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a b s t r a c t

We successfully prepared a vertically aligned double-walled carbon nanotube (DWCNT) sheet by a transfer
procedure from a silicon substrate as a DWCNT seedbed that was covered with catalyst grains to an
aluminum sheet as a current collector for application to a high-performance electrode for an electric
double layer capacitor (EDLC). The charge–discharge characteristics and EDLC performances of the aligned
vailable online 18 September 2008

eywords:
ouble-walled carbon nanotube
lectric double layer capacitor
ertically aligned DWCNT
ransfer

DWCNT electrode were evaluated and compared with those of a vertically aligned multi-walled CNT
(MWCNT) electrode. The gravimetric capacitance of the DWCNT electrode was ca. four times larger than
that of the MWCNT electrode. The rate capability of the DWCNT electrode was found to be excellent. This
is mainly ascribed to our transfer technique.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

An electric double layer capacitor (EDLC) is composed of
wo non-faradic electrodes and an electrolyte. Its function stores
harges at an electric double layer interface that consists of space
harges in an electrode bulk and physical adsorption of counter ions
n an electrolyte [1]. In general, activated carbon (AC) material with
high specific surface area, e.g., 800–3000 m2 g−1, has been utilized
s electrode material for EDLC [2–10]. However, the grain bound-
ry resistance between AC particles decreases the power density of
DLC.

To solve this problem, we observed that carbon nanotube (CNT)

ould potentially provide enough electronic conductivity and the
rder of nanoscale in an electrode [11–13]. The interlayer spacing
f multi-walled CNT (MWCNT) [14] is generally smaller than the
dsorption ion size [15], so no ions can penetrate the MWCNT inter-

∗ Corresponding author. Tel.: +81 6 6368 0952; fax: +81 6 6368 0952.
E-mail address: masaishi@ipcku.kansai-u.ac.jp (M. Ishikawa).
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ayer to generate capacitance. Therefore, a gravimetric capacitance
er MWCNT weight would decrease with increased MWCNT layers.

Considering this context, single-walled CNT (SWCNT) seems
ost suitable as an EDLC electrode material because it is composed

f only a single carbon network layer. However, SWCNT has some
ndesirable physical properties for EDLC performance. For exam-
le, not all SWCNTs inevitably exhibit metallic high conductivity,
ecause they have three chiral structures of a graphene sheet, two
f which are semi-conductive [16]. Furthermore, the SWCNT diam-
ter is usually smaller than that of MWCNT. When the diameter
s smaller, the electronic conductivity depends more strongly on
he chirality of a graphene sheet [17–19]. Thus here we focused on
ouble-walled CNT (DWCNT) as an ideal CNT for EDLC electrode
aterial. DWCNT should satisfy both reasonable electric conduc-

ivity and gravimetric capacitance because it is composed of the

mallest number of walls among MWCNTs, which can exclude extra
eight for generating high gravimetric capacitance.

Concerning electron pathways in the stack of DWCNTs for
ealizing high rate capability, the electric conductivity along the
ongitudinal direction of any CNT, i.e., the a axis direction of a basal

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:masaishi@ipcku.kansai-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.09.020
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bulk layer is ca. 700 �m. Although each DWCNT appears somewhat
wavy with adjoining DWCNT parts, brush-like DWCNTs contain no
hairball-like, bulky bundles, as shown in Fig. 1(b). Furthermore,
substantial free spaces are found among the brush-like DWCNTs.
Fig. 1. SEM images of as-grown DWC

lane, is generally much higher than that between CNTs, i.e., the
ontact surfaces of the basal planes (along the c axis). Therefore, one
ptimal electrode structure would be that each DWCNT is vertically
ligned on a current-collector substrate, i.e., each highly conductive
idewall of DWCNT must be directly connected to the current col-
ector without any bundles. Recently, a novel preparation method
or highly ordered SWCNTs with a long length (mm-scale) was
eported and applied to an EDLC electrode [20]. Nonetheless, it is
ot clear that all SWCNTs were directly connected to a current col-

ector, because SWCNTs appeared rather horizontally aligned along
current collector surface, judging from the reported photographs

ndicating the electrode structure.
In this work, we fabricated a vertically aligned DWCNT electrode

y utilizing “transfer methodology” [21,22], that is, the transfer of
rush-like CNT from a silicon substrate to a current collector coated
y conductive cement to maintain the original brush morphology
abricated by a chemical vapor deposition (CVD) method. In partic-
lar, we successfully fabricated the aligned DWCNT electrode even
ith a nanotube 700 �m long. We found that the gravimetric capac-

tance of the aligned DWCNT electrode was about four times larger
han that of the corresponding MWCNT electrode while maintain-
ng excellent high rate performance.

