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Fabricating Continuous Supercapacitor Fibers with High
Performances by Integrating All Building Materials and

Steps into One Process

Bingjie Wang, Xin Fang, Hao Sun, Sisi He, Jing Ren, Ye Zhang, and Huisheng Peng*

The popular concept of wearable electronic devices has moti-
vated the exploration for suitable powering accessories such as
flexible and portable energy conversion and storage devices.!'3!
Among them, the developing fiber-shaped energy devices are
increasingly appreciated as a reliable strategy to leap over the
geometrical restrictions of traditional planar devices.l*l In the
diversified fiber-shaped energy devices, fiber-shaped super-
capacitors are approaching toward macro-scale devices for
wearable electronics or smart textiles.”® Tn most cases, fiber-
shaped supercapacitors are assembled from fibrous electrodes
in which carbonaceous materials, including carbon fibers,
carbon nanotube fibers, and graphene fibers, play a dominant
role due to their merits of flexibility, lightweight, and high sur-
face area.’'!l Moreover, pseudocapacitive materials such as
metal oxides and conducting polymers are often introduced
into the fibrous electrodes to enhance the capacitance.>12-14

However, these academic achievements have not yet been
translated into industrial success. The pending issue resides
in the fabrication process that commonly consists of four
steps”}l—preparing the fiber substrate, introducing active
materials, infiltrating the electrolyte, and assembling into a
device—which notoriously entail complicated treatments and
time-consuming procedures. Most currently attainable fiber-
shaped supercapacitors have very limited lengths at centi-
meters which make them hardly applicable in wearable devices.
Although many attempts have been made to realize the scale-
up production of fiber-shaped supercapacitors,®1>1% it remains
challenging to achieve a continuous fabrication.

In the present study, we design a synchronous deposition
strategy to continuously fabricate fiber-shaped supercapacitors
based on aligned carbon nanotube (CNT) composite fibers.
This continuous fabrication strategy is available for a variety
of pseudocapacitive active materials such as reduced graphene
oxide (RGO), manganese dioxide (MnO,), and conducting poly-
mers including polyaniline (PANI) and polypyrrole (PPy), so
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a high energy storage capability has been produced from the
fiber-shaped supercapacitor.

Our fabrication method relies on an experimental setup as
illustrated in Figure 1. It can integrate the above four discrete
fabrication steps into a continuous process. A spinnable CNT
array is fastened onto a rotating motor by which CNT fibers can
be produced continuously. The as-prepared CNT fiber was led
to immersing into active materials solution such as graphene
oxide (GO) aqueous solution. A constant potential was applied
on the CNT fiber through the copper rods. Pt wire and Ag/AgCl
electrode served as counter and reference electrodes, respec-
tively. As a result, a synchronous electrochemical deposition
system was established and connected with the prepared CNT
fibers. During this procedure, GO sheets were coated exter-
nally on the CNT fiber and reduced to RGO, forming a core—
sheath-structured CNT/RGO composite fiber. Afterward, two
composite fibers were drawn into a gel electrolyte consisting of
poly(vinyl alcohol) (PVA), phosphoric acid, and water, followed
by twisting into a fiber-shaped supercapacitor with a rotating
motor.

Our method is highlighted with several advantages: first, the
entire process is continuous and spans from the preparation
of CNT fiber to the fabrication of supercapacitors; second, the
electrochemical method is adaptable to moving fibers which
integrates the procedures of deposition, polymerization, and
reduction together, which exempts from the complicated post-
treatments; third, compared with previous time-consuming
methods, this fabrication process can be accomplished within
5 min, demonstrating an ultrafast strategy for the scalable pro-
duction of fiber supercapacitors; and fourth, GO is reduced as
active material to provide pseudocapacitance instead of non-
conductive GO that may cause performance degradation.'”! Yet
this method is not a simple combination of individual batch
processes that have been previously reported.!% Furthermore,
a new method of incorporating RGO as pseudocapacitive mate-
rials in fibrous electrodes is developed and then integrated into
a continuous process through the design, which enables GO
to migrate toward fibrous electrode and get reduced into RGO
synchronously.

