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wing to the large proliferation
of portable consumer electronics,
much effort has been devoted to

lightweight, flexible, and even wearable
electronics to meet the growing demands
of modern society, which is likely to have
potential applications including, but not
limited to, wearable displays, artificial elec-
tronic skin, and distributed sensors." 3 All
of these electronics require lightweight,
flexible, and highly efficient energy man-
agement technology. Conventional charge
storage devices, such as batteries, have
limitations such as short cycle life and rela-
tively slow charging/discharging rates. Elec-
trochemical capacitors (ECs), another state-
of-the-art charge storage technique, also
known as supercapacitors, have attracted
much attention due to their higher power
density, longer life cycles than batteries, and
higher energy density than dielectric capa-
citors.*~® Much effort has been dedicated
to the construction of supercapacitors us-
ing carbon-based materials, such as carbon
nanotubes (CNTs),”'? activated carbon,'?
carbon onions, carbon fibers,'> and gra-
phene.'®"” Decorating the surface of carbon
materials with pseudocapacitor materials
such as Ru0,,"® NiO,"® Mn0,,%?° and con-
ducting polymers'®?' 23 can further en-
hance their electrochemical performance.
However, the elaborate procedures to fab-
ricate supercapacitors with CNTs and gra-
phene are complex and expensive to scale
up for widespread commercialization.'®?>2*
For safety considerations, a solid-state electro-
lyte is superior to its liquid counterpart since
robust encapsulation is needed to prevent
leakage of a liquid electrolyte. In this context,
a simplified and low-cost method to fabricate
flexible solid-state supercapacitors is greatly
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A highly flexible solid-state supercapacitor was fabricated through a simple flame synthesis

method and electrochemical deposition process based on a carbon nanoparticles/Mn0,

nanorods hybrid structure using polyvinyl alcohol/H;P0, electrolyte. Carbon fabric is used as a

current collector and electrode (mechanical support), leading to a simplified, highly flexible,

and lightweight architecture. The device exhibited good electrochemical performance with an

energy density of 4.8 Wh/kg at a power density of 14 kW/kg, and a demonstration of a

practical device is also presented, highlighting the path for its enormous potential in energy

management.
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desired for portable applications. Here we
report a novel and simple method to fab-
ricate solid-state supercapacitors based on
a carbon nanoparticles (CNPs)/MnO, nano-
rods hybrid structure using a polyvinyl
alcohol (PVA)/H3PO, electrolyte. Carbon
fabric is used as a current collector and
electrode (mechanical support), leading to
a simplified, highly flexible, and light-
weight architecture. Also the unique mac-
roporous structure of carbon fabric allows
for larger mass loading of the electrolyte.
The fabricated supercapacitor exhibits out-
standing electrochemical performance, and a
demonstration of a practical device is also
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presented, highlighting the path for its enormous
potential in energy management.

RESULTS AND DISCUSSION

The flexible solid-state supercapacitor was fabri-
cated through a two-step approach. First, CNPs were
grown on carbon fabric through a simple and low-cost
flame synthesis method.>>?® The obtained CNPs, with a
diameter of about 7 nm, form a nanoporous structure
on a carbon fabric substrate.’® Then MnO, nanorods
were electrodeposited onto the CNPs.?” Second, two
strips of carbon fabric with a CNPs/MnO, nanorods
hybrid structure on them were immersed into PVA/
HsPO, aqueous solution and solidified together there-
after, with a separator sandwiched between them
(experimental details are provided in the Method
section). Figure 1a and b show the low- and high-
resolution scanning electron microscopy (SEM) images
of the carbon fabric after the growth of CNPs and MnO,
nanorods, respectively. Carbon fabric was woven by
carbon fibers with high flexibility and high conductiv-
ity. It can be seen that CNPs and MnO, grow on carbon
fibers axially and uniformly. Figure 1c shows the trans-
mission electron microscopy (TEM) image of the MnO,
nanorods, revealing that the MnO, nanorods have
diameters of about 50— 100 nm with a length of about
500 nm. The selected area electron diffraction (SAED)
pattern (inset of Figure 1c) indicates that the deposited
MnO, nanorods are crystalline. The hybrid structure
was surveyed by X-ray photoelectron spectroscopy
(XPS) to verify the chemical composition (Figure S1),
and the O 1s and Mn 2p spectra are presented in
Figure 1d. The peaks of the O 1s band at 529.7 and
532.0 eV were assigned to Mn—O—Mn and Mn—O—H,
respectively, while the two peaks centered at 642.3 and
653.8 eV can be designated to the binding energy of
Mn 2ps/, and Mn 2p;,, respectively, revealing Mn*"
ions were dominant in the product.?®

