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Abstract The surface chemistry of activated carbon was
treated with sulfuric acid and hydrogen to analyze the
oxygen-containing functional groups on the impedance
behavior of electric double-layer capacitors. Based on the
electrochemical impedance spectrum (EIS), an equivalent
circuit model was proposed considering the kinetic and
charge transfer characteristics, and Marquardt fit procedure
was applied to the EIS data. The simulated results indicate
that the oxidation treatment made the ionic resistance
within the pore of carbon electrode decrease, and the ion
diffusion coefficients significantly increase, which leads to
improvement of power capability of the carbon electrode.

Keywords Activated carbon - Electric double-layer
capacitor - Impedance - Oxidation

Introduction

Electric double-layer capacitors (EDLCs) are new energy
storage devices with great application prospect based on the
formation of electric double layer at electrode/electrolyte
interface. Compared with rechargeable batteries, EDLCs
have many advantages, such as high power density,
remarkable cycling performance, high safety, high-
temperature stability, friendliness to environment, and so
on [1, 2]. During the last decades, EDLCs have been
extensively developed [3, 4] to meet the increasing demand
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in the hybrid power sources for electrical vehicles, digital
telecommunication systems, pulse laser techniques, and
other energy fields [5, 6].

High surface area activated carbon (HSAC) has been
extensively researched as electrode material for EDLCs
because of its high specific surface area, excellent electric
conductivity, and low cost [7-10]. Recently, considerable
efforts have been paid to improve the capacitance by
controlling the specific surface area and pore size of
HSACs [11-15]. However, these attempts almost approach
the capacitance saturation vs. specific surface area at
present [16].

Theoretically, the energy density of EDLC is determined
by 1/2CV?, in which C is the specific capacitance and V is
the tolerance voltage [3]. It is a better opinion to obtain a
high energy density by improving voltage window rather
than specific capacitance. Therefore, focuses of current
researches are concentrating on perceiving the reason why
there exists tolerance voltage limitation or how to enhance
the potential stability. When HSAC was used as electrode
material, it should have good electrolyte accessibility
except for a high surface area, a good inner pore size, and
a high conductivity [17-20]. It has been well known that
the oxygen-containing functional groups influence not only
the potential of zero charge, the electrolyte wettability
of the pores [20], but also the capacitance [21, 22] and
inner resistance of EDLCs [18].

In this paper, HSAC was modified by oxidation and
deoxidation treatment to give different surface chemical
performance. The experiment data of electrochemical
impedance were simulated with a new equivalent circuit
model considering the kinetic and charge transfer character-
istics. The purpose of this work was to investigate the effect
of oxygen-containing functional groups on the impedance
performance of EDLCs.
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Experimental
Materials

HSAC was prepared from petroleum coke with KOH as
activation agent [23]. After HSAC was deashed with
hydrochloric acid, it was heat-treated at 800°C for 2 h
under hydrogen atmosphere, which was labeled as H-AC.
When HSAC was oxidized with sulfuric acid (98 at.%) at
25°C for 4 h and dried at 220°C for 2 h under nitrogen
atmosphere, it was labeled as O-AC.

EDLC assembly

Polytetrafluoroethylene emulsion with a concentration of
60% was added to the composite electrode materials as
binder with a weight ratio of 5% and then kneaded and
pressed at 6 MPa to form a round electrode with a diameter
of 13 mm and thickness of 0.4 mm. The cells were
assembled by stacking two electrodes with a separator, in
which nickel foam (100 ppi) and polypropylene porous
membrane were used as current collector and separator,
respectively. All electrodes were vacuum wetted in 3 M
KOH electrolyte before being assembled the simulated
EDLCs.

Sample characterization

The pore characteristics of samples were analyzed by
nitrogen adsorption at 77 K using an automated apparatus
(ASAP 2020M, Micromeritics). The BET surface area
(Sger) was analyzed by the Brunauer—Emmett—Teller
method. Micropore surface area (S.;.) was obtained by
the t-plot method using an adsorption branch of isotherm.
Total pore size distribution of samples was analyzed with
the aid of density functional theory model. The surface
chemical compositions of samples were analyzed by
X-ray photoelectron spectroscopy (XPS, VG Scientific
ESCALab220i-XL).

