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High-power electrical energy storage
is critical to address emerging en-
ergy needs driven by new modes of

production (e.g., solar cells), distribution
(e.g., smart grid), and consumption (e.g., elec-
tric vehicles) of electricity.1 While batteries
have been the primary choice for electrical
energy storage, their reliance on chemical
charge storage renders them unsuitable for
high-power applications, as their charge/
discharge speed is limited by chemical
kinetics.2 Electrochemical capacitors, also
called supercapacitors, on the other hand
primarily store energy physically (electro-
statically) at the electrode/electrolyte inter-
face and as such theoretically can operate at
much faster rates albeit with reduced en-
ergy capacity compared to batteries.3 Cur-
rent commercial supercapacitors can operate
at an order of magnitude higher power com-
pared tobatteries; however even suchpower
levels are not sufficient to meet emerging
needs.4

To achieve improved performance, the
electrode needs a well-defined and tailored
nanoscale structure. Nanomaterials, such as
carbon nanotubes (CNTs), can have tailored
and well-defined pore structures and thus
pose the potential for superior ion accessi-
bility and transport hence higher power
performance.5 This is in sharp contrast to
conventionally used activated carbon (AC)
materials which have a high surface area yet
pose an intrinsically random winding pore
structure limiting power performance. CNTs
have been a particularly attractive alterna-
tive choice due to their well-defined nano-
structure along with monolithic composi-
tion, chemical stability, and high electrical
conductivity.6

For example, incorporation of multi-
walled carbon nanotubes (MWNT) in AC

electrodes has already shown increased
power performance.7-9 Furthermore, thin
films of single-walled carbon nanotubes
(SWNTs) (Bucky papers) have shown high
enough electronic conductivity to be opera-
tional even without the need for current
collectors.10 Moreover, 4 V operation of
SWNT electrodes has been achieved giving
higher energy and power density compared
to activated carbon electrodes.11 Composite
electrodesof carbonnanotubeswith transition-
metal oxides12 or conducting polymers13

have also achieved high capacitance per-
formance at high discharge rates (for exam-
ple, 100 F/g at 77 A/g), taking advantage of
the conductive network of the carbon nano-
tubes and the pseudocapacitance proper-
ties of conducting polymers and transition-
metal oxides.
Another form of carbon nanomaterials

with monolithic chemical composition but
different pore structure is single-walled car-
bon nanohorns (SWNH).14 In contrast to the
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ABSTRACT A novel composite is presented as a supercapacitor electrode with a high maximum

power rating (990 kW/kg; 396 kW/l) exceeding power performances of other electrodes. The high-

power capability of the electrode stemmed from its unique meso-macro pore structure engineered

through the utilization of single-walled carbon nanotubes (20 wt %) as scaffolding for single-walled

carbon nanohorns (80 wt %). The novel composite electrode also exhibited durable operation (6.5%

decline in capacitance over 100 000 cycles) as a result of its monolithic chemical composition and

mechanical stability. The novel composite electrode was benchmarked against another high-power

electrode made from single-walled carbon nanotubes (Bucky paper electrode). While the composite

electrode had a lower surface area compared to the Bucky paper electrode (280 vs 470 m2/g from

nitrogen adsorption), it had a higher meso-macro pore volume (2.6 vs 1.6 mL/g from mercury

porosimetry) which enabled the composite electrode to retain more electrolyte, ensuring facile ion

transport, hence achieving a higher maximum power rating (970 vs 400 kW/kg).

