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Abstract

The development and characterization of thin film polymeric actuators has been performed for single wall carbon nanotube (SWNT)—Nafion
composite systems. Previous work in our laboratory illustrated that incorporation of highly conductive SWNTSs into an ionomeric matrix
promoted an actuation response by enhancing the electro-osmotic effect at relatively low doping-&\iéis (w/w). Further investigation
has shown the effects of frequency and applied voltage on the composite bimorph actuator systems. The results indicate a displacement
response that is linearly dependent on voltage and inverse to frequency.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction This differential swelling results in a bending of the tip to-
wards the anode. The degree of electrode swelling is directly

Thin film polymeric actuators are an area of cur- related to the water solvation sphere of the counter cation. It

rent research for various applications, including micro- has been shown that selection of lithium as the counter cation

electromechanical systems (MEMS), artificial muscles, and will produce the maximum displacement for these actuators

micro-catheterfl]. Typical devices require an electrochemi- [3,7].

cal stimulus to cause the mechanical bending of the structure ~ Attempts to improve actuator performance have been

by pH, osmotic, or redox effects. Although many conducting made by enhancing electrode roughness to increase metal-

polymers have been investigatétl, an ionomeric polymer,  lized surface ared8] modifying Nafion film thicknesses,
Nafion, has been shown to be a viable actuating material[2] and varying the counter cation species in the electrolyte
based on an electro-osmotic eff¢2}. [6]. Recently, we described the effects of incorporating sin-

Nafion actuators which rely on the chemical reduction of gle wall carbon nanotubes (SWNTS) into the Nafion matrix
noble metals on the surface of the ionomer film, have beenas a means of significantly augmenting the film’s conductiv-
reported by several groug8-5]. Typical Nafion bimorph ity [9]. Efficient dispersion of the highly percolating SWNTs
actuator devices operate in aqueous alkali metal electrolytesjn the Nafion matrix can foster a more uniform, conductive
although some work has been done with alkyl ammonium so- electrode. This is in contrast to chemically metallized-Nafion
lutions[6]. Under an applied bias of a few volts or less, cations electrodes which are limited to enhancement of surface con-
in solution are driven into the Nafion matrix of the cathode ductivity only. Since chemical metallization is a diffusion-
by the electric field. The solvated cations cause swelling of limited process, the penetration depth of the noble metals is
the cathode at a significantly higher degree than the anodetypically 1-10um [10]. Also, the problematic delamination

of metal surface layers for metallized-Nafion electrodes is not
* Corresponding author. Tel.: +1 585 475 5149; fax: +1 585 475 4724, @ concern for SWNT-Nafion composite electrodes since the
E-mail addressrprsps@rit.edu (R.P. Raffaelle). conductive network is dispersed within the polymer matrix.
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The previous displacementresults were reported to be sim- Side View Front View
ilar between highly metallized-Nafion actuators (i.e. >30%
(w/w) metal), and significantly lower doped SWNT-Nafion Mirror
actuators £5% (w/w) SWNTSs). Also, the typical osmotic
relaxation for metallized-Nafion actuators was not observed
with SWNT—-Nafion composite actuatdi@. In this report, Tnsnlating
we provide characterization data for the effects of applied substrate
voltage and operating frequency on the bimorph cantilever
displacement of SWNT-Nafion composite actuators.

Sealed Composite Film
Clamp 4mm x 25mm x 251m

\ Electrical/'

