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A novel doped activated carbon has been prepared from H,SO4-doped polyaniline which is prepared by
the oxypolymerization of aniline. The morphology, surface chemical composition and surface area of the
carbon have been investigated by scanning electron microscope, X-ray photoelectron spectroscopy and
Brunaner-Emmett-Teller measurement, respectively. Electrochemical properties of the doped activated
carbon have been studied by cyclic voltammograms, galvanostatic charge/discharge, and electrochemical
impedance spectroscopy measurements in 6 mol I-! KOH. The specific capacitance of the carbon is as high
as235Fg~!, the specific capacitance hardly decreases at a high current density 11 Ag~" after 10,000 cycles,
which indicates that the carbon possesses excellent cycle durability and may be a promising candidate

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, supercapacitors (also called electrochemical
capacitors) have attracted great attention as alternative energy-
storage systems, compared to the conventional capacitors, they
have higher energy density and broader range of working temper-
ature; compared to the secondary battery, they have higher power
density, longer cycle life (above 100,000 cycles), and shorter charg-
ing time [1-3]. Two kinds of supercapacitors have been studied: one
is the electrical double-layer capacitor (EDLC), in which the capaci-
tance arises from the charge separation at the electrode/electrolyte
interface, such as carbon; the other is the pseudocapacitor, in
which the capacitance arises from faradic reactions occurring at
the electrode interface, such as transition-metal oxides [4-7] or
electroactive polymers [8-11], etc. In the EDLC, the capacitance is
proportional to the surface area of the electrode/electrolyte inter-
face, in order to increase the specific capacitance, it is necessary
to increase the surface area through increasing the micropores of
the material, but it leads to the problem of ionic transportation. In
pseudocapacitors, noble metal oxides [12-14] show high specific
capacitance, but their application is limited by their high cost; Elec-
troactive polymers also show high specific capacitance, but their
application is limited by their poor chemical reversibility and short
of cycling stability in aqueous electrolytes [15,16]. Literally, syn-
ergetic effects can be expected if the capacitive charging of the
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double-layer can be combined with a faradaic redox (pseudocapac-
itive) reaction in a way that both charge storage mechanisms work
in parallel, with the overall capacitance of the electrode being the
sum of the double-layer capacitance and the faradaic capacitance.

Introducing some functional groups containing many het-
eroatoms (such as oxygen, nitrogen, sulfur and halogen) into
a carbon matrix is a good choice. The presence of these func-
tionalities gives carbon materials an acid/base character [17,18],
which enhances their capacitances by the pseudocapacitive effect.
Recently, nitrogen-containing carbon materials have been reported
as an interesting route to enhance capacitances [19-24]. The results
showed that the extent of enhancement depended on the prepara-
tion route and electrolyte used.

In this paper, we have prepared a doped activated carbon
derived from H,SO4-doped polyaniline which is prepared using
the oxypolymerization method. Because polyaniline contains about
15wt.% of nitrogen and 79wt.% of carbon, it is commercially
available and very cheap, we believe that it is a promising nitrogen-
containing carbon material for supercapacitors. To the best of our
knowledge, synthesizing such a carbon material for supercapaci-
tors by this way has not yet been reported.

2. Experimental
2.1. Preparation of polyaniline
Aniline monomer was distilled prior to use, while other chem-

icals used were all analytical grade reagents. Distilled water was
used in this experiment. A solution of 20 ml of aniline in 43 ml of
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Fig. 1. SEM images of: (a) polyaniline, (b) carbon (C800) based on polyaniline and (c) activated carbon (CA800).

6 M H,S04 was transferred to a three-neck flask, 20 ml (NH4),S;0g
(APS) saturated solution was then added dropwisely into the above
solution under vigorous stirring. After 30 min, 100 ml of APS sat-
urated solution was then slowly added to the reaction mixture
within 2 h. The polymerization reaction was continued for 4h at
room temperature. Finally the resulting green precipitates were
filtered out, washed and dried at 100°C for 48 h under vacuum
condition.

2.2. Preparation of carbon materials

H,S04-doped polyaniline was heated to 700, 800, and 900 °C at
a heating rate of 5°Cmin~! under nitrogen flow and maintained
at the desired temperature for 2 h. Afterward the carbon materials
were activated by heating to 400 °C at a heating rate of 5°Cmin~!
in mixed gas of oxygen and nitrogen (the volume percent of oxygen
is 5%), the temperature at 400 °C was held for 2 h.

