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O
ne of the biggest challenges that
we are facing today is to find
and use an alternative energy to

replace the fossil fuel-based energy sources.

Although renewable energy technologies,

such as wind turbines, solar cells, and hy-

dropower, can provide sufficient energy

production, there is an urgent need for find-

ing and optimizing efficient energy storage

devices that can harness the alternative en-

ergy produced. For small scale energy stor-

age devices which require a higher power

density and longer cycle lifetime, superca-

pacitors or electrical double-layer capacitors

(EDLCs)1,2 outweigh rechargeable batteries,

albeit the fact that batteries normally hold a

higher energy density. Recently, with the

development of lightweight, flexible, and

wearable-electronic devices,3�5 a newly in-

dispensable requirement is raised for the

energy storage devices to be also flexible

and/or stretchable, which brings intensive

research across the industries and

academia.6�9

Carbon nanotubes10�16 and their com-

posite materials17,18 have been extensively

investigated as promising electrode materi-

als for supercapacitors over the past de-

cade because of their unique structures,19

excellent electrical conductivity,20 and large

specific surface area.21 Most recently, in or-

der to meet the needs for power supply of

flexible electronic devices, there is a strong

interest in employing single-walled carbon

nanotubes (SWNTs)22,23 or their

composites24,25 to make flexible/stretchable

supercapacitors. Fundamental understand-

ing of the ambient condition effects, such as

temperature26 and electrolyte,27,28 on the

electrochemical performance of the super-

capacitors has been investigated. However,

the effect of mechanically compressive
stress, one of the most influential factors
on the electrochemical performance of the
SWNT flexible/stretchable supercapacitors,
has not been tackled in the open literature.
The establishment and understanding of
correlation between the optimal applied
pressure and the different electrolyte ions
on the electrochemical performance are ex-
tremely crucial to fully utilize the potential
of the assembled flexible supercapacitors
and to predict their durability. It will also
provide an important guidance for the
packaging process.

In this study, we have investigated the
effect of compressive pressure between
two SWNT electrodes on the electrochemi-
cal performance of the flexible supercapac-
itors laminated in a plastic package with a
variety of aqueous electrolyte solutions.
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ABSTRACT The effect of compressive stress on the electrochemical behavior of flexible supercapacitors

assembled with single-walled carbon nanotube (SWNT) film electrodes and 1 M aqueous electrolytes with different

anions and cations were thoroughly investigated. The under-pressed capacitive and resistive features of the

supercapacitors were studied by means of cyclic voltammetry measurements and electrochemical impedance

analysis. The results demonstrated that the specific capacitance increased first and saturated in corresponding

decreases of the series resistance, the charge-transfer resistance, and the Warburg diffusion resistance under an

increased pressure from 0 to 1723.96 kPa. Wettability as well as ion-size effect of different aqueous electrolytes

played important roles to determine the pressure dependence behavior of the suerpcapacitors under an applied

pressure. An improved high-frequency capacitive response with 1172 Hz knee frequency, which is significantly

higher compared to reported values, was observed under the compressive pressure of 1723.96 kPa, indicating an

improving and excellent high-power capability of the supercapacitors under the pressure. The experimental results

and the thorough analysis described in this work not only provide fundamental insight of pressure effects on

supercapacitors but also give an important guideline for future design of next generation flexible/stretchable

supercapacitors for industrial and consumer applications.

KEYWORDS: single-walled carbon nanotube · supercapacitor · pressure effect ·
impedance analysis · knee frequency · ion-size effect.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 10 ▪ 6039–6049 ▪ 2010 6039



An aqueous electrolyte generally provides a high-
energy and -power density for supercapacitors and is
expected to respond quickly under a mechanical pres-
sure, meeting the demands of the flexible/stretchable
electronic devices when they require an instant high-
power input. The correlation between the applied pres-
sure and the different electrolyte ions as well as its cor-
responding electrochemical performance is thoroughly
investigated for providing a guideline for proper usage
and package design of next generation flexible/stretch-
able supercapacitors.

