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Electromechanical actuation of composite material from carbon nanotubes
and ionomeric polymer

I. A. Levitsky
Emitech Inc., Fall River, Massachusetts 02720

P. Kanelos and William B. Euler
Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 02881

(Received 22 January 2004; accepted 21 April 2004

An actuating system composed of nafion ionomeric polymer coated with single-walled carbon
nanotubes electrodes was studied as an electromechanical actuator. The actuator gives a sizable
mechanical response to low voltagésrn-on voltage of-2.5 V) under open-air conditions, i.e., in

the absence of a surrounding supporting electrolyte. The actuator is active under both dc and ac bias
and has a strong resonance at low frequencies which is dependent upon the size of the actuator. The
actuator was studied using Fourier transform infrared and vis-NIR spectroscopies, cyclic
voltammetry, and by the current-time response under an applied step voltage. An analytical model
is proposed to understand the electrical behavior, which is consistent with the spectroscopic results.
© 2004 American Institute of Physic§DOI: 10.1063/1.1760734

I. INTRODUCTION result in an efficient novel actuating system utilizing the ad-
: . L . . . vantages of IPCM and SWNT materials. Recently, actuation
There is an increasing interest in using electroactive : :
. . ; of a SWNT-nafion composite prepared by the polymer dop-
polymers that convert electrical energy into mechanical €N o of purified carbon nanotubes was report®a high
ergy for numerous applications in MEMS/NEMS g P P 9

technology: Electrochemical and electromechanical proper—SWNT conductivity through a percolation pathway within

) ) . p the composite resulted in the displacement of the cantilever
ties of ionomeric polymer-metal composite¢PMCs) have . : . o
with platinum electrodegPt concentration was maintained

attracted great attention due to their ability to provide effec- . : . .
. : . . . below the doping metal level causing an independent nafion
tive mechanical actuation under low bigeveral voltg high

o . actuation.'® The carbon nanotubes in the study serve only as
strain with respect to ferroelectric polymers, such as PYDF,* . o .
) i ) a highly conductive filler in the polymer matrix and therefore
and relatively fast response time compared to ionic cgatsl

conductive polymers.The most studied IPMC material is cannot e.Xh'b't their own actuation. .
. . . : In this paper we report the electrochemical and electro-
nafion (a perfluorinated ionomgra membrane with electro- . - . .
. . ._mechanical properties of a composite material prepared by
chemically plated Pt electrodes on both sides. The actuation . . .
. . . . . praying SWNTs onto both sides of a nafion membrane.
mechanism of this composite was described in terms o

. : . uch a composite structure allows not only the investigation
electro-osmotic water transport driven by solvated cations . , .
. . of electrochemical processes at the nafion-SWNT interface
and charging of the double layer at the interface betwee

n - ; .
nafion and platinuﬁ*i’ or an interfacial stresgafion/Pj in- but also amplifies the actuation with respect to pure SWNT
. . . mats or IPMCs. Indeed, the SWNT cathode should exhibit its
ducing the composite motichRecently, a general model : ) .
o . own stretching at low bias voltagguantum effegt which
was proposed taking into account both the hydraulic and the . . ! : .
; ; coincides with the nafion stretching due to hydraulic and
electrostatic effects in the IPME® . > . .
. . electrostatic effects. In addition, as we will demonstrate, this
The discovery of single-walled carbon nanotubecom osite exhibits an efficient actuation in the open air as
(SWNT) electromechanical actuatidrintroduced a unique P P

