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CONSPECTUS

Conductive polymers exhibit several interesting and
important properties, such as metallic conductivity and
reversible convertibility between redox states. When the
redox states have very different electrochemical and elec-
tronic properties, their interconversion gives rise to changes
in the polymers’ conformations, doping levels, conductivi-
ties, and colors, useful attributes if they are to be applied
in displays, energy storage devices, actuators, and sensors.
Unfortunately, the rate of interconversion is usually slow, at
best on the order a few hundred milliseconds, because of
the slow transport of counterions into the polymer layer to
balance charge. This phenomenon is one of the greatest
obstacles toward building rapidly responsive electrochem-
ical devices featuring conductive polymers. One approach to
enhancing the switching speed is decreasing the diffusion distance for the counterions in the polymer. We have found that
nanotubular structures are good candidates for realizing rapid switching between redox states because the counterions can
be readily doped throughout the thin nanotube walls. Although the synthesis of conductive polymer nanotubes can be per-
formed using electrochemical template synthesis, the synthetic techniques and underlying mechanisms controlling the nano-
tube morphologies are currently not well established.

We begin this Account by discussing the mechanisms for controlling the structures from hollow nanotubes to solid nano-
wires. The applied potential, monomer concentration, and base electrode shape all play important roles in determining the nano-
tubes’ morphologies. A mechanism based on the rates of monomer diffusion and reaction allows the synthesis of nanotubes at
high oxidation potentials; a mechanism dictated by the base-electrode shape dominates at very low oxidation potentials. The struc-
tures of the resulting conductive polymer nanotubes, such as those of poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyr-
role, can be characterized using scanning electron microscopy and transmission electron microscopy. We also discuss these materials
in terms of their prospective use in nanotube-based electrochemical devices. For example, we describe an electrochromic device
incorporating PEDOT nanotubes that exhibits an ultrafast color switching rate (<10 ms) and strong coloration. In addition, we
report a supercapacitor based on PEDOT nanotubes that can provide more than 80% of its own energy density, even at power
demands as high as 25 kW/kg.

Fast Electrochemistry and
Electrochromics

Conductive Polymer

‘ Nanotubes ’

Introduction

Conductive polymers exhibit interesting and
important attributes such as metallic conductiv-
ity, facile interconversion between redox states,
and good tunability in their properties.'™* These
characteristics are useful for an active material in
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electronic or electrochemical devices and based
on the dopability of the conductive polymer with
counterions, photons, or charge carriers
(electron—holes)."~” The doped and undoped (or
redox) states have very different properties in elec-

tronic, optical, physical, chemical, and electro-
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FIGURE 1. Schematic of facile ion transport in various
nanostructures: (a) random porous structures; (b) nanowires; (c)
nanotubes.

chemical aspects. Thus, the reversible interchange between
the redox states in the conductive polymer gives rise to the
changes in its properties including polymer conformation, dop-
ing level, conductivity, and color. These make the conduc-
tive polymer suitable for applications to displays, energy
storage devices, actuators, sensors, etc.2'> However, the inter-
change rate is usually slow due to the rate-determining pro-
cess of counterion transport into the polymer layer for charge
balance.'®'® It usually takes a few hundred milliseconds or
more to complete the change in a regular conductive poly-
mer film."®~'® This slow interconversion rate is the main
obstacle for applications of these polymer films to devices
requiring fast charge/discharge capability such as electrochro-
mics and supercapacitors.

