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Various capacitive particles are currently available for use in electrochemical capacitors, but their electrical

conductivities are typically low and require enhancement. Carbon nanotube (CNT) matrices can be used to

fabricate self-supporting electrodes without binding or conducting additives. Herein, liquid dispersion and

subsequent vacuum filtration were used to prepare thick (�100 mm) hybrid electrodes of activated carbon

(AC) and CNTs. Factors including CNT type, AC particle size, solvent, and surfactant strongly affected the

capacitance and rate performance of the hybrid electrodes. Different solvents and types of CNTs were

best suited for pure CNT electrodes and AC–CNT hybrid electrodes; single-wall CNTs (SWCNTs) with a

strong dispersant produced CNT electrodes with the best performance among pure CNT electrodes.

Meanwhile, few-wall CNTs (FWCNTs) with a weak dispersant produced AC–CNT hybrid electrodes with

the best performance among hybrid electrodes. Addition of 10 wt% FWCNTs to AC yielded a

self-supporting hybrid electrode with improved performance (132 F g�1, 58 F cm�3, 0.70 F cm�2 at

100 mV s�1) compared with that of a conventional AC electrode with conducting and binding additives

(74 F g�1, 26 F cm�3, 0.60 F cm�2 at 100 mV s�1), and a pure electrode of expensive SWCNTs (52 F g�1,

26 F cm�3, 0.26 F cm�2 at 100 mV s�1).
Introduction

Electrochemical capacitors (ECs), also known as super-
capacitors, are receiving increasing attention as possible
storage systems for electrical energy. Extensive research to
improve the performance of ECs has been undertaken,
including fabrication of active materials with higher energy
densities, electrolytes with wider voltage windows and hybrid
systems using Faradaic reactions.1 Activated carbon (AC) is the
material of choice for electric double layer (EDL) capacitors
because of its large capacitance, long cycling life, low cost and
good processability. The high specic surface area (SSA) of
1000–3500 m2 g�1 (ref. 2) and the porous structure of AC allow
charge storage at the electrode/electrolyte interface, with a
capacitance of 10 mF cm�2 (ref. 3). Conventional electrodes are
made from AC particles using conductive additives and
polymeric binders that are chemically stable at given
a University, 3-4-1 Okubo, Shinjuku-ku,
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hemistry 2015
electrochemical potentials. Other types of widely investigated
capacitive particle are transition metal oxides, which can store
considerable electrical charge through fast and reversible
Faradaic redox reactions. Capacitances as high as 768 F g�1 for
ruthenium oxide4 and 265–320 F g�1 for manganese oxide5,6

have been achieved. However, some of these materials are
limited by low surface area and electrical conductivity, making
their efficient use difficult.

Carbon nanotubes (CNTs) possess high tensile strength,
exibility, electrical conductivity and reasonably high SSA.
Pristine CNT electrodes exhibit excellent rate performance, i.e.,
a low capacitance reduction ratio at high scan rates, and
moderate capacitances.7,8 Single-wall CNTs (SWCNTs) have the
highest SSA for their exterior surface among CNTs, of up to
1320 m2 g�1. Pure SWCNT electrodes exhibit excellent rate
performance,9 although their cost of up to �1000 USD per g
limits their practical application. CNTs have also been used in
electrodes as current-collecting substrates for other active
materials such as conductive polymers and metal oxides,10–14

and with high-voltage window electrolytes.15,16 However, the
strong van der Waals interactions in SWCNTs17,18 leads to
formation of bundles and disordered networks, which makes it
difficult to realise their optimum mechanical and electronic
properties.19,20

Chemical vapour deposition (CVD) is suitable for producing
large amounts of CNTs. Fluidised-bed CVD (FB-CVD), in which
RSC Adv., 2015, 5, 16101–16111 | 16101
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catalyst-supported powders are uniformly heated and mixed
with a reactant gas, is especially suitable to produce CNTs.
Multi-wall CNTs (MWCNTs) are mass produced by FB-CVD at
amounts of several hundred tons annually per plant and
production cost of �100 USD per kg.21 We previously developed
FB-CVD, and realised the continuous and batch production
of sub-millimetre-long few-wall CNTs (FWCNTs)22,23 and
SWCNTs,24 respectively. FWCNTs offer advantages over
SWCNTs in terms of cost, ease of manipulation, and capability
of functionalization by oxidation while retaining conductivity.
The exibility and high aspect ratio of FWCNTs can yield self-
supporting lms, and positive electrodes for lithium batteries
have been developed using oxidised FWCNTs.25