. . ) ; . distinct from SWNT mats and most IPMCs, which require a
material enabling the conversion of an electrical stimulus tqiguid environment

mechanical displacement due to a novel quantum mechanica
mechanism. For low charge Qen3|_ty, SWNT mqts (ldemonn. EXPERIMENT
strate expansion and contraction with electron injection and
hole injection, respectivef?*® However, at high charge SWNTs were synthesized by the arc discharge method
density the electrostatic effect dominates and material exparand purified(85%) using air oxidation, acid treatment, and
sion occurs regardless of the charge siBef. 9a) and ref-  thermal annealing, as purchased from BuckyUSA, Inc. The
erences therejnTherefore, such an actuating system, at highaverage diameter of the nanotubes was in the range of 0.8—
charge density, principally cannot work in the bimorph can-1.1 nm according to NIR absorption/Raman spectroscopy
tilever geometry when asymmetrical electromechanical propand TEM observation. Nafion 117 membrdd80 um thick-
erties of both sides are required for cantilever bending. Alsoness, H -exchanged forinwas purchased from Aldrich. The
SWNT actuation needs an electrolytic solution to provide aSWNT/nafion/SWNT composite was prepared by airbrush
high charge concentration in the SWNT/electrolyte interfacespraying of a SWNT suspension in chlorofofm0.8 mg/ml,
(double laye). Since ionomeric polymers represent a solid30 min sonicatiop onto both sides of nafion at 50—60 °C.
electrolyte, their coupling with SWNTSs, as electrodes, couldThe deposited SWNTs form uniform and dense filgtisck-
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SWNT film

FIG. 1. Optical(left) and SEM(right) images of the cross section of SWNT/nafion/SWNT composite. SWNT film thickness is abpum.15

ness about 15—-20m) with a high adhesion to the polymer The FTIR spectrum of pure nafioffrig. 2) shows two
surface(Fig. 1). Neither spin-cast nor coating methods couldnarrow bands(980 cmi® and 1063 cm?), which can be
provide the same film quality. The reference samplesassigned to C-F bonds of the nafion backbone and the side
graphite/nafion/graphite and gold/nafion/gold were preparedhains. An intense, broadband at 1200 ¢rtoff scale in Fig.
by the airbrush technique at the same conditions and gold) is assigned to an antisymmetric stretch of the sulfonate
sputtering(100 nm thickness respectively. Additional sets groups' A strong broadband centered at 3470 ¢nis at-
of reference samples, for testing of possible actuation ofributed to fundamental hydrogen-bondedH stretching.
SWNTs without nafion in the open air, were prepared byAfter SWNT spraying onto nafion, the structure of the spec-
nanotube spraying onto the following substrates: glass, parum in the range of 4000—1000 crhremained unchanged,
per, polyethylenéa nonionomeric polymerand nanoporous although with a slight increase in scattering. The FTIR spec-
alumina oxide soaked in the NaCI ) solution. Finally, a tra were taken under various bias voltages up to 6 V, and
bimorph cantilever was fabricated from the composite toretained the original characteristics with the exception of in-
form a strip(~3x20 mnf) and was clamped between two tensity changes in the pronounced peak at 3470'cfigure
glass slides using platinum foil to maximize electrical con-2 demonstrates the gradual decrease of this p@4k0
tact with the voltage source. cm %) intensity (up to 12% under increasing bias from 0 to
|-V characteristics and current time scans in responsé V. The intensity of this peak recovers to the initial value
no step voltage were carried out with a Keithley-236 sourceafter the bias is returned to 0 V. The dynamic characteristics
measure unit. Cantilever displacement was measured by & the peak intensity with respect to applied voltage was
video camera coupled with an optical microscope and conrecorded by a time scan at constant wave num(3di70
nected to a computer video capture card. A Perkin-Elmecm™?1) synchronized with the voltage sweép-10 ) with a
Lambda 900 was employed to detect the vis-NIR spectra and
time scans. IR spectra were recorded with a Perkin Elmer

1650 Fourier transform infrare(FTIR) spectrophotometer. 12
Cyclic voltammetry was performed for the SWNT/nafion/ 0.56 0.0
SWNT membrane without an electrolyte solution using a 052 25

5.0
7.5

Bioanalytical System CV-27 potentiostat. A Ag/AgCI refer- 1.0 1
ence electrode was in contact with the SWNT surface via as
small drop of M aqueous sulfuric acid serving as a “salt z 0g %
bridge” between the reference electrode and working elec-g 0
trode, which was on the same side of the membrane. The2
other side of the membrane was the counter electrode. Sucg 0.6 -
a configuration allowed the study of the electrochemical re-<
actions occurring in the interface area between the nanotube
and the nafion.