All the electrochemical experiments were carried out at
25°C. EDLC cells were charge/discharged for 100 times
between 0.05 and 0.9 V at different current densities using
an Arbin electrochemical instrument. Specific capacitance
was calculated from the slope of the discharge curve by
Eq. 1.

C =21/(m-dV/dt) (1)

where C is the single-electrode specific capacitance, [ the
discharge current, m the mass of carbon material in one
electrode, and dV/d¢ the slope of the discharge curves.
Cyclic voltammetry (CV) measurements were performed at
various sweep rates from 5 to 40 mV s '. Electrochemical
impedance spectrum (EIS) was carried out in a frequency
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range from 10 mHz to 50 kHz with a Gamry electrochem-
ical instrument.

Theory and calculation

The Nyquist plot for a typical experimental double-layer
capacitor in the whole frequency range is shown in Fig. 1,
which consists of a semicircle at high frequency followed
by a 45° inclination and a vertical line at low frequency
region. Porosity or roughness of the electrode surface
displays a fractal character and is claimed to give rise to
the constant phase element (CPE) at high frequency region.
The equivalent circuit model to the circuit plot at high
frequency region is shown in Fig. 2 where a capacitor is
parallel with an interface resistance R;.

The intercept of the curve with the real axis gives an
estimation of the solution resistance R;. The impedance of a
CPE can be determined from Eq. 2

Zeps = 1/ [V (jo)°] (2)

where j is the imaginary unit (] =v-1 ) and w the angular
frequency (w = 2xf, f being the frequency), a is a
dimensionless parameter ranging between 0 and 1 at a
solid electrode/solution interface. When Eq. 2 is used to
describe an ideal capacitor, the constant Y’=C; (the
capacitance) and a=1 [3, 14].

At low frequency region, semi-infinite diffusion can be
considered as the rate determining step for a porous
electrode. The impedance created by ion diffusion is known
as Warburg impedance, which appears as a straight line
with a slope of 45° as shown in Fig. 1. The Warburg
impedance can be ignored because ions cannot diffuse into
the inter pores at high frequencies, whereas ions can diffuse
deeper within the porous structure at low frequencies.
Therefore, the Nyquist plot becomes a vertical line
indicating the pure double-layer capacitive behavior.

If the diffusion layer is totally bounded within a thin
slice of solution or a thin slice of material, the Warburg
impedance is called the Bounded Warburg (common
example for this case is electric double-layer capacitor)

Fig. 1 Experimental Nyquist
plot of EDLCs
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Fig. 2 The equivglent circuit CPE Table 1 Pore structure data of carbon electrode materials
model for the circuit plot at
high frequency region Samples  Spgr Shic Total pore  Average Average
mg’! m?g’! volume ore Size article
g g p p
(em®g™") (nm) size (pum)
HSAC 2,016 1,980 1.38 2.76 4.8
[3, 4]. The impedance of the bounded Warburg is given  pg.ac 1956 1917 1.35 27 4.9
by: 0-AC 1,965 1,930 1.36 2.74 4.8

Z, = Zo/\/(jw) coth|B+/jo| (3)

in which
Zy = RT / (n2F2ACS\/l_)> (4)
B=6 / VD (5)

where B and Z are the Warburg factors, D is the diffusion
coefficient of the ions in electrolyte, ¢ is the Nernst
diffuse layer thickness, n is the valency of the ion, F is the
Faraday constant, 4 is the area of electrode, and C; is the
concentration of the electrolyte on the surface of electrode.
Cs can be replaced by the bulk concentration of the
electrolyte because of the reversible formation process of
electric double layer.

The above discussion suggests that three parts should be
considered when modeling an equivalent circuit
corresponding to the capacitor impedance: the electrolyte
solution, the interface among carbon particles or/and
between particle and current collector, and the ion diffusion
within the porous structures. Therefore, considering the
kinetic of ion diffusion, a new equivalent circuit model can
be described as Fig. 3, and its Nyquist plot is shown in
Fig. 1. The whole impedance of the equivalent circuit can
be simulated by Egs. 2 and 3; in detail, Eq. 2 simulates the
impedance at high frequency region, and Eq. 3 simulates
the impedance at low frequency region.

Results and discussion
Physical properties of carbon electrode materials
Table 1 lists the main pore structure data of different

activated carbons. As can be seen, after activated carbon
was deoxidated or oxidized, its specific surface area

Fig. 3 The equivalent circuit model for the circuit plot at whole
frequency range

decreased slightly as well as the total pore volume. The
pore size distributions (shown in Fig. 4) has no significant
change after the treatment.

