Society of Chemistry 2016



Fig. 2 (a) SEM image of the CF@C; (b) high-resolution SEM image of
the surface of CF@C; (c) SEM image of the CF@CNC electrodeposited
for 25 min; (d) high-resolution SEM image of the surface of CF@CNC;
(e and f) cross-sectional views of CF@PNC and CF@CNC, respectively.
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would greatly improve the capacitance of CF@CNC by short-
ening the ion diffusion length. Furthermore, as revealed in the
cross-sectional views (Fig. 2e and f), a distinct boundary
between the CF and electrodeposited NiCo(OH)x is observed in
CF@PNC, showing that the porous NiCo(OH)x layer constructed
by vertically aligned nanosheets is loosely anchored on the CF
surface. In contrast, the inconspicuous interface of CF@CNC
demonstrates the third advantage of CNT modication that
induces tight interactions between the NiCo(OH)x and CF, not
only improving the electron transport but also preventing the
active material from falling off.

The compositions of the CF, CF@C, CF@PNC and CF@CNC
electrodes were characterized with Raman spectroscopy and
TEM and SEM observations. Exfoliated NiCo(OH)x nanosheets
with some wrinkles are shown in Fig. 3a. The selected area
electron diffraction (SAED) pattern reveals a diffraction ring
corresponding to the (101) facet of Co(OH)2 (JCPDS 45-0031)
Fig. 3 (a) TEM image of the exfoliated NiCo(OH)x with the corre-
sponding SAED pattern in the inset; (b) Raman spectra of the CF,
CF@PNC, CF@C and CF@CNC.

This journal is © The Royal Society of Chemistry 2016
and Ni(OH)2 (JCPDS 14-0117). The vague ring pattern implies
the low crystallinity due to electrodeposition preparation.
Raman spectra (Fig. 3b) of the CF and CF@PNC exhibit the
existence of D bands (1360 cm�1) and G bands (1590 cm�1) that
are attributed to the CF. The multiple peaks of CF@PNC at the
low Raman shi reveal the A1g vibration (around 460 cm�1) and
Eg vibration (around 550 cm�1) modes of Ni–Co hydroxides.37,38

As for the CF@C, the strong peaks at 175 cm�1, 1597 cm�1 and
2680 cm�1 are typical peaks of CNTs, which are debilitated
a little in the spectrum of CF@CNC due to the coverage of
NiCo(OH)x electrodeposited on CF@C. The spectrum of
CF@CNC indicates the coexistence of the CF, CNTs and
NiCo(OH)x. According to the EDS maps of CF@CNC (Fig. S3†),
elements Ni and Co are evenly distributed on the surface, sug-
gesting the simultaneous electrodeposition of Ni and Co
hydroxides. Through the elemental analysis (Table S2†), the
molar ratio of Ni/Co is measured to be 0.72 : 1, close to the ratio
(1 : 1) in the electrodeposition electrolyte. The concentrations of
Ni(NO3)2, Co(NO3)2 and urea that greatly inuence the depos-
ited material have been adjusted according to a study we have
reported.37 Ni–Co double hydroxides with an optimized Ni/Co
ratio would exhibit much greater capacitive performance as
well as cyclic stability.
50

55
3.2 Electrochemical performances of the CF@CNC

The as-prepared CF-based hybrid bers were directly used as
the working electrode in a three electrode system to evaluate
their electrochemical performances. Cyclic voltammetry tests
were conducted at a scan rate of 5 mV s�1 in a potential window
of �0.4 V to 0.6 V. For comparison, all the electrode samples in
this test were electrodeposited for 25 min and the measured
masses of active materials were comparable. As shown in
Fig. 4a, the CF and CNTs contributed little to the total capaci-
tance. Aer being electrodeposited with NiCo(OH)x, the
CF@NC, CF@PNC and CF@CNC show typical pseudocapacitive
behaviors with a pair of oxidation and reduction peaks. The
CF@PNC showed a higher capacitance than CF@NC because
the hydrophilic treatment induced uniformly electrodeposited
NiCo(OH)x and better contact with the CF. It is noteworthy that
the capacitance of CF@CNC nearly doubled that of CF@PNC
with the incorporation of the CNT interface layer. The great
enhancement is due to (i) the highly conductive network on the
CF surface brought about by CNTs that accelerates electron
transport, (ii) the relatively dense honeycomb structure of
NiCo(OH)x with reduced thickness that shortens the ion diffu-
sion length, and (iii) enhanced interaction between NiCo(OH)x
and the CF.

