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We report a new class of electrochemical capacitors by utilizing vertically aligned carbon nanotubes as
the electrodes and environmentally friendly ionic liquids (ILs) as the electrolytes. With their vertically
aligned structures and well spacing, aligned carbon nanotubes showed a strong capacitive behavior in the
ionic liquid electrolyte. Plasma etching played an important role in opening the end tips of nanotubes and
in introducing defects and oxygenated functionalization to the nanotubes, further enhancing the capac-
itive behavior of carbon nanotubes. With the combined contribution from double-layer capacitance and
redox pseudocapacitance, carbon nanotubes showed a remarkable capacitance in ionic liquid electrolyte.
Combining the highly capacitive behavior of carbon nanotube electrodes with the large electrochemical
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Electrode window of ionic liquid electrolytes, the resultant capacitors showed a high cell voltage, high energy den-
Carbon nanotube sity, and high power density, potentially outperforming the current electrochemical capacitor technology.
Electrolyte The device configuration incorporating vertically aligned nanostructured electrodes and inherently safe
Ionic liquid electrolytes would be useful for improving performances for new energy storage technologies.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical capacitors (aka, supercapacitors or ultracapac-
itors) are energy storage devices that combine the high energy
storage capability of batteries with the high power delivery capa-
bility of capacitors [1,2]. Electrochemical capacitors have been
developed to provide power pulses for a wide range of applications
including transportation, consumer electronics, medical electron-
ics, and military devices. However, performance (energy and power
densities, safety, and cycle life) of the state-of-the-art electrochem-
ical capacitors is needed to improve to satisfy the rapidly increasing
performance demands for these applications. The maximum energy
(Emax) and power (Pmax) of an electrochemical capacitor are given
by: Emax = (CU?)/2 (Eq. (1)) and Pmax = U?/(4R) (Eq. (2)), respec-
tively (where C is capacitance, U is cell voltage, and R is total
equivalent series resistance (ESR) of the capacitor) [2]. Limited
properties of the presently available electrodes (low electrolyte
accessibility and low capacitance) and electrolytes (narrow elec-
trochemical window, flammability, toxicity, volatility, and thermal
instability) are needed to overcome to develop high performance
electrochemical capacitors with high energy and power densities,
safe operation, and long lifetimes.
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High-surface-area activated carbons (ACs) are currently used
electrode materials in commercial electrochemical capacitors
[3]. While these ACs possess a high specific surface area
(1000-2000m2 g~1) they have a limited capacitance. This lack of
capacitance of ACs is largely associated with their low mesoporos-
ity and low electrolyte accessibility [4]. Development of electrode
materials having an appropriate balance between the surface area
and the mesoporosity has been a bottleneck to the development
of advanced electrochemical capacitors. Since their discovery in
1991 [5], carbon nanotubes (CNTs) have become an important
class of electrode material for various electrochemical devices,
including electrochemical capacitors [4,6-11]. In spite of their
moderate surface area compared to ACs, CNTs show reasonably
high capacitances (e.g., 102Fg~! for multi-walled nanotubes [6]
and 180Fg~! for single-walled nanotubes [9]) due to their large
mesoporosity and high electrolyte accessibility. Excellent electrical
conductivity, high mesoporosity, and high electrolyte accessibil-
ity of CNTs ensure a high charge transport capability and hence
a high power density for the electrochemical capacitor. Conven-
tional aqueous [6,9,12] and organic [13-15] electrolytes have been
employed for the development of CNT electrochemical capacitors.
The aqueous electrolyte-based electrochemical capacitors showed
reasonably high power densities (>7kWkg~1) but their energy
densities (~4Whkg~1) are still limited. Narrow electrochemical
window of the aqueous electrolytes used, and hence small cell volt-
ages and low energy (as described in Eq. (1)) of the capacitors, is a
major reason for this drawback. The advantage of the use of organic
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electrolytes is mainly associated with their relatively large elec-
trochemical windows. To this end, in order to further enhance the
capacitor performance, especially the energy density required for
advanced CNT electrochemical capacitors [ 7], new electrolytes hav-
ing even larger electrochemical windows are needed. Further, the
ideal electrolytes will also offer superior safety properties over the
current technology.

