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Abstract An activated carbon was prepared from a poly-
aniline base using K,COs; as an activating agent. The
morphology, surface chemical composition, and surface
area of the as-prepared carbon materials were investigated
by scanning electron microscope, X-ray photoelectron
spectroscopy, and Brunauer—Emmett—Teller measurement,
respectively. Electrochemical properties of the as-prepared
sample were studied by cyclic voltammetry, galvanostatic
charge/discharge, and electrochemical impedance spectros-
copy measurements in 6 mol L™' KOH aqueous solution.
Compared with the non-activated carbon, activated carbon
showed superior capacitive performance. The activation
carbon presented a high specific gravimetric capacitance of
210 F g '. The good electrochemical performance of the
activated carbon was ascribed to well-developed micro-
pores, high surface area, the presence of nitrogen and
oxygen functional groups, and larger pore volume.

Keywords Supercapacitor- Polyaniline - Activated carbon -
X-ray photoelectron spectroscopy - K,CO;

Introduction

Supercapacitors have attracted much attention because of
their higher power density, better efficiency, and longer
durability in comparison to the rechargeable batteries [1, 2].
Based on charge storage mechanisms, supercapacitors can
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be divided into electric double-layer capacitors (EDLCs)
and redox pseudocapacitors [3].

In recent years, considerable attention has been paid to
developing better electrode materials for supercapacitors.
Among various electrode candidates for supercapacitors,
porous carbons are mainly investigated due to their
advantages such as good electrical conductivity, electro-
chemical stability, high surface area, large capacitance, long
cycling life, and relatively low cost [4—6].

The choice of carbon precursor and activation conditions
determines the device capacitive performance, such as carbon
surface area, pore-size distribution, electrical conductivity,
and the presence of electrochemically active surface function-
al groups [7]. The textural characteristics of carbons can be
modified significantly by an activation process that removes
the most reactive carbon atoms from the structure, thus
increasing the surface area and porosity [8].

Broadly, two activation methods are used to prepare
activated carbons: physical activation and chemical activa-
tion. In physical activation, the raw material is carbonized
under an inert atmosphere and then activated at high
temperature by using an activating reagent such as steam
or CO, [9-11]. In chemical activation, the raw material is
impregnated with an activation reagent and heated in an
inert atmosphere. The carbonization step and the activation
step proceed simultaneously. Chemical activation has been
successfully applied to the production of activated carbons
by using various chemical reagents, i.e., KOH, ZnCl,, and
H3;PO, [4-6, 12]. Recently, alkali carbonates such as
K,CO5; have been used in order to prepare activated
carbons with high specific surface area [13—15]. Generally,
chemical activation is the preferred route because it
achieves higher yields and larger surface areas, needs lower
operating temperatures and less activation time, and is more
cost-effective [4, 8, 12, 16].
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There are many reports about the preparation of
activated carbon materials from various precursors by
chemical activation with different activating agents. Nahm
et al. [17] have prepared activated carbon from coffee shells
by using ZnCl, activation as supercapacitors. Activated
carbons derived from bituminous coal and cherry stones by
using KOH activation have been reported [18, 19]. There
are also some reports about activated carbon prepared from
palm shell and waste biomass by using K,CO; activation to
study its adsorption capacities [13, 14].

In this paper, we have prepared activated carbon from
polyaniline (PANI) base using K,COs;. PANI contains
about 15% nitrogen and 79% carbon; it is commercially
available and very cheap [20]. We believe that it is a
promising nitrogen-containing material as precursor to
preparing activated carbon for supercapacitors. Nitrogen-
enriched carbons can be synthesized from suitable nitro-
gen rich precursors [21]. The presence of nitrogen
functionalities can enhance the capacitance of carbon
material by enhancing the carbon wettability and by
pseudo-Faradaic reactions [22, 23]. To the best of our
knowledge, synthesizing such an activated carbon material
for supercapacitors in this way has not yet been reported.
The aim of this work was to investigate the effect of
specific surface area and nitrogen and oxygen functional
groups on electrochemical performance of the activated
carbon.

