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a b s t r a c t

The increasing market growth of hybrid vehicles requires not only improvement on supercapacitor
performance, but also cheap, abundant and sustainable material for supercapacitor fabrication. The
present study demonstrated a novel strategy to convert used disposable bamboo chopsticks into uniform
carbon fibers, and subsequently manganese dioxide (MnO2) was conformably grown on each fiber to
form a carbon fiber/MnO2 composite. When it used as a self-supported binder-free electrode for
supercapacitors, it delivered a superior mechanical stability, excellent rate capability, high specific
capacitance of 375 F g�1 at the current density of 1 A g�1 and an increase specific capacitance was found
after 5000 cycles interestingly. Moreover, the symmetric supercapacitor comprised of CFS/MnO2 elec-
trodes presents a maximum energy density of 11 Wh kg�1 and a maximum power density of
17.4 kW kg�1. In addition, this approach presents a scalable, low-cost and sustainable route to transform
chopsticks waste into carbon fibers to make electrodes for supercapacitors and lithium-ion capacitors.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The ever-increasing market penetration of hybrid or all-electric
vehicles requires not only a continual improvement of the perfor-
mance for energy storage devices (particularly on fast charge
output/storage) but also the cost minimization of the devices as
much as possible [1,2]. Among the various energy storage devices,
supercapacitors have been extensively recognized and are consid-
ered as an innovative energy storage systems due to higher power
densities (compared with batteries) and larger energy densities
(compared with conventional dielectric capacitors) [3e5]. Up to
now, various active materials consisting of the carbon-based ma-
terials, metal oxides and conducting polymers have been widely
and Technology, Key Labora-
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used as electrodes for supercapacitors [6,7]. Among various elec-
trodematerials for supercapacitors, manganese dioxide (MnO2) has
been widely thought to be one of the most promising materials as
supercapacitor electrodes because of its low cost, abundant
resource and environmentally friendly [8]. MnO2 also possesses
great electrochemical properties, such as fast charge-discharge
process, chemical stability, wide electrochemical potential win-
dow and a high theoretical specific capacity through Faradaic re-
actions (1370 F/g) [9]. However, MnO2 has low electrical
conductivity (10�5e10�6 S/cm) that results in a serious capacitance
loss particularly at a large current density, thus limiting its wide
energy storage applications [10]. Carbon materials, particularly
with high degrees of graphitization, possess excellent electrical
conductivity, but are limited with low capacity [11e13]. Recently,
there have been increasing attempts to design and synthesize novel
hybrid electrodes via the coupling of various materials for super-
capacitors through synergistic combination of electrical and elec-
trochemical properties of individual electroactive materials while
minimizing the impacts of the inherent limitations of individual
constituent materials [14e16].
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Most hybrid electrodes studied so far required metal backing
foils and binders to ensure good electrical contacts between elec-
trode materials and substrates [17e19]. However, these features
added extra inert mass to the devices, which introduces undesir-
able mass and volume, and reduces both energy and power den-
sities (gravimetrically and volumetrically). Binder-free and self-
supported electrodes have attracted increasing attention due to
their high specific capacity, excellent rate capability, and large
charging/discharging potential window, which is another key
component of supercapacitors [20e22]. Binder-free and self-
supported carbon/MnO2 electrodes are promising to improving
the electrochemical performance of supercapacitors by eliminating
both insulating polymer binder and conductive agent commonly
used to enhance the electrical conductivity and mechanical integ-
rity of the electrodes. Fang et al. have developed a type of self-
supported supercapacitor electrodes with remarkably high spe-
cific capacitance by homogeneously coating polypyrrole (PPy) on
multi-walled carbon nanotube membranes [23]. More recently, Qin
et al. have designed and fabricated a freestanding flexible
grapheme foams@PPy@MnO2 electrode with high performance
under the assistance of PPy [24].

