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rapid development of flexible elec-
Atronics such as roll-up displays,
hand-held portable devices, and sen-
sor networks have promoted the needs for
flexible and lightweight energy sources.' ~'°
Supercapacitors (SCs), which are superior in
power density, long cycle life, and fast charge—
discharge rates, have demonstrated feasibility
as outstanding storage components.” '~ '3
Compared with the SCs using liquid electrolyte,
all-solid-state SCs have many advantages such
as lightweight, high flexibility, high safety and
environmentally benign nature, which are sui-
table for flexible and portable electronics.'*~ "6
Owing to the nature of flexible electro-
nics, the corresponding power sources
should not add too much size and weight.
Benefited from its small size, flexibility, high
conductivity, and large surface area, carbon
fiber (CF) can serve as a good scaffold to
load active materials and fabricate small
size, lightweight and flexible SCs, which
are important for biosensors, medical mon-
itoring, and military projects. Owing to the
low-cost, environmentally benign nature, and
high specific capacitance, manganese oxide
(MnOQ,) is considered a good candidate ma-
terial for high performance SCs.'”~"°
Herein, we fabricated all-solid-state SCs
based on a C/M core—shell fiber structure,
the CF served as a scaffold and current
collector, and MnO, was deposited through
a low-cost redox process.' The device
showed high rate capability with a scan rate
upto20Vs ™', a high volume capacitance of
2.5 F cm 3, and an energy density of 2.2 x
107* Wh cm™3. Moreover, the SCs inte-
grated with a triboelectric generator (TG)
could power a commercial liquid crystal
display (LCD) or a light-emitting-diode (LED),
demonstrating various potential applications
for self-powered nanotechnology.
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All-solid-state flexible supercapacitors based on a carbon/Mn0, (C/M) core—shell fiber

structure were fabricated with high electrochemical performance such as high rate capability

with a scan rate up to 20 Vs, high volume capacitance of 2.5 F cm 3, and an energy density

of 2.2 x 10~* Wh cm . By integrating with a triboelectric generator, supercapacitors could

be charged and power commercial electronic devices, such as a liquid crystal display or a light-

emitting-diode, demonstrating feasibility as an efficient storage component and self-powered

micro/nanosystems.
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RESULTS AND DISCUSSION

The fabrication process of C/M core—shell
fibers is illustrated in Figure 1a. The reaction
between CF and KMnO, was achieved by
following process:*°

4MnO; ~ +3C+ H,0<>4Mn0; + CO3% ™ + 2HCO; ~

(1
MnQO, "~ reacted with CF and formed MnO,
which covered the surface of CF, resulting
in a C/M core—shell fiber. Figure 1panels
b and c show scanning electron microscopy
(SEM) images of an as-prepared and a bro-
ken C/M core—shell fiber, respectively, re-
vealing the core—shell character of the fiber
and indicating that the MnO, layer was
deposited around CF. The microstructure
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Figure 1. (a) Schematic of the growth process of C/M core—shell fiber structure. (b and c) SEM images of the as prepared and
broken C/M core—shell fiber, respectively. (d) High magnification TEM images of MnO,. (e and f) XPS spectrum of C/M

core—shell fiber and Mn 2p level.

of the outer layer was characterized using transmission
electron microscopy (TEM). Figure 1d showed a typical
high resolution TEM image and the corresponding
selected area electron diffraction (SAED) pattern of the
outer layer, indicating that the outer layer was domi-
nated by an amorphous phase. Energy dispersive X-ray
spectroscopy (EDS) analysis was conducted from the
dashed circle area of the outer layer (Figure S1). Besides
Cu and Csignals coming from the TEM grid, Mn, O, and
K were detected in the sample; the K signal might come
from the KMnO, precursor. The detailed chemical
composition of as-prepared sample was probed by
X-ray photoelectron spectroscopy (XPS) as shown in
Figure 1e and 1f. There were five elements (Mn, C, K, Na,
and O) present on the surface of the product. The C
signal was attributed to carbon fiber and adventitious
carbon; K and Na signals were attributed to KMnO, and
Na,SO,4 precursor, respectively. According to the Mn 2p
spectrum (Figure 1f), two strong peaks centered at
642.3 and 654.1 eV corresponding to Mn*" oxidation
state were found.

To explore the electrochemical performance of the
C/M core—shell fiber structure, we fabricated an all-
solid-state SC, and the schematic of SC was shown in the

XIAO ET AL.