Because the switching rate is dependent on the ion-trans-
port rate in the polymer layer, a plausible solution to the slow
interchange rate is to reduce the ion-transport resistance in the
polymer. One approach is tailoring the polymer structure to
introduce molecular-scale porosity.*'92° Until now, the fast-
est electrochromic response achieved is ca. 90 ms, which was
demonstrated in the Reynolds group for a bulky conduc-
tive polymer such as poly(dimethyl-3,4-propylenediox-
ythiophene).?° Another molecular-structure-independent
approach is to create nanoscale porosity, which is embodied
in the form of nanotubes, nanowires, or random nanoporous
structures.?'—3° These nanostructured materials can provide
intrinsically high surface area leading to high charge/discharge
capacities and short diffusion distances for ion transport, which
leads to fast charge/discharge rates (Figure 1).2>2* In partic-
ular, the nanotubular structure is attractive because its wall
thickness and length can be used to control the charge/dis-
charge rate and charge/discharge capacity, respectively. Fur-
thermore, the inside of hollow tubes can be readily modified
with other materials to further enhance their functions. In this
Account, we focus on recent progress in improvement of the
charge/discharge rate in conductive-polymer-based electro-
chemical devices by using nanotubular structures. We describe
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the synthesis, growth mechanism, and characterization of
dimension-controlled nanotubes and their application to fast
color-switching electrochromic devices and high-power
supercapacitors.

Electrochemical Template Synthesis of
Nanotubes

Conductive polymer nanotubes have been fabricated by var-
ious methods. They can be divided into three categories: tem-
plate (or hard template),>'333* pseudotemplate (or soft
template),>”3° and template-free methods.'%3¢ The template
method has been widely used because of its simplicity, ver-
satility, and controllability. The hard template is usually a thin
porous film of aluminum oxide or polycarbonate.?* Materi-
als have been deposited in the cylindrical pores of this film to
form nanotubes or nanowires. This has been performed by
methods such as pressure injection, vapor deposition, chem-
ical deposition, and electrodeposition; and the last two of
these methods are the most popular in recent research.?”-3373>
Here, we focus on the electrochemical template method to
synthesize conductive polymer nanotubes because it enables
a better control of nanotube dimension compared with the
chemical method. In addition, the nanostructures produced by
the electrochemical method are in solid contact with a base
electrode that is beneficial for further processing steps when
building an electrochemical device.

Since the first report of nanowire synthesis by Possin in
1970,2973537739 many metallic, inorganic, organic, and other
nanowires have been made, but nanotube synthesis is more
difficult and requires more delicate control of experimental
parameters, such as concentration and reaction time. Only in
1990 were nanotubes first fabricated in template pores by
Martin and co-workers, who called it “template synthesis.”4°4'
They electrochemically or chemically synthesized nanotubes
and nanofibers of conductive polymers*%294942 sych as poly-
pyrroles, polythiophenes, and polyaniline, as well as metals*'
and inorganic compounds.*®3" Martin and co-workers have
shown that polypyrrole nanofibers (ca. 200 nm in diameters)
have higher charge transport rates than a conventional film
under the same conditions.?® Furthermore, they also demon-
strated rate capabilities of nanowires of other inorganic mate-
rials in battery applications that surpassed those of films.3°3'
Later on, Demoustier-Champagne and co-workers chemically
and electrochemically synthesized nanotubes and nanowires
of various conductive polymers such as polyaniline, polypyr-
role, and poly(3,4-ethylenedioxythiophene) (PEDOT).**~*¢ Joo
and co-workers have also electrochemically synthesized the
partially filled, long (up to 40 xm) nanotubes of conductive



polymers (polyaniline, polypyrrole, and PEDOT) by control-
ling polymerization time and current for potential applications
to nanotip emitters for field emission displays and polymer-
based transistors.*”*® Recently, we have fabricated conduc-
tive polymer nanotubes with diverse inner morphologies (from
hollow nanotubes to solid nanowires) to develop fast color-
switching electrochromic devices.*97>2

