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1. INTRODUCTION 

Nanostructured carbon materials such as carbon nanotube 
(CNT) are theoretically known to possess abilities and remarkable 
properties for use as electrodes in electrochemical capacitors [1]. 
In particular, single-walled CNTs (SWCNTs) were experimentally 
proved to have a very high specific area value after a simple treat-
ment (controlled slow oxidization), and are well suited to the re-
quirements of electrochemical devices [2]. Furthermore, well-
organized or aligned CNT arrays on substrates offer advantages 
for a wide variety of important applications, compared to those 
with random and/or entangled form of CNT that require modifica-
tion or adjustment. Various methods, including the chemical vapor 
deposition (CVD) have been developed to grow vertically-aligned 
CNTs (VA-CNTs). Among them the alcohol catalytic CVD 
(ACCVD) technique [3] is a promising one, which is well-known 

for its economical merit, wide selectivity of substrates, and for 
yielding the catalytic reaction to grow the CNTs. 

However, in applications of energy storage devices, especially 
electrochemical capacitors, it is desirable to directly grow the 
CNTs onto conducting substrates to prepare the electrodes. The 
metal alloy substrate/foil can directly act as a current collector in a 
capacitor; this simplifies the conventional electrode assembly 
process which is typically associated with active materials com-
posed of conductive and adhesive additive on the current collector 
[4]. The direct growth method can reduce the number of process 
steps in fabricating the device, and also might avoid binder mate-
rial incorporation (which could increase the internal resistance of 
the electrochemical device, thus negatively affecting capacitance 
performance). 

In this paper, we report our research work on growing VA-
SWCNTs onto SiO2/Si and metal alloy substrates using the 
ACCVD technique, to fabricate electrode for the electrochemical 
capacitors. Cyclic voltammetric (CV) and galvanostatic charge-
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discharge measurements were performed to study the electrochemi-
cal performance of the fabricated VA-SWCNT-based capacitor. 

2. EXPERIMENTAL 

SWCNTs were grown on Al-O-supported Co catalyst thin films 
using ethanol in the ACCVD technique. Silicon wafer with a 400-
nm-thick thermally-oxidized SiO2 layer was used as the substrate 
for CNT growth parameter optimization. For conducting substrate 
to be used as current collectors in electrochemical capacitors, SUS 
310S foil with 0.2 mm thickness were cut into 15 mm diameter 
round substrates. For both Al (20 nm), and Co (0.5 nm), thin films 
were deposited on the substrates by electron-beam deposition. For 
the formation of Al-O, deposited Al was first naturally-oxidized at 
room temperature for 2 hours. The substrate was subsequently 
transferred to an ultra-high-vacuum CVD furnace (an electrical 
furnace; MILA-3000), and baked at 400 o C in static air for 10 min 
just before the CVD growth process. The furnace was then evacu-
ated using an oil-free scroll pump to around 0.1 Pa. Ar/H2 (3% H2) 
as the pretreatment gas was injected at a pressure of 400 Pa concur-
rently with 4 min rapid heating process of the CVD furnace. The 
Ar/H2 gas was continuously flowed for another 5 min annealing 
process. Then, the mixed gas flow was stopped after the furnace 
temperature reached the CVD temperature (T) of 750 o C, and then 
ethanol vapor was immediately introduced into the furnace at flow 
rates of 110 – 130 sccm. The internal pressure of the CVD furnace 
during the CVD process was fixed to 3 kPa, and the CVD process-
ing time (t) for all samples was set to 10 min. 

The CNTs were grown uniformly on the 1.75 cm2 area of the 
round foil. After the CVD process, the average gross weight in-
crease of a foil with as-grown CNTs was 0.25 mg. We used a Met-
tler Toledo balance with an accuracy of 0.01 mg to weigh the sam-
ple. Through similar heat treatment at the same temperature with-
out ethanol, namely, CVD process without ethanol, the foil`s 
weight increased 0.05 mg. Therefore, the net amount of CNT (0.20 
mg) was obtained by subtraction of the weight increase of the foil 
with Co/Al-O films only, and those with CNTs. The SWCNTs 
grown were characterized using Raman spectroscopy (Tokyo In-
struments; Nanofinder 30) with HeNe excitation laser (l = 632.8 
nm), scanning electron microscopy (SEM; Hitachi S-4100), and 
high resolution transmission electron microscopy (HR-TEM; Hi-