inset of Figure 2a. Two C/M core—shell fibers were
placed onto polyester (PET) substrate in parallel and
HsPO4/poly (vinyl alcohol) (PVA) was used as the solid-
state electrolyte. The volume of the two fibers was ~1 x
107® cm? (the fiber was considered as a cylinder,
roughly, the volume of the device which included the
fibers and electrolyte was ~3 x 107> cm?), and all of the
measurements were based on the volume of core—shell
fibers. Electrochemical performance was analyzed by cyclic
voltammetry (CV) scans at scan rates from 10 mV s 'to
200V s~ '. The CV area of C/M core—shell structure was
much larger than that of CF as seen in Supporting
Information, Figure S2. The CV curves retained their
almost rectangular shape with little variance even at an
ultrafast scan rate of 50 V s~ ' as shown in Supporting
Information, Figure S3. The discharge current showed a
linear relationship with scan rates upto 20V s~ ' as seen
in Figure 2d. This value revealed the fast charge trans-
port which was significantly important for SCs.>2'~2*
Galvanostatic charge—discharge and electrochemi-
cal impedance spectroscopy (EIS) measurements were
performed to further evaluate the electrochemical
performance of all-solid-state SCs. Typical galvano-
static charge—discharge curves were shown in Figure
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Figure 2. (a—c) CV curves at different scan rates. The schematic of the single SC device was shown in the inset of panel a.

(d) Evolution of the discharge current versus scan rate.

3a, through which good linear voltage—time profiles
were achieved, demonstrating a good capacitance
performance. According to the EIS measurement, the
straight line nearly paralleled to the imaginary axis,
revealing an ideal capacitive behavior. The equivalent
series resistance (ESR) of all-solid-state SC was as small as
2 mQ cm? (Figure 3b). The maximum phase angle is
about —81°, close to —90° for an ideal capacitor as can
be seen in bode plot of Supporting Information, Figure
S4. The real and imaginary parts of capacitance change
with respect to frequency were shown in Figure 3c. The
capacitor response frequency of f, was about 45 Hz and
the relaxation time constant 7, is calculated to be about
22 ms by the equation 7 = 1/fo, which is even lower than
SCs in liquid electrolyte.>?> The volume capacitance of
the SC could be achieved by the following equations:

C = IAt/AE 2

C, = C/V = IAt/VAE 3)

where C is the total capacitance, | is the discharge
current, At is the discharge time, AE is the potential
window during the discharge process after IR drop, and V
is the volume of the fibers. The highest volume capaci-
tance was ~2.5 F cm™> at 0.02 A cm 3 which was much
higher than those reported in literature>'#?%* and
remain at 1.5 Fcm 3 at 1 A cm ™3, demonstrating a good
rate capability (Figure 3d). Moreover, the volume capaci-
tance was consistent with the value achieved in Figure 3c.
A Ragone plot showing the energy density with respect
to the average power density of fabricated all-solid-state
SCs as can be seen in Figure 3e. The energy density and
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average power density of the cell could be calculated
following the equations:

E = 0.5CAU?/V 4

P = 3600F/At (5)

where Cwas the total capacitance of the cell which can be
achieved through eq 2, AU was the cell voltage, V was the
volume of the fibers, and At was the discharge time. The
highest energy density of the SCwas 2.2 x 10" *Whcm ™3
which was even comparable with graphene oxide and
onion-like carbon SCs in liquid electrolyte.>?® In addition,
the power density was obtained of 0.4 W cm > while the
energy density was still 1.2 x 10~*Wh cm 3, For practical
applications, cyclic stability was a crucial factor. As shown
in Figure 3f, the device showed a stable cycle life between
0and 08 V at 0.1 A cm ™2 and remained at 84% of the
initial capacitance after 10000 charge—discharge cycles.
The discharge curves remained symmetric with charge
counterparts and displayed good linear voltage—time
profiles after cycling 10000 times (the inset in Figure 3f).

For application consideration, flexible and portable
electronics may require highly flexible power sources
working at different operation voltages and powers.
The effect of curvature on the performance of the SC
was examined by the following method. The PET
substrate with SC on it was placed on two X—Y—Z
mechanical stages with a moving step of 2 um, and
each end of the substrate was fixed on one stage by
scotch tape. The bend angle of the substrate was
controlled by adjusting the stages. We checked CV
curves of the SC under five different bending angles
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Figure 3. Electrochemical performance of single SC device. (a) Galvanostatic charge—discharge curves. (b) and (c) C’ and C”
plots of a single SC device. (d) Volume capacitance with respect to scan rates. (e) Ragone plot. And (f) Cycle life. The inset was
the Galvanostatic charge—discharge curve after 10000 cycles.
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Figure 4. (a) Optical images of SCs bended with different angles. (b) CV curves of SCs bended with different angles.
(c) Capacitance ratio for SCs with different angles. (d) Galvanostatic charge—discharge curves of single SC and three SCs
connected in series. The inset showed the schematic of the three SCs connected in series. (e) Capacitance with respect to C/M
core—shell fiber numbers to demonstrate the device could be scale-up. The inset was the optical image of a SC fabricated with
50 C/M core—shell fibers.