Experimental

Preparation of PANI base

PANI was prepared by the oxypolymerization method
which was reported by Liu et al. [20]. The PANI obtained

from the polymerization was added to excess of 1 mol L ™!
ammonium hydroxide, and then the reaction was kept for

Fig. 1 SEM images of: a CC
and b CA
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12 h at room temperature under vigorous stirring. Finally,
the resulting PANI was filtered, washed, and dried at 100 °C
for 48 h under vacuum condition.

Preparation of activated carbon materials

The PANI base was ground to small particle size by hand. It
was mixed with the activating agent (K,COs;) in 150 ml
distilled water. The weight ratio of PANI base to K,CO3
was 2:1. This mixture was then dried at 105 °C for 24 h to
prepare the impregnated sample.

The impregnated material was heated at the rate of 4 °C
min~' from room temperature up to 600 °C under nitrogen
flow. Then it was cooled back to the initial temperature.
After activation, the sample was first washed with
1 mol L' H,SO, solution to remove residual chemical
reagent and then washed several times with hot distilled
water until the filtrate became neutral. The washed samples
were dried at 100 °C for 24 h to obtain the activated
carbons. The prepared activated carbon was marked as CA.
For comparison, a carbonized sample was prepared from
PANI base without K,COj;. Otherwise, the preparative
procedure was the same as that of CA. This sample was
marked as CC.

The characterization of materials

Surface morphology was investigated by Hitachi
S5200scanning electron microscopy (SEM). The Brunauer—
Emmett—Teller (BET) specific surface area and pore volumes
of activated carbons were calculated from the isotherms
of nitrogen adsorption/desorption at 77 K (NOVA-2200,
Quantachrome) by using the BET equation. Chemical
surface composition was investigated by X-ray photo-
electron spectroscopy (XPS) on an ESCALAB250 (VG
Scientific, UK) using a monochromatic Al K« excita-
tion source. The sample charging was corrected by
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Fig. 2 N, adsorption/desorption isotherms of the CC and CA

using the Cls peak (Eb (Cls)=284.6 eV) as an internal
standard. A non-linear, Shirley-type baseline and an
iterative least-squares fitting algorithm were used to
decompose the peaks; the best peak fits were obtained
using mixed 20% Gaussian—Lorentzian. The surface
atomic ratios were calculated from the ratio of the
corresponding peak areas after correction with the
theoretical sensitivity factors based on the Scofield's
photoionization cross-sections.

Electrochemical test

The electrodes of the supercapacitors were prepared by
pressing a mixture of 80 wt.% of as-prepared carbon,
10 wt.% of polivinylidene fluoride and 10 wt.% of
acetylene black onto foamed nickel nets (diameter,
10 mm) and then drying in a vacuum oven at 110 °C
overnight. Sandwich-type capacitors were constructed
from two electrodes, with similar weights, facing each
other, and separated by a nylon septum, in an aqueous
electrolytic solution of 6 mol L™' KOH. The electro-
chemical measurements were performed by means of a
CHI 660A electrochemical workstation (CHI Inc., USA)
at room temperature, and the capacitive performances
were evaluated by cyclic voltammetry (CV), galvanostatic
charge/discharge cycles, and electrochemical impedance
spectroscopy (EIS). CV experiments was measured at scan
rates ranging from 2 to 100 mV s ', galvanostatic

charging/discharging cycles at current densities between
500 mA g ' to 5 A g ', and EIS measurements were
carried out by applying an AC voltage of 5 mV amplitude
in the 100 kHz to 10 mHz frequency range.

