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MnO, nanowires (NWs) anchored on carbon fiber cloth were fabricated through a simple hydrothermal reaction and used as
integrated electrodes for supercapacitor. The morphology-dependent electrochemical performance of MnO, NWs was
confirmed, yielding good capacitance performance with a high specific capacitance of 3.88 F-cm™ at a charge-discharge current
density of 5 mA.cm? and excellent stability of 91.5% capacitance retention after 3000 cycles. Moreover, the composite
electrodes were used to fabricate supercapacitors which showed a high specific capacitance of 194 mF-cm? at a charge-
discharge current density of 2 mA-cm2and high energy density of 0.108 mWh-cm at power density of 2 mW-cm?, foreboding

its potential application for high-performance supercapacitor.

Keywords: MnO, nanowires, carbon fiber cloth, supercapacitor, energy density, power density.

With the gradual increase in the demand for energy and
power in many fields such as portable electronic equipment,
medical equipment and transportation, the supercapacitors
have attracted worldwide attention due to the advantages of
fast charge-discharge rate, high power density and long-
term stability.)®* Compared to electric double layer
capacitors that use carbon-based active materials,*®
pseudocapacitive electrode materials can provide higher
specific capacitance and energy density.® Thereinto,
manganese dioxide (MnQOy) is considered as a promising
supercapacitor electrode material due to its low cost,
environmental friendliness and high theoretical specific
capacitance (1370 F/g).*”® Nevertheless, the poor electrical
conductivity of MnO, damages its electrochemical activity.
Up until now, extensive efforts have been made to design
MnO,-based electrode materials, aiming at improving the
conductivity or promoting electrochemical performance.®*®
However, many MnOj-based electrodes are prepared by
conventional slurry-coating technique, where the binder
greatly reduces the conductivity of active material and
hinders rapid electron transport.* Therefore, the direct

* Corresponding author.

growth of MnO; nanomaterials on conductive substrates
with high specific surface area is an effective method to
avoid binders or conductive additives use and enhance the
electrical contacts between MnO; and conductive substrates
for better Faraday's energy storage.

The morphology of active material greatly affects its
performance, therefore it’s important to study the
relationship between them. Many morphology-controlled
MnO; including nanorods, nanosheets, nanoparticles and so
on have been reported in previous works. However, the
investigation related to MnO; nanowires (NWSs) with high
specific surface is limited. In this work, we fabricated MnO;
NWs on carbon fiber cloth (CFC/MnO,) via the
hydrothermal method. By changing the reaction time of
hydrothermal synthesis, the morphology and
electrochemical performance of CFC/MnO; composites
were successfully adjusted. The morphology-dependent
electrochemical performances of composites were
confirmed by various electrochemical measurements.
Additionally, the asymmetric supercapacitors were
assembled by using the CFC/MnO; composites and
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activated carbon (AC) on CFC (CFC/AC) as positive
electrode and negative electrode, respectively, and a high
specific capacitance of 194 mF-cm™ at a charge-discharge
current density of 2 mA-cm?2and a high energy density of
0.108 mwWh-cm? at power density of 2 mWh-cm? were
obtained. Our result is helpful for understanding the effect
of reaction condition of MnO; on the tunable morphology
and electrochemical performance of composites.

The CFC/MnQO; was synthesized according to previous
reported method.* Briefly, CFC pieces (40mmx10mm) were
cleaned with acetone, ethanol and distilled water, and dried
at 60°C for 6h. Then the CFC was placed standing against
the wall of a Teflon-lined autoclave with reaction solution
of KMnOs (0.06 mol/L). In order to investigate the
influence of reaction time to the morphology and
performance of CFC/MnO; composites, the hydrothermal
reaction happened at 140 'C for 1h, 3h, 6h, and 9h,
respectively, followed by natural cooling to ambient
temperature. After that, the CFC/MnO, composites were
rinsed several times to remove the residuals, and dried at 60
‘C in an oven overnight for use.