The pivotal part of the method resides in the synchronous
electrochemical deposition system where the introduction of
functional guest materials like graphene and pseudocapacitive
materials are accomplished within several minutes. To dem-
onstrate its efficacy, we investigated the preparation process
of CNT/RGO composite fiber. When the CNT fibers with dia-
meter of =20 pm were passed through the GO aqueous solu-
tion (3 mg mL™!) (Figure 1b), a constant potential (between
CNT fiber and Pt wire) of —1.2 V was applied on the CNT
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Figure 1. a) Schematic of the experimental setup for the continuous fabrication of supercapacitor fiber. b—e) SEM images of bare CNT fiber, CNT/
RGO composite fiber, electrolyte-coated composite fiber, and fiber-shaped supercapacitor, respectively. f) Photograph of a continuous fiber-shaped

supercapacitor with a length of =30 cm.

fiber through the copper rod electrode. During this process,
GO sheets, usually negatively charged, were prone to migrate
toward CNT fiber and synchronously reduced to RGO sheets
which inclined to deposit on the surface of CNT fiber (Figure 1c
and Movie S1, Supporting Information).!'"!

In a typical procedure, GO was electrochemically reduced
in 180 s, which was controlled by varying the drawing speed
of the composite fiber. After deposition, the CNT/RGO com-
posite fiber exhibited a typical core-sheath structure where
the RGO sheets cover the CNT fiber (Figure S2, Supporting
Information). Brunauer—-Emmett-Teller (BET) analysis shows
that RGO sheets have a specific surface area of =121 m? g!
(Figure S3, Supporting Information). It was smaller than the
claimed theoretical value of graphene because the strong m—m
interaction makes the RGO sheets prone to stack, but the sur-
face area is sufficient to afford a high charge storage capability.
Note that a bare CNT fiber displayed a specific surface area
of 160 m? g 1.8 The fiber continuously produced from this
method had a uniform morphology and diameter, manifesting
the stability of the preparation process (Figure S4, Supporting
Information). The presence of CNT fiber offers the flexibility
of the composite fiber, thus it can be tied into a knot without
obvious structural damage (Figure S5, Supporting Informa-
tion). The flexibility of the CNT/RGO composite fiber is com-
parable with other previously reported fiber electrodes.!'16:1%
Also, the synchronous deposition process is compatible with
CNT fibers with different diameters (Figure S6, Supporting
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Information). Then the composite fiber was incorporated with
gel electrolyte through a dip-coating process (Figure 1d). Given
the surface tension and viscosity of the PVA gel, a majority of
electrolyte was coated outside the composite fiber (Figure S7,
Supporting Information). The thickness of electrolyte coating
was 2-5 pm. The electrolyte also protects the RGO layer
against fracture and prevents the short circuit between two
fibrous electrodes. Twisting two fibrous electrodes, an ultralong
fiber-shaped supercapacitor (up to 5 m) can be continuously
fabricated, exhibiting adaptability for large-scale production
(Figure le,f and Figure S8, Supporting Information).

The electrochemically reduced RGO layer through this
method was verified by Raman spectroscopy (Figure 2a). For the
CNT/RGO composite fiber, the intensity ratio of D to G bands
was increased from 1.19 to 1.39, which was caused by more
disordered graphene edges after electrochemical reduction of
oxygen-containing functional groups in GO.'7:20 For system-
atic investigation, we prepared a series of CNT/RGO composite
fibers under different deposition time. With increasing depo-
sition time from 30 to 300 s, more RGO sheets were stacked
on the surface of CNT fibers. Hence, the fiber diameters were
slightly increased from 20 to 23 pm but the contents of RGO
were increased from 1 to 12 wt% (Figures S9 and S10, Sup-
porting Information).

