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Conductive polymersave attracted the attention of masgientists in the whole world
since Australians DE Weiss and coworkers reported high conductivity in oxidized-iodine
doped polypyrrole, a polyacetylene derivativerdnent yearsconductive polymerhave
served aghe basis fomanydifferent new technologies such as electrochemical power
sources, electrochromic display devices, pholtaic devicesand biosensors. For all of
these applications, it is necessary to maintatira-fast charge and dis@arge ratein the
conductive polymelayers in order to obtain high energy capacity, &stsing speed or
color change ratd-or conductive polymer films there is always a problem for the slow
charge/discharge ratio due to théusion of countefions nto andout of the conductive
polymer layers. Teolve this problemonedimensional conductive polyngimareideal
choices

We have investigated the electrochemical synthetic mechdnisoonductive polymer
nanotules in a porous alumina template using Iy§8,4-ethylenedioxythiophene)
(PEDOT) as a model compounils a function of monomer concentration and potential,
electropolymerization leads either to solid nanowires or hollow nanotubes and it is the

purpose of these investigations to uncover the ddtaiechanism underlying this



morphological transition between nanowire and nanotileetrochemicallysynthesized
PEDOT nanostructures were characterized using transmission electron microscopy to
measure the extent of nanotubular portion in the PEDOT tactsge. The study on
potential dependency of nanotubular portion shows nhabtubes are grown at a low
oxidation potentia< 1.2 V vs. Ag/AgCl) regardless of monomer concentration. This
phenomenon is explained blgetannularbase electrode shape aetpore bottom of a
templateand further supported by an electrochemical study on #offaelectrode. We
investigatethe mechanism by taking into account the effect of electrolyte concentration,
temperature, and template pore diameter on PEDOT nanosggicithismechanisnis
additionally usedo control the nanotube dimensions of other conductive polymers such
as polypyrrole and polyfBexylthiophene). The electrochromic properties and

applications of PEDOT nanostructuegalso addressed.
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Synopsis

Chapter 1:

The general background of conductive polymers including chemical and electrochemical
synthesis methods, structures and properties of various conductive polymers such as
polypyrrole, polythiophene and poly (3;ethylenedioxythiophenePEDOT) and their
applications is discussed.

Chapter 2:

The background of omeimensional nanostructureis discussed.Several synthetic
methods for on&limensional nanostructures such as vdjgpid-solid process, skl
assembly and template method are introduced.alimaina template synthesis methed
emphasizedbecause of its versatility, high throught andsimplicity. The synthesis and
characterization of manmytherconductive polymer nanostructurasediscussed as well.
Chapter 3:

This chapterdiscussthe alumina template synthesis the anodization technique, the
sample preparation process and equipraetups.

Chapter 4:

This is the most important chapter for this thesis. Through study of various parameters
like monomer concentration, applied potential, bottom gold electrode, electrolyte
concentration and temperature, we proposed mechanisms whichidanhgufabrication

of various conductive polymer nanostructures. Two mechanisms are mainly controlling
the morphologies of conductive polymer nanostructures. The first one is related to

monomer diffusion flux rate and electropolymerization reaction fidte. second one is

Xi



the bottom gold electrodes which can guide the formation of nanotubular structures at
low potentials.

Chapter 5:

In this chapter | will discuss the electrochromic properties of PEDOT nanostructures
through the study of redox rate depemt=on nanotube wall thickness.

Chapter 6:

This chapter will introduce a window type electrochromic display device based on
PEDOT nanotubular arrays. By fabricating alumina template on ITO glass, PEDOT
nanotubes will be electropolymerized into the terglpores and switched between
oxidized state and reduced state alternatively displaying different colors.

Chapter 7:

Conclusions.

Xii



Chapter 1: Conductive Polymer

1.1 Introduction

Since the discovery in 1973 by Walatka, Labes, andsteerl that polymeriqdSN)
crystals, instead of being semiconducting as previously believed, actually had
conductivity as high as metalsonductive polymerhave stimulated a lot of interésim
scientists all around the world” From 1975 to 1977, althoughany efforts had been
madeto synthesize analogous compounds to (SMp success had been achie¥édn
thetwo yearsfrom 1975 to 1977(SN) wasstill the only intrinsically avaidble synthetic
polymer which hadnetallic conductivityHowever, significant progresgsasachieved in

1977. It was found that when a variety of halogens, such as bromine, was incorporated
into the structure ofthe (SN) lattice. Conductivity at room temperatureouald be
increased by an order of magnitideAlso in 1977, polyacetylene (CHYilm was
demonstrated to exhibit metallic and semiconducting properties through partial oxidation
or reduction with electron acceptors or donbrs. Polyacetylene is the simplest
conjugated polymer. In its linear form it pre¢giesout of solutionas a black, air
sensitive,infusible powderthat cannotbe processed. Poly(acetylene) can be taken as an
exampleto illustrate principles of conduction mechanisms in conducting polymers.
Because oPeierls Distortiort? the onedimensional atomic chain of pdbcetylene) is
distorted into a quasinedimensional system which results in two inequinalground

ss at es A RO have dlterfiating bohdhlengthThe band gap between the two
states is not zero which means that activation energy is required for interconversion
between the two state#\s a consequence of the asymmetry of the poly(aces)
ground statethe two equivalent polyene chains R anccén beinterconvertd through

1



the interventionof s ol i t on. The soliton is a mobile c

in the poly(acetylene) chain that propagates along the ghtiout atenuationand thus

reduces the barrier for interconversion. Figure 1.1 shows the definition of L, R form and

soliton.

WN NN, —

L form R form
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Figure 1.1 Definition of L, R form and soliton.

The charge carrier in negatively charged poly(acetylene) is a polyenyl anion of
approxmately thirty CH units in length which is stabilized by resonance. The defect is
normally at the center of the chain. The bipolaron hopping mechanism can be used to

explain howthe soliton manages to travel from one end of a sample to the'dther.
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Figure 1.2 The bipolaron hopping mechanism for poly(acetylene)



It has been provetinrough many experiments that the interchain charge transport process
is the ratdimiting step.For ntype solitons such as carbanions thedtmtion process
includes transfer ofn electron from the anion to a neutral soliton or a radicah
neighbaing chain in an isoenergetic process. This kind of conduction process is also
called interpolaron hoppint.If we only consider short chains, a mechanism for transfer
of charge from one chain to another (e.g. intersoliton hopping) is needed to explain the
condction in poly(acetylene).

A lot of work has been devoted to the synthesis of conductive polyrffiérs the next
section we will focus on two main methods: chemical oxidation and electrochemical
polymerization.The advantages and disadvantagethe®& methodswill be addressed in
details.Conductive polymeshave beemsed inapplicationssuch ashemical sensor and
biosensor? transistot’ and switch, data storad®supercapacitol’? photovoltaic celf”

electrochromic devic¥, **actuatof and surface protectiéhas shown in Figure 1.3

Chemlcal

Sensor and
Transistorand BioSensor S
Switch Data Storage

Actuator /\ . Supercapacitor
Conductive
PRTRIIRSES Polymer
Field Emission ' Photovoltaic

Display Cell

Electrochromic Surface
Device Protection
Actuator

Figure 1.3 Applications of conductive polymer



1.2 Synthesis of Conductive Polymer

Generally conductive plymers can be categorized into cationic and anionic salts of
highly conjugated polymers. Through chemical oxidation or electrochemical
polymerization, electrons are removed from the backbone of the conductive polymer
resultingin the synthesisof cationicsalts of conjugated polymef$Chemical reduction

is achievedwith reagents such asodium naphthalideor electrehemical reduction.
Electrons are addetb the backbone of the conductive polymer which resultshe
anionic salts of conjugated polymers. In general, there are two synthetic methods for
conductive polymers: chemical polymerizatiband electrochemical polymerizatioh.

Both have been widely applied in industry and acadeesearchWhen mass producn

is needed, chemical [yonerization is the best choiceutbthe introduction of reactant
reagents and by products msgmetimes affedhe properties of the conductive polymers.
Electrochemical polymerization is desirable for conductive polymer thin &imd
nanostructure fabrication. The fine control of conductive polymer film thickness and
nanostructure morphology can be achievednimnitoring electropolymerization time,
applied potential antbtal charge® This thess will mainly focus on the electrochemical

synthesis of conductive polymer nanostructures.

1.2.1Chemical Synthesis

The typical chemical oxidation polymerization mechanism of pyrrole is illustrated in
Figure 1.4. In the initial step, radical cations /OHs") are generated by oxidation of
pyrrole monomef® In the second step, through the radigalical coupling and

deprotonation between adjacent radical cations, dimers are generated leading to a



bipyrrole. Through the reaxization and coupling with other radical cations bipyrroles
are connected with each other and the propagation step is repeated consecutively. When
the nucleophilic attack of water molecsila impurities in the polymer chain appear, the

chemical polymeriation of conductive polymer is stopped.

1. Oxidation of monomer

lN Y
N - N
H H
2. Radical coupling
.+ "
r N . A
ey
3. Chain propagation

NG N N A
\ /v )
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o .

+
=
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Figure 1.4Chemical polymerization of pyrrole

The possible chemical structure of polypyrrole during chemical oxidation polymerization
is shownin Figure 1.5 Compared withpaoshiet i prngt otRhse aptr oft

position of pyrrole are more readily removed from the pyrrole monomer. The coupling



reaction and linear molecular structure of polypyrral® mainly attributed to the

elimination of protons inht e -padsition of pyrrole monomer in the monormaonomer
coupling reaction. Al t hough the coulPling be
coupling leads to a high degree of conjugation for the backbone of polypyrrole, cross

linked polypyrrle chain alse x i sts thboagbhplktiheg Ubet ween adj :
units. This will reduce the linearity andaparity of polypyrrole chains anekplains the

insolubility of polypyrrole in common solvents.

Q-0 coupling
rotated by 180° a- B coupling

a-a coupling /

not rotated HN

Figure 1.5Possible chemical structure for polypyrraleairs



1.2.2Electrochemical Synthesis

For the electropolymerization of thiophene and pyrrole, when a positive potential is
applied at the electrode, the monomer is oxidited delocalized radical cation. The
radical cations will induce the followingadicatradical coupling which generates the
dimerization of the monomer radicals through the deprotonatidheditposition. The
neutral dimer is formed by removal ¢&fvo H* ions. The following step is chain
propagation through the oxidation of neutral dimers into dimer radicals. These dimer
radicals will react with other monomers or dimers and result in the elongetithe
polymer backbone. This electrochemical oxidation and radical coupling process is
repeated continuously and finally resultsipolymer film on anodic electrode.

In this thesis an electrochemical synthetic method wselectedfor the fabricaton of
conductive polymer nanostructuresch asnanowires, nanotubs and nanobel$ because
precig control of nanotube length, wall thickness and even the tubular portionaatio

be achievedhrough the adjustment dfie electropolymerization potentiaime, passed
charge and monomer concentratforiThe details will bediscussedn the following

chapters.

