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Self-supporting hybrid electrodes were fabricated through the systematic combination of activated carbon
(AC), a low cost capacitive material, with sub-millimetre long few-wall carbon nanotubes (FWCNTSs). After
an easy three-step (mixing, dispersion and filtration) process, robust self-supporting films were obtained,
comprising 90% AC particles wrapped in a 3-dimensional FWCNT collector. The 10% FWCNTs provide
electrical conductivity and mechanical strength, and replace heavier metal collectors. The FWCNT matrix
effectively improved the capacitance of the inexpensive, high surface area AC to 169 F g~* at a slow scan
rate of 5 mV s} and to 131 F g™* at a fast scan rate of 100 mV s7%, in fairly thick (~200 pm) electrodes.
Connection to a metallic collector at the film edge only, which significantly reduced the use of metal,
retained much larger capacitance for the AC-FWCNT hybrid film (107 F g~ than for the conventional

AC electrode with binder and conductive filler (3.9 F g™ at a practical voltage scan rate, 100 mV s *.
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Introduction

Application of supercapacitors in electric systems such as
electric/hybrid vehicles and heavy machines requires further
increases in capacity and/or decreases in weight at lower cost.
Conventionally, both electrodes in a supercapacitor are
composed of a metallic material (for charge collection), usually
aluminium or copper foil, coated with a material with high
specific surface area. The main purpose of the metal collector is
to decrease the electrical resistance of the supercapacitor
device; hence, the contact resistance between the active mate-
rial and metal collector is minimised by improving its contact
surface area and by adding conductive fillers." While super-
capacitor studies report specific capacitance based only on the
weight of active material, if heavy current collectors can be
replaced by lighter materials, the overall performance of the
capacitor can be improved.”? Taking this approach further,
combining the current collector and active materials into a
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enhance the conductivity of the AC-based films.

lightweight electrode could bring manufacturing advantages
and flexibility for thin-film applications.

Carbon nanotubes (CNTs) have been extensively studied.
Owing to their high electrical conductivity, fair surface area
and outstanding mechanical properties, they are attractive
candidates for current collectors. Excellent performance in
supercapacitor electrodes® and Li-ion batteries* has been
demonstrated for single-wall CNTs (SWCNTs). SWCNTs can
work as both conductive and capacitive materials, owing to
their high electrical conductivity and fair surface area (up to
~1300 m” g~ '); however their current price (up to ~1000 USD
per g) is a huge barrier to their practical use. Multi-wall CNTs
(MWCNTs), however, are now mass-produced and available at
low cost (~100 USD per kg), although they are less conductive
and have insufficient surface area (~300 m* g '). We have
developed fluidized-bed chemical vapour deposition (CVD)
and realised continuous and batch-production of sub-milli-
metre-long few-wall CNTs (FWCNTs)® and SWCNTs,®
respectively. By oxidizing these long FWCNTs (Ox.FWCNTs),
self-supporting electrodes for high-power Li batteries were
developed.” High electronic conductivities were reported for
these self-supporting electrodes (~100 S cm™ ') because of the
long length (~400 um) and high aspect ratio (~50 000) of the
FWCNTs. Additionally, the functionalisation of their surface
with oxygen functional groups contributed to the capacitance
(via Faradaic reactions) while the unoxidized inner walls of the
CNTs ensured that the electrode retained high electrical
conductivity.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Different configurations used to connect AC-FWCNT hybrid
electrodes to Ti mesh. The highlighted areas indicate the contact
between the Ti mesh and the carbon electrode.

Activated carbons (ACs) have high capacitances, because of
their high specific surface area and large content of small pores.*®
Their energy storage mechanism, which is based on the formation
of an electrical double layer at their surface, is further enhanced
by their surface chemistry, which includes oxygen functionalities
that can provide a pseudocapacitance contribution.' Their low
cost and processability make them suitable for commercial
supercapacitor devices when pasted (together with binders and
conductive fillers) onto metal current collectors. But the resistance
of these particles significantly affects device performance at fast
charge rates." Polymer binders are normally needed to prepare
AC-containing electrodes, but these binders then introduce high
electrical resistance and reduce device performance.”

