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ABSTRACT

A novel activated carbon material with multi-level structure is prepared by
KOH-activation of chestnut shell at 800 °C (CACS). The specific surface area and
pore volume of the activated carbon obtained are as high as 1568.0 m* g and 0.94
cm’ g”. The electrochemical performances of the CACS8 are very promising, the
specific capacitance is 207 F g at current density of 1 A g in 1 M H,SOy electrolyte.
The CACS8/PANI composite was synthesized through an interfacial polymerization
method, which presents good electrochemical performance, including an excellent
specific capacitance of 597 F g and 80% retention of capacitance after 1000 cycles at
a current density of 1 A g in 1 M H,SO, electrolyte. The high electrochemistry
performance can be due to the use of the multi-level structure carbon that improve

charge transfer performance of CAC8/PANI composite materials.
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1. Introduction

In the wake of depleting fossil fuel reserve and increasing awareness for
pollution control, industry and research centers around the world are searching for
viable alternatives to the development of renewable energy production that can
compete with all available technologies [1]. In this quest, supercapacitors or
electrochemical capacitors represent a unique class of energy storage devices that
exhibit high power capability, long cycle lifetime, and fast charge and discharge rates,
lower maintenance cost, and environmental friendliness. Such outstanding properties
make them promising energy storage devices in a wide range of applications, such as
portable electronics, mobile communications, hybrid electric vehicles, memory
backup systems, large industrial equipments, and military devices [2-5]. Most
researches have focused on the development of different electrode materials such as
transition metal oxides, various forms of carbon, and conducting polymers [6-8].

As a typical carbon, activated carbons are the most widely used electrode
material for supercapacitors because of their high surface area and relatively good
electrical conductivity. Recent years, the use of biomass materials to produce carbon
becomes of interest when business costs, wide availability, and energy/environmental
concern are considered. These porous carbons are generally produced by the
carbonization of the original biomass materials and the further chemical or physical
activation. To date, various biomass derived porous carbons, such as from cells [9],

membranes [10], cellulose [11], rice hull [12], paper pulp [13] and coconut shells [14],
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have been reported. These materials have showed great potential as electrode
materials for supercapacitors.

Among conducting polymers, polyaniline (PANI) has long been a very favorable
material in various electrical devices due to its ease of synthesis, adjustable
conductivity, perfect processability, and special redox activity [15]. However, PANI
exhibits poor rate capability, temperature dependence and inferior cycling stability.
Previous reports have described that coupling nanostructured PANI to inorganic
materials (carbon materials, metal oxides or hydroxides) to prepare a composite to be
used in the supercapacitors with an improved conductivity, better cycleability, specific
capacitance and mechanical stability [16]. Up to now, coupling nanostructured PANI
to carbonaceous materials can improve the utilization of PANI and provide a short
transport path for ion and electron [17-22]. For example, Liu et al [23] prepared an
amide group-connected graphene-polyaniline nanofiber hybrid, which had a specific
capacitance of 579.8 and 361.9 F g at current densities of 0.3 and 1 A g”'. Sarker and
Hong [24] obtained a graphene/polyaniline bilayer used as the supercapacitor
electrode materials yielded a volumetric capacitance of 584 F cm™ at a current density
of 3.0 A cm™. Fan et al [25] fabricated hierarchical nanocomposites of polyaniline
nanorods grown on the surface of carbon nanotubes for high performance
supercapacitor electrodes. However, these synthetic methods reported still have
disadvantages, such as time-consuming, cost effective due to the utilization of
expensive raw materials and so on.

The biomass resources for energy storage applications are abundant. Chestnut is
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one of the oldest living fossils on the earth and chestnut shell-based activated carbons
hybridized with materials (conducting polymers, metal oxides or hydroxides) to
prepare composites are rarely reported as the electrode materials for supercapacitors
to our knowledge.

In this paper, the chestnut shell was used as the starting material to fabricate
chestnut shell based activated carbons (CACs), The CACs/PANI composites were
synthesized by interfacial polymerization. Electrochemical tests shows the
CACS8/PANI composite electrode has good chemical stability and low electron
transfer resistance, which can be attributed to the large specific surface area with
unique porous nanocones architectures and the short ion-transport distance.

