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With the development of wearable electronics, fiber-based supercapacitors with both high energy and
power densities are under growing demand. Herein we discovered a high performance fiber-based
asymmetric supercapacitor (FAS) based on two carbon nanotube (CNT) composite fibers. MnO; nano-
sheets were in situ grown on a CNT fiber to serve as the positive electrode, while polyimide was
deposited onto another CNT fiber to form the negative electrode. The resulting aqueous FAS demon-
strated broad operating voltage window (0—2.1 V), high areal energy density (36.4 pWh cm 2 at power

density of 0.78 mW cm2) and high power density (15.6 mW cm 2 at energy density of 30.2 pWh cm™2)
with good rate performance, long cycling life and high flexibility.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Wearable electronic devices, such as smart watch and intelligent
bracelet, are changing the way we live or work at present. However,
they still cannot satisfy the application requirements completely.
Therefore, the next generation of wearable products including
artificial skin, smart fabric and electronic textile have attracted
more and more attentions in recent years [1—3]. To achieve the
portability and wearability, the development of flexible power
sources is a top priority for wearable devices [4—6]. Traditional
planar or blocky power systems are too bulky or rigid to use. In
contrast, light weight, small volume and good flexibility are the
advantages of fiber-based power devices, which can be deformed
into various desired shapes and further woven or knitted into
textiles to reveal more functions [7—9]. Among various power
sources, supercapacitor was deemed as the most promising one for
wearable electronic devices due to long cycling life, high power
density, fast charge-discharge capability and safe operation [9].
Although a great deal of effort has been devoted for developing
fiber-based supercapacitors, they still suffer from lower energy
densities compared with traditional planar supercapacitors or
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lithium ion batteries [10]. So the main challenge now is to increase
the energy densities of the fiber-based supercapacitors without
sacrificing their high power densities.

The energy density (E) formula of supercapacitor is E = CV?/2,
where C and V represent the specific capacitance and the operating
voltage of the total supercapacitor, respectively. That is to say, there
are two approaches to improve the energy density of a fiber-based
supercapacitor: enhancing the capacitance (C) and enlarging the
voltage window (V). The capacitance of supercapacitor is closely
related to the electrical conductivity, electrochemical activity and
structural stability of electrode materials. Traditional electrical
double-layer supercapacitor exhibits poor capacitance, while
pseudocapacitor stores much more energy via fast and reversible
Faradic reactions between electrode and electrolyte. As a result,
fiber-shaped electrodes are commonly fabricated by coating pseu-
docapacitive materials on the metal wire or carbon based fiber. Up
to now, various materials including conducting polymers, carbo-
naceous materials and transition metal oxide/hydroxide have been
explored as pseudocapacitive materials in supercapacitors [11—15].
Extending the voltage window is another effective method to in-
crease energy density. Generally, organic electrolytes or ionic liq-
uids can provide higher operating voltages in comparision to water
containing electrolytes, but their applications are always con-
strained by safety problems or price. To overcome the low
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operating voltage of aqueous electrolytes, fiber-based asymmetric
supercapacitors (FAS) assembled from a battery-like Faradaic pos-
itive electrode and a capacitor-like negative electrode are proposed.
By integrating the respective advantages of the two different
electrodes, asymmetric supercapacitors can extend the voltage
window to more than 2 V so as to achieve high energy density.

Herein, we designed and fabricated a high performance FAS
made of MnO5 coated CNT fiber as positive electrode and CNT fiber
deposited with polyimide (PI) nanosheets as negative electrode.
MnO; is widely explored as a pseudocapacitive material for positive
electrode due to its outstanding capacitance characteristics [16]. In
addition, its low cost, environmental compatibility and natural
abundance are also superior than other transition-metal oxides.
Nevertheless, its application is restricted by low electrical con-
ductivity and cycling life. To overcome the intrinsic shortage of
MnO,, we adopted highly conductive CNT fiber as the current col-
lector and support to in situ grow MnO; nanosheets. The obtained
MnO,/CNT fiber served as the positive electrode. To prepare
negative electrode based on CNT fiber, PI was employed as the
pseudocapacitive material for the first time. PI can store/release
energy by the association/disassociation of Li* or Na* ions with
four oxygen atoms of the imide group, leading to a high theoretical
capacity. In-situ polymerized PI can form vertically aligned nano-
sheets, facilitating the electron transport and ion diffusion in redox
reactions [17—19]. In addition, it is thermally stable and mechani-
cally strong. Therefore, PI had been recently explored as anode
materials in lithium- and sodium-ion-batteries [17—21]. The
assembled FAS showed a large voltage window up to 2.1 V,
resulting in both high areal energy density (36.4 pWh cm~2) and
power density (15.6 mW cm 2 at 30.2 pWh cm~2). Besides, it also
exhibited long cycling life, good rate performance and high flexi-
bility. This thin FAS was demonstrated to successfully power an
LED, aiming at wearable electronic applications.

