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H
ydrogels and aerogels are two
types of gels consisting of three-
dimensional (3D) nanostructural solid

networkswith different infillingmediums in the
interspaces, that is, water and air.1 The open
3D networks with continuous nanopores in
the gels can provide efficient diffusion/mass
transfer of liquid/gas phase analytes or
substrates.1,2 Because of the unique proper-
ties, such as good osmotic property, high
water absorptivity, and good elasticity, hy-
drogels are expected to have excellent per-
formance as adsorbents,3 materials for
biomedical applications,4 sensors,5 catalyst
supports,6 electrode materials for batteries,
and supercapacitors.7,8 The properties of
high surface area, high porosity, and low
density in aerogels could lead to promising
applications in many fields such as electro-
des and catalysts.9 Hydrogels can be trans-
formed to aerogels by replacing the liquid
solvent in the hydrogels or otherwet gels by

air without collapsing the 3D network struc-
ture.1 Conventional methods for preparing
aerogels often involve template (hard tem-
plate or soft template), expensive chemicals,
and supercritical drying.1,10,11 Moreover, the
prepared aerogels are also associated with
the problems of poor mechanical stability.
Thus, developing an environmental friendli-
ness and low-cost approach to robust aero-
gels is still challenging.
Many efforts have been made aiming to

synthesize new types of carbonaceous gels
withmultiple applications and, more impor-
tantly, to develop novel synthetic methods.
Recently, carbonaceous gels based on cel-
lulose fibers,12,13 carbon nanotubes,14,15 and
graphene16,17 have been successfully fabri-
cated by different methods, including
freezing�thawing,12 hard template,13 soft
template,14,15 hydrothermal treatment,16

and freeze-drying.17 Among thesemethods,
hydrothermal treatment is considered as a

* Address correspondence to
anwuxu@ustc.edu.cn,
xkwang@ipp.ac.cn.

Received for review February 2, 2013
and accepted March 26, 2013.

Published online
10.1021/nn400566d

ABSTRACT As a newly developed material, carbon gels have been receiving

considerable attention due to their multifunctional properties. Herein, we present

a facile, green, and template-free route toward sponge-like carbonaceous

hydrogels and aerogels by using crude biomass, watermelon as the carbon source.

The obtained three-dimensional (3D) flexible carbonaceous gels are made of both

carbonaceous nanofibers and nanospheres. The porous carbonaceous gels (CGs) are

highly chemically active and show excellent mechanical flexibility which enable

them to be a good scaffold for the synthesis of 3D composite materials. We

synthesized the carbonaceous gel-based composite materials by incorporating

Fe3O4 nanoparticles into the networks of the carbonaceous gels. The Fe3O4/CGs composites further transform into magnetite carbon aerogels (MCAs) by

calcination. The MCAs keep the porous structure of the original CGs, which allows the sustained and stable transport of both electrolyte ions and electrons

to the electrode surface, leading to excellent electrochemical performance. The MCAs exhibit an excellent capacitance of 333.1 F 3 g
�1 at a current density of

1 A 3 g
�1 within a potential window of �1.0 to 0 V in 6 M KOH solution. Meanwhile, the MCAs also show outstanding cycling stability with 96% of the

capacitance retention after 1000 cycles of charge/discharge. These findings open up the use of low-cost elastic carbon gels for the synthesis of other 3D

composite materials and show the possibility for the application in energy storage.

KEYWORDS: carbon materials . hydrogel . aerogel . mechanical properties . supercapacitors

A
RTIC

LE



WU ET AL. VOL. 7 ’ NO. 4 ’ 3589–3597 ’ 2013

www.acsnano.org

3590

green and inexpensive route toward carbonaceous
gels. As a sustainable and renewable material, biomass
(carbohydrates or crude plants) can be directly trans-
formed into carbon materials by a well-established
hydrothermal carbonization (HTC) process under mild
heating conditions. HTC carbon materials have shown
a variety of potential applications in many fields such
as drug delivery, catalysis, energy storage, water pur-
ification, gas sensor, and CO2 sequestration.18,19 For
example, Zhao et al. fabricated nitrogen-containing
hydrothermal carbons by using D-glucosamine as a
biomass precursor, which showed excellent perfor-
mance for supercapacitors.20 Herein, a cheap, green,
and template-free HTC method has been developed
for the first time to fabricate sponge-like carbonaceous
hydrogels and aerogels by using watermelon, a com-
mon fruit, as the carbon source. Compared with the
other methods for hydrogel and aerogel preparation,
our synthetic method shows some significant advan-
tages: (1) the carbonaceous gels are prepared by a
totally green syntheticmethodwithout using any com-
mercial chemicals,which can increase thebiocompatibility