tachi H-9000NAR, 300 kV). The morphology analyses of Al-O and 
Co catalyst were studied using atomic force microscopy (AFM) 
and HR-TEM. Electrochemical capacitor was fabricated from a 2-
electrode cell using 25-μm polypropylene (PP; Celgard) as separa-
tor. 6 M KOH aqueous solution was used as electrolyte, and the CV 
measurements were conducted from 0.0 to 0.7 V potential by elec-
trochemical quartz crystal microbalances (model 420A; ALS/CH 
Instruments). The charge-discharge analysis was carried out using 
Hokuto Denko Galvanostat model HA-151. The current densities 
were set to 5, 10, and 25 A g-1. 

3. RESULTS AND DISCUSSION 

Incorporation of a buffer or oxide layer between the Si substrate 
and the metal catalyst (which has been reported elsewhere) can 
enhance catalyst activity and lifetime [5]. For the case of Al-O, this 
can be attributed to the increase of catalyst nucleation sites, which 
realizes a higher catalyst density due to surface roughness and po-
rosity [6]. Figure 1 (a, b) shows the AFM image of Al-O particles 
after thermal oxidation and annealing with Ar/H2 (just before the 
CVD process). The porous structure and the surface roughness 
(root mean square, RMS: 3.84 nm) of Al-O were confirmed. In 
catalyzed CNT growth, Al-O can interact both physically and 
chemically with the catalyst nanoparticles [7, 8]. Al-O films en-
hance dispersion of the formed Co nanoparticles by physically 
holding the nanoparticle inside the pores. In addition to this physi-
cal effect, Al-O films also interact chemically with the catalyst 
nanoparticles and dramatically enhance its catalytic activity by 
altering electronic structure of the nanoparticles [9]. The TEM 
image in Figure 2 confirmed this phenomenon; the Co nanoparti-
cles crowded inside the Al-O 45 nm diameter porous area. The 
sample used for TEM observation was fabricated using the same 
steps as the one shown in Figure 1. 

Figure 3 shows the AFM image of Co catalyst nanoparticles on 
the SiO2 surface, without Al-O support layer. The RMS surface 
roughness was only 1.54 nm, far from the rough surface produced 
on Al-O. It is certain that the roughness came from Co nanoparti-
cles, not from the SiO2 surface. For well-aligned CNT growth, 
several research groups observed better results for catalyst nanopar-

 
Figure 2. Cross-sectional image of HR-TEM of Al-O surface 
showing the Co catalyst nanoparticle crowding effect inside Al-O 
porous area. 
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Figure 1. (Color online) (a) AFM topography image of Al-O sur-
face just before CVD growth process. (b) 3-dimensional image of 
same sample at same surface position. 
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ticles on Al-O and/or Al2O3 than on SiO2 [10, 11]. This is due to the 
flat and nonporous structure of the SiO2 surface. For ACCVD tech-
nique, however, because of a short processing time, mostly hori-
zontal or tangled form of CNTs would be produced on the SiO2 
surface [12]. The interactions between catalyst and support layer 
are found to be essential. First, the support materials partly deter-
mine the morphology of the nanoparticles and, second, they also 
alter the electronic structure of the nanoparticles [13], thus chang-
ing their catalytic properties. These interactions not only depend on 
the properties of both support and catalyst materials, but also on the 
surface roughness and porosity of the support materials. 

Figure 4 depicts the variation of Raman spectra of CNTs on the 
different substrates, measured by 632.8 nm laser excitation. This 
figure includes Inconel 601 foil as another example of conducting 

substrate. The Raman spectra of all samples exhibit peaks of the 
radial breathing mode (RBM) from 100 to 250 cm-1, which reveals 
the presence of SWCNTs, a D-band (defect, amorphous carbon) at 
approximately 1310 cm-1, and a G-band (graphite, CNTs) at ap-
proximately 1590 cm-1 [14, 15]. This preliminary result confirmed 
that CNTs could also be effectively grown on metal alloy substrates 
using our ACCVD system. As for the quality of the as-grown VA-
SWCNTs, the G-band to D-band peak intensity ratios, IG/ID, for all 
samples are also shown inside the figure. The IG/ID ratios of CNTs 
on the SUS 310S and Inconel 601 are considered almost similar to 
that on the SiO2/Si substrate. Although the substrates are different, 
the VA-SWCNTs grown on them present similar morphologies and 
microstructures. This indicates that the properties of VA-SWCNTs 
can be mainly determined by CVD parameters and the properties of 
Al-O support layers, not by the substrate properties. 