Oxygen-containing functional groups analysis

For a better understanding of surface chemistry by the
various treatments, the XPS spectra were deconvolved. The
Cls spectra were resolved into four individual component
peaks as illustrated in Fig. 5, as follows: peak 1 (284.8 eV),
graphitized carbon; peak 2 (286.0+0.2 eV), carbon in
phenolic, alcoholic, etheric or C=N groups; peak 3 (287.3+
0.2 eV), carbon in carbonyl or quinine groups; and peak 4
(288.8£0.2 eV), carbon in carboxyl or ester groups.

The XPS results are summarized in Table 2. According
to the literatures, 80—90% of the peak intensity of the Ols
originates from the contribution of the surface atoms or the
atoms of the 3.5-4 nm thick outer shell and the Cls peak
from C atoms located at the surface or in the 4-5 nm outer
shell. As shown in Table 2, the total oxygen content of O-
AC sample is much higher than that of HSAC. The
phenolic (C—O-) group increase dramatically after treat-
ment with sulfuric acid; the carboxylic groups (O—C=0)
decreased from 21.62% to 13.43% after hydrogen treat-
ment, which further leads to the reduction of the total
oxygen content.

0.16
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Fig. 4 Pore size distributions of activated carbon samples
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Fig. 5 XPS Cls spectra of activated carbon samples: a HSAC, b H-
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Fig. 6 The charge/discharge curves of the cells with different
activated carbons

Electrochemical performance of carbon electrodes

Figure 6 shows the charge/discharge curves of the samples.
It is evident that a symmetrical triangle is observable in the
range of 0.05-0.9 V at a constant current density of
40 mA g '. The relationship between specific capacitance
and current density was derived from the charge/discharge
curves at a current density varying from 40 mA g ' to 8 A
g . Figure 7 indicates that although the specific capaci-
tance decreased with current density increasing, the specific
capacitance of O-AC is the highest, while that of H-AC
decreased significantly. The specific capacitance of O-AC
was 220 Fg ! at a high current of 8 Ag™'; moreover, it still
kept 81.2% of the value measured at 40 mA g '. Therefore,
the oxidation treatment is favorable to improve the capacity
of activated carbon, especially at high current density.
Potential sweep CV measurement of the capacitor cells
were conducted within 0-0.9 V (shown in Fig. 8a) to
analyze the electrochemical behavior of the electrodes. By
dividing the induced current with the scan rate and the
weight of carbon used, voltammograms of specific capac-
itance versus potential profiles were obtained, and the
results are shown in Fig. 8b. Voltammograms of rectangular
shape were observed, indicating the domination of double-
layer formation. Although the current or capacitance of
the O-AC electrode shows a little deviation from level, the

Table 2 Relative contents of

functional groups in Cls from Samples Cls (%) C (at-%) O (at.%)
XPS spectra
Peak 1 Peak 2 Peak 3 Peak 4
HSAC 4483 17.93 15.61 21.62 92.61 7.39
H-AC 49.44 21.14 15.99 13.43 93.94 5.40
O-AC 44.95 26.13 12.26 16.68 86.59 12.43
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Fig. 7 Relationship between specific capacitance and discharge
current density
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Fig. 8 a CV curves of the EDLCs and b relationship between specific
capacitance and voltage at a sweep rate of 5 mV/s

Faradic current or capacitance peak is not remarkable in the
CV curves. Moreover, the specific capacitance of O-AC
electrode is higher than that of HSAC, indicating that
oxidation treatment can improve the capacitance of activat-
ed carbon.

EIS of the modified electrodes

EIS, which distinguishes the resistance and capacitance of
devices, was further employed to analyze the performance
of the capacitor cells. The impedance spectra of these cells
are shown in Fig. 9. It depicts the standard Nyquist plots
scans at different potentials. For each sample, there is a
semicircle intersecting the real axis at the high frequency
region, and the plot transforms to a vertical line with
decreasing frequency. Moreover, the simulated curves fit
with the EIS data very well. However, the Nyqusit plots
present a remarkable difference in the diameter of high
frequency semicircle and the length of the line with a slope
of 45°. Because the electrochemical process occurring on
the exterior surface of the electrodes at high frequencies, the
semicircle is suggested to represent the impedance at the
interface between the current collector and the carbon
particles as well as that among the carbon particles. At the
low frequency region, nearly complete ions would be
penetrated into pores; the vertical line exhibits the domination
of the capacitive behavior at the electrolyte/carbon interface.
According to Egs. 2 and 3, Marquardt fit procedure is applied
to EIS data to obtain parameters value, and the results of
parameter Ry, R;, Y°, v, D, and 6 are listed in Table 3.