Currently employed electrolytes in commercial electrochem-
ical capacitors include aqueous and organic [16]. The narrow
electrochemical windows of these electrolytes (aqueous: ~1.2V,
organic: 2-3 V) lead to small cell voltages and hence limited energy
and power of the capacitor (Egs. (1) and (2)). Upon charge, ions
of the electrolyte are transported into the double-layers at the
electrode-electrolyte interfaces, resulting in the decrease of salt
concentration in the electrolyte (the so-called electrolyte deple-
tion) and hence the limit of energy density of the capacitor
[17]. Also, this electrolyte depletion increases the cell resistance
and thus lowers the maximum power density achievable for the
capacitor. As a result, fabricated from these electrolytes and AC
electrodes, the commercially available electrochemical capacitors
possess a low energy density (4-5Whkg~') and a low power
density (1-2 kW kg~1) [3]. Furthermore, some organic electrolytes
suffer from serious health and safety problems as they are inher-
ently volatile, flammable, and toxic [18], resulting in a narrow
operational temperature range and potential for explosion during
outlying circumstances (e.g., during car accidents). Since their first
description in 1914 [19], ionic liquids (ILs) have been used in a wide
range of applications [20-22]. Certain unique properties of these
environmentally friendly ILs, including high ionic conductivity (up
to 10~2Scm™1), large liquid phase range (—100-400°C), wide elec-
trochemical window (4-6 V), non-volatility, non-flammability, and
non-toxicity, have made them an excellent electrolyte for various
electrochemical systems [23].

Given that the performance of an electrochemical capacitor is
directly proportional to the square of its cell voltage, Egs. (1) and
(2), the use of large electrochemical window ILs would significantly
boost the performance for CNT electrochemical capacitors. Com-
pared to conventional electrolytes, ILs have a unique property that
they are both 100% solvents and also 100% salts. It is unneces-
sary to add other salts into an IL to achieve ionic conductivity. The
very high ionic concentration of ILs would be able to eliminate the
electrolyte depletion problem as encountered with conventional
electrolytes and therefore enhance the capacitor performances.
Further, the superior chemical and environmental stability of ILs
ensures safe operation and long lifetimes for capacitors. Previously,
electrochemical behavior of randomly entangled CNT electrodes
has been studied in IL electrolytes, showing a large potential win-
dow but with a limited capacitance for the CNTs [24,25]. It is likely
that a facilitated access of the IL ions could not take place within
the CNTs due to the mismatch between the irregular pore structures
of the randomly entangled CNTs and the relatively high viscosity of
the IL electrolytes (comparing to conventional aqueous and organic
electrolytes). Recent research demonstrated that vertically aligned
CNTs are advantageous over their randomly entangled counterparts
for electrochemical capacitor applications, especially, in improving
rate capability of the capacitors [14,15,26]. Specifically, in IL elec-
trolytes, improved rate capability has been achieved for CNTs when
vertically aligned structures were employed [27]. Nevertheless, for
the development of high performance electrochemical capacitors,
capacitance (24Fg~1) of these CNTs (obtained in IL electrolytes)
is still limited. This, therefore, indicates a need to improve the
properties of CNTs in order to match with an IL to achieve a high
capacitance for the CNTs and thus a high performance for the CNT-IL
electrochemical capacitors.

In this work, we investigated the electrochemical behavior of
plasma-etched, vertically aligned CNTs (abbreviated as ACNTs)

in IL electrolytes. Unique properties of the ACNTs made them
highly capacitive in the ILs. Moreover, combining the novel prop-
erties of ACNT electrodes with the large electrochemical window
of environmentally friendly IL electrolytes, we developed a new
class of electrochemical capacitors, showing high cell voltages
(4V) and superior energy and power densities (148 Whkg~land
315kWkg~1, based on the mass of the active electrode materials),
potentially outperforming the currently available electrochemical
capacitor technology.