To characterize the electrochemical performance of CNT/
RGO composite fibers, we first recorded their cyclic voltam-
mogram (CV) curves in a three-electrode electrochemical cell.
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Figure 2. a) Raman spectra of CNT, CNT/GO, and CNT/RGO fibers. The deposition time for CNT/RGO composite fiber was 180 s. b) CV curves
of CNT/RGO composite fibers with increasing deposition times at 50 mV s in 1 m H,SO,. The CV curves were recorded in a three-electrode
system where composite fiber, Pt wire, and Hg/Hg,Cl, electrode were used as working, counter, and reference electrodes, respectively. c) Depend-
ence of volumetric capacitance of the CNT/RGO composite fiber on the increasing deposition time. The discharge current density was 310 mA cm™.
d) CV curves of supercapacitor fibers based on bare CNT and CNT/RGO composite fibers. The electrolyte included PVA, phosphoric acid, and water.
The scan rate was 200 mV s7'. e) Galvanostatic charge—discharge curves of CNT/RGO composite supercapacitor fiber at increasing current densities.
f) Volumetric capacitances of supercapacitor fiber at increasing current densities. g) Electrochemical impedance spectra of supercapacitors based on
different fibrous electrodes: CNT, CNT/RGO, and graphene fiber (GF). The inset is the magnified graph displaying the horizontal intercepts. Note that
the supercapacitors for EIS measurements had the same length. h) Cyclic performance of supercapacitor from the CNT/RGO composite fiber. The inset
graph showed typical galvanostatic charge—discharge curves at 310 mA cm~3. i) Ragon plot of the supercapacitor fiber based on different carbonaceous
fibrous electrodes. Here, OMC and 3D-G represent ordered mesoporous carbon and 3D graphene, respectively.

Figure 2b compares the CV curves of various CNT/RGO com-
posite fibers in H,SO, solution with different deposition times
at a scan rate of 50 mV s™!. Their CV curves show reversible
cathodic and anodic peaks, suggesting a typical pseudocapaci-
tive behavior. The peaks for 90 s sample were less pronounced
because in that condition, GO was less reduced, resulting in a
large surface resistance that cannot afford substantial charge
transfer.!l In order to explore the origin of the pseudocapaci-
tance, we conducted the CV tests in a neutral LiClO4 (1 M)
electrolyte at the same scanning rates.'>?!l The redox peaks
disappeared in the resulting CV curve, indicating that the
pseudocapacitance was derived from the remained oxygen-
containing functional groups on RGO sheets (Figure S11,
Supporting Information).”) X-ray photoelectron spectros-
copy (XPS) analysis revealed that the GO was not completely

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reduced, which was responsible for the existence of pseudo-
capacitance (Figure S12, Supporting Information).?223]

The specific volumetric capacitance of the composite
fibers—calculated by integrating the area of the CV curves—
was varied with the increasing electrochemical deposition time
(Figure 2c). When the deposition time was less than 180 s, the
capacitance was increased with the increasing RGO content.
When more RGO was deposited on the interface, the capaci-
tance was decreased. The reason was that the RGO not only
introduced pseudocapacitance but also increased the resistance
of the electrode (Figure S13, Supporting Information). The
high interface resistance was detrimental to the electrochemical
performance.? In this case, the CNT/RGO composite fiber
at an electrochemical deposition time of 180 s exhibited the
highest specific volumetric capacitance of 59.8 F cm™. Note

Adv. Mater. 2015, 27, 78547860
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that the volumetric capacitance here refers to the capacitance
of a single electrode that is different from the capacitance of
a supercapacitor. Therefore, the CNT/RGO composite fibers
(180 s) were used for fabricating symmetrical supercapacitors
in the following studies.