RESULTS AND DISCUSSION
Figure 1 shows the schematics of an SWNT flexible

supercapacitor assembly and pressure test (detailed in-
formation can be found in the Methods Section). After
assembling the supercapacitor in the transparent pack-
age (Figure 1b), the initial pressure between the elec-
trodes was considered to be zero when analyzing the
pressure effect. Thus, only the postapplied pressure
from the hydraulic press was taken into account dur-
ing the experiments. Figure 2 shows scanning electron
microscopy (SEM) images of the SWNT films, which
present typical bundle structures with a uniform net-
work. A high-resolution image of Figure 2b illustrates
that a large majority of the SWNT bundles have aver-
age diameters of about 20 nm. It also clearly shows that
most of the iron catalyst and amorphous carbon were
eliminated from the SWNT films after the purification
treatment.26 The SWNT film demonstrates structural
combination of a mesoporous and macroporous ma-
terial, which allows aqueous-based electrolyte ions to
penetrate inside the film to fully utilize all the effective
surface area for establishing double-layer capacitance
between the SWNT and the aqueous electrolytes. Com-
pared with nanoporous carbon materials, counterions
are expected to easily and quickly reside at the SWNT

electrode�electrolyte interface without having to en-

ter the pores, leading to an exohedral supercapacitor

with a higher power density feature.29

Figure 3 shows the specific capacitance values of

the capacitors obtained from the voltammograms

measured (Figure 4) at increasing pressures with 1 M

different aqueous electrolytes, which are separated

into two groups based on their pressure dependence

performance. For group A electrolytes with hydrated

hydroxy anions (OH�), namely LiOH, NaOH, and KOH

(Figure 3a), the initial specific capacitance is all ex-

tremely low (LiOH, NaOH, and KOH is 2.7, 3.7, and 3.6 F

g�1, respectively) under a pressure of 2.55 kPa. In addi-

tion, they showed a quick increase before reaching a

saturation stage at a pressure of approximately 70 kPa

and saturated with the stable specific capacitance value

in a sequence of LiOH (25.0) � NaOH (19.7) � KOH

(17.4 F g�1) under a pressure of 1723.96 kPa. In con-

trast, for group B electrolytes with hydrated chloride

(Cl�) and nitrate (NO3
�) anions (Figure 3b), the initial

specific capacitance is much higher (LiCl, NaCl, KCl, and

KNO3 is 28, 14.9, 14.9, and 19.7 F g�1, respectively) un-

der a pressure of 2.55 kPa. Moreover, the specific ca-

pacitance values are more stable with increasing pres-

sure compared to those with OH� anions. Under a

pressure of 1723.96 kPa, the capacitances of group B

are in a sequence of LiCl (41.4) � KNO3 (21.4) �

Figure 1. (a) Schematic of supercapacitor assembly with SWNT
electrodes. (b) Digital camera image of an assembled flexible
supercapacitor.(c) Schematic of pressure applied facility on a
supercapacitor.

Figure 2. SEM micrograph of the SWNT film electrode as
prepared by chemical vapor deposition. The electrode con-
sists of a randomly entangled bundle structure: under (a)
low and (b) high magnification.
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NaCl(20.6) � KCl (18.0 F g�1), showing a similar se-

quence as group A in terms of cations. It is also no-

ticed that with same cation (K�), the capacitance val-

ues are in a sequence of KNO3 (21.4) � KCl (18.0) � KOH

(17.4 F g�1).

The reasons for these results are attributed to the

different interfacial wettability of solutions at the

electrode�electrolyte interface caused by different

ions as well as the size differences among the hydrated

ions. Surface wettability was first under close scrutiny

as one important aspect for governing the supercapac-

itor performance.16 In order to accurately evaluate the

surface wettability of the different electrolytes on the

SWNT films, the contact angle of each electrolyte was

measured by goniometer, and the results are shown in

Table 1.

It is well-known that the surface tensions of solu-

tion (�soln) and water (�H2O) hold the following

equation:30

where ma is the molar concentration of the anions (the

role of cations is not significant, as confirmed from our

contact angle results), and g is the slope, which can be

calculated by eq 2:

where z is charge of the anion and ra is the radius of

the anion (Å) and a and b are coefficients. The slope (g)

of related anions has been studied by Abramzon et

al.,31 as shown in Table 2.

