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A Fiber Supercapacitor with High Energy Density Based
on Hollow Graphene/Conducting Polymer Fiber Electrode

Guoxing Qu, Jianli Cheng,* Xiaodong Li, Demao Yuan, Peining Chen, Xuli Chen,

Bin Wang,* and Huisheng Peng*

Wearable electronics are becoming part of our lives and
present attractive prospects for smart skins,!!l interfacing com-
puters/processors,? and stretchable circuitries.?! To power
these wearable electronic devices, flexible power sources are
needed. Among various flexible power sources, fiber-shaped
supercapacitors have attracted increasing attention due to their
merits of low weight, tiny volume, high flexibility, and wear-
ability.! Unlike conventional rigid planar supercapacitors, 1D
fiber-shaped supercapacitors can be directly used as flexible
power sources in wearable textile/fabric electronics.’! How-
ever, compared with batteries or traditional planar supercapaci-
tors, fiber supercapacitors show much lower energy densities
and suffer from a great challenge in mechanical performance.
It is well known that the energy of the supercapacitor is pro-
portional to its capacitance in a specific voltage window. Mean-
while, the capacitance is highly dependent on the intrinsic
charge storage capabilities of electrode materials. Therefore,
increasing interest is attracted to explore fiber supercapacitors
with both high specific capacitance and mechanical property.

Recently, significant achievements have been made through
the use of carbon-based fibers that were prepared from carbon
nanotube (CNT),® reduced graphene oxide (RGO),”! and
activated carbon® as well as their composites with conducting
polymers such as polyaniline,®!% and poly(3,4-ethylenedi-
oxythiophene),!12 and pseudocapacitive inorganic moie-
ties.'313] For instance, two CNT/polyaniline composite yarns
were twisted into a supercapacitor with a specific capacitance
of 38 mF cm™ at 0.01 mA cm™3'® two CNT/Co;0, composite
yarns were also twisted to fabricate a fiber supercapacitor to dis-
play a specific capacitance of 52.6 mF cm™ at 0.053 mA cm™2;["]
polyelectrolyte-wrapped graphene/CNT core-sheath fibers had
been made into supercapacitors with a specific capacitance of
177 mF cm™ at 0.1 mA cm =214

Although the capacitance and energy density of the fiber
supercapacitor have been largely improved, it is still too low to
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meet the requirements of practical applications in electronics.
A lot of efforts are needed to develop general and effective strat-
egies to further enhance them. It is well known that an electric
double-layer capacitor stores charges through a surface double-
layer capacitance mechanism of active materials and separates
the charges at the electrode/electrolyte interface.l'%!8 There-
fore, an increase in interfacial area will greatly promote the
specific capacitance and energy density. However, the available
fiber electrodes are solid, and only their outer surfaces can be
used to effectively interact with the electrolyte with low inter-
facial areas.'”! It is expected that, if a fiber electrode is hollow,
the additional inner interface of the fiber electrode would con-
tribute much more specific capacitance to the fiber supercapac-
itor. In other words, a larger interior hollow part in the fiber
would produce a higher specific surface area, thus bringing
higher electrode/electrolyte contact interface and facilitating
transport of charges.

Here, hollow fiber electrodes including hollow RGO/con-
ducting polymer composite fibers (labeled as HCFs) and hollow
bare RGO fibers (labelled as HPFs) are created with high flex-
ibility and electrical conductivity. They can be tied into knots,
rolled up and woven into textiles. The electrical conductivi-
ties of the HCFs and HPFs reach 4700 and 4200 S m™! even
without taking the hollow interior into account, respectively.
Symmetric fiber supercapacitors based on two parallel HCF
electrodes and poly(vinyl alcohol) PVA/H;PO, gel electrolyte
show an extremely high charge-storage capability and a high
resistance to bending fatigue. The HCF fiber supercapacitor
demonstrates specific areal capacitances up to 304.5 mF cm™2
(or 143.3 F cm™ or 63.1 F g™1) at 0.08 mA cm~2, which corre-
sponds to an ultra-high energy density of 27.1 pW h cm™ at a
power density of 66.5 pW cm™. To the best of our knowledge,
they represent the highest areal capacitance and areal energy
density in fiber supercapacitors to date. In addition, the spe-
cific capacitance remains almost unchanged after bending for
500 times and can be maintained by 96% after 10 000 cycles.