Results and discussion
Characteristics of the carbon samples

Figure 1 shows the SEM images indicating the differences
in the external surfaces of the CC and CA. It can be
observed from the SEM that sample CC contains many
large particles and, in general, exhibits an uneven distribu-
tion of particle sizes. The activation procedure caused a
significant structural change. The CA particles are smaller
and interconnect more densely than the CC particles. As
expected, distinction in the surface morphology led to
distinctions in the capacitive performance and the specific
gravimetric capacitances of the samples.

The N, adsorption—desorption isotherms as shown in
Fig. 2 are used to determine the surface area and pore-size
distribution of the CA and CC. In the isotherm of CC, the
adsorbed volume is very small, indicating its nonporous
characteristics. The isotherm of CA exhibits type I
characteristics exhibited by a well-defined plateau, accord-
ing to IUPAC classification, which confirms its micropo-
rosity. An obvious hysteresis loop for CA is detected
between the relative pressures (P/Py) of 0.02 to 1. The
hysteresis loop which persists to very low pressures is a
low-pressure hysteresis (LPH). Vnukov et al. [24] showed
that the broader the LPH loop, the greater the filling of the
micropore volume.

Table 1 summarizes the textural properties of the samples.
The CC sample possesses very low surface area (8.8 m*> g ')
because of its nonporous characteristics; however, the
surface area of CA is very sharply increased through
K,COj5 activation. Its value is as high as 917 m* g '. The
CA has a low average pore diameter (1.39 nm) compared
with the higher pore diameter (1.92 nm) of the CC. The
micropores participate in the charge—storage processes by
provide abundant adsorbing sites for the ions [10]. The
higher the content of micropores, the higher the capacitance
values obtained. In addition, the decomposition of potassium
carbonate gives rise to K,O and CO,, which are reduced by

Table 1 Textural characteristics

and specific capacitance of the Samples Surface area, m> g ' Pore volume, cm> g Pore diameter, nm Copecs F g!
CC and CA
CcC 8.9 0.011 1.92 35
CA 917 0.133 1.39 210

@ Springer



582

J Solid State Electrochem (2011) 15:579-585

carbon to give K and CO. The proposed mechanism is
shown below in Egs. 1 and 2 [8]:

K2CO;3 + C2K,0 + 2CO (1)

K,0 + C=2K + CO (2)

A proportion of the produced potassium will be intercalat-
ed between the graphitic layers or form graphite—potassium
intercalation compounds. As a result, some graphitic struc-
tures will be destroyed and micropores generated [25]. Total
pore volume of CA (0.133 cm® g ') is more than ten times
higher than that of CC (0.011 cm® g ™).

XPS spectra of investigated carbons indicate the presence
of three distinct peaks due to carbon, nitrogen, and oxygen in
Fig. 3. The high-resolution O1s spectra reveal the presence of
six peaks [22, 26-28] corresponding to C=0 groups (peak 1,
BE=530.4-530.8 eV), carbonyl type groups and/or quinone
(peak 2, BE=531.0-531.1 eV), C-OH and/or C-O-C
groups (peaks 3, 4, and 5, BE=532, 532.4-533.1 and
533.4 eV) and chemisorbed oxygen and/or water (peak 6,
BE=534.8-535.6 e¢V). The Cls spectra of the samples have
been resolved into five individual component peaks [26, 27,
29] representing graphitic carbon (peak 1, BE=284.6—
285.1 eV), C-O and C-OH groups (peak 2, BE=285.8—

285.9 eV), carbon present in alcohol or ether groups
(peak 3, BE=286.3-287.0 eV), carbonyl groups or ether
(peak 4, BE=287.5-288.1 ¢V), HO—C=0 groups (peak 5,
BE=288.9 eV). The peaks in the 286.3-287.5 eV regions
may also have resulted from the presence of C—N structures.
The NiIs regions indicate the presence of several different
species on each carbon. The peaks with higher binding
energies can be ascribed to N-6 (pyridine-like structures; peak
1, BE=398.4-398.8 eV), N-5 (pyrrolic and pyridonic) or
amine moieties (peak 2, BE=400.1-400.4 eV), N—Q (nitrogen
substituents in the aromatic graphene structures—quaternary
nitrogen; peak 3, BE=401.1-401.7 eV), pyridine-N-oxides or
ammonia (peak 4, BE=402.1-402.6 ¢V) [26, 27, 30].
Compared with the sample CC, activation of the PANI base
using K,CO; as activating reagent led to an increase in the
concentration of surface oxygen functional groups and a
change in their distribution. The ratio of carbonyl type
groups to C—OH and/or C-O—C groups increases.

