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Supercapacitor electrodes assembled from
meso/macroporous camphor-derived carbon sponges show
highly-promising performance in ac line-filtering. The coin-
type supercapacitor exhibits ultrafast frequency response
with a phase angle of -78° and a RC time constant of 319 ps at
120 Hz and may be a viable alternative to the presently

dominant aluminium electrolytic capacitors.

The domestic ac electricity is generated at a frequency of either
50 or 60 Hz. However, when nonlinear loads are connected in
the circuitry, higher-order harmonics (typically >120 Hz) can
be induced, which are detrimental to the electronic devices in
use.["! This problem is rectified by using aluminium electrolyte
capacitors (AECs) in the ac line-filtering, which provide buffers
to filter out higher-order harmonics and protect against
electrical power surges and spikes in automobile, portable
electronic, and medical devices.” However, because of their
low specific capacitance, AECs often occupy the largest space
and volume in the electronic circuits.

Supercapacitor is an emerging type of capacitive device
with very high specific capacitance (usually 2—5 orders of
magnitude higher as compared to that of AECs). It shows great
promise to replace AECs inac line filter by significantly
reducing the size and volume of capacitive components.l*®
However, in most cases, supercapacitor behaves like a resistor
at 120 Hz when introduced into the transmission lines.!*! This
poor frequency response is mainly due to the high RC time
constant (>0.1 s) associated with the high electrochemical
series resistance and the microporous structure of
supercapacitor electrodes.”™ It is thus necessary to improve the
frequency response of supercapacitor before it can be

implemented in ac line filter.
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A range of materials including onion-like carbon, carbide
derived carbon, polymers, and metal oxides have been explored
to fabricate the electrodes for supercapacitors with improved
frequency response.’'?! In particular, graphene and carbon
nanotubes (CNTs) have shown promising performance for
high-rate supercapacitors.[*'*'*1 Nevertheless, the fabrication
methods associated with graphene and CNTs suffer from high
cost and complicated processes. Moreover, graphene sheets and
carbon nanotubes often aggregate when immersed in the
electrolyte due to the strong van der Waals’ interactions,
resulting in excessive inaccessible pores and impaired ion
transport,[1%:16:20724]

The frequency response of supercapacitor can be generally
tackled by fabricating high surface area electrodes with
meso/macroporous  structure and controlled pore
distribution.”>?*! In this work, we report for the first time a

size

highly conductive carbon sponge exhibiting meso/macroporous
structure. The material is obtained via the pyrolysis of camphor,
a low cost source of carbon, followed by a facile freeze-drying
approach to control the porosity through varying surfactant
concentration. The carbon sponges show a typical 3-D
hierarchical structure with tuneable distribution of meso- and
macro-pores, facilitating good ion mobility and fast ion
transport for supercapacitor applications.

All the chemicals used in the present study were of reagent
grade obtained from Nice Chemicals, India. Carbon nanobeads,
obtained by pyrolyzing camphor in air, were used as the
starting material for synthesizing carbon sponges.”” The
morphology, size distribution, XRD and Raman spectra, and
the formation mechanism of camphoric carbon nanobeads are
given in the ESI Figures S1 and S2. Then, 100 mg carbon
nanobeads were blended in waterwith 1 wt% PVA binder and
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sodium dodecyl sulphate (SDS) as thesurfactant. Depending on
the concentration of surfactant, three samples S-1, S-2, and S-3
were prepared. These dispersed solutions were then lyophilized
at -20 °C for 24 h and the corresponding carbon sponges were
obtained.

structural characterizations were
performed using scanning electron microscopy (SEM; JEOL,
JSM-6390LV), high-resolution transmission electron
microscopy (HR-TEM; JEOL, JEM-2100F), Fourier transform
infrared spectroscopy (FT-IR; Thermo Nicolet, Avatar 370) and
X-ray diffraction analyses (XRD; X’Pert PRO Analytical).
Surface area measurements were carried out using a BET
surface area (Quantachrome Nova). For the
electrochemical characterizations, two-electrode coin-type cells
(CR2032) were assembled by cutting the sponge samples into

Morphological and

analyzer

pieces of 16 mm in diameter. The mass loading of each single
electrode was ~1.5 mg cm™. The electrodes were soaked in 1M
KOH electrolyte. A polypropylene (PP; BATSOL) film was
used as the separator. Activated carbon-based supercapacitors
was also assembled in a conventional way as the control
sample, where a slurry of activated carbon with PVDF as the
binding polymer were used to fabricate the electrodes.
Aluminium electrolyte capacitors (AECs) were purchased from
Keltron, India. Cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge-
discharge were performed to evaluate the performance of
supercapacitor using an electrochemical workstation (Metrohm;
Autolab PGSTAT302N).