Based on the electrochemical characterization of CNTY/
RGO composite fiber, we also investigated the electrochemical
performances of the fiber-shaped supercapacitor. Figure 2d
shows the CV curves of fiber-shaped supercapacitors based on
bare CNT and CNT/RGO composite fibers. The rapid, revers-
ible, and successive surface redox reactions on RGO sheets
defined the CV behavior, making the redox peaks indiscern-
ible which is similar to other pseudocapacitive materials like
MnO,.”l The galvanostatic charge-discharge curves also
showed that the capacitance was enhanced by the introduc-
tion of RGO layer (Figure S14, Supporting Information).
The CV curves of the supercapacitors from this composite
fiber can be well maintained under the increasing scan rate
from 10 to 500 mV s7!, showing a stable capacitive behavior
(Figure S15, Supporting Information). Likewise, the galvano-
static charge—discharge curves of the supercapacitor based on
CNT/RGO fiber exhibited a symmetrical shape at various cur-
rent densities (Figure 2e). The volumetric specific capacitance
of the fiber-shaped supercapacitors was calculated from the
galvanostatic charge—discharge curves (see Notes in the Sup-
porting Information). The CNT/RGO composite fiber enabled
the fiber-shaped supercapacitor a high specific capacitance of
68.4 F cm™ (126.7 F g) at 31 mA cm™3, better than the bare
CNT fiber supercapacitor (4.5 F cm™ (7.8 F g71) at 31 mA cm™).
The volumetric capacitances at different current densities indi-
cate that the composite fiber exhibited better electrochemical
performances than bare CNT fiber at various current densities,
manifesting the decent rate performance (Figure 2f).

The capacitance improvement of CNT/RGO composite fibers
can be concluded into several aspects. First, the deposition of
RGO significantly improved the hydrophilicity of fibrous elec-
trode (Figure S16, Supporting Information). Because CNTs are
hydrophobic (contact angle > 135°), the infiltration of aqueous
electrolyte may be impeded by the strong surface tension,
yet for the CNT/RGO fiber, the hydrophilic RGO sheets have
more affinity for water, rendering larger surface area available
for charge storage. Though the specific surface area of RGO
sheets and CNT fibers are comparable, the fluorescent micro-
scopic images reveal that the near surface of fibrous electrode
mainly contributes to the capacitance (Figure S17, Supporting
Information). Therefore, the CNT/RGO composite fiber has a
better interface compatibility with gel electrolyte. Second, the
oxygen-containing moieties (like carbonyl group and carboxyl
group) on the basal plane of RGO provided pseudocapaci-
tance. The pseudocapacitance dominantly contributed to the
enhancement of capacitance, which has been demonstrated
before and widely reported.?223261 Third, the highly conduc-
tive CNT fiber reduced the internal resistance of the fiber-shape
supercapacitors, as verified by the electrochemical impedance
spectra (EIS) (Figure 2g). The EIS curves of supercapacitors
based on different fibrous electrodes exhibit a typical capacitive
behavior.l'®?7] The horizontal intercept indicates the internal
resistance of the supercapacitor. The less-conductive RGO
sheets on the surface reduced the conductivity of composite
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fiber and increased the interface resistance, rendering the
larger internal resistance of supercapacitor (Figure S13, Sup-
porting Information). The internal resistance increased with the
deposition time which was in line with the IR drop during dis-
charge (Figure S18 and S19, Supporting Information). In con-
trast, graphene fibers generated the largest internal resistance
in supercapacitor due to their inferior conductivity (Figure S20,
Supporting Information). Also, at the low frequency region of
Figure 2g, the deviation from ideal capacitive behavior can be
attributed to the nonuniform microscopic active layer thickness
and distribution in charge transfer rates, adsorption processes,
or surface roughness.??!

Figure 2h exhibits the cyclic stability of the fiber-shaped
supercapacitors that retained high capacitance during 10 000
charge—discharge cycles. Moreover, the fiber-shaped superca-
pacitors based on CNT/RGO composite fiber displayed volu-
metric energy density (Ey) of 2.4 mW h cm™ and areal energy
density (E,) of 3.8 pW h cm™. The volumetric power density
(Py) and areal power density (P,) were 0.016 W cm™ and
0.025 mW cm™ at the current density of 31 mA cm™, respec-
tively. Both energy density and power density were higher than
those of previously reported fiber-shaped supercapacitors based
on carbon composite fibers (Figure 2i)®'% and comparable to
the results based on wet-spinning RGO/CNT composite fibers
(By: 3.5 mW h cm™3, E,: 3.84 pW h cm™2, Py: 0.018 W cm ™, and
P,: 0.02 mW cm™2).116]