1.3 Structures and Properties of Conductive Polymers and Their Derivatives

Conductive polymers are conjugated ywokrs, namely organic compoundsth an
extended -orbital system. This extended conjugation provides a rtutaugh which
electrons can move from one end of gudymerbackboneo the other endhakingthem
highly conductive.In general, conductive polyens are semiconductors with versatile
properties and various applications. These characteristicanaweatedthe synthesiof

manydifferentconductive polymerwith different synthetic method<: ?®A partial list of
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conductive polymers that have been studied is given begbmlyanilines (PAniy>>!
polypyrroles (PPY)3%3* polythiophened>®’ polyphenylene¥*° and poly(pphenylene
vinylene)s? In mid 1980s, one polythiophene derivative: Poly (3,- 4
ethylenedioxythiophene) which is known as PEDOT was synthesized in the Bayer AG
laboratories in Germari{** Here we will only focus on the most importanndactive
polymers: polypyrrolepolythiophene anéoly (3,4ethylenedioxythiophene). Although
Poly (3,4ethylenedioxythiophene) is a derivative of polythiophengyilit be discussed

in a separatsectiondue to its many unique properties.

1.3.1 Polypyrrole

Theimportanceof the polypyrrole originated from several factors. Although initially the
most important factor was the chemical and thermal stabilithepolymer n severe
environment condition§, ease of synthesis is alsm advantageThe possibility of
modifying the electrical and physical propertiwgh derivatives, copolymers, or specific
counter anions in order to achieve the desired polymer propieriesther advantagé%

The electrochemical properties of varsopyrrole systembave been studied When
polypyrrole is fabricated it is ifts oxidized conducting state hifough a simultaneous
pol ymerization and oxidation of the ~ syste
can be reducedelectrochemically or chemically, to give the neutral polypyrrolee
reduction is carried out in dry deoxygenated acéttisolution with tetraethyl or
tetrabutylammonium salts as the electrolyte. The neutral state of polypyrrole is highly
insulatirg imposing a limit orthe maximum polymer thicknes$isatcan be reduced.he

neutral polymer is essentidr the characterization of the polypyrrole system. The



neutral form of polypyrrole is very readily oxidized in air due to its low oxidation
potentialand must be handled with care in dry environmdgectrochemical switching
between the oxidized and reduced state of polypyrrole is accompanied by a color change
which makes polypyrrole a possible candidate for electrochromic display méterial.
Although the electrochemical switching process is reversible, EDX expesment
demonstrateéhat there is darge and irreversible loss of original counter argan the
polypyrrole film. This resultsin the degrdation of stability and cyclability of the
polypyrrole electrochromic display devices. It seems that there is no change in the
conductivity of the polymer film on cycling. This means tidtile the polymer film

remains ionigits neutralityis maintainedy some anion other than the original one.

Polypyrrole has poorcrystallinestructuresIn order to obtain knowledge of the structure

of these systems, a variety of indirect measuremargsneededThe pyrroles are
primarily b o %idabbnskromathistfactét cad be cdhcluded that if these
Upositions are blocked, the electrochemical polymerization of pymilenot occur.

From magic angle spinning®C-NMR and IR data for the polymers derived from
unsubstituted pyrroles, the crosslinkingtiee polymer could occur due to the existence
of-cdarbons in the ¢ ha-positiors @anme dlockeg with lafmethylh e t wo
group, the possi%dntirgtanbetininatect The result ohtliswil U, U
lead to a much more ordered yoler chain and a significant increase in thgstallinity

of the chain Many techniques such as electron diffraction, XPS, UPS and NMR have
been used to analyze the crystallographic structure of polypyrrole systentsaand
demonstrated the increased srded ue t o t h e -pbsitiens. KheXBS datd t wo D

and electron diffraction data of the two pyrrole polymers demonstrated similar properties.



This means that both polymers must have same chain structure although the unsubstituted
pyrrole will clearly $iow the effects of disorder related to the partial involvement of the
b-carbons in ringing bonding. Itis believed that a linear, completely planar, exclusively

U, >bddded chain in which the orientation of the pyrrole molecule alternate, is the ideal

modd for the structure of polypyrite. Thisstrucure is illustrated in Figure 1.6

2 Y AR
\ /v O\

Figure 1.6 Proposed chain structure of neutral polypyrrole

I=

In air, at room temperature, the electrochemical properties of polypyaoctevery
stable?® For unprotected films, in one year the conductivity decreases by about 20%.
Under appropriaterotection, considerable improvement in the stability can be expected.
When the temperature is elevated to -200 °C, polypyrrole remainsvery stable,
depending on the nature of the anion. Polypyrrole is also quite stable in acid conditions,
but basic coditions can cause temporarily reversible loss of conductivity. Polypyrrole
may have some potential applications in battery matefiaishasa lower open circuit

voltagethanpolyacetylene, but its nonfibrous stture is a disadvantage.

1.3.2 Polythiophene

Polythiophene and its derivatives can be chemicalig electrochemically synthesized.
Through chemical or electrochemical doping and dedoping (oxidation or reduction of the

polymer), the electrical conducttyiof polythiophene films can be varied over 12 orders

10



of magnitude, with properties ranging from insulator (2%ftm) to semiconductor to
metal (~16s/cm).
The applicatiorof the conductive polymer hdseen impeded by high reactivity toward
oxygen ad moisture. Thereforegxperiment conditions such as argon controlled
atmosphere and a highly purified medium is requieegrevent conductive polymers
from reacting with oxygen and moistuteis necessary to synthesize a satonductive
polymer which can be reversibly doped andndoped under severe environment
conditions. Based on these criteria, the doping level, the regularity, and the homogeneity
of the chain structure have been shown to be critical. It is found that polythiophene and
its derivatives are good candidatés conductive polymerthatare stable under various
environment conditionsexhibiting the following distinguished properties:

1. High chemical and electrochemical stability in both doped and undapess

2. Reversible doping levelthe percentage of counter ions which are doped in the

polymer)in the range 250% instead of ©20% for polyacetylene.
3. A highly regular polymeric backbone obtained by varying the nature of the dopant
and the structure of the monomer.

Thiophene, furan and kemophene can be polymerized with a variety of initiators:
sulfuric acid, iron (Ill) chloride and Ziegler catalysts. The electrochemical synthesis of
polythiophenedoes not requir@xidizing or reducing reages and it iseasyto control
film thickness>* In our researcln conductive polymer nanostructure synthesis we chose
to use the electrochemical polymerization method becaudg® @bove advantages. The
working electrodeon which polythiopheneés deposited is placed in a three electrode cell

with acetonitrile asolventand 0.1 M LiCIQ as supporting electrolyte. The counter and

11



reference electrode are platinum and Ag/AgCl etetdrrespectively. The concentration

of thiophene can vary from 10 mM to 500 mM depending on the desired amount of
polythiophene. It is found that the initial electropolymerization paéemf thiophene
startsat 1.2V and the electropolymerization ratereaseswith the increase of applied
potential. The polythiophene film thickness can be controlled by monitoring the
electropolymerization time and applied potential.

The general structure of polythiophene is related with the coupling of monomeric units in

2, 5positions with preservation of the aromatic nucleus:

4 ‘ '.im‘B
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if %
i i\!
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Figure 1.7. General strazce of polythiophene

If we compare the infrared spectra of chemically or electrochemically synthesized
polythiophene, we can find they arery similar and exhibit seval characteristic bands
such as (a) thiophene vibrations (1500, 1400, 1230, 1200, 1080, 1050acnh (b)
polymer (788 cnf)  f o r Zcoupling ofbpl¥2,5thiophene which is demonstratid

the structure below:

P e,
i i \
if N H A
5 i B4 Fi 1%
o 5% % { 1
\y Iy 4
L} Wil ii Y
PO e & [ —
S ‘ .
e B
N
8 5

Figure 1.80 ,%¢bupling of poly2,5thiophene
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For chemically synthesized peB4-thiophenethe band at 788 crhis replaced by two

new ones at 820 and 730 ¢m u e t o*coupting astshofvn below:
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Figure 1.9. Schematic demonstratiorpofy-2,4-thiophene

The domi nan@ dinkagefin polgtiophéhe and its derivatives harbe
confirmed by**C nuclear magnetic resonance spectaumalysis For polythiophene there
are two sharp absorption bands at 120 and 127 ppm while for pubt{8/Ithiophene)

there is only one absorptionrmhat 117 ppm due to the-€ bonding.

1.3.3poly(3,4-ethylenedioxythiophene)

In the latter 1980s, scientists at the Bayer AG research laboratories in Germany
synthesized a new polythiophene derivatipely(3,4-ethylenedioxythiophenéf, which

has the following backbone structure:

Figure 1.105chematic demonstration of the molecular strecaffPEDOT
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PEDOT can be synthesized chemically or electrochemically through standard oxidative
chemicalreagens or electrochemical polymerization meth64$>When PEDOT is in its
oxidized stte, it is found thain addition to very high conductivity (ca. 300s/cm),
PEDOT is almost transparent its thin film state. If PEDOT is reduced by chemical
reducing regents or electrochemical mettsdts colorchanges to @eep blue violet.
This property & PEDOT is cakd electrochromisdi Many electrochromic devices
based on His exclusive property have been fabricated. The detailed electrochromic
application of PEDOT will be discussed in thext sectionHere we will mainly focus on
the synthesis, characterization agldctrical, optical and electrochemical properties of
PEDOT and its derivatives.
The synthesis of PEDOT and its derivatives can be dividedtwiiddifferent types of
polymerization reactions:

1 Oxidative chemical polymerization of the EDOT based monomers

1 Electrochemical polymerization of the EDOT based monomers

1.3.3.1 iemical polymerization of the EDOT based monomers

There are several methods which can be used to chemically polymerize EDOT monomers.
The classical method employs oxidizing agents such ass.FeChe chemically
polymerized PEDOT is a black, insoluble and infusible compound. Reyantti&umar
reported that by increasing the ratio of [Fg¢fihonomer] abovetwo in the chemical
polymerization of EDOT, a fraction of the-pslymerized PEDOT becomes insoluble in
organic solution which is the result of crosslinking during the polymeoizatilf the

[FeCk]/[monomer] ratio isabove five an insoluble polymer is obtained.
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The second pghmerization method reported by de Leeuw is utilizing Fe(@bg)using
imidazole as a base. The polymerized PEDOT film is black, insoluble and infusible. The

conductivity is up to 550 S/cm after rinsing with water asisitanol®®

1.3.3.2 Electrochemical polymerization of the EDOT derivatives

Compared with chemical polymerization, electrochemical polwagon has many
advantages such absence obxidizing or reducing ragents,control of polymer film
thickness through monitimg passed charge, appliedltage and polymerization time,
andshortpolymerization time*

Electrochemical polymerization results ihe formation of a highlyransparentdeep
blue-violet, doped PEDOT at the anode. The electrochemically synthesized PEDOT has
good stability in both acidic and basic environments and has good conductivity as high as
300 S/cm. The electrochemically syndlmed PEDOT film has a rough and porous

morphology which ishownin Figure1.11

-
" i e e B B

— ﬂ"ﬁ‘l.l;I - [
UMCP 5.0kV 16.9mm x30.0k SE(U) 3/3/06 10:36 1.00um UMCP 5.0kV 17.7mm x2.50k SE(U) 3/3/06 10:55 20.0um

Figure 1.11. SEM images for electrochemically synthesized PEDOT film
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1.3.3.3Properties of neutral PEDOT and its derivatives

The electronic bandgaplefined as the onsetf  t h absorptionis 1.61.7 eV and

de monst mad 610 nmawhieh makes the color of PED@Tdeep blueviolet.
Because of the loWPEDOT oxidation potentialcare must be taken in the handling of
PEDOT neutral film in air or it will be oxidizeguickly.