2. Experimental
2.1. Materials

Chestnut shells were obtained from a local fruit stall and cut into small pieces,
dried in sunlight and powdered. Aniline monomer (Shanghai Chemical Works, China)
was distilled under reduced pressure, ammonium persulfate (APS, Tianjing Damao
Chemical Co., China) were used as received. All solutions were prepared in deionized
water. All other chemical reagents were in analytical grade.
2.2. Preparation chestnut shell based activated carbons (CACs) and CACs/PANI
composites

The activated carbons were prepared from chestnut shells, which were performed
by mixing the dried chestnut shells with KOH solution at an impregnation ratio of 5:2

(mass KOH: mass chestnut shells) and stirring at 60 °C for 3 h. The resulting slurry
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was dried in an oven for at least 24 h at 100 °C. The dried sample was carbonized
between 500 and 900 °C with temperature ramp rate of 5 °C min™ and kept for 2.5 h
under flowing nitrogen atmosphere in a tubular furnace. The final product was
washed repeatedly with 0.5 M HCI until the pH of the washing solution reach 6.5 and
then washed with distilled water, filtered, dried and the biomass carbons were labeled

as CACS5, CAC6, CAC7, CAC8 and CAC9 according the carbonized temperature.

The CACs/PANI composites were synthesized by an interfacial polymerization
method. The typical procedure was as follows: CACs (0.03 g) was added into a mixed
solution of 50 mL of isopropyl alcohol and 50 mL of 1 M H,SO,, and the mixture was
sonicated for 30 min to obtain a well-dispersed suspension. Then ammonium
persulfate (APS, 0.76 g) was dissolved in the above solution to form a water phase.
Aniline monomes (0.50 g) was dissolved in 100 mL of dichloromethane to form an oil
phase. The water and oil phases were then carefully transferred to a 500 mL beaker.
The reaction was performed at 0 °C for 24 h, then the resulting product was filtered,
washed with deionized water and ethanol several times, dried at 60 °C under a
vacuum to obtain the CACs/PANI composites (about 0.4 g). The materials obtained
were referred to as CACS/PANI, CAC6/PANI, CAC7/PANI, CACS8/PANI and
CACY9/PANI. For comparison, pure PANI was synthesized through a procedure
similar to that above without the presence of CAC. According the mass of CACs we
have used and the CACs/PANI composites we obtained, the PANI mass percent
content in the composite is about 92.5 % using the following equation:

wipani(%) = (mcacspani - Mceac)/meacspant 100

2.3. Characterizations

The morphology and structure of the pure PANI, CAC8 and CACs/PANI
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composites were examined with field emission scanning electron microscopy
(FESEM, JSM-6701F, Japan) at an accelerating voltage of 5.0 kV, and transmission
electron microscopy (TEM, JEM-2010 Japan). X-ray diffraction (XRD) of samples
was performed on a diffractometer (D/Max-2400, Rigaku) using Cu Ka radiation (k
=1.5418 A) at 40 kV, 100 mA. The 26 range used in the measurements was from 5 to
80°. The Brunauer-Emmett-Teller (BET) surface area (SBET) of the powders was
analyzed by nitrogen adsorption in a Micromeritics ASAP 2020 nitrogen adsorption
apparatus (U.S.A.).

2.4. Electrochemical measurements

A typical three-electrode test cells was used for electrochemical measurement on
the electrochemical working station (CHI660D, Chenghua, Shanghai China). All the
measurements were carried out in 1 M H,SOy electrolyte at room temperature. The
glassy carbon electrode with a diameter of 3 mm was used as the working electrode.
Platinum electrode served as the counter electrode and saturated calomel electrode
(SCE) as the reference electrode.

The fabrication of the working electrodes refers to Ref. [26]. Typically, 4 mg of
CACs/PANI was ultrasonically dispersed in 400 pL of deionized water, and 4 pL of
the polytetrafluoroethylene (PTFE) emulsion (60 wt%) was added to this dispersion. 2
pL of the above suspension was dropped onto the glassy carbon electrode using a
pipet gun and dried at room temperature.