Single wall carbon nanotubes were purchased from Car- Contacts
bon Nanotechnologies Inc., referred to as HiPco SWNTS or Fig. 1. Schematic representing the fabrication of bimorph cantilever actua:
h-SWNTS[ll]. Pur_lflcatlon Pf the as-pr(_)duced (AP) mate”?' to?s. On each side ofﬁ)he insulaging substrate, SWNT—Ngfion composite :Jhin
was performed using a series of chemical and thermal Ox'da'film electrodes were applied. Electrical leads in contact with the electrodes
tion steps based on the reported procedii2¢ In summary, were protected by a sealed plastic clamp.
~50mg of AP h-SWNTs were heated to 225 in air for
16 h, followed by ultrasonication ir-20 mL concentrated  was intended to eliminate reported “curling” effects of
hydrochloric acid for 1 h. The solution was filtered through a metallized-Nafion actuator$2,5,6,10,13]by isolating the
0.2um-47 mm Anodisc membrane filter and dried afZ0 electrodes to a flexible support. The bimorph cantilever actu-
in vacuo for 1 h. The procedure was repeated at temperaturesator assembly was immersed in a 1 M L} solution. Dis-
of 325 and 425C in air for 2 h, with ultrasonication in con-  placement data was acquired using an optical lever whereby
centrated hydrochloric acid for each step at similar times. a 0.95 mW helium—neon laser was focused on an aluminum
A final thermal oxidation at 42%C for 2 h was performed  mirror and the reflected beam measured on a data collec-
to attain >95% (w/w) h-SWNTSs, the desired purity. Charac- tion board. Electrical stimulation of the actuator electrodes
terization of the AP and purified h-SWNTs was performed was performed using a Keithley 236 Source Measurement
using thermogravimetric analysis (TGA), scanning electron Unit at excitation sinusoidal voltages ranging from 0.025 to
microscopy (SEM), and Raman spectroscopy. The TGA was 2.0V, and observable cycling frequencies from 1 to 50 Hz.
performed on~1 mg samples under flowing air (60 sccm) at The cantilever tip displacement was calculated using small-

2. Experimental

aramp rate of 3C/min from room temperature up to 950. angle approximations by the following equation:
SEM images were obtained with a Hitachi S-900 at an ac-
. . . . DL
celerating voltage of 2kV with magnifications ranging up d = B (1)

to 100,000<. Raman spectroscopy was performed with a JY-
Horiba LabRam instrument at excitation wavelengths of 1.96 whered is the bimorph cantilever tip deflectioB, the pro-

and 2.54 eV. The scan range was 50—2800tmith an at- jected displacement on the data collection bolittie length
tenuation filter during analysis to minimize localized heating of the cantilever arm measured from the center of the mirror
of SWNT samples. to the base of the cantilever, aBdis the distance between

Purified h-SWNTs were dispersed in Nafion solution the bimorph cantilever tip and the data collection board. The
(Aldrich) at appropriate mass doping levels for each compos- experimental precision for the optical leverdbum at a
ite by a series of mixing technigues. Initially, homogenization distanceB, equal to 1 m.
at 20,000 rpm occurred for five 10 min intervals, followed by
mechanical stirring at room temperature for 72 h. The com-
posite solutions were cast onto Teflon substrates, allowed to3. Results and discussion
dry at room temperature for 24 h, and then placed &tC70
in vacuo for 1 h. The resulting films displayed a thickness  The purity of the SWNTs prior to dispersion in the
of ~25um as observed by a cross-sectional analysis in the Nafion matrix is an important consideration during compos-
SEM. ite preparation, directly affecting conductive percolation lim-
Electrical contacts were applied to the SWNT—Nafion its. Therefore, it was imperative to reproducibly attain high
composite membranes by a mild platinization procedure de- purity, >95% (w/w) h-SWNTSs. As seen Irig. 2, SEM im-
scribed previously9]. The composite membranes were then ages representative of the (a) AP h-SWNTS, and (b) purified,
cut into strips with dimensions of 4 mm25 mm, and im- >95% (w/w) h-SWNTSs, display significant removal of the
mobilized on opposite sides of an insulating 5 mr85 mm amorphous carbon coatings from the purification process. In
polyimide film (Fig. 1). Application of the SWNT—Nafion  addition to this qualitative analysis, we have shown using
composite electrodes on the insulating polyimide substrate TGA that the iron catalyst impurities can be reduced to <3%
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Fig. 2. SEM images of (a) as-produced h-SWNTs, and (b) purified, >95% h-SWNT Doping Level (% wiw)