The flexible synthesis of EDOThas made ita prominent component for conjugated
polymerswith variable bandgaps. In general, the electronic bandgap of a conjugated
polymer chain canbe contrd ed by ¢ han g tovedap aldngthetb&bgnee e o f
via steric interactions, and by controlling the electronic character of the conjugated
system with electrodonating or accepting substitueftsThe controlling of the
electronic character can be achieved by using substituents aegead units that can
adjust the highest occupied molecular orbital (HOMO) anekkt unoccupied molecular
orbita | (LUMO) ener-gysteml evel s of the

A variety of EDOFbased polymers have been fabricated with higher energy gaps than
the original PEDT. Using a series of oxidatively polymerizable -BBOT-arylenes,
PEDOT with bandaps ranging from 1:2.5 eV have been obtain&iCorresponding to
thesebandgapsheutral polymers with colors ranging from blue through pyrpéd,
orange, green, and yellohave been synthesized. Various spacers such as vinylghe (E
1.4 eV), 2,&dialkoxyphenylene (E= 1.75 to 2.0 eV), biphenyl (E= 2.3 eV),
dialkylfluorene (B = 2.3 eV), and carbazole {E 2.5 eV) have beemsedfor the
bandgap control of PEDOT.

By controlling monomer concentration, applied potentials, temperature and electrode

materials, freestanding PEDOT film or nanostructures can be obtaledsing various
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dopant anions. The conductivity of PEDOT film is betweerdd0 S/cm depending on

the nature of various dopant anions. For example, by using & counterion,
conductivity as high as 300 S/cm at room temperature can be obtained. PHEROT f
doped with sulfate p oHydraxyether) (PEDOT/PSE) exhibit outstanding
mechanical properties imparted by the polyelectrolyte dopant with concurrent high
conductivities in the range of 180 S/cm.Conductivity as high as 400 S/cm can be
obtained by using a bisifluoromethylf unct i onal i z e-dydroxyethef)at e d
These resultsshow the varability of PEDOT film conductivitythat can be obtained
through the choice of suitable counterion dopants.

Because of the low oxidation potential and relatively low bandg&R)dX and its
derivatives have exhibited excellent electrochemical and spectroscopic properties which
not found in other polymers. Because the bandgap of PEDOT is near the transition
between near IR and visible region of the spectrum, PEDOT is stronglydazty
coloredand has high transmissivity to visible lightits oxidized doped stafé.The color

of PEDOT film is almost skyplue transparenh its conducting statanddeep blue violet

in the reduced insulating state.

1.4 Applications of Conductive Polymer

Recent advances in optimization of conductivéigseof processig and functionalization

have motivated studies obnductive polymers.
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1.4.1 Electrochromic Devices

Electrochromism is a reversible optical process for materials that occur when materials
have redox states (reduced and oxidized forms) whickehdifferent U\tVisible
absorptionspectra When an electric potential is applied to mateyitdisy are showing

the redox states described above agplaying different colors fothe oxidized and
reduced states.hBse materials can be called electroohicodevices.Because of the
unique electrochromic property, electrochromic devices have numerous applications both
in academiaand industry. They have been used to ma&arview mirrors in cars The
rearview mirror can automatically become darkened tevpnt temporary blindingf

the driver. This particular characteristic of electrochromic devices is also applied to make
Asmart windowso which can be darkened with
Alternatively, electrochromic devices have appgimas in dynamic flapanel displays,
computer screens and electronic paper.

Electronic papercan offer all the advantagesof old-fashioned newsprint: excellent
resolution, highcontrast that can be read in strong or dim light, no need for external
power to maintain an image. i light and flexible enough tde carried easily ona
morning commute. But unlike newsprint, electronic pagaer spare trees anaill not

leave any mesgs newsprint on your fingers. dwadays a lot of research and
improvements have been carried out worldwide to achieve enormous developments in
electronic paper technology. All of these efforts are for the aim to find robust, light
weight, lowpower consumin@nd fast responsive materials which can be manufactured
on a thin flexible carrier. In the area of electrochromic displays, a lot of research work

has been performed to obtain good color contrast ratidastdolor switching rate by
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various means of syimetic methods. Howevelijttle successhas been reporteth
obtaining color switching rasefaster than 40ms which is the requirement for moving
images. This is the reason why electrochromic materials aravidely used inthe
domainof electrochromic diplay
As one of the most important conductive polymePEDOT has many excellent
properties, such as good mechanical stability, prominent coldrast, high conductivity
(200s/cm) at doped state, low oxidatiootgntial and facile fabricationt has lecome
one of the most promising conductive yokrs in the world and attractedtention of
manyresearchers in this ard@EDOT proveditself an excellentandidatefor electronic
paper.But the color switching rate of PEDOT is not sufficiently fast faspthy
technologybecause the color switching rate of PEDOT is limited by the diffusion rate of
counterions into the polymer film in the redox procé8sThe faster the diffusion of
counterions the faster the color switching rate. The diffusion time t (the time which is
needed for the countéons to reach a sat@tion concentration in the polymer layer) can
be expressed as the following formula:

t" X°p
wheret is the time (ms) needed for the counter ions to diffuse through the polymer film;
X is the thicknes§pm) of the polymer film; D is the diffusion coeffiient (cm?/s) of
counter ions. The thicker the countens diffusion distance the longer the color
switching time needed. So the most efficient way to improve the color switching rate is to
decrease the thickness of PEDOT polymer film in order to dectbaseounter ions
diffusion distance in the polymer layer. To achieve this goal, there are several options.

One is to make the PEDOT film as thin as possible. But this method has its own
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limitations. The thickness of the polymer film can only reach thenmade of hundreds

of nanometers. Thisnplies that the color switching rate is about 2.2 seconds for a 300
nm thick PEDOT film>® But the color switching rate in the magnitude of seconds is far
from the extent foPEDOT film to be used to make commercially available displays.
Another method to decrease the polymer ldlyekness is to makeanofibers.Charles R.
Martin and Van Dyke reported that the charge transport rate can be increaséattnyr

of five for the fibrillar polypyrrole structure compared withconventional polypyrrole
flms (1em i n ¥ Howevdr he sharge transport rate was still in the range of
second due to the nanofiber structures whose diameter is around 200nm. gdnsees
time is not sufficient to meet the requirement afcélochromic display technologyhe
color switching rate can be around i@ if the counterons diffusion distance is as thin
as20nm This kind of color switching rate is sufficiefur display technologyhowever
there isanother problem, poaoloraton contrast due to the ultthin polymer film. How

is it possible tayet both fast color switching rate and good coloration contraisé asame
time? A wellddined nanotubular array structurean achieve this godft *° By
synthesizing PEDOT nanotubeghich have ultra thin wall thickness at around2ihm,
acolor switching rate of approximate s can be obtained. At the same time due to the
length of PEDOT nanotubes which is micrometer magnitude, strongploration
contrast is alsgpossible Figure 1.12shows the PEDOT nanotubular structure for

electrochromic display device.
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Figure 1.12PEDOT nanotubular structure for electrochromic display device.

1.4.2 Electronics and photovoltaics

Because othe highconductivity and controllable morphologies of conductive polymer
nanostructures, conductive polyméavebeen usedn electronic logic devices such as
field-effect transist@ and photoswitching devis8®A typical organic fieldeffect
transistor contains a souradrain, gate andlielectric layerWith avoltage between gate

and source electrodethe current between the drain and source electrodes can be easily
varied When there is no voltage between the gate and source elsctraewill be no
current flowbetween the gain and source electode Thi s st ate i s call ed
field-effect transistor. When a voltage is applied on the gate electrode, the flow of charge
will be introduced through the interface between tomductive polymedayer and
dielectric layer. At this state, the fiekffect transistor is turned on.

Due to the low cost, easy synthesis and high mechanical flexibility, conductive polymers

have been applied as a promising alternative of inorganic semiconductors and optical
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devices Polythiophene has been applied in the fabrication of solar cells and photovoltaic
devices as pure polymer or polymeinorganichhybrids?’ Because the performance of
hybrid solar cell devicedepends on the morphologies of eaclrkiay layer, it is very
important to improve the homogeneity of the active layers. Conductive potaneact

as an electron donor phase in the active layers. At the samgtliene must be an
electron acceptor phase in the agtiayers such as the nangstak and nanowires of
CdSe and fullerene. Alivisatos and -workers have reported over 54% quantum
efficiency and a monochromatic power efficiency of 6.9% by using a hybrid solar cell
which is constituted with regioregular P3HT and CdSe nanostruéfliBgscontrolling

the CdSe nanorod length, the distatitt®eughwhich electrons are transportedthe thin

film device can be controlled. The band gap can be tuned by altering the CdSe nanorod
radius to optimize the overlap betweée absorption spectrum of the cell and the solar

emission spectrum.

1.4.3 Chemical Sensors and Biosensors

Because the oxidation level of conductive polymers can be controlled by their inherent
dopingdedoping processvhich causesthe variations in condueity, color, mass,
volume, and so fortithey have been widely used in a variety of chemical and biological
sensing applicatiors. Upon contacting specific chemical and biological species,
conductive polymers can exhibit sensitive responseshwban be utilized as sensing
signak. The sensing abilities of conductive polymers can also be tailored through the
modification of functional groups on the polymer chain or incorporating appropriate

counterions during the polymerization procegecauseof these characteristiceuch
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effort has been devoted to the fabrication of sensor devices based on conductive
polymers® ®° It is noteworthy that the nanostructures including nanorods, nanofibers,
and nanotubesiot only provide a high surfag¢e-volume ratio but also allow rapid
diffusion of analytes into and out of the material.

Polypyrrole is the most widely used conductive polymer for chemical and biological
sensorsuch as toxic gasensorsnontoxic gassensors aroma sensors, humidity sensors,
and microbiakensor§! A carbon nanotubgolypyrrole sensor was fabricatbg coating
polypyrrole on the single wall & carbon nanotube to increase the specific surfaez. ar
Catbon nanotubgolypyrrde sensors showed amtype behavior owing to the anion
doping in polypyrrole duringhe chemical polymerization. Upon exposure to N§as,

the sensitivity of the nanocomposites was about ten times higher than that of pristine
polypyrrole.

PEDOT has also been applied in the applications for sensor systerasentyears
because of its outstanding stability in severe environment and low bandgaps It
reported that PEDOT nanorod (diameter: ca. 40 nm, length:ca. 200 nra}&dis order

to detect HCI and Nivapor®? For NH; detection, when PEDOT nanorod contacts the
NH3 vapor, the NHvapor will diffuse into the PEDOT nanorod resulting in a rapid
dedoping process of PEDOT nanorod. The dedopmogess which is relatetb the
interaction betweethe PEDOT backbone and Nkapor will generate a sharp increase

in PEDOT nanorod resistance. Through monitoring the change of PEDOT nanorod
resistance the concentration of Nehn be easily obtained. Ohet other hand, the

interaction between PEDOT nanorod and HCI vapor will result in the decrease of
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PEDOT nanorod resistance by the doping mechanism. Therefore the PEDOT nanorod

can be used as a sensor for HCI vapor concentration detection.

1.5 Summary

In this chapter we havmtroduced the general background of conductive polymers and
various synthesis methods including chemical oxidative polymerization and
electrochemical polymerizationVe also discussedhe structures and properties of
various conductivepolymers such as polypyrrole, polythiophene apdly(34-
ethylenedioxythiopheng)PEDOT). At the last section many important applications of
conductive polymewasintroduced.

