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Carbon nanotubes were modified by RF (radio frequency) oxygen-plasma at different power levels and
times, and subsequently annealed at different temperatures. At the 1000th cycle of potential cycling,
maximum specific capacitance of 128 Fg~! was obtained in 0.1 M H,SO,4 and with better plasma treatment
conditions (power=100W and time =30 min) and annealing temperature (350°C). These show its high
electrochemical stability and good specific capacitance at a higher sweep rate of 100 mV s~!. In addition,

the higher the power and time, the higher the carbonyl functional group (C=0), leading to higher specific
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1. Introduction

Electrochemical capacitors are charge-storage devices which
possess higher power density/longer cycle life than batteries
[1-2] and higher energy density than conventional capacitors [3].
Their applications include hybrid power sources, backup power
sources, starting power for fuel cells, and burst-power generation
in electronic devices [4-8]. Electrochemical capacitors are classi-
fied into two types, electric double layer capacitors (EDLC) and
pseudo-capacitors according to the energy-storage mechanisms.
The capacitance of an EDLC arises from the separation of charge at
the interface between the electrode and the electrolyte. However,
pseudo-capacitance arises from redox reactions of electroactive
materials with several oxidation states [1,9-13].

Carbon nanotubes have nanometer size, hollow structure, low
ratio of micropores, high accessible surface area, low resistance,
and high stability. These properties make them potentially suitable
for fabrication of electrodes in electrochemical capacitors [3,14].

The specific surface areas and pore size distributions of carbon
materials influence the capacitance [15-17]. In addition, functional
group distributions on the surface of carbon materials also affect
the capacitor performance [17,18]. Furthermore, methods for the
modification of the physical and chemical properties of carbon
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materials include acid treatment [3], plasma treatment [15-18],
etc. The modification of activated carbon fiber cloth (ACFC) elec-
trodes was performed by cold plasma in Ar-O, atmosphere and
the effect of its cold plasma treatment on the capacitor perfor-
mance has been discussed according to functional groups and pore
size distributions of the ACFC surface [17]. Cascarini De Torre et al.
[19] stated that graphitized carbon black was oxidized in a cool
oxygen-plasma and this treatment changed graphitized carbon
black surfaces from hydrophobic to hydrophilic. Li and Horita [20]
mentioned that the carbon black surface was modified by low tem-
perature oxygen-plasma, such that it changed from hydrophobic
to hydrophilic, and functional groups containing oxygen increased
in number. Ionescu et al. [21] noted that multi-wall carbon nan-
otubes applied to gas sensitive thick-film layers were functionalized
by an inductively coupled RF (radio frequency) oxygen—plasma and
their oxygen concentrations increased with increasing power levels
or times of plasma treatment. In our previous study [22], a max-
imum capacitance of 38Fg~! was obtained for activated carbon
with better/superior plasma treatment conditions: power=300W,
time = 3 min, and volume flow rates of oxygen =45 sccm.

This plasma treatment can modify the surface properties of
carbon materials without changing their bulk properties [17].
Single-walled carbon nanotubes were annealed in air at increasing
temperatures in the range from 300 to 550 °C for 1 h and the specific
capacitance was higher at an annealing temperature of 350°C [23].
In addition, the increase in specific capacitance of modified carbon
materials is attributed to an increase in the amount of surface func-
tional groups [24-27]. Thus, in this research, cobalt was sputtered


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:linchuen@yuntech.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.11.100

C.-C. Lin, H.-C. Huang / Journal of Power Sources 188 (2009) 332-337 333

on graphite foil on which carbon nanotubes were directly grown
by chemical vapor deposition (CVD), then a RF oxygen-plasma was
used to modify the surface properties of carbon nanotubes, such as
functional groups at different power levels/times, next they were
annealed at different temperatures, and finally maximum capaci-
tance at better conditions was sought. Subsequently, the packing
density/diameter of carbon nanotubes grown directly on graphite
foil were examined by electron microscopy, the nanostructures of
carbon nanotubes were examined through a transmission electron
microscope (TEM), and functional groups of the carbon nanotube
electrode were investigated by X-ray photoelectron spectroscopy
(XPS).

2. Experimental methods

Because of its higher specific surface area, lower specific resis-
tance, and a higher percentage of mesopore size distribution, a
graphite foil (1x1 or 1x2cm?2) was used and abraded with SiC
paper and then rinsed ultrasonically with de-ionized water for
10 min. It was then etched in 6 M aqueous HCl at room temperature
for 30 min and subsequently rinsed ultrasonically with de-ionized
water for 10 min. Next, it was degreased ultrasonically in acetone
until any surface grease was completely eliminated. Finally, it was
rinsed with pure de-ionized water, and then oven-dried in air
(50°C) to constant weight.