The preparation of an HCF is schematically shown in
Figure 1la. A mixture of a solution of graphene oxide (GO),
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), and vitamin C (VC) is injected into a glass pipe,
followed by sealing the two ends of the pipe to reduce GO to
RGO in the mold pipe. The two ends are then opened to further
dry and reduce the wet fiber to synthesize the HCF. The HPF
has been prepared through the same procedure but without the
addition of PEDOT:PSS.

The hollow fibers were first analyzed by scanning electron
microscopy (SEM). Figure 1b shows a typical cross-sectional
SEM image of RGO composite fiber with an obvious interior
hole. The RGO sheets are nematic and aligned along the length
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Figure 1. Preparation of HCFs and formation of hollow structures. a) Schematic illustration. b,c) Cross-sectional SEM images of the HCF at low and
high magnifications, respectively. d,e) SEM images of the HCF by a side view at low and high magnifications, respectively. f,g) Cross-sectional SEM
images of the HPF at low and high magnifications, respectively. h,i) SEM images of the HPF by a side view at low and high magnifications, respectively.

of the composite fiber (Figure 1c). The HCF was rough and
wrinkled on the surface (Figure 1d,e), which increased specific
areas of electric double layers for the supercapacitors. The ratios
of the inner to the outer diameters were gradually increased
with the increasing polymer weight percentage from 10% to
33% in the composite fibers (Figure S1, Supporting Informa-
tion). For a bare RGO fiber, a much smaller hollow part was
observed at the center (Figure 1f,g), and it shared a wrinkled
surface (Figure 1h,i). Note that the reduction process should
be made in a closed reactor. If the two ends of the glass pipe
were not fastened up during the preparation, both bare and
composite RGO fibers were produced to be solid (Figure S2,
Supporting Information).

The appearance of the hollow structure might be derived
from the released gases during the reduction reaction of GO
and summarized below. When the mold pipe is tightly sealed,
there exists a pressure difference between the solution interior
and the void space at the two ends of the pipe. Gases such as
carbon dioxide originated from the reduction of the functional
groups on GO are released from the solution interior and thus
a subminiature airflow will be formed from the solution inte-
rior to the void space. Therefore, the formed RGO sheets in
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the center will be pushed away from the axis by the airflow
(Figure 1a). The accumulated gases in the void space were veri-
fied by the supporting video. When PEDOT:PSS is added to
the GO solution, GO can easily form lyotropic nematic liquid
crystals,’?”l and the hydrophilic function groups in PSS facili-
tate the diffusion of RGO sheets to promote the formation of
hollow structure. Therefore, the diameters of hollow parts in
the composite fibers are much larger than those in the bare
RGO fibers.

The HCF was flexible and could be tied into a knot without
obvious damage in structure (Figure 2a,b). The hollow struc-
ture was favorable for resisting the outer stress with both high
flexibility and stability. For instance, the hollow fibers could
be transformed into belts instead of cracking under twisting
(Figure 2c). As expected, the HCFs could be woven into flexible
textiles with the other fibers such as cotton fibers (Figure 2d,e).
The hollow composite fiber may be continuously prepared
and wrapped on a cardboard tube for a large-scale produc-
tion (Figure 2f). The HCF exhibited a tensile strength up to
631 MPa (Figure S3a, Supporting Information) and could lift
up objects above 120 g (Figure 2g), which was thousand times
heavier than that of the HCF. The high tensile strength may
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Figure 2. Mechanical and electronic properties of HCFs. a,b) SEM images of a knotted fiber at low and high magnifications, respectively. The inset in
(a) is a cross-sectional SEM image of the knotted fiber. ) SEM image of two twisted HCFs. d,e) Photographs of HCFs being woven with cotton fibers
at low and high magnifications, respectively. f) Photograph of a long hollow HCF wrapped on a cardboard tube. g) An HCF being loaded with objects
with increasing weights. h) Dependence of electrical conductivity on PEDOT:PSS weight percentage. The inserted photograph shows an electrical

resistance of 216.6 Q with a length of 1 cm and outer diameter of 112 pm.

be attributed to nematic RGO sheets with aligned structure
along the length of the composite fiber, 7—r interactions among
the reduced GO sheets and effective integration of RGO and
PEDOT. These hollow fibers were electrically conductive, and
the conductivities were approximately linearly increased with
the increasing polymer weight percentage (Figure 2h), e.g.,
4200 S m™! for a bare RGO fiber, and 4700 S m™! for a com-
posite fiber at a polymer weight percentage of 25%.