Voltage

0.48

100 150 200 250
Time, seconds

0.4 -

IIl. RESULTS AND DISCUSSION

A. FTIR, vis-NIR spectroscopy and cyclic voltammetry

4000 3000 2000 1000
Wavenumber, cm™!

_ FTIR and vis/NIR spectroscopy were employed 10 elu-c,s »  trip ghecira of SWNT/afion/SWNT sample under electrical
cidate information such as structural or Conforma-t'Onalstimulation.(Inseb NIR time scan of absorbance pe@470 cm'?) during a

changes that may occur during the actuation mechanism. voltage sweep.
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rate of 0.2 V/s(Fig. 2, inset. When a bias of 10 V was SWNT/nafion/SWNT sampje It was found that for the
applied a 20% decrease in peak intensity was observed b&WNT/nafion/SWNT composite the absorbance intensity
this was completely recovered after the bias was removedonsistently increases with an increase of the applied volt-
(Fig. 2, inset. These data ruled out the possibility of hy- age, distinct from the reference sample, which exhibited no
drolysis, since this would cause an irreversible change in theoltage dependence. The same synchronized scan as used for
peak intensity. Intensity reversibility can be explained inthe FTIR measurement was applied to detect the intensity
terms of decreasing numbers 60OH bonds, in accord with change at constant wavelength for SWNT/nafion/SWNT and

the hydrogen-bonding scheme shown below. reference sampleéFig. 3, inset. An absorbance increase
|CI> ﬁ Vi cannot be associated with the mechanical/position change of
—s—0 —_— 30 4 (0 )n the SWNT/nafion/SWNT membrane as a result of actuation
g \H““"“ :o/H lcl) \H \H because, for optical measurements, the membrane was fixed
(\ >" from two sides in the holder. The absence of displacement in

this configuration was confirmed by the Fresnel technique up

It is known that the sulfonate groups of the nafion side chainso 10 V bias. This significant correlation between bias volt-
are capable of forming weak hydrogen bonds with the moage and absorbance may be a result of complex changes in
bile protons and the water within the nafitinApplied bias  the dielectric constaritmaginary and real pant®f the inter-
induces cation and electro-osmotic water tranggoftre- face medium between the SWNT and nafion due to the
sulting in the reduction of the number 6fOH bonds com-  double-layer effect strongly affecting the local polarizability.
pared with their equilibrium concentration. The same mechaAlso, a transition of hydrated water to free watas shown
nisms contribute to IPCM cantilever displacement, thereforeabove as a result of proton flux can contribute to the dielec-
the —OH band intensity decrease can be attributed to theric constant change, as will be discussed in the following
beginning of the actuation process. Also, in our case, as wilsection.
be shown in the following section, SWNT/nafion/SWNT Cyclic voltammetry provides information regarding
cantilever displacement starts at about 2 V, which is consiselectrochemical reactions occurring at the interface between
tent with the sizable change in theOH peak intensity. the SWNT and nafion. The peak at 0.5 V can be assigned to