As another important factor, the inuence of electrode-
position time was also investigated. SEM images of CF@CNC
electrodeposited with increasing time are shown in Fig. S4.†
In the rst 10 minutes of electrodeposition, numerous
NiCo(OH)x whiskers lay at on the CF surface, indicating an
intimate interaction. Then a porous layer composed of small
NiCo(OH)x akes was grown on the dense layer. With pro-
longed time for more than 40 minutes, the akes and pores
became larger. These images imply a hierarchical structure of
J. Mater. Chem. A, 2016, xx, 1–10 | 5



Fig. 4 Electrochemical performances of the positive electrode fibers
tested in a three-electrode system. (a) CV curves of the CF, CF@C,
CF@NC, CF@PNC and CF@CNC electrodeposited for 25 min at a scan
rate of 5 mV s�1; (b) capacitances calculated from CV curves of
CF@PNC and CF@CNC with different electrodeposition times and
capacitance ratios of CF@CNC to CF@PNC; (c) capacitances calcu-
lated from CV curves of CF@CNC at different scan rates; (d) cyclic
galvanostatic charge–discharge stability of the CF@CNC at a current
density of 16 mA cm�2.

Fig. 5 (a and b) SEM images of the CF@AC at different magnifications.
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NiCo(OH)x in CF@CNC with a dense interior and porous
exterior. The specic capacitances of CF@PNC and CF@CNC
electrodes deposited for 10 to 60 minutes are compared in
Fig. 4b. The two electrodes deposited for 10 min showed
similar performances (145 mF cm�2 for CF@PNC (10 min)
and 162 mF cm�2 for CF@CNC (10 min)). The capacitances of
the CF@CNC electrodes increased almost linearly with
respect to the deposition time from 10 to 60 min (1110 mF
cm�2 for CF@CNC (60 min)). Supposing that the amount of
active material is proportional to the electrodeposition time,
the deposited NiCo(OH)x in CF@CNC had all taken part in the
redox reactions. However, the capacitance of CF@PNC only
increased to 2.3 fold when the deposition time was 6 times as
long, with the CCF@CNC/CCF@PNC value increasing monoto-
nously from 1.1 to 2.3. At the start of electrodeposition (10
min), the deposited amount of NiCo(OH)x in both samples
was small enough to fully react, leading to comparable
capacitances. But the capacitance of CF@PNC has little
increment when the deposition time exceeded 25 min. This is
a common phenomenon of decient reactivity of active
materials caused by poor electron/ion transport and loose
contact with the ber substrate. Such weakness has been
overcome by CNT modication. In addition, the CNT layer in
CF@CNC works as a sort of ‘adhesive’ additive to prevent the
NiCo(OH)x from falling off. As revealed in Fig. S5,† a part of
deposited NiCo(OH)x in CF@PNC has exfoliated aer 10 CV
cycles, exposing the smooth CF surface, which is barely seen
in the CF@CNC. Aer 1000 charge–discharge cycles (Fig. 4d)
CF@CNC still showed 90% capacitance retention. As a result,
the CF@CNC ber bundle with high specic capacitance,
good rate capability (Fig. 4c) and prolonged cycle life is
a promising candidate as the positive electrode for FSSCs.
6 | J. Mater. Chem. A, 2016, xx, 1–10
3.3 Preparation and electrochemical performances of the
negative electrode CF@AC

In an asymmetric supercapacitor, the overpotential brought
about by the negative electrode material, such as activated
carbon (AC) and rGO, results from reversible hydrogen elec-
trosorption in nanoporous carbon-based materials. Consid-
ering the complexity of preparing rGO23,24 and the oxidation–
reduction activation methods,33,34 we proposed a facile way to
prepare carbon ber-based negative electrodes by simply
coating carbon ber bundles with AC-containing slurry.
Considering the hydrophobic nature of AC, air plasma treat-
ment was not applied for better adhesion of AC particles on the
CF surface. SEM images at different magnications of the as-
prepared CF@AC are shown in Fig. 5. Numerous AC
composite nanoparticles disperse well and anchor on the CF
surface, with some relatively large aggregated particles lying in
between the CFs. We performed electrochemical measurements
in a three electrode system with CF@AC as the working elec-
trode. A stable potential window was observed in the range from
�1.0 V to 0 V for CF@AC, demonstrating that the a-FSSC can be
operated up to 1.6 V (Fig. 6a–c). Moreover, the CF@AC electrode
exhibits excellent rate capability (Fig. 6d and e) and cyclic
stability (98% capacitance retention aer 1000 cycles at 8 mA
cm�2, Fig. 6f) owing to the effective AC functionalization of CFs.
Based on the specic capacitances and potential windows for
both electrodes, the mass ratio of the positive and negative
electrodes was xed at around 1 : 16 (Fig. S6†).
3.4 Electrochemical performances of the a-FSSC