Combining CNTs with AC in hybrid electrodes has been
explored to increase the conductivity of conventional elec-
trodes, and as a replacement for conventional conductive
additives.26–29 Self-supporting hybrid lms of AC and CNTs have
been reported,30–32 which may produce light-weight, high-
capacity electrodes without using metal collectors, thus avoid-
ing their contribution to the weight of the device.33 In the
current study, we use sub-millimetre-long FWCNTs22,23 and
SWCNTs24 as matrix to hold capacitive particles for ECs. Pure
CNT electrodes and AC–CNT hybrid electrodes are fabricated
without binders, and their performance is compared with that
of conventional hybrid electrodes of AC with the conductive
additive acetylene black (AB) and binder polytetrauoro-
ethylene (PTFE) (Fig. 1a). A photo of a typical AC–CNT hybrid
lm (Fig. 1b) shows its self-supporting and exible nature
without the aid of binders. Both conventional and proposed
electrodes had a layered structure parallel to the lm surface
(Fig. 1c and d). In the latter electrode (Fig. 1d), AC particles
Fig. 1 (a) Schematic diagrams of conventional and proposed electrode
supporting AC–CNT hybrid film. Scanning electron microscope (SEM) i
AC–FWCNT hybrid electrode.

16102 | RSC Adv., 2015, 5, 16101–16111
distributed uniformly and individual AC particles were
covered well with numerous CNTs. When we consider practical
devices, volumetric and areal capacitances are very important
in addition to gravimetric capacitances. Thus we worked on
thick electrodes (�200 mm as-prepared and �100 mm aer
pressing) and discussed these capacitance values. The effects
of factors including the types of solvent and surfactant used to
disperse AC and CNTs, AC particle size, SSA of AC, and CNT
loading on electrode performance are investigated systemati-
cally to achieve hybrid EC electrodes with enhanced capacity
and conductivity.
Experimental
Electrode preparation

FWCNTs and SWCNTs were fabricated by FB-CVD using C2H2 as
a carbon source as reported previously.22–24 The CNTs were
highly pure as produced (99 wt% or higher), so we used them
without any purication. To prepare pure CNT electrodes,
SWCNTs and FWCNTs were dispersed in three different
solvents: H2O with sodium dodecylbenzenesulphonate (SDBS)
surfactant (0.5 wt%), N-methylpyrrolidone (NMP) and ethanol
(EtOH). Dispersion was carried out using a bath-type 600-W
sonicator for 30 min, with a cooling unit to maintain the
temperature at 20 �C. Electrodes were formed by vacuum
ltration of the dispersions through PTFE membrane lters
with a pore size of 5 mm. To remove residual SDBS, electrodes
were rinsed with boiling distilled water, soaked for 10 min in
60 wt% HNO3 at room temperature, and nally rinsed with
boiling distilled water. Residual EtOH and NMP were removed
by drying the electrodes at 150 and 205 �C, respectively.
configurations using AC particles and CNTs. (b) Photograph of a self-
mages of a (c) conventional AC electrode using AB and PTFE and (d)

This journal is © The Royal Society of Chemistry 2015
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To prepare AC–CNT hybrid electrodes, different amounts of
CNTs were mixed with AC particles in different solvents. Two
different types of AC were used: activated charcoal untreated
powder (100–400 mesh, 1001 m2 g�1, Sigma-Aldrich, St. Louis,
MO, USA) and YP80-F AC (5–20 mm diameter, 2042 m2 g�1,
Kuraray Chemical Co., Tokyo, Japan), which are referred to as
AC1000 and AC2000, respectively. Different ratios of AC and
CNTs were added to the dispersing agents H2O–SDBS (0.5 wt%),
NMP and EtOH to give mixtures with 0.1 mg of carbon material
per mL of solution. Dispersion of each mixture was carried out
using a bath-type 600-W sonicator for 30 min at 20 �C. Elec-
trodes were obtained by vacuum ltration of the dispersions
through PTFE membrane lters with a pore size of 5 mm and
subsequent drying at 150 �C in air for �3 h. Residual SDBS,
EtOH, and NMP were removed in the same manner as for the
pure CNT electrodes. Most electrodes were �200 mm thick as
prepared and �100 mm thick aer pressing at 10 MPa.