(w/w), h-SWNTs. Removal of the carbonaceous coatings from the as-
produced material during the purification process is distinctly observed be-

tween images (a) and (b). Magnification is 60,80 both images. Fig. 4. Bimorph cantilever tip displacement data for varying percent by

weight h-SWNT-Nafion composite actuators at an applied voltag®df V

. d ting f f1Hz.
(w/w) [9]. Raman spectroscopy was performed to determine and an operating frequency of - iz

any changes in the diameter distributions of AP h-SWNTs ) . ) .
during the purification process. ShownHhig. 3 is the Ra- tionship of displacement as a function of doping level for

man data for AP h-SWNTs (gray) and purified, >95% (w/w) SWNT—_Naﬁon composite actuators is shc_)wrFig. 4. For
h-SWNTs (black). The data ifiig. 3a and b represents the an applied voltage o£0.5V and an operating frequency of

radial breathing modes (RBM) for laser energies of 1.96 and 1Hz, the resulting displacemelnt. is observed to increase as
254 eV, respectively. This spectral region directly relates to € Percent by weight SWNTSs is increased. These results, at
the diameter distribution and type (metallic or semiconduct- "€latively low voltages, offer tip displacements that are ap-

ing) of SWNTs[14,15] The following relationship between proaching reported values for metallized Nafion actuators,
diameter §, nm) and Raman shifgem, cm1) has been ~1 mm{[3]. However, it is important to consider that a more

reported for bundled SWNT46]: accurate comparison of.the displacen_meng results betwe_en ac-
tuator types would require a standardization of the cantilever
(224 dimensions and applied electrical stimulus.
wrpM = | — | + 14 (2) . ) . .
The actuator tip deflection for metallized Nafion actua-

tors has been shown to be dramatically improved by alter-
ing the applied voltagg8]. Similarly, for a 10.8% (w/w)
SWNT-Nafion composite actuator, the effects of a varying
sinusoidal voltage on displacement at a constant frequency
of 1Hz were also measured from 0.025 to 2.0V. As seen
in Fig. 5, SWNT-Nafion actuators exhibit a linear depen-
dence of tip displacement by voltage. This compares to the

For bothFig. 3a and b, the Raman shifts for AP h-SWNTs
occur between 180 and 320 chindicating diameters corre-
sponding to 0.73-1.35 nm and the presence of both metallic
and semiconducting SWNTs. The purified h-SWNTs have
a diameter range 0+1.0-1.3 nm containing both metallic
peaks (at 190, 216, and 253 thin Fig. 3a) and semicon-
ducting peaks (at 199 and 223 thin Fig. 3).

Preparation of the SWNT—Nafion composite solutions

was performed as previously reported at various percent by 1.2 PP
. . - = r4
weight SWNT doping level§9]. The characteristic rela- ° %
1k _
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Fig. 5. Bimorph cantilever tip displacement data for a 10.8% (w/w) h-
Fig. 3. Shown is the radial breathing mode (RBM) from the Raman spectra SWNT—Nafion composite actuator as a function of voltage at an operating
of AP (gray) and purified, >95% (w/w) h-SWNTs (black), for incident laser  frequency of 1 Hz. The plot shows the linear dependence of applied voltage
energies of (a) 1.96 eV and (b) 2.54eV. on tip displacement.
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51— the highest frequency observed using the optical analysis sta-
V=20V _ tion was 50 Hz at-2.0 V for the 17.5% (w/w) composite.
:

4+ J
E , _ - 4. Conclusions
E Fir -
E Characterization of SWNT-Nafion composite actuators
8 2f '%_‘ - as a function of applied voltage and operating frequency
2 E was performed. It was observed that a linear dependence on
= “

il - s W i tip displacement from applied voltage exists with these de-
o vices. Also, the tip displacement was shown to vary inversely

with frequency. Therefore, applied voltage and operating fre-
- 6 quency offer two possible parameters for control over device
Frequency (Hz) performance. Overall, the ability to operate these actuator
systems at controlled conditions, lends itself towards future

Fig. 6. Bimorph cantilever tip displacemenl flata for 6.3,10.8,and 17.5%  development in MEMS switches.
(w/w) h-SWNT-Nafion composite actuators at an applied voltaged V

as a function of the operating frequenfy The dashed curves represent the
relationshipd = 1/f.