To make full use of the enhanced specic capacitance of
CF@CNC and the expanded potential window of CF@AC, the a-
FSSC was fabricated by combining the two ber electrodes. The
electrochemical performances of the a-FSSC were investigated
in a two-electrode conguration. Fig. 7a shows the CV curves of
the a-FSSC measured at different operation voltages from 1.4 V
to 1.8 V. In all voltage ranges, the presence of redox peaks
demonstrated the pseudocapacitive behavior of the capacitor
that originated from the positive electrode (CF@CNC). When
the operation potential was gradually extended to 1.8 V, larger
peak currents were observed, indicating more faradic reactions
owing to the negative electrode.39 Besides, the charge–discharge
curves of the a-FSSC at a current density of 2.0 mA cm�2 showed
a typical I–V response with similar charging and discharging
time (Fig. 7b). An extended voltage window from 1.4 V to 1.8 V
meanwhile improved the specic capacitance (Fig. S7†), and
This journal is © The Royal Society of Chemistry 2016



Fig. 6 Electrochemical performances of the CF@AC negative elec-
trode fibers tested in a three-electrode system. (a) CV curves
measured in a potential window ranging from �0.6 V to �1.0 V and (b)
the corresponding capacitances calculated from the CV curves; (c)
GCD curves of the CF@AC with different operating potential windows;
(d) GCD curves at current densities ranging from0.4 to 8.0mA cm�2 of
the CF@AC in the potential window of �0.9 to 0.0 V; (e) capacitances
calculated from GCD curves as a function of the current density; (f)
cyclic performance of the CF@AC at a current density of 8.0 mA cm�2.
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thus enhanced energy storage is obtained according to E ¼ CV2/
2. The CV curves were measured with a scan rate from 5 mV s�1

to 100 mV s�1 (Fig. 7c). Galvanostatic charge–discharge (GVD)
curves of the a-FSSC at current densities from 1.0 to 8.0 mA
cm�2 are shown in Fig. 7d. The discharge plateaus in the curves
indicate a pseudocapacitive feature of the a-FSSC. IR drops of
the a-FSSC with respect to current densities tted well in
a linear function, showing a quiet low internal resistance of
about 25 U (Fig. S8†). As shown in Fig. 7e, the specic areal
(linear) capacitance of the a-FSSC operated at 1.4 V and 1.0 mA
cm�2 was measured to be 111 mF cm�2 (64.0 mF cm�1), which
remains to be 31.9 mF cm�2 (18.4 mF cm�1) when raising the
current density up to 8.0 mA cm�2. With great rate capability,
a typical a-FSSC with a capacitance of 156 mF can be fully
charged within 2 seconds. These capacitance values were better
than those of many reported ber-shaped supercapacitors, such
as rGO–Ni-yarn SCs (49.4 mF cm�2 and 8.9 mF cm�1 at 1.0 mA
cm�2)27 and CNT@Co3O4 yarn-based SCs (52.6 mF cm�2 at
0.053 mA cm�2).20 The excellent rate capability and energy
storage proves that the CNT layer and the deposited hierarchical
NiCo(OH)x provide fast electron/ion transport and the large
electrolyte/electrode interface for electrochemical reactions.
Stable cyclic performance was achieved at 6 mA cm�2 with an
operation voltage of 1.4 V. During the rst 2000 cycles, the
This journal is © The Royal Society of Chemistry 2016
capacitance gradually increased probably due to the slow inl-
tration of the solid-state electrolyte and activation of the active
material. Aer 8000 charge–discharge cycles, the a-FSSC
retained as much as 103% of its initial capacitance (Fig. 7f).
The coulombic efficiency dened as the discharging time over
charging time ratio increased and remained at above 90%
during the long-term cycles. In addition, with an operation
voltage of 1.6 V, it also exhibited 110% retention of its original
capacitance aer 5000 cycles (Fig. S9†) with a similar increasing
trend of the capacitance. However, when the voltage was
extended to 1.8 V, the a-FSSC failed within hundreds of cycles.
Irreversible reactions of the electrodes and deterioration of the
gel electrolyte are possible reasons for the failure. As a result,
the a-FSSC has a stable performance below 1.6 V. In a durability
test, the a-FSSC was wrapped with a plastic lm and kept at
room temperature and moisture before the GCD test. It turns
out that the capacitance showed a steady increment along with
time for similar reasons mentioned above. Aer more than 15
days, the a-FSSC retains 130% of its initial capacitance (Fig. 7g).
The excellent performance retention demonstrates its highly
reversible reactions and unique stable structures of the
CF@CNC and CF@AC. EIS measurements were performed to
evaluate the internal resistances of the a-FSSC (Fig. 7h). Aer
3000 GCD cycles, the equivalent series resistance (ESR) of the
device increased a little from 5.8 U to 6.4 U, while the charge
transfer resistance dropped obviously, which revealed
enhanced contact between the electrolyte and ber electrodes
during the cycles. The Ragone plot shown in Fig. 7i compares
the areal performance of the a-FSSC with that of other reported
FSSCs. At 1.4 V, the a-FSSC exhibited a maximum energy density
of 25.1 mW h cm�2 with the power density of 0.48 mW cm�2. At
1.6 V, the energy density further increased to 33.0 mW h cm�2