Growth Mechanism of Conductive Polymer
Nanotubes

Martin’s group proposed a mechanism based on electrostatic
and solvophobic interactions between the nascent polymer
and pore wall to explain the nanotube growth in template
pores.* These interactions induce the polymer to nucleate
and grow preferentially along the pore wall to form tubular
structures. As polymerization proceeds further, the polymer
grows inwardly to form nanowires. This mechanism has been
successfully applied not only to chemical deposition but also
to the electrochemical synthesis of metallic nanotubes on pore
walls modified with organocyanides or organoamines, which
induce a strong affinity between metal ions and the pore wall
surface.>>>* However, it is insufficient to explain all the phe-
nomena and questions arising from the electrochemical dep-
osition (e.g., the production of partially filled nanotubes).*°~>=
Demoustier-Champagne and co-workers considered the effect
of the limited monomer and electrolyte diffusion on the
growth of polypyrrole nanotubes using a pulsed chronoamper-
ometry technique but could not find its significant effect due
to the limited experimental conditions and data analyses.*?
Interestingly, contrary to what was observed in the synthesis
of polypyrrole nanotubes, they found that the interactions
between pore wall and polymers were not noticeable in the
synthesis of PEDOT nanotubes.** Meanwhile, some other
groups have reported that the metallic nanotubes were syn-
thesized in the template pores without modification of the wall
surface.>>>° All these indicate that the interaction between the
pore wall and the polymer is not the sole mechanism that
contributes to the nanotube formation.

The applied potential and monomer concentration should
be considered for a better understanding of electrochemical
template synthesis because they are important experimental
parameters in the electrodeposition. To figure out their effects,
we used 3,4-ethylenedioxythiophene (EDOT) as a model com-
pound and analyzed inner morphologies of PEDOT nanostruc-
tures synthesized at various monomer concentrations
(10—100 mM) and applied potentials (1.0—1.8 V). Electropo-
lymerization was performed potentiostatically with a Pt
counter electrode and a Ag/AgCl reference electrode using 0.1
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FIGURE 2. Potential dependence of the tubular portions as a
function of applied potential at given monomer concentrations in
the electrochemical template synthesis of PEDOT nanostructures.
The nanotubular structures become relatively insensitive to
monomer concentrations at very low oxidation potentials in the
yellow boxed region.

M LiClO, in acetonitrile as an electrolyte solution. The results
are summarized in Figure 2 by plotting the tubular portion (R)
as a function of applied potential at given monomer concen-
trations. Here, the R is defined as the length of tubular sec-
tion divided by total length. The potential dependence of the
tubular portions has a complicated form but can be readily
understood by separately considering two regions divided at
1.4 V.

Growth Mechanism of Nanotubes at High Oxidation
Potentials (> 1.4 V). The tubular portions increase along with
the applied potentials and against monomer concentrations at
the potentials higher than 1.4 V. This occurs when the reac-
tion is limited by the diffusion of monomers. To deepen our
understanding, we consider two extreme cases (Figure 3). One
is the case for low potential and high monomer concentra-
tion (e.g.,, 1.4 V, 100 mM EDQT). Because the monomers have
enough time to diffuse into the pore bottom under the slow
reaction rate, the polymerization reaction occurs on the whole
electrode surface without notable preference. This leads to
rigid, dense nanowires. The other is for high potential and low
monomer concentration (e.g., 1.8 V, 10 mM EDOT). In this sit-
uation, the polymerization reaction is very fast, and mono-
mer supply is not sufficient to fill out the pores. The diffused
monomers are immediately consumed to elongate the poly-
mer chain. Because the reaction initiates along the electrode
surface at the pore bottom, as shown in Figure 3b, the con-
ductive polymers are continuously deposited along the pore
wall. This produces long, porous, thin-walled nanotubes. Other
parameters, such as electrolyte concentration, pore diame-
ter, template thickness, stirring, temperature, also have influ-
ence on the inner morphology of nanotubes.”’
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FIGURE 3. Growth mechanism of PEDOT nanostructures based on
diffusion and reaction Kinetics for high oxidation potential region
(=1.4 V). Two extreme cases are considered: (a) slow reaction rate
under sufficient monomer supply and (b) fast reaction rate under
insufficient monomer supply.