On the other hand, sustainable low-cost natural resources are in
favor for the large-scale production of electrode material. Bamboo
has been studied as raw material to fabricate carbon fiber by virtue
of its unique fibrous structure [25,26]. Disposable bamboo chop-
sticks can be converted into excellent carbon fibers sheet via simple
alkaline corrosion and pyrolysis process [1]. Compared with other
carbon-based materials, carbon fibers sheets derived from dispos-
able bamboo chopsticks showed great promises including
abundant-source, low-cost, facile, environmental benign and high
yield [27,28]. However, the energy density of carbon fibers is yet
problematic to meet the ever-growing demand for high energy-
storage applications. Researchers have studied various strategies
to modify the surface chemistry of carbon fibers, either by growth
of functional metal oxides on fiber scaffold or doping active ele-
ments (like B, N, F and P etc.) into the fibrous carbon host, with
appreciable advancement in energy storage properties [3,29,30].

The present investigation combines the merits of the high
conductivity of carbon material with the ultrahigh capacity of
MnO2. Disposable bamboo chopsticks were first utilized as raw
material to prepare self-supported carbon fiber substrate by means
of alkaline etching and pyrolysis. ThenMnO2was deposited directly
on the as-prepared carbon fibers sheet via utilizing a simple con-
stant current electrodeposition method. The resultant nano-
structured hybrid electrodes for supercapacitors delivered a high
specific capacity of 375 F g�1 at the current density of 1 A g�1, su-
perior cyclic performance and excellent rate capability. This work
may also provide an effective solution to circumvent the environ-
mental impact and enormous waste of forest resources caused by
the use of chopsticks and develop the possible high-performance
electrodes for supercapacitors.

2. Experimental procedure

All the reagents used in the experiment are of analytical grade
without further purification.

2.1. Fabrication of carbon fibers sheet (CFS) substrate

The fabrication process of the carbon fibers sheet is shown in
Fig. 1. The disposable bamboo chopsticks were utilized as carbon
source and recycled from the canteens of Lanzhou University. The
cleaned chopsticks were processed initially into debris (length:
~1 cm, width: ~0.3 cm; thickness: ~0.5 mm) using a penknife
bought from local stationer before alkaline corrosion. During the
following hydrothermal treatment, 1 g of processed bamboo debris
were added into 100 mL of Teflon-lined stainless steel autoclave
wherein a 70mL of homogeneous 3 M KOH solutionwas contained.
Then, the autoclave was sealed and still in an electric oven at 150 �C
for 6 h. When cooled down to room temperature naturally, the
samples were fetched out, and filtered by vacuum filtration with
membrane filter paper into thin circular sheet (diameter: ~2.8 cm,
thickness: ~1 mm), washed by ultrasonication in 100 mL distilled
water for 15 min and dried at 60 �C in an electric oven overnight.
Next, the circular thin sheet product was calcined at 800 �C for 2 h
under the protection of Ar flow. Finally, the evolved self-supported
carbon fibers sheet (diameter: ~2.5 cm, thickness: ~0.5 mm) was
rinsed with 0.1 M HCl to remove the residual KOH and dried at
60 �C overnight.

2.2. Preparation of carbon fibers sheet/MnO2 (CFS/MnO2) electrode

Free-standing hybrid electrode material of nanostructured CFS/
MnO2 was synthesized by directly electrodepositing MnO2 onto the
CFS. In details, the CFS/MnO2 electrodewas prepared as follows: the
electrolyte was consisted of 0.66 M MnSO4 containing
0.34 M H2SO4. The self-supported carbon fibers sheet prepared in
the present work was used as the working electrode for the elec-
trodeposition of MnO2, a self-made copper foil (length: ~1 cm,
width: ~1 cm; thickness: ~0.5 mm) and a saturated calomel elec-
trode were used as the counter electrode and reference electrode,
respectively. To avoid the concentration polarization during the
electrodeposition as much as possible, the anode materials of CFS
must be immersed in 0.66 M MnSO4 containing 0.34 M H2SO4 at
85 �C for 2 h before electrodeposition. Then, the MnO2 was elec-
trodeposited galvanostatically onto the semi-circular carbon fibers
sheet at a current density of 0.05 mA cm�2 for 6.5 h. The obtained
CFS/MnO2 hybrid electrodes were rinsed with distilled water and
1 M KOH aqueous solution for neutralization for several times and
dried in an electric oven at 60 �C overnight. The mass of MnO2 was
calculated from the difference of carbon fibers sheet and prepared
CFS/MnO2 by weighing them before and after electrodeposition.