with the power density of 0.75 mW cm�2. These values of the a-
FSSCs are superior to those of most of the reported ber-shaped
SCs, such as ones made from CNT/rGO composite bers (3.8
mW h cm�2),23 activated CF tows (3 mW h cm�2),34 MnO2/CNT/
nylon bers (2.6 mW h cm�2),7 PPy@MnO2@rGO conductive
yarns (9.2 mW h cm�2),6 Ni–rGO yarns (1.6 mW h cm�2),27 wet-
spinning rGO/CNT bers (3.84 mW h cm�2),40 conned hydro-
thermal rGO bers (0.17 mW h cm�2)9 and wet-spinning PANI/
CNT bers (0.56 mW h cm�2),41 but lower than the SC made of
CNT–PPy–HQ bers (98 mW h cm�2).15 Moreover, the results
normalized to the total volume of the a-FSSC (0.84 mW h cm�3

and 19.1 mW cm�3) are also comparable to those of the re-
ported supercapacitors (Fig. S10†). Therefore, the a-FSSC is
a promising ber-shaped supercapacitor with high energy
storage and cyclic performance.
3.5 Mechanical properties and practical use of the a-FSSC

To demonstrate the exibility and mechanical stability of the a-
FSSC that are of great importance to wearable electronics
applications, the capacitances derived from the GCD and CV
curves were recorded under different deformations. The orig-
inal CF bundle exhibited a measured tensile strength of up to
233 MPa (Fig. S11†). Such great mechanical strength was
supposed to be inherited from the carbon ber-based
J. Mater. Chem. A, 2016, xx, 1–10 | 7



Fig. 7 Electrochemical performances of the a-FSSC tested in a two-electrode system. (a) CV curves and (b) GCD curves of the a-FSSC with
different operating potential windows; (c) CV curves with scan rates between 5 and 100 mV s�1 and (d) GCD curves at current densities ranging
from 1.0 to 8.0 mA cm�2 of the a-FSSC in the potential window of 0.0–1.4 V; (e) areal and linear capacitances calculated from GCD curves as
a function of the current density; (f) cyclic GCD test of the a-FSSC at a current density of 4.0 mA cm�2 with calculated capacitance and
coulombic efficiency values during the cycles; (g) capacitance retention of the a-FSSC with respect to preserving time; (h) Nyquist plots with
a frequency range from 100 kHz to 1 Hz for the a-FSSC before and after 3000 charge–discharge cycles; (i) Ragone plot comparing the areal
energy density and power density with previously reported studies.
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electrodes. As shown in Fig. 8b, under a bending angle below
90�, the capacitance slightly increased to 104% possibly because
of the improved contact between the ber electrode and gel
electrolyte.27 When bent to 180�, the a-FSSC still retains 95% of
its initial capacitance. Since the CF bundle is composed of
numerous CFs with different lengths, some CFs shorter than
the whole device (�8.5 cm) may partly disconnect from the
other CFs in the bundle. Furthermore, a repeated bending test
was performed for the a-FSSC. 80% capacitance retention was
observed aer bending (Fig. 8c) 1000 times with the coulombic
efficiency remaining at above 90% during the cycles. Consid-
ering the relatively large size of the brous electrode in diameter
(1.2 mm compared with tens to hundreds of millimeters in the
most reported cases), the large inner stress in the bending state
may cause detachment between the electrode and electrolyte,
resulting in the capacitance loss. The a-FSSC was further twisted
for 30� 1000 times with one end xed and the other end
attached to a rotation motor. The inset of Fig. 8d shows that the
CV curve of the a-FSSC has little changes aer repeated torsion.
8 | J. Mater. Chem. A, 2016, xx, 1–10
The high capacitance retention (107%) is attributed to the
entangled pattern of the two-ber electrode that sustains
torsion stress. The CNT layer in the positive electrode also helps
to retain the capacitance during the deformations by making
active materials adhere to carbon bers.