Cyclic voltammetry (CV) measurements were per-
formed to explore the advantage of bare CNPs and the
CNPs/MnO, nanorod hybrid structure on carbon fabric
as electrochemical electrode using a three-electrode
cellin 0.1 M Na,SO, solution. Figure 2a shows the scan
rate-dependent CVs for bare CNPs over a range of scan
rates of 5—100 mV/s, with a potential window of 0—0.8 V
versus a saturated calomel electrode (SCE). The areal
capacitances of CNPs on carbon fabric were calculated
to be 6.1 and 2.4 mF/cm? at scan rates of 5 and 100 mV/
s, respectively. The current values of CVs for CNPs/
15 min MnO, electrode were much higher than those
of bare CNPs at the same scan rates, and a good
symmetrical rectangular shape for CVs at various scan
rates can be observed in Figure 2b, showing the
capacitive behavior of CNPs can be greatly improved
by loading of MnO, nanorods. The mass loading was
about 0.072, 0.106, 0.201, 0.325, and 0.562 mg for 1, 5,
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Figure 1. (a, b) SEM images of the CNPs/MnO, nanorods hybrid
structure on a carbon fabric substrate. The inset in (a) is a low-
magnification SEM image of a carbon fabric/CNPs/MnO, nano-
rods hybrid structure. (c) TEM image of a CNPs/MnO, nanorods
hybrid structure. The inset shows the electron diffraction pat-
tern. (d) XPS survey of O 1s and Mn 2p spectra for MnO,.

15, 30, and 45 min MnO,, respectively. The current
increases with the MnO, deposition time, which is
shown in Figure 2c, leading to the increase of areal
capacitance of CNPs/MnO, nanorods at various scan
rates, which was much higher than that of bare CNPs
(Figure S2). The highest areal capacitance of 109 mF/
cm? was obtained from the electrode at 45 min MnO,
deposition, approximately 20 times the value for bare
CNPs. The present resultis much higher than the values
reported in the literature (0.4—2 mF/cm?) for carbon-
based supercapacitors.® 4293

In order to evaluate the contribution of MnO, to the
electrochemical performance of the CNPs/MnO, elec-
trodes, the specific capacitance of MnO, was calcu-
lated after subtracting the charge of bare CNPs
through the equation®” C; mno2 = (Qcnpsmno2 — Qenes)/
(AV-mpmno2) and shown in Figure 2d, since the capaci-
tance for bare CNPs was just a small proportion of the
hybrid CNPs/MnO, electrode. Here Qcnps/mno2 and
Qcnps are the voltametric charge of the CNPs/MnO,
and bare CNPs, respectively, and AV is 0.8 V. The
specific capacitance for 1, 5, 15, 30, and 45 min MnO,
was about 302, 278, 800, 389, and 165 F/g at a scan rate
of 5 mV/s, respectively. The highest specific capaci-
tance was obtained from the 15 min MnO,, which was
higher than that of manganese oxide directly grown on
carbon fabric.3® The specific capacitance for 30 and
45 min MnO, was lower than that of 15 min since the
increase of mass loading may induce an increase in
diameter and length of MnO, nanorods, while only a
thin layer of MnO, was charged and discharged. The
CNPs/MnO, nanorods hybrid structure not only facil-
itates the cation diffusion between electrolyte and
electrode but also is beneficial to overcome the poor
electrical conductivity of MnO,, both of which would
enhance the electrochemical performance of the
supercapacitor (Figure S3). A galvanostatic charging/
discharging test was conducted in a stable potential
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Figure 2. Electrochemical characterization of a CNPs/MnO, nanorods hybrid structure on carbon fabric. (a, b) Cyclic
voltammetry curves for bare CNPs and CNPs/MnO, nanorods (15 min) at different scan rates ranging from 5 to 100 mV/s,
respectively. (c) Cyclic voltammetry curves for CNPs/MnO, nanorods hybrid structure at a scan rate of 100 mV/s with different
MnO, deposition time of 0, 1, 5, 15, 30, and 45 min, respectively. (d) Specific capacitance with respect to mass loadings of
MnO, versus scan rates. (e) Galvanostatic charging/discharging curves for CNPs/MnO, nanorods hybrid structure at a fixed
current density of 1 mA/cm?. (f) Ragone plot for CNPs/MnO, nanorods hybrid structure (solid squares) and solid-state
supercapacitor device (solid circles), respectively, compared with the values from refs 20, 34, 35, and 36.