The vis-NIR absorption spectra of the SWNT/nafion/the oxidation of the oxygen-containing functional groups lo-
SWNT composite exhibited bands that are typical for semicated on the SWNTs surfa€Eig. 4). As reported in previous
conducting nanotube@afion is transparent in this spectral studies:>!*the formation of surface oxides on SWNTs can
range. The broadband in the range of 1000—1700 nm correbe represented by an expressior=C=0+H"+e"
sponds to the first principal transitiong(—> cg) between Van <« =COH. The weaker peak atl V is likely due to a simi-
Hove singularities of the density of states of semiconductindar oxidation at different sites on the nanotulesgy., tube
SWNTs (Fig. 3.12*2The fine structure of the band000— end$ or nanotubes of different chirality, analogous to the
1700 nm was similar to that observed for SWNTs preparedchemoselectivity recently demonstrated by Stratal!®
by the HiPco procedd and there are at least four subbands,The peak current at 0.5 V was found to have a nearly linear
which can be assigned to the distribution of nanotubes witldependence on scan rate. This result indicates that the oxida-
different diameters in the range of 0.8—1.1 nm. As a refertion process occurs at the surface, according to the above
ence, a SWNT/glass/SWNT sandwich was ugprepared expression, and excludes a diffusion process.
under the same conditions for SWNT spraying as for the A correlation between the spectroscopic data and the cy-
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250 sputtered gold/nafion/gold and sprayed graphite/nafion/
1 graphite, were tested under the same conditions. Another set
of reference samples, SWNA/SWNT whereX is glass, pa-
per, polyethylen€a nonionomeric polymeérand nanoporous
alumina oxide soaked in the NaCl L) solution, was used
to elucidate nafion’s contribution to the mechanical response.
All of these samples exhibited no actuation under applied dc
bias in the range of 1-5 V. Thus, we can conclude that ac-
tuation occurs only for nafion-SWNT composites with a high
interface area resulting in efficient current flow. A high ionic
current through the composite due to proton mobility should
induce swelling of the cathode side and consequently canti-
100 lever bending toward the anode side. Apparently, only
oo o2 | o4 os o 10 12 SWNTs with a huge surface to volume rality, with respect
Potential, V to other tested materials, can provide the current values nec-
essary for the cantilever bending. Similar situations occurred
for IPMC composites, where a high interface area is the re-
sult of the fractal-like microstructure between nafion and

clic voltammetry data can be explained by the exchange ofl€ctrochemically plated pllatinu?r17.|owever, for the SWNT-
mobile protons between the SWNTs and the nafion. The cufafion cross section, no interfacial fractal structure is ob-
rent induces a charge separation within the nafion, breakderved on the micron scal€ig. 1). This is likely to be as-
hydrogen bonds, and results in the production of mobile prosouated with the nanoscale structure of nanotube bundles
tons. The protons on the cathode can, in turn, be used tyhose diameter of 50—100 nm defines the characteristic con-
reduce the surface oxides on the SWNT side of the interfacdact Size between SWNTs and the polymer. Another distinc-
Also, we can conclude that the SWNT-nafion interface canfion from IPMCs should be the contribution of SWNTs own
not be represented as a double-layer supercapacitor, in coﬁ?tuat'c’ﬁ(a)’g(b) (quantum effegt which amplifies the nafion
trast to the results reported for SWNTs in aqueous Nacflisplacement at low bias. However these two mechanisms
solution®@°® |n our case, the peak at 0.5 V indicates that an@re difficult to separate from each other. As can been seen in
electrochemical process occurs at the SWNT-nafion interfafig- 5, the SWNT/nafion/SWNT actuator exhibits a mini-
cial area, which can affect the interface resistance and c4num reversal displacement under applied step voltage,

200

150

Current, pA
o o
o o
L (] n 1

o
M 1

&
=)
1

FIG. 4. Cyclic voltammogram of the SWNT/nafion/SWNT membrane.