Practical use has various requirements for high voltage or
high capacitance. The a-FSSCs can be connected in series or
parallel to enlarge the output voltage or operating current,
respectively. Five supercapacitors connected in series showed
a charging/discharging window of 7.0 V with similar charging
and discharging time (Fig. 9a). The measured capacitances of
the series-connected a-FSSCs dropped linearly with the recip-
rocal of the number of capacitors (Fig. 9b). As for parallel
connection, with an enhancement of scanning current, the
capacitances calculated from CV curves increased linearly with
the number of capacitors (Fig. 9c and d).

Considering the weavability of the a-FSSC, three of them
were connected in series and integrated into a piece of fabric
knitted with common cotton yarns, as shown in Fig. 9e. Aer
This journal is © The Royal Society of Chemistry 2016



Fig. 8 (a) Digital images of the a-FSSC at bending and releasing states
during the repeated bending test; (b) capacitance retention of the a-
FSSC under different bending angles; (c) capacitance retention and
coulombic efficiency changes of the a-FSSC during repeated
bending–releasing cycles at a current density of 2 mA cm�2. The inset
shows the charge–discharge curves during the reciprocating moves;
(d) capacitance retention of the a-FSSC during repeated twisting–
releasing cycles (torsion angle 30�) at a scan rate of 20 mV s�1. The
inset shows the CV curves before and after 1000 twisting times.

Fig. 9 (a) Charge–discharge curves at a current density of 4 mA cm�2

of one to five a-FSSCs connected in series and (b) the corresponding
capacitance with respect to the number of supercapacitors. (c) CV
curves with a scan rate of 20 mV s�1 of one to five a-FSSCs connected
in parallel and (d) the corresponding capacitance with respect to the
number of supercapacitors. (e) Digital image of a blue LED lit by three
a-FSSCs connected in series woven into a woolen fabric and (f)
a demonstration of the fabric wore on an arm.

This journal is © The Royal Society of Chemistry 2016
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being fully charged, this energy-storing fabric can light a blue
light-emitting diode (LED) with a working voltage above 2.5 V
(Fig. S12 and Movie S1†). Owing to the demonstrated exibility
and weavability of the a-FSSC, this fabric can be freely bent and
worn on the arm meanwhile lighting the blue LED (Fig. 9f).
Furthermore, the a-FSSC can be tuned in length and thickness
for various requirements (Fig. S13†), which is realized by
twining different amounts of carbon bers into a bundle.
Therefore, the a-FSSC would meet the need for high energy and
power densities and weavability of exible electronics in the
future.

4. Conclusions

In summary, we have fabricated a exible and weavable asym-
metric ber-shaped solid-state supercapacitor based on carbon
bers. In the positive electrode of CF@CNC, plasma treatment
and introduction of a CNT interlayer have induced faster elec-
tron transport, shortened ion diffusion length and intimate
contact between CFs and the electrodeposited NiCo(OH)x,
leading to improved capacitance and structural stability. By
facilely incorporating hydrophobic CFs with activated carbon
composite slurry, the negative electrode of CF@AC also exhibits
great electrochemical performance. The assembled a-FSSC
displays high areal and volumetric energy/power density and
excellent long-term cyclic stability, which can be attributed to
the good electrochemical reactivity and structural stability of
both electrodes. Owing to the great mechanical properties of the
CF, the a-FSSC shows great exibility and capacitance retention
during 1000 times of different deformations. By virtue of its
high energy/power density, superior exibility, ease of scalable
production and tunable size, the a-FSSC would have wide
applications in portable devices, smart electronics, implantable
medical devices and so on. This work specially demonstrates
the importance of interfacial modication between the ber
current collector and active material, which is applicable to
most of the ber-shaped solid-state supercapacitors.
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