2. Experimental

Vertically aligned CNT arrays were synthesized by vacuum
chemical vapor deposition on SiO,/Si wafers that were pre-
deposited with 3-nm thick Fe catalysts [28,29]. The catalyst-coated
substrates were first inserted into a quartz tube furnace and
remained at 450°C in air for 10 min, followed by flowing a mix-
ture gases of 48% Ar, 28% H,, and 24% C,H, under 10-100 Torr at
750°C for 10-20 min to grow the aligned CNTs. In order to elec-
trically contact the CNTs in the array, a gold layer was deposited
to the (upper) tips of the resultant nanotubes and the CNT array
was then physically removed from the silicon wafer using a com-
mercially available double-sided conducting tape [30]. Finally, the
exposed side of the CNT array was subjected to oxygen plasma etch-
ing [29]. After the plasma etching, the amorphous carbon layer that
covers the CNT film can be properly removed without damaging
the CNTs. Prolonged plasma treatment (>20 min) was able to cause
a controllable disintegration of the graphitic structure, leading to
the opening of CNT end-tips (Fig. 1). With the underlying gold layer
(as the current collector), the resultant plasma-etched ACNT elec-
trodes can be used directly without the incorporation of an insulting
polymer binder. This would be able to eliminate any electrical resis-
tance that may be deduced from a binder commonly employed
in conventional electrode materials. The length of the ACNTs was
adjusted by controlling the growth time and pressure. Increasing
the tube length resulted in the enhanced overall surface area and
thus the improved charge capacity (Fcm—2) for the ACNT elec-
trodes. Preliminary test indicated that similar capacitance (Fg~1)
was achieved for ACNT electrodes with different nanotube lengths,
indicating the high electrochemical accessibility of the ACNTs even
with long nanotubes. In order to ensure a high charge capacity for
the electrode, a long tube length (100-200 p.m) was selected and
used throughout this study. Under the same conditions, a blank
electrode assembly consisting of a gold layer and a double-sided
conducting tape was fabricated at the same size (2 cm?) as for an
ACNT electrode. The amount of CNT of the ACNT electrode was mea-
sured by weighing the difference between this blank assembly and
the ACNT electrode with the microbalance of a Thermogravimetric
Analyzer (TGA, Q500, TA Instruments) with a weighing precision
of 0.1 pg. The CNT loading of the ACNT electrode was found to be
about 0.18 mgcm~2.

Morphology of the ACNTs was investigated by scanning electron
microscopy (SEM) with a Hitachi S-4800 high-resolution scan-
ning electron microscope and by transmission electron microscopy
(TEM) with a Hitachi H-7600 transmission electron microscope.
Raman spectra of the ACNTs were carried out by a Renishaw inVia
Micro-Raman under a laser excitation wavelength of 514 nm. X-
ray photoelectron spectroscopic (XPS) measurements of the ACNTs
were made by a VG Microtech ESCA 2000 using monochromatic Mg
Ka radiation at a power of 300 W. As reported previously [31], due
to the small amount of the ACNTs obtained, their specific surface
area was not measured.

In a KEMEX GB1000 dry glove box, the ACNT-IL capacitors
were fabricated by sandwiching a [EMIM][Tf;N]-soaked separa-
tor (two PTFE membranes) between two ACNT electrodes. The
cell assembly with an effective size of 1x 1cm? for the capaci-
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Fig. 1. (a): SEM image of a plasma-etched ACNT electrode (scale bar: 100 wm). (b): Higher magnification view of the electrode (scale bar: 100 nm). TEM images of the CNTs
before (c) and after (d) plasma etching (scale bar: 20 nm). The multi-walled CNT array is highly aligned with the tube length of ~150 wm and an outer and inner diameter of

approximately 10 and 5 nm, respectively.