Our synchronous deposition strategy was also extendable
and transferable to various other pseudocapacitive active mate-
rials. It was available to continuously fabricate fiber-shaped
supercapacitors with different pseudocapacitive composite
fibers. For instance, we used the one-step electrochemical depo-
sition method to continuously prepare CNT/MnO, composite
fibers for supercapacitors. Scanning electron microscopy (SEM)
images show that flower-like MnO, particles were anchored
on the outer surface of CNT fiber, resulting in a core—sheath-
structured CNT/MnO, composite fiber (Figure 3a). Because of
the high conductivity of CNT core and high pseudocapacitance
of MnO, particles, the electrochemical performances were sig-
nificantly enhanced as expected (Figure 3b).122% Meanwhile,
the galvanostatic charge/discharge curves (Figure 3c) of the
resulting supercapacitors showed a symmetrical shape at var-
ious current densities, indicating a high reversibility and good
charge propagation between the two fiber electrodes. Even at a
short deposition time of =30 s, the specific capacitance of CNT/
MnO, composite fiber was increased to 20.2 F cm™ (34.9 F g7})
(about four times higher than the bare CNT fiber), indicating a
simple and rapid method to fabricate high-performance super-
capacitor fibers.

This method was also compatible for electrochemical poly-
merization of conductive polymer, which also has high pseu-
docapacitance as electrode materials in the supercapacitor. As a
demonstration, polyaniline (PANI) was continuously deposited
on the CNT fiber through synchronous electropolymerization
from aniline monomer. Figure 3d shows the SEM images of
CNT/PANI composite fiber electrode at different magnifica-
tions. The CNT bundles were uniformly coated with a layer of
polymer, suggesting that the monomer solution can effectively
infiltrate into the inner of CNT fiber before polymerization.l*"!
The remaining voids in the composite fiber are favorable for the
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Figure 3. a—c) SEM images, CV curve, and galvanostatic charge—discharge curves of supercapacitor from CNT/MnO, composite fiber, respectively.
d-f) SEM images, CV curve, and galvanostatic charge-discharge curves of supercapacitor from CNT/PANI composite fiber, respectively. g—i) SEM
images, CV curve, and galvanostatic charge—discharge curves of supercapacitor from CNT/PPy composite fiber, respectively. The CV curve of bare
CNT supercapacitor fiber is compared at (b), (e), and (h). The scanning rate of CV curves in (b), (e), and (h) was the same as 200 mV s~'. Scale bars

of the inset of (a), (d), and (g) are 50 pm.

electrochemical performances of fiber-shaped supercapacitors.
Electrochemical measurements manifest that these fibrous
electrodes delivered high capacitance and stability (Figure 3e,f).
Another commonly used conductive polymer polypyrrole (PPy)
was also employed as an active material to prepare composite
fibers.BU The electrochemical results showed that the CNT/PPy
composite fiber also demonstrated higher performance than
the bare CNT fiber (Figure 3g-i). The continuously produced
composite fibers exhibited stable electrochemical performances
(Figure S21, Supporting Information). Therefore, our one-step
electrochemical deposition strategy was reliable and versatile to
prepare various high-performance composite fibers.

The flexibility of the fiber-shaped supercapacitors was of
great importance to the wearable applications. Here, the com-
posite fibrous electrode inherited the high strength and flex-
ibility of CNT fiber (Figure S22, Supporting Information).
The continuous supercapacitor fibers can be arbitrarily bent
without structural damage. Dynamic bending test (bent to 180°)
during charge and discharge produced almost overlapped gal-
vanostatic charge—discharge curves which exhibited a typical

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

symmetrical shape at increasing bending times (Figure S23,
Supporting Information). Furthermore, the fiber-shaped super-
capacitor based on different composite fibers preserved more
than 95% of its initial capacitance after bending for 1000 cycles
(Figure S24, Supporting Information). The microscopic morpho-
logies of the composite fibers after dynamic bending tests exhibit
the structural integrity which is indicative of decent endurance
to deformations (Figure S25, Supporting Information). More-
over, the above supercapacitor fibers can be connected in series
or parallel to control the output voltage or current, respectively
(Figure S26, Supporting Information). The continuously pro-
duced fiber-shaped supercapacitors had stable performances that
were slightly affected by their lengths (Figure S27, Supporting
Information). Figure 4a shows the knitting process of superca-
pacitor fibers with cotton fibers through a knitter model. In spite
of the existence of mechanical stress, the supercapacitor fibers
showed a favorable stitchability, and the fiber structure was well
maintained in the knitting process (Figure 4b).

