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Mesoporous carbon (MoC), prepared by the template method from phenol resin, commercial mesoporous
carbon fiber (ACF) and microporous activated carbon (MiC) were heat-treated under 1200 °C in nitrogen.
The samples before and after high temperature heat treatment (HTT) were used as electrodes in 30%
KOH electrolyte for supercapacitor. The structure and electrochemical properties of these samples were
characterized by X-ray diffraction (XRD), galvanotactic charge-discharge, cyclic voltammetry (CV) and
electrochemical impedance spectra, respectively. Results showed that HTT caused a remarkable increase
of mesoporous ratio in texture accompanied with a significant reduction of surface area. After HTT, the
layer-layer space among graphite crystallite decreased and the degree of graphitization was improved.
The capacitance values of mesoporous carbons increased and a more stable tendency for specific capac-
itance was obtained compared with the contrary performance of MiC-1200. The cyclic voltammetry of
the samples at different sweep rates was close to the rectangular shape, which represented the lower ESR
and higher power density. It was also found that high temperature treatment could improve the electrical
conductivity and decrease the impedance of the electrode remarkably. The improved specific capacitance
and the better conductivity of mesoporous carbons could be ascribed to the expanding and reorganization
of crystallite structure as well as increase of mesopore ratio.
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1. Introduction

As a potential alternative or complement to other energy stor-
age or generation devices such as secondary batteries and fuel
cells, the research and development of supercapacitor had attracted
much attention [1-5]. Carbon materials were thought to be the
most attractive electrode materials because of its excellent elec-
trochemical property, high surface area, relatively low cost and
availability [6-8]. In particular, mesoporous carbon obtained by
template method of phenol resin-derived precursors generally
exhibited very good electrochemical performance in this applica-
tion. In the carbon-based supercapacitor, energy was stored mainly
through the formation of the electrical double layer, as a result, the
structure and property of the carbon electrode will greatly influ-
ence the performance of the as-prepared supercapacitor. Beguin et
al. had revealed that lower equivalent series resistance might lead
to higher power density of supercapacitor [9], which was mainly
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attributed to the improvement of crystallite structure. As a result,
improving the conductivity of the porous carbon material could
enhance the performance of the supercapacitor.

It is well known that carbon with higher graphitization and
better crystallite structure had the better conductivity and high
temperature treatment was an effective way to accelerate the for-
mation of the crystallite structure of graphite and improved the
degree of graphitization [10]. Ruiz et al. studied the effects of ther-
mal treatment on activated carbon at 600 and 1000°C [11]. The
results showed that the presence of an extra capacitance due to
redox reactions had been proved for the samples with high oxygen
content. However, other factors, such as conductivity or wettabil-
ity, which also influenced the total capacitance and were certainly
modified by the thermal treatment, were not taken into account in
their work.

In this paper, several kinds of porous carbons, including micro-
porous carbon (MiC) and mesoporous cabon/fiber (MoC and ACF),
were treated at 1200 °C in nitrogen, and then used as electrodes in
30% KOH electrolyte for supercapacitor. The relationship between
structure and the electrochemical performance of these samples
were investigated.
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Table 1
Porous structure of samples

MiC MiC-1200 MoC MoC-1200 ACF ACF-1200
Sger (m?g1) 2962 2001 607 269 1195 1021
Viotal (cm> g=1) 0.8 0.54 0.67 0.52 0.94 1.09
Vinicro (cm® g=1) 0.74 0.46 0.09 0.01 0.29 0.27
Vineso (cm? g~1) 0.06 0.08 0.58 0.51 0.65 0.82
%meso 7.5 14.8 86.6 97.7 69.1 75.2

Remark: Sger, specific surface area (m? g='); Viotar, total pore volume (¢cm? g71); Vinicro»
micropore volume (cm? g-1); Vineso, mesopore volume (cm3g—'); ¥meso, meso-
porosity percentage after HTT.

2. Experimental
2.1. Materials

Mesoporous carbon was prepared by the template method [12],
commercial ACF and activated carbon (MiC) was purchased from
Osaka Gas Company and Hua Xian Activated Carbon Company. The
porous carbons were thermally treated at 1200°C in a horizon-
tal furnace under a nitrogen flow of 65mLs~! for an hour, and
then cooled to room temperature. The resultant samples after heat
treatment were labeled as MoC-1200, ACF-1200 and MiC-1200,
respectively. Pore structure and pore size distribution of all the
samples were shown in Table 1 and Fig. 1.

2.2. Characterization

Porous texture of samples was characterized by nitrogen adsorp-
tion at 77 K using Micromeritics ASAP-2010 instrument. The pore
size distribution curve of MiC and ACF series were calculated by
the density functional theory (DFT) method, while that of meso-
porous carbon MoC series were calculated by the BJH method.
The specific surface areas (Sger) were calculated from the adsorp-
tion data in the relative pressure interval from 0.04 to 0.2 using
the Brunauer-Emmett-Teller (BET) method. The total pore volume
(Viota1) Was calculated at relative pressure of 0.99. The micropore
volume (Vo) Was determined by t-plot model, and the meso-
pore volume (Vimeso) Was calculated by the difference of Viy, and
Vinicro- The ratio of mesopore (%meso) was obtained from the ratio
of Vineso and Vi,

The X-ray diffraction (XRD) analysis was performed in using the
Bruker D8-Advamce Instrument (Germany), which was analyzed
on a bed diffractometer over a 26 range of 23-80° using Cu Ka
radiation as the light source with the tube potential of 40kV and
tube current of 40 mA.