pacitance. which is different from the IPMC actuatof$t-nafion, and
metal-ion exchanged form of nafipnin aqueous
B. Electromechanical study solutions*®” For example, the reverse displacement after 50

s was more than 50% for a Linafion cantilevet/ and
The mechanical response of the SWNT/nafion/SWNT10094 after several seconds for'kj Na*-, Cs"-nafion and
bimorph cantilever under dc step voltage is shwon in Fig. Sprotonated nafioh The reversal mechanism in such cases
The mechanism of actuation presumably can be associateén pe associated with interfacial tension and water back
with the electromechanical properties of both the SWNTsyjtfysion due to osmotic pressur&t® Applied bias to proto-
and the nafion, as mentioned before. To clarify the SWNThated nafion in the SWNT/nafion/SWNT actuator induced
role in the composite’s actuation two reference samplesmosﬂy proton flow toward the cathode without strong in-
volvement of the water molecules. Therefore, the back relax-
10 ation can be considerable lower than that for metal-ion-
oo A nafion forms. Also, because experiments were carried out in
open air, the water concentration inside the nafion was less
than that in the IPMC samples immersed in the watér’
In addition, the interfacial tension during actuation between
SWNT and nafion can be less than tension between nafion
and platinum due to a high SWNT elasticlfy.
|-V characteristics for SWNT/nafion/SWNT, graphite/
nafion/graphite, and gold/nafion/gold are consistent with our
assumption about the high current flow through the SWNT-
nafion interface. As can be seen from Fig. 6, beginning at 2.5
. V the current density of the SWNT/nafion/SWNT sample is
significantly higher than that of the reference samples. At the
same voltage, the SWNT/nafion/SWNT cantilever begins to
100 exhibit an actuation.
More detailed information about the actuation mecha-
FIG. 5. Displacement of SWNT/nafion/SWNT cantilever driven by 3.5 v NiSmMs can be obtained from the temporal current response to
rectangular dc voltage. a step voltage. Figure 7 shows the current decay of SWNT/

0.8

0.6 1

0.4

Tip Displacement, mm

.
[ pieinteteinteindeiintaiieieiniei it 2

[
0.0 esseesd®

1 M 1 M 1 M 1
0 20

oo _|
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16 biexponential decay with a long time component can be con-
] sidered as a sign of an electromechanical effEa. 8a)].
To explain the above features we propose a model based

127 ! on an electrical circuit that simulates the current-time re-
104 sponse in the actuating systdfig. 9). Herer, is the inter-
Ng 1 nal polymer resistance between SWNT electrodes;c,,
E % andr,, ¢, are leakage resistances and capacitances of both
= 6 of the SWNT-nafion interfaces. The actuating process leads

to an asymmetry in electrochemical properties of the ca-
thodic and anodic interfaces, and consequently to the differ-

2+ 2 ences between resistances and capacitances at both sides of
0- 3 the cantilever. The solution of the current-time respondé,
; . . . . T T on the step voltage, for such a circuit is as follows:
0 1 3 4 5
bias, V i(t)=B, exp(—z;t) + B, exp( — z,t) + Bo, (1)

FIG. 6. |-V characteristics for SWNT/nafion/SWN(LL), graphite/nafion/

graphite(2), and gold/nafion/gold3) composites. wherez, =1+ 8, 2,= 61~ 65,

Cq 1+:—0 +Cy 1+:—O
nafion/SWNT, graphite/nafion/graphite, and gold/nafion/gold ~ 61= 220102r0 : )
samples as a response to a 3.5 V step voltage. The qualitative
evaluation demonstrates at least two distinctive features be- ro rol1? vz
tween SWNT/nafion/SWNT and the reference samples. First, ( Caf 1+ —J=Cy| 1+ — +40102)
the SWNT/nafion/SWNT average lifetime is longer than that ~ §,= 2 e oo L , 2
of graphite/nafion/graphite and gold/nafion/gold samples. 1270
Second, the SWNT/nafion/SWNT decay cannot be fitted by a €
monoexponential function while such a fit is quite satisfac- x= (Zo—Z) (o T2 F 1) Tor Gy ©)]
tory for the reference sampléBig. 7). A biexponential func- 2 0Tt
tion gives excellent fits to all experimental curves, buta pro- B = y(ro+r,+r,—2,r or1¢)(1—r,¢12,),
nounced difference between the monoexponential and
biexponential fit is observed only for SWNT/nafion/SWNT Bo=—x(rg+trq+ro—2z:rgr1€1)(1—r1Cq2,), (4)
composite. According to a previous studya ~t~ %5 func-
tion should be more appropriate for the current response than _ € (5)