Growth Mechanism of Nanotubes at Very Low
Oxidation Potentials (<1.4 V). Nanotubular structures are
favored and are nearly independent of monomer concentra-
tions at potentials lower than 1.4 V (Figure 2, yellow region),
contrary to our expectation of obtaining more solid nanowire
structures. This phenomenon cannot be explained by the
above mechanism, implying that another deterministic param-
eter exists at very low oxidation potentials. Because the reac-
tion occurs slowly at very low oxidation potentials, the
morphology of base electrodes at the pore bottom becomes
critical to initiate polymerization. Usually the base electrodes
are made by sputtering or evaporating the thin metal layer
onto the template surface. During this process the sputtered
metal travels into the pores of the template and forms an
annular electrode at the bottom of the pores (Figure 4a). The
electrochemically active sites at these annular electrodes dom-
inate more on the sharp top surface than on the smooth lat-
eral surface because of high charge density at the sharp tips.
As the reaction proceeds, the top end of the conductive poly-
mers becomes good active sites for further elongation until a
significant IR drop along the polymer is reached. This pro-
duces rigid nanotubes due to the slow monomer consump-
tion and enough monomer supply at the sharp tips. This
explanation is supported by the experiments on flat-top elec-
trodes, which are generated by further depositing gold elec-
trochemically on the annular base electrode (Figure 4b). The
synthesis of PEDOT on the flat-top electrodes at the very low
oxidation potential of 1.2 V gives solid nanowires. Further-
more, the potential dependence of nanotubular portions at the
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FIGURE 4. Growth mechanism of PEDOT nanostructures at very
low oxidation potentials (<1.4 V): the predominance of
electrochemically active sites on sharp electrode edges. Two base
electrodes are considered: (a) annular and (b) flat-top electrodes.
SEM images present the base electrode morphologies, and TEM
images show the PEDOT nanostructures synthesized at the
corresponding base electrodes.
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FIGURE 5. SEM and corresponding TEM images of polypyrrole
nanostructures synthesized at (a) low, (b) middle, and (c) high
potentials (0.7, 1.4, and 1.8 V, respectively).

flat-top electrodes becomes explainable by the diffusion and
reaction Kinetics seen in the high oxidation potential region
(=1.4 V) in Figure 2, which shows that the tubular portion
increases with the reaction potentials. Therefore, the base elec-
trode shape is the key factor determining nanotube morphol-
ogy below 1.4 V, and EDOT polymerization preferentially
occurs on the tips of the annular base electrodes.

Other Conductive Polymers. The elaborated growth
mechanism of PEDOT nanotubes is also useful to the nano-
tube synthesis of other conductive polymers such as polypytr-
role and poly(3-hexylthiophene). Figure 5 shows the electron
microscopy images of the polypyrrole nanostructures synthe-



FIGURE 6. SEM and corresponding TEM images of three
representative PEDOT nanostructures: (a) nanowires with an open-
ended tip, (b) hollow nanotubes, and (c) partially filled nanotubes.
sized at three different conditions: low, middle, and high
potentials (0.7, 1.4, and 1.8 V, respectively). As in PEDOT syn-
thesis, the potential dependence of nanotubular portions in
polypyrrole synthesis showed a similar trend: minimum tubu-
lar portions at moderate potentials around 1.4 V (Figure 5b).
The growth of the rigid polypyrrole nanotubes at very low oxi-
dation potential of 0.7 V can be explained by the mechanism
based on electrochemically active sites at the annular elec-
trodes. On the other hand, the increase in tubular portions at
the potentials above 1.4 V is understood by the mechanism
based on the reaction rate and monomer diffusion. Poly(3-
hexylthiophene) has also shown a similar trend (data not
shown here) that can also be understood using this elabo-
rated growth mechanism.>’