For applications of thin film structures of conductive polymers to electropiical and
electrochromic devices, film morphology B limiting factor. Energy storage and
electrochromic devices require very fast chadlpehage rates in order to get high
efficiency and fastolor switching rate. Although fast charge and dischaatgs can be
achieved for very thin conductive polymer films, the amount of conductive polymer will
be very low due to the thin film thickness. This will result in low energy densitihéor
energy storage devices and poor color contrast ther electroclmomic devices.
Photovoltaic devices require undisturbed charge conduction paths which are essential to
reduce the recombination rat8utt hin f il m structure apparen
requirement due ta high chargehole recombination rate. Wallefined conductive
polymer nanostructures can be the best solution.

Compared with thin film structures, walkfined conductive polymer nanostructures

have many advantages such as fast chadigpharge rate, high surface area and
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feasibility of innerouter surfae modification as well as undisturbed charge conduction
paths. All of these have made edienensional conductivgpolymers a prominent
candidatdor electronic, optical, senor and electrochromic device applications. In the next

chapter we will discuss thenportance of ondimensional nanostructures in detail.
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Chapter 20nedimensional Nanostructures

2.1 Introduction

Nanostructured materials can provide intrinsicallyhhsurface area leading to high
charge/discharge capacity and stbffusion distance for ion transport. These properties
of nanostructured materials can resulaifast charge/discharge rat& °® Nanostructures

are defined astructures which have at least one dimension irrahge of 1100 nm®
Nanotechnologies to synthesize and charactesimeh nanomaterials are essential to
fabricate highlyintegrated, tiny, and lightweight electronic devicegth high
performance Nanostuctures can be categorizétto nanoparticle, nanofiber, nanobelt,
coreshell nanostructure, hollow nanospere, nanotube, nanocomposite and so on. The
reason why nanostructures are atirgra lot of research interesbm many scientists is

that compareavith bulk structures they have many unique properties such as ultra high
surface area, prominent electrorand optical properties, excellent mechanical and
chemical performance

In the first chapter we discusséike synthetic methods for many conductivelymers

and the applications of these conductive polymers. The limitations of thin film structures
of conductive polymers for electronic, optical and electrochromic dewiere also
addressed. The best solution for all these problems of film structunebecaeadily
solved using onelimensional conductive polymer nanostructures. Charles Martin and co
workers have extensively investigated the applications etlonensional nanostructures

for battery us&>®® Our goup also conducted research work into the electrochromic
applications of conductive polymer nanostructdfes® In this chapter | will discuss

many synthesis methods of edenensional nanostructures such as vdjgmid-solid
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method, self assembly and template method. The synthetic strategies, background and
importance of many onrdimensional conductive polymer nanostructures will be
addressed in detail. Because of broad applications ofdiomensional conductive
polymer nanostructures in both academia and industry areas, it is very important to
understand the synthesis mechanism which can control the morphologies of conductive

polymer nanostructures. In chapter 4 we will focnglos mechanism study in detail.

2.2 Synthesis Method

Desired nanostructures have been prepared by various methods, such dgjudpor
solid proces§? selfassembly’and template synthesis,*"*etc The template synthesis
method has particularly fascinated scientists due to its simplicity and diverse
applicabiliies The Martin group piorered and extensively studiedsimethod® ™ "% ™

"since it was first reported bjossinet al’® A variety of materials including metals,
conductive polymers, and semiconductors can chemically or electrochemically
deposited within the cylindrical pores of a membrafiee deposition process produces
nearly monodispersed nanotubes, nanowires, or ndsofurthermore, dimensions of

the deposited nanostructures can be easily controlled by regulating the template pores and
deposition conditions. In the followingectionsthe three most important synthesis

methods: vaporliquid-solid process, seHissembly and template syntles will be

discussed in detalil
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2.2.1VaporLiquid-Solid Process

The VLS mechanism has been knofor more than 40 gars and been widely applied in
fabrication of a variety of single crystal edenensional nanowire structures such a
silicon, CdS, GaAs, GaN et 1964, Wagner and eaorkers proposed the concepteaof
vaporliquid-solid process for the fabrication of silicon whiskérs.

They found that there must be some impurities which deage seeds for the VLS
process. e importance of tree impuritiess to form liquid alloy droplet which have
relatively low freezing temperaturet is believed that the liquid alloy droplet is a
preferred site for the depositi@i desired materialsom vapor. In the process of VLS,
the liquid will first be saturated with silicon. Then the silicon whisker will grow by the
precipitation of silicon fom the droplet. The growth of silicon whiskers is described as
the following process. First, a srhphrticle of Au is placed on a (113yrface of silicon
wafer atatemperature of 908C. At this high temperature, a small droplet of-8ualloy

will be generated as shown in Figure 2.1.

a b

\I/

Silicon Substrate Vapor 4= Silicon Crystal

Au-Si Liquid Alloy

Figure 2.1. Growth of silicon crystal by VLS. a. Initial stage with liquid droplet on silicon

substrate. b. The silicon whiskgrowth with liquid droplet on top.
28



2.2.2SelkAssembly

Except he vaporliquid-solid method, selassembly is also widely applied in the
synthesis of a variety of nanostructures. L-&Mgi Yin and co-workers reported the
synthesis of wurtzitéype singlecrystalline nanotulswith hexagonal crossections” In

the synthesis, no 4%, H, or sulfur was appid. Commercial ZnS poder was used as a
precursorand HO gas was fed into the graphite crucible by argon gas to form reductive
CO and H. The ZnS nanotubes are singlgstalline with hexagonal crosctiors and
without any impurities inside. In the wiolfabrication process, no template or metal
catalysts were used. The synthesis of ZnS nanotubastasally self-assisted growth
process or actually sedfssembly process.

For the synthesized ZnS nanotubes, both ends are open. It was also noticedrghat th
were no metallic partickat the tip or among the ZnS nanotubes. The fabrication process
can be described dsllows. Under high temperature, the wateporwas fed into the
reaction chamber using argon gas. When the water gas reacted with C maphieg
crucible, reducing reagents CO angiwéreproduced as described in reaction (1).
Cs)+HO (g) Y GOg X g=e®S kd/mol) 1)

Under high temperature in the reaction chamber, the ZnS$igge@vapoated into ZnS
vapor and decomposed into Zn and S vapors respectively. The S vaped vétcthe

CO and H which weresynthesized in the previous process and generai®dird COS

gas. This process is described in reasti@)y and (3) :

Ha9)+ %2 S( g) 25 gH 1sdxee® kd/mol) (2)

CO(@)+¥2S( g) Y CO&a=t146ki/moteG 3)
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In the next process, 8, COS and Zn vapor gases were transferred to a low temgeratur
region and the Zn vapor readiwith H,S and COS vapor to synthesize the ZnS vapor as
describes in reaction (4) and (5) respectively.

HS(@)+ Zn(g) VY oZgn)Setdgai86 kI/midl) 4)

COS(@FZn(g) Y Z2(S() g B46kitnol) ©)

The ZnS vapor aggregatand crystallizd due to the condensation of ZnS clusters. It is
believed that temperature and water vapor partial pressure are the most important factors
influencing the fabrication of faceted ZnS nanotubes. In the initial growth stage, the
nucleation of ZnS crystals is essential for thesegient growth of the hexagonally
faceted ZnS nanotubes. If the temperature is decreased or water vapor partial pressure is

changed from the optimum value, no ZnS nanotubes could be obtained.

2.2.3 Template Synthesis

The emplate synthesis method representseasy and straightforward strategy for
fabricating various onedimensional nanostructis&® *> 2> “n the template synthesis
method,thetemplate is acting as a mold around whichdasiredmaterial isformedand
conservs its morphology along the contour of the template. Many research groups have
studied a variety afemplate syrtesis methosl Templates include step edges present on
the surfaces of a solid substrdteshannels of porous materidfsmesoscale structures
selfassembled from organic surfactants or block copolyfie¥$Sometimesin order to
obtain the synthesized nanomaterials, f@sitment sut as chemical etching or
calcinations have to be applied. In some chemical preseise template will be

consumed as the reaction proceeds and the final pure nanomaterials can be obtained.
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Template synthesis meth®grovidea simple, lowcost and higtthroughput strategy for
thefabrication of varieties of nanomaterials.
In this chapter, we will discuss several template synthesis methods ancafeilities

and extensios

2.2.3.1 Hard Template Method

The template synthesis technique, developed tye Mar tin group in the
particularly fascinated scientists due to its simplicity and diverse applitefifit The

importance of template synthesis method lies in the simplicity and easy morphology

control through the adjustment of template thickness, pore diameter and density.
Varieties of materials including metals, coctive polymers, and semiconductors can be

fabricated within the pores of a membrane in the gmfmanotubes or nanowirés ' 8

This is also the reason template synthesis method is applied for the fabrichét
nanostructures in our research wofkhe dense and uniform pores in templates can guide
the high yield synthesis of monodisperse nanomaterials. At the same time, the length and
diameter of nanomaterials can be easily controlled using the terspidteesis method.

Figure 2.2showsthe template synthesis strategy for nanotubes and nanorods through

complete filling or partial filling othetemplate pores.
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nanorods

nanotubes

N

Figure 2.2Scheme illustrating the fabrication strategy for nanorods and nanotubes of
desred materials through complete filling or partial filling of template cylindrical pores

respectively.

2.2.3.1.1 Porous Materials with Cylindrical Pores

Various materials can hesed as templates for nanomatefiadrication.In generalglass,
nanoporousolids, mica, zeolites and block copolymer filarge used as templatdsen-
tracketched membranes and anodic aluminum oxide templates are the most important
and widely used materiaf8.These two templateare commercially available from
companies such as Nuclepore, Poretics and Whatangure 2.3showsion-track-etched

polycarbonate mmbrane and anodic alumina membrane.
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Figure 2.3SEM images ofon-tracketched polycarbonate membrane (left) and anodic

alumina membrane (right).

The iontrack-etched polycarbonate membrane is fabricated by bombarding the polymer
film (6-20pm thick) with heavy ions whichare generated through nuclear fission. The
irradiated heavy ions will generate randomly scattered spots all through the whole
polymer film. After that chemical etching is applied in order to generate uniform and
cylindrical pore in the polymer membrane. The porgenerated by iettack etched
method are not generally vertical to the template. The orientation of these pores is usually
tiited by as much as 84with respect to the surface normdlhe anodic alumina
membrane isisudly fabricated by anodizing aluminum foil anacid electrolyte such as
oxalic acid, sulfuric acid and phosphoric atidhe template thickness can be controlled

by monitoring the anodization time. The porardeter and density depend several
parameters such as selection of acid electrolyte, applied potential and teneperat
Different combinatios of thesevariables can generate hexagbnglatterned pores with
different diameters and densitiggougtout the alumina templat¥. Figure 2.4shows

cross sectioal view of ananodic alimina template.
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Figure2.4. Cross sectical view of anodic alumina template. The top two imaglesw

the top of the template. The lower two imagee for the bottom of the alumina template.