KEYWORDS: carbon nanohorns • carbon nanotubes • composite • electrodes •

energy storage • supercapacitors
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tubular structure of SWNTs, individual SWNHs have a
conical structurewith a base diameter of less than 5 nm
and a length of less than 50 nm. SWNHs self-assemble
to form Dahlia-like spheres with diameters below 100
nm, whereby the resulting spherical aggregates have
minimum adhesion affinity for each other thus result-
ing in a powder.15 SWNHs have a monolithic chemical
composition as their synthesis process via laser abla-
tion of graphite under vacuum is catalyst free.14 Similar to
CNTs, SWNHs have many promising applications,16-19

and their potential as a supercapacitor electrode has
been proven by initial research showing superior per-
formance compared to activated carbon when oper-
ated in aqueous electrolyte.20 As shown by the afore-
mentioned examples, utilization of just a single type of
nanomaterial, such as CNTs, can assist in engineering a
well-defined, ordered pore structure. However, further
improvement might be achieved by fabricating com-
posite electrodes from nanomaterials having different
shapes and length scales, whereby the pore structure
could be tuned for both surface area and pore volume.
Here, we demonstrate a SWNHand SWNT composite

electrode, with pore structure tailored for electrolyte
retention, and thus delivering higher power compared
to either SWNTs or SWNHs electrodes. The achieved
power performance (maximum power rating approa-
ching 1MW/kg when operated at 2.5 V) represents the
highest value reported under similar device configura-
tion. The monolithic chemical composition and mech-
anical stability of the electrode enabled excellent dur-
ability (6.5% decline over 100 000 cycles of opera-
tion). In this composite the long cylindrical SWNTs
have been utilized as a binder and conducting agent
for the spherical SWNH aggregates, resulting in a
semidense (0.4 g/cm3) electrode possessing sufficient
pore volume for electrolyte retention and thus achieving
higher power performance.

RESULTS AND DISCUSSION

Utilization of composites as electrodes for super-
capacitors in itself is not a new concept. For example,
the AC electrode widely used is, in fact, a composite
compromised of AC powder mixed with a conducting
agent, e.g., carbon black, and a binding agent, e.g.,
PTFE. Composites of SWNTs and transition-metal oxi-
des have also been explored showing promising high-
power performance.21 In constructing our novel com-
posite electrode, a newapproachwas adoptedwhereby
the constituents of the composite have overlapping
multifunctional roles. The SWNTs act as both a con-
ductivity enhancer and a binding agent providing
mechanical stability, while their high surface area also
provides capacitance. The SWNH particles act as the
capacitive interface as well as a crucial component to
tailor the electrode pore structure.
Specifically, to achieve a chemically pure, highly con-

ductive andmechanically stable SWNH/SWNT composite,

SWNTs grown using water-assisted chemical vapor
deposition (supergrowth)22 were utilized due to their
chemical purity,23 limited bundling, high surface
area,24 and mm-scale tube length.25 The composite
was assembled by first mixing SWNHparticles (80 wt%)
with SWNTs (20 wt %) in dimethyl formamide (DMF),
as shown in Figure 1a; with the ratios chosen on the
basis of those commonly used in preparation of AC
electrodes. After sonication atmoderate power inDMF,
the well-dispersed suspension of SWNT and SWNH
particles was poured into a glass dish resting on a hot
plate placed on a flat surface under a fume hood. Upon
evaporation of DMF a self-supporting film (Figure 1b
and c) easily removable from the glass dishwas formed
(density of 0.4 g/cc, DC conductivity of 20 S/cm). As
shown in the Supporting Information, thermogravi-
metric analysis of the as-prepared composite via heat-
ing at a rate of 2 �C/min under dry air flow showed only
one peak suggesting a monolithic chemical composi-
tion. For comparison SWNT Bucky papers (density of
0.6 g/cc, DC conductivity of 70 S/cm) were made in a
similar manner to the composite albeit using only
SWNTs. Scanning electron microscopy (SEM) of the
composite revealed the role of SWNTs in providing
adhesion and interconnection for the SWNH particles
(Figure 1g). Comparison of the SEM micrographs of
SWNH/SWNT composite with the SWNT Bucky paper
(Figure 1h) revealed the unique role of the ball-like
SWNH aggregates as spacers leading to a meso-macro
pore structure, which accounts for the high-power per-
formance of the composite electrode as discussed later.
While the ball-like SWNH aggregates were critical in