The SEM and HR-TEM images of the SWCNTs grown on 
SiO2/Si substrate are shown in Figure 5. Similar morphology was 
confirmed as those on Inconel 601 and SUS 310S. Observations 
were made directly from above the substrate, and at a tilt angle of 
45 o, to confirm the vertical structure of the CNT forest on the sub-
strates. Most of the areas on the substrates were covered by the 
vertical growth of SWCNTs. Tangled “spaghetti-like” films on the 
substrate, indicating the horizontal growth of SWCNTs was also 
observed in some very limited regions, but it was not predominant, 
in contrast to the vertical growth of SWCNTs. HR-TEM image 
shows the good quality and high purity of as-grown SWCNTs. 
Other than the Raman analysis in Figure 4, here, it was again con-
firmed that the as-grown CNTs were mainly single-walled. Also, 
mesoporosity of CNTs is essential for ion transportation [1]. Unlike 
the irregular pore structures of randomly-entangled CNTs, the VA-
CNTs provide a more mesoporous and more accessible surface. 
This translates to high electrolyte accessibility and a large effective 
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Figure 5. (a) SEM images of SWCNTs grown at t = 10 min, T = 
750 o C. Left image was taken from above the substrate, and the 
right image was taken with tilt angle 45 o. (b) HR-TEM image of 
as-grown SWCNTs. 
 
 

 

0 200 400 600 800 1000 1200 1400 1600 1800

In
te

ns
ity

 (c
ou

nt
s)

Raman shift (cm -1)

SiO2/Si

Inconel 601

SUS 310S

IG/ID

4.51

5.09

3.61

HeNe, λ = 632.8 nm

Figure 4. (Color online) Raman spectra of the vertically-grown 
CNTs from Co/Al-O/SiO2/Si (black line), Co/Al-O/Inconel 601 
(red line), and Co/Al-O/SUS 310S (blue line) substrates measured 
using HeNe laser (l = 632.8 nm). The Raman spectra and respec-
tive baselines are shifted vertically for all samples for clarity. The 
calculated IG/ID ratios of all samples are shown on the right side of 
the figure. 
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Figure 3. (Color online) (a) Co catalyst nanoparticles on SiO2/Si 
substrate surface without incorporation of support layer, (b) 3-
dimensional image of same sample at same surface position. 
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surface area for the VA-CNTs, and thus a strong capacitance be-
havior for the CNTs electrode in the electrochemical device [16]. 

Figure 6 shows the result of CV measurements for an electro-
chemical capacitor made of VA-SWCNT grown on the SUS 310S. 
The electrodes were measured at 5, 50, 100, 250, and 500 mV s-1 
scan rates within the potential range from 0.0 to 0.7 V. The CV 
curves confirmed the capacitance behavior of VA-SWCNTs when 
used as electrode material in the capacitor. Regardless of the scan 
rates, all of the CVs showed typical double-layer capacitance be-
havior. From integral calculation of the CVs, VA-SWCNT elec-
trodes resulted in specific gravimetric capacitance (Csp) of 52 F g-1 
at 5 mV s-1 scan rate. The capacitances were based on the linear 
dependence of capacitance to the cell potential [17]. To quantita-
tively evaluate the charge storage capacity, capacitance of the ca-
pacitor is determined by the voltammetric charges, cell potential 
window, and SWCNT loading [18, 19]. Considering that the shape 
of CV curves is not the ideal mirror-symmetry, we used integral 
area of CV curve divided by scan rate to represent the sum of an-
odic voltammetric charges (qa) and cathodic voltammetric charges 
(qc). Sensitivity of CV measurement was 0.001 V per point. The 
Csp was calculated accurately on the basis of the following equation 
[19]: 

 
where E1, E2 are the cutoff potentials in CV. i (E) is the current. 

is the total voltammetric charges obtained by integra-
tion of positive (charge) and negative (discharge) sweeps in CV. 
(E2 – E1) is the cell potential window width. m is the SWCNT mass 
per electrode (explained in Experimental), and ν is the scan rate. 
This significant result proved that the VA-SWCNTs had good elec-

trical contact with the substrates. This can be mainly attributed to 
the fact that the CNTs are well-anchored to the substrates, and also 
indicates that the non-conductive Al-O support layer had no influ-
ence on the contact between the CNTs and the substrate [20]. On 
the other hand, storing energy on and/or inside the SWCNT enables 
the device to have high rate capability, up to 500 mV s-1 (Figure 7). 
The current density at ~ 0.35 V cell potential was also found to 
increase linearly with the CV scan rates. This again indicates good 
double-layer capacitance behavior between electrolyte ions and 
vertical SWCNT. 