(0°, 30°, 45°, 60° and 90°), which were shown in SC were observed (Figure 4b) and the capacitance
Figure 4a. No apparent change of the CV curves of ratio remained ~1 (Figure 4c), revealing that the
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Figure 5. (a) Schematic diagram of energy modulus which is integrated by three SCs connected in series and a triboelectric
generator. (b) Charging curve of three SCs connected in series charged by a triboelectric generator. The inset was an enlarged
charging curve to show the voltage was step increased with the movement of hand. (c) Digital photograph of the energy
modulus that is powering commercialized LCD (left) and LED (right).

electrochemical performance of the SC was hardly
affected by the bending angle. To meet energy and
power requirements, cells packaged either in series, in
parallel, or in combinations of two may be the viable
solution.?® Developing an SC that would exhibit control
over the operating voltage and capacitance by using
serial and parallel assemblies would be an effective and
energy-efficient way. Compared with a single SC, which
operates at 0.8 V, the three SCs connected in series in our
study exhibited a 2.4 V charge/discharge voltage window
with almost the same discharge time (Figure 4d). The SCs
connected in parallel was demonstrated by adding differ-
ent number of C/M core—shell fibers (inset of Figure 4e).
It should be noted that the capacitance showed a linear
relationship with respect to the number of C/M core—
shell fibers as shown in Figure 4e.

As efficient energy storage devices, SCs could be
charged and then discharged to drive various commer-
cial electronic devices. Specially, if SCs are integrated with
a sustainable and renewable energy source, forming an
energy module, they could make electronic devices work
continually.”3° We have built an energy module to verify
the feasibility of the SCs to store energy and power
electronic devices as shown in Figure 5a. A TG3'3? which
was made of two sheets of polymers of polyethylene
terephthalate (PET) and polytetrafluoroethylene (PTFE)
was used to harvest energy. The output electric signals
(voltage and current) were first rectified by a bridge

METHODS

Synthesis of (/M Core—Shell Fiber. MnO, was grown on CF via a
self-limiting electroless deposition process reported previously.'”

XIAO ET AL.

rectifier, transforming alternating current (AC) to direct
current (DC), and then the SCs were charged continually.
We fixed the energy module on human hand and the SCs
could be charged with the movement of the hand (see
the Supporting Information, video 1). The charging curve
of the three SCs connected in series was shown in
Figure 5b. SCs could be charged to 2.4 V in around 5 s,
and a step increased voltage signal can be clearly seen
with each movement of hand (inset in Figure 5b). After
the SCs were fully charged, the SCs could power com-
mercial liquid crystal display (LCD) and light emitting
diode (LED) as shown in Figure 5c.

SUMMARY

We reported all-solid-state SCs based on a C/M
core—shell fiber structure. High electrochemical per-
formance, such as high rate capability with the scan
rate up to 20 V s, a high volume capacitance of 2.5
F cm™, and energy density of 2.2 x 107* Wh cm ™,
was achieved. Moreover, high flexibility and easy scale-
up property could be achieved, demonstrating poten-
tial applications for different operation voltages and
energy demand. By integration with a TG, SCs could be
charged and power commercial electronic devices
such as LCDs and LEDs. By virtue of a environmentally
benign nature, the devices demonstrate feasibility as
efficient storage components and have potential ap-
plications for self-powered nanotechnology.

Briefly speaking, 0.1 M KMnO,4 and 1 M Na,SO, were mixed with
equal volume. A bundle of CFs was immersed in the solution for
2 h at room temperature. Then the CFs were washed several
times in deionized water.
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Preparation of Solid-State SCs. The H;PO,/PVA gel electrolyte
was prepared by mixing PVA powder (6 g), HsPO, (6 g), and
deionized water (60 mL) together. The mixture was heated to
85 °C with stirring until the solution became clear. The ¢/M
core—shell fibers were closely and parallel located on a PET
substrate with a separation space of ~1 mm, and an appropriate
gel electrolyte was coated homogeneously on the fibers. The
two electrodes were packaged spontaneous after the HsPO,/
PVA gel solidified, and the solid state SC was prepared.

Preparation of Triboelectric Generator and Fabrication of the Energy
Module. The TG was composed of two kinds of polymer. One
was PET (3 x 2.3 cm) with a thickness of 220 um and one side
was covered with 100 nm ITO as the electrode. The other was
PTFE (3x 2.3 cm) with 200 um thickness and one side was
covered by 200 nm Ti and 100 nm Cu as the electrode. Then two
polymers were sealed with ordinary adhesive tape. To fabricate
the energy module, the all-solid-state SCs were pasted on the
triboelectric generator. The output from the generator was first
rectified by a bridge rectifier, transforming alternating current
(AQ) to direct current (DC), and then connected to SCs.

Characterization. The morphologies, structure, and chemical
composition of the products were characterized by high resolution
field scanning electron microscopy (FEI Sirion 200), transmission
electron microscopy (JEOL 4000EX), and X-ray photoelectron
spectroscopy (XPS, ESCALab250). All of the electrochemical tests
were carried out in a two-electrode system using Autolab
PGSTAT302N. Electrochemical impedance was measured from 1
mHz to 1 MHz with a potential amplitude of 10 mV. A low-noise
voltage preamplifier (model SR560, Stanford Research Systems,
USA) and a sourcemeter (series 2400 SourceMeter, KEITHLEY) were
used to measure the voltage—time and current—time curves.
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