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bstract

The structural features and the electrochemical performances of pyrolized needle cokes from oxidized cokes are examined and compared with
hose of KOH-activated needle coke. The structure of needle coke is changed to a single phase of graphite oxide after oxidation treatment with an
cidic solution having an NaClO3/needle coke composition ratio of above 7.5, and the inter-layer distance of the oxidized needle coke is expanded
o 6.9 Å with increasing oxygen content. After heating at 200 ◦C, the oxidized needle coke is reduced to a graphite structure with an inter-layer
istance of 3.6 Å. By contrast, a change in the inter-layer distance in KOH-activated needle coke is not observed.

An intercalation of pyrolized needle coke, observed on first charge, occurs at 1.0 V. This value is lower than that of KOH-activation needle
oke. A capacitor using pyrolized needle coke exhibits a lower internal resistance of 0.57 � in 1 kHz, and a larger capacitance per weight and
olume of 30.3 F g−1 and 26.9 F ml−1, in the two-electrode system over the potential range 0–2.5 V compared with those of a capacitor using

OH-activation of needle coke. This better electrochemical performance is attributed to a distorted graphene layer structure derived from the
rocess of the inter-layer expansion and shrinkage.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Electric double-layer capacitors (EDLCs) have been widely
sed as energy storage devices for memory back-up systems, and
re receiving considerable attention as a promising high-power
nergy source for electric devices and hybrid electric vehicles
1–3]. The energy storage mechanism of EDLCs is based on
he fact that an electric double-layer is formed at the boundary
etween the electrode and an electrolyte. In electronic devices
equiring higher energy density due to their smaller size, the

igher specific volume capacitances of EDLCs is an important
actor. However, conventional physically/chemically activated
arbons possess a micro-porous structure with a moderately

∗ Corresponding author. Tel.: +82 55 280 1668; fax: +82 55 280 1590.
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igh specific surface area, which has limited the specific vol-
me capacitance to less than 20 F ml−1, due to low electrode
ensity, in two-electrode systems [4].

In recent years, an alkali-activation procedure has been
nvestigated to obtain larger specific volume capacitance from
raphitizable carbons. These carbons, activated with alkaline
olutions such as KOH, NaOH, and K2CO3 at 700–900 ◦C,
xhibit larger specific volume capacitances of 20–30 F ml−1

5–7]. It is reported that the first cycle, that is, electric field acti-
ation, makes the electrolyte ions intercalate into the graphene
ayers of the carbons, which introduces the small pore struc-
ure of the electrode. Such structural changes during the first
ycle are irreversible and provide larger specific volume capac-

tance. However, it has been also reported that this process
as several problems, such as a high activation cost, corrosion
f the activation vessel and the rapid degradation of capac-
tance during charge–discharge cycling. This electrochemical

mailto:ijkim@keri.re.kr
dx.doi.org/10.1016/j.jpowsour.2007.07.042
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erformance may be associated with a high diffusion resistivity
f the electrolyte ions to penetrate the graphene units.

In general, the activated carbons that have been developed up
o now have a pore structure that is generated by partial etching
n the interior of the carbon material. They have different elec-
rochemical characteristics, according to the microstructure of
he pores that is adjusted by diverse methods.

As an activation procedure, in this study, the oxidation of
raphitizable carbon with dilute nitric acid and sodium chlo-
ate (NaClO3), combined with heat treatment, is attempted to
chieve an electrochemically stable active material with a large
apacitance. The structural features and the electrochemical
erformances of pyrolized carbons from graphite oxides are
xamined in terms of the weight ratio of NaClO3 and carbon,
ogether with the heating temperature. A comparison is made
ith KOH-activated carbon.

. Experimental

.1. Oxidation and heat-treatment conditions of needle
okes

Needle coke derived from coal tar pitch and calcinated at
100 ◦C was supplied by Nippon Steel Chemical Co. Ltd. For the
xidation of needle coke, needle coke (5 g) and sodium chlorate
in the range 12.5–50 g) were put in 70 wt.% nitric acid (150 ml),
nd then stirred at room temperature for 24 h. For comparative
urposes, activation of the same needle coke was carried out with
OH (KOH/coke = 4/1, w/w) at 700 ◦C for 2 h under an argon
tmosphere. After oxidation or activation, the needle cokes were
ashed thoroughly with distilled water and heated under vac-
um at 100 and 200 ◦C. The rate of increase in temperature was
◦C min−1.