From Hgure 2.4it can be seen that the pores hawellorderedhexagonal pattern on
the surface othe alumina membrane and haaeylindrical morphology all through the
template The homamade alumina templatehich is synthesizely anodizing aluminum
foil in acidic electrolyts will have a thin barer layer at the bottom of the pores. In
images above the barrier laygasremoved using acid etching. The detailed anodization

synthesis process of alumina tempdatél be discussed in the next chapter.
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2.2.3.1.2 Templating against Features on S8lilstrate

Microstrudures present on the surface of a solid substrate can be aggdiedther kind

of hard template for fabrication of various nanomaterialthography and etching of

solid substrate can be used to synthesizéhese micropattes for the fabricationof
nanowires of many materials. Jorritsma andwaokers reported a strategy for the
synthesis of metal nanowires with diameter as small as 15 nm by shadow sputtering a
metal source on an array of V grooves which were etched od@¥pyWafer as shown in
Figure 2.5(a).”® Another procedure whiclalso appliesthe V shape of these etched
grooves is to deposit metal or semiconductor at the bottom of V grooves using vapor
phase deposition such as MBE or ligpidase electrochendt plating. This metbd is
shownin Figure 2.5(b).2° The advantage of this simple method is that nanowires with
more than one hundred micrometer length can be synthesized at the bottom of V grooves
as parallearrays. These arrays of nanowires careasilyreleased from the underlying
substrate as fregtanding forms or transferred to another substMéay scientists have
conducted research based on this method. Muller andodcers have fabricated Ge
nanawire arrays along the V groovesarfetched Si(1003ubstrat&®

Various netal and semiconductor nanostinres have been fabricated by using the cross
section of multilayer films generatdéy MBE as template®’ This hard template method

is generally referredo as cleaveedge overgrowth (CEO). The CEO method takes the

advantage of MBHEo obtainhigh accuracy in layer thickness.
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(a)
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Figure 2.5Different hard templates based on micropatieon solid substrates. (a)
shadow evaporation (b) deposition of nanowirethabottom of V grooves etched @n
Si wafer (c) cleave@&dge overgrowth on the cross section of multilayer ilfd)

templating along the step edges of a solid substrate

In this method, first MBE is applied to fabricate alternating multilayera siperlattice

such as AlGaAs and GaAs. The second step is to cleave the whole superlattice through its
thickness and expose a clean surface for further nanomaterial deposition. €bmiplar

other synthesigdechmiques such as-leeam or optical lithography, the nanomaterials
fabricated by CEO provide more uniform morphologies stndctures due to the precise
structure control of MBE. There are also many limitations for CEO technidiges.

example, nanostructures can only be fabricated along the natural cleavage directions of a
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substrate and along MBE preferred growth plafégure 2.5¢ showsthe CEO process

for nanostructure synthesis.

It has beemeported by Penner and-emrkersthat the steps ad highly oriented graphite

can be applied as a hard template for the synthesis of nanowire structures by
electrochemical deposition meth§fdThey claimed thatxeeptfor the synthesis of many

noble metal nanowires (e.g. Au, Ag, Pd and Cu) along this template, many electronically
conductive metal oxidesuch as MnQ MnO,, CwO and FgOscan also be reduced into

thar corresponding metals (Mn, Cu and Fe) by hydrogas at high temperature along
these sharp steps. It was found that the nanowires nucleated preferentially along these
step edges and grew into parallel nanowire arrays. For the synthesis of metal nanowires
through their oxide precursors, the morpholegad dimensions of the original metal

oxide nanowires could be retained in the hydrogen reduction process.

2.2.3.2 Surfactant Template

Many surfactants can sedssemble into mesophase structures whictseareas another

kind of template for the synesis of various ondimensional nanomaterial$.** When

the concentration reachescritical value, many surfactants will spontaneously -self
assemble into spherical micelles, cylindrical micelles or lametigelles as shown in
Figure 2.6 These micelles with various structures can be directly applied as soft

template for the fabrication of nanospheyaanorod or films of manymaterials.
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Figure 2.6Schematic illustration of various soft templates baseohugurfactants. a.

sphere micelle. b. cylindrical micelle. c. lamellar phase

In addition tonanorods, nanospheres or layered nanomaterials can also be synthesized
using spherical micelles or lamellar phases as teofiplates as shown in Figure 2.7

below.
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Figure 2.7 Schematic illustratiorfor the fabrication of various nanostructures using

surfactant soft templates. urfactants setassembled into spherical micelles, withe
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desired material synthesized in the center of this spherical emiédter removal othe
surfactant micelle the nanosphere of desired material was obtain8dtfdctant self
assembled into cylindrical micelle$he desired material was synthesized in the center
pore of the micelle. After removal of surfactant micelthe nanorod ofthe desired
material was obtained. Surfactantselfassembled into lamellar phases. Tdesired
material was synthesized between the layers of lamellar phases. After removal of

surfactarg, nanofilms of thedesired materialvereobtained.

2.2.3.3Templates Based Upon Existing Nanostructures

Nanostrucures which have already been synthesized could be applied directly as
templates for the fabrication of various other nanomaterials. The basic idea is to coat the
existing nanowiredy a shedt of other materiato generate a corghell nanostructure.

After renmoval of inner core materighanotubular structuseof outer material can be
obtained.As discussed in the beginning of this chaptiee vaporliquid-solid method
takesadvantag of theexisting nanostructuress templatefor the synthesis of outer shell

nanostructuregsigure 2.8showsthis method.

Coating of removal of
outer sheath outer sheath
— —

Existing nanowire Core-shell structure Outer shell nanotube

Figure 2.8 Schematic illustration of templating against existing nanostructures.
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Recently, Yang and eworker found that some singleystalline nanowires which were
synthesized by thermal evaporation and laser ablatiors@a®as direct substrasdor

the epitaxial fabrication of nanostructures with other morphologies such as coaxial and
bilayer structure&’ In this synthesis method, single stglline Sn@ nanoribbons with

high aspect ratio (i.e., 1&000) were first synthesized. These $n@noribbons have
growth direction along <101> and wédiceted, nearly rectangular cres=ctions. The
single crystalline property and well faceted surfaoéthese Snénhanoribbons are ideal
substratefor the epitaxial growth of other crystalline nanostructures.

In the next process, pulsed laser ablation was used to deposgjtQa§dsTio.os0, and
BaTiO; onto SnQ nanoribbons for the formation of bilaynanotapes ahownin Figure

2.9

nanoribbon bilayer nanotape

vapor deposition
——)

Figure 2.9 Epitaxial growth of bilayer nanotape structures using ;Sm&hoeribbon as

template.

Some disadvantages for this rhetl aredifficulties for precise control of composition
and crystallinity of final prducts.At the same time the nanostrues synthesized by

this method are mostly polycrystalline and few have single crystalline structures.
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Although understanding of this method is still limited, it provides a promising strategy

for the synthesis of vans nanostructures.

2.30nedimensional Conductive Polymer Nanostructures

2.3.1lIntroduction

Compared with other ondimensional nanostructures, conductive polymer
nanostructures are indispensable building blocks for the development of organic
electronic device, energy storage devices, lightitting diodes, and electrochromic
displays. The nanowire or nanotube morphology of conductive polymers can enhance
their performance significantly by improving charge transport rate, energy storage
density, and surfse areas. However, the detailed understanding of electrochemically
synthesized conductive polymer nanostructures is very limited. In the next sections, we
will discuss the general background of ahmensional conductive polymer

nanostructures, methodsealéctrochemical synthesis, their properties and applications.

2.3.2 Background

The electric, electrochemical, optical and electrochromic properties of conductive
polymers such as polypyrrole, polyaniline and polythiophene have been used in various
organic electronic, photovoltaic and display devi¢és* % %h general, conductive
polymers have three main forms: thin film, nanofibrillar from and nanotube form. The
thin film is the most widely used morphology @dnductive polymers as building blocks

for organic electronic devices such as electroluminescence device and electrochromic

display device§®>**For the fabrication of defedtee homogeneous thin films by spin
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coding on a conductive or insulating substrate, oxidative chemical polymerization
method idrequentlyused For sensor or battegpplications, nanofibrils or nanotubes are
usually selected due to high sensitivity and surface area requirethetits” The
template synthesis method is one of the most popular strategies for the fabrication of
conductive polymer nanostructgresince Martin and Penner pioneered the
electrochemical synthesis of polypyrrole nanofibrgsng a polycarbonate membrane in
198671 ™ % Alumina template and polycarbonate membrane have many unique
advantages such as low cost, high throughput and simplicity compared with other
conventional synthesis nieds. Because the morphologies of desired nanomaterials are
confined by the template pore channels, precise control of template pore diameter can
give nanostructures different dimensions. Chemical polymerization, due to its simplicity,
is usually applieds the synthesis method for many nanostructdrés®’By monitoring
polymerization time anaontrolling monomer concentrations, nanofibrils or nanotubes
can be obtained.

Electrochemical polymerization is alseidely applied for the fabrication of various
conductive polymer nanomaterials. Compared with chemical polymerization method,
electrochemical polymerization method has many advantgdscussed in the previous
chapter® %° Figure 2.10showsthe chemical and electrochemical template synthesis

methods.
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Figure 2.10. Schematic demonstration of chemical and electrochemical template

synthesis methods for conductive polymer nanostructures

For the application of ettrochromic display devices, nanotubular structures of
conductive polymers are attracting attention due to -fdisa charge and discharge rate

for the counter ions to diffuse into and out of the thin tube walls. This property makes
conductive polymer namabes much more superior than nanofilm structure for
electrochromic display applications. It is essential to control the morphologies -of one
dimensional conductive polymer nanostructures such as tube length, diameter, wall
thickness and even tubular ratidnfortunately, detailed research in this area is very
limited. But our research on the controlled synthesis of conductive polymer
nanostructures has filled this vacaritihe detailed mechanism study will be introduced

in chapter 4.

2.3.3 Methods of Electrochemical Synthesis

Electrochemical polymerization of conductive polymer is conducted in a-é¢ieetode

cell which contains a solution of monomer and supporting electrolyte. The first step of
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electrochemical syn#sis is to deposit a thin layer of metach agjold or indiumdoped

tin oxide by sputtering on one side of the alumina template. This conductive layer serves
as a working electrode in the electrochemical polymerization process and is connected to
a working electrode of a potentiostat. In the thedectrode cell, counter electrode is
generally a platinum plate while reference electrode is a Ag/AgCl electrode. The detailed
experiment setups will be discussed in Chapter 3.

Compared with chemical polymerizat method, electrochemical polymerization for the
synthesis of onglimensional conductive polymer nanostructures has many distinguished
advantage$® ™ *Through controlling applied potential, electropolymetiima time and
monomer concentrations we can tune the morphologies of conductive polymer
nanostructures. The nanostructure length, nanotube wall thickness and even tubular ratio

can all be controlled. In Chapter 4 we will discuss this synthesis stratdgiaits.

2.3.4 Characterization of Conductive Polymer Nanostructures

Transmission electron microscopes (TEMs) and scanning electron microscopes (SEMS)
have been widely applied to characterize the conductive polymer nanostructures. The
SEM can be used tobserve detailed morphologies of outer surface of conductive
polymer nanostructures. But it has limitations. If we want to determine whether a
conductive polymer nanostructure is a hollow nanotube or a filled nanowire, SEM can
give false result becausewea n 6t see the inner structure
and coeworkers reported that through SEM image of the top ends opaohe (3,4
ethylenedioxythiophene) (PEDOT) nanomaterialee outer structures were shown to

have thick walls. From TEM imagg is clear that the structure is an almost filled
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concave shape with an open éidoth SEM and TEM were applied to analyze the
morphologies of conductive polymer nanostructures in our experiments. For TEM
observation, the alumina template must be dissolved by phosphoric acid to release the
confined nanostructures. The detailed sample paéipa process will be introduced in

the next chapter.