The crystalline structures of as-prepared materials were
identified by a Bruker D8 Discover X-ray powder
diffractometer (XRD, Cu Ka, X=0.15418nm). The
morphologies and microstructures were studied by using a
field emission scanning electron microscopy (FESEM,
Hitachi S-4800) and transmission electron microscopy
(TEM, JEOL 2100, Japan). X-ray photoelectron
spectroscopy (XPS) was carried out on a Kratos” Axis Ultra
DLD (delay line detector) photoelectron spectrometer. The
electrochemical performances of composites (1cm? in area)
were evaluated by using a CHI 760E electrochemical
workstation (CH Instruments, China) in a Na;SO, solution
(1 mol/L) by using a Pt foil as counter electrode and a
saturated calomel electrode (SCE) as reference electrode.
Cyclic voltammograms (CVs) were obtained at different
scan rates in the potential range from 0V to 1.0V (vs. SCE).
Galvanostatic charge/discharge (GCD) properties were
measured at step increasing current densities of 5-20
mA-cm? from 0-1.0V. Electrochemical impedance spectra
(EIS) were measured using a frequency range between 100
kHz and 0.01 Hz with 5-mV amplitude at open circuit
potential. The area-specific capacitance (C) was calculated
from CVs and GCD curves according to the equations
C,=([1,aV)sAV and C, =(1,At)/sAV . Here, |, is
the response current (mA), v is the scan rate (mV-s?), l,Is
the discharge current (mA), At is the discharge time (s), s is
the area (cm?) of active materials and AV is the potential
range (V). Furthermore, the asymmetric supercapacitors
(CFC/MnO,//CFC/AC-ASC) were assembled by using the

CFC/MnO; composites and CFC/AC? as positive electrode
and negative electrode with a filter paper separator
sandwiched in between (1 M NaxSOs solution as
electrolyte). The electrochemical  performance  of
supercapacitor was evaluated using CR2032-type coin cells.
The C of asymmetric supercapacitors was also calculated. In
addition, the power density P (W-cm) and energy density
E (Wh-cm?) were calculated based on the equations
E=(1/2)CAV? and P=E/t, where AV (V) is the
potential window, and t (s) is the discharge time.

Fig. 1 shows SEM images of CFC/MnO, composites
prepared at different reaction periods. After hydrothermal
reaction for 1h, the CFC substrate is completely covered
with accumulated sphere-like MnQO; nanoparticles (Fig.la-
b). When the time reaches 3h, the nanoparticles are
transformed to MnO, NWs with a length of tens of
micrometers and a diameter of 5-30nm (Fig.1c-d). Further
increase the reaction time to 6h and 9h, the MnO,; NWs
evolve into MnO; nanorods with a length of several
micrometers and a diameter of 10-60 nm (Fig.1e-h). The
morphology of MnO; NWs is also observed by the TEM
technology (Fig. 1i). The high-resolution TEM (HRTEM)
image in Fig. 1(j) reveals well-resolved lattice fringes of