Electrochemical properties of electrodes are usually evalu-
ated by placing the electrodes between metallic mesh current
collectors or by coating a metallic plate/foil current collector
with the active material, followed by immersion into an elec-
trolyte. Because of this, the intrinsic resistance and perfor-
mance of carbon electrodes without the collectors is not
normally evaluated.

Reports featuring the combination of CNTs with capacitive
materials such as transition metal oxides (MnO,,"* RuO, (ref. 14)),
carbon nanohorns,* graphite oxide,’*"” and AC" indicate the
feasibility of using CNTs to reduce the electrical series resistance
(ESR) of composite electrodes; but, in all cases, the evaluation was
performed using a metallic collector. Studies of CNTs used as
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Fig. 3 Effects of different FWCNT loadings on the capacitance of AC-
FWCNT hybrid electrodes (three-electrode setup, full-contact Ti-
mesh configuration).

current collectors include the work of Niu et al. where they spread
SWCNTs over a separator in a rolled configuration to act as both
cathode and anode of a supercapacitor.” Hu et al. used a CNT
film as a current collector in thin and flexible paper for Li-ion
batteries® and Kaempgen et al. reported printable thin films of
SWCNTs used as both electrodes and current collectors.”
Approaches combining CNTs and AC particles include a vacuum
filtration method to prepare binder-free self-supporting elec-
trodes from AC and SWCNTs in 1 : 1 ratio by Smithyman et al.*
Using a similar method, Xu et al. prepared binder-free AC/CNT
paper with a 1-10% CNT loading.”® Chen et al. prepared AC-
coated CNT paper through immersion of buckypaper in PAN
precursor followed by carbonization, obtaining an optimum
performance at a CNT loading of 75 wt%.>* The combination of
capacitive AC particles with conductive CNTs is an effective way to
obtain electrodes with high performance, but metallic-collector-
free AC/CNT electrodes are yet to be reported.

In this work, inexpensive, capacitive AC particles were
combined with conductive, flexible, long FWCNTs to obtain
self-supporting conductive electrodes without any need for
additional binder materials. The electrodes were characterized
while connected in different ways to a Ti mesh to evaluate the
performance of the CNT matrix as a current collector. Different

Fig. 2 Morphology of a typical AC-FWCNT electrode: (a) photograph, and (b, and c) SEM images.
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CNT contents were examined, and the capacitances of the
electrodes were determined.

Experimental
Electrode preparation

Different amounts of FWCNTSs (6-10 nm diameter, 400 pm long,
triple-wall on average)® were mixed with YP-80F activated
carbon for supercapacitors (5-20 um diameter, 1900-2200 m>
g ") (Kuraray Chemical Co., Osaka, Japan) in AC:FWCNT
weight ratios of 10:0, 9.5:0.5, 9:1 and 8:2. Both carbon
materials were added to ethanol (EtOH) at 0.1 mg mL '
concentrations and dispersed in a bath-type sonicator with a
cooling unit to keep the temperature at 20 °C. The electrodes
were obtained by vacuum filtration over polytetrafluoroethylene
(PTFE) membrane filters (5 pm pore size) (see ESI, Fig. S1aft).
The final product was a mechanically-robust matrix of inter-
woven FWCNTs that held the AC particles. Residual solvent was
removed by drying at 150 °C overnight, and typical final film
densities were ~0.25 g cm ™. Microstructure of the CNT-based
films were characterized by scanning electron microscopy
(SEM) S-4800 (Hitachi, Japan) and the specific surface areas
were measured via the Brunauer-Emmett-Teller (BET) analysis
of Nitrogen adsorption isotherms at 77 K (Quantachrome
Instruments Autosorb 1C, FL, USA).
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Electrochemical characterization