To observe the dispersion states of CNTs in different
dispersants, the dispersions were spin-coated at 4000 rpm for
30 s on Si wafers that had been pretreated in piranha solution
(96 wt% sulphuric acid and 30 wt% hydrogen peroxide with a
volume ratio of 70 : 30) for 10 min.
Electrode characterization

Microstructures of the CNT-based self-supporting lms were
analysed by scanning electron microscopy (SEM, Hitachi
S-4800, Tokyo, Japan). The CNTs spin-coated on Si wafers were
also analysed by SEM to evaluate their dispersion state. Sheet
Fig. 2 (a and b) CVs of pure SWCNT and FWCNT electrodes processe
Dependence of the specific capacitance of the pure SWCNT and FWCNT

This journal is © The Royal Society of Chemistry 2015
resistance was determined by the four-point probe method.
SSAs were calculated by Brunauer–Emmett–Teller (BET) anal-
ysis of nitrogen adsorption isotherms measured at 77 K (BEL
Japan Belsorp-28SA, Osaka, Japan or Quantachrome Instru-
ments Autosorb 1C, Boynton Beach, FL, USA). Elemental
composition was determined using a wavelength-dispersive
X-ray uorescence spectrometer (XRF, Rigaku ZSX Primus II,
Akishima, Japan).

Three-electrode cells were used to perform cyclic voltam-
metry (CV), electrochemical impedance spectroscopy (EIS) and
galvanostatic charge–discharge measurements with a poten-
tiostat (Bio-Logic VMP3, France). The three-electrode cell con-
sisted of either a pure CNT or AC–CNT lm (sandwiched with
two Ti meshes and pressed at 10 MPa) as the working electrode,
Pt-mesh counter electrode and Ag/AgCl reference electrode
(in saturated aqueous NaCl). The electrolyte was aqueous 1 M
H2SO4. EIS was performed over the frequency range of 100 kHz
to 10 mHz at a constant potential of 0.0 V vs. Ag/AgCl, and the
amplitude of the excitation signal was �10 mV.
Results and discussion
Performance of pure SWCNT and FWCNT electrodes

The dispersibility and cost of CNTs are important consider-
ations in their practical application, so the properties of
different types of CNTs are compared in this section. The CVs in
Fig. 2 provide information about the rate capability of the
SWCNT and FWCNT electrodes, and the inuence of different
d in H2O–SDBS, NMP and EtOH (scan rate ¼ 10 mV s�1). (c and d)
electrodes processed using different solvents on scan rate at 0–0.8 V.

RSC Adv., 2015, 5, 16101–16111 | 16103
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dispersion solvents. The gravimetric current of the pure SWCNT
electrodes (Fig. 2a and c) was higher than that of the pure
FWCNT ones (Fig. 2b and d), but the shapes of the CVs (Fig. 2a
and b) were similar for the electrodes prepared from disper-
sions of the same solvents. The CVs of the electrodes processed
in NMP and EtOH exhibited regular rectangular shapes without
any apparent peaks (Fig. 2a and b), similar to those of an ideal
capacitor, where electric charge (q) is proportional to applied
voltage (V), and the constant of proportionality is capacitance
(C); that is, q ¼ CV. High electrical conductivity and the absence
of parasitic reactions translate into rectangular CVs, which
indicate uniform ion diffusion and good rate performance.34

The electrodes processed in H2O–SDBS exhibited a broad peak
at around 0.4 V in the forward and reverse scans (Fig. 2a and b),
consistent with a contribution from pseudocapacitance in
addition to the predominant EDL capacitance. This peak may
result from the acid rinsing of the electrode to remove SDBS.
The immersion time of the electrode in acid was sufficient to
form oxygen functionalities like –COOH, –OH, and pC]O on
the CNT surface.8,35 The electrode processed in H2O–SDBS
solution had a higher oxygen content (4.17 wt%) than those of
the electrodes processed in NMP (2.03 wt%) and EtOH
(1.47 wt%) (see ESI, Table S1†), conrming that rinsing with
acid resulted in the presence of additional functional groups.
Thus soaking in HNO3 had two different effects: removing SDBS
to increase the conductivity and the surface area available for
EDL capacitance of the CNT networks, and modifying the
Fig. 3 (a and b) CVs of AC1000–SWCNT (1 : 1) and AC1000–FWCNT (1
10mV s�1). (c and d) Dependence of capacitance on scan rate of the hybr
shown for comparison. Specific capacitance values shown for pure CNT
hybrid electrodes.