achieving the desired pore structure, the closed struc-
ture of the aggregate rendered the interstitial void
volume of the SWNH particles inaccessible thus poten-
tially reducing capacitance. To overcome this issue,
hole opening,20,24 via a previously established oxida-
tion process for SWNTs and SWNHs, was applied to the
composite. To ensure a fair comparison between the
as-prepared composite, the oxidized composite and
the SWNT Bucky paper, electrodes with the same area
(6 � 6 mm) and similar weight were cut from the
original films using a laser marker (Keyence MD-V).
Supercapacitors were then assembled by stacking a
separator in between two identical electrodes supported
with platinum mesh current collectors with 1 M Et4
NBF4/propylene carbonate as the electrolyte (Tomiyama
Pure Chemical) in a screwed cell.
First the operating voltage range of the electrodes

was determined by cyclical voltammetry (CV) (Figure 2a).
All electrodes exhibited stable operation up to 2.5 V,
which agreed with previous report on SWNHs.21 While
supergrowth SWNTs are operational up to 4 V in the
same electrolyte media,14 the CV profiles of the aspre-
pared composite and the oxidized composite exhib-
ited a peaked shape starting at 2 V, which suggested
their operating voltage range could not be extended
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far beyond 2.5 V without initiating parasitic reactions.
As such, the operating voltage range of the composite
electrodes was similar to that of conventional AC
electrodes. In the case of AC electrodes the limited
operating voltage range is primarily due to presence of
chemical impurities and surface functional groups. As
the composite electrode is chemically pure, the limited
operating voltage rangemay be attributed to presence
of dangling bonds along the edges of the SWNH
particles.26 We believe that passivation of these dan-
gling bonds would enable a wider operating voltage
range. The lower cell voltage limit of 2.5 V for the
SWNH/SWNT composite results in lowering the energy
density of these electrodes by at least 2.5 times
compared to the supergrowth SWNT electrodes14 just
on the basis of cell voltage difference alone (E∼ 1/2CV2).
Close examination of the CV profiles also demon-

strated the difference in the underlying capacitance
mechanismof the electrodes. At 0 VDC, capacitance (as
indicated by the discharge CV current) was primarily
due to double-layer charging. Here, the oxidized

composite electrode exhibited the highest capacitance
in agreement with its higher surface area as later
confirmed via nitrogen adsorption isotherms. As the
voltage was increased, the capacitance of the compo-
site electrodes did not appear to significantly change.
In contrast, the SWNT Bucky paper showed an increase
in capacitance as a function of voltage due to electro-
chemical doping.27,28

To quantitatively evaluate the performance of the
electrodes, galvanostatic (constant current) discharges
were measured from 0.1 to 50 A/g. The capacitance
(Figure 2b) and the internal resistance valueswere then
determined from the slope and the initial voltage drop
(Figure 2c) of the discharge curves, respectively. First
the capacitance results are discussed. The composite
electrodes exhibited lower decline in capacitance as
the discharge rate was increased compared to the
Bucky paper electrode, suggesting superior ion trans-
port properties. Specifically, the as-prepared compo-
site exhibited a capacitance of 46 F/g at 0.1 A/g and a
capacitance of 36 F/g at 50 A/g (21%decline), while the