and broaden their applicability for biomedical applica-
tions; (2) one-step synthesis is achieved by using cheap
and ubiquitous biomass as the carbon source; and (3)
the prepared carbonaceous gels showed extraordinary
flexibility as well as high chemical reactivity, which
endow them great application potential.
A large number of oxygen-containing functional

groups on the surface of carbonaceous gels (CGs)make
it easily processable, which leads to easy preparation of
the 3D carbonaceous gel-based nanocomposites, that
is, decorating the 3D CGs with other nanoparticles.
Considering that carbonaceous gelsmay act as a cheap
and soft platform, we synthesized Fe3O4/CGs compo-
sites by a facile solution approach. The 3D porous
structural CGs served as the scaffold, and Fe3O4 nano-
particles were evenly embedded into the networks of
CGs. After calcination, the Fe3O4/CGs composites were
transformed to the corresponding magnetite carbon
aerogels (MCAs). The MCAs are of good conductivity
and keep the porous structure of the original CGs,
providing a short movement path for both electrolyte
ions and electrons during the electrochemical process.

Figure 1. (a) Photographs of the carbonaceous hydrogel monoliths with different volumes and the corresponding
carbonaceous aerogel block. SEM images (b,c), TEM images (d,e), FT-IR spectra (f), XPS survey (g), and core-level C 1s (h) of
the carbonaceous gels.
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Thus, the obtained composite materials may have
great potential in energy storage.

RESULTS AND DISCUSSION

The sponge-like carbonaceous hydrogel (CG) was
prepared by a simple one-pot hydrothermal process
directly from the soft tissue biomass of watermelon.
The volumes of the CG monolith can be tuned from
10 mL to 1 L by cutting the fresh watermelon into
different sized monoliths and using the corresponding
volumetric autoclaves. The CG monoliths with the
volumes of 15 mL and 1 L are shown in Figure 1a. It
can be seen that the black carbonaceous hydrogels
have rough surfaces and can be easily cut into smaller
sizes. For preparing carbonaceous aerogels, the
obtained CG monolith was first cut into smaller sizes
by a sharp knife and then freeze-dried to remove the
absorbed water. After the freeze-drying process, the
color of the carbonaceous hydrogels turned from black
to brown (Figure 1a). The mass density of the wet
hydrogel and the dry aerogel was measured to be
about 1.05 and 0.058 g/m3, respectively. Thus, the
water content in the hydrogel accounts for more than
90% of its weight. In addition, there is no obvious
shrinkage observed for the obtained aerogel as com-
pared to the original hydrogel after freeze-drying
(Figure 1a). The field emission scanning electron
microscopy (FE-SEM) and the transmission electron
microscopy (TEM) were applied to look into the micro-
structure of the CGs. SEM images reveal that the
obtained CGs consist of both a global catenulate
carbon network and a carbon nanofiber cross-linked
carbon nanosphere network that together constitute
the 3D porous structure (Figure 1b,c). During the
hydrothermal reaction, carbohydrates in the water-
melon polymerize and carbonize to form carbonac-
eous nanospheres and nanofibers while fibrous
watermelon tissues are converted to a large catenulate
carbon structure. TEM images further show the inter-
connected networks of the CGs with many irregular
ligaments and branches consisting of cross-linked
nanospheres and nanoparticles (Figure 1d,e). The
pores created by the interconnected networks ob-
served from the TEM images vary from several nano-
meters tomicrometers, and the average pore diameter
was measured to be 45.8 nm, which is located in the
micropore (<50 nm) region. The presence of a large
number of micropores in the CGs allows the efficient
diffusion/mass transfer of liquid/gas phase of other
components, leading to potential applications as ad-
sorbents as well as substrates.
The surface functional groups of the obtained CGs

were identified by Fourier transform infrared (FT-IR)
spectroscopy, as shown in Figure 1f. The broad and
strong band at 3420 cm�1 is attributed to the O�H
stretching vibrations. The observed bands at 1697 and
1625 cm�1 are attributed to the CdO and CdC