16104 | RSC Adv., 2015, 5, 16101–16111
carbon surface with electrochemically active oxygen-containing
groups. The contributions from specic functionalities on
carbon surfaces to capacitance has been widely reported,
including those from N- and S-based groups,36–41 although N
and S contents were low in our samples.

C of the electrodes was calculated from the CVs using the
expression:

C ¼ 1

v

ðE2

E1

IðEÞdE
E2 � E1

; (1)

where v is scan rate, E is voltage and I is current. Specic
capacitance was calculated by dividing C by the mass of CNTs
for pure CNT electrodes, and the mass of CNTs and AC for
hybrid electrodes. Specic capacitances were independent of
the scan rate, even at 100 mV s�1 (Fig. 2c and d), revealing the
good rate capability of these electrodes. The maximum capaci-
tance for each electrode depended on dispersion solvent, and
was highest for the electrodes processed in H2O–SDBS (55 and
52 F g�1 at 5 and 100mV s�1 for SWCNT electrodes, respectively;
38 and 36 F g�1 at 5 and 100 mV s�1 for FWCNT electrodes,
respectively). The better performance of the electrodes pro-
cessed in H2O–SDBS possibly resulted from their better
dispersion in this solvent than in NMP and EtOH, which led to
the formation of an electrically conductive network with higher
electrolyte-accessible surface area, in addition to the above-
mentioned pseudocapacitance contribution.
: 1) electrodes processed in H2O–SDBS, NMP and EtOH (scan rate ¼
id electrodes. Plots for pure CNT electrodes (from Fig. 2c and d) are also
electrodes have been halved to clarify the contribution from AC in the

This journal is © The Royal Society of Chemistry 2015
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Effect of dispersant on the performance of AC–SWCNT and
AC–FWCNT hybrid electrodes

Next, equal weights of AC1000 and CNTs were used to prepare
hybrid electrodes to examine the effect of dispersant on the
performance of AC–CNT hybrid electrodes. The CVs of the
hybrid electrodes processed in EtOH and NMP exhibited a
rectangular shape (Fig. 3a and b). The electrodes processed in
H2O–SDBS had non-rectangular CVs with a broad peak centred
at 0.4 V resulting from the contribution of redox reactions
consistent with oxidation of the carbon surface during rinsing
with HNO3.8

The rate capability plots in Fig. 3c and d provide insight into
the effect of each dispersant on the porous structure of the
hybrid electrodes. The AC–SWCNT electrode processed in
H2O–SDBS had higher specic capacitance than that processed
in EtOH (Fig. 3c). In particular, the specic capacitance of the
Fig. 4 SEM images of dispersions of (a, c and e) SWCNTs and (b, d and f) F
coated on Si wafers.

This journal is © The Royal Society of Chemistry 2015
latter approached that of the pure SWCNT electrode containing
the same weight of CNTs, showing the diminishing contribu-
tion of AC to specic capacitance at high scan rates. It is
probable that SWCNTs were not effectively dispersed in EtOH,
resulting in poor electrical contact with AC particles. Interest-
ingly, the opposite result was obtained for AC–FWCNT elec-
trodes; the electrode processed in EtOH exhibited the highest
specic capacitance while that processed in H2O–SDBS did the
lowest one among the AC1000–FWCNT electrodes. All of the
electrodes exhibited higher specic capacitances than that of
the pure FWCNT electrode containing the same weight of CNTs
at high scan rates, suggesting sufficient electrical contact with
AC particles. However, the specic capacitance of the
AC–FWCNT electrodes was higher for those processed in EtOH
than the other solvents, suggesting that SDBS and NMP were
adsorbed in the pores of AC, which decreases the electrolyte-
accessible area of AC. From a practical aspect, it is
WCNTs in (a and b) H2O–SDBS, (c and d) NMP, and (e and f) EtOH spin-

RSC Adv., 2015, 5, 16101–16111 | 16105
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Table 1 Specific surface area (SSA) and bulk conductivity (s) of AC1000, FWCNT, and AC1000–FWCNT electrodes processed in H2O–SDBS and
EtOH

AC1000 FWCNT (EtOH)
AC1000–FWCNT
(1 : 1) (H2O–SDBS)

AC1000–FWCNT
(1 : 1) (EtOH)

SSA (m2 g�1) 1001 428 357 528
s (S cm�1) N.A. 85.7 48.8 36.6
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encouraging that similar specic capacitance and rate
performance were achieved for the AC–FWCNT electrode pro-
cessed in EtOH to those of the AC–SWCNT electrode processed
in H2O–SDBS. However, the factors affecting the enhancement
of specic capacitance by hybridization with AC should be
different for these two electrodes, so next we examined the
dispersibility of CNTs and adsorption of dispersants in AC
pores.