The numerical value of surface tension in terms of

anions indicates OH� � Cl� � NO3
� are in good agree-

ment with the experimental data from the contact

angle measurements. It is also in correlation with the

specific capacitance of different electrolytes under an

increasing pressure. For instance, an electrolyte with

OH� anions has the largest contact angle, indicating a

poorer surface wettability compared to electrolytes

with Cl� and NO3
� anions and resulting in a lower spe-

cific capacitance under the same pressure (Figure 3).

For electrolytes with same anions, e.g., OH� or Cl�,

the contact angle as well as the surface tension is rela-

tively the same, however, there are still differences

among the electrolytes in terms of capacitive behavior,

where hydrated ion size (namely hydrated Li�, Na�, and

K�) of the electrolytes becomes the dominating factor

after the surface wettability property. For exohedral su-

percapacitors, the counterions are accumulated in the

double layer mainly by electrostatic forces at the dis-

tance of outer Helmholtz plane.12,29 Theoretically, the

higher the surface area is and the higher the amount

of the charged ions that can access to the

electrode�electrolyte interface, the higher capaci-

tance value the supercapacitor has.16 For aqueous elec-

trolytes, the hydrated ion sizes can simply be esti-

mated with eq 3:

where dion is the average distance between ions and

the nearest water molecules, and rp is the Pauling ionic

radii (Table 3). The hydrated ion size is determined by

the diameter of the ion, which should be 2dion.

Table 3 shows that with the decrease of the ion

size (K� � Na�� Li�) the capacitance will increase due

to the straightforward reason that more charged cat-

ions can access to the electrode�electrolyte interface

and contribute to the charge storage. This phenom-

enon is experimentally proved by the specific capaci-

tance values under the saturation stage, after the sur-

face wettability is improved by the compressive

pressure applied on the supercapacitors, in both elec-

trolytes with OH� (Figure 3a) and Cl� (Figure 3b) anions.

The surface wettability effect determined by anions

and the ion-size effect determined by cations on the ca-

pacitive performance of the SWNT supercapacitors are

evidenced by the CV curves, as shown in Figure 4. Fig-

ure 4a�g displays the CV curves of 1 M LiOH, NaOH,

KOH, LiCl, NaCl, KCl, and KNO3 aqueous electrolytes un-

der different pressures, respectively. The initially poor

wettability of electrolytes with OH� anions was evi-

denced by the distorted CV curves and the low capaci-

tance values under pressure below approximately 70

Figure 3. Specific capacitance increase trend under pressure effect for electrolytes: (a) LiOH, NaOH, and KOH. (b) LiCl, NaCl,
KCl, and KNO3.

γsoln - γH2O ) gma (1)

g ) a + (bz/ra) (2)

dion ) 0.1376 + 1.0167rp (3)
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kPa, as shown in Figure 4a, c, and e. However, for elec-

trolytes with Cl� and NO3
� anions, which have a better

wettability, the CV curves showed less distortion with

relatively larger areas than those with OH� anions un-

der the same pressure. The ion-size effect on the capaci-

tance can be recognized by comparing the loop areas

in Figure 4a, c, and e (for LiOH, NaOH, and KOH) and in

Figure 4b, d, and f (for LiCl, NaCl, and KCl). It was also

Figure 4. Cyclic voltammetry at 50 mV s�1 of the SWNT supercapacitors with 1 M electrolyte under increasing applied pres-
sure (kPa): (a) LiOH, (b) LiCl, (c) NaOH, (d) NaCl, (e) KOH, (f) KCl, and (g) KNO3.
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evidenced that the compressive pressure improves the

surface wettability for all electrolytes, especially for elec-

trolytes with OH� anions. CV curves under pressures

above approximately 70 kPa are close to a rectangular

shape for all electrolytes, indicating the capacitors are

approaching an ideal capacitive behavior. The compres-

sive pressure-induced phenomenon can be further ex-

plained in detail by the electrochemical impedance

spectroscopy (EIS) measurements presented below.