Figure 1. SWNH/SWNT composite. (a) Fabrication process: (1) 8 mg of SWNH powder and 2 mg of supergrowth SWNT are
mixed with 10 mL of DMF. (2) A suspension is formed after 24 hrs of sonication at moderate power (40 W). (3) The resulting
suspension is then poured into a dish (3 cm diameter) resting on a hot plate (set to 100 �C) placed on a flat surface inside a
fume hood under negative pressure. (4) Upon solvent evaporation (after∼8hrs), a self-supporting film easily removable from
the dish is formed. (b) Image of a typical SWNH/SWNT composite electrode. (c) Image of the same electrode bent to show its
self-supporting capability. (d) Schematic depicting the role of SWNTs as scaffolding for SWNHparticles. (e) SEMmicrograph of
the SWNH/SWNT composite. (f) SEM micrograph of the SWNT Bucky paper. (g) Higher magnification SEM micrograph of
SWNH/SWNT composite showing the SWNTs connecting the SWNHparticles. (h) Highermagnification SEMmicrograph of the
SWNT Bucky paper showing smaller pore volume compared to the SWNH/SWNT composite.
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oxidized composite exhibited a capacitance of 63 F/g
at 0.1 A/g and a capacitance of 45 F/g at 50 A/g (29%
decline), whereas the SWNT Bucky paper exhibited a
capacitance of 89 F/g at 0.1 A/g and a capacitance of 37
F/g at 50 A/g (58% decline).
Comparison of the IR loss values (Figure 2c) further

confirmed the superior transport properties of the
composite. The IR loss values of the SWNH/SWNT
composite electrodes were significantly lower than
the Bucky paper at all discharge rates, which was
surprising considering the lower DC electronic con-
ductivity of the SWNH/SWNT composite electrodes (20
S/cm) compared to the Bucky Paper (70 S/cm). This
seemingly contradictory result could be attributed to
the meso-macro pore structure of the SWNH/SWNT
composite electrodes resulting in enhanced retention
of electrolyte thus enabling faster ion access compared
to the SWNT Bucky paper, as confirmed later via

mercury porosimetry. It is worth to note that the IR
loss values of the SWNT Bucky paper were already a

significant improvement (more than five times less
under similar configuration) over AC electrodes.11,24

Based on the cell internal resistance values determined
from the IR loss values, the maximum power rating for
the as-prepared composite was 970 kW/kg, while the
oxidized composite was 990 kW/kg and the Bucky
paper 400 kW/kg. For AC electrodes under similar
device geometry, the estimated maximum power rat-
ing would be only 80 kW/kg,11,24 i.e., more than 10
times less than the SWNH/SWNT composite electrodes.
The overall operational characteristics of the electro-

des were demonstrated by the Ragone plot in
Figure 2d, based on the energy discharged (E =

R
IV(t)dt)

at different average discharge powers (PAverage = IV/2).
The superior power performance of the SWNH/SWNT
composite electrodes was highlighted by their ability
to discharge more energy compared to the Bucky
paper electrode at the higher end of the power
spectrum. Specifically starting from the average dis-
charge power of 6.25 kW/kg (i.e., discharging at 5 A/g),

Figure 2. Electrochemical performance of SWNH/SWNT composite and SWNT Bucky paper electrodes. (a) CV of as-prepared
composite of SWNH/SWNT (black), oxidized composite of SWNH/SWNT (red), and SWNT Bucky paper (blue) measured at
1mV/s. All electrodes appear to be operational up to 2.5 V, with the SWNTBucky paper showing an overall higher capacitance
as evidenced by the larger discharge (negative) current. (b) Specific capacitance of as-prepared composite of SWNH/SWNT
(black), oxidized composite of SWNH/SWNT (red), and SWNT Bucky paper (blue) determined from the slope of constant
current (galvanostatic) discharge curves. While at lower discharge rates the SWNT Bucky paper shows higher capacitance, at
higher currents its performance declines to the same level as that of the as-prepared composite. (c) IR loss of as-prepared
composite of SWNH/SWNT (black), oxidized composite of SWNH/SWNT (red), and SWNT Bucky paper (blue). At any discharge
rate the composite electrodes have a lower IR loss compared to the SWNT Bucky paper electrode. (d) Ragone plot of the
overall performance of all electrodes.
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the energy discharged by the oxidized SWNH/SWNT
composite electrodes was higher than that of the
Bucky paper electrode. In the case of the as-prepared
composite, more energy could be discharged com-
pared to the Bucky paper electrode starting from 12.5
kW/kg (i.e., discharging at 10 A/g).
While these results establish the superior power