2. Experimental section
2.1. Preparation of MnO,/CNT fiber

To prepare the MnO,/CNT fiber electrode, CNT fiber was
immobilized in 50 mL KMnO4 aqueous solution (22 mmol/L). Then
the solution was heated to 80 °C and refluxed for 3, 6 or 9 h under
stirring. The obtained hybrid fiber was rinsed twice with deionized
water and ethanol before drying at 80 °C for 6 h.

2.2. Preparation of PI/CNT fiber

Typically,  1,4,5,8-naphthalenetetracarboxylic ~ dianhydride
(2.3 mmol) was mixed with p-chlorophenol (40 g), followed by the
addition of ethylenediamine (0.15 mL) to produce a precursor so-
lution. A CNT fiber that had been fixed on a glass substrate was then
immersed in the precursor solution, followed by heating and
refluxing for 3, 9 or 12 h. The obtained hybrid fiber was rinsed with
ethanol and dried at 300 °C in N, for 8 h to remove residual solvent.

2.3. Fabrication of the FAS

The all-solid-state FAS was assembled by employing the MnO,/
CNT and PI/CNT fibers as positive and negative electrodes, respec-
tively, with carboxymethyl cellulose sodium (CMC)/Na2SO4 gel as
electrolyte and separator. The CMC/NapSO4 gel electrolyte was
obtained by mixing 3 g CMC and 6 g Na;SO4 in 60 mL deionized
water and kept at 80 °C for 2 h under vigorous stirring. MnO,/CNT
and PI/CNT fibers were fixed on a polyethylene terephthalate sub-
strate in parallel. One end of each fiber was pasted with conductive
silver adhesive separately. The whole device was then heated up

steadily to 80 °C for 1 h until the conductive silver adhesive had
been solidified. CMC/Na,SO4 gel electrolyte was finally painted on
two fiber electrodes to produce an all-solid-state FAS. The effective
length of the FAS was controlled to be 2 cm for electrochemical
measurements.

3. Results and discussion
3.1. Characterization of positive electrode

MnO,/CNT fiber electrode was synthesized through a redox
reaction between CNT fiber and KMnOy, which is a facile method to
grow MnO; with different nanostructures on various carbonaceous
substrates [22]. The reaction followed a stoichiometric equation:
4KMnOg4 + 3C + H0 — 4MnO; + K;CO3 + 2KHCOs3, here C is the
elemental amorphous carbon associated with CNTs. The bare CNT
fibers showed high electrical conductivities from 700 to 1000 S
cm~! with tensile strengths of about 300 MPa. After in situ growth
of MnO,, the diameters of the MnO,/CNT fibers were increased to
142—173 pum (Fig. 1 and Fig. S2), in sharp contrast to 76 um of the
bare CNT fiber (Fig. S1), while the mechanical property was well
maintained (Fig. S3). The growing process of MnO, nanostructures
with different reaction times were characterized by scanning
electron microscopy (SEM). After reacted with KMnO4 for 3 h, a
layer of porous MnO, composed of a large number of clusters was
found to decorate on the surface of CNT fiber (Figs. S2b and S2c).
According to the previous study [22—24], MnO; nanocrystalline
formed at the surface of the CNTs at the initial stage, then they
served as the nucleation sites for fresh MnO, crystals to deposite
and gradually united together to generate nanoclusters. On pro-
longing the reaction time to 6 h, the morphology of MnO, changed
a lot (Fig. S2d). MnO; clusters interconnected with each other to
form vertically arranged nanoflakes, as observed in Fig. 1b and
Fig. S2e. This ordered, 3D network structure was beneficial for the
electron transport and ion diffusion in redox reactions. With the
further increase of the reaction time to 9 h, a large number of
blocky MnO, with different sizes and different shape was disor-
derly piled up on the external surface of the fibers (Figs. S2g and
S2h). The tightly cumulated state of MnO, could be explained
below. With the continuous growth of ordered MnO, nanosheet
arrays, there was not more space to accommodate the newly
generated MnO,. Thus, excess MnO; nanoflakes could only be
assembled into blocks on the outer surface.