stretching vibrations, respectively, indicating the ex-
istence of furanic and aromatic groups.21,22 The bands
at about 1454 cm�1 can be attributed to either car-
boxylic O�H deformation vibration or C�H bending
vibration.22 The bands at 1100 and 880 cm�1 can be
ascribed to the C�O�C stretching vibration and de-
formation vibration of vinyl C�H, respectively.23 From
the FT-IR analysis, the existence of a large number of
functional groups such as hydroxyl, carbonyl, carboxyl,
and aromatic groups on the surface of CGs can be
deduced. The X-ray photoelectron spectroscopy (XPS)
was applied to further verify the aforementioned oxy-
gen-containing groups. The high content of the C and
O elements in the CGs was observed by the photoelec-
tron lines at binding energies of about 285 and 711 eV,
attributed to C 1s andO 1s, respectively, as displayed in
the wide scan XPS spectrum in Figure 1g. The decon-
voluted C 1s spectra show the presence of four differ-
ent carbon groups: graphitic carbon at 284.6 eV (CdC),
alcohol, phenolic, and ether groups at 286.5 eV (C�O),
the carbonyl carbon at 287.9 eV (CdO), and ester or
carboxyl groups at 288.4 eV (CdO�C) (Figure 1h).24

The XPS analysis also confirms the existence of a large
number of oxygen functional groups on the surface of
CGs. The presence of oxygen functional groups could
be due to the incomplete carbonization of the carbo-
hydrates (i.e., glucose) at a temperature as low as
160�200 �C during the hydrothermal treatment
process.1

The mechanical properties of the CGs were system-
atically investigated by the dynamic viscoelastic mea-
surements and the compression tests. As shown in
Figure 2a, both the carbonaceous hydrogel and the
aerogel can be compressed, and their original dimen-
sions after the release of compression can be easily
recovered. The dynamic viscoelastic measurements of
the carbonaceous hydrogel (Figure 2b) show that the
storage modulus value is much higher than the loss
modulus value over the entire angular frequency
(1�100 rad 3 s

�1), which reveals that the elastic re-
sponse is predominant, implying that the carbonac-
eous hydrogel has a permanent network.16

The loss modulus value of the carbonaceous hydro-
gels slightly changes and does not cross over each
other in the entire tested frequency range, indicating a
highly cross-linking structure of the gel.16 These results
are consistent with the SEM and TEM observations. The
value of the storage modulus at 10 rad 3 s

�1 is about
948.5 kPa which is much higher than that of the CNTs
hydrogel,25,26 graphene hydrogel,16,24 carbonaceous
fiber hydrogel,1 andnanocellular hydrogel.27 Cyclic stress�
strain curves show that both the hydrogel and aerogel
can sustain large strain deformations (over 50%).
Figure 2c shows the compressive stress�strain curve
for the carbonaceous hydrogel at a set strain (ε) of 60%
with maximal stress of 23.8 kPa. The curve contains an
initial linear region at ε < 30% and then gradually
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increases to a plateau until a strain of up to 60%.
The unloading curve also shows that the compressed
carbonaceous hydrogel can almost complete recovery
of its original volume, as can be clearly seen from the
digital pictures in Figure 2a. The compressive stress�
strain curve for the carbonaceous aerogel at ε = 50%
shows higher maximal stress at about 100 kPa
(Figure 2d). The strong mechanical properties of both
the CGs could be attributed to their unique intercon-
nected 3D network structure, suggesting that the CGs
have potential applications as substrates for the synthe-
sis of robust 3D functional composite materials.
Inspired by the idea that the flexible and chemically

active CGs can be used as a platform for the synthesis
of functional composite materials, we fabricated
Fe3O4/CG composite materials by a facile one-step
solution reaction (see Methods section). After that,
the obtained Fe3O4/CG composites were transformed
into magnetite carbon aerogels (MCAs) by calcination.
SEM image (Figure 4a) shows the catenulate carbon
network and carbon nanosphere network of the MCAs,
indicating that MCAs keep the porous structure of the
original CG after the calcination process. TEM image
(Figure 4b) further reveals the porous structure of the
MCAs and shows the embedded Fe3O4 nanoparticles

in the 3D carbon networks. From the magnified TEM
image (Figure 4c), it can be observed that the small
Fe3O4 nanoparticles with average size of about 9 nm
were evenly incorporated into the carbon substrate.
Figure 4d shows the XRD pattern of the MCA compo-
sites. The characterized peaks at about 2θ = 30.2, 35.6,
43.2, 53.4, 57.5, and 62.7� can be assigned to the phase
of Fe3O4 (JCPDS 75-0033).