The cobalt (Co) catalyst particles were deposited on the pre-
treated graphite foil substrate by reactive RF magnetron sputtering
from a 3-in. disk Co (purity: 99.9%, purchased from SCM, Inc.) target
in a vacuum chamber with a background pressure of 7 x 106 Torr.
The distance between the target and the substrate was 10 cm. The
sputtering time, sputtering pressure, sputtering power, and the vol-
ume flow rate of argon were maintained at 4h, 5mTorr, 50 W,
and 25 sccm, respectively. Then, the sputtered graphite foil was
weighed. Next, carbon nanotubes were grown on the Co-coated
graphite foil using thermal chemical vapor deposition (CVD) with
a gas mixture of C;H, (50sccm) and Ar (100 sccm) for 30 min at
700°C. Finally, the carbon nanotube electrode was weighed.

The carbon nanotube electrode was placed into the reaction
chamber (85cm?3) of the apparatus for plasma treatment (fre-
quency: 13.56 MHz and maximum power: 1000W). Then, the
chamber was degassed to 10~ torr. Next, 30 sccm of oxygen gas
was introduced to the chamber to maintain its pressure at 0.3 Torr.
Next, the carbon nanotube electrode was modified by RF plasma
at different power levels (50, 75, and 100 W) and times (3, 10, and
30 min), and then reweighed. Finally, the modified carbon nanotube
electrode was annealed at different temperatures (200, 350, and
500°C) in air for 1 h.

Electrochemical measurements for the prepared electrodes
were performed using an electrochemical analyzer (CH Instru-
ments CHI 608B, USA). The three-electrode cell consisted of Ag/AgCl
as the reference electrode, Pt as the counter electrode and the
prepared carbon nanotube electrodes as the working electrode.
The electrolytes were degassed with purified nitrogen gas before
voltammetric measurements and nitrogen was passed over the
solution during all the measurements. The solution temperature
was maintained at 25 °C by means of circulating water thermostat
(HAAKE DC3 and K20, Germany). The cyclic voltammetry (CV) was
undertaken with a 0.1 M aqueous electrolyte (H,SO4). A CV scan
rate of 100mVs~! in the range 0-1V was used in all measurements
except where stated. Capacitance is normalized to 1g of carbon
nanotubes except where stated.

The packing density and diameter of carbon nanotubes grown
directly on graphite foil substrate were conducted by field emission
scanning electron microscope (FE-SEM: JEOL JSM-6700F, Japan).
In addition, the nanostructures of carbon nanotubes with/without

Fig. 1. FE-SEM micrograph of carbon nanotubes grown directly on graphite foil.

plasma treatment or with/without annealing were examined
through (JEOL JEM-2010, Japan). Furthermore, functional groups
of the carbon nanotube electrode with plasma treatment or
with/without annealing were explored by XPS (Fison VG. ESCA210,
England).

3. Results and discussion

Fig. 1 shows an FE-SEM micrograph of carbon nanotubes which
were grown directly on the graphite foil. The packing density of
the carbon nanotubes is about 5 x 10° cm~2 and the diameters as
well as lengths of the carbon nanotubes are about 30-55 nm as well
as 60-540 nm, respectively. In addition, the mesoporous network
structure of carbon nanotube electrode favors the penetration of
electrolytes due to the highly porous microstructure of carbon nan-
otube electrode shown in Fig. 1, then some active sites on inner or
deeper layers are able to contribute to specific capacitance.

A CV curve at a potential scan rate of 100mVs~! in a 0.1 M
H,S04 solution for the carbon nanotube electrode without plasma
treatment is shown in Fig. 2, which shows the nearly rectangu-
lar and symmetric current-potential characteristics of a capacitor
with specific capacitance of 44Fg~1. By contrast, a CV curve at a
potential scan rate of 100mVs~! in a 0.1 M H,S04 solution for the
carbon nanotube electrode with better plasma treatment condi-
tions (power = 100 W and time = 30 min) is shown in Fig. 3(a), which
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Fig. 2. A CV curve at a potential scan rate of 100mVs~! in a 0.1 M H,SO4 solution
for the carbon nanotube electrode without plasma treatment.
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Fig. 3. A CV curve at a potential scan rate of 100mVs-! in a 0.1 M H,SO4 solu-
tion for the carbon nanotube electrode: (a) with better plasma treatment conditions
(power =100 W and time = 30 min) and (b) immersed in 15 wt.% HNO3 aqueous solu-
tion.

