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Abstract Activated carbon for supercapacitor electrode was
prepared from polyaniline using chemical activation with
ZnCl,. The morphology, surface chemical composition, and
surface area of the as-prepared carbon materials were
investigated by scanning electron microscope, atomic force
microscopy, X-ray photoelectron spectroscopy, and Bruna-
uer—Emmett-Teller measurement, respectively. Electrochem-
ical characteristics were evaluated by cyclic voltammograms,
galvanostatic charge/discharge, and electrochemical imped-
ance spectroscopy tests in 6.0 mol L™' KOH aqueous
solution. The electrochemical measurements showed that
ZnCl, activation led to better capacitive performances. The
activated carbon presented a high-specific gravimetric
capacitance of 174 Fg ™', with rectangular cyclic voltamme-
try curves at a scan rate of 2 mV s ', and it remained 93%
even at a high scan rate of 50 mV s '. These demonstrated
that activated carbon would be a promising electrode
material for supercapacitors.

Keywords Supercapacitor- Polyaniline - Activated carbon -
X-ray photoelectron spectroscopy - Zinc chloride
Introduction

Supercapacitors (generally called electrochemical capaci-

tors) have gained much attention in recent years because of
their high power density, excellent reversibility, and long
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cycle life [1, 2]. On the basis of energy storage mecha-
nisms, the supercapacitors are classified as electrical
double-layer capacitors (EDLCs) and faradaic pseudocapa-
citors. In EDLCs, energy storage is accumulated from the
electronic and ionic charges between electrode/electrolyte
double-layer interfaces, while faradaic pseudocapacitors
store energy by a fast and reversible faradaic redox reaction
at or near the electrode surface [3-5].

As it is well known, electrode material is one of the
dominating factors that influence the performance of super-
capacitor. Among various electrode candidates for super-
capacitors, activated carbons have attracted considerable
interest owing to their high-specific surface area, highly
porous structure, good electrical conductivity, and relatively
low cost [6—8]. Because the choices of carbon precursor and
activation conditions determine the electrochemical perfor-
mance, with carbon surface area, pore size distribution,
electrical conductivity all affecting double-layer capacitance.
Supercapacitors with activated carbon electrodes derived
from various precursors such as sawdust [7], cationic starch
[9], bagasse [10], and coffee shell [11] have been reported.

Broadly, the preparation of activated carbon can be divided
into physical activation and chemical activation. 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 [12] or carbon dioxide [4,
13]. In chemical activation, firstly, the precursor is mixed
with some chemical reagents, such as ZnCl, [7, 9, 10, 14],
KOH [2, 3, 15, 16], and H3PO, [17-19]. Then it is
carbonized and washed to get the final activated carbon.
Generally, chemical activation is the preferred route because
it achieves higher yield, larger surface area, needs low
operating temperature, and is cost-effective [3].

In this paper, we have prepared activated carbon with good
electrochemical performance from polyaniline (PANI)
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Fig. 1 Schematic illustration for preparing for activated carbon

through ZnCl, activation. PANI contains about 15% of
nitrogen and 79% of carbon, and has the advantages of low
cost, environmental stability, and easy to synthesize [20, 21].
Moreover, the amount of nitrogen introduced to the activated
carbon is believed to be dependent on the nitrogen precursor
[22]. In addition, nitrogen can enhance the specific capaci-
tance by improved wettability of carbon surface and pseudo-
capacitance reactions [23]. For these reasons, we believe that
PANI is a promising nitrogen-containing material as precur-
sor to prepare activated carbon for supercapacitors. To the
best of our knowledge, this is the first time to synthesize such
an activated carbon material for supercapacitors in this way.
Especially, the textural and electrochemical properties of the
carbon materials are discussed in detail.

Experimental

Preparation of activation carbon materials

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

mixed with a 5.0 wt.% ZnCl, solution under vigorous
stirring for 8 h, and then it was dried at 110 °C for 24 h to
prepare the impregnated sample. The weight ratio of
PANI to ZnCl, was 1:1. For activation, the impregnated
material was transferred into a graphite crucible and was
heated at the rate of 10 °C min ' from room temperature
up to 700 °C under nitrogen flow. Then, it was cooled
back to the initial temperature. The as-prepared product
was subsequently washed with 1 mol L™' HCI and
distilled water until the pH of the solution was approxi-
mately 7. The final product was dried at 110 °C for 24 h
under vacuum condition. The preparation strategy is
shown in Fig. 1. The obtained activated carbon was
marked as CZ. For comparison, a carbonized sample was
prepared from PANI without ZnCl,. The preparative
procedure was the same as that of CZ, the sample was
marked as CC.