.2. Preparation of electrode and cell capacitor

Needle cokes, pyrolized from oxidized needle cokes by heat-
ng at 200 ◦C were used as active materials for EDLC. The
lectrodes were composed of pyrolized needle coke, carbon
lack as an electric conductor and polytetrafluoroethylene emul-
ion (PTFE) as a binder in a weight ratio of 80:10:10. The

omponents of the electrode were mixed at 2000 rpm in the sol-
ent to make a slurry. A paste, obtained by drying the slurry,
as repeatedly roll-pressed for modification of the sheet-type

lectrode.

n
2
1
2

able 1
reparation and properties of needle cokes oxidation-treated with NaClO3 + HNO3 a

ample Chemical Reaction
condition

Reagent/coke E.A. (af
100 ◦C-h

H/C

1 NaClO3 + HNO3 24 h at 25 ◦C NaClO3/coke = 2.5/1 0.16
2 NaClO3 + HNO3 24 h at 25 ◦C NaClO3/coke = 5.0/1 0.09
3 NaClO3 + HNO3 24 h at 25 ◦C NaClO3/coke = 7.5/1 0.10
4 NaClO3 + HNO3 24 h at 25 ◦C NaClO3/coke = 10/1 0.11
1 KOH 2 h at 700 ◦C KOH/coke = 4/1 0.02
ources 173 (2007) 621–625

Cell capacitors were constructed with an electrolyte impreg-
ated in the separator sandwiched between the electrodes, whose
ize was 2 cm × 2 cm. These assemblages were housed in Al-
aminated film cells. After an organic electrolyte solution of
.2 M Et4NBF4 (tetraethylammonium-tetrafluoroborate) in ace-
onitrile solution was introduced, the capacitors were sealed,
aking out the leads.

.3. Structural and electrochemical analyses

The structural changes of the needle cokes were measured
y X-ray diffraction using Cu K� radiation. The micrographs
f the polished needle cokes were observed with a field emis-
ion scanning electron microscope (SEM). Surface area and
ore volume of the needle coke were measured according to
he BET method by physical adsorption of nitrogen at 77 K,
sing an automatic absorption system. Crystal structure anal-
sis was undertaken by Raman spectroscopy. The capacitors
ere charged and discharged at a constant current of 2 mA cm−2

etween 0 and 2.5 V with a MACCOR (model no. MC-4) test
ystem. The capacitance was calculated from:

= it

V
(1)

here t is the time period, V is the voltage change, and I is the
onstant discharge current.

. Results and discussion

.1. Structures of needle cokes oxidized with
aClO3 + HNO3 and activated with KOH

Table 1 shows the preparation conditions and the proper-
ies of needle cokes oxidation-treated with dilute nitric acid
nd sodium chlorate (the N samples), and activated with KOH
sample K1). The values of O/C for the N samples after 100 ◦C-
eating increase with increase in the ratio of NaClO3/needle
oke, and lower values of H/C and O/C in a N sample after
00 ◦C-heating are obtained. However, the H/C and O/C for the
1 sample have far much lower values, and it is assumed that the
eating condition has almost no influence on KOH-activation of

eedle coke. The data in Table 1 show that the N3 sample after
00 ◦C-heating has a larger surface area and pore volume of
4 m2 g−1 and 0.02 cm3 g−1 compared with the K1 sample after
00 ◦C-heating.

nd activated with KOH

ter
eating)

E.A. (after
200 ◦C-heating)

Sp (m2 g−1) Vpore (cm3 g−1)

O/C H/C O/C

0.10
0.16
0.30 0.04 0.22 14 0.02
0.40
0.2 × l0−3 0.03 0.3 × l0−3 4.3 2 × 10−5
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ig. 1. X-ray diffraction patterns of raw needle coke: N1–N4 after 100 ◦C-
eating and K1 after 100 ◦C-heating.

Fig. 1 shows X-ray diffraction patterns of raw needle coke,
eedle cokes (N1–N4) oxidation-treated and heated at 100 ◦C,
nd needle coke (K1) KOH-activated and heated at 100 ◦C. From
typical graphite structure with (0 0 2) diffraction peak shown

n raw needle coke, another diffraction peak at around 12◦ is
bserved in needle cokes after oxidation-treatment. This diffrac-
ion peak must be attributed to a graphite oxide structure, as
eported previously [8,9]. On increasing the composition ratio
f NaClO3/needle coke, the diffraction peak of graphite oxide is
redominant with the extinction of the graphite structure peak.
or the needle cokes oxidation-treated with an acidic solution
aving an NaClO3/needle coke composition ratio of above 7.5,
he single phase of the graphite oxide is observed, and the inter-
ayer distance of the graphite oxide is calculated to be 6.9 Å.
t can be assumed from Fig. 1 that, as the amount of NaClO3
dded to the acidic solution increases, the needle coke is more
trongly oxidized and the formation of graphite oxide is further
acilitated. However, KOH-activated needle coke reduces the
ntensity and broadens the line width of the (0 0 2) diffraction
eak without shifting.