To evaluate the performance of the FWCNT 3D collector matrix,
different configurations of a Ti mesh (200L x 200S) connected
to the carbon electrodes were prepared. The three Ti mesh
configurations are shown in Fig. 1. The back side of the carbon
electrodes were separated from the Ti mesh using a combina-
tion of PTFE and glass filter membranes so that the Ti mesh on
the back side only serve as a structure to hold the insulated
electrodes. The different ways of connection were named based
on the area of the front of the electrodes covered by the Ti mesh:
“full contact” or “2D contact” when the Ti mesh covered the
whole area of the electrode; “line contact” or “1D contact” when
the mesh was connected to an edge of the electrode; and “point
contact” or “OD contact” when the mesh was connected to the
electrode at a single contact point. The goal of testing these
configurations was to emulate the contacts inside a device,
where the electrode and metallic collector meet at either an
edge or a single point. Both two- and three-electrode cells were
used to run cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS) and galvanostatic charge-discharge
tests with a VMP3 potentiostat (Bio-Logic, Grenoble, France).
The three-electrode cell consisted of an AC-FWCNT film as the
working electrode, a Pt wire counter electrode and a Ag/AgCl
electrode (in saturated NaCl aqueous solution) reference elec-
trode; the electrolyte was 1 M H,SO, aqueous solution. For the
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(a—c) Electrochemical characterization of AC(90%)-FWCNT(10%) hybrid electrodes using a three-electrode setup in 1 M H,SOy4: (a) CV

plots at different scan rates for full-contact configuration; (b) CV plots at 30 mV s~* and (c) scan-rate study (0.0-0.8 V), with different Ti-mesh
configurations; (d) scan-rate study of electrodes containing AB filler and PTFE binder for the three Ti-mesh configurations.
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CVs, the electrodes were cycled 20 times at 30 mV s~ prior to
the measurement to exhaust any side reactions.”® The EIS tests
were performed over a frequency range of 100 kHz to 10 mHz at
a constant potential of 0.0 V vs. Ag/AgCl (amplitude of the
excitation signal +10 mV). The sheet conductivity of the self-
supporting films was evaluated through a 4-probe method.

Results and discussion
Microstructure of the AC-FWCNT hybrid films

Fig. 2 shows a photograph and SEM images of a typical AC-
FWCNT (9 : 1) electrode. The sponge-like matrix is the CNT 3D
collector and the YP8OF particles are encapsulated inside,
yielding a flexible, self-supporting film. The long, flexible
FWCNTs wrap around the AC particles in a continuous way,
something that would not be possible with harder or shorter
conductive materials. It must be noted that EtOH was selected
as the solvent for the dispersion of both carbon species because
of its ease of manipulation, good compatibility with AC particles
and easy removal from the AC pores through post-annealing at
low temperature. The simple three-step procedure -dispersion,
filtration and drying-used to prepare the electrodes required no
other reagents or additives such as binders, keeping the
conductivity of the FWCNTs high. Since ultrasonication treat-
ment of CNTs is known to readily reduce their length and
quality with time,*® the conditions for this step were set to
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minimise shortening of the FWCNTs while, at the same time,
achieving dispersion of AC particles.

The individual BET analyses of FWCNTs and YP-80F parti-
cles indicate specific surface areas of 428 m”> g~ and 2034 m>
g " respectively (Fig. S2at), while the measured surface area of
the AC-FWCNT hybrid electrode was 1783 m> g~ ', which is as
expected from the individual contributions of both materials. It
is commonly accepted that carbon materials with high surface
areas can also display high capacitances since there is more
area for charge accumulation and formation of the electric
double layer. Still, other important factors such as electrical
conductivity, pore distribution, electrolyte type and surface
chemistry play major roles in the capacitance of a given mate-
rial, and the relationship between specific capacitance and
surface area is not linear.” The Barrett-Joyner-Halenda (BJH)
method for the calculation of the pore distribution in the AC-
FWCNT electrodes (Fig. S2b¥) indicates that most of the volume
belongs to pores with diameters <2 nm, which can lead to good
ion accessibility, depending on the electrolyte.?®*®

Basic performance of the AC-FWCNT hybrid films in three
electrode setup

The performance of the AC-based electrodes containing 0, 5, 10
or 20 wt% FWCNTs is shown in Fig. 3. The 0 wt% sample had a
conventional supercapacitor-electrode composition and was
prepared by mixing YP-80F particles (90 wt%) with acetylene
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(a) EIS results (100 kHz to 10 mHz) for the different Ti-mesh configurations in a three-electrode setup (Inset: high-frequency region); (b)

equivalent electrical circuit with solution (Ry), internal (ESR) and diffusion resistances (Ru); and (c) frequency-dependent capacitance retention.
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black (AB) conductive filler (5 wt%) and solid PTFE (5 wt%)
using a mortar and pestle. The results were obtained from CV
tests in a three-electrode cell in the range 0.0-0.8 V vs. Ag/AgCl,
using the full-contact Ti-mesh configuration.