To explore the influence of reaction time on the electrochemical
properties of the as-fabricated MnO,/CNT fiber electrodes, cyclic
voltammetry (CV) and galvanostatic charge-discharge tests were
carried out in a three-electrode system. Since MnO, was instable in
an acidic medium, 1 M neutral NaySO4 solution was used as the
electrolyte. Fig. S4a compares CV curves of MnO,/CNT fibers with
increasing MnO, growth times at 10 mV s~ within the electro-
chemical window from 0 to 1.1 V. For a bare CNT fiber, the shape of
the curve deviated from the rectangular shape of an ideal capacitor.
In contrast, CV curves of MnO,/CNT fibers were relatively rectan-
gular, indicating a strong supercapacitor nature. As shown in
Fig. S4b, although the weight percentage of MnO, was continuously
increased with increasing growth time from O to 9 h, the areal
specific capacitance firstly increased and then decreased. The
decreasing specific capacitance was mainly derived from the poor
electron/ion transport and the increase of resistance after loading
too much MnO». Therefore, the growth time of 6 h with the MnO,
weight percentage of 57% was used to optimize the electrochemical
properties of the MnO,/CNT fiber below.

The MnO; structures of MnO,/CNT fiber electrode with a MnO,
growth time of 6 h were characterized by energy dispersive X-ray
spectrometer (EDS) elemental mapping, X-ray diffraction (XRD),
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Fig. 1. (a, b) SEM images at low and high magnifications, respectively. (c) TEM and (d) HRTEM images of the MnO,/CNT fiber with a MnO, growth time of 6 h, respectively. (A colour

version of this figure can be viewed online.)

Raman and X-ray photoelectron spectroscopy (XPS). The homoge-
neous distribution of Mn, C and O element throughout the
observing area of the MnO;/CNT fiber was confirmed by EDS
(Fig. S5). The crystallographic form of MnO, was verified by its XRD
pattern. A strong diffraction peak at 260 = 25.9° which is attributed
to the diffraction of (002) lattice plane in graphite from the CNTs
was also observed in MnO;/CNT fiber (Fig. 2a). Two broad diffrac-
tion peaks at 36.8° and 66.0° were indexed to the (006) and (119)
lattice planes of birnessite-type MnO, (JCPDS no. 18-0802),
respectively [25,26]. It can be deduced that this sample was at a
poorly crystalline state. The Raman spectra of bare CNT and MnO;/
CNT fibers were compared in Fig. 2b. Both of them exhibited all
three characteristic Raman bands at 1354 cm~, 1589 cm~! and
2700 cm !, corresponding to D, G and G’ bands for CNT, respec-
tively [27]. Two bands at 499 cm~! and 571 cm~! in the MnO,/CNT
fiber are ascribed to the major vibration features of MnO; com-
pounds, confirming the presence of MnO; particles in the hybrid
fiber [28,29]. In addition, the relative intensity of D and G bands
implied the defect content in CNTs. It can be calculated that the Ip/
I ratio increased to 0.97 for the hybrid fiber from 0.44 for the bare
CNT fiber. The enhancement of defect ratio should be ascribed to
the oxidation of CNTs by KMnO4 during the growth process of
MnO,. The detailed chemical composition of the MnO,/CNT fiber
was determined by XPS spectrum. Signals from Mn, O, and C ele-
ments in the full spectrum illustrated the attachment of MnO; on
the CNT fiber (Fig. S6). As shown in the Mn 2p core level spectrum
(Fig. 2c), two binding energy peaks originated from Mn 2p3> and
Mn 2pq; were located at 642.4 and 654.1 eV, respectively, with an
energy separation of 11.7 eV, which were in good agreement with
the results reported for MnO, [30]. The average oxidation state of
Mn was around 3.24 based on the calculation of the area of the
peaks associated with Mn-O-Mn and Mn-O-H bonds in O 1s spec-
trum (Fig. 2d) [31,32]. Therefore, it was composed of both trivalent
and tetravalent Mn, which verified the poorly crystalline state of
MnO, according to the XRD results. Nevertheless, this mixed-valent