2.3.5 Various Conductive PolymBianostructures

2.3.5.1Polypyrroles

Polypyrrolehasmany prominent properties such gsod environmental stability, good
mechanical properties, high conductivity, daeasy synthesisThese properties are
promising for applications such as gas sensOrdgiosensor¥®, actuators, and

electroluminescent devicé¥ In the following we will discuss the nanotube and

nanowire structures of polypyrrole respectively.

2.3.5.1.1 Nanotubes Polypyrroles

Martin and ceworkers first reported the electrochemical synthesis of the tubular
structure of conductive polymer with Nnethylpyrrok in a nuclepore membrane with

1.0 pm pores’’ They proposed a mechanism to explain fivenation of polypyrrole
nanotubes along the template pore wall. The key in the whole process is adsorption of
nascent polyheterocyclic chain to the template pore wall. In the electrochemical
polymerization process, cationic radicals are obtained throtgh oxidation of

monomers, while the pore walls ithe nuclepore membrane are anionic. Thus the
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electrostatic interaction between the template pore wall and the polyheterocyclic chain
contributes to the formation of polypyrrple nanotubes. Demousti@mpgne and co
workers also studied the electrochemical synthesis of polypyrrole nanotubes in-a track
etched polycarbonate membrane with -Z® nm pore diametéf> % The
electrochemical polymerization was carried ati +0.8 V SCE in 0.08.1 M pyrrole
agueous solution. In order to understand influsmmédimited monomer diffusion to the
formation of polypyrrole nanotubes inside the template pores, they used
chronoamperometry technique. But they claimed that thfastiih of monomers inside

the template pores is not the determinant parameter for the formation of polypyrrole
nanotubes. The proof for this conclusion is that there was no change of polypyrrole
nanotube wall thickness when the monomer concentratias ctanged from 0.05

0.39V..

2.3.5.1.2 Nanowires and nanofibers of Polypyrroles

The nanowire and nanofiber structure ofypyrrole have also been widely studied due

to their high conductivity and good stabil.i
observedhigh conductivity of polypyrrole nanowires which were synthesized in a

nuclepore template @ highmonomer concentration. They also claimed that alignment

of the polymer chain by stretching could enhance the conductivities of the poRjmers.

Bulk synthesis of polypyrrole nanofilsawith diameter of 6680 nm was conducted using

V,0s nanofber (diameter: 15 nm) seeds tmmplats. The WOs nanofibers were
chemicallytreated with pyrrole monomers anded as a reactive seed template- P

polymerization reaction on the surface afibrillar template results ira bulk fibrillar

46



morphology with subsequent additionabxidizing agent® Liu and ceworkers reported

a simple method for the synthesis of polypyrrole nanowires or ribkerstructures*

In the synthesis process, lanaellinorganic/organic mesostructures were applied as
templates which were formed during polymerization between surfactant cations and
oxidizing anions. These templates were removed after polymerization. The diameter of
synthesized polypyrrole nanowires wiasthe range of 285 nm and with length up to

several micrometers.

2.3.52 Polyanilines

Mesostructural polyaniline hais controllablechemical and physical properties, whish
accordingto its oxidationand protonation statand the fact that it caact as a organic

semiconductor.

2.3.5.2.1 Nanotubesf Polyanilines

DemoustiefxChampagne and eworkers synthesized polyaniline nanotube structures
chemically and electrochemically using the template method. They usedetchekd
porous polycarbonate embranes with pore diameters ranging from 20 to 220°Am.
They found that the pore diameter of the template is one efntbst important
parameters to contrgrowth rate of the polyaniline nanotubes. When the pore diameter
was reduced, the polyaniline growth rate along the template pore wall decreased due to
the limited diffusion of monomers into the smaller pores. They dmmed that the
polyaniline nanotubes with smaller diameters exhibited higher values of conductivity,
due to more ordered structures in the smallameter nanotubes. Shi and his group

members reported a novel method for the synthesis of polyanilineut@sousing a
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reactive template of manganese oxifeThe templates used were nanowires and
nanotubes of oxidative manganese oxide. They were used not only to shape the
synthesized polyaniline nanotubes but alsad¢b as a chemical oxidative initiator for
aniline polymerization. The advantage of this method is that in the synthesis process, the
manganese template was spontaneously removed after the reaction leaving only
polyaniline nanotubes. This process can bdagxed by reduction of manganese oxide

into soluble MA" ions. This strategy demonstrated strong potential for morphology and

structure control using manganese oxide templates and varied reaction conditions.

2.3.5.2.2 Nanowires and Nanofib@fsPolyaniines

Kaner and cavorkers synthesized polyaniline nanofibers wusing interfacial
polymerization without involvement of templates or functional dopRAtsAn
agueous/organic biphasic system is required for the interfacial polymerization of
polyaniline nanofibes. So nanofibers can be synthesized in a large scale. In order to
control the morphologies of polyaniline nanofibers such as diameter, it is essential to
choose suitable solvents, doping agents, monomer concentrations and reaction
temperatures. For examphMhen hydrochloric acid is used, the average diameter of the
nanofiber could be controlled at 30 nm. For perchloric acid the diameter could be as large
as 120 nm.

Manohar and cevorkers reported a nanofiber seeding method for the fabrication of
polyaniline nanofiber without organic dopants, surfactants and insoluble temiffates.
With this novel method, even very small amounts of inorganic or organic nanofibers

could dramatically change from nonfibrillar (partidgla morphology to almost
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exclusively nanofibers. This result may be very promising for applications in

morphological control in all precipitation polymerization reactions.

2.3.5.3 Polythiophenes

As one of the most important conductive polymers, polythemegh has attracted
considerable interest all around the world. Because of its environmentally and thermally
stable properties, polythiophene has been applied as building blocks of many electronic

devices, optical devices, energy storage devices and elecinaic displays.

2.3.5.3.1 Nanotubes Polythiophenes

Duvail and ceworkers synthesized PEDOT nanotubes using cyclic voltammetry or
chronoamperometry techniqué&sThey claimed that unlike polypyrrole and polyaniline
PEDOT was likely to be electrochemically synthesized as nanowires instead of hollow
nanotubes in a porous template. THmjfieved that the preferential growth along the
template pore wall for PEDOT is much less important compared to other conductive
polymers.

From our recent research for electrochemical synthesis of poly(3,4
ethylenedioxythiophene) (PEDOT) using alumina teteplaethod, we found that the
synthesis of PEDOT nanotubular or nanowire structures can be controlled by several
experiment parameters such as monomer concentration, applied potential, bottom
electrode shape, electropolymerization time, electrolyte cortmmtrand temperature.

All of these parameters influence the final morphologies of PEDOT nanostructures in

different ways. Thus it is very important to understand the detailed synthesis mechanism
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for PEDOT nanostructures. We found thithe monomer concerdtion and applied
potential are the most important parameters for the synthesis of PEDOT nanostructures.
Their influence can be understood in terms of the monomer diffusion flux rate and
electropolymerization  reaction rate  respectively. e W have  conducted
electropolymerization under different monomer concentrations (10 to 500 mM EDOT)
and applied potentials (1.2 to 1.8 V). It was found tmempetitionbetween the monomer
diffusion flux rate and electropolyerization reaction rate determined the tubular ratio
(ratio of a tubular part of a nanostructure over the total length of the whole nanostructure)
of PEDOT nanostructures. Atdlsame time, we also found thgdld bottom electrode
shape was controlling the formation of PEDOT nanotubes at low potentialsleldiked

mechanism study will be discussed in Chapter 4.

2.3.5.3.2 Nanowires and NanofibefsPolythiophenes

Various polymerization strategies have been applied for the synthesis of polythiophene
nanofiber and nanowires. Duvail and-workers synthesed PEDOT nanowires by
electrochemical polymerization in a traeiched polycarbonate membrane with
diameters ranging from 35 to 200 rifi.The electropolymerization was conducted in a
threeelectrode cell with an aqueous electrolyte solution which contains 0.07 M sodium
dodecyl sulfate (SDS). They found that at room temperature the estimated conductivity of
PEDOT nanowires was indepentleon the nanowire diameter. Electrical transport
measurements have been performed to 1.5 K for nanowires arsd Gimexpectedly, a
reinforcement of the insulating character is evidenced when the diameter of PEDOT

nanowires decreases. Duvail claimed th@ompetitive effect induced by the confined
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synthesis is involved. This research work demonstrated that the confined electrochemical
synthesis of PEDOT within template pores can generate a range of electrical properties as
well as the improvement of moldan and supermolecular structures such as increase in

conjugation length.

2.4 Summary

In this chapter we have discussed the general background otlimaasional
nanostructures from many aspects. The most important three synthesis methods have
been introdced especially the template synthesis method which is widely applied for the
fabrication of various onrdimensional nanostructures. We have discussed in details the
conductive polymer nanostructures which include polypyrrole, polyaniline and
polythiopheneas well as their synthesis methods and unique properties. Compared with
nanowire structures, nanotubular structures of conductive polymers have many useful
properties such as ultfast charge and discharge rate due to thin tube wall thickness and
feasiblity for the inner and outer surface modification. For electrochromic display
applications, PEDOT nanotubes are ideal structures to achievdaslireolor changing

rate and good color contrast. Thus it is very important to understand the synthesis
mechaimsm for conductive polymer nanostructures and this is exactly what has been done
in our research work. In chapter 4 we will discuss in details about the controlled synthesis

of onedimensional conductive polymer nanostructures.
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Chapter 3Experiment $tup and Techniques

3.1 Introduction

The emplate synthesis method has been intensively studied for the preparation of one
dimensional nanomaterials in recent years for applicationslectrochemical sensors,
energy storage devices and photovoltaic ick=s: This métod has advantagesof
simplicity, versatility and easy control of final morphologies.

We havediscussedchard template synthesis methods including alumina tenspéatd
polycarbonate template surfactant soft templageand template based upn existing
nanostructuresThe dumina template and polycarbonate template synthesis methods
have been extensively studied in our group for fabrication of various polymer, metal,
metal oxide and semiconductor nanostructutasthis chapter we will discgsthe
mechanism and fabrication tfe alumina template aniis application in preparation of

various nanomaterials.

3.2 Template Synthesis

In this section, we will discuss the mechanism, procedure and experiment setup of
alumina template synthesis. Twmds of alumina template will be introduced. The first
one is homemade alumina template fabricatedaiigh anodizingommercially available
aluminum foil. The second alumina templa&easeduponconductive ITO glass. This

template is prepared by anoiig evaporated aluminum thin film on ITO glass.
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3.2.1 HomeMade Alumina Template Synthesis

Many metals such as aluminum, niobiutantalum, titanium, tungsten amérconium

have a layer of oxide filndepositedon their surface by an electrochemical pcess
called anodizatiof® '°*'? The process conditiorthat promote growth of a thin, dense
and uniform barrier oxide layer of each of these metals are different. The thickness,
density andbtherproperties othese oxide barrier layedependupon many parameters.
Aluminum is ungue among all of these metalsdause the anodization process produces

a thin oxide barrier layeand a thick aluminum oxide coating which contains many
patterned microscopic pores witigh density. Figure 3.8howsthe SEM image ofhe

hexagondy patterned micropores after anodization.

