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Electrochemical Synthesis and Fast Electrochromics  coloration and color contrast. However, there is a problem

of Poly(3,4-ethylenedioxythiophene) Nanotubes in in fabricating a flexible electrochromic device using the
Flexible Substrate alumina template due to its fragility.

Track-etched porous polycarbonate (PC) membrane is a
Seung Il Chd, Dong Hwa Choi, Sang-Ho Kim? and good candidate for the flexible template. This membrane is
Sang Bok Lee* very flexible, commercially available with various pore

Department of Chemistry & Biochemistry, diameters (0.0+20 um), and quite transparent due to the

University of Maryland, College Park, Maryland 20742, thin film thickness (6-10 um). Although there have been a
LG Chem Research Park, 104-1 Moonji-dong, few studies on the electrochemical synthesis of conducting

Yuseong-gu, Daejeon, Korea  holymer nanotubes using template synthé&si& Duvail et

Receied April 5, 2005 al. have recently reported that PEDOT in a PC membrane,

Revised Manuscript Recegd July 18, 2005 unlike polypyrroles and polyanilines, was likely to be
electrochemically synthesized as nanowires (nanofibrils)

instead of hollow nanotubé$.This was attributed to the

difference in the interaction of pore wall with nascent
polymers. Thus, the electrochemical synthesis of PEDOT
nanotubes is still challenging in the porous PC membrane.
Here, we describe a new electrochemical synthetic method
. Y . and characterization of PEDOT nanotubes in the PC mem-
phene) (PEDOT) and its derivatives are especially one of brane. The well-defined nanotubular structure provides fast

the most attractive electrochromic materials of conducting . . L
. : electrochromic response (20 ms for decoloration or oxidation)
polymers due to the high contrast ratios as well as an.

availability of diverse coloré.® One of the important issues n the h|gh|}/ flexible substrate. . .

in the electrochromic devices is the color-switching rate as Figure 1 Hlustrates the schematic for_the electrochemical
well as the color contrad€ The fast electrochromic response syntht()ess ofothe .F(;ED?I] nsgc:};j begzlg the por((ajg of PC
can be achieved by reducing the film thickness since the membrane. Lne S|de th € hi II m ( f nrrdpore |am|((a.ter)
color-switching rate is determined by the diffusion rate of was sputter-coated with a thin layer of gold as a working

counterions into the film during the redox process. However, electr[oge for thﬁ ?;;ctrochet:n ical synthﬁ_:;ls kOf PE?O"T d
this leads to insufficient coloration and color contrast of the "@NOUDES IN €ach of ihe membrane pores. 1he key controlie

electrochromic device. variables in nanotube synthesis are applied potential, mono-

Recently, we have pioneered the electrochromics of mer concentration, ant_j elgctrqpolymerizaﬁon time. In par-
nanotubular structure of PEDOT and could achieve the icular, electropolymerization time was adjgstgd to control
extremely fast electrochromic response (less than 10 ms)the length of I.DEDQT nanotu_bes. Polymen; ation was per-
without sacrificing the color contrasiThe PEDOT nanotubes formed potentiostatically at dlfferent potentlla_ls of 12 L4,
were synthesized electrochemically in the pores of the 1.6,and 1.8 Vyersus Ag/AGCI inan a_lcetomtnle solution of
alumina template film at high reaction potential and low 10 or 25 mM in 3,4-ethylenedioxythiophene (EDOT) and

monomer concentration based on the new proposed mech—100 mM in LICIG,.

anism’ The thin nature of the nanotube wall decreased the ~Since the thin wall thickness of tubular structure is the
diffusion time of counterions dramatically, thus the electro- €SS€ntial part to achieve the fast electrochromic response,

chromic response time and the controlled length of PEDOT PEDOT nanotubular structures were characterized with
nanotube arrays in the porous alumina film gave the strong {fansmission electron microscopy (TEM) after the removal
of the PC template. We attempted to synthesize PEDOT
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There has been much work on the development of
conducting polymer-based electrochromic devices for sen-
sors, smart mirrors and windows, signal transduction, and
flexible displays since these devices have many attributes
such as flexible, thin, low-power consuming, lightweight,
and inexpensive devicés? Poly(3,4-ethylenedioxythio-
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Figure 1. Schematic of fabricating PEDOT nanotubes on a flexible template.