In order to facilitate the description in the text, carbon materials
carbonized at 700, 800 and 900 °C under nitrogen are marked as
series C (C700, C800 and C900), and then these carbon materials
were activated at 400°C with mixed gas of oxygen and nitrogen,
we marked them as series CA (CA700, CA800 and CA900).

2.3. Materials characterization

Scanning electron microscope (SEM) measurements were per-
formed on a Hitachi S5200 scanning electron microscope. The
Brunaner-Emmett-Teller (BET) specific surface area and pore vol-
umes of the carbon materials were determined by N, adsorption at
77 K on a Quantachrome NOVA-2200 system. The chemical state of
the surface was characterized by X-ray photoelectron spectroscopy
(XPS) on a VG Scientific ESCALAB 250 spectrometer with a Al Ko
source. The spectra was charge corrected using the Cls peak (Eb
(C1s)=284.6eV) as an internal standard. A non-linear, Shirley-type
baseline and an iterative least-squares fitting algorithm were used

to decompose the peaks, the curves being taken as 80% Gaussian
and 20% Lorenzian. 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 photoioniza-
tion cross-sections.

2.4. Electrochemical testing

The electrochemical performances of all carbon samples were
investigated using two-electrode Swagelok-type cells without a
reference electrode. The electrode was fabricated by pressing a
mixture of 80 wt.% carbon sample, 10 wt.% acetylene black, and
10wt.% polyvinylidene fluoride (PVDF) onto a piece of nickel foil.
Two electrodes with identical or very close masses were selected
and then assembled as supercapacitors. The electrolytic solution
was 6 M KOH. Cyclic voltammograms (CV) were recorded from O to
1V at various sweep rates, discharge-charge curves were recorded
from 0 to 1V loading different current densities and electrochemi-
cal impedance spectroscopy (EIS) measurements were carried out
by applying an AC voltage of 5mV amplitude in the 100 kHz to
10 mHz frequency range using a CHI 660A electrochemical work-
station (CHI Inc., USA). All electrochemical measurements were
carried out at room temperature.

The specific capacitance of the electrode is obtained from Eq.

(1):

IAt

Ce=mav *

2 (1)

where Gy is the specific gravimetric capacitance (Fg=1), I is the cur-
rent loaded, At is the discharge time (s), AVis the potential change
during the discharge process (1 Vin this study),and m(g) represents
the mass of electroactive material.
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Fig. 2. X-ray photoelectron spectra of C800 and CA800.

Specific capacitances per surface area Csa (Fm~2) were also cal-
culated using Eq. (2):
Csa =

= @)

where SA is a total surface area (m2g=1).

3. Results and discussion
3.1. SEM

Fig. 1(a) depicts representative SEM of polyaniline, it is schistose,
and a lot of schistose polyaniline stack together. The morphology
of carbon materials based on polyaniline (C800) is similar to which
of polyaniline (Fig. 1(b)). The morphology of the activated carbon
materials at 400 °C in mixed gas of oxygen and nitrogen (CA800) is
granular, it is different from which of C800 (Fig. 1(c)), nanoparticles
evenly distributed and the average diameter is about 30 nm. The
reasons may be the breakage of some chemical bonds and partial
oxidation of carbon surface.

3.2. XPS

The XPS spectrum of the as-prepared carbon indicates the pres-
ence of three distinct peaks, which can be explained by existence
of carbon, nitrogen, and oxygen atoms. Fitting of the C1s spectrum
(Fig. 2) can be resolved into three individual component peaks at
binding energy of 284.7, 287.1 and 289.5 eV, representing graphitic

Table 1
Surface composition and nitrogen form distribution in C800 and CA800.