capability of the SWNH/SWNT composite electrodes,
the durability of the composite electrodes over re-
peated operations needed examination. To this end,
the as-prepared and oxidized composites were sub-
jected to 1000 cycles of full-depth charge/discharge at
1 A/g. As shown in Figure 3a, the capacitance of the
electrodes barely changed over the continuous opera-
tion with the as-prepared composite, declining by only
6%, and the oxidized composite slightly declining in
performance midcycle and subsequently recovering.
Durability testing of the as-prepared composite at
higher rates (10 A/g) for a longer duration (100 000
cycles) showed that the majority of variability and
decline in capacitance occurred during the initial few
thousand cycles (Figure 3b). From 50 000 to 100 000
cycles, the decline in performance was only 0.2%. The
durability of the composite electrodes could be attrib-
uted to their chemical purity and mechanical stability
courtesy of the SWNTs providing good adhesion for
the SWNH particles.
To investigate the underlying cause of the superior

power performance of the SWNH/SWNT composite
electrodes, the pore structure of the electrodes was
examined via nitrogen adsorption/desorption and
mercury porosimetry (Figure 4a and c, respectively).
The nitrogen adsorption isotherm of the as-prepared
composite (black) showed a very similar profile to that
of as-grown SWNH powder (green), and Brunauer-
Emmett-Teller (BET) analysis29 of these isotherms results
in similar specific surface area values: 280 m2/g for
the as-prepared composite and 350 m2/g for the as-
grown SWNHpowder. The similar specific surface areas
(280 vs 350m2/g) accounted for the similar capacitance

values (46 vs 43 F/g) observed for the as-prepared
SWNT/SWNH composite and the as-grown SWNH elec-
trode reported elsewhere,20 respectively. The low sur-
face area of SWNH powder, and the resultant SWNH/
SWNT composite, was attributed to individual SWNHs
forming aggregates (the ball-like structures apparent
in the SEM image of Figure 1g), whereby the interstitial
pore volume of the aggregates were inaccessible. BET
analysis of the nitrogen adsorption profile of the SWNT
Bucky paper resulted in a specific surface area of 470
m2/g, which was lower than that of the surface area of
as-grown supergrowth SWNTs (>1100 m2/g),23 sug-
gesting the overlapping of SWNTs observable in the
SEM micrograph of the SWNT Bucky paper (Figure 1h)
had reduced the accessible surface area. For the
oxidized composite (red), the nitrogen volume ab-
sorbed was significantly higher, and its BET specific
surface area was 1430 m2/g, i.e., more than five times
that of the as-prepared composite, suggesting access
to the interstitial pore volumeof the SWNHaggregates.
However, the oxidized composite exhibited only a
modest gain (37%) in capacitance compared to the
as-prepared SWNH/SWNT composite electrode's capa-
citance. To investigate this disparity, Barret-Joyner-
Halenda (BJH) analysis30 was applied to the adsorption
isotherms (Figure 4b). From BJH analysis, the majority
of the gain in surface area is attributed to hole open-
ings within the micropore range (<2 nm according to
IUPAC classification),31 which are inaccessible to the
solvated ions of the organic electrolyte used here. This
result is in agreement with previous reports on electro-
des made from oxidized SWNHs.20

While the nitrogen adsorption measurement was
insightful in determining specific surface areas and
pore structures within the micro-meso pore range,
the macroporosity of interest for electrolyte retention
is better examined using mercury porosimetry32

(Figure 4c and d), as the macropore range (>50 nm)
measurement based on gas adsorption is unreliable.33