shows a pair of redox peaks (an anodic peak and a cathodic peak)
due to a Faradic process occurring in oxygen functional groups
which were introduced on the surface of the carbon nanotubes
after oxygen-plasma treatment. In addition, A CV curve for the
raw carbon nanotube electrode immersed in 15 wt.% HNO3 aque-
ous solution to remove the catalyst and also to increase surface
oxygen groups with specific capacitance of 110Fg~! is shown in
Fig. 3(b), which agrees with the CV curve reported for other car-
bon nanotube electrode [16]. In addition, a CV curve for the raw
carbon nanotube electrode treated with better plasma conditions
with specific capacitance of 127 Fg~! is shown in Fig. 3(a), which
agrees with the CV curves reported for other carbon nanotube elec-
trodes [3,27]. Therefore, if there is some contribution to the specific
capacitance of the carbon nanotube electrode from the catalyst and
its oxides, it seems unimportant.
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Fig. 4. Effects of power and time on the specific capacitance.
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Fig. 5. Effects of power and time on the carbonyl functional group.
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Fig. 6. CV curves at a potential scan rate of 100mVs-! in a 0.1M H,S04 solu-
tion for the carbon nanotube electrode with better plasma treatment conditions
(power=100W and time=30min) and annealing temperature (200, 350, and
500°C).

Fig. 4 shows effects of power and time on the specific capaci-
tance, which reached a maximum (127 Fg~1) at the better plasma
treatment conditions (power=100W and time=30min). Higher
power leads to higher specific capacitance and longer time leads to
higher specific capacitance. The reason behind this behavior may
be that the higher the power and time, the greater the percentage of
the carbonyl functional group (C=0) (see Fig. 5) at which fast faradic
reactions take place and give rise to pseudo-capacitance (see Fig. 3),
leading to higher specific capacitance (see Fig. 4). A similar result
has been published in previous literature [24].

Table 1

XPS C 1s center binding energies (eV), functional groups, and areas (%) for car-
bon nanotubes modified by better plasma treatment conditions (power =100 W and
time =30 min) with annealing and without annealing.

Annealing temperature (°C) Peak  Functional group  Center Eb Area (%)
(eV)

200 1 Graphite 284.11 41.52
2 Hydrocarbon 284.57 33.51
3 Carbonyl 287.24 24.97

350 1 Graphite 284.22 39.43
2 Hydrocarbon 284.96 20.87
3 Carbonyl 287.56 39.70

500 1 Graphite 284.17 38.48
2 Hydrocarbon 284.65 28.53
3 Carbonyl 287.32 32.99

Without annealing 1 Graphite 284.13 38.65
2 Hydrocarbon 284.68 26.07
3 Carbonyl 287.23 35.25
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(d)

Fig.7. TEM morphologies (the scale bar =20 nm)of (a) the raw carbon nanotubes, (b) the raw carbon nanotubes modified by better plasma treatment conditions (power =100 W
and time =30 min), (c) the raw carbon nanotubes modified by better plasma treatment conditions and with an annealing temperature of 350°C, and (d) the raw carbon
nanotubes modified by better plasma treatment conditions and with an annealing temperature of 500°C.

CV curves at a potential scan rate of 100mVs~! in a 0.1 M
H,S04 solution for the carbon nanotube electrode with better
plasma treatment conditions (power=100W and time =30 min)
and annealing temperature (200, 350, and 500°C) are shown
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Fig. 8. Effects on specific capacitance of the carbon nanotube electrode modified
by better plasma treatment conditions (power=100W and time =30 min) without
annealing and with annealing temperatures (200, 350 and 500°C).

in Fig. 6, which shows the almost rectangular and symmetric
current-potential except at potentials near the two limits of the
potential window for an annealing temperature of 500°C and the
nearly rectangular and symmetric current-potential for an anneal-
ing temperature of 350°C. In addition, the presence of surface
oxygen groups has been ascribed to the formation of these groups
either on the less organized and more reactive carbon materials
or on the sidewall surfaces of nanotubes during oxygen-plasma
treatment. However, removal of surface oxygen groups on the more
reactive carbon materials and formation of new surface oxygen
groups simultaneously occur during heat treatment in air. Further-
more, one pair of smaller redox peaks centered at around 0.3V as
well as another pair of larger redox peaks centered at around 0.45V
are attributable to the redox transitions of surface oxygen groups
during the partial oxidation in air for carbon nanotubes [27]. More-
over, the oxygen (such as carbonyl groups in Table 1) responsible for
CO evolution takes part in redox reactions, but the oxygen respon-
sible for CO, evolution is of minor importance [26]. Therefore, the
one pair of smaller redox peaks centered at around 0.3V may be
assigned to redox processes associated to CO,-type surface oxygen
groups. Then, a pair of redox peaks centered at around 0.3V (see
Fig. 3(a)) also might be assigned to redox processes associated to
CO,-type surface oxygen groups. Additionally, the intensity of CO,
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Fig. 9. XPS spectra in C 1s region for carbon nanotubes modified by better plasma treatment conditions (power=100W and time =30 min) with annealing: (a) 200°C, (b)