carbon, carbonyl group and carboxyl group, respectively [25]. O1s
spectrum is also shown in Fig. 2, the binding energies about
531, 532 and 533 eV represent C=0 groups, C-OH groups and/or
C-0-C groups, and chemisorbed oxygen (COOH carboxylic groups)
and/or water, respectively. According to the literature [26-29], the
chemical state of nitrogen atoms in graphene structure could be
assigned to four types: N-6 (pyridinic nitrogen, 398.7 £ 0.3 eV),
N-5 (pyrrolic nitrogen and pyridone nitrogen in association with
oxygen functionality, 400.3 +0.3eV), N-Q (quaternary nitrogen,
nitrogen substituted with carbons in the aromatic grapheme struc-
ture, 401.44+0.5eV), N-X (pyridine-N-oxide, 402-405 eV). Except
for the N-Q, all nitrogen functionalities are located at the edges
of graphene layers. The peak analyses of N1s for the activated
and unactivated samples revealed the presence of the same four
contributions, but with different relative contributions. The ratios
of pyridinic, pyrrolic, quaternary, and oxidized nitrogen for both
samples are summarized in Table 1. The main conclusion of the
peak deconvolution analysis is that CA800 contains slightly larger
amounts of pyridinic and pyrrolic nitrogen as compared to C800. In
addition, CA800 contains less content of C, more content of N and
0.

3.3. Electrochemical properties of carbon electrodes

CV was used in determination of electrochemical properties of
as-prepared samples. Fig. 3(a) shows the CV plots of all samples
(activated and unactivated samples) at a sweep rate of 2mVs~!
with the potential range of 0-1 V. At this sweep rate all CV curves

Sample Atomic concentration Nitrogen form distribution

C N 0 N/C o/C N/O N-6 N-5 N-Q N-X
€800 85.84 6.7 7.46 0.078 0.087 0.89 26.7 449 17.5 10.9
CA800 80.98 10.89 8.13 0.134 0.101 1.34 374 49.1 9.6 3.9
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Fig. 3. Cyclic voltammograms of carbon electrodes in 6 M KOH electrolyte: (a) unactivated samples and activated samples at a scan rate of 2mVs~! and (b) CA800 samples

with different scan rates.

exhibit near rectangular shapes with slightly distorted, which is
characteristic of electrochemical capacitor. The range of current
density of activated samples is higher than that of correspondingly
unactivated samples, which indicates the activated samples have
higher specific capacitance. The CV curve of CA800 exhibits bigger
current response and larger area of rectangle than that of others,
suggesting CA800 has higher specific capacitance. The CVs of the
CA800 electrode material at different sweep rates are shown in
Fig. 3(b). At 2,5 and 10mVs~1, the curves present the typical rect-
angle “box-like” shape for charge/discharge process. At higher scan
rates, for example, at 20mV s~1, the shape of the curve is still sat-
isfactory, which indicates quick dynamics of charge propagation
with this kind of carbon. It also suggests that CA800 can be excellent
candidate as electrode materials for supercapacitor.

Galvanostatic charge/discharge measurements have also been
conducted in order to investigate the electrode performance of
CA800. The sample C800 was used as a contrast. The galvano-
static curves at a loading current density of 1Ag-! are shown
in Fig. 4. Both C800 and CA800 present a linear galvanostatic
charge/discharge curve without obvious ohmic drop, indicating
that both of them possess a good capacitive behavior under this
loading current density. However, the specific capacitance of CA800
reaches 235Fg~1, much larger than that of the C800 (141Fg-1).
The capacitance of CA800 can still remain 158 Fg~! even at a high
loading current density of 11 Ag~! (Fig. 5), which can attribute to its
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Fig. 4. Charge/discharge curves of C800 and CA800 samples at the current density
of 1.0Ag 1.

quite small equivalent series resistance (ESR) for the ionic diffusion
at a high speed.

High electrochemical stability of CA800 electrode is depicted
in Fig. 5 by continuous galvanostatic charge/discharge cycling
with different current densities in a symmetric capacitor which is
charged up to 1V. A little increase of specific capacitance occurs
during the first 500 cycles, which was due to electrochemical acti-
vation, and thereafter the capacitance tends to be stable at 1, 3,
5,7,9,and 11Ag~! current densities. At higher current densities,
for example, 9 and 11 Ag~!, a little decrease of specific capacitance
mainly occurs at the initial 2000 cycles, and thereafter the spe-
cific capacitance tends to stabilize. After 10,000 cycles, the specific
capacitance is still about 99.9% of the initial specific capacitance,
which indicates the sample possesses excellent cycle durability. It
may be because the pseudocapacitance effect introduced by oxy-
gen and nitrogen is stable with cycling. In addition, due to the low
specific surface area of the material, the number of active sites
that contribute to the electrolyte decomposition is very limited,
the cycleability is improved [30].