The dispersion states of CNTs in different solvents were
examined by spin-coating the dispersions on Si wafers and
observing them by SEM (Fig. 4). The low-magnication images
show the aggregate structure while the inset high-magnication
images show the bundle structure of the CNTs. These SEM
images reveal differences in the dispersion states of SWCNTs
and FWCNTs. SWCNTs formed small (�5 mm), medium
(�10 mm), and large ([10 mm) aggregates in H2O–SDBS, NMP,
and EtOH, respectively. In particular, EtOH-processed SWCNTs
formed thick bundles composed of many SWCNTs (inset of
Fig. 4e), conrming their poor dispersibility in EtOH. In
contrast, FWCNTs adopted a similar dispersion state of large
aggregates (>10 mm) of thin bundles regardless of solvent,
revealing their good dispersibility. These images conrm that
mild dispersants, which do not obstruct the pores of AC, can be
used for FWCNTs.

The electrical conductivity and SSA of electrodes processed
in H2O–SDBS and EtOH are presented in Table 1. SDBS
appeared to be adsorbed within the pores of AC1000, even aer
successive rinsing with boiling water and HNO3. This decreased
the available surface area of the AC1000–FWCNT electrode to
357 m2 g�1, compared with 528 m2 g�1 for the electrode
Fig. 5 SEM images of (a) as-received AC1000 and (b) AC1000 after ultr

16106 | RSC Adv., 2015, 5, 16101–16111
processed in EtOH. The SSA for the electrode processed in EtOH
is still smaller than the expected value of 715m2 g�1 for a simple
AC1000–FWCNTmixture, so EtOH reduces the available surface
of AC to some extent. A higher bulk conductivity (s) of
48.8 S cm�1 was achieved using electrodes processed in
H2O–SDBS than in EtOH. This was because of the better
dispersion and network formation of CNTs in H2O–SDBS than
in EtOH, and the effective CNT doping that occurred during
acid rinsing. EtOH can disperse both AC and FWCNTs to a
certain extent, with s ¼ 36.6 S cm�1 for the AC1000–FWCNT
electrode processed in EtOH. The effect of dispersant on the
available surface area of capacitive particles is an important
consideration when aiming to maximise charge storage.
Different results were obtained for the pure CNT and hybrid
AC–CNT electrodes. SWCNTs exhibited better performance in
pure CNT electrodes than FWCNTs because of their higher
conductivity and SSA. Conversely, FWCNTs yielded better
performance than SWCNTs when hybridised with AC because of
their good dispersibility in EtOH, which did not obstruct the
pores in AC too much. Thus, EtOH and FWCNTs were used in
the following study of AC–CNT hybrid electrodes.

Effect of AC particle size on electrochemical capacitance

To obtain different particle sizes of capacitive AC, AC1000 was
ultrasonically treated in EtOH in a bath-type ultrasonicator for
16 h. The resulting material is referred to as US AC1000. The
cavitation energy during ultrasonication can disperse and
fracture solids,42 and an overall reduction in AC particle size
from 20–100 to 10–60 mm was observed following ultrasonic
treatment (Fig. 5).
asonication for 16 h (US AC1000).

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Effect of AC particle size on the electrochemical performance of AC–FWCNT hybrid electrodes. (a) Rate performance determined from
CVs of AC1000–FWCNT (9 : 1) and US AC1000–FWCNT (9 : 1) electrodes. Nyquist plots of the same electrodes for the (b) entire range and (c)
high-frequency range.
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The FWCNT loading of the electrode was reduced to increase
the amount of capacitive AC to 90 wt%. The electrical conduc-
tivities of the corresponding AC1000–FWCNT and US
AC1000–FWCNT electrodes were 5.17 and 8.73 S cm�1, respec-
tively, suggesting less disturbance of the electrical conduction
pathway by smaller US AC1000 particles than by larger ones.
The rate performance of both hybrid electrodes is illustrated in
Fig. 6a. An increase in the specic capacitance of 22–39%, and
improvement in rate performance were observed for the hybrid
electrodes with smaller particles, i.e., US AC1000 compared with
those of the electrodes with larger ones.