Figure 3.1. SEM image for micropores on aluminum surface after anodization process.

Theporous oxide coating dheanodized aluminum has applians such as architectural

finishes, corrosion protection in automobile and aerospace industd/ electrical
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insulation. In the electrochemical cell afanodization system, the aluminum workpiece

is applied amnanode by connecting it @positive erminal of a DC power supply. The
cathode is generally a plate or rod made otlaetric conductorsuch as carbon, lead,
nickel or stainless steefnd is inserted in the anodizatiorelectrolyte solution. When
anodization starts, electrons are withdrawanfrthe metaht the interfacebetweenthe

metal and the electrolyte at the positive termiAalodizing allows the metal ions to react
with water to form an aluminum oxide layer on the aluminum surface. At the same time,
electrons return to the cathode wéhey react with hydrogen ions to generate hydrogen
gas.

The anodization electrolyte should allow the oxide layer to be insoluble or dissolve at a
slower rate than it deposits. Under this condition, the aluminum oxide layer will grow
continuously. The aection of suitable electrolyte is essential in determining the
morphologies of final product® Some baths can generaigide barrier layers while
othes can form porous aluminum oxide structures. If the anodization bath is a neutral
solution, barrier oxide will be obtained becausedhsninum oxide is hardly soluble in
these solutions. They are most commonly ammonium borate, phosphate or tartrate
compositions. Aluminum oxide with porous structures canubed by using acidic
electrolyte solutions in which there exists equilibriumbetween the deposition and the
dissolution of the oxide. The most widely used bath is dilute sulfuric acid, oxalic acid and

phosphoric acid™®

In air, metals can be readily oxidized by oxygen. Therefore under ambient conditions the
surface of metal is always covered by a thin layer ofi@xfilm. The morphology of the

film structure and composition are determined by the condition of ambient atmosphere in
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which the metal is exposed. On the surface of aluminum, there is always an aluminum
oxide barrier layer which is about3® nm thick and t&bilizes the aluminum surface
against further reaction. In a borate electrolyte anodization solution, due to electronic
insulating property of the barrier layer, there is no apparent current flow until the voltage
is raised to between 1 and 2 Blectricfield in the oxide barrier layer is of the order of 1
V/nm. Under this electric field, water is oxidized to evolve oxygen. But the generation of
oxygen is not observed. The reason is that electron movement from electrolyte to metal is
blocked by the oxidéarrier layer. The voltage across the oxide barrier layer can be
increased without initiating current flow. When the electric field across the oxide is large
enough to drive aluminum and oxygen ions through the oxide layer, these ions will react

with eachother to form the oxide barrier layer.

3.2.1.1 Alumina Oxide Barrier Film

High-field ionic conduction is essential for an anodization. At the interface between
metal and oxide, the oxide anions move toward the metal and react with aluminum to
form alumirum oxide. While at the interface between the oxide and anodization
electrolyte the aluminum cations are moving outward to react with water to form
aluminum oxide. These processes are occurring at the anode. At the cathode, hydrogen
gas is generated by rettion of hydrogen ions. The new aluminum oxide is formed at

both interfaces of the oxide aBownin Figure 3.2.
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The thickness of the oxide barrier layer is proportional to the current density. The value
of electric field in the oxide film does not depead the oxide thickness and barely

depends on the current density and temperature.

Al oxide Electrolyte
0%
e_
H,O
A

Figure 3.2. Schematic illustration of ion transport in the oxide film.

At a given temperature and electrolyte bath composition, there is a maximum voltage at
which breaklown occurs. The generation of oxygen, oxidation of solute or sparking due
to electron avalanche will occur when the voltage reaches the value of breakdown. The
breakdown voltage is inversely proportional to the concentration of electrolyte. The lower

theelectrolyte concentration, the higher the breakdown voltage.
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3.2.1.2 Porous Alumina Template Synthesis

The anodized alumina template has morphologies of hexagonally patterned pores with
aspect ratios commonly higher than 1000:1 (channel larsygforediameter). This high
aspect ratio is very difficult to obtain with conventional electron beam lithographic
techniques. The cost of fabrication of nanoporous structures with lithography is too high
for industry.

The anodizing bath should retain a relatyvéigh concentration of aluminum in the
electrolyte solution. This is necessary, because a large portion of the anodized aluminum
is transported into the solution rather than returned to the film. For instance, anodization
of aluminum in sulfuric acid relas about 60 % of the oxidized aluminum in the film
with the remaining 40 % in electrolyte solution. The thickness of the anodized aluminum
can be as large as 100 pm, much higher than that of the oxide barrier film. Figure 3.3

shows an idealized aluminamelate with hexagonally patterned pores.

Figure 3.3. Schematic illustration of hexagibpgatterned pores of an anodized alumina

template.
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Figure 3.3 shows the anodized alumina oxide with a uniform hexagonally patterned
cellular structure and a cent@flindrical pore in each cell. Most anodization conditions
generate films with disordered pore structures. The cell size and pore diameter are
distributed in a range of sizes. The diameter of the cell and pore depend on several
parameters such as electtelycomposition, temperature and applied potential. &or
fixed electrolyte bath and tempareg the cell diameter, pore diameter doadrier layer

thickness depend on the applied poteritiaThe following three formulashowthis.

Pore diamerter = 1.29 nm xapplied voltage (1)
Cell diameter = 2.77 nm xapplied voltage (2)
Barrier layer thickness = 1.35 nm xvoltage 3)

The magnitude of applied voltage is between 20 V and 200 V.

From the above three empirical formulas, it is easy to predict the dimensions of anodized
alumina template when the electrolyte and temperature are fixed. Thlemslty is from
approximately 10 to more than 100 pen Figure 3.4showsfield emission SEM
images of an alumina template which was anodized in 0.3 M oxalic acid@twith the

appliedvoltage at 40 V.
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Figure 3.4. Field emission SEM images of anodized alumina template. The anodization
condition is in 0.3 M oxalic acid, 1% with 40 V applied voltage. The tebne showed
the hexagonally patterned pores on top the alumina template. The right one illustrated the

crosssectional view of the cylindrical channels of the pores.

Figure 3.5 shows stages of alumina template pore formation. We can see that when an
anodc potential is applied a barrier layer of aluminum oxide is formed on the surface of
an aluminum substrate, stage I. With time small cracks appear at the interface between
the aluminum oxide and the electrolyte. These cracks are widened to form pohes on t
aluminum surface, stage II.

The initiation of the cracks originates from the morphology of the aluminum metal
surface. Thesurfaceof aluminum foil hasa degreeof roughness related to the metal
fabrication processEven electropolishingwhich is widely applied in the anodization
pretreatment in order to make the aluminum sheet surface smooth and flat cam create

scalloped surface texture with shallow cells of the ool@00nm diameter.
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Figure 3.5. Schematic diagram of current dengsiytime for different alumina template
pore formation stages at a constant voltage for the anodization of aluminum in an acid

electrolyte.

In the early growthstage the oxide film on ridges and protuberances becomes thicker
than in the depressions.deemshations move throughthe oxide more easily at these
locations. This mya be due tohigh film stress, impurities, or oxide flawshich can

concentrateurrentat these location®\s the oxidebecomemore uniform the currenis
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concentratedtowards the thinner oxel in depressionsThe concave geometry that
develops on the surface of alumina barrier layer resuléssiightly higherelectric field

in depressions. i€ld-assisted dissolution promotes &bcoxide thinning and current
concentrationFurther anodizatiocauses the pores #&ftain a constant dissolution speed

as shown in stage Ill of Figure 3his initiates pores, and the pore size, density, and
distribution adjust untilan equilibrium betveen the dissolution of aluminum and
deposition of aluminum oxide is reacheBor commercial processes most of the
adjustment typically occurs within the first minute.

In the initial growth stage, the current density reaches a very high value and difops to
minimum quickly. In stage I, a thin layer of aluminum oxide barrier layer has been
formed. In stage I, the shallow pores with scallop bottom shape which is demonstrated in
Figure 3.6 have been initiated on the barrier layer and the current deiastsy tst
increase due to the local accumulation of current. In stage lll, at steady state, the template

pores grow continuously and the current density is stable.

Aluminum oxide
—> Aluminum

Figure 3.6. Schematitlustration of alumina template pore bottom with scallop shape.

Thesquare part in the left SEM image is enlarged to the scheme at the right.
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The well-developed pore structure consists of closely padkexkhgonal cellseach
containing a long pore separated frdm aluminum metal by a layer of scalloped oxide
as shown in fgure 3.6

Many scientists have studied the growtlogass of alumina template poré&arkhutik
assumed thatn the steady state the alumina templatres have a hemispherical
bottom** From study okinetics ofthe oxide formation, theybtaired the electricfield

at the oxide/electrolyteinterface tipand foum thatthe pore grows at thenaximum
possible speed. Henc#jey concluded that thigeometry yielded the desired linear
relationship betweethe porediameterand applied voltage

The reactionoccurring at the interface between the oxide aeléctrolyte § chemical
dissolutionenhanced by thelectric field. The dissolutionof metal at the metal/oxide
interface is due to charge transterelectrochemical reactionsh@ local electric field is
the essential variabtdat determines the reaction rated tte speed of the propagation of
the interface.

In order to obtain different pore diameters, it is very important to choose a suitable acidic

electrolyte and corresponding potential for the anodization process.
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Figure 3.7. Schematic demonstration of thatrehship between interpore distance and

applied voltage for various acidic anodization electrolyt€ee concentrations of
phosphoric acid, oxalic acid and sulfuric acid are 10% (vol), 3% (wt) and 10% (vol)

respectively.

Figure 3.7showsrelationship beteen interpore distance and applied vol&fge various

acidic anodization electiygies. It can be seen that suit acid and oxalic acid are
suitable for the formation of template pores with small diameters at low potentials. While
for the synthesis ocalumina template with bigger pore diameters, phosphoric acid is a
better choice. It can also be seen from this plot that no matter what acidic electrolyte is
applied for the anodization process, the interpore distance has a linear relationship with
the apfied potential. The higher the voltage, the bigger the interpore distance. This result

is consistent with the prediction of formula (2) which has been discussed previously.
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The followingsection will discuss the detailed anodization of alumina templaigalic
acid. Oxalic acid is chosen as the anodization electrolyte because it yielasdeetid
hexagonal pattern of pores whighmore homogeneous thématobtained in other acidic

electrolyte solutions.

If only one anodization process is conductéds impossible to get an ordered hexagonal
pattern of pores on anodized aluminum foil. This is related to the poor top surface
morphologies attributed tioigher film stress, impurities, or oxide flaiese commercially
available aluminum foil. In order tget a good hexagonal pattern for the final synthesized
pores, a first anodization of long duration is necessary to produce better morphologies at
the bottom of pores. When the first anodization step is finished, a chemical etching step is
applied to remové¢he top alumina layer and leave good hexagonally patterned concaves
of alumina barrier layer on the underlying aluminum substrate. Thiggitterned
alumina barrier layer serves as a mold that can guide the subsequent growth of template
pores. After thesecond anodization, welirdered alumina template with a hexagonal
pattern is obtained. Figure 3.8 shows this-st&p anodization process for the synthesis

of an alumina template. The following is the procedure for-dtep anodization of

commercially avaable aluminum foil.