The characterization of materials

Scanning electron microscope (SEM) measurements were
performed on a JSM-6610LV scanning electron micro-

Fig. 2 SEM images of a CC and b CZ
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Fig. 3 Two-dimensional AFM images and corresponding cross-section of CC (a) and CZ (b). Three-dimensional AFM images of the CC (¢) and CZ (d)

scope. Atomic force microscopy (AFM) imaging of
prepared diatoms was performed using a Multimode
NS3D (Veeco Corp, USA). Images were acquired in air
using contact modes. The Brunauer—Emmett-Teller (BET)
specific surface area and pore volumes of the carbon
materials were determined by N, adsorption at 77 K on a
Quantachrome NOVA-2200 system. The elemental analy-
ses were performed on an elemental analyzer Vario EL V5
(Elementar Analysensysteme GmbH). The chemical state of
the surface was characterized by X-ray photoelectron
spectroscopy (XPS) on a VG Scientific ESCALAB 250
spectrometer with an Al Ko source. The spectra were
charge corrected using the Cls peak (Eb (C1s)=284.6 ¢V)
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 photoionization cross-sections.

Electrochemical test

The electrode was consist of 80% as-prepared carbon
material, 10% acetylene black (AB) as conducting agent,

and 10% polyvinylidene fluoride (PVDF) as a binder. First,
PVDF was dissolved in N-methyl-2-pyrrolidone, AB and
carbon material were mixed orderly to form a homogeneous
slurry, which was subsequently blush-coated onto nickel
foam current collectors ($=10 mm). Then, the electrodes
were dried in a vacuum oven at 110 °C overnight.
Sandwich-type capacitors were assembled with two electro-
des separated by nylon film, and 6 mol L' KOH solution
was used as electrolyte. Cyclic voltammetry (CV), galva-
nostatic charge/discharge cycles, and electrochemical im-
pedance spectroscopy (EIS) were conducted on a CHI
660A electrochemical workstation (CHI Inc., USA) at room
temperature. EIS measurements were carried out by
applying an AC voltage of 5 mV amplitude in the
100 kHz to 10 mHz frequency range.

The specific capacitance of the electrode is obtained
from the Eq. (1):
C, = n:TA;/ x 2 (1)

Where C, is the specific gravimetric capacitance (F g ),
1 is the current loaded, At is the discharge time (s), AV is
the potential change during the discharge process (1 V in
this study), and m (g) represents the mass of the activated
carbon.

Table 1 Textural characteristics

and specific capacitance of the Samples Surface area (m” g~') Pore volume (cm® g ™) Pore diameter (nm) Copec (F )
CC and CZ

CcC 13.8 0.022 1.68 12

CzZ 824 0.210 1.43 174
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average roughness. The CZ surface has a root mean square
i 250 //,‘”v roughness (rms) 7.298 nm (measured on 3x3 pum area),
; ——CL while the CC has an rms roughness of 14.660 nm
“% 200 ——cc (measured 1.5%1.5 pm area). These results confirm the
S ] lower surface roughness of CZ in comparison with CC,
> 150 4 confirms the SEM observations.
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Fig. 4 N, adsorption/desorption isotherms of the CC and CZ

Results and discussion
Characteristics of the carbon samples

Figure 2a depicts representative SEM photograph of the
CC. It is granular, and a lot of granular which are in
similitude size stack together. The morphology of CZ is
similar to CC (Fig. 2b), however, its surface is quite
smooth. The reasons may be the breakage of some chemical
bonds and partial oxidation of carbon surface. Accordingly,
distinction in the surface morphology would lead to
distinction in the specific gravimetric capacitance.