EIS measurements were carried out to further analyse the
resistance of the hybrid electrodes using Nyquist plots, which
are depicted in Fig. 6b and c. Information about electrolyte,
contact and ion-diffusion resistances can be obtained from
these plots. In general, a straight line along the imaginary axis is
related to ideal EDL capacitance, and in real capacitors with a
series resistance, this line has a nite slope, representing the
diffusive resistivity of the electrolyte within the pores of the
electrode.43 The US AC1000–FWCNT electrode exhibited a lower
equivalent series resistance (ESR) than the AC1000–FWCNT one.
Zhang et al.44 evaluated the effect of particle size of AC with a
high surface area on electrode performance using conventional
Fig. 7 SEM images of the (a) AC1000–FWCNT (9 : 1) and (b) AC2000–F

This journal is © The Royal Society of Chemistry 2015
EC electrode architecture. They obtained higher rate perfor-
mance for smaller AC particles mainly due to the low intra-
particle resistivity and rapid diffusion of ions within pores of AC
particles. Although the solution series resistance and polariza-
tion resistance cannot be reduced by the AC particle size, the use
of smaller AC particles is also effective at enhancing the rate
performance of our AC–FWCNT hybrid electrodes.
Effect of SSA and particle size of AC on electrode performance

AC1000 and AC2000 particles were used to determine the effects
of the particle size and SSA of capacitive particles on the
performance of hybrid electrodes. As-received AC2000 had a
much smaller average particle size of 10–15 mm than that of as-
received AC1000 (20–100 mm). The SEM images in Fig. 7 show
the morphologies of the prepared electrodes, in which the size
and shape of the AC particles can be distinguished. The
mechanically robust matrix of compact interwoven FWCNTs
bound to the AC particles, with their surface being partially or
completely covered by the exible FWCNTs.

The SSA and conductivity for the AC–FWCNT (9 : 1) hybrid
lms are summarised in Table 2. BET analyses indicated that
the SSA of AC2000 was twice that of AC1000, and almost ve
WCNT (9 : 1) electrodes.
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Table 2 Specific surface area (SSA) and bulk conductivity (s) of FWCNT and AC–FWCNT electrodes

AC2000 FWCNT (EtOH)
AC1000–FWCNT
(9 : 1) (EtOH)

AC2000–FWCNT
(9 : 1) (EtOH)

SSA (m2 g�1) 2042 428 857 1783
s (S cm�1) N.A. 85.7 5.17 10.1
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times that of FWCNTs (Table 2). The BET SSAs of the
AC–FWCNT hybrids included the individual contributions of
both AC and CNTs. Although the SSA of AC2000–FWCNT of
1783 m2 g�1 is slightly smaller than the simple sum of the SSAs
of AC2000 (0.9 g) and FWCNT (0.1 g) of 1881 m2 g�1, EtOH only
reduced the available surface by small amount as expected. The
conductivity of the AC2000–FWCNT electrode was 10.1 S cm�1,
higher than that of the AC1000–FWCNT electrode of
5.17 S cm�1. The smaller AC2000 particles disturbed electrical
conduction less than the larger AC1000 particles, in a similar
manner to the small US AC1000 particles.

The CVs of the AC1000–FWCNT (9 : 1) and AC2000–FWCNT
(9 : 1) electrodes in Fig. 8 show the change in electrical current
of the electrodes at different potentials. These voltammograms
suggest that there are important differences in the capacitance
mechanisms and rate performances of these electrodes. The
AC1000–FWCNT electrode exhibited no visible peaks, and its
CVs were irregular, especially in the last scan segments
(0.0–0.1 V and 0.7–0.8 V). The AC2000–FWCNT electrode
exhibited broad peaks centred at 0.4 and 0.2 V in the forward
and reverse scans, respectively, in addition to the overall rect-
angular shape. These peaks were consistent with fast redox
reactions of functional groups, although we did not treat the
AC2000–FWCNT hybrid with nitric acid in this experiment. The
source of these redox peaks may be the evolution of activated
oxygen species adsorbed on the carbon electrode surface, and
the subsequent formation of quinoidal species,45 although
further investigation is needed to clarify their origin. Elemental
characterization of AC2000–FWCNT electrodes prepared using
different dispersants is shown in Table S2† for reference.