tor was then packed with two polypropylene plates and sealed
with epoxy. The PTFE (poly(tetrafluoroethylene)) membrane (thick-
ness: 23 wm, pore size: 0.05pum, porosity: 50-70%) provided
by WL Gore & Associates is highly porous and has been con-
firmed in our previous research [32] to be fully wettable by both
hydrophobic and hydrophilic ionic liquids and thus provides a good
separator material for the ionic liquid-incorporated electrochem-
ical capacitor applications. Ionic liquid [EMIM][Tf,;N] (1-ethyl-
3-methylimidazoliumbis(trifluoromethylsulfonyl)imide) was pur-
chased from Covalent Associates, Inc. In parallel, two AC electrodes
(specific surface area: 1000-2000m? g~ thickness: 150 pm, car-
bon loading: 9mgcm~2) were used to fabricate a reference
capacitor with [EMIM|[Tf,N] (i.e., the AC-IL capacitor) for evaluating
the performance of the ACNT-IL capacitors.

All electrochemical measurements were performed with a
PGSTAT30 potentiostat (Eco Chemie B.V.). For the testing of ACNT
or AC electrodes in [EMIM][Tf,N] (Fig. 2), a three-electrode elec-
trochemical cell was employed, consisting of the ACNT electrode
or AC electrode as the working (testing) electrode (effective
size: 0.5x0.5cm?), a platinum wire (1.5mm diameter) as the
auxiliary electrode, and a silver wire (1.5mm diameter) as the

quasi-reference electrode. For the testing of capacitors (Fig. 6),
a two-electrode system was used where the reference electrode
lead and the auxiliary electrode lead were connected together as
one electrode, coupling with the working electrode to make the
two-electrode system. The current response in the cyclic voltam-
mograms (CVs) was normalized with respect to the mass of the
active material (ACNT or AC) of the electrodes.

3. Results and discussion

In this work, for the electrochemical study of ACNT elec-
trodes, we employed imidazolium ILs as the electrolytes because
of their relatively higher ionic conductivity and lower viscosity
than other groups of ILs [33]. Specifically, among all imidazolium
ILs investigated, we have determined [EMIM|[Tf;N] to be the most
appropriate ILdue toits superior properties of large electrochemical
window (4.28 V), high ionic conductivity (8.4 x 10-3Scm™1), low
viscosity (28 cp), high decomposition temperature (400°C), and
water immiscibility. In [EMIM][Tf, N], the ACNT electrode showed a
butterfly-shape CV (Fig. 2(A)), similar to that of a randomly entan-
gled CNT electrode [24] but with a much higher capacitance and
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Fig. 2. CVs obtained in [EMIM][Tf,N] for an ACNT electrode (A) and an AC electrode (B) at the scan rate increasing from 5, 20, 50, to 100 mV s~'as indicated by arrows. Insets

show capacitance change of the electrodes upon the increase of scan rate.

sharper transient responses at both ends of the CV. At the scan
rate of 5mVs~1, capacitance of the ACNT electrode was found to be
440Fg~1(at 1V), which then decreased slightly upon the increase
of scan rates (see the inset). This indicates the high charge stor-
age ability and high rate capability of the ACNT electrode in the
IL. Assuming a moderate specific surface area (about 400m? g-1)
[34] for our multi-walled ACNTs and based on the charge storage
capacity (about 50 wF cm~2) suggested for carbon materials [2], our
ACNT electrode would produce a double-layer capacitance of about
200Fg~1. Thus, the higher capacitance measured in this work for
the ACNT electrode (440 Fg~1) would indicate some unique prop-
erties of the ACNTs. Indeed, it has been pointed out previously that
the ability for charge accumulation in the electrode-electrolyte
interface of CNTs strongly depends on the mesoporosity, elec-
trolyte accessibility, diameters, and surface nature (e.g., defects and
functionalization) of the CNTs [35]. Unique properties of ACNTs
developed in this work are believed to be responsible for their
superior capacitance in the IL.