2.3. Material characterization

The microstructure and morphology were investigated by using
field emission scanning electron microscope (FE-SEM, Hitachi S-
4800) and transmission electron microscopy (TEM, FEI Tecnai G2
F30 microscope operated at 300 KV). XRD measurements were
performed on a Rigaku D/MAX-2400 X-ray diffractometer using Cu
Ka radiation (l ¼ 0.154056 nm). The chemical component was
analyzed on a micro-Raman spectroscope (JY-HR800, 532-nm
wavelength YAG laser) and a multifunctional X-ray photoelectron
spectroscope (PHI-5702, Mg KR X-ray, 1253.6 eV).

2.4. Electrochemical measurements

All electrochemical performance measurements were carried
out at room temperature using an electrochemical workstation
(CHI660E, CH Instrument In, Shanghai). The used conventional
three electrode cell and 1 M Na2SO4 served as electrolyte at room
temperature. The used three-electrode cell system consisted of CFS/
MnO2 as the working electrode directly, Pt plate as a counter
electrode and saturated calomel electrode as the reference elec-
trode. A potential window from 0 to 1 V was selected in all mea-
surements. Cyclic voltammogram (CV) were performed at various
scan rates ranging from 5 to 100 mV s�1. Galvanostatic charge/
discharge (GCD) testing were conducted at current densities from 1
to 50 A g�1. Electrochemical impedance spectroscopy (EIS) were
measured over a frequency range from 105 to 0.01 Hz at open circuit



Fig. 1. The fabrication process of the carbon fibers sheet.
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potential with alternating current voltage amplitude of 5 mV. The
specific capacitance, Cm (F g�1), was calculated from the discharge
curve based on the following formula (1):

Cm ¼ IVt
mV

(1)

where I, Vt, V and m are discharging current (A), discharging time
(s), voltage change (V) and mass of electroactive material (g),
respectively.

As for the best practice method for determining an electrode
materials performance for supercapacitors, the two-electrode sys-
tem should be used for testing process to compare it with three-
electrode system [31]. The symmetric supercapacitor of CFS/
MnO2//CFS/MnO2 was measured in a two-electrode system in
which the shapes and sizes of electrodes were the same as the
single electrode. The specific capacitance of the supercapacitors
derived from the GCD testing through the two-electrode system
was determined according to the formula (1), wherem is the MnO2
mass of the two electrodes. The energy density, E (Wh Kg�1) and
the power density, P (W kg�1) were calculated from GCD testing
according to the following formulas (2), (3), respectively:

E ¼ CmV2

7:2
(2)

P ¼ 3600E
Vt

(3)

where Cm, V and Vt are the specific capacitance (F g�1), voltage
change (V) and discharge time (s), respectively.
3. Results and discussion

Fig. 1 shows the photographs of the CFS samples evolved from
bamboo chopsticks in the process of preparation. It is obvious to
observe that the CFS sample has the characteristics of self-
supported binder-free, can be directly used as electrode. The
structure and morphology of the composites were characterized by
SEM and TEM. Fig. 2(a) shows the morphology and structure of CFS
evolved from bamboo chopsticks, with fibrous products dispersed
and interconnected. Thin wrinkles were observed on the surface of
carbon fibers and it was further confirmed by the TEM image as
shown in Fig. 2(c). Such surface defects may be beneficial to the
deposition and adhesion of other functional active materials [32].
The inset in Fig. 2(c) is a typical selected-area electron diffraction
(SAED) pattern taken on a carbon fiber, which shows an amorphous
structure of the carbon fiber [33]. The first two diffraction rings of
the SAED pattern are in good accordance with (002) and (101)
lattice planes of graphitic carbon [34,35]. As shown in Fig. 2(d), the
carbon fiber is hollow and tubular with the inner diameter of
approximately 500 nm. Carbon fibers were corroded and activated
by alkaline solution (KOH) under the high temperature of 150 �C by
the following reaction (4) [36]:

6KOH þ 2C/2K þ 3H2 þ 2K2CO3 (4)

Fig. 3 presents the SEM and TEM images of the CFS/MnO2
composites. MnO2 was electrodeposited uniformly on the surface
of CFS as shown in Fig. 3(a) and (c). Fig. 3(b) shows that MnO2
coated on the surface of CFS is mainly nanoparticles. And the
enlarged view of the TEM image also evidences that MnO2 consists
of nanoparticles with the diameter of 20e50 nm in Fig. 3(d). The
electrochemical deposition of MnO2 on carbon fibers substrate in
the work electrode occurs via the following multistep reactions
[37]:

Mn2þbulk/Mn2þsurface (5)

Mn2þsurface/Mn3þads þ e� (6)

H2O/OHads þ Hþ þ e� (7)

2Mn3þads/Mn2þads þMn4þads (8)

Mn2þads þ 2OHads/MnO2 þ 2Hþ (9)

Mn4þads þ 2H2O/MnO2 þ 4Hþ (10)

Mn2þ ions in electrolyte diffuse to CFS surface and was oxidized
to Mn3þ with simultaneous oxidation of H2O molecules producing
adsorbed OH radicals. Then, Mn3þ ions dissociated into Mn2þ and
Mn4þ ions in the adsorbed state due to these Mn3þ ions are un-
stable. Finally, MnO2 is formed on the surface of CFS. Such a com-
plex process leading to the formation of MnO2 from Mn2þ ions can
be roughly regarded as the following overall reactions of anode and
cathode (11, 12):

Anode : Mn2þ þ 2H2O/MnO2 þ 4Hþ þ 2e� (11)

Cathode : 2Hþ þ 2e�/H2 (12)

It is obvious that the kinetics of the reaction is influenced by the
concentrations of Mn2þ ions and Hþ ions. Therefore, the electrolyte
was consisted of 0.66MMnSO4 containing 0.34MH2SO4. In present
wok, the pH value is ~0.17 according to the formula of
pH ¼ �lgðCHþ Þ and CHþ is the concentration of hydrogen ions. In the



Fig. 2. (a), (b) and (d) SEM images of Carbon fibers evolved from bamboo chopsticks. (c) TEM image of Carbon fibers evolved from bamboo chopsticks (inset: the corresponding
SAED pattern).

Fig. 3. (a) SEM images and (b) correspondingly enlarged view of CFS/MnO2. (c) TEM image and (d) correspondingly enlarged view of CFS/MnO2.
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electrodeposition process, the crystal nucleus of MnO2 is formed
first on the surface of CFS derived by the applied voltage of ~1.1 V
via the reactions mentioned above and then further grows into
nanoparticles. As the thick MnO2 layer is formed on the carbon fi-
bers for a large mass loading, ~0.6 mg/cm2, the 3D carbon fiber
structure is still maintained without merging into a film. Such a
highly porous structure with a large mass loading is excellent for
supercapacitors applications.

Judged from the shape of the nitrogen adsorption isotherms
shown in Fig. 4(a) and (b), the nitrogen adsorption isotherm of CFS
is type IV and that of CFS/MnO2 is essentially type I mixed with type
IV according to the IUPAC classification [38,39]. The CFS/MnO2
sample presents a higher BET surface area of 68.28 m2 g�1 than CFS
one (only 7.15 m2 g�1), but the mass ratio of CFS with a low surface
area in CFS/MnO2 reaches up to 87% (4.07/4.67). Therefore, a simple
method is introduced to evaluate the surface area of pure MnO2
nanoparticles due to its firm adhesion on CFS even under a
powerful ultrasonic exfoliation. The calculated process is



Fig. 4. Nitrogen adsorption�desorption isotherms of (a) the CFS and (b) CFS/MnO2 samples.
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elaborated as follow: The mass density of CFS with the diameter of
2.5 cm fabricated in this work is 4.07mg cm�2 and themass loading
of MnO2 is confirmed to be 0.6 mg cm�2 via the mass variation of
CFS before and after electrodeposition. The surface area of CFS is
7.15X m2, where X (g) is the CFS mass used in the BET testing.
Similarly, the mass of MnO2 deposited on the CFS is 0.15X g (0.6X/
4.07). Thus, these nanoparticles of MnO2 provide a large BET spe-
cific surface area of 475.18 m2/g obtained by the formula of
(68.28� 1.15X-7.15X) m2/0.15X gwhich is conducive to the diffusion
of the electrolyte ions and electrons.