Characterization of Nanotube Structures

The scanning electron microscopy (SEM) images of conduc-
tive polymer nanotubes are quite different from those of
metallic nanotubes because of the polymeric flexibility of the
conductive polymers. Figure 6 shows the SEM images of three
representative nanostructures of a conductive polymer (nano-
wire, partially filled nanotube, and hollow nanotube). The
common feature in the three SEM images is the collapse and
aggregation of the nanostructures due to strong surface ten-
sion between the nanostructures and the liquid during sol-
vent evaporation in a sampling process. This phenomenon has
also been observed in metallic or inorganic nanostructures.
The notable difference in the SEM images of the conductive
polymer nanostructures is the degree of collapse. The hol-
low nanotubes have highly wrinkled and collapsed structures
from the bottom, rather than smooth cylindrical structures,
because their walls are too thin to maintain their original struc-
tures (Figure 6b). This wrinkled and collapsed structure in the
SEM image can be a useful indicator of the tubular structure
in the conductive polymers. The partially filled nanotubes look
like a combination of a nanotube and ananowire (Figure 60).
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The lower part of the partially filled nanotubes resembles a
cylindrical nanowire, while their upper part resembles a col-
lapsed nanotube.

The transmission electron microscopy (TEM) images of the
conductive polymer nanotubes are also interesting, as shown
in the lower images in Figure 6. The outer diameters of nano-
tubes (ca. 300 nm) are much larger than the pore diameters
of the alumina template (ca. 200 nm). This indicates that the
cylindrical structure of the individual nanotube becomes flat
due to its low rigidity. This feature is manifested in the par-
tially filled nanotubes: the diameter of the tubular section con-
tinuously increases toward its top because of gradual collapse
of the tubular section.

Fast Color-Switching Electrochromic
Devices

Electrochromics is one of the fascinating properties of con-
ducting polymers. This electrochromic property can be applied
to smart windows, rear-view mirrors, electronic paper, displays,
stealth technology, etc.* Fast color switching is a prerequi-
site, especially for display applications. At a theater, movies
are usually played at a speed of 24 frames/s. Thus, the color
switching time should be less than 40 ms to play movies with
good quality. In the case of PEDOT films, it usually takes 1—2
s to change colors.'®>7 Even though reduction of the film
thickness can improve the color-switching rate, this is accom-
panied by the loss of color contrast and vividness of the thin
film. Recently, we have pioneered fast electrochromics using
a nanotubular structure of PEDOT and achieved extremely fast
electrochromic responses without sacrificing the color con-
trast.* The long, thin-walled nanotubes of PEDOT can pro-
vide short diffusion pathways for counterions for fast redox
switching (less than 10 ms; Figure 7a), as well as strong col-
oration (contrast of 6) for display applications (Figure 7b). We
have also developed two additional nanotube-based electro-
chromic devices: flexible reflectance-type and window-type
devices. A flexible, translucent, track-etched polycarbonate (PC)
film was used as a template for the flexible reflectance-type
device, while a transparent porous alumina film was used for
the window-type device.

Flexible Reflectance-Type Electrochromic Devices. Fig-
ure 7c¢ shows a fabricated flexible electrochromic device.
PEDOT nanotubes are grown in 10 mM EDOT in acetonitrile
at 1.2 V for 40 s. The device is switched from the oxidized to
reduced states by applying alternating square potentials
between 1.0 and —1.0 V. The electrochromic device shows
strong coloration and flexibility. Its color is yellowish at the
oxidized state due to the background of the sputtered gold
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FIGURE 7. (a) Reflectivity plot for a nonflexible electrochromic
device monitored at 600-nm wavelength for alternating potentials
between —1.0 and 1.0 V. (b) Patterned letter “N” on the PEDOT
nanotube arrayed film. (c) Fabricated flexible electrochromic device
at oxidized (upper image) and reduced (lower image) states. (d)
Reflectivity plot for a flexible electrochromic device. The dashed
lines represent 90% recovery of the full reflectivity.
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electrode (upper image), while it is dark blue at the reduced
state (lower image). The reflectance ratio between the colored
and decolored states of the PEDOT-nanotube-based electro-
chromic device is about 6 (Figure 7d), which is comparable to
the previously reported values.>” Due to the high flexibility of
the PC template, the electrochromic devices are rolled up eas-
ily. The oxidation and reduction processes show switching
times of 20 and 30 ms, respectively (Figure 7d).