Atomic force microscopy was performed to examine the
surface morphology and to measure roughness values for
CC and CZ. Typical two- and three-dimensional AFM
images with corresponding cross-section graphs of CC and
CZ are shown in Fig. 3. As can be seen, some isolated
particles at a density lower than 11 and 2 particles wm >
appear on the surface for CC and CZ, respectively. It also
can be observed from the AFM images that CC contains
many large particles and exhibits an uneven distribution of
particle sizes. However, after activation, as for the CZ,
uniform and small particles are observed. In addition, the
average heights of particles are 32 and 20 nm for CC and
CZ, respectively. These may be the reasons for the
enhancement of surface area (see Table 1). The cross-
section of each AFM image is analyzed in terms of surface

samples. It is clear that both the specific surface area and
total pore volume of CC are less than those of CZ. CC
possesses very low surface area (13.8 m? g ') because of its
nonporous characteristics. However, the surface area of CZ
is sharply increased through ZnCl, activation, and the value
is as high as 824 m* g '. For the sample CZ, the ZnCl, is
assumed a dehydration agent during activation. It inhibits
the formation of tars and any other liquids that can clog up
the pores of the sample, and volatiles will be subsequently
released from the carbon surface [24]. The specific
gravimetric capacitance is also shown in Table 1. It can
be observed that CZ with the high BET surface area has the
high-specific gravimetric capacitance of 174 Fg '. This
means that the enhanced capacitance can be mainly
attributed to the enhancement of the surface area.

Owing to the fact that XPS determines the surface
composition in contrary to bulk composition revealed by
elemental analysis, the relative contents of surface carbon,
oxygen, and nitrogen obtained from XPS differed from those
from elemental analyzes (Table 2). More surface oxygen and
less surface nitrogen are measured in CZ than in CC, which
is in agreement with the results of elemental analysis.

XPS spectra of investigated carbon materials indicate the
presence of three distinct peaks due to carbon, nitrogen, and
oxygen in Fig. 5. The binding energies corresponding to
appropriate peaks are as follows [23, 25-28]:

Cls: (1) 284.5+0.1 eV, graphitic carbon (C=C), and C—
H groups; (2) 286.1+0.1 eV, phenolic, alcohol, and ether
(C-0) or C-N groups; (3) 287.4+0.2 eV, carbonyl or
quinone groups (C=0); (4) 289.3+0.1 eV, carboxyl groups
(COO); (5) 291.6+0.4 eV 7t-7t* transitions in aromatics.

Table 2 Carbon, hydrogen, oxygen, and nitrogen contents [%] in the studies samples obtained from elemental analyses and X-ray photoelectron

spectroscopy (hydrogen is not included)

Samples C H N Cxps Oxps Nxps N/C
cC 80.4 1.69 9.76 8.15 73.4 10.2 16.4 0.22
cz 68.4 1.78 7.91 70.4 16.3 133 0.19
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Fig. 5 X-ray photoelectron spectra of the CC and CZ

Nls: (1) 398.7+0.3 eV, pyridinic (N-6); (2) 400.5+0.3 eV,
pyrrolic and pyridonic (N-5); (3) 401.3+0.3 eV, quaternary
nitrogen (N-Q); (4) 402.8+0.4 eV, pyridine N-oxide; (5) 404—
406 eV, chemisorbed nitrogen oxides (N-Ox).

Ols: (1) 531.3£0.2 eV, carbonyl (C=0) and/or quinone
(marked as O-I); (2) 532.6+0.3 eV, hydroxyl (C—OH) and
ether (C-O-C) (marked as O-II); (3) 534.3+£0.2 eV,
carboxyl (COO ) (marked as O-II); (4) 536.3+0.4 eV,
chemisorbed oxygen and/or water.

As seen from Table 3 and Fig. 5, compared with the
sample CC, CZ from ZnCl, activation leads to an increase
in the concentration of surface oxygen functional groups
and a change in their distribution. The content of carbonyl
and/or quinone group of CZ increases relatively at the
expense of C-OH and/or C-O-C groups. Rufford et al. [10]
have proved that ZnCl, activation had a large effect on the
oxygen and nitrogen functional groups.