Types of nitrogen surface functional groups are
presented in Table 2. A comparison of the nitrogen-
enriched carbons has shown that although they have
almost the same content of nitrogen on the surface, the
types and contribution of particular nitrogen species on
their surfaces differ significantly. The nitrogen of CC
sample occurs in the form of three species: 66.81% of the
total nitrogen on the surface is the N-5 type and 31.59% is

CcC
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Fig. 3 X-ray photoelectron spectra of the CC and CA
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Table 2 Surface composition ] ] ] -
and nitrogen form distribution in Sample Atomic concentration Nitrogen form distribution
CC, CA
C N O N/C o/C N/O N-6 N-5 N-Q NX
cC 75.58 18.7 5.71 0.247  0.076  3.275 31.59 66.81 - 1.60
CA 64.05 1534 20.61 0239 0322 0.744 2331 68.90 7.79 -

the N-6 type, and the remaining 1.60% occurs as pyridine-
N-oxides or ammonia. The dominant nitrogen species in
the CA sample is also N-5 but its contribution reaches
68.90% while only 23.31% is of the N-6 type. The Nls
spectrum also indicates that activating either destroys
surface pyridine-like functional groups or transforms them
into pyrrolic and pyridonic species. A small amount
(7.79%) of N—Q (nitrogen substituents in the aromatic
grapheme structures—quaternary nitrogen) is found in CA.
The appeared of N-Q is followed by disappearance of
pyridine-N-oxide species.

Electrochemical properties

The CV curves for CA and CC at a scan rate of 2 mVs™'
are presented in Fig. 4a. The CA shows a quasi-rectangular
voltammogram shape at the low scan rate, indicative of a
good candidate as electrode material for supercapacitors.
The area of the CV curves in CA is obviously larger than
that of CC in Fig. 4a, which means that the capability of
charge loading and releasing for CA is larger than in CC.
Moreover, the effects of voltage scan rates on the capacitive
behavior of the CA were also investigated. Figure 4b shows
CV results for sample CA at various scan rates. At 2, 5, and
10 mV s, the curves present the rectangle shapes for the
charge/discharge processes. At higher scan rate, for
example, at 20 mV s ', a rectangular shape with only
slight distortion can be seen. The specific gravimetric

capacitances were calculated from the CV process of the
sixth cycle on the basis of Eq. 3.

i
Ay (
Me A¢

Cspec

Where Cgpe. is the specific gravimetric capacitance
(farad per gram), i is the charge/discharge current (milli-
amperes), m, is the mass of the activated carbon (milli-
grams), and % is the scan rate (millivolts per second). The
specific capacitance of the CA still remains as high as
182 F g ! at the high scan rate of 20 mV s ', 86.7% of that
measured at 2 mV s ' (210 F g "). It suggests that, after the
activation, more surface area of the carbon was accessible
to electrolyte ions due to the improved wettability of the
carbon and faster charge propagation [31]. This result is
supported by the BET results. In addition, a small hump
during the sweep at 0.2-0.5 V was clearly observed for CA,
which is usually attributed to pseudo-Faradic reactions
involving the quinone functional groups. The nitrogen
functional groups, especially the pyrrolic and pyridinic
nitrogen have been reported to be electrochemically active
in the pseudo-Faradaic reactions [22].