The specific capacitance was calculated from the CV plots
using the expression:

Ey
1J i(E)dE
_4_ s
C_V Vv Ez—El (1)

where C is capacitance, q is electric charge, v is the scan rate, E is
voltage and i is current. The mass of AC, FWCNT, and binder
was used in the capacitance calculation.

Without FWCNTSs, the capacitance of the AC decreases
sharply at fast scan rates, to a minimum of 74 F g~ " at 100 mV
s~!. with addition of 5 wt% FWCNTs, there is a remarkable
conductivity enhancement, leading to capacitance values of 172
and 119 F g~ ' at 5 and 100 mV s, respectively. With 20 wt%
addition, the capacitance decline with scan rate is less
pronounced, although the maximum capacitance is reduced to
149 F g~ at 5 mV s '. A middle point is found at 10 wt%
addition of FWCNTSs, where the performance is highest across a
wide scan-rate range (170 Fg ' at 5mV s ' and 132 F g ' at
100 mV s ') and the added amount of FWCNTs is still low
enough that its contribution to the cost is small. As a result, a
10 wt% FWCNT load is adopted as the optimum for electrode
preparation and the following tests in three- and two-electrode
setups are carried out on 10 wt% FWCNT films.

The sheet conductivity of these electrodes versus the FWCNT
content, and values from other studies of composites of
MWCNT and SWCNT with AC, are plotted in Fig. S3.7 The
conductivities attained in the present work are very high
considering the relatively low amounts of FWCNTs in the
samples; this is because of the high aspect ratio of the FWCNTs
used here. It should be noted that the value for 100 wt% FWCNT
on the plot is obtained from FWCNT films cast from EtOH
solution, and that a higher conductivity is achievable using a
better dispersion method.

AC-FWCNT hybrids with different contact configurations:
evaluation by three-electrode setup

The CV and scan-rate performance results for the three-elec-
trode setup, with full-contact (2D), line-contact (1D) and point-
contact (0D) configurations (Fig. 1), are displayed in Fig. 4. The
CVs exhibit broad oxidation and reduction peaks around 0.4 V,
which come from fast redox reactions. These reactions make a
Faradaic contribution to the double-layer capacitance, and their
effect is included in the overall capacitance.

The source of the redox peaks may be associated with the
evolution and adsorption of activated oxygen groups on the
carbon electrode surface and subsequent formation of quinoi-
dal species.*

At low scan rate, the capacitance (in the voltage range evalu-
ated) was the highest, at 169 F g~ ' for the full-contact configu-
ration. This higher capacitance at lower scan rates is typical for
porous electrodes, where the pores deeper within the AC particles

8234 | RSC Adv., 2014, 4, 8230-8237
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(which are 5-15 pm in diameter) and/or the film (~200 pm thick)
contribute to capacitance at low scan rates only, depending on
the mobility and diffusion of the ions within the electrolyte.>*
With faster scan rates, fewer pores are able to contribute to
capacitance, as the movement of ions is faster and less surface
area is accessible. Also, the current has to be carried between the
AC particles and current collectors through the FWCNTs, where
the contact resistance governs the overall resistance. To enhance
the overall conductivity of the film, the number of contact points
between FWCNTs and AC particles in the parallel-circuit config-
uration should be increased by dispersing the AC particles and by
wrapping the AC particles with FWCNTs. In addition, the number
of contacts between the FWCNTSs themselves, in a series-circuit
configuration, can be decreased by enhancing the length of the
FWCNTs. Because of this, longer FWCNTs can reduce the
number of contact points in series, and compensate for the poor
conductivity of the porous AC particles.