Fig. 2 shows SEM micrographs of the polished plane for (a)
aw needle coke, (b) needle coke of N3 after 100 ◦C-heating, and

c) K1 after 100 ◦C-heating. From a dense and well-developed
ayer structure of raw needle coke as shown in Fig. 2(a), the
nter-layers of needle coke are expanded after oxidation treat-

ent in Fig. 2(b). This inter-layer expansion is caused by the

t
a

1

Fig. 2. Scanning electron micrographs of polished plane for (a) raw needle
ig. 3. X-ray diffraction patterns of raw needle coke, N3 after 100 ◦C-heating,
nd N3 after 200 ◦C-heating.

ncorporation of oxygen-containing groups during the oxidation
reatment, and proceeds to break down the inter-layer regular-
ty, resulting in broadening of the line width of the graphite
xide peak in the X-ray diffraction pattern. In the case of KOH-
ctivation in Fig. 2(c), partial etching proceeds into the grain
y K+ ions activated at high temperature, and it is difficult to
bserve expansion between the internal layers.

Fig. 3 shows the X-ray diffraction patterns of raw needle
oke, and needle cokes of N3 after 100 and 200 ◦C-heating.
t can be seen that the graphite oxide peak of the N3 sample
hifts to 24◦ (d0 0 2 = 3.6 Å) with a more broadened line width
fter heating at 200 ◦C. This reduction in the graphite structure
s associated with the thermal decomposition of graphite oxide.
s it is well known that thermal decomposition of graphite oxide
sually occurs between 150 and 200 ◦C, heating at 200 ◦C leads
o simultaneous loss of oxygen from each layer plane, result-
ng in a gradual decrease in layer spacing. In general, thermal
ecomposition, if the temperature is not increased very slowly,
ay occur with an almost explosive violence. During heating,

he oxygen atoms between the layer planes generally tend to
igrate to peripheral surfaces, where they react to form mostly
O or CO2. The mechanical action of releasing these gases or

he carbon depleting from the layer plane may partially fracture
he graphite structure, as shown in X-ray diffraction, to small

nd imperfect crystallites of graphite.

The Raman spectra of raw needle coke, N3 samples after
00 and 200 ◦C-heating are given in Fig. 4. In the Raman

coke, (b) N3 after 100 ◦C-heating and (c) K1 after 100 ◦C-heating.
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ig. 4. Raman spectra of raw needle coke: N3 after 100 ◦C-heating, and N3 after
00 ◦C-heating.

pectrum of raw needle coke, two peaks at 1580 and 1360 cm−1

re observed, and the R-value, (i.e., the relative intensity pro-
ortion) of the 1360 to the 1580 cm−1 is 0.7. After oxidation
reatment, however, no peak is observed in the range between
200 and 1700 cm−1. No detecting of spectrum peak may be
aused by the destruction of inter-layer structure due to the for-
ation of oxygen-containing groups. In the Raman spectrum

f pyrolized needle coke, two peaks at 1580 and 1360 cm−1

ppear again. However, the R-value of 1.0 in pyrolized nee-
le coke is higher than that of raw needle coke. In general, the
360 cm−1 line is observed at the SP3 structure that lacks reg-
larity, as in disordered graphite. Therefore, stronger detection
f the 1360 cm−1 line at pyrolized needle coke indicates that
here appear to be many structural defects in the graphene layer
tructure, as suggested by the assumption of the vigorous loss
f the carbon atoms together with oxygen during the process of
eduction.

.2. Electrochemical performance of pyrolized and
OH-activated needle coke

The electrochemical performance of needle coke (N3) and
OH-activated needle coke (K1) as the electrode for an EDLC
ere examined. Fig. 5 shows (a) the first and (b) the second

harge–discharge curves for cell capacitors using needle cokes
f N3 after 200 ◦C-heating and K1 after 200 ◦C-heating. With
he KOH-activated needle coke, the K1-cell was charged up to
.5 V at first charge to induce a large capacitance. The data show
hat after a linear increase of capacitance in proportion to the
oltage in the first charge, a gradual increase that deviates from
he linear line is observed. However, after the second charge, the
ell capacitor behaves linearly against the voltage, regardless of
he number of charges–discharges. This behaviour, as reported
reviously [5], is associated with the electric field activation at
he first charge, and after the second charge the capacitance is

btained in the pores formed between internal layers by the first
harge. That is, the pyrolized needle coke produces a negligibly
mall electric double-layer when it is first dipped into an elec-
rolyte solution. During the first charging process, however, the

c
e
i
v

ig. 5. (a) First and (b) second charge–discharge curves for capacitors using N3
fter 200 ◦C-heating and K1 after 200 ◦C-heating.