Galvanostatic charge/discharge measurements are com-
monly used to test the performance of capacitors. Figure 5
shows galvanostatic charge/discharge curves of the CC and
CA at a current density of 500 mA g~ between 0 and 1.0 V
in a 6.0 mol L' KOH electrolyte. It is clear that the IR

Fig. 4 Cyclic Voltammograms g Scan rate: 2y 5°
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drop, which can be observed from the discharge curves of
the CC and CA, decreases after activation by K,COj3. The
charge/discharge curves of CA approaches a triangular
shape reflecting good charge/discharge capacitive perfor-
mance. The specific gravimetric capacitances were calcu-
lated from the galvanostatic charge/discharge process on
the basis of Eq. 4.
iAt

Copec = mAy (4)

Where Cgp. is single-electrode specific gravimetric
capacitance (farad per gram), i is the discharge current
(milliamperes), At is the total discharge time (seconds), m
is the total mass of active material in single-electrode
(milligrams), and Av is the potential difference during the
discharging (volts). The specific capacitance of the CA
reaches 199 F g™', much larger than that of the CC
(19 F g™") under this current density. The higher capaci-
tance of the CA can attribute to its higher specific surface
area and larger pore volume.

In order to further understand the electrochemical perfor-
mance, EIS measurements were conducted. The resistance of
a supercapacitor, namely the equivalent series resistance
(ESR), consists of electronic contributions and ionic contri-
butions. The former refers to the intrinsic electronic resistance
of the carbon particles and the interfacial resistances of
particles-to-particles and particles-to-current collector. The
latter is related to the electrolyte resistances in the pores,
separator resistance and the ionic (diffusion) resistance of ions
moving in small pores [6, 32]. Typical Nyquist impedance
spectra recorded at a frequency range of 100 kHz to 10 mHz
for CA and CC are shown in Fig. 6. At the very high-
frequency region, the intercept at the real axis is the ESR. It

—hA— CA
1.0 1 —o—CC
0.8
; 0.6 4
=
N
=
2 04-
-
0.2+
0.0 % T T T T v T v 1
0 100 200 300 400

Time (s)

Fig. 5 Galvanostatic charge/discharge curves of the CC and CA at the
current density of 500 mA g~
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Fig. 6 Nyquist plot of the CC and CA (inset: enlarged high-frequency
region of Nyquist plot)

can be seen that the ESR of CA (1.53 ) is higher than that
of CC (1.09 (), indicating that the electric conductivity
decreases. Jiang et al. [33] have reported that nitrogen
functionalities can enhance the surface wettability and reduce
the resistance of carbon. The nitrogen content of CA is lower
than that of CC, so the electrical conductivity of CA is lower
than that of CC. The depressed semicircle observed in the
middle frequency range reveals the charge-transfer resis-
tance (R), which is 0.45 Q for CA. This may be
attributed to pseudo-Faradaic reactions involving the
quinone functional groups. The straight line in both plots
in the low frequency region reveals the capacitive nature
of the carbons. The slope of the CA is steeper than that of
the CC, which indicates that its capacitive performance is
better. This is consistent with above results from CV and
galvanostatic charge/discharge curves.

Conclusions

Electrode materials for supercapacitors were prepared from
PANI base by K,COj5 activation. Compared with the CC,
the K,COj; activated carbon showed porous textures and
remarkable enhancements in the specific surface area and
volume of micropores. CA was superior to CC for the
application of supercapacitors. The activated carbon CA
exhibited the better electrochemical behavior with a specific
gravimetric capacitance of 210 F g ', with rectangular
cyclic voltammetry curves at a scan rate of 2 mV s ', which
remained at 182 F g ' even at a high scan rate of
20 mV s '. The good performance at high current loads is
the obvious superiority of this kind of porous carbon over
super-activated carbon. Correlating the capacitive behavior
with textural characteristics, the good electrochemical
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properties were ascribed to the narrow pore structure, high
surface area, and larger pore volume.
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