The sheet-type electrodes about 400-500 wm in thickness
and 12 mm in diameter were prepared by mixing porous carbon
(80 mass%) and graphite (10 mass%) with polytetrafluoroethylene
(PTFE) binder (10 mass%) followed by kneading and rolling to a thin
sheet. A polypropylene separator with the thickness of 40 um was
sandwiched with a pair of the sample sheets to form electrodes. The
capacitance of the sample electrode was determined by two elec-
trodes system without reference electrode. 30% KOH was employed
as electrolyte. The charge/discharge capacitance of electrode was
measured using a Program Testing System (produced by Wuhan
Lixing Co. Ltd., China). Charge and discharge voltages were ranged

Table 2
Specific capacitance of samples at 0.5 mA

MiC MiC-1200 MoC MoC-1200  ACF ACF-1200
Cy (Fg1) 209.1 192.8 88.3 75.7 131.2 118.9

C(pnFem=2) 0.10 0.07 0.15 0.27 0.11 0.12
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Fig. 1. Pore structure distribution of (a) MiC and MiC-1200; (b) ACF and ACF-1200;
(c) MoC and MoC-1200.
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Fig. 2. XRD profile of (a) MiC and MiC-1200; (b) ACF and ACF-1200; (c) MoC and
MoC-1200.

between 0.9 and 0V. The C in Farad was calculated on the basis of:
[ i(A)xt(s)
¢~ [wes 2w W
where i is the discharge current, which is chosen as constant for
all the samples, t, the discharge time, W, the mass of the active
carbon material of the single electrode (working electrode), and
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Fig. 3. Constant current charge/discharge curve of samples (0.5 mA).

AE is the potential difference during discharge. For each sample,
at least three electrodes were assembled and measured as parallel
experiment. The specific capacitance C; was expressed as Fg=! of
carbon electrode material. The surface capacitance C(F cm—2) was
defined as the gravimetric specific capacitance (Fg~1) divided by
BET surface area.
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Fig. 4. Variation of specific capacitance with current density (k means the intersec-
tion of every two straight lines).

CHI660C Instrument (produced by Shanghai Chenhua Co. Ltd.,
China)was used to measure the electrochemical impedance spectra
(EIS) and cyclic voltammetry (CV) of the electrodes. The EIS mea-
surements were carried out in the frequency range from 100 kHz to
0.01 Hz and the scanning rate altered from 0.01 to 0.1Vs~1.
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Fig. 5. Variation of IR drop with discharge current for all the samples (k means the
slope of straight line; %k means the decreasing scope of k after HTT).
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Fig. 6. Cyclic voltammetry of all the porous carbon samples in different sweep rate (sweep rate: (...)0.01Vs~!,(---)3Vs~',(=)0.05Vs~!,(—)0.08 Vs~ and (——) 0.1

Vs 1),
3. Results and discussion
3.1. Structure of porous carbons
The pore size distributions and the pore structure parameters
before and after higher temperature treatment of the samples was

shown in Fig. 1 and Table 1. It can be seen that for the samples
before higher temperature treatment, MiC contained pores mainly

below 2 nm, ACF contained not only micropores below 2 nm but
also mesopores at about 3.4 nm, while MoC possessed mesopores
at about 4 nm. Among these three samples, MoC had the highest
mesopore ratio of about 86.6%, and MiC possessed the least meso-
pore ratio of about 7.5%. The order of the surface area of the sample
was as following: MiC>ACF>MoC. After high temperature treat-
ment (HTT), the surface area of all the samples decreased (as shown
in Table 1), and the drastic decrease was observed for MoC. How-
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ever, the pore size distributions changed a little in spite of reducing
in pore volumes of the samples (Fig. 1).

Liu et al. [13] found that HTT would cause the significant
decrease of total pore volume as well as surface area, which ascribed
to the expanding and reorganization of crystallite structure of
porous carbon. Fig. 2 shows the comparison of XRD spectrum for
these samples. The peaks at 26.3°, 43.75° and 54.70° could be
assigned to the diffraction of (002), (100) and (004) plane of
the carbon [14,15], respectively, which were proportional to the
crystal size, e.g. the height of (002) peak was proportional to L.
and the height of (1 00) peak was proportional to L,. As seen from
Fig. 2, for MiC and MiC-1200, L. were similar, while the L, size of
MiC-1200 changed slightly. However, for MoC, both L, and L. val-
ues changed greatly after HTT. The stronger and sharper diffraction
peak of which, at 26.3°, suggests that the products were well crys-
tallized. This fact indicated that HTT had more significant influence
on the crystallite structure of MoC. For ACF, the structural change
after HTT was between that of MiC and MoC, and the peak intensity
at 26.3° and 43.75° tended to be more obvious.