As can be seen from Table 3, when the concentration of
electrolyte remains the same, the values of solution
resistance Ry are almost same because it is mainly
determined by the electrolyte.

m  HSAC
® O-AC
A H-AC

simulated line

-Z" imag (ohm)

Z'real (ohm)

Fig. 9 The experimental and simulated Nyquist plots of EDLCs
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Table 3 Parameter data simulated with Eqs. 2 and 3

Parameters Results of samples

HSAC H-AC 0-AC
R, (mQ) 222.8 190.8 200.1
R; (mQ) 168 77.89 191.1
'x10° (Q7's'?) 1.42 241 8.43
a 860 810 887
Dx10° (cm?s™") 8.34 1.64 22.0
5x10% (cm) 2.36 1.31 227
R (m©) 619 1,740 226

The value of R; for the cell with H-AC as electrode
material is the lowest, and it follows the order: H-AC<
HSAC<O-AC. These indicate that the polarization
resistance of the cells increases with the amount of
surface oxides increasing.

The exponent « deviates from unity and increases with
the amount of oxygen-containing functional groups, indi-
cating that the external surface becomes more ideal because
such surface functional groups may improve the surface
hydrophilicity of activated carbon and be more wettable
with electrolyte.

The constant Y is too small to be taken into account in
evaluating the external surface capacitance due to the fact
that CPE represents the external surface of carbon.

The inner pore diffusion coefficient D increases remarkably
with the oxygen-containing functional groups increasing.
This may be attributed to the fact that oxygen-containing
functional groups improve the surface hydrophilicity and
wettability with electrolyte, which leads to a higher inner-
pore ion diffusion rate. The increase in diffusion coefficient
accordingly causes the internal resistance Ry, to decrease. In
addition, the values of R, are much higher than that of R;,
indicating that the overall resistance of the EDLCs is
controlled by the inner-pore diffusion coefficient.

The values of parameter § are quite low and have no
obvious change, which suggests that the concentration
polarization is not remarkable.

As a result of a resistance within the pore structure, non-
uniform charge distribution through the porous electrode at
high charging rates or at high frequencies exists, leading to
a distributed capacitance effect, which can be derived from
the impedance spectra (Fig. 9). The relationships between
capacitance and frequency are shown in Fig. 10. The
capacitance can be calculated from the imaginary part of
the impedance as follows:

Zimag = C '™} (6)

where Zin,,, C, and w are the imaginary components of the
impedance, capacitance, and the angular velocity, respectively.
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Fig. 10 Relationship between capacitance and frequency for different
carbon electrodes

As seen from Fig. 10, the capacitance increases with
frequency decreasing in an inverse S-shaped mode. The
capacitance levels off at lower frequency and starts to
decrease abruptly at high frequency. The cut-off frequency is
roughly related to the RC time constant of the single
electrode capacitor. For the cell with O-AC, the low
frequency capacitance is higher than others. However, its
RC time constant is lower, which is reflected by the higher
cut-off frequency. This can be mainly attributed to the lower
ion diffusion resistance of O-AC. Moreover, the RC time
constant follows the order of H-AC>HSAC>O-AC. The
results indicate that the introduction of oxide group on the
activated carbon surface would improve the power capability
of EDLCs.

Conclusions

In this work, the effects of oxygen-containing functional
groups of activated carbon on the electrochemical perfor-
mance of carbon electrode were investigated using an
impendence method and relating model. The results indicate
that oxygen-containing functional groups of activated carbon
lead to a significant increase of inner-pore ion diffusion
coefficient and a decrease in ionic resistance within the pore of
carbon electrode. Although oxide groups cause polarization
resistance of the electrode increase, the overall inner
resistance of the cell is dominated by the inner-pore ionic
resistance. Therefore, oxidation treatment may improve the
power capability of activated carbon.
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