about 0.24 nm, corresponding to the (211) plane of a-MnO,
17

Fig. 1. Low- and high-magnification SEM images of
CFC/MnO, composites obtained at 140°C for different
reaction times: (a-b) 1 h, (c-d) 3 h, (e-f) 6 h, (g-h) 9 h.
(i) TEM and (j) HRTEM images of MnO, NWs
obtained at the hydrothermal reaction for 3h.
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Fig. 2(a) shows the XRD patterns of pure CFC and
CFC/MnO; composites. The characteristic peaks of CFC are
mainly located at about 20=25.5°, 43.8° and 64.3".
Compared with CFC, two characteristic peaks at around
20=37.2° and 66.0° appear in the CFC/MnOQO, spectrum,
corresponding to (211) and (002) lattice planes of a-MnO;
(JCPDS card No. 44-0141).1"8 This is consistent with the
TEM result in Fig. 1(j). Additionally, the peak related to
CFC is obviously weakened after MnO; deposition because
of the increased MnO; loading on CFC surface. Figs. 2(b-d)
show XPS spectra of CFC/MnO,. The full spectrum clearly
shows the characteristic peaks of C, Mn and O elements
(Fig. 2b). The high-resolution Mn 2p spectrum in Fig. 2(c)
shows two distinct characteristic peaks, corresponding to
Mn 2ps;» (642.4eV) and Mn 2pi1» (654.0eV), respectively.
The distance between these two peaks is about 11.6eV,
indicating that the Mn element exists mainly as +4 valent
state.’®2! Fig. 2(d) shows the O 1s spectrum with three
fitting Gaussian peaks, corresponding to the O atoms in
MnO; (Mn-O-Mn at 529.7 eV), hydroxyl group (Mn-O-H at
531.2 eV) and adsorbed water (H-O-H at 532.3 eV),
respectively. The XPS results confirm the MnO, formation,
which is consistent with the results of XRD measurement.

The influence of reaction condition on electrochemical
activity is also investigated. From Fig. 3(a), the current
response of CFC/MnO, composites obtained at 3h (10mV/s)
is the largest due to the large active surface area, indicating
that it could have the highest specific capacitance. This is
confirmed by the relationship between the C of CFC/MnO;
composites and hydrothermal time (Fig. 3b). The maximum
2.99 F/lcm? (291 F-g?) is obtained for CFC/MnQO;-3h
composite. While with further prolonging of reaction time,
the loading of MnO on CFC becomes higher, and the MnO,
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Fig. 2. (a) XRD patterns of pure CFC and CFC/MnO,
composites obtained at different times. XPS spectra of
CFC/MnO, composites: (b) full spectrum and detailed
spectra of (c) Mn 2p and (d) O 1s.

w
n

0.04 =—cFC o)

Ll ) -

0,03 /— CFC/MnO -1h £ Jzosn

— CFC/MnO 3h 24 -

20029 cRenmo 6h 225 %
~ # 9 L
= 0.01——CFC/MnO -9 £ 240_3
e =2.0 =

£0.00 & f 2005
= 25 S
M S 1602
F10{ ¢ ¥ 3

¥ = 3

0.02 E "

-0.03 T - 0.5+ T T
00 02 04 06 08 1.0 0 2 _4 6 8 10
Potential (V) Time (h)

Fig. 3. Electrochemical performances of CFC and CFC/MnO, obtained at
140°C at different times in a 1M Na,SO, aqueous electrolyte: (a) cyclic
voltammetric curves (CVs) at a scan rate of 10 mV/s; (b) areal
capacitance and gravimetric capacitance of different CFC/MnO,
composites at 10 mV/s.

NWs evolve into MnO. nanorods, limiting the efficient
utilization of MnO; and reducing the electrochemical
properties of composites.

Since the CFC/MnO.-3h composite exhibits the
maximum C, it is used as a representative in the following
electrochemical analysis. Fig. 4(a) shows the CVs of
CFC/MnO2-3h composite at different scan rates (5-200
mV/s). Although there are no obvious redox peaks, the
typical quasi-rectangular shape at low scan rate indicates the
apparent pseudocapacitive characteristics of composite due
to Faradaic reactions.?? As the scan rate further increases,
the shape of CVs significantly deviates from the rectangle
due to some polarizations caused by incomplete adsorption
of electrolyte ions on the electrode surface.?® The GCD
curves of CFC/MnO2-3h composites at different current
densities are nearly triangular symmetrically (Fig. 4b),
proving excellent pseudocapacitance property of the
electrode.?* The C of the active material calculated from the
discharge curves is about 3.88 F-cm? (345 F-g%) at a
discharge current of 5 mA-cm? (inset in Fig. 4b), which is
higher than some reported in previous literatures at the same
discharge current density.*1%20252 Fig, 4(c) shows the
impedance spectra of CFC/MnO»-3h composite before and
after 3000 charge-discharge cycles at a current density of 10
mA-cm. The intersection of the semicircular arc and the x-
axis, which is defined as equivalent series resistance (Rs),
includes the resistances of electrolyte and electrode material
itself, and the contact resistance between them. The radius
of the semicircular arc represents the transfer resistance (Ret)
of the charge during charging-discharging process. The Rg
increases significantly after 3000 cycles, which might cause
capacitance decrease. The results in Fig. 4(d) show that the
specific capacitance (at a current density of 10 mA/cm?)
remains about 91.5 % after 3000 cycles, indicating that the
material has good cycle stability.