Window-Type Electrochromic Devices. The merit of
porous alumina structures is that they can be prepared on var-
ious substrates such as glass, silicon, and others.>87°° Indium-
doped tin oxide (ITO) is a suitable substrate as a transparent
electrode. Figure 8a illustrates the fabrication scheme for a
window-type electrochromic device. First, a thin layer of alu-
minum (1—2 um thick) is sputter-coated onto ITO-coated
glass. Then the resulting aluminum film is anodized at a con-
stant voltage to generate highly ordered porous alumina struc-
tures. The pores of the alumina template are chemically
widened to desired pore diameters.>®~°° Then, PEDOT is elec-
trodeposited in the pores to grow nanostructures.

There are two difficulties in synthesizing conductive poly-
mer nanotubes in this system. The first is that the base elec-
trode shape at the pore bottom is flat rather than annular.
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FIGURE 8. (a) Schematic diagram of the synthesis of PEDOT
nanotubes in porous alumina structures on an ITO/glass substrate.
(b) Electrochromic device with four windows (the first and third
windows are oxidized (pale blue) while the second and fourth ones
are reduced (dark blue)) and a SEM image at a certain area of one
window, showing the PEDOT nanotubular array structure after the
removal of the template. (c) Plot of the transmittance change at
600 nm as a function of time.

Thus, it is difficult to synthesize rigid PEDOT nanotubes at very
low oxidation potential on the basis of the mechanism by the
annular electrodes. We rely on the mechanism based on dif-
fusion and reaction Kinetics. The second problem is that the
porous film is much thinner (~2 «m) than the commercial one
(~60 um). This situation makes the monomer diffusion into
the pores much easier. Thus, the synthesis of PEDOT nano-
tubes at the flat base electrodes in the thin template pores is
performed at lower monomer concentration and higher
applied potential (2.5 mM EDOT and 1.8 V).

Figure 8b shows an electrochromic device with four win-
dows composed of PEDOT nanotube array. The oxidized
(first and third) and reduced (second and fourth) windows
of the PEDOT nanotube array exhibit transparent pale blue
and deep blue, respectively. The color-switching times for
decoloring (oxidation) and coloring (reduction) processes
are 50 and 70 ms, respectively. These response speeds are
a bit slower than those in our previous results (4—30
ms).*9>% This can be explained by the slow diffusion of
counterions to the partially filled nanotubes. Meanwhile, the
window-type electrochromic device shows good transmit-



tance of about 56%, which is comparable to the value (ca.
549%) reported in a conventional film.>” This good trans-
mittance can be attributed to the glass-like transparency of
the alumina template/ITO/glass substrate.

High-Power Energy Storage Devices:
Supercapacitor

Another interesting application of conductive polymer nano-
tubes using their fast charge/discharge characteristic is high-
power energy storage devices such as supercapacitors and
batteries.®'~* Recent batteries can provide high energy den-
sities but still suffer from low power densities. One approach
to this problem is the use of nanostructured batteries, which
can provide high power density by enhancing the charge/dis-
charge rates.3%3! Another approach is to use supercapacitors,
which produce necessarily high peak power in conjunction
with a battery.®*

The conductive polymers can store energy by accumulat-
ing/releasing countercharges under the electric field arising
from their redox reactions.'®°* Even though the redox-type
supercapacitors made of conductive polymers can provide
high specific capacitances, the power capability is not satis-
factory due to the slow ion-transport processes during the
redox reaction of the polymer. This can be overcome by using
nanotubular structures as in the fast electrochromic devices.