Cyclic voltammograms were recorded from -0.2 to 0.8 V at scan rates of 5 mV

s, The measurements of the galvanostatic charge/discharge property and cycle-life
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stability were performed with computer controlled cycling equipment (LAND
CT2001A, Wuhan China). The galvanostatic charge/discharge property was measured
at the current densities of 1, 2, 3, and 5 A g'l with cut off voltage of 0 to 0.8 V.
3. Results and discussion
3.1. Structure and morphology characterizations

The structures of the as-prepared materials were investigated by powder X-ray
diffraction (XRD) measurements. Fig. la shows the XRD patterns of CACS, pure
PANI and CACS8/PANI composite. For CACS, the diffraction peaks at 26 = 21.6° and
44.3° can be attributed to the graphite-like structure (002) and (100), respectively. The
XRD pattern of pure PANI show three characteristic peaks. The peaks at 26 of 14.9
and 25.7 resulted from the periodicity both perpendicular and parallel to the polymer
chain, respectively. The peak at 26 of 20.9 is caused by the layers of polymer chains at
alternating distances [27]. The X-ray data of CAC8/PANI composite presents
crystalline peaks similar to those obtained from pure PANI, meanwhile the diffraction
peaks at 44.3° cannot be obvious observed, may be the CACS8 particles were
interacted with PANI molecules and almost completely covered by PANI. The XRD
patterns of CACs/PANI composites have similar peaks to the CAC8/PANI composite
(Fig. 1b).

Typical SEM images of pure PANI, CAC8 and CACs/PANI composites are
shown in Fig. 2. We can see that pure PANI particles (Fig. 2a) aggregate into lumps
with diameters ranging from 100 nm to a few microns. Their surfaces are very rough

because aniline polymerization is a multi-level growth process. Interestingly, as Fig.
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2b illustrates, on the surface of CACS, there are lots of hollow nanotubes forms in a
highly irregular fashion with varying heights and diameters, these make the CACS as
a support material can supply high specific surface area. Fig. 2c-g are CACs/PANI
composites morphologies. They clearly indicate that CACS5/PANI is actually
agglomerations of nanofibers and nanoparticles (Fig. 2c), CAC6/PANI and
CAC7/PANI are netlike with intertwined nanofibers subunits structure (Fig. 2d, e).
The image of CAC8/PANI has a very irregular nanocones texture with large pores,
this may be occurs during the interfacial polymerization. Just like what happening in
the normal interfacial polymerization, the aniline in the oil phase will diffuse into the
water phase through the interface and be oxidized by the oxidant agent (APS) in the
water phase to form PANI. The difference is that the aniline can also be grafted onto
the CAC8 of multi-level structure to form CACS8/PANI (Fig. 2f). Similarly the
CACY9/PANI shows a coral-like geometry (Fig. 2g). To obtain more detailed structural
insight, the samples of the CAC8 and CACS8/PANI were investigated by TEM
analysis (Fig. 3), Fig. 3a shows that CACS8 presents multi-level and hollow nanotubes
structure with varying sizes. For the CAC8/PANI composite, PANI attached onto the
CACS (Fig. 3b), which are well consistent with the SEM observation.

The BET measurements were performed to investigate the textural characteristics
of CACS8 and CACS8/PANI. The N, adsorption-desorption isotherms are shown in Fig.
4, where the inset shows the pore size distribution of CAC8/PANI composite obtained
from the analysis of N, desorption isotherms by using the BJH method. The BET

specific surface area, pore volume and average pore size of the CACS8 and
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CACS8/PANI composite are summarized in table 1. The measured BET specific
surface area of CACS is 1568.0 m’ g'l, and C content and H content in as-prepared
CACS8 are around 87.41 wt % and 0.32 wt % by combustion elemental analysis,
respectively. After polymerization of PANI on the surface of CACS, the BET specific
surface area of CAC8/PANI is reduced to 145.6 m” g, which indicates that the PANI
was successfully attached onto the CACS. However, as shown in the pore size
distribution of the CAC8/PANI composite, there is the possibility of micropores
(below 2 nm), and its pore-size distribution indicates the presence of mainly large
mesopores and macropores (from 10 to 100 nm). Furthermore, this specific structure
will provide the possibility of efficient electron transfer and electrolyte diffusion.
3.2. Electrochemical properties