window of 0—0.8 V at a fixed current density of 1 mA/
cm?, and the result is shown in Figure 2e. It reveals that
all of the charging curves are symmetrical with their
corresponding discharge counterparts, as well as their
good linear voltage—time profiles, indicating good
capacitive behavior of the hybrid structure. The Ra-
gone plot in Figure 2f shows the high power-energy
characteristics of the CNPs/MnO; electrodes. The high-
est power density of 39 kW/kg and the maximum
energy density of 71 Wh/kg were achieved, which
were comparable to a similar system reported pre-
viously using hybrid carbon-based materials/MnO,
electrodes %3436

A solid-state supercapacitor was assembled by two
CNPs/MnO, nanorod (15 min) hybrid electrodes on
carbon fabric. The as-fabricated supercapacitor was
lightweight and highly flexible and can be folded and
twisted (Figure 3a) without destroying the structural
integrity of the device. The CVs in Figure 3b demon-
strate that the change of electrochemical performance
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of the fabricated supercapacitor seems to be subtle
and acceptable under different bending angles. In
addition, the rectangular profile and symmetry of CVs
show the ideal pseudocapacitive nature of MnO, and
fast redox reaction with PVA/H3PO, solid electrolyte.
The galvanostatic charge/discharge result is shown in
Figure 3c. Both the linear profile of charge and dis-
charge curves and their symmetry reveal the good
capacitive characteristics of the solid-state supercapac-
itor device. It has an energy density of 4.8 Wh/kg at a
power density of 14 kW/kg (Figure 2f). The leakage
current of the as-fabricated device was very small,
which was about 15 A after 200 s from the start and
then stable at about 10 uA for a long time beyond 2 h
(Figure S4). This value is lower than that of the CNT/
PANI supercapacitor,’® demonstrating fewer impuri-
ties in the capacitor materials and/or its electrolyte in
the fabricated device.3” The self-discharge of the fab-
ricated solid-state device was also tested, and the
result is plotted in Figure S5. The device underwent a
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Figure 3. (a) Optical photographs of the fabricated solid-state supercapacitor device. The square indicates the capacitance
region. The left bottom images show the flexibility of the device. The right image shows a light-emitting-diode (LED) lighting
by a device composed of three supercapacitors connected in series. (b) Cyclic voltammetry curves for a CNPs/MnO, nanorod
supercapacitor at different curvatures of 0°, 45°,90°, 120°, and 180°. (c) Galvanostatic charging/discharging curves for CNPs/
MnO, nanorod solid-state supercapacitor at different current densities. (d) Cycling stability of a CNPs/MnO, nanorod
supercapacitor device over 10000 cycles. The inset shows the galvanostatic charge/discharge curve for the device.
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Figure 4. (a) Nyquist and (b) Bode plots of the solid-state supercapacitor device with CNPs/MnO, nanorod hybrid structure,

respectively.

rapid self-discharge process in the first few minutes,
which gradually slowed after several hours. Finally the
output voltage of the device reached about 0.2 V after
24 h. The long-term cycling stability of the super-
capacitor was tested through a cyclic charge/discharge
process at a fixed current density of 1 mA/cm?, which is
shown in Figure 3d. The supercapacitor device still
remains at 97.3% of the initial capacitance after 10 000
charge/discharge cycles, demonstrating its excellent
long-term cycling stability. The inset reveals no sig-
nificant electrochemical change during the long-term
charging and discharging process after cycling 10 000
times.