The primary objective of the EIS measurements is to

gain insight into the pressure dependence of the ca-

pacitive and resistive elements and their effects on the

performance of the supercapacitors. Figures 5 and 6

show the impedance results of Nyquist spectra in the

frequency range from 100 kHz to 10 mHz measured at

an equilibrium open circuit potential (�0 V) under small

and large compressive pressures (Figures 5 and 6, re-

spectively) for different electrolytes. The Nyquist spec-

trum can be well represented by an equivalent circuit as

shown in Figure 7a. The first intersection point on the

real axis of the Nyquist spectrum in the high-frequency

region provides the value of the electrolyte resistance,

the intrinsic resistance of the active electrode material,

and the contact resistance at the interface of active ma-

terial/current collector, defined as series resistance Rs.32

The Rs element is in series with the electrical double-

layer capacitance at the interface of electrode and elec-

trolyte CDL
1. CDL is in parallel with the charge-transfer re-

sistance Rct and the Warburg impedance Wo. Rct, shown

as the second intersection point of the semicircle on the

real axis, represents the total resistance at the interface

between the electrode and the electrolyte.33 It should

be noted that throughout the experiments, the current

collector (Ni foils) and the SWNT electrode materials

were well attached together following the same man-

ner. It is speculated that the variation of the contact re-

sistance between the Ni foil and the SWNT film with re-

spect to the pressure change was the same; all the

variation associated with the impedance variation

should be attributed to the intrinsic difference of each

electrolyte and the properties of electrode�electrolyte

interface.

Typically, the Nyquist spectrum is divided into two

regions by the knee frequency,10,34,35 where the high-

frequency semicircle is attributed to the charge-transfer

process occurring at the electrode�electrolyte inter-

face,36 and the low-frequency curve with its slope

gradually changing from 45° to 90° represents the War-

burg finite-length diffusion stage when ions diffuse

within the electrode.37 Experimental results show that

the knee frequency increases with the applied pressure

for all electrolytes, as summarized in Table 4.

Table 4 shows that the knee frequency increase

caused by the applied pressure presents a significant

high frequency of 1172 Hz for all electrolytes under the

maximum pressure at 1723.96 kPa. This value suggests

that under the pressure the electrical energy can be

stored in the double-layer capacitor at a frequency up

to 1172 Hz, significantly higher than reported superca-

pacitors assembled with other electrode materials (a

few Hz to 300 Hz),12,34,35 indicating an excellent high-

power capability. The high knee frequency could be

from the pressured induced easy accessibility of ions

at the electrolyte�electrode interface and the excel-

lent electric conductivity from the SWNT films. It is

noted that the semicircle in the high-frequency region

(Figure 6) almost disappeared under a pressure higher

than 816.61 kPa. The absence of the semicircle in the

complex impedance plane implies a very good ionic

conductivity at the electrode�electrolyte interface.38,39

Figure 7 shows pressure dependence of all the curve

fitting values of RS, RCT, CDL, WoR, and WoT of the experi-

mental impedance spectra based upon the proposed

equivalent circuit (Figure 7a). During the initial stage

with a relatively low applied pressure, it is interesting

to notice that the charge-transfer resistance of all the

electrolytes with OH� anions is 10-fold higher than that

of the electrolytes with Cl� or NO3
� anions. As the

charge-transfer resistance decreased with gradual pres-

sure increase, the specific capacitance increased in all

electrolytes. However, the decreasing scale for the OH�

electrolytes is much more significant than that of Cl�

or KNO3
�. This is due to the much improved surface

wettability, in consistence with the CV curves in Figure

4. For instance, the charge-transfer resistance decreases

from 1550 to 270 � (by 82%) for LiOH electrolyte when

the applied pressure increases from 2.55 to 7.72 kPa, re-

sulting in the sharp increase of the specific capacitance

from 2.66 to 18.31 F g�1 (under a pressure of 2.55 and

7.72 kPa, respectively). While the charge-transfer resis-

TABLE 1. Contact Angle of Different 1 M Electrolyte on the
Surface of SWNT Electrode

electrolyte contact angle (°) electrolyte contact angle (°)