CV is considered to be a suitable tool for estimating the difference between the
non-Faradic and Faradic reactions. Fig. 5 shows CV curves obtained in a
three-electrode cell for the CACS, pure PANI and CACs/PANI composites electrodes
under a scan rate of 5 mV s in the potential window of -0.2-0.8 V . As can be seen in
Fig. 5, there is no peak originating from the CACS8 electrode, which indicates the
CACS possesses an electrical double-layer capacitance. However, the capacitance
characteristic of pure PANI or CACs/PANI composites is distinct from that of the
CACS electrode and close to the ideal rectangular shape with pseudocapacitance
characteristics. Notably, under the scan rate of 5 mV s', CAC8/PANI composite
electrode has largest capacitance, which is believed to be due to the synergistic effects

from each components of the composite electrode. Two pairs of well-defined redox
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peaks appeared for the the CAC8/PANI composite electrode, which are attributed to
two redox transitions of PANI, The first couple of peaks (about 0.21 V/0.10 V) are
attributed to the redox transition of PANI between a semi-conducting state
(leucoemeraldine form) and a conducting state (polaronicemeraldine form), and the
second couple of peaks (about 0.48 V/0.44 V) are due to the transformation between
the p-benzoquinone/hydroquinone couple because of the attack by water [28-30].

The applicability of supercapacitors can be directly evaluated by means of the
galvanostatic charge-discharge method. Fig. 6 gives the curves of CACS, pure PANI
and CAC8/PANI composite electrodes at a current density of 1 A g, and the shape of
all charge/discharge curves is nearly linear and symmetric, which is characteristic of a
good capacitance. The specific capacitance of the electrode can be calculated using
the following equation [31-33]:

Chn=C/m=U1t)/(AVm) (1)

Where C,, is specific capacitance (F g'), I is charge/discharge current (A), ¢ is
the time of discharge (s), AV is the voltage difference between the upper and lower
potential limits, and m is the mass of the active electrode material. The specific
capacitance of all the sample at the current density of 1 A g'1 was calculated according
to Eq.(1) , the corresponding gravimetric capacitances are 207 F g™ (CAC8), 251 F g
(PANI) and 597 F g'l (CACS8/PANI), which indicate that the specific capacitance of
the composite material (CAC8/PANI) is obviously enhanced compared with the
corresponding CAC8 and pure PANI. The larger capacitance for CAC8/PANI may be

caused by the combination of the electric double-layer capacitance of CAC8 and

10
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Faradaic pseudocapacitance of PANI. During the interfacial polymerization, the
carbon with multi-level structure not only serve as a highly conductive support
material, but also provide a large surface for the well-dispersed deposition of
nanoscale PANI particles. In addition, the loose open structure system of the
CACS8/PANI composite improves the contact between the electrode and the
electrolyte, thus making full use of the electrochemical active material, which is in
agreement with the result of the CV curves.

Fig. 7a shows the charge/discharge curves of CAC8/PANI composite electrode at
different current densities. The discharge capacitances at various current densities are
plotted in Fig. 7b. The decreased capacitance of CAC8/PANI composite with the
increase of discharge current densities is likely caused by the resistance of electrode
and the insufficient Faradaic redox reaction of the active material under higher
discharge current densities. However, the specific capacitance of the CAC8/PANI
composite still retains 66% of the original value as the current density increases from
1to 5 A g This result indicates the high capacitance of the CAC8/PANI composite
can be maintained under high current density.

The cycling stability of the pure PANI and CACS8/PANI composite electrodes
were tested at a constant current density of 1 A g for 1000 cycles. As shown in Fig. 8,
the capacitive retention of the pristine PANI quickly decreased to 60% after 400
charge/discharge cycles, however, under the same measurement conditions, the
capacitive retention of CAC8/PANI is 80% after 1000 cycles. The results indicate the

CACS8/PANI composite electrode has good cycling ability, which may be due to the
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CACS (remains at about 96% of the initial capacitance after 1000 cycles) provids a
robust support for the PANI, thus enhancing the mechanical strength of the composite
and preventing the PANI to swelled and shrinked during the long-term cycling
[34,35].