Figure 1.
concentrations at (a,d) 0.5, (b,e) 0.75, and (c,f) 1 wt%.
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Figure 1a-c shows the SEM images of carbon sponges of S-
1, S-2 and S-3 lyophilized with different SDS surfactant
concentrations at 0.5, 0.75 and 1 wt%, respectively. The density
of samples was determined to be ~5-8 mg/cm’. Figure 1d-f
shows the magnified images of S-1, S-2, and S-3, respectively.
It is observed that, as the surfactant concentration increased
from 0.5 to 1 wt %, carbon sponge exhibited larger pores and a
higher degree of meso/macroporosity. Raman spectra of the
sponges showed similar D and G peaks as that of carbon
nanobeads, indicating that no significant phase change occurred
during the lyophilization process (ESI Figure S3). In addition,
four-point probe measurements showed a high electrical
conductivity of ~10 S cm™ for these carbon sponge-based
electrodes derived from camphor.

BET
investigate the porosity of the carbon sponges. Figure 2a shows
the N, adsorption—desorption isotherms of carbon sponges S-1,
S-2, and S-3. The isotherms displayed type IV isotherm with
type H2 hysteresis, indicating a complex hierarchical porous
network with anisotropic shapes. The surface area obtained for
the samples S-1, S-2 and S-3 are 186, 213 and 248 ng'l,
respectively. As the concentration of SDS surfactant increased
from 0.5 to 1 wt%, the hysteresis shifted to higher values of
P/P,, suggesting an increase of the maximum pore size. The
associated increase in meso/macroporous volumes is considered
beneficial for ionic conductivity.

surface area analyses were also performed to

Figure 2b shows the pore size distributions of carbon
sponges S-1, S-2 and S-3. A broader size distribution with the
peak shifting into the macroporous regime (>50 nm) was
observed when the surfactant concentration was increased from
0.5 to 1 wt%. In particular, S-3showed a bimodal size
distribution of pores in the mesoporous (2-50 nm) and
macroporous (>50 nm) regimes. Clearly, surfactants played an
important role to tailor the texture of porous carbon sponges. It
is known that when the concentration of SDS is above the
critical micellar concentration (CMC), a substantial aggregation
of micelles could be induced.”®! These micelles are likely to be
in spherical shapes and form cylindrical structures at a higher
concentration, thereby shifting the pore size distribution of

carbon sponges towards the macroporous regime after
lyophilization.!*”!
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Figure 2. (a) Adsorption isotherms and (b) pore size distribution

of all samples S-1, S-2, and S-3.

Symmetric coin-type cells in a two-electrode configuration

were constructed using these sponges and the EIS spectra were
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obtained at the frequency range of 0.1 Hz to 100 KHz[***!

Figure 3a shows the Bode plot of all carbon sponges. In
general, the phase angle ® at 120 Hz can be used as a “figure-
of-merit” to evaluate the ac line-filtering performance./*! One
can see that when the SDS concentration was increased from
0.5 wt% of S-1 to 1 wt% of S-3, the phase angle ® increased
from -65° to -78° at 120 Hz, respectively. This indicated that
the device behaved more like a capacitor rather than a resistor
(D=-90° for ideal capacitor and ®=0° for ideal resistor). Figure
3b compares the frequency response of S-3 with that of AEC
and activated carbon-based supercapacitor.’*) The ® of S-3
carbon sponge (-78°) was much larger that of activated carbon-
based capacitor (~0°) and was comparable to that of AEC
(85.5%).'"° In addition, the resistance and reactance of the
capacitor reach an equal value at the phase angle of -45°. It is
thus also important to compare the frequency of different
electrodes at this phase angle. Notably, the impedance phase
angle of S-3 reached -45° at 4.2 KHz, which was much higher
than those of supercapacitors based on activated carbon (0.05
Hz)™? or CNTs (636 Hz).["”!

Figure 3c-d shows the Nyquist plot of S-3, where a nearly
vertical line was observed in the whole frequency region. The
plot intersected with the real axis at an angle much larger than
45°, suggesting of microporous
behavior.! Moreover, a semicircle that is associated with

the absence electrode
charge transfer at the interface of electrode and electrolyte was
not observed, indicating fast ion diffusion in the present case.