First, mesoporosity of CNTs is essential for ion transportation
in the CNTs [35]. Unlike the irregular pore structures of randomly
entangled CNTs, the vertically aligned and unbundled structures
and well spacing between tubes of the ACNTs (Fig. 1) provide a
more mesoporous and more accessible surface [36]. This trans-
lates to a high electrolyte accessibility and a large effective surface
area for the ACNTSs, and thus a strong capacitive behavior for the
ACNT electrode in the IL. Second, end-tip-opening of the ACNTs by
plasma etching enhances the capacitive behavior of the ACNT elec-
trode. In addition to the removal of amorphous carbons from the
CNT film surface, plasma etching can also effectively open the end-
tips of the nanotubes (Fig. 1(d)) [28,29]. TEM imaging (not shown)
confirmed that the inner cavity of the tip-opened ACNTs can be
easily filled with the IL. Similarly, accessibility of the inner cavity of
tip-opened ACNTs has been demonstrated with Ag nanorod filling
[29] and Li* intercalation [37]. For electrochemical capacitor appli-
cations, the importance of this internal-wall-deduced access to
introduce additional surface area and hence additional capacitance
has been reported for tip-opened randomly entangled CNTs [35]. In
the present work, with their highly aligned and unbundled struc-
tures and thus superior electrolyte accessibility over the randomly
entangled CNTs, this additional capacitive contribution from the
internal surfaces of the ACNTs would be more effective. According
to the model proposed by Peigney et al. [34], a specific surface area
of about 400m? g~ can be estimated for our multi-walled ACNTs
(with tip-opened). Therefore, with their high electrolyte accessi-
bility discussed above, these ACNTs would produce a double-layer
capacitance of about 200Fg~! [2]. Further, inner diameters of the
nanotubes play an important role in determining the charge storage
from the internal surfaces of nanotubes. In the case of a very large
canal and only a few concentric graphitic layers which form the
nanotube wall, the electrochemically active electrode—electrolyte
interface of the nanotubes is very small, and thus, the canal does
not play any positive role for charging the double-layer [35]. It

has been suggested that optimized CNTs for an electrochemical
capacitor should possess a great number of graphene layers and
an open central canal with diameter below 5nm [35]. Indeed,
this is the situation of our ACNTs that have an inner diameter of
about 5nm (Fig. 1(d)) and thus can expect a superior charge stor-
age contribution from the internal surfaces of nanotubes. It can be
expected that, as the electrolyte ions squeeze into the inner cav-
ity of these small nanotubes, a small distance between the tube’s
internal surface and the maximum charge density of electrolyte
ions would be deduced (comparing to that existing between the
tube’s external surface and the electrolyte). According to C=¢S/d
(Eq. (3)) (where C is capacitance, ¢ is permittivity of the elec-
trolyte, S is surface area of the electrode-electrolyte interface, d
is distance between the polarized carbon surface and the maxi-
mum charge density of electrolyte ions), this small distance will
make the capacitance from the internal surfaces more pronounced
than that from the external surfaces of the nanotubes, resulting
in an overall double-layer capacitance greater than 200Fg~! for
the ACNTs. Previously, a high capacitance of 365 Fg~!was reported
for a template-synthesized aligned CNT electrode (with an inner
diameter of 110 nm), which has been attributed to the contribution
of the double-layer capacitance (from both the external and inter-
nal surfaces) and the pseudocapacitance of the nanotubes [8]. To
this end, a higher capacitance would be achievable for our ACNTs
due to their much smaller inner diameters (5 nm vs. 110 nm). That
is, the accessibility of ILs to both the external and internal sur-
faces of our ACNTs provides an enhanced overall surface area and
thus an improved double-layer capacitance for the ACNT electrode
(as illustrated in Fig. 3), while the appropriate inner diameter of
the nanotubes then enhances the capacitive contribution from the
internal surfaces of the ACNTs. Third, formation of defects on the
ACNTSs by plasma etching further improves the capacitive behavior
of the ACNT electrode. It has been pointed out that the presence
of a dense pyrolytic carbon outer layer on the nanotubes is able to
decrease the nanotube’s electrolyte accessibility. However, destroy
of this layer by defects (and thus the formation of wall roughness
and the improvements in electrolyte accessibility and overall active
surface area on the nanotubes) is very favorable for charging the
double-layer on the CNTs [35]. As shown in Fig. 4, the pristine CNTs
show a typical Raman feature with a D band (at 1330cm~1!) and a
G band (at 1590 cm~1) [38]. The intensity ratio of the D band to the
G band was about 0.5. After plasma etching, the D band became
stronger, resulting in an increased D band / G band ratio of 0.96.
This indicates the formation of defects along the nanotubes of the
ACNTSs. Broadly, structural defects of CNTs are important to facili-
tate the electrochemical processes occurring on the CNTs [39-43].
Therefore, this supports that, upon plasma etching, introduction of
defects on the nanotubes can further improve the capacitive behav-
ior of our ACNT electrodes. Finally, oxygenated functionalization
of the ACNTs by plasma etching introduces additional pseudoca-
pacitance to the ACNT electrode. Capacitance of a carbon-based
electrode consists of two major components [2], i.e., the electri-
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Fig. 4. Raman spectra of an ACNT electrode before and after plasma etching.