The energy (E) of any energy storage device under a con-
stant current is given by

E=[Vdg=IfVdt (1)

where V, g, I, and t represent voltage, charge, current, and
time, respectively. The energy of a capacitor is usually
obtained from a V—t curve under a constant current. This is
done in electrochemistry by using the charge/discharge
cycling at a constant current density. Figure 9 shows the gal-
vanostatic charge/discharge cycling curve at the current den-
sity of 5 mA/cm? for a PEDOT-nanotube-based electrode (500
mC/cm? in polymerization charge density). The specific capac-
itance (CJ) is given by

C, = I/(m, dv/di) 2)

where m, is the weight of the electrode material (0.3 mg/cm?).
The obtained specific capacitance is about 132 F/g. The high
linearity and symmetry (or uniform slope) in the charge/dis-
charge curve of the nanotube-based electrode represents its
closeness to an ideal capacitor. The slower the voltage change,
the larger the energy is because the stored energy is the area
under a V—t graph. The obtained energy density is about 27
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FIGURE 9. Galvanostatic charge/discharge curve of a PEDOT-

nanotube-based electrode at the current density of 5 mA/cm?. The
shaded area multiplied by current represents the total energy.
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FIGURE 10. Plot of energy densities versus power densities
(Ragone plot) for various energy storage devices. Closed circles
represent data from the PEDOT-nanotube-based supercapacitor.
Data for other systems are adapted from ref 61.

W -h/kg. Meanwhile, the power (P) is defined as the energy
generated or consumed in a time interval dt

P=dE/dt=VI (3)

Because the voltage changes linearly with time, the average
power density becomes half of the maximum power density
and is about 10.5 kW/kg at this condition.

The high power performance of a symmetric supercapaci-
tor based on PEDOT nanotubes is exhibited in a Ragone plot
(Figure 10),°%°3 which is a plot of energy density versus power
density obtained at various current densities (0.5, 1, 2.5, 5,
10, 15, 20, and 25 mA/cm?). In many electrochemical super-
capaditors, the available energy density is significantly reduced
at the power density higher than 10 kW/kg. However, the
PEDOT-nanotube-based supercapacitor can maintain at least
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80% of its maximum energy density (ca. 7.5 W-h/kg) even
when the power density is boosted to 25 kW/kg. Therefore,
the nanotubular structure is a good candidate for a superca-
pacitor that provides high power density without significant
loss of its energy density.

Conclusion and Outlook

In this Account, we introduced the prospect of nanotubular
structures to achieve fast charge/discharge rates in conduc-
tive polymers and presented our work related to the con-
trolled synthesis, growth mechanism, and characterization of
PEDOT nanotubes in electrochemical template synthesis. The
morphology of nanostructures electrochemically grown in the
template pores was predicted by considering the diffusion and
reaction Kinetics as well as the interaction between pore wall
and polymers at high oxidation potentials. However, the base
electrode shape plays an important role in determining nano-
tube morphology at very low oxidation potentials. This elab-
orated mechanism is applicable to other conductive polymers
and inorganic materials and helpful for fabrication of compos-
ite structures such as nanotube/nanotube, nanotube/nano-
wire, or nanotube/nanopatrticles, as well. The controlled
synthetic technique for nanotubular structures made it feasi-
ble to investigate the performances of nanotube-based elec-
trochemical devices. The electrochromic device of PEDOT
nanotubes showed ultrafast color switching rate and strong
coloration; the supercapacitor of PEDOT nanotubes provided
its own energy density at high power demand. However, our
research is still in its infancy with respect to realistic devices.
For example, we need to improve the color vividness and mul-
tiplicity in the electrochromic devices and specific capacitance
and energy density in the supercapacitor. Recently, we have
found that nanotube-based composite structures of conduc-
tive polymer and metal oxide have enhanced electrochemi-
cal properties and have been investigating further exciting
developments concerning electrochemical devices. Our under-
standing on the growth mechanism of conductive polymer
nanotubes and synthetic techniques to control the nanotube
morphology will be a cornerstone to fabricate diverse nano-
structures and accomplish faster, more efficient electrochem-
ical devices.
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