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a b s t r a c t

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.
lectrical conductivity
R drop
quivalent series resistance

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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. Introduction

As a potential alternative or complement to other energy stor-
ge or generation devices such as secondary batteries and fuel
ells, the research and development of supercapacitor had attracted
uch attention [1–5]. Carbon materials were thought to be the
ost attractive electrode materials because of its excellent elec-

rochemical property, high surface area, relatively low cost and
vailability [6–8]. In particular, mesoporous carbon obtained by
emplate method of phenol resin-derived precursors generally
xhibited very good electrochemical performance in this applica-
ion. In the carbon-based supercapacitor, energy was stored mainly
hrough the formation of the electrical double layer, as a result, the

tructure and property of the carbon electrode will greatly influ-
nce the performance of the as-prepared supercapacitor. Beguin et
l. had revealed that lower equivalent series resistance might lead
o higher power density of supercapacitor [9], which was mainly
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ttributed to the improvement of crystallite structure. As a result,
mproving the conductivity of the porous carbon material could
nhance the performance of the supercapacitor.

It is well known that carbon with higher graphitization and
etter crystallite structure had the better conductivity and high
emperature treatment was an effective way to accelerate the for-

ation of the crystallite structure of graphite and improved the
egree of graphitization [10]. Ruiz et al. studied the effects of ther-
al treatment on activated carbon at 600 and 1000 ◦C [11]. The

esults showed that the presence of an extra capacitance due to
edox reactions had been proved for the samples with high oxygen
ontent. However, other factors, such as conductivity or wettabil-
ty, which also influenced the total capacitance and were certainly

odified by the thermal treatment, were not taken into account in
heir work.

In this paper, several kinds of porous carbons, including micro-

orous carbon (MiC) and mesoporous cabon/fiber (MoC and ACF),
ere treated at 1200 ◦C in nitrogen, and then used as electrodes in
0% KOH electrolyte for supercapacitor. The relationship between
tructure and the electrochemical performance of these samples
ere investigated.

ghts reserved.
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Table 1
Porous structure of samples

MiC MiC-1200 MoC MoC-1200 ACF ACF-1200

SBET (m2 g−1) 2962 2001 607 269 1195 1021
Vtotal (cm3 g−1) 0.8 0.54 0.67 0.52 0.94 1.09
Vmicro (cm3 g−1) 0.74 0.46 0.09 0.01 0.29 0.27
Vmeso (cm3 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

R
m
p

2

2

c
O
p
t
t
t
r
s

2

t
s
t
p
T
t
t
(
v
p
V
o

B
o
r
t

a
(
(
s
s
c
t
a
m
L

T
S

C
C

emark: SBET, specific surface area (m2 g−1); Vtotal, total pore volume (cm3 g−1); Vmicro,
icropore volume (cm3 g−1); Vmeso, mesopore volume (cm3 g−1); %meso, meso-

orosity percentage after HTT.

. Experimental

.1. Materials

Mesoporous carbon was prepared by the template method [12],
ommercial ACF and activated carbon (MiC) was purchased from
saka Gas Company and Hua Xian Activated Carbon Company. The
orous carbons were thermally treated at 1200 ◦C in a horizon-
al furnace under a nitrogen flow of 65 mL s−1 for an hour, and
hen cooled to room temperature. The resultant samples after heat
reatment were labeled as MoC-1200, ACF-1200 and MiC-1200,
espectively. Pore structure and pore size distribution of all the
amples were shown in Table 1 and Fig. 1.

.2. Characterization

Porous texture of samples was characterized by nitrogen adsorp-
ion at 77 K using Micromeritics ASAP-2010 instrument. The pore
ize distribution curve of MiC and ACF series were calculated by
he density functional theory (DFT) method, while that of meso-
orous carbon MoC series were calculated by the BJH method.
he specific surface areas (SBET) were calculated from the adsorp-
ion data in the relative pressure interval from 0.04 to 0.2 using
he Brunauer–Emmett–Teller (BET) method. The total pore volume
Vtotal) was calculated at relative pressure of 0.99. The micropore
olume (Vmicro) was determined by t-plot model, and the meso-
ore volume (Vmeso) was calculated by the difference of Vtotal and
micro. The ratio of mesopore (%meso) was obtained from the ratio
f Vmeso and Vtotal.

The X-ray diffraction (XRD) analysis was performed in using the
ruker D8-Advamce Instrument (Germany), which was analyzed
n a bed diffractometer over a 2� range of 23–80◦ using Cu K�
adiation as the light source with the tube potential of 40 kV and
ube current of 40 mA.