The types of nitrogen species and their distribution are
shown in Table 3. The activated sample CZ has a much
lower content of nitrogen than CC. Jurewicz et al. [29] have

s 50 58
Binding energy / eV

526 406 404 402 400 398 396 394
Binding energy / eV

mentioned that activation of the nitrogen enriched precursor
led to a reduction of the nitrogen content but also to the
conversion of the surface nitrogen species. To understand
the role of nitrogen functionalities in capacitive perfor-
mance, it is necessary to clarify the types of nitrogen
introduced onto the carbon surface. The locations of
nitrogen functionalities within the carbon matrix are
schematically displayed in Fig. 6. The peak analyses of
Nls for CZ and CC reveal the nitrogen species are almost
the same, but with different relative contributions. The
content of pyridinic nitrogen after activation increases to
26.2%. Similarly, the content of N-5 nitrogen in CZ is
about three times higher than that in CC. A small amount
(12%) of N-Ox groups is found in CC. The increase of N-5
is probably caused by by transformation of other nitrogen
species during activation processing (e.g., N-Ox groups) to
more thermally stable nitrogen species [25]. It is reported
that the most important functional groups affecting energy
storage performance are pyrrolic and pyridinic nitrogen
along with quinone oxygen [28, 30].

Table 3 Relative surface concentrations of nitrogen and oxygen species obtained by fitting the N1s and Ols core level XPS spectra

Samples N-6 N-5 N-Q N-X N-Ox O-1 O-I1 O-III
398.7 eV 400.5 eV 4013 eV 402.8 eV 405 eV 5313 eV 532.6 eV 5343 eV

CcC 20.5 18.5 29.2 19.8 12.0 10.4 712 12.4

CczZ 26.2 57.6 11.5 4.7 - 50.9 26.0 12.7
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Fig. 6 Schematic diagram of nitrogen- and oxygen-containing surface
functional groups on carbon

Electrochemical properties

Typical CV curves for CZ and CC at a scan rate of
2 mV s ! are presented in Fig. 7a. The CV curve of CZ
exhibits larger area of rectangle than that of CC, suggesting
CZ has higher specific capacitance. The CC sample shows
irregular rectangular shape and it gives a capacitance of
12 Fg~'. The irregular rectangle may be due to diffusion-
limited capacitance, which may in turn be due to electrolyte
tapped in the micropores of the carbon [11]. Figure 7b
presents the CV curves for sample CZ at various scan rates
changing from 2 to 50 mV s LAt 2,5, and 10 mV s !, the
curves present a standard quasi-rectangular voltammogram
shape. At increase scan rate of 50 mV s, the rectangular
shape of votammogram of CZ is maintained with only
slight distortion. As the scan rate increases from 2 to
50 mV s ', the specific gravimetric capacitance of CZ only
decrease from 174 to 161 Fg ' with a retain ratio of 93%.
The good electrochemical performance of the CZ can be
attributed to the presence of the pyridinic and pyrrolic
nitrogen along with quinone oxygen, in which almost 84%

——CZ
——CC

(a)

e
w
1

e
Y
)

e
=
L

-0.1

Current density / A g‘l
(=]
<

o
~
)

e
w

0.2 0.4 0.6 0.8 1.0
Potential / V

4
°

of the nitrogen functionalities are pyridinic and pyrrolic.
Pandolfo et al. [8] also have mentioned that functional
groups could enhance the wettability of carbon electrodes
and, consequently, increase the specific capacitance of the
carbon through improved pore access and greater surface
utilization.

Galvanostatic charge/discharge measurements are com-
monly used to test the performance of capacitors. Figure 8a
displays the galvanostatic charge/discharge curves of the
CC and CZ at the current density of 500 mA g '. It can be
seen that the CZ exhibits almost the isosceles triangle
curve, which indicate the supercapacitor with the perfor-
mance of reversibility and good capacitive. The specific
capacitance of CZ reaches 166 Fg ™', much larger than that
of the CC (7 Fg"). The better electrochemical performance
of the CZ can be ascribed to its higher surface area and
micropore volume. The abundant micropores play an
essential role for optimizing the electrical double-layer
surfaces and then strengthen the value of capacitance. In
addition, the result suggests that, after activation more
surface area of the carbon is accessible to electrolyte ions
due to the improved wettability of carbon and more quick
charge propagation [31]. Figure 8b shows the galvanostic
charge/discharge curve of CZ at different current densities.
The specific gravimetric capacitance drops slowly as the
current density increases. This indicates that the ions have
enough time to diffuse into the micropores of carbons at the
low current density, while the ions can only partially
penetrate into the micropores due to the sterical limitations
at the high current density [8, 16]. Although the specific
capacitance depressed, it can still remain as high as 140 F
g' at a higher current density of 5 Ag'. The good
performance of CZ demonstrates that PANI activated
carbon will be a promising electrode material for super-
capacitors.