system may facilitate the formation of more ionic defects and
enhance surface double-layer capacitance during the charge-
discharge process [33,34]. The microstructural feature of the
MnO,/CNT fiber was further characterized by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM). Black do-
mains around the CNTs were observed, indicating that MnO,, flakes
could be grown throughout the CNT fiber (Fig. 1c). As shown in the
HRTEM image (Fig. 1d), the lattice distance of MnO, was measured
to be 0.23 nm, corresponding well with the (006) crystal plane of
birnessite-type MnO; (JCPDS no. 18-0802). This result was in good
agreement with the previous XRD data. The nitrogen adsorption/
desorption isotherm curve and pore size distribution of MnO,/CNT
fiber with a MnO, weight percentage of 60.8% were shown in
Fig. S7. The calculated Brunauer-Emmett-Teller (BET) surface area
was 106 m? g~ .

The effective length, diameter, active working area and weight
of the MnO,/CNT fiber electrode for electrochemical measurements
were 2 cm, 170 pum, 0.107 cm? and 210 pg, respectively. Fig. 3a
exhibited the CV curves of MnO,/CNT fiber electrode with a MnO,;
growth time of 6 h at increasing scan rates from 10 to 200 mV s~ .
Obviously, the CV curves of the MnO,/CNT fiber displayed a pair of
redox peaks resulting from the reversible faradaic reaction between
alkali cations (Na') and MnO, nanoflakes according to the
following electrochemical reaction: MnO; + Nat + e~ < MnOONa
[35]. The intensity of the redox peaks increased with increasing
sweep rates. Meanwhile, the rectangular shape of the CV curve had
no obvious change, indicating a typical pseudocapacitive behavior
of MnO; [32]. Fig. 3b showed the charge-discharge curves at
various discharge current densities. The nearly symmetric and
linear shapes of the curves were maintained, which implied a good
reversibility and typical capacitive characteristics of the MnO/CNT
fiber. On the basis of the charge-discharge curves, the corre-
sponding areal specific capacitances at different discharge current
densities were calculated and presented in Fig. 3c. The specific
capacitance of the MnO,/CNT fiber was about 302 mF cm 2 at a
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current density of 0.95 mA cm 2 and still as high as 182 mF cm 2 at
a current density of 19.1 mA cm~2, which led to a capacitance
retention of 60%. The evident decrease of the capacitance was
ascribed to a much reduced interior active surface of the MnO,
accessed by electrolyte ions at high current density [24,36—38].
Besides, charge-discharge cycling tests revealed that 97.3% of the
initial specific capacitance was retained after 2000 cycles (Fig. 3d),
indicating a good electrochemical stability.

3.2. Characterization of negative electrode

PI/CNT fiber electrode was synthesized by in situ polymerization
of monomers on the surface of CNTs to form a skin-core structure
[19]. Only the two ends of the CNT fiber were fixed to the glass
substrate during the reaction, so PI could grow effectively and
uniformly at the surface across the fiber. After the formation of PI
layer, the diameter of the PI/CNT fibers was increased to
144—194 um (Fig. 4 and Fig. S8). And the hybrid fiber exhibited a
tensile strength of 264 MPa (Fig. S9). SEM images of PI/CNT fiber
electrodes collected at different reaction times are shown in Fig. 4
and Fig. S8. For a short polymerization time of 3 h, only small PI
nanosheets were deposited on partial surface of the CNT fiber
(Figs. S8b and S8c). With the increasing of synthetic time from 3 to
9 h, nanosheets grew larger and denser and CNT fiber was fully
covered by PI nanoflakes (Fig. S8d). Numerous PI nanosheets were
closely stacked and interconnected laterally to form a highly open
and porous structure (Fig. 4 and Fig. S8e), which is favorable for
improving the capacitive performance. When the reaction time was
further prolonged, the PI nanosheets fused into larger ones and
voids between them were reduced (Figs. S8g and S8h).