Fig. 9 represents the complex-plane electrochemical impedance spectrum (EIS)
of the pure PANI and CACS8/PANI composite electrode based supercapacitor.
Electrochemical impedance spectra measurements were carried out at the open-circuit
potential over a frequency range of 100 kHz to 100 mHz. Each impedance spectrum
has a semicircular arc and a straight line. At very high frequencies, the intercept at
real part (Z') represents a combined resistance of ionic resistance of electrolyte,
intrinsic resistance of substrate, contact resistance at the electrode material/current
collector interface (R.), the charge transfer resistance (R.) caused by the Faradaic
reactions and the double-layer capacitance (Cgq) at the contact interface between
electrode and electrolyte solution. The 45° slope portion of the curve is the Wurburg
resistance (Zy), which is a result of the frequency dependence of ionic
diffusion/transport in the electrolyte and to the surface of the electrode [36-39]. The
values of R, for pure PANI and CAC8/PANI composite electrodes were 3.5 and 5.3 Q,
R, which can be directly measured as the semicircular arc diameter, are 24.5 and
14.8 Q, respectively, for pure PANI and CAC8/PANI composite. Clearly, the sum of
R and R of CAC8/PANI composite electrode (20.3 Q) are smaller than pure PANI
electrode (28.0 ), which demonstrates that the addition of CACS8 enhances

conductivity and improves charge transfer performance of CAC8/PANI composite

12
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electrode. Moreover, at low frequencies, the straight line of CAC8/PANI is nearly
perpendicular to the realy axis, indicates a more facile ion diffusion process through
the electrode material and it had pure capacitive behaviors [40]. Electrochemical
measurements have showed that CAC8/PANI composite may be a promising
candidate material for supercapacitor applications.
4. Conclusions

In conclusion, a simple synthetic strategy to prepare nanocones-structured
CACS8/PANI composite via an interfacial polymerization approach. The surface
morphology, structure, and capacitive behaviors of the CAC8/PANI composite test
show the unique CACS structure provides high conductivity as well as a relatively
large area on which to deposit the PANI particles, that can effectively reduce the
kinetic difficulties for both charge transfer and ion transport throughout the electrode.
The CAC8/PANI composite electrode exhibits excellent capacitance of 597 F g at
the current densities of 1 A g and outstanding cycling stability above 80% of the
capacitance retention after 1000 charge/discharge cycles. This facile and effective
approach for the synthesis of CAC8/PANI composite has significant potential to be
further exploited in supercapacitor devices.
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Figure captions:

Fig. 1 (a) XRD patterns of CACS, pure PANI and CAC8/PANI composite, (b) XRD
patterns of composites CACs/PANI with various pyrolyzed temperature of chestnut
shells.

Fig. 2 FE-SEM images of (a) pure PANI, (b) CACS8, (c) CACS5/PANI, (d)
CACG6/PANI, (e) CAC7/PANI, (f) CAC8/PANI and (g) CAC9/PANI.

Fig. 3 TEM images of CACS (a) and CAC8/PANI composite (b).

Fig. 4 Nitrogen adsorption-desorption isotherms of CAC8 and CACS8/PANI
composite. The inset shows the pore size distribution curve of CACS8/PANI
composite.

Fig. 5 CV curves of the CACS, pure PANI and CACs/PANI composites electrodes
within the potential window -0.2-0.8 V at a scan rate of 5 mV stinl M H,SO,.

Fig. 6 Galvanostatic charge/discharge curves of CACS, pure PANI and CAC8/PANI
composite electrodes at a current density of 1 A g” in 1 M H,SOs.

Fig. 7 (a) Galvanostatic charge/discharge curves of CAC8/PANI composite electrodes
at various current densities in 1 M H;SO4. (b) the corresponding discharge
capacitances.

Fig. 8 Cycling stability of pure PANI, CAC8 and CAC8/PANI at a current density of
1Ag".

Fig. 9 Nyquist plots of pure PANI and CAC8/PANI composite in 1 M H,SO4. The
inset shows the expanded high frequency region of the plot.

Table 1 The BET specific surface areas, average pore size, and pore volumes of
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CACS8 and CAC8/PANI composite.
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100 nm
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Fig. 4
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Fig. 6
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Fig. 8
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Table 1
Samples Sger (m* g'l) Average pore size (nm) Pore volume (cm’ g'l)
CACS8 1568.0 2.4 0.94
CACS8/PANI 145.6 7.7 0.28
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The electrochemical performance of the electrode materials can be enhanced by the

synergistic effects of the polyaniline and multi-level structure bio-carbon.
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