Acknowledgements

reported behavior of platinum—Nafion actuatorswhere an*al- ~ The authors acknowledge support for this project from
most proportional” relationship between displacement and the Office of Science, Basic Energy Sciences, Division of
voltage was observed]. Therefore, the results indicate that Materials Science and the Office of Energy Efficiency and
variation in the potential difference between electrodes can Rénewable Energy Hydrogen, Fuel Cells, and Infrastructure
impact the flux of solvated cations. (As described earlier, 1€chnologies Program of the Department of Energy under
a higher degree of solvated cation diffusion into the com- Grant No. DE-AC36-99G010337.
posite electrodes will induce a larger degree of differential
swelling and corresponding bending of the[®).) This ap-
plied voltage effect offers the potential for controlled manip- Réferences
ulation of tip displacements for SWNT—Nafion composite
actuators. [1] R.H._Baughman|‘Synth. Met. 78 (1996) 339.

Characterization of the bimorph cantilever actuator tip E} $ ,f;,“g ,T.' jgiﬂ,‘;‘t‘,’ﬁc’}Pﬁgvc;iﬁa(zgo?aﬁlh,ta K. Asaka, K.
displacement as a function of operating frequency was con-  Oguro, Polym. Adv. Technol. 9 (1998) 520.
ducted at constant voltage. Analysis of the frequency effects [4] N. Fujiwara, K. Asaka, Y. Nishimura, K. Oguro, E. Torikai, Chem.
on displacement for representative doping levels (6.3, 10.8, __ Mater. 12 (2000) 1750.
and 17.5% (wiw) SWNTs) is displayed Fig. 6. There is EZ} 'I\</Lgr?i?:ia’SM.SZ\?v);a’KP?ﬁlérglg 4[\? (le?(i)vi;rzz?(l.o uro, Electrochim
an observed reduction in displacement for each doping level " aca 46 (2001) 1233. T e, B B, '
as frequency increases. Also, characteristic of each doping [7] K. Asaka, N. Fujiwara, K. Oguro, K. Onishi, S. Sewa, J. Electroanal.
level is aninverse relationship between displacement and fre- ~ Chem. 505 (2001) 24.
quency. The dashed linesfig. 6represent displacement as [8] T.G. Noh, Y. Tak, J.D. Nam, H. Choi, Electrochim. Acta 47 (2002)
a 1/frequency relationship, similar to the data points for each (9] é?.]él.ll_-andi R.P. Raffaslle. M.J. Heben. J.L. Alleman. W. VanDerveer
composite. As expected, the response time of the actuator is " 1 Gennett, Nano Lett. 2 (2002) 1329. ' '
limited by the frequency at which the potential bias is alter- [10] M. Shahinpoor, K. Kim, Sens. Actuators A 96 (2002) 125.
nated. Previous data by others also show decreasing displacdi1] P. Nikolaev, M.J. Bronikowski, R.K. Bradley, F. Rohmund, D.T. Col-
ment results for metallized-Nafion actuatt3]. However, bert, K.A. Smith, R.E. Smalley, Chem. Phys. Lett. 313 (1999) 91.
there may exist other contributing factors for SWNT—Nafion 12 IJV\,/:,hC Z'ag%’ei'EéBlr;)nssc(’;(')(i')E'nSga"ey‘ L. Margrave, R.H. Hauge,
composite actuators which effect tip displacement as a func-; 3, M. sgay',inpoor; Electrochim. Acta 48 (2003) 2343.
tion of frequency. At low frequencies there are potentially [14] M.S. Dresselhaus, G. Dresselhaus, A. Jorio, A.G. Souza Filho, R.
mechanical restrictions inherent to the SWNT-Nafion elec- Saito, Carbon 40 (2002) 2043.
trodes and insulating polyimide substrate which prevent com- (5] 'J--LA';":QVZA_ 3- (F;ihg:ria Tlst?ii”i:edt’t 551'20('23656)/*1”8%"’“% D. Laplaze,
plete displacement during the applied stimulation. For high , o, %'y, Rao. 1. Chen, E. Richter, U. Schlecht, PG, Eklund, R.C. Had-
frequencies, it is proposed that cation diffusion would be the don, U.D. Venkateswaran, Y.K. Kwon, D. Tomanek, Phys. Rev. Lett.
limiting factor responsible for an observable maximum fre- 86 (2001) 3895.
quency. In the series of SWNT—Nafion composites analyzed, [17] K. Jung, J. Nam, H. Choi, Sens. Actuators A 107 (2003) 183.



	Development and characterization of single wall carbon nanotube-Nafion composite actuators
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