(a) (b)

500 nm

—

Figure 3. SEM images of PEDOT nanotubes after removing a template:
(a) low and (b) high magnification. Experimental conditions are the same
as with Figure 2d.

‘ , (Figure 2c). Longer and thicker nanotubeg2(5 um long;

; 2 | ca. 50 nm thick in the middle of nanotube) were obtained at
+ / 1.2 V for 80 s in 25 mM EDOT in an acetonitrile solution
Y 500 nm 500 nm (Figure 2d). Further increasing the electropolymerization time
Figure 2. TEM images of PEDOT nanotubes synthesized in a PC to 300 s led to completely filled nanowires. Itis worth noting
membrane at different conditions: (a) 10 mM EDOT, 1.6 V, 40 s; (b) 10 that the nanotube wall becomes thinner at the top with respect
rlng/IVE%(gT, #hZ Vv, 40 sc:j_(C) 25 ml\]/j EDOT,bl-Z(V. 40 Sﬂ(d)ggomM)EDOT’ | to the growth axis of the nanotube in Figure 2c,d. This can
. , S. e outer diameter of nanotubes (more than nm) in panels : : H
b and c is larger than expected (ca. 220 nm). This can be ascribed to thebe aFmbUted to the diffusion 9f monomers from the bulk
collapse of nanotubes after removing the template due to the very thin natureSolution to the bottom over the time of nanotube growth after
of PEDOT nanotubes and also to the cigar shape of pores in the template.consuming the monomers present in the beginning as

i described previously.
properties of the membrane and the bottom electrode. The 1 ¢ynyiar structures could also be proved using scanning

filled portion of the nanotube was increased by lowering the 4actron microscopy (SEM). After removing the polycar-
potential to 1.4 V, as predicted from the previous report, | ,nate template using methylene chioride, SEM images were
since the reaction rate was decreased while the monomer e for PEDOT nanostructures synthesized at 1.2 V for
diffusional flux was about the same into the pores. The gg ¢ in 25 mM EDOT. The low magnified image shows the
increase of filled portion deteriorates the color-switching rate aggregated and collapsed PEDOT nanostructures (Figure 3a).
significantly in an electrochromic device. Interestingly, Tpis phenomenon seems to be caused by the surface tension

nanotubes with very thin wall thickness (less than 10 nmin generated at the interfaces between nanotube surfaces and
thickness) were obtained at the lower potential, 1.2 V (Figure liquid during the evaporation of solvent. The wrinkled and

2b). This phenomenon contradicts the previously proposed . japsed structures of the nanotubes are much more clear
mechanism that nanowire structure is preferably obtained as;,, e high magnified image (Figure 3b), which strongly
the reaction potential decreasehis might be explained g 5501t that the inside of nanostructures is empty. Due to
by a preferable polymerization reaction on the rmg-shap_ed the very thin nature of PEDOT nanotubes, they could not
gold electrode end at the bottom of pore (see Supporting qt4in their shapes after removing the template.

Inforrlnatmn)h. Th_e r||ng-s_,hape_-d electhrodle end may sgdrve_ as Figure 4 shows nanotube wall thickness changes as a
an electrochemical active site at the low onset oxidation ¢ nqfion  of electropolymerization time. Here, the wall

potential,®** because the oxidative p.‘"y!“”e"z"’.‘“o"! of ED.O T thickness was measured at the middle of PEDOT nanotubes.
starts at_)out. at 1.2 W.V_Ve are still investigating this These results may explain those of Duvail etialthe
exKIanart:p rr‘] N more deta|_l ) h 5 M EDOT. th preferred growth of nanowire structure of PEDOT in a PC

. t a higher concentratlorj such as 25 m , the embrane, because they used the longer electropolymeriza-
thicker nanotubes were obtained at 1.2 V for 40 s as expec’te({}:)n time (400 s) in the smaller pore size (150 nm) of PC
12) Bowling. R, J.- Packard R. T.- McCr R 1 Am. Chem. S membrane. We obtained the nanotubular structure of PEDOT
(12) 15&'&1 1'21"7,{’12(:2; T Metreety, 1R &AM hem. 50c based on Duvalil et al's condition with the shorter polym-
(13) Noll, 3. D.; Nicholson, M. A; Van Patten, P. G.; Chung, C.-W.; erization time (100 s, see Supporting Information).