To investigate the electrochemical performances of the hollow
fiber electrodes, symmetric solid-state fiber supercapacitors
were fabricated using a PVA/H3;PO, gel electrolyte. Here a
high-performance fiber supercapacitor was made from two
parallel fiber electrodes (Figure S4, Supporting Information).
Cyclic voltammetry (CV) curves based on the RGO composite
fibers with increasing polymer weight percentages were com-
pared in Figure S3b (Supporting Information). The weight
percentage at 25% displayed the best capacitive behavior and
would be discussed below.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CV curves of the fiber supercapacitors based on HPFs and
HCFs with the increasing scan rates from 5 to 100 mV s~ are
shown in Figure S5a,c (Supporting Information), respectively.
A rectangular shape profile was shared for both HPF and
HCF, indicating a typical behavior of electrochemical double
layer capacitor.?!] Compared with the HPF, the CV curves for
the HCF can better retain a rectangular shape even at a high
scan rate of 100 mV s7!, which revealed a more rapid charge
transport and higher rate performance. Note that although the
CV curves based on the HPF were slightly deformed with the
increasing scan rates due to a relatively low electrical conduc-
tivity, a higher capacitive behavior was observed in compar-
ison with the previous reports from the RGO.?2 Figure S5b,d
(Supporting Information) shows the galvanostatic charge-dis-
charge profiles for the HPF and HCF at current densities of
0.08, 0.25, 0.5, 0.75, and 1.0 mA cm™2, respectively. All of them
shared a typical triangular shape that demonstrated a rapid
charge transport between the two fiber electrodes. The linear
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relationship between potential and time also verified the elec-
tric double layer capacitance behavior. The symmetry between
charge and discharge curves indicates a Coulombic efficiency
of =100%, revealing a high reversibility of the device and good
charge propagation between the two electrodes. No obvious
voltage drops were found until the current density rose to
0.75 mA cm™? for the HCF; for the HPF, obvious voltage drops
occurred at no more than 0.5 mA cm™2, which agreed with the
deformed CV curves at a high scan rate.

At a relatively low scan rate or current density, the resist-
ance of fiber electrode shows a relatively lower impact on the
capacitance, which favors the study on the capacitive proper-
ties of hollow fibers. To separately investigate the contribu-
tion of the hollow part to the capacitance, the CV curves were
compared at a low scan rate of 20 mV s7! and galvanostatic
charge-discharge profiles were compared at a low current
density of 0.08 mA cm™ for the hollow and solid fibers with
the same length. The area of the rectangular curve for the
hollow fiber, particularly the HCF, was much larger than the
solid counterpart, indicating that the hollow fiber did display
a better charge-storage capability as an electrode (Figure S5e,
Supporting Information). The discharge time for the HCF,
HPF, solid RGO composite fiber, and solid bare RGO fiber had
been obtained as 1466, 991, 910, and 919 s at 0.08 mA cm™2,
respectively (Figure S5f, Supporting Information). Therefore,
the HCF showed a higher capacitance than both HPF and solid
fiber electrodes.