350°C, and (c¢) 500°C and (d) without annealing.

evolution between 190 and 500°C is slightly reduced during the
partial oxidation in air for carbon nanotubes [27]. So the carbon
nanotube electrodes with better plasma treatment conditions and
heat treatment (200, 350, and 500°C) in air do not exhibit redox
peaks in the CV curve (see Fig. 6). A similar CV curve reported for
other carbon nanotube electrode annealed in air at 350 °C has been
published in previous literature [23].

By the oxygen-plasma process (power=100W and
time=30min), the weight loss is about 14 wt.%, then the closed
ends of nanotubes are uncapped (See the arrow in Fig. 7(b))
and certain defects seem to be formed on sidewall surface of
nanotubes compared to the raw carbon nanotubes (see Fig. 7(a)
and (b)). Opening the closed ends and rough “convex-concave”
walls of nanotubes enlarge the specific surface area, which leads to
simultaneously increasing formation of new surface oxygen groups
and the specific capacitance of the carbon nanotube electrode. In
addition, the raw carbon nanotubes modified by better plasma
treatment conditions (power=100W and time =30 min) and with
annealing temperatures of 350 and 500°C do not significantly
differ from the raw carbon nanotubes modified by better plasma
treatment conditions. However, the raw carbon nanotubes mod-
ified by better plasma treatment conditions and with annealing
temperatures of 350 and 500°C show more integral sidewall
surfaces and clear openings (see the arrows in Fig. 7(b)-(d)) of
nanotubes compared to the raw carbon nanotubes modified by
better plasma treatment conditions, and the higher the annealing
temperature, the higher the percentage of the weight loss (such as
350°C: only 18 wt.% and 500°C: only 23 wt.% due to 14 wt.% of the
weight loss through oxygen-plasma treatment before annealing),
the more integral sidewall surface and observable opening of
nanotubes (see Fig. 7(b)-(d)).

Fig. 8 shows effects on specific capacitance of the carbon nan-
otube electrode modified by better plasma treatment conditions
(power=100W and time=30min) without annealing and with
annealing temperatures (200, 350 and 500 °C). At the 1000th cycle

of potential cycling, the electrode annealed at a temperature of
350°C possessed the highest specific capacitance value of 128 Fg~1.
In addition, at the 15th cycle of potential cycling, the specific
capacitance of the carbon nanotube electrode with an annealing
temperature of 350°C was maximum due to its highest carbonyl
functional groups (C=0) (see Table 1 and Fig. 9). A similar annealing
result has been published in previous literature [23]. Further-
more, the specific capacitance of the carbon nanotube electrode
without annealing decreased quickly with increasing number of
charge-discharge cycles, but the specific capacitance of the elec-
trode with annealing gradually decreased with increasing number
of charge-discharge cycles and the higher the annealing tempera-
ture, the slower the decreasing rate of the specific capacitance. The
reason behind this behavior may be that the less organized and
more reactive carbon material is removed after heat treatment in
air, then the crystalline CNT content is higher and also the reversibil-
ity of the CV curves (see Figs. 3 and 6) as well as electrochemical
stability in the specific capacitance values with cycling (see Fig. 8)
are higher due to more easily losing the less organized carbon
material through gradual partial dissolution or detachment during
the charge-discharge cycles. In addition, the higher the anneal-
ing temperature, the more the amount of the less organized and
more reactive carbon material removed (such as 350°C: 18 wt.%
and 500°C: 23 wt.%), then the higher the crystalline CNT content,
the better the reversibility of the CV curve (see Fig. 6) and the slower
the decreasing rate of the specific capacitance (see Fig. 8).

4. Conclusion

RF oxygen-plasma and annealing treatments were employed
to modify carbon nanotubes and obtain maximum capacitance at
better conditions. The specific capacitance increased with increas-
ing plasma power levels and times. In addition, the closed ends of
nanotubes are opened through oxygen-plasma treatment. Further-
more, the maximum specific capacitance of the carbon nanotube
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electrode was obtained with an annealing temperature of 350°C.
Moreover, the specific capacitance of the carbon nanotube elec-
trode without annealing decreased quickly with increasing number
of charge-discharge cycles. However, the specific capacitance of the
electrode with annealing gradually decreased with increasing num-
ber of charge-discharge cycles due to the higher crystalline CNT
content after annealing and the higher the annealing temperature,
the higher the crystalline CNT content, the slower the decreasing
rate of the specific capacitance.
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