To confirm crystal and local atomic structure of the MnO2,
Raman, XRD and XPS were applied to characterize the resultant
CFS/MnO2 composites. Fig. 5(a) are Raman spectra of CFS and CFS/
MnO2 composites and show two distinct bands located at
1341 cm�1 (D band) and 1592 cm�1 (G band) corresponding to the
breathing mode of k-point phonons of A1g symmetry and the first-
order scattering of the E2g phonons in carbon [40]. The relative
intensity ratio of D to G bands (ID/IG) is usually used to evaluate the
degree of graphitization, structural defects and the domain size of
graphitic carbon [41]. Compared to the pristine CFS, the ID/IG value
for CFS/MnO2 composites increases from 0.96 to 1.04, indicating
that the CFS/MnO2 surfaces mainly existed in the form of amor-
phous carbon materials [42]. In CFS/MnO2 composite, a strong ab-
sorption band centered around 648 cm�1 is ascribed to the Mn-O
symmetric stretching vibration of MnO6 octahedral in MnO2, sug-
gesting the formation of manganese oxide [43]. The relatively high
intensity of the MnO2 band to C bands suggests a high MnO2 con-
tent in the composites. Fig. 5(b) presents XRD patterns of CFS and
CFS/MnO2 composites. There are two broad diffraction peaks
located at about 24.6� and 44.4� for the pattern of CFS, ascribing to
the typical (002) and (101) crystal planes of graphitic carbon,
respectively [44,45]. It is consistent with the SAED pattern in
Fig. 2(c). The XRD pattern of CFS/MnO2 composites shows two
characteristic peaks at 37.1� and 66.1�, albeit very week, indicating
the presence of MnO2 with low crystallinity and/or small quantity.
The XPS spectra of CFS and CFS/MnO2 are presented in Fig. 5(c). C 1s
signal, Mn 2p and O 1s peaks are observed. Fig. 5(d) shows the Mn
2p3/2 and Mn 2p1/2 peaks located at 642.2 eV and 654.0 eV,
respectively, with a spin-energy separation of 11.8 eV, further
confirming the presence of MnO2 in the composite [43].

Fig. 6(a) shows the CV curves of the CFS and CFS/MnO2 at a scan
rate of 100 mV s�1. Compared to CFS electrode, the CV curve of CFS/
MnO2 composite demonstrates a quasi-rectangular shape and no
obvious current polarization near the potential of 1 V can be
observed. The integral area covered by the CV curve of CFS/MnO2
composite is much greater than that of CFS, close to 365 times that
of CFS, which indicates that CFS is only served as the substrate to
provide large specific surface area and good electrical conductivity
for the active MnO2 coating. The CV curves of the CFS/MnO2 elec-
trodes at different scan rates are demonstrated in Fig. 6(b). The
quasi-rectangular CV curves, without obvious Faradic redox peaks,
are consistent with an energy storage process. Also, the shape of the
CV curves is not significantly affected by the scan rates of CV,
revealing a superior electrochemical stability and rate capability of
the electrode materials [46]. The GCD curves of CFS/MnO2 com-
posite electrodes were tested at different charge/discharge currents
as presented in Fig. 6(c). The discharge curves are clearly symmetric
with its corresponding charge counterparts, and exhibiting a
negligible voltage drop (IRdrop), indicating a rapid I-V response and
an excellent electrochemical reversibility [47,48]. The specific
capacitance values (for a single electrode) are estimated to be 375,
290, 247, 213, 145 and 110 F g�1 at the current densities of 1, 5, 10,
20, 30 and 50 A g�1. The high specific capacitance is due to
simultaneously synergistic effects. That is, the nanoparticles ar-
chitecture of CFS/MnO2 can shorten the transport length of ions and
enhance the liquid electrolyte transport between the electrode and
ions. Meanwhile, the high specific surface area of the active site can
provide a convenient and fast electron/ion-transport path [49,50].
Also, the comparative representation of the performances of MnO2-
based supercapacitors reported in other works was presented in
Table 1 [14,19,51e56].