KOH 60 LiOH 60
KCl 54 NaOH 60
KNO3 45 Water 36

TABLE 2. Slope of the Surface Tension Equation

anion g (mNm�1 kg · mol�1)

OH� 2.00
Cl� 1.57
NO3

� 1.23

TABLE 3. Pauling Ionic Radii, Hydrated Ion Size, and
Capacitance under 1723.96 kPa

cation rp (nm) 2dion (nm)
capacitance with
OH� anions F g�1 with Cl� anions F g�1

Li� 0.060 0.397 25.0 41.4
Na� 0.095 0.468 19.7 20.6
K� 0.133 0.546 17.4 18.0
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tance decreases by 65% from 85 to 30 � for the LiCl

electrolyte under the same applied pressures, this re-

sults in the specific capacitance increase from 28.03 to

34.15 F g�1 (under a pressure of 2.55 and 7.72 kPa, re-

spectively). When a large pressure is applied, all domi-

nant factors to determine capacitance (series, charge-

transfer, and Warburg diffusion resistances) reach a

relatively stable stage (saturation stage) for all electro-

lytes. Little improvement on the decrease of the charge-

transfer resistance (Figure 7c) cannot bring much ame-

liorative effect to improve the specific capacitance.

In addition, the pressure increase greatly reduces

the Warburg diffusion resistance (WoR) and Warburg

time constant (WoT), especially for group A electrolytes,

as shown in Figures 7d and e, respectively. The initial

value of Warburg diffusion resistance is extremely large,

indicating difficult ion diffusion within the electrode. In

general, the ions diffuse easier and quicker into the

SWNT electrode materials with better surface wettabil-

ity Cl� and NO3
� electrolytes than that of the poor sur-

face wettability OH� anions electrolyte.

For the applied pressures above approximately

70 kPa, the impedance and CV curves as well as the

specific capacitance change little in the supercapac-

itors using SWNT electrodes. This phenomenon is

different from that using other pore-structured elec-

trode materials, such as activated carbon fibers,

where the specific capacitances continuously in-

Figure 5. Impedance results with knee frequency of the SWNT supercapacitors under small applied pressures: (a) LiOH (b)
LiCl (c) NaOH (d) NaCl (e) KOH (f) KCl, and (g) KNO3.
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crease even up to 2068.43 kPa, revealing that SWNTs

distinguish themselves from typical microporous

structured materials when they are utilized as elec-

trode materials for supercapacitors.

In the current experiments, the different pressure

dependence behavior of the quick capacitance satura-

tion for group B electrolytes (with Cl� or NO3
� anions)

and the drastic capacitance increase for group A elec-

trolytes (with OH� anions), before reaching the critical

pressure around 70 kPa, can be visually explained using

the schematic shown in Figure 8. The schematic illus-

trates the difference of groups A and B electrolytes un-

der small and large applied pressures. To begin with a

low-pressure (less than approximately 70 kPa) circum-

stance, the anions as well as the cations are not stabi-

lized well within the Helmholtz layer at the

electrode�electrolyte interface due to the poor wetta-

bility for the group A electrolytes with OH� anions (Fig-

ure 8a). Most of the charged anions and cations are

freely floating inside the aqueous electrolyte without

Figure 6. Impedance results with knee frequency of the SWNT supercapacitors under large applied pressures: (a) LiOH (b)
LiCl(c) NaOH (d) NaCl (e) KOH (f) KCl, and (g) KNO3.
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getting well attached to the surface of the SWNT elec-

trodes. In contrast, the anions (Cl� and NO3
�) and cat-

ions from group B (Figure 8b) are more affinitive to the

surface of the SWNT electrodes due to a better surface

wettability (confirmed by the contact angle meas-

urements), thus bringing a much lower initial charge-

transfer resistance and a higher specific capacitance

than their counterparts from group A. In terms of the

ion-size effect, it is well understood that smaller cat-

ions (Li�) take less space when residing on the elec-

trode surface and bring a much higher specific capaci-

tance than larger size cations (Na� and K�).