ntercalation of ions builds double-layers between the internal
ayers, and during the discharging process, the electrolyte ions
o out. After that, the electrodes behave like conventional acti-
ated porous carbons with a high capacitance. During the first
harge, the onset point, represented by an arrow in the figure,
an be regulated as an intercalation starting voltage (ISV), and
he ISVs of N3 and K1 indicate about 1.0 and 2.8 V respec-
ively. In case of KOH activation, as it can be estimated that
he inter-layer structure of needle coke is virtually unaffected by
he activation process, the intercalation of electrolyte ions into
he inter-layer of needle coke appears to occur at a high volt-
ge. However, for the lower ISV of the N3-cell it is considered
hat the electrolyte ions can intercalate easily into the distorted
raphene layer structure derived from the process of inter-layer
xpansion and shrinkage. The structural defects in the distorted
raphene layer structure may introduce many small pores in the
yrolized needle coke during the first charge, resulting in a large
apacitance.

The oxidation conditions and the specific capacitance of the
yrolized needle coke are summarized in Table 2. The specific

apacitance per weight of the pyrolized needle coke and the
lectrode volume in the two-electrode system increase with
ncrease in the ratio of NaClO3/needle coke, and the maximum
alues in the N3 sample are 30.3 F g−1 and 26.9 F ml−1,
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Table 2
Electrochemical properties of pyrolized needle cokes (N1–N4) after 200 ◦C-
heating and K1 after 200 ◦C-heating

Sample Electrode density (g ml−1) Capacitance

F g−1 F ml−1

N1-cell 1.14 20.5 18.7
N2-cell 1.11 25.9 22.9
N3-cell 1.11 30.3 26.9
N4-cell 0.87 30.4 21.2
K1-cell 1.19 18.8 18.0
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[7] S. Mitani, S.I. Lee, K. Saito, S.H. Yoon, Y. Korai, I. Mochida, Carbon 43
ig. 6. AC impedance spectra for capacitors using N3 after 200 ◦C-heating and
1 after 200 ◦C-heating.

espectively. For the N4 sample, the specific capacitance per
olume has a lower value than that of the N3 sample due to the
ower density of the electrode.

The spectra (i.e., Nyquist plot) of the N3-cell and the K1-cell
fter the second charge–discharge are presented in Fig. 6.The
pectra display a small semicircle at high frequency followed
y a transition to linearity at low frequency. The ac spectrum of
he N3-cell displays a vertical line close to 90◦ at low frequency,
hich indicates purely capacitive behaviour. On the other hand,

he AC spectrum of the K1-cell has a line close to 45◦ in the
ow-frequency range. This is typical of a Warburg impedance.
he internal resistance at 1 kHz for the N3-cell and the K1-cell

s estimated to be 0.57 and 1.93 �, respectively. Therefore, it can
e concluded that the structural features of the pyrolized needle
oke allow the electrolyte to enter easily into the pores formed in
he graphene layers, and this results in a low internal resistance.
. Conclusions

The oxidation of needle cokes with a dilute nitric acid
nd sodium chlorate, combined with heat treatment, has been

[
[

ources 173 (2007) 621–625 625

ttempted to achieve an electrochemically active material with
large capacitance. As a comparison, KOH-activation of the

ame coke has been carried out. With increase in the amount
f NaClO3 added to the acidic solution, the oxygen content in
eedle coke is increased. The structure of needle cokes changes
o the single phase of graphite oxide after oxidation treatment of
he needle coke with acidic solution having an NaClO3/needle
oke composition ratio above 7.5. According to SEM obser-
ations, the oxidation treatment tends to induce an expanded
raphene layer of needle coke, whereas the graphene layer
f KOH-activated needle coke is almost unaffected. The cal-
ulated inter-layer distance of oxidized needle coke is 6.9 Å.
owever, after heating at 200 ◦C, the oxidized needle cokes

re decomposed and reduce to a graphite structure with an
nter-layer distance of 3.6 Å. From Raman spectrum, it is con-
luded that the pyrolized needle cokes have many defects in the
nter-layer.

The first charge profile of a cell capacitor using pyrolized
eedle coke from graphite oxide shows that the charge
akes place rapidly below 1.0 V and then very gradually
ncreases up to 2.5 V. After the second charge–discharge,
owever, the capacitor behaves linearly, like a conventional
apacitor. This electrochemical behaviour is related to elec-
ric field activation. A capacitor using pyrolized needle coke
as a lower internal resistance of 0.57 � in 1 kHz, and a
arger capacitance per weight and volume of 30.3 F g−1 and
6.9 F ml−1 in the two-electrode system over the potential
ange of 0–2.5 V, compared with a capacitor using KOH-
ctivation of needle coke. This improved electrochemical
erformance is associated with a distorted graphene layer struc-
ure derived from the process of inter-layer expansion and
hrinkage.
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