The sheet-type electrodes about 400–500 �m in thickness
nd 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
heet. A polypropylene separator with the thickness of 40 �m was
andwiched with a pair of the sample sheets to form electrodes. The
apacitance of the sample electrode was determined by two elec-

rodes system without reference electrode. 30% KOH was employed
s electrolyte. The charge/discharge capacitance of electrode was
easured using a Program Testing System (produced by Wuhan

ixing Co. Ltd., China). Charge and discharge voltages were ranged

able 2
pecific capacitance of samples at 0.5 mA

MiC MiC-1200 MoC MoC-1200 ACF ACF-1200

g (F g−1) 209.1 192.8 88.3 75.7 131.2 118.9
(�F cm−2) 0.10 0.07 0.15 0.27 0.11 0.12

Fig. 1. Pore structure distribution of (a) MiC and MiC-1200; (b) ACF and ACF-1200;
(c) MoC and MoC-1200.



Y. Tian et al. / Journal of Power Sources 184 (2008) 675–681 677

F
M

b

C

w
a
c

�

ig. 2. XRD profile of (a) MiC and MiC-1200; (b) ACF and ACF-1200; (c) MoC and
oC-1200.

etween 0.9 and 0 V. The C in Farad was calculated on the basis of:[ ]

= i (A) × t (s)

W (g) × �E (V)
(1)

here i is the discharge current, which is chosen as constant for
ll the samples, t, the discharge time, W, the mass of the active
arbon material of the single electrode (working electrode), and

a
e
c
d
B

Fig. 3. Constant current charge/discharge curve of samples (0.5 mA).

E is the potential difference during discharge. For each sample,
t least three electrodes were assembled and measured as parallel
xperiment. The specific capacitance Cg was expressed as F g−1 of

arbon electrode material. The surface capacitance C (�F cm−2) was
efined as the gravimetric specific capacitance (F g−1) divided by
ET surface area.
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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).
ig. 4. Variation of specific capacitance with current density (k means the intersec-
ion of every two straight lines).

CHI660C Instrument (produced by Shanghai Chenhua Co. Ltd.,
hina) was used to measure the electrochemical impedance spectra

EIS) and cyclic voltammetry (CV) of the electrodes. The EIS mea-
urements were carried out in the frequency range from 100 kHz to
.01 Hz and the scanning rate altered from 0.01 to 0.1 V s−1.
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ig. 6. Cyclic voltammetry of all the porous carbon samples in different sweep rate
s−1).

. Results and discussion

.1. Structure of porous carbons
The pore size distributions and the pore structure parameters
efore and after higher temperature treatment of the samples was
hown in Fig. 1 and Table 1. It can be seen that for the samples
efore higher temperature treatment, MiC contained pores mainly
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p rate: (. . .) 0.01 V s−1, (- - - ) 3 V s−1, (—) 0.05 V s−1, ( ) 0.08 V s−1 and ( ) 0.1

elow 2 nm, ACF contained not only micropores below 2 nm but
lso mesopores at about 3.4 nm, while MoC possessed mesopores
t about 4 nm. Among these three samples, MoC had the highest

esopore ratio of about 86.6%, and MiC possessed the least meso-

ore ratio of about 7.5%. The order of the surface area of the sample
as as following: MiC > ACF > MoC. After high temperature treat-
ent (HTT), the surface area of all the samples decreased (as shown

n Table 1), and the drastic decrease was observed for MoC. How-



6 er Sources 184 (2008) 675–681

e
i

d
t
p
t
a
t
c
a
F
M
u
p
t
o
a
a

3

d
f
t
c
t
f
t
1
s
i
r
(
c
c
s
z
t
a
A

T
t
e
I
a
s
t
a
e
t
a
c
T
a

s
p
V
a
(
h
s

o
s
s

80 Y. Tian et al. / Journal of Pow

ver, the pore size distributions changed a little in spite of reducing
n pore volumes of the samples (Fig. 1).

Liu et al. [13] found that HTT would cause the significant
ecrease of total pore volume as well as surface area, which ascribed
o the expanding and reorganization of crystallite structure of
orous carbon. Fig. 2 shows the comparison of XRD spectrum for
hese samples. The peaks at 26.3◦, 43.75◦ and 54.70◦ could be
ssigned to the diffraction of (0 0 2), (1 0 0) and (0 0 4) plane of
he carbon [14,15], respectively, which were proportional to the
rystal size, e.g. the height of (0 0 2) peak was proportional to Lc

nd the height of (1 0 0) peak was proportional to La. As seen from
ig. 2, for MiC and MiC-1200, Lc were similar, while the La size of
iC-1200 changed slightly. However, for MoC, both La and Lc val-

es changed greatly after HTT. The stronger and sharper diffraction
eak of which, at 26.3◦, suggests that the products were well crys-
allized. This fact indicated that HTT had more significant influence
n the crystallite structure of MoC. For ACF, the structural change
fter HTT was between that of MiC and MoC, and the peak intensity
t 26.3◦ and 43.75◦ tended to be more obvious.