As shown in Figure 4c, the totalmercury intrusion volume

Figure 3. Dynamic lifetime of the composite electrodes. (a) Over 1000 cycles of charge/discharge at 1A/g, only minor
degradation in performance is observed. (b) Durability testingover 100 000 cycles of charge/discharge at 10A/g indicates that
after minor degradation in performance during the first few thousand cycles, the performance of the electrodes reaches a
stable plateau.
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(normalized by electrodeweight) was the highest for the
as-prepared composite (2.6 mL/g), followed closely by
the oxidized composite (2.5 mL/g), whereas the SWNT
Bucky paper showed a significantly lower intrusion
volume (1.6 mL/g), thus confirming the electrolyte
uptake of the SWNH/SWNT composite electrodes was
higher than that of the SWNT Bucky paper electrode.
The electrolyte volume uptake of the electrode is

critical in terms of power performance. During char-
ging, a high concentration of ions has to be amassed
at the electrode surface, as such the ionic concentra-
tion of the electrolyte within the void volume of the
electrode would be lowered. Given sufficient elec-
trolyte within the electrode, the change in ionic
concentration would not be substantial, and there
would be sufficient ions to facilitate conduction
during charge/discharge. However, if there is insuffi-
cient electrolyte within the electrode, charging
would result in depletion of ions within the electrode
thus resulting in a lower power.

Using the specific capacitance of the electrodes (at
0.1A/g) and the basic capacitor model (Q = CV), the
charge concentration required for charging to 2.5 V
was estimated as: 56 C/g for the as-prepared compo-
site, 79 C/g for the oxidized composite, and 111 C/g for
the Bucky paper. The electrolyte used had a concen-
tration of 1 mol, i.e., 1 ml of the electrolyte would
correspond to an ionic charge of 96 C. Assuming the
electrolyte volume uptake of the electrodes was similar
to their mercury intrusion volumes, the estimated
charge concentration within each electrode would
be: 240 C/g for the as-prepared composite, 231 C/g
for the oxidized composite, and 154 C/g for the Bucky
paper. Comparing the ionic charge concentration
available within the electrode and the charge concen-
tration required at the double-layer during charging, it
is clear that in the case of the as-prepared composite,
while the ionic concentration within the electrode
would be reduced (∼27% reduction), there would still
be sufficient amount of ions to maintain conduction.

Figure 4. Specific surface area and pore characterization of the composites. (a) Nitrogen adsorption/desorption isotherms at
77K for as-grown SWNH powder (green), composite of SWNH/SWNT (black), oxidized composite SWNH/SWNT composite
(red), and SWNT Bucky paper (blue). The as-prepared composite appears to have the same surface area as that of as-grown
SWNHpowder,whereas theoxidized composite exhibitsfive times the surface areaof the as-prepared composite. (b) BJHplot
depicting the pore distribution of the as-prepared composite (black), the oxidized composite (red), and SWNT Bucky paper
(blue). The surface area gain of the oxidized composite is attributed to micropores inaccessible to the organic electrolyte.
(c) Mercury cumulative intrusion volume normalized by electrode weight. The composite samples absorb a higher volume of
mercury. (d) Log differential of the cumulative intrusion profile indicating the pore size distribution. The composite samples
have a pore distribution centered at a wider pore diameter. The difference in the pore distribution indicated by mercury
porosimetry and nitrogen adsorption is partly due to intrinsic differences in the underlyingmeasurement phenomena and to
presence of wide void pockets with narrow entrances (and vice versa).
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In the case of the oxidized composite the situation was
slightly worse (∼34% reduction). For the Bucky paper,
significant reduction in the charge concentration (∼60%)
would hinder transport as less ions would be available
within the pore volume of the electrode. In contrast,
the ability of the composite electrodes to retain large
amounts of electrolytes, even at high discharge rates,
would provide for sufficient ions within the electrode
itself to facilitate charge/discharge, as was observed in
the capacitance and IR loss results previously dis-
cussed. While the preceding analysis should be con-
sidered qualitative due to the overly simplified model
used, it illustrates the importance of not only consider-
ing electrode surface area but also the electrode pore
volume available for electrolyte retention.
Themaximumpower performance of the composite