28 The presence of C, O, and

Figure 2. Mechanical properties of the obtained carbonaceous hydrogel and aerogel. (a) Digital photographs illustrating the
compressive properties of the hydrogel and aerogel. (b) Dynamic rheological behavior of carbonaceous hydrogel.
Compressive stress�strain diagrams of the hydrogel (c) and aerogel (d) at a maximum strain of 60 and 50%, respectively.

Figure 3. XPS survey of the obtained MCAs, indicating the
presence of C, O, and Fe elements.
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Fe elements in the MCA composites was confirmed
by the XPS analysis (Figure 3). The Fe 2p spectrum
(Figure 4e) shows two characteristic peaks at about
724.4 and 710.9 eV, with a spin energy separation of
13.5 eV, which are attributed to the Fe 2p1/2 and Fe 2p3/2
for Fe3O4, respectively.28,29 The room temperature
magnetization curve of MCAs was measured in an
applied magnetic field from �20 000 to 20 000 Oe
(Figure 4f). The specific saturation magnetization (Ms)
and magnetic remanence (Mr) of MCAs are 26.6 and
1.4 emu 3 g

�1, respectively. The small Mr value indi-
cates that MCAs exhibit a superparamagnetic beha-
vior. It is advantageous that no magnetization
remains when the appliedmagnetic field is removed.
The inset in Figure 4f shows that the lightweight
MCA monolith could be lifted by a magnet, which
also demonstrated the magnetic properties of the
MCA sample.
The obtained MCAs were further applied as elec-

trode materials for supercapacitors. The electrochemi-
cal properties of MCAs were investigated by using
cyclic voltammogram (CV) and galvanostatic charge/
discharge measurements within the potential window
of �1.0 to 0 V in 6 M KOH aqueous solution with a
three-electrode system. The CV curves measured at
potential sweep rates of 5�100 mV 3 s

�1 are shown in
Figure 5a. The CV curve of the MCAs at a scan rate of
5 mV 3 s

�1 has asymmetric shape, which could be due to
the contribution of the pseudocapacitance from Fe3O4

nanoparticles to the total capacitances.30 The specific
capacitances of MCAs obtained from the CV curves are
calculated by the equation C = (

R
Idv)/(υmV), where C is

the specific capacitance (F 3 g
�1), I is the current (A), V is

the potential window (V), υ is the scan rate (mV 3 s
�1),

and m is the mass of the sample used for the electro-
chemical test (g). The calculated specific capacitances
at different scan rate are present in Figure 5b. The
MCAs show specific capacitances of 369.2 and 142.3
F 3 g

�1 at a scan rate of 5 and 100 mV 3 s
�1, respectively.

The obtained specific capacitance at a scan rate of
5 mV 3 s

�1 is higher than that of the Fe3O4/graphene
nanocomposites (341 F 3 g

�1).31 Charge/discharge be-
havior of the MCA electrode was also tested at current
densities from 0.5 to 10 A 3 g

�1. The charge/discharge
curves exhibit almost triangular shape with a small
internal resistance (IR) drop at current density of
0.5 A 3 g

�1 (Figure 5c), implying a high degree of
symmetry in charge and discharge.32 The presence of
the IR drop at the beginning of discharge is usually
associated with the equivalent series resistance (ESR)
phenomenon.33 The specific capacitances of MCAs can
be calculated from the discharge curves by the equa-
tion C = (IΔV)/(mΔV),34 where I is the constant dis-
charge current (A), Δt is the discharging time (s), and
ΔV is the discharge voltage excluding the IR drop (V).
The specific capacitances of MCAs from the discharge
curve are calculated to be 337.2 and 333.1 F 3 g

�1 at a
current density of 0.5 and 1 A 3 g

�1, respectively. The
above specific capacitances obtained from the charge/
discharge measurements are consistent with those
calculated by the CV curves. When discharge current
density increases to 6 A 3 g

�1, the MCAs still exhibited
considerable capacitances of 222.3 F 3 g

�1. The specific
capacitance of MCAs obtained at a current density of
1 A 3 g

�1 is comparable to that of Fe3O4/graphene
nanosheets (358 F 3 g

�1, 6 M KOH electrolyte)31 and

Figure 4. (a) SEM image of theMCA sample. TEM images of theMCAs at low (b) and high (c)magnification. XRDpattern (d), Fe
2p XPS spectrum (e), and room temperature magnetic hysteresis loops (f) of the MCAs. The inset shows the lightweight MCA
monolith lifted by a magnet.
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MnO2/chemically modified graphene composites
(389 F 3 g