In conclusion, a one-step electrochemical deposition process
has been developed to rapidly fabricate continuous fiber-shaped

Adv. Mater. 2015, 27, 78547860
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Figure 4. The as-fabricated supercapacitor fiber being woven into flex-
ible textiles. a) Photograph of the knitting process (the arrow showing
the inlet of the supercapacitor fiber). b) An integrated fabric woven from
cotton yarns (white fibers) and supercapacitor fibers (black fibers).

supercapacitors with a length of 100 cm from primitive CNT
array and active materials solution within minutes. This
method is simple and highly efficient, and can be easily scaled
up for a large production. A variety of pseudocapacitive active
materials such as GO, metal oxide, and conductive polymers
can be incorporated by the continuous process. Therefore, the
resulting all-solid-state supercapacitor fibers show remarkable
energy-storage capabilities. This work also presents a general
and effective strategy in the development of energy harvesting
and storage devices aiming at a large-scale production.

Experimental Section

Fabrication of Supercapacitor from CNT/RGO Composite Fiber: The
preparation and experimental setup of the CNT/RGO supercapacitor
fiber are schematically shown in Figure la. Aligned CNT fibers
were first dry-spun from CNT arrays synthesized by chemical vapor
deposition.?233 The CNT fiber was then passed through the GO
solution to produce core-sheath CNT/RGO composite fiber. Here,
GO was synthesized from graphite powders by a modified Hummer's
method.43%1 Aqueous GO solution was prepared by dissolving 6 mg
GO in 100 mL water, followed by an ultrasonicated treatment for 30 min
and addition of 0.1 m LiClO,. Pt wire and Ag/AgCl were used as counter

Adv. Mater. 2015, 27, 7854-7860
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and reference electrodes, respectively. CNT fibers were contacted
with two copper rods that were used as current collectors. A constant
potential of =1.2 V was then applied on the CNT fibers through the
copper rods. The CNT fibers were drawn and collected by the rotating
motor and the electrochemical deposition time can be controlled by
varying the collecting speed. Polymer gel electrolyte was dip-coated
onto the composite fiber to form fibrous electrode. The preparation of
polymer gel electrolyte was summarized below. Polyvinyl alcohol (1 g)
was added in deionized water (10 mL), followed by stirring at 95 °C for
1 h. After cooling down to room temperature, H3;PO, (1 g) was added
to the solution, and the mixture was stirred for 2 h. The supercapacitor
fiber was finally obtained by twisting two fibrous electrodes together.

Fabrication of Supercapacitors from the Other Composite Fibers: Similar
to the fabrication of the CNT/RGO composite fiber, CNT/MnO,, CNT/
PANI, and CNT/PPy composite fibers had been prepared by the same
one-step electrochemical deposition method but varying the deposition
solution and potential. The deposition solution for CNT/MnO,
composite fiber consisted of 0.1 m Mn(CH;COO), and 1.0 m Na,SO,,
and the constant potential was 0.7 V. The deposition solution for CNT/
PANI composite fiber consisted of 0.1 m aniline and 1 m H,SO,, and
the constant potential was 0.75 V. The deposition solution for CNT/PPy
composite fibers consisted of 0.1 m pyrrole and 0.1 m KNO;, and the
constant potential was 0.7 V.

Characterization: The structures were characterized by scanning
electron microscopy (Hitachi FE-SEM S4800 operated at 1 kV) and
Raman spectroscopy (LabRam-1B with excitation wavelength of 633 nm
and laser power of 4 mW). Composite fibers were tested in a three-
electrode system in 1 m H,SO, aqueous solution (Pt wire and
Hg/Hg,Cl, were used as counter and reference electrodes, respectively).
Cyclic voltammograms, galvanostatic charge—discharge curves, and
electrochemical impedance spectra were recorded in a two-electrode
system using an electrochemical analyzer system (CHI 660D).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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