and Bucky paper electrodes were compared to other
nanocarbon electrodes, as shown in Figure 5; this is a

provisional comparison as the testing geometries were
not the same for all the reference data. The maximum
power rating of the SWNH/SWNT composite electrode
(990 kW/kg) was almost twenty times higher than the
estimated maximum power performance (∼50 kW/kg)
of the only previous report on SWNH electrodes,21

and more than twice that of the SWNT Bucky paper
(400 kW/kg) examined here. Comparison of the per-
formance of the composite electrodes with other
nanocarbon electrodes (Figure 5) showed that while
the composite electrodes have been operated only at
2.5 V, their maximumpower rating still surpassed other
nanocarbon electrodes.

The only electrode (nanocarbon based or otherwise)
reported having a highermaximumpower (3.2MW/kg,
16 kW/l vs 0.99 MW/kg, 396 kW/l for the composite
electrodes) was composed of a sparse MWNT forest
electrode (density of 0.005 g/cm3). Sparse CNT forest
electrodes naturally have higher power performance
as essentially individual CNTs within the forest are
immersed in an almost infinite sea of electrolyte,
i.e., infinite supply of ions. Here, our compositematerial
has achieved a similar power performance, by tailoring
the pore structure to optimize electrolyte retention yet
having a density eighty times that of the sparse CNT
forest.

In conclusion we have fabricated a new composite
from SWNHs and SWNTs possessing a meso-micro
pore structure. The composite utilized as a super-
capacitor electrode achieves a maximum power rat-
ing (1 MW/kg) surpassing other electrodes. The high-
power performance can be traced to facile ion
transport as a result of the semidense composite's
ability to hold sufficient electrolytes within its void
volume.

EXPERIMENTAL METHODS
Hole Opening via Oxidation. The opening process was carried

out by using a muffle furnace (KDF P-70) at a ramping rate of
1 �C/min heated to 525 �C under dry air flow (2000 sccm). The
cooling cycle was not controlled.

Surface Area Measurement. Nitrogen adsorption and desorp-
tion isotherms at 77 K were measured using a BEL (Japan) Inc.
Belsorp-28SA surface area and pore size analysis system. All
samples were pretreated under vacuum at 150 �C for 12 h prior
to measurement.

Mercury Porosimetry. Mercury porosimetry was carried out
using a Shimadzu Micromeritics Autopore IV 9500 automated
mercury porosimeter. All calculations assume a contact angle of
130� and mercury surface tension of 485 dyn/cm. Prior to
measurement, samples were pretreated similar to the samples
used for nitrogen adsorption measurement.

Supercapacitor Assembly and Testing. Excluding the electrolyte,
all active components of the supercapacitors: electrodes,
separators, and current collectors were vacuum dried at
150 �C for at least 8 h prior to device assembly. The cells were
assembled in a dry argon environment, using platinum mesh
(100mesh, Nilaco Corp.) current collectors, a porous proprietary
cellulous-based separator (40 μm thickness, density ca. 0.6 g/cm3),

and 1M Et4NBF4/propylene carbonate as electrolyte (Tomiyama
Pure Chemical). Electrochemical characteristics were obtained
using VMP3 galvanostat/potentiostat/frequency response ana-
lyzer (Princeton Applied Research). The maximum power
rating3,4 was calculated based on the internal resistance (RS)
values determined from a linear fit11 to the IR loss values in
Figure 2C. Linear fit model for IRloss: IRloss = a þ b*I, where a
represents the difference in the 2.5 V applied and the charged
potential of the capacitor and b represents double the value of
the internal resistance (RS) and I is discharge - current.

Pmax ¼ V2
OCV

4RS
¼ (2:5- a)2

2b

By definition specific capacitance refers to capacitance of a
single electrode.2 All other values (current, energy, and max-
imum power densities) were normalized with respect to the
combined weight of both electrodes.
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performance of the SWNH/SWNT composite electrode sur-
passes other nanocarbon electrodes.
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