The specic capacitances of the electrodes containing the
two types of AC at different scan rates are shown in Fig. 9a. The
specic capacitance of the AC2000–FWCNT (9 : 1) electrode was
Fig. 8 CVs measured at different scan rates for the (a) AC1000–FWCNT

16108 | RSC Adv., 2015, 5, 16101–16111
about twice that of the AC1000–FWCNT electrode at a scan rate
of 5 mV s�1 (170 F g�1 vs. 78 F g�1), and four times higher at a
scan rate of 100 mV s�1 (132 F g�1 vs. 32 F g�1). This difference,
even at low scan rates, resulted from their different SSAs. A
higher SSA translates into higher EDL capacitance.46 At low scan
rate, the AC pore structure could be fully used,47 yielding the
highest EDL capacitance for both electrodes. Faster scan rates
caused the performance of both electrodes to decrease, but this
decrease was less pronounced for the AC2000–FWCNT electrode
than the AC1000–FWCNT one because of its smaller ESR.

Fig. 9b and c shows that the magnitude of the ESRs deter-
mined from the diameter of the high-frequency semicircle in
the Nyquist plots was 1.1 U for the AC2000–FWCNT electrode
and 2.4 U for the AC1000–FWCNT electrode. At low frequencies,
the AC2000–FWCNT electrode exhibited a straight vertical line
parallel to the imaginary axis, typical of an ideally polarisable
electrode. The line in this region of the Nyquist plot of the
AC1000–FWCNT electrode inclines to the imaginary axis, and
its angle indicates the diffusive resistance of the electrolyte in
the electrode.41,48

For EC applications, carbon materials with high SSAs usually
have high energy densities because there is more area for charge
accumulation and EDL formation. Other factors such as elec-
trical conductivity, pore size distribution, type of electrolyte and
surface chemistry also play major roles in the capacitance of a
material, and the relationship between specic capacitance and
surface area is not linear.49 To enhance the electrical contact
between AC and CNTs, the number of contact points between
the FWCNTs and AC particles in the parallel circuit should be
increased. This can be achieved by dispersing and separating AC
particles, and binding them with FWCNTs. The number of
contacts between the FWCNTs in a series circuit can also be
decreased by increasing the FWCNT length. Longer FWCNTs can
(9 : 1) and (b) AC2000–FWCNT (9 : 1) electrodes.

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 (a) Rate performance determined from CV measurements of AC1000–FWCNT (9 : 1) and AC2000–FWCNT (9 : 1) hybrid electrodes.
Nyquist plots for the same electrodes for the (b) entire range and (c) high-frequency range.
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reduce the number of contact points in series, and compensate
for the poor conductivity of the porous AC particles.
Effect of FWCNT loading on electrode performance

A higher FWCNT loading results in higher conductivity and rate
performance, but lower SSA and increased cost. The effect of
FWCNT loading on electrode performance was investigated,
and the results are shown in Fig. 10a.33 Without FWCNTs but
with 5 wt% AB and 5 wt% PTFE, which are respectively
conductive and binding additives commonly used in ECs, the
specic capacitance of the electrode was reasonable at low scan
rate (148 F g�1 at 5 mV s�1), but decreased sharply at high scan
rates to 74 F g�1 at 100 mV s�1. The addition of 5 wt% FWCNTs
in place of AB and PTFE caused the conductivity to increase
considerably, and resulted in specic capacitance of 172 and
119 F g�1 at 5 and 100mV s�1, respectively. For the electrode with
20 wt% FWCNTs, the decrease in specic capacitance with scan
rate was less pronounced (112 F g�1 at 100 mV s�1), although the
maximum specic capacitance decreased to 149 F g�1 at
5 mV s�1. A mid-point occurred for the electrode containing
10 wt% FWCNTs, where the performance was the highest across
a wide range of scan rates (170 F g�1 at 5 mV s�1 and 132 F g�1 at
Fig. 10 (a) Rate performance determined from CV measurements for AC
performance of the conventional architecture of 90 wt% AC2000 with
electrodes for the (b) whole range and (c) high-frequency range.

This journal is © The Royal Society of Chemistry 2015
100 mV s�1). In addition, 10 wt% FWCNTs is sufficiently low that
its cost will not be signicant. The performance of electrodes
containing AB and PTFE as binders serves as a reference for the
performance of a conventional capacitor, and clearly reveals the
advantages of using a FWCNT matrix instead.