Furthermore, the CFC/MnO,-3h composite was used to
construct CFC/MnO,//CFC/AC-ASC. The CVs obtained at
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Fig. 4. (a) Cyclic voltammograms of CFC/MnO.-3h composites at
different scan rates in a 1M Na,SO, electrolyte; (b) charge-discharge
curves of CFC/MnO,-3h composites at different current densities, the
inset is its areal capacitance and gravimetric capacitance; (c)
electrochemical impedance spectra of electrodes at open circuit potential
in the frequency range from 0.01 Hz to 100 kHz; (d) cycling performance
of CFC/MnO,-3h composites at a current density of 100mA/cm?,

different potential windows (scan rate of 100 mV/s) show a
stable electrochemical window reaching up to 2 V (Fig. 5a).
The CVs at different scan rates present good symmetrical
and nearly rectangular shapes even at a high scan rate of 200
mV-s? (Fig. 5b), indicating good capacitive behavior.1%?’
The good linear profiles of GCD curves in Fig. 5(c) further
prove the perfect electrochemical property of the device.*®
The plateau in the GCD curves during the charging process
may be related to a higher Rs, as further confirmed by the
EIS data (Fig.5 d). The highest C calculated from discharge
curves is about 194 mF-cm? at a discharge current of 2
mA-cm? (inset in Fig. 5c), showing good capacitance
performance. No obvious semicircle in the high frequency
region can be seen from the impedance spectrum (Fig.5 d),
indicating small transfer resistance during mass transfer
process. Fig. 5(e) shows the stability of
CFC/MnO2/ICFC/AC-ASC at a current density of 20
mA/cm?, The capacitance still remains about 88.2 % after
3000 cycles, demonstrating good cycle stability. Fig.5 (g)
shows the Ragone plot of CFC/MnO,//CFC/AC-ASC. The
maximum energy density (0.110 mWh/cm?) and maximum
power density (50.0 mW/cm?)  confirm  good
electrochemical properties.

In summary, MnO; nanowires on carbon fiber cloth
(CFC/MnO,) have been successfully synthesized by a facile
hydrothermal method and used as an electrode of aqueous
asymmetric supercapacitor. It is found that the hydrothermal
reaction time affects the morphology and electrochemical
performances of MnO,. The MnO, NWSs obtained at 3h
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Fig. 5. (a,b) CVs of CFC/MnO,//CFC/AC-ASC at different potential
windows and different scan rates, respectively. (c) Charge/discharge
curves of the CFC/MnO,//CFC/AC-ASC at different current densities,
the inset is its areal capacitance. (d) EIS spectrum of
CFC/MnO,//CFC/AC-ASC. (e) Cycling performance of
CFC/MnO,//CFC/IAC-ASC at 20 mA/cm? (f) Ragone plot of the
CFC/MnO,//ICFC/AC-ASC.

exhibit excellent supercapacitor performance with a high
specific capacitance of 3.88 F-cm at a current density of 5
mA-cm? and a cycling retention of 91.5 % after 3000

repeated measurement. Furthermore, the
CFC/MnO2//ICFC/AC-ASC shows outstanding
electrochemical performance such as high specific

capacitance of 194 mF-.cm™ at a charge-discharge current
density of 2 mA-cm? and high energy density of 0.108
mWh-cm at power density of 2 mW-cm?, exhibiting great
promise for large-scale supercapacitor applications.
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