Fig. 6(d) presents the calculated specific capacitances of CFS/
MnO2 electrodes at various charge/discharge current density based
on these above GCD curves (Fig. 6(c)). The specific capacitance of
CFS/MnO2 at the current density of 1 A g�1 reaches to 375 F g�1.
Even though the current density increases up to 50 A g�1, the
specific capacitance of CFS/MnO2 still remains 110 F g�1. The inset in
Fig. 6(d) shows the specific capacitances of CFS electrodes at
various charge/discharge current density. The highest capacitance
of CFS electrodes is just 0.42 F g�1 at a low current density of
0.1 A g�1, indicating the capacitive performance of CFS/MnO2 is
mainly attribute toMnO2. However, it is obvious that CFS electrodes
provide unbelievable stable rate capability. Hence, CFS/MnO2
electrodes also demonstrate much excellent rate capability which
can be mainly ascribed to reliable electrical connections between
the 3D carbon fibers structure and MnO2. Fig. 6(e) presents the
cycling stability of CFS/MnO2 electrodes at a charge/discharge
current density of 20 A g�1 for 5000 cycles. After 5000 cycles,
110.3% of the pristine capacitance is retained for CFS/MnO2 elec-
trodes, signifying super electrochemical stability. It should be noted



Fig. 5. (a) Raman spectrum, (b) XRD pattern and (c) XPS survey spectra of produced CFS and CFS/MnO2. (d) XPS spectrum of Mn 2p.
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here that the decrease in capacitance retention of CFS/MnO2 from
the initial to the 687th cycle could be due to the mechanical
expansion of MnO2 during the ion insertion/removal process and
the dissolution of a little MnO2 during the charge/discharge cycling
[57]. However, the capacitance after 5000 cycles is even increased
to 235 F g�1 which is more than the initial value, owing to the
occurrence of morphological or structural changes of the electrode
during the active process. And the increase of the active sites can be
attributed to the continuous intercalation-de-intercalation of the
ions in the electrode and the low resistance of the current collector
(CFS), which can facilitate the effective electron transport in the
electrode/electrolyte interface [58,59]. Besides, the EIS curves of the
CFS/MnO2 electrode have been studied in the frequency range from
100 kHz to 1 mHz as shown in Fig. 6(f). At the high frequency re-
gion, the starting cross point of a semicircle at Z0 axis indicates a
combined resistance (Rc) of ionic for electrolyte, intrinsic resistance
of substrate, and contact resistance at the active material/current
collector interface [60]. The low Rc of the CFS/MnO2 electrode
slightly decreases from 3.93 U to 3.58 U after 5000 cycles, con-
firming the above reasons for the increase of the capacitance after
5000 cycles. Moreover, the CFS/MnO2 composite electrode after
5000 cycles has a relatively shorter straight line with the slope of
45� which corresponds to the Warburg resistance resulting from
faster ion diffusion in the electrolyte and adsorption on the elec-
trode surface [60,61]. At the very low frequency region, the straight
line with a large slope demonstrates a good capacitive behavior
without diffusion limitation.

To further explore the potential application of our prepared
electrodes, a symmetric supercapacitor of CFS/MnO2//CFS/MnO2
was tested in 1 M Na2SO4 electrolyte. As shown in Fig. 7(a), the CV
curves at different scan rates were conducted at a potential window
of 0e1 V, showing rectangular-type shapes without obvious redox
peaks which indicates good reversibility and ideal capacitive
behavior. Fig. 7(b) shows the GCD curves of the symmetric super-
capacitor at different charge/discharge current densities ranging
from 1 A g�1 to 12 A g�1. Quasi linear GCD curves are observed,
suggesting a rapid IeV response, small equivalent series resistance
and excellent electrochemical reversibility [24]. Based on these
GCD curves, the specific capacitances are 79.0, 70.3, 63.9, 54.3, 47.1,
35.0 and 27.9 F g�1 at the current densities of 1, 2, 3, 5, 7, 10 and
12 A g�1, respectively, as shown in Fig. 7(c). The EIS data of the
symmetric supercapacitor was analyzed by using Nyquist plot over
a frequency range of 0.01e105 Hz, as shown in Fig. 7(d). It can be
observed that the supercapacitor shows relatively low series
resistance. Besides, the energy and power density of the symmetric
supercapacitor could be calculated in accordance with the specific
capacitances. From the Ragone plots in Fig. 7(e), the CFS/MnO2//
CFS/MnO2 delivers the maximum energy density of 11.0Wh kg�1 at
a power density of 529.3 W kg�1, and the maximum power density
of 17.4 kW kg�1 at an energy density of 3.9W h kg�1. The long-term
cycle stability of the CFS/MnO2//CFS/MnO2 examined by using GCD
measurements at 6 A g�1 for 5000 cycles is shown in Fig. 7(f). A
capacitance retention of 99.2% is observed after 5000 cycles,
manifesting a good cycling stability. These results further demon-
strate that this kind of CFS/MnO2 nanoparticle structure is very
applicable to high performance supercapacitors.