This study clearly presents that SWNT electrodes

are excellent materials for flexible supercapacitors and

can withstand pressures as high as 1723.96 kPa, while

still performing well within the cell package. It also

shows the importance of the applied pressure between

the SWNT electrodes and its critical influence on the

properties of electrolyte anions and cations, which play

governing roles in terms of the surface wettability, im-

pedance behavior, and specific capacitance as well as

the high-power capability for rapid charge/discharge of

supercapacitors. The results derived from the pressure-

dependent measurements on SWNT electrode superca-

pacitors can have a potential impact on supercapacitor

assembly and packaging. They provide valuable infor-

Figure 7. Impedance curve fitting results for each element in equivalent circuit: (a) AC impedance equivalent circuit, (b) se-
ries Resistance, (c) charge-transfer resistance, (d) Warburg diffusion resistance, (e) Warburg time constant, and (f) double-
layer capacitance.

TABLE 4. Knee Frequency (Experiment Data) vs Pressure

knee frequency (Hz)

pressure (kPa) LiOH NaOH KOH LiCl NaCl KCl KNO3

2.55 0.16 0.16 0.16 4 4 13 4
7.72 0.85 0.85 0.85 13 13 34 13
45.37 41 41 41 72 72 72 72
136.10 126 126 126 385 385 385 385
816.61 672 672 672 672 672 672 672
1723.96 1172 1172 1172 1172 1172 1172 1172

A
RT

IC
LE

VOL. 4 ▪ NO. 10 ▪ LI ET AL. www.acsnano.org6046



mation on electrode material selection and on electro-
lytes with suitable cation and anion properties in order
to achieve the optimized capacitor performance with
minimal resources, especially for perspective flexible/
stretchable supercapacitors, where the pressure varia-
tion between the electrodes will be unavoidable. The
variation in capacitance of a flexible supercapacitor,
with the application of any deformation in usage, can
then be understood with the knowledge of either an in-
crease or decrease in the pressure between the elec-
trodes as a result of deformation. In addition, the stabil-
ity of the electrode material is of great importance to
maintain stable electrochemical performance with vary-
ing applied strains in a flexible supercapacitor.

CONCLUSIONS
In summary, pressure dependence between the

electrodes on the electrochemical performance of the
flexible supercapacitors assembled with single-walled
carbon nanotube (SWNT) electrodes in various aqueous
electrolytes has been demonstrated. The specific ca-
pacitance increases in various scale with the increase
of pressure depending on electrolytes. For the superca-
pacitors with hydrated hydroxyl anions (OH�), the ca-
pacitance drastically increased until reaching a satura-
tion stage due to an improved surface wettability of the
electrolytes on the SWNT electrodes. For the superca-
pacitors with hydrated chloride (Cl�) and nitrate (NO3

�)
anions, the capacitance saturated earlier due to the bet-
ter surface wettability. Smaller ion-size cation leads to
a higher specific capacitance, indicating that the ion-
size effect plays an important role to determine the spe-

cific capacitance. In addition, the increased pressure

also brings an improving effect on the knee frequency,

which makes the flexible supercapacitor capable of

storing electrical energy at significantly higher frequen-

cies up to 1172 Hz. The fundamental understanding of

the research work therefore demonstrates the ameliora-

tive effect of compressive pressure on the SWNTs super-

capacitors and provides guidelines for future design of

next generation flexible/stretchable supercapacitors.