In the line-contact (1D) configuration, where the Ti mesh is
connected to only one edge of the AC-FWCNT film, the rate
performance shows similar values to those found for the full-
contact configuration at scan rates <30 mV s . At 100 mV s %,
the difference is still only about 20 F g~', which shows the
efficient movement of charge across the FWCNT 3D collector to
its edge. The shape of the CV is also close to that of the full-
contact one, with the difference coming from the increased
internal resistance of the electrode. The point-contact
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the different Ti-mesh configurations in a two-electrode setup.
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configuration displays the highest resistance, which causes a
visible change in the shape of the CV curve. Even though the
capacitance at 5 mV s ' was surprisingly high (153 F g™ 1),
meaning that the FWCNT matrix could transport most of the
available charge through the electrode to one single point at a
low rate, the sharp fall of the performance to 49 F g~ ' at 100 mV
s~ ' indicates the need to improve the conductivity of the
FWCNT matrix in this configuration. The performance (evalu-
ated with the three different Ti-mesh configurations) of an
electrode made using conventional binder and conductive filler
is displayed in Fig. 4d. For the full-contact configuration, the
capacitance values are below those obtained for the samples
containing FWCNTSs in the same scan-rate range (for example,
74 F g~ at 100 mV s~ ). Worse still, the performance in line-
and point-configurations is quite poor, with capacitances of
3.9 Fg ' and 0.5 F g respectively at 100 mV s~ '. We also
examined AC-AB-PTFE electrodes with a higher filler content
(AB 10 wt%) and the use of a Ti foil as current collector
(Fig. S41). Compared with the AC (90 wt%)-AB (5 wt%)-PTFE
(5 wt%) electrode (Fig. 4d), the rate performance slightly
improved owing to the increased content of the conducting
fillers (i.e. AB) while the capacitance at low rates slightly
decreased due to the decreased content of the capacitive parti-
cles (i.e. AC). These results clearly show the need for a full-
contact metallic collector in the conventional sample, and
highlight the role of the FWCNT matrix.
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Nyquist diagrams from EIS analyses, shown in Fig. 5 for AC-
FWCNT and in Fig. S5t for AC-AB-PTFE, are important to
determine the diffusion impedance of a porous electrode in
electrochemical capacitors. They are normally made up of a
semicircle (or part of a semicircle) at high frequencies, which
corresponds to the electron-transfer-limited process, and a
vertical line portion at low frequencies corresponding to the
diffusion-limited process. Between these two regions, at
moderate frequencies, there can be a transition zone, which is a
straight line inclined at 45°, characteristic of a Warburg
impedance, which is associated with the frequency-dependent
diffusion of electrolyte into the pores. The solution resistance
can be found by reading the real axis value at the high frequency
intercept. The diameter of the semicircle corresponds to the
equivalent series resistances or ESR of the electrode, which
includes the contact between the active material and the current
collector. In Fig. 5, the sizes of the semi-circles are different for
every type of Ti-mesh configuration. For the full-contact
configuration, the internal electrical resistance is the lowest
(0.94 Q), because the long-range electric conduction parallel to
the electrode (~10 mm) is largely performed by the Ti mesh,
and only the short-range electronic conduction perpendicular
to the electrodes (~200 pm) needs be done by the FWCNT
matrix. The line-contact configuration shows a moderate resis-
tance (2.6 Q), since both the long-range electronic conduction
parallel to and short-range electronic conduction perpendicular
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dependent capacitance retention.
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to the electrodes must be done by the FWCNT matrix
(Fig. S1bt). The point-contact configuration has the highest
internal resistance (7.5 Q). The difference between the ESR
values for AC-FWCNT (0.94 Q, Fig. 5b) and AC-AB-PTFE (2.24 Q,
Fig. S5ct) is not particularly large (1/2.4) in the full-contact
configuration. These differences become much greater in the
line- (2.6 vs. 83.7 Q) and point- (7.5 vs. 236 Q) configurations.
The FWCNT 3D collector is effective in enhancing conduction,
particularly the long-range electronic conduction parallel to the
electrode (Fig. S1bt).

Fig. 5¢ shows the capacitance retention as a function of
frequency. The capacitance in this case is calculated from the
imaginary part of the complex impedance.*

C = —1/(w Im(Z)) )

For all three Ti-mesh configurations, the capacitance reten-
tion is highest at low frequency. At high frequency, the elec-
trolyte penetration depth is less than the actual pore length, and
only a fraction of the surface area can contribute. It is possible
to deduce the relaxation time constant (to, which indicates the
transition from capacitive behaviour to resistive behaviour)
from the expression®

To = l/fo, (3)

where f;, is the frequency at which the capacitance retention is
50%.