The electrochemical properties of the as-prepared PI/CNT fiber
electrodes with different PI growth times were compared by CV
and galvanostatic charge-discharge tests in a three-electrode sys-
tem with 1 M NaySOy4 solution as electrolyte. After the growth of PI
nanosheets, PI/CNT fiber electrodes all displayed high

electrochemical activity, while the bare CNT fiber showed almost
no response in the voltage range from —1.0 to 0 V (Fig. S10a). We
then compared the areal specific capacitance of PI/CNT fibers with
increasing PI growth times (Fig. S10b). The specific capacitance and
the mass load of Pl increased with increasing growth time from 0 to
9 h and then decreased with a further prolongation of growth time,
perhaps due to the detachment of PI nanoflakes after refluxing for a
relatively long time. Therefore, the growth time of 9 h with the PI
weight percentage of 42% was used for the following study.

Infrared spectroscopy was utilized to verify the formation of PI
on the CNT fiber (Fig. 5a). Obviously, the new peaks at 766 cm~! and
1703 cm~! were attributed to the formation vibration and asym-
metrical vibration of imine C=O bond, respectively, while
1350 cm~! was originated from the stretching vibration of imine C-
N bond of PI [20]. The Raman spectra of bare CNT and PI/CNT fibers
were further compared (Fig. 5b). The two peaks at 1350 cm~! and
1585 cm ™! are assigned to the D and G bands of CNT, respectively.
Ip/Ig ratio increased from 0.44 for bare CNT fiber to 0.50 for hybrid
fiber, revealing the formation of chemical bonds between CNT and
PI [17]. Fig. 5¢ displayed the XRD pattern of bare CNT and PI/CNT
fibers. A diffraction peak at 20 = 17.3° and two humps between 25°
and 45° were observed in PI/CNT fiber, suggesting that PI had a
certain extent of crystallinity. The detailed chemical composition of
the PI/CNT fiber was investigated by XPS spectrum. Signals from C,
0, and N elements were observed in the full spectrum (Fig. S11a).
C1s spectrum had the peaks at 284.7, 285.5, 286.3 and 288.8 eV,
corresponding to the C-C bond, C-H bond, C-N bond and carbonyl
group (C=0), respectively (Fig. S11b). The peak at 531.9 eV in O1s
spectrum was derived from carbonyl oxygen (C=0) (Fig. S11c). N1s
spectrum displayed only one symmetric peak at 400.7 eV, which
was attributed to imide nitrogen (C-N) (Fig. 5d). All the XPS spectra
evidenced the presence of imide unit in the PI/CNT fiber. TEM im-
ages of PI/CNT fiber were presented in Fig. 4c and d. PI wrapped
around the outer surface of the MWCNT to form a skin-core
structure, which wass consistent with the SEM results.

Fig. 4. (a, b) SEM images at low and high magnifications, respectively. (c) TEM and (d) HRTEM images of the PI/CNT fiber with a PI growth time of 9 h, respectively.
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The effective length, diameter, active working area and weight
of the PI/CNT fiber electrode for electrochemical measurements
were 2 cm, 140 pm, 0.088 cm? and 128 pg, respectively. Fig. 6
showed the electrochemical characterizations of PI/CNT fiber
electrode with a PI growth time of 9 h. According to previous
studies, carbonyl groups in the PI structure can store energy
through a two-step redox process, so the CV curves of PI/CNT fiber
electrode displayed two pairs of redox peaks (Fig. 6a) [17—21].
During the reduction process, the oxygen atom of the imide group
associates with Na™ to form the radical anion (PI*") and then the
dianion (PI*7) step by step. In the oxidation process, Na* is removed
and carbonyl groups are recovered, as shown in Fig. S12 [21]. The
shape of the CV curves was maintained at increasing scan rates
from 10 to 200 mV s~ !, indicating a low resistance and good rate
performance. Charge-discharge curves of PI/CNT fiber electrode at
various current densities were nearly symmetric (Fig. 6b), which
demonstrated a high reversibility of the redox reactions of PI. The
corresponding areal specific capacitances at different discharge
current densities derived from the charge-discharge curves were
plotted in Fig. 6¢c. There was only 14.5% loss for the capacitance
when the current density increased to 17.6 mA cm~2 (330 mF cm™2)
from 0.88 mA cm 2 (386 mF cm~2), revealing a good rate capability
of PI/CNT fiber. Moreover, the capacitance retention was 96.4% after
2000 consecutive cycles (Fig. 6d). It can be seen that the PI/CNT
fiber exhibited good energy storage properties: high specific
capacitance, good rate capability and cycle life. As a result, it is a
promising negative electrode in FAS.