�1, 1 M Na2SO4)
35 and much higher than that

of many other carbon-based materials such as N-doped
carbon fibers (202.0 F 3 g

�1, 6 M KOH electrolyte),36

Co3O4/r-GO composites (163.8 F 3 g
�1, 6 M KOH

electrolyte),37 and N-doped hollow graphitic carbon
spheres (260 F 3 g

�1, 2 MH2SO4 electrolyte).
38 The high-

rate capability also ensures its high energy density,
which could be due to the interconnected 3D porous
structure of MCAs, providing a short diffusion path for
electrolyte ions.39 The volumetric storage capacity of
MCAs was also measured. The value of the volumetric
capacitance is about 30.3 F/cm3, which is much lower
than the corresponding gravimetric capacitance. The
volumetric capacitance value is lower than that of
hierarchical porous carbons (54 F/cm3)40 and activated
carbon/carbon nanotube composites (47 F/cm3)41 but
higher than that of carbon nanotubes (<16 F/cm3).42,43

This relatively low volumetric performance of MCAs
could be attributed to its low mass density due to the
presence of a large number of micropores. In order to
evaluate the durability of the MCAs, a repetitive
charge/discharge test of the electrode at current den-
sity of 1 A 3 g

�1 over 1000 cycles was carried out. As
shown in Figure 5d, the MCAs exhibit the capacitance
of 333.1 F 3 g

�1 at the first cycle and 322.3 F 3 g
�1 at the

1000th cycle; that is, it maintains 96% of the initial
capacitance after 1000 charge/discharge cycles.
The high durability of the electrode could be as-
cribed to the robust 3D structure of the MCAs
which allow the sustained and stable transport of
both electrolyte ions and electrons to the elec-
trode surface. The inexpensive raw materials used,
the high capacitance, and good cycling stability
offer MCAs as promising electrode materials for
supercapacitors.
To further investigate the behavior of the MCA

electrode for supercapacitors, the electrochemical im-
pedance spectroscopy (EIS) analysis was carried out in
a frequency range from0.01 Hz to 0.1MHz. TheNyquist
plot of the MCA is shown in Figure 6. The inset shows
the equivalent circuit for the fitting of the EIS data,
where Rs is the solution resistance, Cdl is a double-layer
capacitor, Rct is the charge transfer resistance,W is the
Warburg impedance, and CL is the limit pseudo-
capacitor.32 It can be observed that the Nyquist plot
has two distinct parts, a semicircle part at high fre-
quency and a linear part at low frequency. At high
frequency, the solution resistance and the charge
transfer resistance can be obtained from the intercept
at real axis (Z0) and the semicircle intercepts in the
Nyquist plot, respectively.34 The Rs and Rct for the MCA

Figure 5. (a) Representative cyclic voltammetry (CV) curves of MCAs electrode. (b) Calculated specific capacitances from the
CV curves at different scan rates. (c) Charge/discharge curves of the MCA electrode at different constant current densities.
(d) Cycle life of MCA electrode at a charge/discharge current density of 1 A 3g

�1 for 1000 cycles.
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electrode were measured to be 4.4 and 8.7 Ω, respec-
tively. In the middle frequency, the inclined portion of
the curve (about 45�) is ascribed to the Warburg
impedance, which is responsible for the frequency
dependence of ion diffusion/transport from the
electrolyte to the electrode surface.44 The magni-
tude of ESR obtained from the intercept of the
Nyquist plot is about 12.2 Ω, which is responsible
for the IR drop at the beginning of discharge, in
accordance with the results of the charge�discharge
experiment.33

SUMMARY AND CONCLUSIONS

We have developed a simple and efficient method
for preparing low-cost carbonaceous flexible hydro-
gels and aerogels by using crude biomass watermelon
as the carbon source. The carbonaceous gels have a 3D
porous structure and exhibit high chemical activity and
robust mechanical properties, providing tremendous
potential as scaffold for synthesizing 3D composite
materials. We further fabricated the carbonaceous gel-
based compositematerials by embedding Fe3O4 nano-
particles into the networks of the carbonaceous
gels. The results show that theMCA compositematerial
is beneficial for the transportation of both electrolyte
ions and electrons, leading to high electrochemical
performance. The MCAs exhibit excellent capacitance
of 333.1 F 3 g

�1 at a current density of 1 A 3 g
�1 and

outstanding cycling stability with 96% of the capaci-
tance retention after 1000 charge/discharge cycles.
Our results demonstrate that the obtained elastic
carbonaceous gels can be a predominant substrate
to synthesize other 3D composite materials with ex-
cellent integrated properties. Furthermore, benefiting
from the 3D porous structure, the low cost of the
precursors, and the green route, the obtained flexible
carbonaceous gels offer very attractive prospects and
could be extended to the applications as adsorbents,
supporter for sensors, and biomedical materials.