3.2. Electrochemical characteristic

Fig. 3 shows the charge-discharge curves obtained from the
different samples at 0.5 mA, which were used to calculate the sur-
face capacitance C (WFcm~2), as shown in Table 2. It can be seen
that mesoporous carbons (MoC and ACF) showed better specific
capacitance than microporous MiC. After HTT, the specific capaci-
tance of mesoporous carbons (MoC and ACF) increased, especially
for MoC-1200 (the specific capacitance increased up to as high as
twice of MoC), while the specific capacitance of microporous MiC-
1200 decreased to some extent. Influence of current density on the
specific capacitance determined for the three samples was shown
in Fig. 4. It was found that for all three samples, the capacitance
reduced with the increase of current density. Mesoporous carbons
(MoC and ACF) before or after HTT always showed much higher
capacitance than that of microporous carbon (MiC) in the same
current density. The gradient of all the curves after HTT was less
steep with the increase of current density and tended to be hori-
zontal especially for that of mesoporous carbons, here k was used
to show the dramatic inflexion. From the estimate of gradient for
all the samples, HTT had the clearest improvement to mesoporous
ACF (increasing rate of slope being 78.5%).

The IR drop against the discharge current was plotted in Fig. 5.
This potential drop mainly originated from the bulk solution resis-
tance, electrode resistance, and ion migration resistance in the
electrode [16,17]. The slope of the linear relationship between the
IR drop and discharge current could be used to estimate the over-
all resistance of the capacitors, k and %k were used to express the
slope of straight and decreasing percentage of k after HTT, respec-
tively. With the increase of current density, incomplete discharge
appeared among the as-formed electric doubly layers, so IR drop
enhanced in the beginning of discharge. As could be seen in Fig. 5,
the value of %k could easily be calculated as the order 41.5%, 61.8%
and 74.1% for MiC, MoC and ACF, respectively, which indicated the
conductivity of ACF-1200 had the most prominent improvement.
That is to say, HTT improved the conductivity and reduced the over-
all resistance effectively especially for mesoporous carbon/fiber.

The CV with different sweep rates for all the samples were
shown in Fig. 6. The inner integrated area of CV curve of sam-
ples, which stands for the power density, increased and the slope of
V/I, which stands for equivalent series resistance (ESR), decreased
after HTT. For mesoporous carbon/fiber, the CV curves of MoC-1200
(especially in the lowest sweep rate) and ACF-1200 (even in the
highest sweep rate) were close to rectangular shape, indicating the
smallest ESR in the mesoporous carbon samples. With the increase
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Fig. 7. Nyquist plot of all the porous carbon samples (100 kHz to 0.01 Hz).

of sweep rate, the inner integrated area increased, which repre-
sented the higher charge/discharge rate and better power density
subsequently.

In order to understand the impedance performance clearly,
Nyquist plot of all the porous carbon samples were shown in Fig. 7.
The electrolyte resistance [18], Rs, was constant but varies with
electrolyte. Ry represented the sum of the resistance of the elec-
trode itself and the contact resistance between the electrode and
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the current collector. The electrolyte resistance and the contact
resistance were identical in all samples. Therefore, a decrease of
R¢ indicated a decrease of the porous carbon resistance. The ide-
ally polarizable capacitance would give rise to a straight line along
the imaginary axis (Z”). In a real capacitor with series resistance,
this line had a finite slope, representing the diffusive resistivity of
the electrolyte within the pore of the electrode. Fig. 7 revealed that
the order of Ry was as follows: MiC < ACF < MoC, which meant that
MiC had the lowest resistance, and MoC possessed highest resis-
tance. After HTT, the diffusive line of the samples came close to an
ideally straight line, especially for MoC-1200 and ACF-1200. ESR
values of these samples were also listed in Fig. 7. It can be found
that the ESR of all samples decreased after HTT, and the decrease
extent was different (37.5% for MiC, 54.8% for ACF and 65% for MoC,
respectively) As stated above, HTT would cause a clear increase of
mesopore ratio, expanding and reorganization of crystallite struc-
ture of porous carbon. The more regular crystallite structure and
higher mesopore ratio of mesoporous carbons after thermal treat-
ment not only brought about the higher double layer capacitance, as
well as the smooth charge-discharge performance in high current
density, but also effectively decreased the ESR for porous carbons
[13,19].

4. Conclusions

High temperature treatment of porous carbons at 1200°C
caused a clear increase of mesoporous ratio in texture accompa-
nied with a significant reduction of surface area. After HTT, the
layer-layer space among graphite crystallite decreased and the
degree of graphitization was improved. The specific capacitance
of mesoporous carbons (MoC and ACF) increased, but the specific
capacitance of microporous carbon MiC decreased after HTT. At the
same time, high temperature treatment could improve the elec-
trical conductivity and decrease the impedance of the electrode

remarkably. The improved specific capacitance and the better con-
ductivity of mesoporous carbons could be ascribed to the clear
increase of mesopore ratio as well as the expanding and reorga-
nization of crystallite structure.
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