Because of the capacitive behavior at low frequencies, a
series RC circuit model can be used to simulate the resistive
and capacitive components of the electrode. In this model,
capacitance can be calculated by C=-1/(2zfZ”), where f'is the
frequency in Hz and Z” is the imaginary part of the impedance
spectrum.'® As shown in Figure 3e, the capacitance increased
from 5 to 269 pF cm™ when the frequency was decreased from
10° to 10 Hz. The RC time constant was calculated to be 319 ps
at 120 Hz, with the capacitance of 172 pFem™and the resistance
of 1.86 Q as obtained from the Figure 3c. Such a small RC time
constant of the sponge-based supercapacitor holds a great
potential in ac line-filtering applications as the maximum time
constant for filtering all the 5™ and higher order harmonics
(>120 Hz) is 8.3 ms.**! Moreover, a specific capacitance (C,)
value of 172 uF cm™ was obtained at 120 Hz, which is several
times higher than that of the filters based on the bare nickel
electrodes (25 uF cm)? or bare gold electrodes (11 pF cm™).'¢
The ultrafast frequency response can be attributed to the larger
pore size in the meso/macroporous carbon sponges induced at a
higher surfactant concentration (see Figures 1 and 2).
Moreover, the high C; can be attributed to good ion adsorption
with improved ion accessibility into the 3D interpenetrating
macroporous structures.[+16:3433]

The minimal time required to fully discharge a
supercapacitor with >50% of its peak value is the relaxation
time constant 1, (note that this is different from the above RC
time constant), which is obtained from the frequency at a

maximum C”, the imaginary capacitance as depicted in Figure

This journal is © The Royal Society of Chemistry 2015
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3£.8Y ¢ as low as 371 ps (i.e, 2.7 kHz) was found for S-3
sample, confirming the fast ion diffusion of the system. This
value is smaller than most of the previously reported high-rate
supercapacitors based on various nanomaterials, such as onion-
like carbon (26 ms),”! multi-layered graphene film (13.3
ms),!"and CNTs (1.5 ms).!'™

¢ h Frequerl;;(Hz) b
Figure 3.(a) Bode plots of the impedance phase angles for S-1,
S-2, and S-3. (b) Comparison of the frequency response of S-3
with AEC and activated carbon-based supercapacitor. (c,d)
Nyquist plot of S-3. (e) Specific capacitance and (f) real and
imaginary parts of the capacitance of S-3 as a function of
frequency.

10’ 10° w0’ 10
Frequency (Hz)

Electrochemical characteristics of all the samples have also
been analysed using CV tests at a scan rate of 20 mVs™ in the
IM KOH electrolyte (ESI; Figure S4). All sponges showed
symmetric curves resulting from the fast and reversible ion
adsorption and desorption. As compared to the CV curves of
commercial AECs (ESI; Figure S7), these curves showed
reversible redox peaks with a shape that was deviated from the
typical rectangular CV shape. This is due to the surface
functional groups presented during the preparation of carbon
sponges. To confirm this, FTIR spectrum of S-3 is shown in
Figure S5 (ESI). The spectrum showed O-H stretching (3200-
3400 cm™), C=0 and C-O stretching (1629 cm™) and aromatic
C=C stretching (1400-1600 cm™). The bands corresponding to
anti-symmetric and symmetric stretching vibrations of =CH,
were also seen at 2925 and 2853 cm”', respectively.?*! These
vibrational bands indicated the presence of graphitic carbon as
well as the residual oxygen functional groups, possibly resulted
from the strongly oxidative atmosphere during the camphor
pyrolysis. The presence of functional groups can not only
improve the electrode wettability in aqueous electrolytes,
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resulting in higher ion mobility and faster ion transport, but also
contribute to the pseudocapacitance arising from the rapid
Faradaic redox reactions.¢3#!

The areal specific capacitance was calculated from the CV
curves using the following equation,
1

C= deV 1
ANV

Where C is the areal specific capacitance (F cm™), 4 is the area
of the active electrode, AV is the voltage window, s is the scan
rate and / is the current.’**? The areal capacitance was
calculated to be 412, 471 and 487 pF cm™ for samples S-1, S-2
and S-3, respectively. The charge/discharge curves of S-3 at
different current densities are also shown in Figure S6 (ESI).
Remarkable cycling stability with no significant degradation in
capacitance  was  observed after 5,000 cycles of
charging/discharging (ESI; Figure S6b). Furthermore, Table S1
compares the performance metrics of camphor-derived carbon
sponge in the present study with other electrode materials
reported in the recent literature (ESI). Our results are
favourably comparable or better than many electrodes that are
potential for replacing AECs in ultrafast frequency response
devices.

In conclusion, we have developed a simple approach to
synthesize porous carbon sponges wherein carbon was derived
from the cheap source camphor. The pore size distribution of
carbon sponges can be readily controlled by adding surfactant
in the freeze-drying process. Supercapacitor using the carbon
sponge as electrodes exhibited a phase angle of -78° and a RC
time constant of 319 ps at 120 Hz, making it highly promising
to replace AECs in ac line-filtering. Further improvement on
capacitance can be made by optimizing the electrode
fabrication as well as electrolyte.
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