. Experimental

The vertically aligned DWCNTs were synthesized with a thermal
atalytic CVD technique. The detailed process and synthesis condi-
ions have been described elsewhere [23,24]. The morphology of
he DWCNTs was observed by scanning electron microscopy (SEM:
itachi S-4300) as well as high-resolution transmission electron
icroscopy (HR-TEM: Hitachi HF-2000). To evaluate the surface

onditions of the DWCNT electrode, Raman spectroscopy of the syn-
hesized DWCNT was performed using a monochromator (250IS-3)
quipped with a detection device (cooling CCD camera DV401-FIS).
he 632.8-nm laser line of a He-neon (Ne) laser (Seki Technotron)
as used for excitation with output power of 15 mW.

The resulting vertically aligned DWCNT was transferred to an
luminum (Al) current collector sheet (thickness: 50 �m) coated
omogeneously with a slight amount of electrically conductive
ement, i.e., phenolic glue containing 5 wt.% graphitic carbon
thickness: less than 10 �m) to maintain the original vertical

lignment on the Al sheet. Such a vertically aligned DWCNT
heet is hereinafter denoted as a “DWCNT sheet.” An MWCNT
heet (length: 300 �m, average diameter: ca. 14 nm, IG/ID: ca.
.2) was also employed as a test electrode for comparison in the
harge–discharge performance.
(a) low and (b) high magnifications.

A test cell consisted of a pair of DWCNT or MWCNT sheet elec-
rodes with a commercially available propylene carbonate (PC)
lectrolyte containing 1.96 M triethymethylammonium tetraflu-
roborate (TEMABF4, Tomiyama Pure Chemical Industries). A
eparator applied to the cell was made of cellulose (Nippon Kodoshi
F4050). The electrodes and the separators were immersed in a
.96 M TEMABF4-PC solution for 5 min under reduced pressure
mmediately before their installation.

As for the galvanostatic discharge test, the cell was charged to
.5 V and then discharged to 0 V at a constant current density in a
ange from 0.1 to 20 A g−1 using the Battery Labo System (Keisokuki
enter). Cyclic voltammetry was performed at a scan rate from
0 to 4000 mV s−1 in a cell voltage range between −2.5 and 2.5 V
sing an electrochemical analyzer (BAS, ALS model 650B). Capaci-
or assembly was carried out in a dry room (dew point: −60 ◦C). All
xperiments were performed at room temperature (25 ◦C).

. Results and discussion

Fig. 1(a) reveals that as-grown DWCNTs fabricated by the ther-
al catalytic CVD technique are uniform and macroscopically

ligned vertically on a Si substrate. The thickness of the DWCNT
Fig. 2. HR-TEM image of an as-grown DWCNT.
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the DWCNT electrodes, a test cell was also scanned at a rate from
Fig. 3. Raman spectrum of as-grown DWCNTs.

uch open morphology of brush-like DWCNTs has the potential to
rovide easy access for ions to the spaces between DWCNTs and to
he DWCNT surface.

Fig. 2 shows an HR-TEM image of an as-grown DWCNT. The
ube wall is obviously composed of two graphene sheets, where
he mean outer and inner diameters are ca. 4.9 and 4.2 nm, respec-
ively. The outer surface of the sidewall appears partly covered with
morphous carbon. Detailed HR-TEM study revealed that most of
he nanotubes (∼80%) are DWCNTs, and the rest are MWCNTs with
very low percentage of SWCNTs. Raman spectroscopy was applied

o an as-grown DWCNT sample to evaluate their crystallinity. The

bserved Raman spectrum is shown in Fig. 3. Since a D-band is
learly observed, DWCNTs would have defects to some extent. This
lear D-band also indicates the existence of amorphous carbons,
hich are in good agreement with the observation by HR-TEM. A

1
t
n
c

Fig. 4. Cyclic voltammograms for vertically aligned DWCNT sheet electrode
urces 185 (2008) 1580–1584

adial breathing mode (RBM) is not observed in less than 200 cm−1,
robably because the inner and outer diameters of DWCNTs are

arge (ca. 4.2 and 4.9 nm, respectively) and coexistent MWCNTs
ca. 20% as mentioned above) should have no contribution to
BM.

The current response of the capacitor electrode in the opera-
ional cell voltages must be investigated. Fig. 4 shows the cyclic
oltammograms (CVs) obtained for a symmetrical two-electrode
ell. Here specific capacitance (Cs) was estimated from the follow-
ng equation:

s = 2I

�m
(1)

here I is the current, � is the scan rate, and m is the mass of
he active material at a single electrode. At the lowest scan rate,
0 mV s−1 (Fig. 4(a)), the obtained CV shows a butterfly shape,
here the capacitance (or the current) increases with increas-

ng cell polarization without ohmic distortion, suggesting that the
nternal series resistance is very low. The minimum capacitance is
1 F g−1 at 0 V while the maximum capacitance is 47 F g−1 at ca.
.5 V at 10 mV s−1. The present dependence of the capacitance on
he voltage implies that the thickness of an electric double layer

ay be shrunk by a strong electric field, which is oriented ver-
ically from the sidewall surface of the DWCNT, with an increase
n the applied cell voltage. Other possibility is a contribution of a
pace charge layer at the DWCNT electrode, which might cause such
oltage-dependent current [5,25].