cal double-layer capacitance due to the electrostatic attraction of
charged carbon surfaces to electrolyte ions and the pseudocapac-
itance due to the Faradic reactions of electroactive species on the
carbon surfaces. The latter arises from the surface functionaliza-
tion of the CNTs. Usually, presence of oxygenated functional groups
on the nanotubes and their Faradic reactions upon charge and dis-
charge of the capacitor has been considered to be an important type
of pseudocapacitance for carbon-based electrode materials [10,44].
Upon plasma etching, large amount of oxygen content was observed
for our ACNTs (Fig. 5), indicating the formation of oxygenated
functionalization groups on these nanotubes. Electrochemically,
the Faradic contribution from the redox reactions of these elec-
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troactive surface groups can be evidenced by the butterfly-shape
CV (and hence the potential-dependent capacitance) of the ACNT
electrode (Fig. 2(A)), which is different from a typical rectangle-
shape CV of a pure double-layer capacitance. Similarly, a recent
work attributed the butterfly-shape CV of SWCNTSs to the electro-
chemical doping of semiconducting nanotubes and pointed out the
importance of this unique mechanism in enhancing energy storage
capability for CNT capacitors [45]. Importantly, the redox processes
of our ACNTs are rapid and reversible, advantageously introducing
additional pseudocapacitance to the ACNT electrode. As a result,
combining the enhanced double-layer capacitance (due to the
vertical alignment and well spacing of ACNTs and the plasma-etch-
deduced end-tip-opening and defect formation) and the additional
pseudocapacitance (due to the plasma-etch-deduced oxygenated
functionalization), the ACNT electrode showed a remarkable capac-
itance (440Fg-1) in the IL electrolyte [EMIM][Tf,N]. Previously,
with the combined contribution of double-layer capacitance and
pseudocapacitance, a high overall capacitance has been obtained
for a template-synthesized aligned CNT electrode (365Fg~1) [8]
and a tubes-in-tube multi-walled CNT electrode (315Fg~1) [46],
in an aqueous H,SO4 electrolyte. The improved capacitance of the
ACNT electrode observed in the present work is believed to be due
to the unique properties and the advantages of plasma etching of
the ACNTs as discussed above. Importantly, in conjunction with the
large electrochemical windows of ILs, this would be able to signif-
icantly boost the energy density for the ACNT-IL electrochemical
capacitors.

Also shown in Fig. 2(A), upon the increase in potential scan rates,
the ACNT electrode still showed sharp transient responses at both
ends of the CV and maintained a high capacitance. The capacitance
retained 75% when the scan rate increased from 5 to 100mVs—1.
This suggests a high rate capability of the ACNT electrode in the
IL electrolyte. It is known that the relatively high viscosity of ILs
comparing to conventional aqueous and organic electrolytes is dis-
advantageous for electrochemical applications (with traditional
electrode materials). Our observation here indicates that, with
their unique properties, the plasma-etched ACNTs are appropri-
ate electrode materials to overcome this problem, showing highly
capacitive behavior even in an IL.