The relaxation time constants for the electrodes with full-,
line- and point-contact configurations are 0.059, 0.33, and 2.8 s,
respectively. In contrast, the corresponding values for the AC-
AB-PTFE electrode are 0.57, 24.1, and 43.5 s, highlighting the
role of FWCNTs in improving the electronic conduction
through the electrode. In the full-contact configuration, elec-
tronic conduction and transport of ions vertically through the
film and within individual AC particles are important. These
transport mechanisms will be enhanced by reducing the film
thickness and the particle size of AC, respectively. In the line-
and point-contact configurations, in addition to those transport
mechanisms, electronic conduction parallel to the film through
the film becomes dominant. Such transport will be enhanced by
improving dispersion and reducing damage to the FWCNTs
during dispersion.

AC-FWCNT hybrids with different contact configurations:
evaluation by two-electrode setup

Tests performed in a two-electrode cell measure in a more
precise way the performance of electrodes for supercapacitor
devices. The two-electrode setup should yield capacitance
values 1/4 of those found with the three-electrode setup.*

The CVs in Fig. 6 exhibit a semi-rectangular shape without
defined redox peaks but with some broad signals present
around 0.0 and 0.2 V. For the full-contact configuration, the
capacitance is highest at low scan rates, with a maximum of 40 F
g ' at 5 mV s, decreasing to 32.7 F g~ " at 100 mV s '. The
scan-rate study of the line-contact configuration shows similar
behaviour to that found in the three-electrode setup, with good
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performance at low and moderate frequencies (37 F g~ ' at 5 mV
s ' and 30 F g~ " at 50 mV s~ '). The point-contact configuration
showed high capacitance in the slowest scan (36 F g~ ' at 5 mV
s~ ). Despite the high ESR of this configuration, a capacitance
of 12 F g~ ' at 100 mV s~ " was still achieved, which is impressive
considering the low amount of FWCNT (10 wt%) and the test
conditions (point contact). The magnitudes of the contact
resistances determined from the Nyquist diagrams in Fig. 7 are
in agreement with the resistances measured in the three-elec-
trode setup. Relaxation time constants of 0.17, 0.5 and 3.7 s
were calculated for the full-, line- and point-configurations,
respectively, using the frequency-dependent capacitance reten-
tion plots.

Stability and performance changes were tested by galvano-
static charge-discharge cycling between 0.0 and 0.8 V at a
discharge current of 1 Ag ™" (Fig. 8). The symmetric shape of the
charge—discharge profiles is very close to that expected for an
ideal EDLC, with small IR drops in the full- and line-configu-
rations. In contrast, the point configuration displays a signifi-
cant IR drop. After 1000 charge-discharge cycles, no weakening
of the capacitance was observed, and the final capacitance
values for the full, contact- and point-configurations were 36,
34.3 and 29.7 F g, respectively, at 1 A g~ charge-discharge
rate.

The capacitances obtained with the line- and point-contact
configurations demonstrate that the FWCNT matrix is an
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Fig. 8 Testsat1A g~ on AC-FWCNT hybrid electrodes in 1 M H,SO,4
with different Ti-mesh configurations: (a) galvanostatic charge—
discharge plots; and (b) cycling stability tests.
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effective collector, and can partially or almost completely
replace the metallic collector, depending on the desired appli-
cation. Improvement of the electrical conductivity of the hybrid
electrodes through better dispersion of the FWCNTs should
further boost their performance.

Conclusions

We obtained self-supporting all-carbon hybrid electrodes by
enclosing highly-capacitive activated carbon particles within an
electrically conductive 3D collector made of FWCNTSs. Electrical
conductivity was enhanced after the AC particles were wrapped
and bridged in the continuous matrix. The performance was
evaluated in three different configurations: with a metallic
collector on the full surface, on one edge, and on a single point
of the hybrid films, and confirmed the feasibility of using
FWCNTs as a high surface area 3D collector in a fairly thick film
(~200 pm). The sub-millimetre long FWCNTs provides
mechanical stability and fewer contact and junction resis-
tances, making it possible to produce self-supporting electrodes
with no additional binder materials. The FWCNTSs are able to
hold nine times their own weight in AC capacitive particles. The
fabrication method followed in this work can rapidly and easily
produce lightweight electrodes with controlled thicknesses for
varied applications, given its important advantage over other,
more complicated, procedures.

This FWCNT conductive matrix should be ideal to enclose
capacitive particles of any resistivity, such as transition metal
oxides, to produce electrodes for high performance energy-
storage devices.
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