EIS was utilized to obtain information on the supercapacitors’
performance, such as their frequency dependence and ESR [25].
Fig. 6 illustrates the Nyquist plots of the C800 and CA800 superca-
pacitors. In all cases, a semicircle of very small radius is obtained
at high-frequency region and a straight line in the low frequency

250
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Fig. 5. Cycle behaviors of CA800 at the different current densities.
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Fig. 6. Nyquist plot of C800 and CA800 (inset: enlarged high-frequency region of
Nyquist plot).

region. At very high frequencies, the intercept at the real axis is the
ESR value, the ESR value of C800 is obviously bigger than CA800’s
(CA800’s is about 0.75, while C800’s is 1.3 2), the reason may be
that activated carbon materials generate a number of polar groups
which results in the increase of the electric conductivity. The imag-
inary part of the impedance spectra at low frequencies represents
the capacitive behavior of the electrode and approaches a 90° verti-
cal line in an ideal capacitor [1]. Obviously, the straight line part of
carbon CA800 is more close to vertical line along the imaginary axis,
suggesting this carbon has better capacitive behavior than C800.

In order to investigate the reason of the increase of capacitance,
BET test was used. The N, adsorption isotherms of C800 and CA800
are shown in Fig. 7. According to the IUPAC classification, the N,
adsorption isotherms of both carbons exhibit type I characteris-
tics, confirming their microporous character. CA800 has higher N,
adsorption, which suggests an increase in pore volume and sur-
face area for CA800 compared to C800. The surface area of CAS00
is 514m? g~1, which is bigger than C800’s (325 m2 g~ 1), suggesting
surface area can be increased by activation in mixed gas of oxygen
and nitrogen (see Table 2 and Fig. 1), the increase of surface area
can improve the capacitance.

According to the literature [19,22,23], the presence of nitro-
gen atom group can offer carbon materials a base character, which
is proportional to the nitrogen content. Heteroatoms polar func-
tional group can improve the wettability of carbon material. Thus
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Fig. 7. N, adsorption isotherms of C800 and CA800.

Table 2

Surface characterization of C800 and CA800.
Sample BET(m?g-!) Porevolume(cm®*g~') Gy (Fg!) GCsa(Fm=2)
C800 325 0.080 135 0.394
CA800 514 0.089 235 0.447

increasing the surface area is accessible to electrolyte or hydrated
molecules for double-layer formation. The more heteroatoms polar
functional group of N and O can offer more redox reactions in car-
bon matrix, suggesting more pseudocapacitance was produced. In
this study, the CA800 shows less content of C, more content of N and
O than C800 in Table 1. Therefore, we believe that increased specific
capacitance may be attributed to synergic effects of pseudocapac-
itive and double-layer capacitance. Moreover, specific capacitance
per surface area of CA800 and C800 was up t0 0.447 and 0.394Fm~2,
respectively, which is bigger than commercial activated carbon
(Maxsorb) [30] and activated carbon by other methods [27,30-33].

4. Conclusions

To summarize, we have prepared a doped activated carbon from
H,S04-doped polyaniline by carbonization and activation. To the
best of our knowledge, it is the first time that a polyaniline-derived
carbon has been prepared with the characteristics of low surface
area and large heteroatoms (nitrogen and oxygen). Two kinds of
capacitance contribution are involved in this material: one kind
comes from the formation of the electrical double-layer, the other
comes from pseudocapacitive effect caused by the presence of
nitrogenated and oxygenated functionalities. The specific capaci-
tance of the doped activated carbon material is as high as 235Fg~1,
the specific capacitance hardly decreases at a high current density
11Ag-1 after 10,000 cycles. The advantages of this material are:
(1) easy and fast synthesis; (2) easy handling compared with other
powder carbon; (3) excellent performance (high specific capaci-
tance and excellent cycling stability); (4) environmental benignity.
All these characteristics testify that the doped activated carbon
material may be a promising candidate for supercapacitors.
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