Under the same conditions, a high-surface-area AC electrode
[3] showed a much smaller capacitance of about 90Fg~1(at 1V)
(Fig. 2(B)). Increasing the scan rate from 5 to 100 mV s~ this capac-
itance decreased sharply to 32Fg~!(capacitance retention: 33%),
accompanying with the disappearance of the rectangle-shape of
the CV. This indicates the slower charge/discharge kinetics of ACs
in the IL electrolyte and clearly suggests that, in order to explore the
large electrochemical windows of ILs to improve performance for
electrochemical capacitors (Eqgs. (1) and (2)), plasma-etched ACNTs
(rather than traditional ACs) are appropriate electrode materials.

Subsequently, the promising results of the plasma-etched ACNT
electrodes with the [EMIM][Tf;N] electrolyte prompted construc-
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Fig. 5. XPS spectra of an ACNT electrode before (A) and after (B) plasma etching.
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capacitor (D) and the AC-IL capacitor (E). Current density: 10 mA cm~2. Cut-off voltage: 2.0/4.0V. (F) Ragone plots of the capacitors. Galvanostatic charge/discharge current
density: 2-50 mA cm~2. Cut-off voltage: 2.0/4.0 V. Performances of the capacitors are based on the mass of ACNT or AC of the electrode materials.

tion of prototype electrochemical capacitors (i.e., ACNT-IL capacitor,
Fig. 3). AC electrodes were also used to fabricate an AC-IL capac-
itor for reference. Due to the large electrochemical window of
[EMIM][Tf;N], both capacitors showed a high cell voltage of 4V.
However, at the scan rate greater than 20 mVs~!, the AC-IL capaci-
tor showed a fairly unchanged current and a “shrunk” CV (shown by
arrows in Fig. 6(B)) due to the poor capacitive behavior (especially
limited rate capability) of ACs in the IL. In contrast, the superior
charge storage and delivery capability of the ACNT-IL capacitor
can be seen by its continuously increasing current whilst retain-
ing the rectangular CV, even at scan rates up to, but not limited
by, 200 mV s~ 1(Fig. 6(A)). Moreover, the ACNT-IL capacitor showed
an additional redox process at around 2V in the CV. As discussed
for Fig. 2(A), this is likely due to the pseudocapacitance contri-
bution from the surface oxygenated functionalization of the ACNT
electrodes. The significance is that the additional redox processes
deduced from these electroactive species are fast and reversible,
advantageously introducing additional Faradic charge storage to
the capacitor. Combining with the double-layer capacitance, this
significantly enhances the energy storage capability for the ACNT
capacitor.

Superior capacitive behavior of the ACNT-IL capacitor has also
been confirmed using AC impedance analysis (Fig. 6(C)). The results
show a negligible 45° Warburg region (indicating fast ion transport
at the electrode-electrolyte interface), a steep low-frequency line,

and a very high knee frequency of 54.3 Hz (indicating the ability for
the capacitor to react to fast charging and discharging events). In
contrast, the AC-IL capacitor displayed an expanded 45° Warburg
region (indicating slow ion transport), a less steep low-frequency
line, and a small knee frequency of 0.09 Hz. The knee frequency of
the ACNT-IL capacitor is much higher than the usual <1 Hz of most
commercially available electrochemical capacitors, including those
specifically designed for high power applications [47]. This suggests
that most of the stored energy in the ACNT-IL capacitor is accessible
even at frequencies up to and above 50Hz, very useful for high
demand applications such as hybrid electrical vehicles (HEVs). This
also indicates that the vertically aligned and unbundled structures
of the plasma-etched ACNTSs significantly overcome the previously
perceived disadvantage of high viscosity of the IL by providing a
highly accessible pathway to the IL ions (Fig. 3).