4. Conclusion

A novel type of self-supported binder-free carbon fibers/MnO2



Fig. 6. Electrochemical performances for CFS/MnO2 electrode. (a) CV curves of CFS and CFS/MnO2 at a scan rate of 100 mV s�1. (b) CV curves measured in 1 M Na2SO4 aqueous
solution. (c) Galvanostatic charge/discharge profile. (d) The dependence of specific capacitance of CFS (inset) and CFS/MnO2 on charge/discharge current density. (e) Charge/
discharge cycling test at a current density of 20 A g�1. (f) Nyquist plot of the electrochemical impedance spectra before/after 5000 cycles, respectively. Inset: Magnification of the
high frequency region.

Table 1
Comparative representation of the performances of MnO2-based supercapacitors reported in other similar works.

Electrode materials The maximum specific capacitance Retention Self-supported or binder-free Reference

3D graphene/carbon nanotubes/MnO2 nanoneedles 343.1 F g�1 at 2 mV s�1 95.3% Yes [56]
Graphene/MnO2 nanoflower 320.59 F g�1 at 0.5 A g�1 95.5% Yes [52]
MnO2@PPy 380 F g�1 at 1 mV s�1 90% No [19]
Mesoporous carbon-carbonaceous materials/MnO2 326 F g�1 at 0.5 A g�1 >100% No [14]
Zn2SnO4/MnO2 core/shell nanocable-carbon microfiber 621.6 F g�1 at 2 mV s�1 98.8% Yes [54]
SWNTs@MnO2/polypyrrole 351 F g�1 at 1 mV s�1 94.4% Yes [53]
mesoporous MnO2/PPy nanofilms 320 F g�1 at 0.5 A g�1 91.4% No [51]
Graphene/MnO2 380 F g�1 at 0.1 mA cm�2 95% Yes [55]
CFS/MnO2 375 F g�1 at 1 A g�1 >100% Yes Our work
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Fig. 7. Electrochemical performances measured in 1 M Na2SO4 aqueous solution for the symmetric supercapacitor of CFS/MnO2//CFS/MnO2. (a) CV curves at different scan rates. (b)
Galvanostatic charge/discharge profile. (c) Specific capacitance at different current densities. (d) Nyquist plot of the electrochemical impedance spectra. Inset: Magnification of the
high frequency region. (e) Ragone plots of the symmetric supercapacitor. (f) Charge/discharge cycling test at a current density of 6 A g�1.
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composites electrode derived from disposable bamboo chopsticks
have been successfully designed and synthesized. The carbon fibers
were used as excellent substrate to support high specific surface
area for attachment of MnO2 and provide reliable electrical
connection. The resultant MnO2 on surface of CFS demonstrates
nanoparticles with the diameter of 20e50 nm. As a self-supported
electrode for supercapacitors, CFS/MnO2 electrode exhibits much
higher specific capacitance of 375 F g�1 at current density of 1 A g�1.
Moreover, the excellent cycling stability of 110.3% retention is ob-
tained after 5000 cycles. These fascinating electrochemical prop-
erties could be due to the fact: 1) the MnO2 nanoparticles can
greatly shorten the diffusion distance of the electrolyte ions during
the charge/discharge process, improving the electrochemical uti-
lization of MnO2; 2) the reliable electrical connections between the
particular carbon fibers structure and MnO2 can facilitate the
charge transfer, leading to a high cycle stability. Further, the sym-
metric supercapacitor comprised of CFS/MnO2 electrodes presents
a maximum energy density of 11 Wh kg�1 and a maximum power
density of 17.4 kW kg�1. And these impressive results suggest that
this well-designed nanostructured carbon fibers/MnO2 composites
in this work might give a new insight into the development of
sustainable and environmental friendly energy storage devices.
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