an exponential decay if a fractal-like interface is responsible O rotritry’

for actuation(distributed model We did not find any satis- )
factory fit by the power function-t™ " (even with a varied ;ZT) \(jlcj)lrtraegésdsg%\/lvOgntjlhzb?)\\i\(laNt;/en2\1?1?5??9&@3&2&!6 at
powerm) to the experimental SWNT/nafion/SWNT decay, 8) exhibits a significant difference in thét) function (Table

which is consistent with_our SEM image of the interfacel) At low voltage(0.8 V) the decay is almost monoexponen-
(Fig. 1), where no fractal-like structure was observed. Henceﬁal (B, /B~ 108, /By~40) and the major contribution is
defined by the short-time compondi®t5 9. At voltages of
3.5 V and greate(i.e., above the actuation threshplthe
contribution of the long-time component is increased dra-
5804 matically along with an increase of the background value
(B1/B,~1,B,/By<0.1). Also, the magnitude of,=z, ' is
increased by a factor of 3 with respect to the low voltage
case. The(t) decay can be described by a monoexponential

560 -

=]
< function according to the above modélig. 9) if ry=r,=r
g %97 andc,;=c,=c. Then,
3 J 2r t
© 520 i(t)= 1+ —|exp — =/,
ro+2r o Rc
500 where
rof
480- 1 v T v 1 M R: r _i2r " (6)
0 10 time, s 20 0

FIG. 7. Current time scans of SWNT/nafion/SWNG&ircles, graphite/ This is consistent with the low voltage case when no actua-

nafion/graphitdtriangles, and gold/nafion/goldsquarescomposites at ap-  1ON 1S ObS?rved and cohsequently ther? is'no asymm_etry in
plied step voltage of 3.5 V and monoexponential fit cur(gslid lines. the properties of both sides of the cantilevee., equal in-
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2.80
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FIG. 8. Current time scans of SWNT/nafion/SWNT cantilever at applied step voltage of @p 2.5 V (b), 1.5 V (c), and 0.8 V(d) and corresponding
monoexponentialdash and biexponentialsolid) fit curves.

terface capacitances and resistoiihe monoexponential fit of the resistances compared with the low voltage case: at
of the experimental decay0.8 V) by Eq. (6) givesrg least one order of magnitude for the internal polymer resis-
=20k, r=400K2, andc=60uF. tance ¢,) and two orders for the leakage/interface resis-
For thei(t) dependence at 3.5 Ybiexponential decdy tances (;,r,). Second, as the; parameter is much higher
we can make quantitative conclusions about the resistancélsanz, (z,>z,, Table ), an approximations, = &, is pos-
and capacitances. Using the asymptotic behavior of(Eq. sible and from Eq.(2) it follows that ryt~ry*+r,?*
and simple approximations,, c,, rq, r{, andr, can be +rqy/(rqr,) leading tor,, r,=rg. A similar relationship be-
expressed via,, z,, By, B;, andB,. First, according to tween interface and internal resistances for voltages below
Eqg. (5) and theB, fit value, the sum of the resistances is the actuation threshold was found. Hence, an actuation pro-
rotrit+r,=1.4Kk0, which indicates considerable reduction cess reduces not only interface resistances but also the inter-
nal polymer resistance, and this value is lower than that at
the SWNT-nafion interface. Third, from the above conditions