ESR of the conventional architecture (5 wt% AB + 5 wt% PTFE)
and 5 wt% FWCNT electrodes were determined from Nyquist
plots (Fig. 10b and c), revealing comparable internal resistances of
2.3 and 2.2 U, respectively. Electrodes containing 10 and 20 wt%
FWCNTs both exhibited smaller internal resistances of 1.1 U.
Comparison between the representative electrodes

For real device applications, in addition to specic capacitance,
volumetric capacitance and areal capacitance are very impor-
tant. Table 3 summarizes the structure, property, and capaci-
tance values for the representative AC–AB–PTFE, pure-SWCNT,
and AC2000–FWCNT electrodes. These electrodes had mass
densities of 0.35–0.50 g cm�3, which is close to the conventional
AC-based electrodes (�0.5 g cm�3).50 Small loading density can
yield high specic capacitance values but high loading density
is essential for real device (note that a current collector of 15
mm-thick Al foil is as heavy as 4 mg cm�2). All these electrodes
2000–FWCNT hybrid electrodes with different FWCNT loading.33 The
5 wt% AB and 5 wt% PTFE is also shown. Nyquist plots for the same
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Table 3 Structure and capacitance values of the representative electrodes of this work

AC–AB–PTFE
(conventional) Pure-SWCNT (SDBS)

AC2000–FWCNT
(9 : 1) (EtOH)

Thickness (mm) 231 100 122
Mass density (g cm�3) 0.35 0.50 0.44
Loading density (mg cm�2) 8.2 5.0 5.3
Conductivity (S cm�1) 0.16 118 10.1
Specic capacitance (F g�1) (at 5–100 mV s�1) 148–74 55–52 170–132
Volumetric capacitance (F cm�3) (at 5–100 mV s�1) 52–26 28–26 74–58
Areal capacitance (F cm�2) (at 5–100 mV s�1) 1.21–0.60 0.28–0.26 0.91–0.70
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have high loading densities of 5.0–8.2 g cm�3. The conventional
AC–AB–PTFE electrode showed high specic, volumetric, and
areal capacitance values at a low scan rate of 5 mV s�1 but
inferior values at a high scan rate of 100 mV s�1 due to the small
conductivity of 0.16 S cm�1. The pure-SWCNT electrode showed
small capacitance values, which remained almost constant for
different scan rates due to the high conductivity of 118 S cm�1.
The AC2000–FWCNT electrode showed the best balance; high
specic, volumetric, and areal capacitances at both low and
high scan rates, due to the high AC content of 90% and fair
conductivity of 10.1 S cm�1.
Conclusions

CNTs have been widely used to make hybrid electrodes with
various capacitive particles for ECs. Because the overall perfor-
mance of hybrid electrodes mainly depends on their structure,
we systematically examined the materials and process condi-
tions for hybrid electrodes using AC as a capacitive material and
vacuum ltration processing. SDBS was a good CNT dispersant,
and enhanced the conductivity of pure CNT lms more than
EtOH and NMP. EtOH was a poor CNT dispersant, but was
better for retaining the capacitance of AC than H2O–SDBS,
because of its easy removal from AC pores. SWCNTs were better
suited for pure CNT electrodes than FWCNTs because of their
large SSA and conductivity. Meanwhile, FWCNTs were better
suited for AC–CNT hybrid electrodes because of their better
dispersion in EtOH than SWCNTs. Combining FWCNTs as a
conductive matrix with EtOH as a dispersant to prepare
AC–CNT hybrid electrodes achieved the highest performance of
the examined combinations.

The FWCNTs provided a highly conductive network that
captured the AC particles in the hybrid electrodes processed in
EtOH. Smaller AC particles with larger SSAs were better capac-
itive materials than larger particles because their interiors could
be used at reasonable rates. Addition of 10 wt% FWCNTs to AC
yielded a self-supporting hybrid electrode that exhibited the
best balance of rate performance and capacitance of those
investigated and recorded 170–132 F g�1, 74–58 F cm�3, and
0.91–0.70 F cm�2 at 5–100 mV s�1 for fairly large thickness
(122 mm), mass density (0.44 g cm�3), and loading density
(5.3 mg cm�2). The addition of a small proportion of CNTs to AC
is practical from an economical viewpoint. Careful processing
16110 | RSC Adv., 2015, 5, 16101–16111
of such hybrid structures will realise further improvements in
the performance of hybrid capacitor electrodes.
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