METHODS
Fabrication of the SWNT Macrofilm Electrodes. The freestanding

SWNTs macrofilms were fabricated in our lab using a facile
chemical vapor deposition (CVD) technique in a tube furnace.40

A mixture of ferrocene as carbon feedstock/catalyst and sulfur as
an additive to promote SWNTs growth at an atomic ratio of
Fe:S � 10:1 was heated (1140 °C), while a mixture of argon and
hydrogen (1500 and 150 mL min�1, respectively) gas flow was in-
put into the tube furnace. After 50�70 min reaction, the fur-
nace was cooled to room temperature. The freestanding SWNT
macrofilms were then collected from the two ends of the fur-
nace. In order to eliminate the contamination, such as amor-
phous carbon and the catalytic iron particle, the as-deposited
SWNT macrofilms were heat treated in the air at 440 °C for 30
min and then rinsed with diluted hydrochloric acid for 8 h. This
purification procedure also significantly increased the number of
functional groups (e.g., O � C�OH) within the films. After the
acid-wash step, SWNT films were thoroughly washed with DI wa-
ter. After drying the films in the air for 8 h, two 0.5 in. diameter
electrodes were punched with an arch punch. The typical weight
of the SWNT electrode is about 0.5 mg. The surface morphol-
ogy of the SWNT electrode was analyzed by a JEOL JSM-7400F
scanning electron microscope (SEM). It is important to note that
the functionalized SWNT film electrodes can be made without
using binding materials, which always brings impurities into the
electrodes and degrades capacitor performance. The freestand-
ing electrodes have smooth surfaces, uniform thicknesses, and
good mechanical strength. They are flexible and can be easily

bent and rolled to meet the requirements for flexible
supercapacitors.

Supercapacitor Assembly. The flexible supercapacitor was as-
sembled in a plastic package. A Whatman glass microfiber filter
was used as the separator between the two SWNT electrodes. In
order to establish the correlation between the applied pressure
and the different electrolyte ions, 1 M aqueous solutions of LiOH,
NaOH, KOH, LiCl, NaCl, KCl, and KNO3 were used as electrolytes,
respectively. As shown in the schematic of Figure 1a, the super-
capacitors were assembled by placing the sandwich-structured
core components of a pair of SWNT electrodes separated by the
aqueous electrolyte soaked separator. Nickel foils were cut to
suit the shape of the core components as the current collectors,
which were connected to the testing system under the circum-
stances of the differently applied pressures to perform a real time
measurement of the electrochemical performance of the SWNTs
supercapacitor. The flexible supercapacitor was sealed in a trans-
parent plastic package with a hot press, in order to prevent po-
tential leakage of the electrolyte. Figure 1b shows the digital
camera image of the flexible supercapacitor.

Electrochemical Measurements. The electrochemical characteriza-
tion under different compressive pressure was done by measur-
ing the cyclic voltammograms (CV) and electrochemical imped-
ance spectra (EIS). The compressive pressure between the
electrodes of the SWNT supercapacitors was carefully varied in
a controlled manner from 0 to 1723.96 kPa using a Carver hy-
draulic press. The assembled flexible SWNT supercapacitor was
placed in between the parallel plates of the press, as shown in
Figure 1c. At each applied pressure, the electrochemical cyclic

Figure 8. Schematic representation of the cations/anions in aqueous
electrolyte�SWNT electrode interface during the pressure increase
process with Helmholtz planes presented by the semitransparent or-
ange band: (a) LiOH and (b) LiCl under small pressure and (c) LiOH and
(d) LiCl under large pressure.
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voltammetry and the impedance spectroscopy were character-
ized with an ET&G PARSTAT 2273 potentiostat/galvanostat. The
values of the specific capacitance were calculated using the fol-
lowing equation:

where C is the specific capacitance, A is the integral areas of the
cyclic voltammogram loops, f is the scan rate (50 mV s�1), v is the
voltage window (0.6 V), and m is the mass of one SWNT elec-
trode. The AC impedance measurements were performed in the
frequency range from 100 kHz to 10 mHz. All measurements
were made under ambient atmospheric conditions and at room
temperature. In order to obtain the equivalent circuit parameters
of SWNT supercapacitors, the curve fitting of impedance expres-
sion was performed using the EIS data fitting program ZVIEW.

Contact Angle Measurements. Contact angle measurements were
performed using a Rame-Hart Goniometer (model 100-00-115)
at room temperature and under atmosphere pressure. Drops of
aqueous electrolyte were placed on the surface of the SWNT
films (same as the electrode materials) to determine the wet-
ting characteristics.
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