For fiber supercapacitors, the mass of the fiber electrode was
typically low, and the limited space remained a key constraint.[?’]
Therefore, the specific capacitance, and energy and power den-
sities based on area or volume are more useful for evaluation.*l
The HCF-based supercapacitor revealed an ultra-high specific
areal capacitance of 304.5 mF cm™ (143.3 F cm™ or 63.1 F g})
at 0.08 mA cm~2 (Figure 3a), which was about six times of
the CNT@Co30, fibers['”) and CNT@PANI fibers.!'® The cor-
responding length capacitance was 8.1 mF cm™l. Figure 3b
shows the electrochemical impedance spectroscopy (EIS) of the
HCF and HPF-based supercapacitors. In the high-frequency
region, the X-intercept of the Nyquist plot represents the equiv-
alent series resistance (ESR) that corresponds to the electrolyte
resistance, the internal resistance of the electrode and the con-
tact resistance.l?’l We fitted the EIS data based on an equivalent
circuit model (Figure S5g, Supporting Information). According
to the fitting results, ESR of HCF-based supercapacitor is
306.8 Q, much lower than that of HPF-based supercapacitor
(605.4 Q). This result may be attributed to high conductivity
and large surface area of the HCF with larger accessible elec-
trode/electrolyte interface. The specific surface areas of HCFs
and HPFs were measured as 71.0 and 40.6 m? g}, respectively
(Figure S6a, Supporting Information). The ESR values are
lower than those based on single-walled CNTs, an ideal elec-
trode material for wearable electronics.?l In the low-frequency
region, the verticality of the sloped line showed their capacitive
behavior. The sloped lines for HCFs are more close to the theo-
retical vertical line compared with that of HPFs and show char-
acteristic features of pure capacitive behavior, indicating faster
ion diffusion behavior."”] Furthermore, the projected length
of the sloped line on the real impedance axis can be used to
characterize the ion penetration process.*”l The curve length of
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HCF was shorter than that of the HPF, indicating that the HCF
had a faster ion diffusion/?®! and thus confirming the improved
kinetics due to the large hollow interior in HCF. These results
revealed that high conductivity and good ion diffusion behavior
of the HCFs are beneficial to a better performance of fiber
electrode.

Figure 3c shows Ragone plots based on the entire superca-
pacitor. For both hollow fibers, the curves were relatively flat,
indicating that the high energy density of the fiber superca-
pacitors had been maintained during the increasing power
output. The fiber supercapacitors based on HCFs showed
an excellent charge storage capability with an ultra-high
areal energy density of 27.1 pW h cm™ (based on a fiber
electrode) or 6.8 uW h cm™ (based on the entire device) at
a power density of 66.5 pW cm™2 or 16.6 pW cm~2. The vol-
umetric energy density based on one fiber electrode was
127 mW h cm™ (Figure S6b, Supporting Information),
which was 4 to 6 times those of the other fiber supercapaci-
tors (2.16-3.4 mW h cm™).2%3% The volumetric energy den-
sity based on the entire device was 3.2 mW h cm~3, which was
even similar to that of 4 V-500 pAh thin-film lithium batteries
(0.3-10 mW h cm~3) and higher than those of planar superca-
pacitors (3.1 mW h cm™).BU Two 2.6-cm-long fiber supercapaci-
tors connected in series can power a light emitting diode (LED)
for 5 min (inset in Figure 3c). Previously, more fiber superca-
pacitors were required to power such an LED that was oper-
ated at a minimum voltage of 1.7 V because the voltage of low
energy density supercapacitors dropped rapidly.

The cyclic stability of the fiber supercapacitor was
investigated by galvanostatic charge—discharge test (Figure 3d).
Both HCF and HPF-based supercapacitors showed a high cyclic
stability. For the HCFs-based supercapacitor, the specific capaci-
tance was maintained by 96% after more than 10 000 cycles. As
shown in Figure S7a (Supporting Information), the capacitance
decay is negligible even after soaking the HCFs in gel electro-
lyte for 60 d. Meanwhile, by comparing the fourier transform
infrared spectroscopy spectra of the gel electrolyte before and
after cycling for 1000 cycles, the characteristic peaks of the sul-
fonic acid group of the PSS chain could not be observed at the
range of 1200-1000 cm™ (in Figure S7b, Supporting Informa-
tion), further revealing the high stability of the electrode in gel
electrolyte. The connected fiber supercapacitors in serial could
be pasted on clothes as a wearable power source to light up
three LEDs (inset in Figure 3d).