An electrochemical impedance spectroscopy (EIS)
test was carried out in a frequency range from 1 mHz

YUAN ET AL.

to 1 MHz to further evaluate the electrochemical be-
haviors of the fabricated solid-state supercapacitor. As
shown in Nyquist plots in Figure 4a, the straight line
nearly parallel to the imaginary axis showed the ideal
capacitive behavior of the device. The intercept of the
Nyquist curve on the real axis is about 4 Q, manifesting
the good conductivity of the electrolyte and very low
internal resistance of the electrode. The “knee fre-
quency” of the supercapacitor is about 2 Hz, showing
that a pure capacitive behavior can be obtained and
most of its stored energy is accessible at frequencies
below this frequency.'**® Figure 4b displays the Bode
plots of the as-fabricated supercapacitor. It can be
observed that the capacitor response frequency, fo, at
the phase angle of —45° was about 2 Hz, as expected
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(also seen in Figure S6), which is even comparable to
the values for supercapacitors with aqueous elec-
trolytes.>® Thus the relaxation time constant 7, was
calculated to be about 0.5 s by the equation 7, = 1/f,.
The phase angle of the supercapacitor was about —77°
at a frequency of 1 mHz, close to —90° for ideal capa-
citors, coinciding with the RC (a serial resistance R and
capacitance C) equivalent circuit for supercapacitors.
Furthermore, we had connected three supercapaci-
tor units in series to light a light-emitting diode (LED).
Every device used here has the same area of about
1 cm?. The whole device showed great electrochemical
performance, which was confirmed through CVs and
galvanostatic charging/discharging measurements
(Figure S7). After charging at 1 mA for 30 s, the device

METHODS

Synthesis. Carbon fabric with a thickness of about 360 um
(weight: 125 g/mz) was used as the substrate. CNPs were grown
on carbon fabric through an ethanol flame synthesis method
we reported previously.? In short, strips of carbon fabric were
located in the flame center for 30 s, then moved away, and CNPs
grew on the side facing the ethanol flame. Then anodic
electrodeposition of MnO, was performed at a constant current
of 0.5 mA/cm? in a solution of 0.01 M manganese acetate
(MnAc,) and 0.02 M ammonium acetate (NH4Ac) containing
10% dimethyl sulfoxide (DMSO) at 70 °C. Before the electro-
deposition process, ethanol or 2-propanol was dropped onto
the carbon fabric to make it hydrophilic. The deposition process
continued for 1 to 45 min, and then the carbon fabric was taken
out and washed with deionized water thoroughly.

Fabrication of Solid-State Supercapacitor. The PVA/H;PO, gel
electrolyte was prepared as follows: 6 g of HsPO, was added
into 60 mL of deionized water, and then 6 g of PVA power was
added. The whole mixture was heated to 85 °C under stirring
until the solution became clear. Two strips of the obtained fabric
with CNPs/MnO, were immersed into the PVA/H5PO, solution
for 3 min, keeping the bare carbon fabric part without CNPs
above the solution, then taken out and assembled together
with a separator (NKK TF40, 40 um) sandwiched in between,
leaving aside the bare carbon fabric part as the electrode. After
the PVA/H;PO, gel solidified at room temperature, the solid-
state supercapacitor was prepared.

Characterization. The morphologies, chemical composition,
and the structure of the products were characterized by high-
resolution field emission scanning electron microscopy (FEI
Sirion 200), transmission electron microscopy (JEOL 4000EX),
and XPS (Thermofisher-ESCALab 250). The cyclic voltammetry
and galvanostatic charging/discharging measurements were
conducted with an electrochemical station (CHI 660D), and the
electrochemical impedance spectroscopy was measured by an
Autolab PGSTAT302N at a frequency ranging from 1 mHz to
1 MHz with a potential amplitude of 10 mV. Inductively coupled
plasma atomic emission spectroscopy (SPECTRO) was used
to analyze the loading of MnO,. The leakage current was
measured through a battery test system (LAND, CT2001A).
The self-discharge was tested through a low-noise preamplifier
(Standford Research Systems, model SR560).
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could light the LED for over 20 min, which can be seen
in Figure 3a. This result reveals the potential of the
fabricated flexible supercapacitor device in energy
storage.

CONCLUSION

In summary, a solid-state supercapacitor based on a
CNPs/MnO, nanorod hybrid structure was fabricated
through a simple flame synthesis method and electro-
chemical deposition process. The device exhibited
good electrochemical performance with an energy
density of 4.8 Wh/kg at a power density of 14 kW/kg.
The demonstration for its practical use indicates the
great potential application in energy management for
flexible and lightweight electronics.
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