METHODS
Synthesis of Carbonaceous Gels and Magnetite Carbon Aerogels. The

carbonaceous hydrogel was prepared by a simple one-pot
hydrothermal reaction. Watermelon was first cut into the
appropriate volume and then put into a Teflon-lined stainless-
steel autoclave. After that, the autoclave was put into an oven
and heated at 180 �C for 12 h. Black carbonaceous hydrogel
monolith was obtained after the hydrothermal reactions. The
product was immersed in water and ethanol for several days
to remove the soluble impurities. The corresponding carbo-
naceous aerogel was obtained by cutting the carbonaceous
hydrogel monolith into small pieces followed by freeze-
drying. To prepare the MCAs, a piece of carbonaceous aero-
gel with a dimension of about 2 � 3 � 3 cm3 was fully
immersed in a 20 mL aqueous solution containing 1.30 g of
FeCl3 (8 mmol) and FeSO4 3 7H2O (1.25 g, 4.5 mmol) for 15 min
under N2 protection. The mixture was heated to 80 �C, and a
large amount of N2 was introduced into liquid to stir the
liquid. After that, 10 mL of 30% ammonia solution was added
to the mixture and kept at 80 �C for 30 min. At last, 3.0 g of
trisodium citrate was added to the solution while the tem-
perature increased to 95 �C. The obtain Fe3O4/carbonaceous,
hydrogel composites were rinsed by Milli-Q water and dried
in an oven at 70 �C. To obtain the MCAs, the above Fe3O4/
carbonaceous hydrogel composites were calcined in N2

atmosphere at 550 �C for 4 h.
Characterization. Field emission scanning electron micro-

scopy (FE-SEM) (JEOL JSM-6330F) and transmission electron
microscopy (TEM) (JEOL-2010) were applied to look into
the microstructure of the carbonaceous gels and MCAs.
The surface states of the carbonaceous gels and MCAs
were characterized by X-ray photoelectron spectroscopy
(XPS) (VG Scientific ESCALAB Mark II spectrometer). Fourier
transform infrared (FT-IR) spectra (Nicolet Magana-IR 750

spectrometer) were used to determine the surface func-
tional groups of the carbonaceous gels. The X-ray diffrac-
tion (XRD) pattern of the sample was recorded on a Philips
X'Pert Pro Super X-ray diffractometer (Cu KR source,
λ = 1.54178 Å). The magnetic property of the MCAs was
investigated by amagnetometer (QuantumDesignMPMS XL)
at 300 K with an applied magnetic field of 20 kOe. The
mechanical properties of the carbonaceous gels were inves-
tigated by the dynamic viscoelastic measurements and the
compression tests on an dynamic mechanical analyzer (DMA
Q800, TA Instruments, USA) using a double cantilever mea-
suring mode.

Electrochemical Measurements. All electrochemical experi-
ments were carried out on a CHI660a electrochemical work-
station (Shanghai Chenhua Instruments Co.) at room tem-
perature. The working electrode was prepared by loading a
slurry containing 80 wt % MCA (about 2 mg), 10 wt %
poly(vinylidene fluoride) (PVDF) (in N-methylpyrrolidone),
and 10 wt % acetylene black on a nickel foam. After the
electrode materials were loaded, the working electrode was
pressed and dried in vacuum at 80 �C for 12 h. In a three-
electrode system, the above loaded nickel foam as working
electrode was investigated with a Pt counter electrode and
Ag/AgCl reference electrode in 6 M KOH solution as the
electrolyte. CV curves were obtained in the potential range
of �1.0 to 0 V vs Ag/AgCl by varying the scan rate from 5 to
100 mV 3 s

�1. Charge/discharge measurements were carried
out with a constant current at 0.5�10.0 A 3 g

�1 with a poten-
tial window of �1.0 to 0 V. Electrochemical impedance
spectroscopy (EIS) measurements were conducted for the
working electrode in a frequency range of 100 kHz to 0.01 Hz
with ac perturbation of 5 mV. The EIS data were analyzed
using Nyquist plots, which represent the imaginary part (Z0)
and real part (Z00) of impedance.

Figure 6. Nyquist curves and inset showing the electrical
equivalent circuit used for fitting the impedance spectra.
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