r r . 1, - _
! ) 2 (6,=6,) it follows that z;=~28,=c; (ro*+r;t)
0
| | TABLE |. Parameters for the best fit of thét) function by biexponential
¢ c decay at different values of the step voltage.
1 2
\Volts 7(s) z(sY  7(s) z(sY) By/B, B;/Bg
m 0.8 0.5 2.0 5.2 0.19 9.2 41
N4 15 0.5 2.0 4.7 0.21 5.3 24
25 0.7 1.43 11.8 0.084 1.3 1.1
FIG. 9. Electrical circuit simulating the current response in the SWNT/3.5 0.7 1.43 21.8 0.046 11 0.08

nafion/SWNT composite.
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crease of the dielectric constant. Since interface capacitance
is given axx~(e/d)S, wheree is the dielectric constangis
the SWNT-nafion contact surface, adds the thickness of

estimate for the interface capacitances under actuation: the interface double layer, thevalue change should increase
c,=1mF. the interface capacitance at both sides of SWNT/nafion/

A decrease of the resistances and increase of the capadiWNT cantilever. Also, charge injection in the SWNTs
tances can be understood in terms of ionic conductivityShould enlarge the SWNT-nafion contact surf&eue to
change of the water dielectric constant, and electrostatic exgléctrostatic repulsion between SWNT bundles and indi-
pansion of the SWNTs with charge injection. When an ap_vidual nanotubes inside the bundf@sThis effect can also
plied bias is enough to induce proton flux from the anode tceontribute to increase of the interface capacitances.
the cathode, internal and interfacial resistances are reduced Of special interest presents is the cantilever response to
due to imbalanced charge carriers. According to the mb@lel, ac voltage and dependence of its displacement on ac fre-
such a redistribution of mobile cations results in polymerdquency. We detected the cantilever displacement in the fre-
chain contraction between nafion hydrophilic clusters at théluency range up to 100 Hz with ac voltage 2.5, 3.5, and 5V
anodic side and chain expansion at the cathode. This electr¢sine function. It was found that SWNT/nafion/SWNT
static mechanism of cantilever bending should prevail ovesamples have resonance frequencies depending on cantilever
water osmotic stress by at least in one order of magnifudegsize. According to expectations, the resonance frequency
especially for our case: nafion is not water swollen; open-aipeak was shifted to higher frequency with reduction of its
conditions(nonaqueous environméntnd proton transport length (Fig. 10. The SWNT-nafion composite demonstrates

(as distinct from metal cation transppdoes not necessarily @ high robustness with respect to the graphite-nafion refer-
involve the water moleculds However, even in the rela- ence sample. Carbon nanotube material sprayed onto the

tively dry nafion, there is enough hydrated wateound to  nafion surface was strongly adhered and did not show any
protong to strongly affect the dielectric constant upon ap-aging or peeling for more than two months after composite
plied bias. preparation and storage at normal conditions. In contrast, the
It is known that free water has a dielectric constant of 78graphite adhesion was poor and the graphite layer could be
at room temperature and this value can be reduced by agasily removed from the nafion surface. Cantilevers fabri-
order of six for hydrated water bound to ions in the cated from the fresh SWNT-nafion composite and from an
solvents'® When an electric field moves protons, an excessaged compositétwo monthg did not exhibit any difference
of free water near the anodic side can strongly increase thi@ actuation properties. Also, we tested the actuation lifetime
dielectric constant at the SWNT-nafion interface. Moreoverunder ac signal at the resonance frequency: the cantilever
at the cathode side the protons bind to the surface oxides afemonstrated remarkable continuous actuation for 810 000
SWNTs(as was discussed previoushnd cannot participate cycles(6.25 h, 36 Hz, 1.2 Vat the resonance frequency with
in the water hydration, which results in an increase of thean amplitude reduction of less than 10% from the initial

free water at the cathode interface and consequently an ivalue.

+6 Mgt +r, Y. Asrg, rq, andr,<1.4kQ, thenrg?, ry?t,
and r,'>7.1x10*Q "%, which gives z,>1.4x10°
(c;t+c,1). Takingz,=1.43s* (Table I, we can get an
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