The performance of this capacitor was also evaluated using 
charge-discharge analysis at 5 A g-1 (Figure 8 (a)) from 0.0 to 0.7 V 
and back to 0.0 V. It was continuously measured up to (but not 
limited to) 10 cycles and was very stable. Various constant currents 
were applied to observe the ability of the electrodes to work from 
lower to higher current density (Figure 8 (b)). The capacitor was 
discharged from 0.5 to 0.2 V. The capacitor operated at very rapid 
(less than 1 s) charge-discharge performance, which is a well-
known advantage of electrochemical capacitors [21]. Dynamic, 
long lifetime of a capacitor can also be expected from pure CNTs 
typically grown from ACCVD [22]. In a CNT-based electrochemi-
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Figure 6. (Color online) CV curves of VA-SWCNT electrochemi-
cal capacitor measured at 5, 50, 100, 250, 500 mV s-1 scan rates. 
CV measurements were performed using 6 M KOH as electrolyte, 
in a 2-electrode-type EDLC cell. Performances of the capacitors 
are based on the mass per electrode of the CNTs grown during the 
CVD process. 
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Figure 7. (Color online) (a) The plot of specific gravimetric 
capacitance, Csp as a function of scan rate, and (b) plot showing 
linear dependence of the current density on the scan rate. The plot 
is based on the current density values at 0.35 V cell potential. 
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cal capacitor, the ability to accumulate charge in the electrode–
electrolyte interface strongly depends on ion accessibility to the 
outer walls and central canal of nanotubes [21]. Therefore, here, it 
can be suggested that the morphological structure of aligned 
SWCNT might open new possibilities of high performance electro-
chemical capacitors, whereas ion accessibility is better than that of 
the random or entangled growth form [23]. 

In order to investigate difference in capacitance performance, it 
is crucial to have a detailed CNT microstructure analysis before 
device fabrication. Future research work focusing on excellent and 
stable capacitors will consider several essential factors, such as 
alignment control, and additional treatment after the growth proc-
ess. Spacing or placement between each VA-SWCNT could be 
performed by governing catalyst nanoparticle placement (a step 
before CVD). A simple treatment (thermal or oxidation) could 
elevate electrolyte ion accessibility to all nanotubes. As an exam-
ple, a heat treatment process was reported to expand CNT surface 
area for ion adsorption in the bundle’s interstitial channels, and/or 
inside the SWCNTs [24, 25]. 

4. CONCLUSIONS 

Vertically-aligned single-walled CNTs (VA-SWCNTs) of up to 
50-μm height were directly grown on electrically-conducting SUS 
310S foils using ACCVD technique to fabricate SWCNT electro-
chemical capacitor. Similar characteristics to those grown on 
SiO2/Si substrate were confirmed by TEM and Raman spectros-
copy. Microscopic analyses of an Al-O support layer and Co cata-
lyst nanoparticles were carried out accordingly, in order to under-
stand the CNT growth mechanism. By direct growth method, end-
contact between vertical SWCNTs and foils was easily prepared 
and also the incorporation of binder materials was avoided. Electro-
chemical performance of the capacitor was investigated using CV 
and charge-discharge analyses. From the VA-SWCNT capacitor 
using 6 M KOH solution as electrolyte, a maximum capacitance of 
52 F g-1 was obtained. The capacitor also performed very well dur-
ing charge-discharge measurement. The relatively good and reli-
able electrochemical performances can be attributed to the purity of 
SWCNTs grown from the ACCVD technique, appropriate morpho-
logical structures, and again, the intrinsic properties of the 
SWCNTs that directly connected to the foils. Thus, the SWCNT 
can be another promising electrode material for high performance 
electrochemical capacitors. Finally, further optimization of electro-
chemical devices such as selection of electrolytes, additional treat-
ments, and control of alignment (spacing, bundle etc.) is urgently 
necessary in order to achieve better capacitance performance. 
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