3.3. Characterization of FAS

The solid-state FAS was fabricated by using MnO,/CNT and PI/
CNT fibers as the positive and negative electrodes, respectively
(Fig. S13). To the best of our knowledge, the electrochemical per-
formance of MnO;-based supercapacitor may undergo a fast
degradation in acid electrolyte due to the dissolution of Mn ion
(Mn3* or Mn?*) produced from MnO, during discharging process
[39,40]. In addition, the neutral gel electrolyte is safer than acidic or
basic electrolyte for practical applications. Therefore, CMC/Na;SO4
gel electrolyte was used in this work. In the previous results, MnOs/
CNT positive electrode revealed stable operating voltage within
0—1.1 V, while PI/CNT negative electrode was measured with a
potential window from —1 to 0 V. Thus, it was expected that the
maximal operation voltage of the as-fabricated FAS can be
extended to 2.1 V. In order to maximize the voltage window and
specific capacitance of the FAS, positive and negative electrodes
should be carefully matched to reach the charge balance, following
the relationships of Q" = Q™ and Q = C x m x AE. Here the charge
(Q) stored by two electrodes depends on the gravimetric capaci-
tance (C), mass (m) and the potential window for charge-discharge
process (AE) of positive or negative electrode. According to these
equation, the optimal mass ratio of the two electrodes should be
m*/m~ = 1.44. Fig. S14 compared the charge-discharge curves of
the two electrodes with the optimal mass ratio at a charging cur-
rent of 0.133 mA. The similar discharge time demonstrated that the
two electrodes provided almost the same total charges, thereby the
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charge balance was realized.

Fig. 7 showed the CV curves of the FAS measured at a scan rate of
50 mV s~ ! and charge-discharge curves at a current density of
0.74 mA cm 2 with increasing operation voltages from 1.3 to 2.1 V.
The electrochemical behavior of the FAS was different from a reg-
ular pseudocapacitor characterized by nearly rectangular CV
curves, revealing that the capacitance characteristics of the FAS are
mainly derived from the Faradaic redox reaction [41,42]. As ex-
pected, the CV and charge-discharge curves of the FAS maintained
their shapes in all voltage windows. According to energy density
formula, high voltage window is very beneficial for energy storage.
When the applied voltage was raised from 1.3 to 2.1 V, the specific
capacitance based on the total surface area of positive electrode and
negative electrode increased from 32 to 59 mF cm~2 (Fig. S15).
Hence, we further investigated the electrochemical properties of
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the FAS within an operating voltage window of 0—2.1 V.

CV curves of the FAS at various scan rates were similar to each
other (Fig. 8a). The stable shape of the CV curve even at a scan rate
up to 500 mV s~ suggested highly reversible Faradic reaction and
excellent capacitive performance. Charge-discharge curves of the
FAS were conducted with increasing current densities from 0.74 to
14.85 mA cm 2, as shown in Fig. 8b. The nearly triangular shapes
confirmed the high capacitive performance of the FAS. The
discharge plateaus in the curves originated from the negative
electrode denoted the pseudocapacitive feature. According to the
charge-discharge curves, the areal specific capacitances were
calculated and summarized in Fig. 8c. The capacitance reached
59.5 mF cm 2 (32.8 Fg~ !, based on the total mass of two electrodes
without electrolytes) at 0.74 mA cm~2. When raising the current
density up to 14.85 mA cm 2, a capacitance of 49.2 mF cm2
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Fig. 7. (a) CV curves of the FAS at a constant scan rate of 50 mV s~! and (b) charge-discharge curves at a constant current of 0.74 mA cm~2 collected at different operating voltage

windows. (A colour version of this figure can be viewed online.)
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Fig. 8. (a) CV curves of the FAS at increasing scan rates. (b) Charge-discharge curves with increasing current densities. (c) Areal specific capacitance at different current densities. (d)
Cycling performance at a current density of 14.85 mA cm 2. (e) Electrochemical impedance spectra with insets showing the high-frequency parts and equivalent circuit diagram
used for fitting the EIS data. (f) Ragone plots of our FAS compared with the other reported FASs. (A colour version of this figure can be viewed online.)