To evaluate the high rate performance of the capacitor with
00 to 4000 mV s−1 (Fig. 4(b)–(d)). Although some ohmic distor-
ion appears at extremely high scan rates of 1000 and 4000 mV s−1,
ote that such ultra-high rate scanning still generates considerable
apacitance that dominates electronic and ionic resistance despite

at various scan rates: (a) 10, (b) 100, (c) 1000, and (d) 4000 mV s−1.
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ig. 5. Cell voltage profiles with galvanostatic (2 A g−1) charge–discharge duration
or EDLCs composed of MWCNT and DWCNT sheet electrodes.

he active material thickness of 700 �m. This can be attributed to
he following two origins: one is directly derived from our transfer

ethodology; each DWCNT is connected directly to the Al cur-
ent collector, realizing continuous graphene layers of DWCNT as
deal electron pathways: the other is that ion transfer is quite facile
ue to the bundleless, open structure of the brush-like DWCNTs.
he former should be an especially crucial factor providing ultra-
igh rate capability for aligned DWCNT electrodes. In fact, although
ther groups have researched the CV response of vertically aligned
WCNT electrodes, their CVs suffered significant distortion even
t several 10’s of mV s−1. The authors ascribed the behavior to the
oor contacts of DWCNTs with a substrate, which were interfered
y small catalyst particles [26]. More importantly, they directly
tilized a low-conductive Si substrate as a current corrector for
heir electrode that should limit high rate capability. Therefore, our
ransfer methodology is highly beneficial for realizing extremely
igh rate capability of a DWCNT electrode.

To elucidate the practical performance as a storage device, a
harge–discharge test was performed by applying a constant cur-
ent. Fig. 5 depicts charge–discharge profiles in a galvanostatic

ondition at a high rate of 2.0 A g−1. For comparison, an MWCNT
heet, which consists of MWCNTs with an average diameter of
4 nm, was used as an alternative EDLC electrode. The slope of the
WCNT electrode is clearly gentler than that of the MWCNT elec-

ig. 6. Relationship between discharge current density and discharge capacitance
f DWCNT and MWCNT sheet electrodes.
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rode. Furthermore, as for the DWCNT electrode, its capacitance in
he high voltage region is larger than that in the low voltage region,
hich corresponds well to the obtained voltammogram shape (see

ig. 4).
Fig. 6 indicates the relationship between the gravimetric capaci-

ance and the current density in a range from ca. 2.0 to 20 A g−1. The
pecific capacitance (Cs) was estimated by the following equation:

s = 2I�t

�Vm
(2)

here I is the discharge current, �t is the discharging time, �V
s the change in cell voltage with �t, and m is the mass of the
ctive material at a single electrode. Note that the capacitance
or DWCNT (ca. 44 F g−1) is about four times larger than that for

WCNT (ca. 10 F g−1). Since the interlayer distance of any CNT is
enerally smaller than the adsorption ion size, no ions can pen-
trate the CNT interlayer. Thus, the gravimetric capacitance for
WCNT should be much higher than that for MWCNT. Concerning

heir rate capability, both MWCNT and DWCNT can almost main-
ain their intrinsic capacitances even at an extremely high rate of
0 A g−1. This result also suggests that each CNT (not only DWCNT
ut also MWCNT) is directly connected to an Al current collector
o form an extremely facile electron pathway utilizing an intrinsic
ow-resistance bulk property based on excellent conduction along
axis of CNT. We conclude that a vertically aligned DWCNT sheet
y the transfer methodology is an outstanding electrode material
or EDLC among MWCNT materials.

. Conclusion

Electrochemical measurements were performed for a highly ori-
nted DWCNT sheet as an EDLC electrode. From the galvanostatic
ischarge test, gravimetric capacitance for the aligned DWCNT elec-
rode was about four times larger than that of the tested MWCNT
lectrode. This result demonstrates that a decrease in the wall layer
umber of CNTs enhances the gravimetric capacitance. The rate
apability of the aligned DWCNT electrode was excellent, similar to
he MWCNT electrode, which indicates that the direct connection
y the transfer methodology of each CNT to a conductive substrate
rovides an ideal electronic pathway along a basal CNT plane. The
resent results suggest that the aligned DWCNT sheet is a promising
aterial for a high-performance EDLC electrode.
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