Upon galvanostatic charging/discharging, a slow discharge pro-
cess was observed for the AC-IL capacitor as evidenced by a large
IR drop and the bent discharge curve (Fig. 6(E)). Again, this is
attributable to the high interfacial resistance and slow ion transport
at the interface between the AC electrode and the IL electrolyte. In
contrast, the ACNT-IL capacitor can be charged/discharged rapidly,
showing a small IR drop and the well-defined discharge straight
line (Fig. 6(D)). From the discharge curves obtained at a range
of current densities, energy and power densities of both capac-
itors were calculated and presented in Ragone plots (Fig. 6(F)).
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As can be seen, the AC-IL capacitor showed a much smaller per-
formance than the ACNT-IL capacitor. Also, the increase in power
density of the AC-IL capacitor was accompanied by a sharp decrease
in energy density, indicating that the stored energy could not
be delivered in a fast manner. Based on a simplified estimation
method [48], the maximum energy density (19.6 Whkg~1) and
power density (6.3 kW kg~1) of the AC-IL capacitor can be translated
to 6.9Whkg-land 2.2kW kg~'for a packaged capacitor, slightly
exceeding those of the current electrochemical capacitor tech-
nology [3]. This improvement can be attributed to the high cell
voltage of the AC-IL capacitor,i.e., 4 V verse that (about 2.5 V) of com-
mercially available electrochemical capacitors. However, this also
indicates that, to more efficiently utilize the large electrochemical
window of the IL to improve the performance for electrochemi-
cal capacitors, a specially-designed electrode material is needed.
Indeed, using plasma-etched ACNT electrodes in the present work,
the resultant ACNT-IL capacitor can store much more energy and
in-turn deliver this energy rapidly to achieve a higher power. As
illustrated in Fig. 3, each of the constituent aligned tubes of the
ACNTs is connected directly onto a common current collector, max-
imizing charge transport capability of the ACNT electrode. This
allows the rapid delivery of capacitor’s stored charge through each
individual tube of the electrode, ensuring a superior power den-
sity for the capacitor. A high energy density of up to 100 Wh kg~!
has been maintained even when a power density of as high as
100 kW kg~'was reached. Further, the maximum energy density
(148 Whkg1) and power density (315kWkg~1) of the ACNT-IL
capacitor are greater than those reported for CNT electrochemi-
cal capacitors fabricated from aqueous electrolytes [6,9,12]. It is
the combination of the unique properties of plasma-etched ACNTs
with the large electrochemical window of ILs in the present cell
design that is responsible for this achievement. Using the simplified
estimation method [48], the maximum energy density and power
density of the ACNT-IL capacitor can be translated to 52 Wh kg~'and
110 kW kg1 for a packaged capacitor, significantly exceeding those
of the current electrochemical capacitor technology [3]. Moreover,
to make these capacitors practically useful, our future work will
investigate approaches to increase the CNT loading of the ACNT
electrodes to enhance volumetric performance of the capacitors.
This, for example, can be fulfilled by increasing the length (e.g.,
super-long CNTs) [49] and/or packing density (e.g., highly densely
packed CNTs) [14] of the CNTs. Finally, in view of the excellent
safety-related properties of ILs, the environmental stability of CNTs,
as well as the achievements demonstrated for other electrochemi-
cal systems incorporating ILs [20], superior safety and lifetimes can
be expected for the ACNT-IL electrochemical capacitors.

4. Conclusions

With the unique properties of vertically aligned and plasma-
etched carbon nanotubes, we have obtained high charge storage/
delivery capability for carbon nanotube electrodes in ionic liquid
electrolytes. Combining these new electrode and new electrolyte
materials, we have developed new electrochemical capacitors with
high cell voltages (4 V), high energy density (148 Whkg~1), and high
power density (315kWkg~1), potentially exceeding those of the
current electrochemical capacitor technology. The energy density
demonstrated with these electrochemical capacitors is approach-
ing the high energy realm of batteries. Inherent high rate capability
of aligned carbon nanotubes provides a high power density for
these capacitors. Achieving both high energy and high power
densities for a same energy storage device has attracted consid-
erable attention in energy storage community [50,51]. The device
design incorporating aligned nanostructured electrodes and ionic
liquid electrolytes developed in this work would benefit the high
energy/high power energy storage technologies. Moreover, supe-

rior safety-related properties of ionic liquid electrolytes would
ensure excellent safety and lifetimes for these new energy storage
technologies.
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