Myrick, M. L. J. Electrochem. Sod998 145 33203328, To demonstrate the fast color change of a nanotube-based

(14) Walter, E. C.; Murray, B. J.; Favier, F.; Kaltenpoth, G.; Grunze, M; . ) -
Penner, R. MJ. Phys. Chem. 2002 106, 11407-11411. electrochromic device, an electrochemical cell was con-
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120 15 and 24 s switching times were reported for the thin
_______________ L B conventional film of PEDOT, although synthetically im-
proved PEDOT derivatives showed much faster switching
E times (ca. 100 ms)Movie film is usually played at a speed
of 24 frames/s, which corresponds to switching time of 40
[} ms. Thus, an electrochromic device based upon PEDOT
nanotubes in a PC membrane (exhibiting switching times of
} <40 ms) may be a good candidate for paper-like moving
oLe 1 , | , | image displays. Figure 5b shows high color contrast and
0 50 100 150 200 250 300 flexibility of the electrochromic device in an electrolyte
Electropolymerization time (s) solution, 100 mM LiCIQ in acetonitrile. The oxidized and
Figure 4. Plot of nanotubular wall thickness as function of electropolym- 'educed PEDOT usually are transparent pale blue and deep
erization time in 25 mM EDOT at 1.2 V. The dashed line represents the blue, respectively. However, the color of the device was
completely filled nanotubes (e.g., nanowires). yellowish in the oxidized state (upper image), while it was
dark blue in the reduced state (lower image) due to the
sputtered gold layer. The reflective color contrast ratio
between colored and de-colored states of PEDOT nanotubes
was about 6, which is comparable to the previously reported
values*’ Due to the high flexibility of the PC template, the
electrochromic device could be rolled up easily as shown in
Figure 5b.
This paper is a preliminary report that a highly flexible
= fast electrochromic device can be fabricated based upon the
@ 0 04 Time () 08 12 (b) PEDOT nanotubes synthesized at the low electropolymer-
ization potential in a highly flexible PC membrane. It is worth
Figure 5. (a) Plot of reflectivity of electrochromic window monitored at noting that we improved the switching rate-350 times
600 nm for coloration and decoloration upon potential switching between . L . .
—1.0 and 1.0 V. The dashed lines represent 90% recovery of the full (20—30 ms in switching time) by using the PEDOT nanotube
reflectivity. (b) Images of the oxidized (upper image) and reduced (lower structure as compared to the thin film of PEDOYI(s in
image) states. switching time) in the flexible electrochromic device. The

structed as shown in Figure 1, and PEDOT nanotubes Weredetailed study on the mechanism of the nanotube formation
grown in 10 mM EDOT in an acetonitrile solution at 1.2 V 's going on by fully considering the effects of time, monomer

for 40 s versus Ag/AgCl reference electrode. The device was concentration, applied potential, and others.

switched from an oxidized state to a reduced state by  acknowledgment. The work was supported by the Labora-
applying alternating square potentials between 1.0 V andory for Physical Sciences, LG Chem, and the University of
—1.0 V versus Ag/AgCI. The color-switching response time Maryland.

was measured optically from reflectivity responses at 600

nm light wavelength as a function of time at the applied Supporting Information Available: Detailed structure of the
potentia's (Figure 5a) The de_Co|oring and Co|oring processesbottom electrode and electrochemical synthesis of PEDOT nano-
show switching times of 20 and 30 ms, respectively. Here tubes in an aqueous solution. This material is available free of
the color-switching time is defined as the time required for Charge via the Internet at http:/pubs.acs.org.

the system to reach 90% of its full response. Approximately, CM050729C
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