(271 F g~ 1) was still achieved, indicating a good rate capability. The
FAS also displayed stable cyclic performance (Fig. 8d). The capaci-
tance gradually increased in the first 40 cycles, which may be due to
the full activation of the active materials by increased effective
interfacial contact between gel electrolyte and electrode materials
[41,43,44]. After 2000 charge-discharge cycles, the device kept as
much as 96.3% of its initial capacitance. For the prolonged 5000
charge-discharge cycles, the capacitance displayed an apparent
attenuation (Fig. S16a). We considered that the degradation of
capacitance may be attributed to the structure change caused by
the volume expansion/contraction of electroactive materials after
repetitious ion intercalation/deintercalation during the charge-
discharge process, ultimately leading to the detachment of elec-
troactive materials from CNT fiber [37,38,44]. Electrochemical
impedance spectra (EIS) measurement was carried out to study the
conductibility and the result was analyzed using Nyquist plots
(Fig. 8e). The impedance curve consisted of a near semicircle in the
high frequency range, followed by a line in the low frequency. The
EIS data were fitted using equivalent circuit model, as shown in the

inset of Fig. 8e. It was found that the FAS had a relatively low so-
lution resistance (Rs) of 30.4 Q and charge transfer resistance (R¢t)
of 2.9 Q compared to the other CNT fiber supercapacitors [45—47].
After 5000 charge-discharge cycles, Rs and R¢; were measured to be
43.2 Q and 2.1 Q, respectively (Fig. S16b). Energy and power den-
sities are two important performance parameters of super-
capacitors. The high specific capacitance and large operating
voltage window of the as-fabricated FAS were expected for both
high energy and power densities. The total active working area and
mass of the FAS were estimated as 0.188 cm? and 0.34 mg,
respectively. The Ragone plots showed in Fig. 8f compared the
performance of our FAS with other reported FASs. The areal energy
density of the whole FAS varied from 36.4 to 30.2 pWh-cm ™2 when
the power density was increased from 0.78 to 15.6 mW cm 2. These
results revealed that the performance of our FAS was better than
many other reports such as PEDOT@MnO,//C@Fe304 FAS
(33.5—-21.78 pWh-cm~2 and 0.6—2.4 mW cm2) [44], CNT-NiC-
o(OH)x//AC FAS (33.0 yWh-cm™2 at 0.75 mW cm™2) [48],
CNT@ZnO-NWs@MnO,//CNT FAS (13.25-8.91 pWh-cm~2 and
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021-212 mW cm?) [49], MnO2/RGO//[RGO  FAS
(181-12.67 pWh-cm™2 and 0.16-4.03 mW cm~2) [50] and
CuHCF@CF//PC@CF  FAS  (37.88—15.78 pWh-cm > and
0.18-1.08 mW cm™2) [51], CF@RGO@MnO2//CF@TRGO FAS
(18.5 pWh-cm 2 at 0.4 mW cm2) [52]. Alternatively, the results
normalized to the total weight of the FAS (20.1—16.6 Wh-kg~! and
0.43—8.60 kW kg~1) were also higher than those of the reported
fiber-based supercapacitors (Fig. S17), attributing to the light
weight of CNT fiber and large operating voltage window of the
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Fig. 9. (a) Capacitance retention of the FAS under different bending angles. (b) Charge-
discharge curves before and after bending for 2000 times. (c) Photograph of a red light
emitting diode powered by a 2 cm long FAS. (A colour version of this figure can be
viewed online.)

device.

We further investigated the flexibility and mechanical stability
of the FAS. The specific capacitances remained almost unchanged
when the device was bent to various degrees of 0—180° (Fig. 9a). In
addition, the charge-discharge curves were well overlapped after
bending and releasing for 2000 cycles (Fig. 9b). These results sug-
gested that the FAS was of high flexibility and mechanical stability.
Furthermore, a red light emitting diode was successfully driven by a
tiny FAS (Fig. 9c), demonstrating its potential in flexible power
source.

4. Conclusions

In conclusion, we have designed and fabricated a high perfor-
mance aqueous FAS based on two CNT composite fibers. It displayed
a wide voltage region of 0—2.1 V, high areal energy density
(36.4 pWh cm~2 at power density of 0.78 mW cm~2) and areal
power density (15.6 mW cm2 at energy density of 30.2 pWh
cm~2). In addition, a combined long cycling life, good rate perfor-
mance and high flexibility was also achieved. It may be promising
for a variety of flexible and wearable electronic devices. This work
also provides a general and effective paradigm in the development
of energy and electronic devices.
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