.2. Electrochemical characteristic

Fig. 3 shows the charge–discharge curves obtained from the
ifferent samples at 0.5 mA, which were used to calculate the sur-

ace capacitance C (�F cm−2), as shown in Table 2. It can be seen
hat mesoporous carbons (MoC and ACF) showed better specific
apacitance than microporous MiC. After HTT, the specific capaci-
ance of mesoporous carbons (MoC and ACF) increased, especially
or MoC-1200 (the specific capacitance increased up to as high as
wice of MoC), while the specific capacitance of microporous MiC-
200 decreased to some extent. Influence of current density on the
pecific capacitance determined for the three samples was shown
n Fig. 4. It was found that for all three samples, the capacitance
educed with the increase of current density. Mesoporous carbons
MoC and ACF) before or after HTT always showed much higher
apacitance than that of microporous carbon (MiC) in the same
urrent density. The gradient of all the curves after HTT was less
teep with the increase of current density and tended to be hori-
ontal especially for that of mesoporous carbons, here k was used
o show the dramatic inflexion. From the estimate of gradient for
ll the samples, HTT had the clearest improvement to mesoporous
CF (increasing rate of slope being 78.5%).

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

The CV with different sweep rates for all the samples were
hown in Fig. 6. The inner integrated area of CV curve of sam-
les, which stands for the power density, increased and the slope of

/I, which stands for equivalent series resistance (ESR), decreased
fter HTT. For mesoporous carbon/fiber, the CV curves of MoC-1200
especially in the lowest sweep rate) and ACF-1200 (even in the
ighest sweep rate) were close to rectangular shape, indicating the
mallest ESR in the mesoporous carbon samples. With the increase

N
T
e
t

Fig. 7. Nyquist plot of all the porous carbon samples (100 kHz to 0.01 Hz).

f sweep rate, the inner integrated area increased, which repre-
ented the higher charge/discharge rate and better power density
ubsequently.
In order to understand the impedance performance clearly,
yquist plot of all the porous carbon samples were shown in Fig. 7.
he electrolyte resistance [18], Rs, was constant but varies with
lectrolyte. Rf represented the sum of the resistance of the elec-
rode itself and the contact resistance between the electrode and
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he current collector. The electrolyte resistance and the contact
esistance were identical in all samples. Therefore, a decrease of
f indicated a decrease of the porous carbon resistance. The ide-
lly polarizable capacitance would give rise to a straight line along
he imaginary axis (Z′ ′). In a real capacitor with series resistance,
his line had a finite slope, representing the diffusive resistivity of
he electrolyte within the pore of the electrode. Fig. 7 revealed that
he order of Rf was as follows: MiC < ACF < MoC, which meant that

iC had the lowest resistance, and MoC possessed highest resis-
ance. After HTT, the diffusive line of the samples came close to an
deally straight line, especially for MoC-1200 and ACF-1200. ESR
alues of these samples were also listed in Fig. 7. It can be found
hat the ESR of all samples decreased after HTT, and the decrease
xtent was different (37.5% for MiC, 54.8% for ACF and 65% for MoC,
espectively) As stated above, HTT would cause a clear increase of
esopore ratio, expanding and reorganization of crystallite struc-

ure of porous carbon. The more regular crystallite structure and
igher mesopore ratio of mesoporous carbons after thermal treat-
ent not only brought about the higher double layer capacitance, as
ell as the smooth charge–discharge performance in high current
ensity, but also effectively decreased the ESR for porous carbons
13,19].

. Conclusions

High temperature treatment of porous carbons at 1200 ◦C
aused a clear increase of mesoporous ratio in texture accompa-
ied with a significant reduction of surface area. After HTT, the

ayer–layer space among graphite crystallite decreased and the

egree of graphitization was improved. The specific capacitance
f mesoporous carbons (MoC and ACF) increased, but the specific
apacitance of microporous carbon MiC decreased after HTT. At the
ame time, high temperature treatment could improve the elec-
rical conductivity and decrease the impedance of the electrode

[

[
[

[

urces 184 (2008) 675–681 681

emarkably. The improved specific capacitance and the better con-
uctivity of mesoporous carbons could be ascribed to the clear

ncrease of mesopore ratio as well as the expanding and reorga-
ization of crystallite structure.
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