Figure 9 shows the cyclic stability of CZ electrodes at
the current density of 500 mA g~ '. During the initial cycles,
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Fig. 7 Cyclic voltammograms of carbon electrodes in 6 mol L' KOH electrolyte, a the CC and CZ at a scan rate of 2 mV s ', b the CZ with

different scan rates
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Fig. 8 Galvanostatic charge/discharge curves of carbon electrodes in 6 mol L™ KOH electrolyte, a the CC and CZ at the current density of

500 mA g ', b the CZ performed at different current density

it is found that there is a gradual increase in the specific
capacitance value from 166 to 171 Fg ' in the first 400
cycles, which was due to electrochemical activation. A little
decrease is observed from 400 to 1,000 cycles, and
thereafter, it remains fairly constant up to 2,000 cycles.
After 2,000 cycles, the specific capacitance is still about
96.5% of the initial specific capacitance. Therefore, the CZ
electrode shows high stability and retains its electrochem-
ical capacitance property over 2,000 cycles.

EIS is further employed to monitor the electrochemical
behavior of the electrodes. The resistance of a super-
capacitor, namely equivalent series resistance or ESR,
consists of electronic contributions and ionic contributions.
Typical Nyquist impedance spectra recorded at a frequency
range of 100 kHz to 10 mHz for CC and CZ are shown in
Fig. 10. At very high frequencies, the intercept at the real
axis is the ESR value. It can be seen that the ESR of CZ
(0.7 ©) is much lower than that of CC (1.3 2), indicating

180 4

150 4

120

Specific capacitance / F g'1
N o
< <

w
>
|

T T T T T T T
0 400 800 1200 1600 2000

Cycle numbers

Fig. 9 Charge/discharge cycling stability of CZ at a current density of
500 mA g '. Specific capacitance calculated from discharge profiles
of galvanostatic cycling curves measured in two-electrode cells

that the electric conductivity increases. The lower electronic
resistance for CZ is probably attributable to more rapid
mass transport within micropores of carbon due to the
improved wettability of active material [31]. The imaginary
part of the impedance spectra at low frequencies represents
the capacitive behavior of the electrode and approaches a
90° vertical line in an ideal capacitor [20]. In the low-
frequency region, the slope of CZ is steeper than that of
CC, which suggests that the capacitive performance is
better than that of CC. This is consistent with the above
results of CV curves.

Figure 11 illustrates the equivalent circuit used to model
the impedance response. Therein, in the high frequency, the
equivalent circuit for CC and CZ electrodes involves the
following elements: the solution resistance, R, the capac-
itance at the contact interface of carbon particals, Cc, which
was expected in parallel with the contact resistance (R.). In
addition, in the low frequency region, a low-frequency
capacitance (Cp) in parallel with a charge transfer resistance

35
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—e—CC
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20+
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——cCC
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-Z"" /[ ohm
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Fig. 10 Nyquist plot of the CC and CZ (inset enlarged high-
frequency region of Nyquist plot)
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Fig. 11 Equivalent circuit for simulating the impedance spectra of the
CC and CZ electrodes

(R.). Cy in the circuit model represents the combination of
the double-layer capacitance (Cq;) and the pseudocapcaci-
tance (Cr), though the mechanisms between these two (Cy
and Cp) are different. Cc and Cp are the constant phase
elements associated with R, and R;.

Conclusions

Activated carbon has been prepared from PANI by
chemical activation using ZnCl, as an active reagent.
Compared with the CC, CZ shows porous textures and
remarkable enhancements in the specific surface area and
volume of micropores. As the electrode materials for the
application of supercapacitors, CZ exhibits better capacitive
performance and has high specific capacitance of 174 Fg™".
Correlating the capacitive behavior with textural character-
istics, the good electrochemical performance of the activat-
ed carbon is ascribed to high surface area (824 m? g ),
well-developed micropores, low equivalent series resistance
(0.7 ), and the presence of electrochemically active
quinone oxygen groups and nitrogen functional groups.
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