Figure 3e further compares the electrochemical perfor-
mance of fiber supercapacitors. To our best knowledge, this
HCF-based fiber supercapacitor displayed the highest spe-
cific capacitance. Even the volume of the hollow interior was
not excluded when calculating the volumetric capacitance,
this fiber supercapacitor produced a high volumetric capaci-
tance of 143.3 F cm™. For the HPF, a high areal capacitance
of 212.9 mF cm™ (6.0 mF cm™}, 94.6 F cm™3, or 60.0 F g7}
had been also achieved. In contrast, the areal capacitances for
the solid composite and bare RGO fibers were much lower, i.e.,
189.2 mF cm™ (67.0 F cm™ or 50.8 F g7!) and 186.8 mF cm™
(79.9 F cm™ or 43.1 F g1, respectively. Accordingly, the capaci-
tances of HPFs and HCFs were increased by 12% and 60% due
to the design of a hollow interior and the incremental mecha-
nism is detailed below.
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Figure 3. Electrochemical performances of the fiber supercapacitors based on HCFs and HPFs. a) Areal specific capacitances at increasing current
densities. b) Electrochemical impedance spectra with increasing frequencies from 50 kHz to 100 mHz. c) Ragone plots based on the entire fiber super-
capacitor. The inserted photograph shows that a serial fiber supercapacitor lights up a red LED. d) Long-term cyclic stability of the fiber supercapaci-
tors based on HCFs and HPFs at 0.48 mA cm™2. The inserted photograph displays that three fiber supercapacitors are connected in serial and pasted
onto clothes to power three LEDs. e) Comparison of the electrochemical performances of HCF-based fiber supercapacitors with the other fiber-shaped
supercapacitors in areal specific capacitance (Ca), length specific capacitance (C,), and areal energy density (Ea).

For an electrical double layer capacitor (Figure 4a), the
specific capacitance is proportional to the face-to-face area
of the two parallel-plates.’2l Thus, the capacitance (C) of
a fiber supercapacitor is approximately calculated from
Equation (1)

_ &S
4rckd

=KS (1)

Here ¢, 7, k, and d represent the fundamental constants in par-
allel-plate capacitor, K is an integrated constant, and S is the face-
to-face area in parallel-plate capacitors and corresponds to the
area of the electrode/electrolyte interface in fiber supercapacitor.

wileyonlinelibrary.com
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The change rate of the capacitance (Rc) should be theoretically
equal to the superficial area change rate (R,) of the fiber and
could be obtained from Equation (2)

7 Ld;
R.=R, =——n _ Zin
¢ A tLd,,

(2)
Here dy,, d.,, and L are the inner diameter, outer diameter,
and effective length of hollow fiber electrode, respectively.
According to the diameter ratio mentioned above, the R, values
of HPF and HCF are 11% and 58%, which agree with the R¢
values of the resulting fiber supercapacitors (12% and 60%),
respectively. The agreement between R, and Rc demonstrates
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Figure 4. a) Schematic illustration to the charge distribution on the solid fiber, hollow fiber and parallel-plate capacitor. b) Capacitance retention under
different bending states. c) CV curves of a flexible fiber supercapacitor before and after bending for 500 times. d,e) Photographs of four flexible, HCF-
based supercapacitor fibers before and after connected to power 15 LEDs, respectively. The fiber supercapacitors share a length of 3.0 cm and are

connected in series.

the significant contribution of the hollow structure to increase
the specific capacitance.

The fiber-shaped supercapacitors were highly flexible and
their electrochemical performances could be well maintained
under various deformations (Figure 4b—e and Figure S4b (Sup-
porting Information)), which is vital for their wearable applica-
tions. For instance, the specific capacitances remained almost
unchanged under bending with increasing bending angles up
to 180° (Figure 4b). In addition, the CV curves were almost
overlapped before and after bending for 500 cycles (Figure 4c).
The fiber-shaped supercapacitors could be readily connected in
serial to provide a higher power output, e.g., four HCF-based
supercapacitors were arranged to power 15 LEDs (Figure 4d,e).
As expected, they could maintain high electrochemical per-
formance even after bending to 180° (Figure S8, Supporting
Information).

In summary, hollow fiber electrodes have been devel-
oped to fabricate novel and high-performance fiber-shaped
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supercapacitors. The fiber supercapacitors based on the hollow
composite fiber reveal an ultra-high specific capacitance of
304.5 mF cm™ (8.1 mF cm™, 143.3 F cm™ or 63.1 F g),
which is 2-8 times of the other fiber-shaped supercapacitors.
The energy densities based on the entire device and one fiber
electrode reach 6.8 and 27.1 pW h cm™2, respectively, which
are also much higher than those of the previous reports. In
addition, the high electrochemical performances are well
maintained after cycling and bending. Considering the com-
bined high mechanical and electrochemical properties, the
fiber supercapacitors are particularly promising for the next-
generation wearable electronics.

Supporting Information

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