1. Pretreatments of aluminum sheet
1 Material: 0.5 mm thick, annealed, 99.99% purity aluminum sheet
purchased from Alfa Aesar (sock # 40531). The aluminum foil is cut into
small pieces with size of 20 érfor the fitting of anodization jaet.

1 Annealing (when necessary)
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conditions: 400C in argon atmosphere for 2 hours
purpose: increases the grain size of aluminum sheet and provides the sheet
homogeneous conditions for pore growth over large area.
91 Degreasing
condition: ultrasonicate themple in acetone for 1 hour

purpose: remove organic impurities which may decrease the final product

quality.

(b)

(d)

Figure 3.8. Schematittlustration of two-step anodization process for the synthesis of
alumina template. (a) electropolished aluminum shedirét)anodization generates pre

patterned pores (c) chemical etching to remove the layer of anodized aluminum oxide (d)
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based on the concaves of the barrier layer, second anodization formgattesthed

template pores with a hexagonal pattern.

2. Electropolshing

! Conditions: 1 to 5 mixture of perchloric acid and ethanol &€ Sor 10
min undera constant voltage of 15 V.

1 Makes the surface of aluminum sheet smooth and homogeneous. Surface
roughness may influence accumulation of local heat, and disrupt highly
ordered pore formation.

9 Caution: It should be noted that there must be a small part of the
aluminum foil exposed outside the electropolishing solution. This part is
attachedo the anode of orensen DHP series programmable high power
suppy. At the inteface between the air and electropolishing solution, the
aluminum foil is wrapped with a layer of insulating tape 1.5 cm wide to
avoid the accumulation of charges at the interface. Without this insulating
tape, the aluminum foil is damaged by the high ders charge at the
air-solution interface and quickly breaks. The electropolishing solution
cannot be reused. A mirriike surface is obtained on the aluminum sheet
by electropolishing. The glass jacket is connected with a circulator to

control the what system temperature.
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DC power supply

Insulating tape

Al foil plate
Electropolishing solution

Aluminum sheet

Figure 3.9. Electropolishing experiment -spt An aluminum sheet is placed in the
electropolishing solution and connected to the cathode of a DC power supply. £ 20 cm
aluminum sheet is clipped to the aprodf the DC power supply and immersed in the
electropolishing solution (EtOH: HCIG:= 5: 1). The air/solution interface is protected by
a layer of insulating tapeThe temperature is controlled by a circulator which is

connected with the glass jacket.

3. First Anodization
1 Before the first anodizatiopretreathe aluminum sheet in 0.25 MyEO;
solution at 80°C for 1-3 min to remove the natural aluminum oxide
monolayer on the surface.
f Condition: 0.3 M oxalic solution at 18C for at least 5 hours under

corstant voltage of 40 V.
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1 The first anodization improves regularity of the pore arrangement, and
supplies a large defefiee region. At the beginning ofhe first
anodization, the pore pattern is irregular. As anodization proceeds, pore
regularity improvesThe longer the anodizaion, the more uniform the pore
pattern. At least 5 hours are required to get an ordered anodic alumina
template with welordered hexagonally patterned pore

1 At the interface between the air and oxalic acid, the aluminum sheet is
protected by a layer of insulating tape. Epoxy is used to seal the voids
betweertheinsulating tape and underlying aluminum sheet. This prevents
charges from concentrating at this junction and the aluminum &oeet
breaking. The oxalic acid solution isire¢d continuously to keep local
concentration of protons; remove reaction products; and maintain
temperature homogeneity.

Figure 3.10 shows the experiment-gptfor the anodization of aluminum
sheet in oxalic acid. Ae experiment seip is similar to tht for
electropolishing process except that the solutowxalic acid and the

applied voltage is 40 V.
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Figure 3.10. Schematic diagram for the experimentigdor anodization

4. Etching

1 Condition:an aqueous mixture of phosphoric acid (6 wt%), chroaum
(1.8wt¥)at60Cfordout | of the first anodi zat

1 With one step of anodization, it will bdifficult to get wellordered
alumina template witta hexagonally patterned pore structure. Through
etching, the first layer oflaminum oxide is removed andveell-ordered
alumina barrier layer with hexagonally patterned scallop shape is left. This
barrier layerservesas a moldo guide the formation of welbrdered pores
for the second anodization.

1 If the first layer of alumina is ovestched, the welbrdered Aumina
barrier layer will be removed. This will result in loss of regularity for the

second anodization.
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5. Second anodization

1 Condition: The second anodization is conducted under the same
conditions as for the first step. Only anodization time is changed.

1 Purpose: During the second anodization, barrier layer thickness, pore
diameter, pore length, interpore distance, etc. can be controlled by varying
the anodization conditions. Pore length depend$iesecond anodization
time. As a rule of thumb, it was estited that the rate is about 100 nm per
min.

T The second anodization solution canot
first anodizations. Contact of the solution surface with the aluminum sheet
above the insulating tape should be avoided because highydensit
charges at this interface may damage the aluminum sheet.

6. Pore Widening

1 Condition: 0.1 M phosphoric acid at 38 with stirring for 10/ 40 min.

1 Purpose: The main purpose of chemical pore widening is to increase the
pore diameter through the reactioretween phosphoric acid and
aluminum oxideBy controlling acid concentratioiemperature and time
the pore diameteran be controlled.

1 It is important to kee@ constant temperature and continuous stirring of
the phosphoric acid. Through convection, nefmogphoric acid can be
supplied to the template pores and reaction debris can be removed. Precise
control of pore widening time is critical for obtaining weldered pores

with desired diameter. If the pore widening time is too long, the pales
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be overetched and connected with each other. Figure 3.10 shows the field

emission SEM images of alumina templates for various pore widening

times.

It can be seen from Figure 3.11.a that after second anodization the pores tbke
alumina template have a diateeof about 20 nm. The hexagonal pattern for these pores
is barely visible. After 50 min in 0.1 M phosphoric acid at°@8 the diameter of the
template pores has been enlarged to about 80 nm and sheelsadered hexagonal
pattern as shown ikigure 311.b. If the treatment time is too long, the template pores

will be overetched and connected with each other. Figure 3.11.c shows this condition.

@ (b)

UL
UMCP 5.0kV 11.4mm x40.0k SE(U) 11/14/05 11:49 1.00um

Figure 3.11. SEM images for alumina tempdatader various pore widening durations.
(a) no pore widening (b) 50 min pore widening (c) 60 min pore widening-gieked)
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7. Barrier Layer Removal (optional)

1 Condiion: Saturated mercury chloride solution is applied to remove the
unranodized aluminum substrate for applications when both ends of the
template channel need to be open. The aluminum oxide barrier layer at the
bottom of template poseis removed by chemitaetching with 5 %
phosphoric acid at 3T for 50 to 90 min depending on pore size.

1 Purpose: For some applications such agysbmethod, it is not necessary
to remove the underlying tenodized aluminum substrate because
precursors for nantabricationcan diffuse into the template pores from
the bulk solution. But for electrochemical synthesis method, it is necessary
to deposit a layer of metal which serves as a working electrode at the
bottom of the template pores for electrochemical deposition. The
auminum oxide barrier layer blocks flow of electrons for this
electrochemical synthesis. Therefore acidic solution should be applied to
remove the barrier layer and expose the bottom of the template pores.

9 Caution: Because dissolution of the aluminum sabs requires a large
amount of mercury chloride, it is very important to keep the saturation of
mercury chloride solution. Heat is released from the solution and drops of
mercury can be observed on the surface of aluminum substrate. When the
aluminum iscompletely dissolved a transparent alumina template can be

obtained.
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Figure 3.12showsthe tilted view ofa hexagondy patterned alumina template and its

cross sectional view.

— porous layer

JE—

___ | barrierlayer
— Al

Figure 3.12Perspectiveand cross sectional view of anodic alumina teatepl

From Figure 3.12 can be seen that there is always an alumina barrier layer between the
bottom of the porgand the unanodized base aluminum wlactsas the electrochemical
anode. The thickness of the alumina barrier layer is generally betWeand1100 nm.

The existence of this alumina barrier layer has two major disadvantages. First, it will
block direct contact of chemical agents or electrical conduction betweenatieealsin

the pore channels andetibase conducting substrate. TWwil preventelectrodeposition

of nanowires or nanotubes inside the cylindrical channels of the pores. Second, the

alumina template is stickinirmly to the underlying unanodized aluminum substrate.
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This will make it difficult to obtain frestanding alumina taplates for other
applications.

Several methods have been developed to remove the alumina lzgmeieand expose the
bottom of the cylindrical channels of the pores. The most widely used method is to etch
the underlyng aluminum substrate by using atwsated solution of HgCl, and then
remowe the alumina barrier layer by chemical etchingfhen the anodized alumina
template is put inta saturatd solution of HgCl, bubblesare generated and heat is
released. The aluminum is oxidized by Hg@hd small mewury dros appear on the
surface ofthe aluminum substrate and fall to the bottom of the reaction container. The
whole process dependsn the size ofthe aluminum substratgéhat remainsafter
anodization.

Generally there are two methods for the electrodigjon of various nanomaterials in the
pores of alumina templageThe first methodusesdirect current for the deposition of
various metal, metal oxide and polymer materials in the cylindrical pores of alumina
templates.** **°In order to achieve this, the anodized alumina template must be detached
from the underlying aluminum substrate and the alumina barrier layer at the bottom of the
template porefasto be removed by chemical etchimy.thin layer of metal stuld be
sputteredbn theside ofbarrier layer which is removed by chemical etching and serves

a working electro@ in the three electrode systeththe insulating barrier layer is not
removed the flow of current hrough the poress stoppedand no eletrochemical
deposition can occuRemoval of alumina barrier layer needs a fsé@nding alumina
templatewith thicknessof at leas 20 pm. For mostapplications, the thickness of porous

aluminatemplateshould be hundreds of micrometers.
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Another methoddr the removal ofthe aluminabarrier layeris acombination of chemical
etching and limited anodization. Ulrich Gosel andwaarkers reported uniform nickel
deposition into ordered alumirtamplatepores by pulsed electrodeposititfi.In this
method, thgorous alumina template remainaal the underlying aluminum substrate and
the desird metal was deposited on thestipf alumina barrier layer at the bottom of
template poreshtough an alternating depositigpotential. With this method, the
synthesis of ordered metal nanostructure arrays is not limited by the thickness and size of
alumina barrier layerFigure 3.13howsthe synthesis ad highly ordered porous alumina
template and the preparative steps for the subsequéng fof nanstructures. The
alumina template was synthesized by tleo-step anodization process first long
durdion anodization formed an ordered hexaglynpatterned cylindrical pore arrayith

a high aspect ratio and regular pore arrangement.
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Figure 313. The synthesis process ahighly ordered porous alumina template and the
preparatie steps for the subsequent filing of th@nastructures. a. After long duration

first anodization, the first layer of alumina was removed and the patterned hexagonal
strudures were left on the aluminum substrate. b. highly ordered alumina template
structues were obtained afterthe second anodization step. c. The pore diameter and
alumina barrier layer were further thinned by isotropic chemical etching. d. The alumina
barrier layer was continually thinned by two currbmiited anodization steps and
dentrie pore formation occurregn the alumina barrier layer. e. nickel nanowires were

deposited in the template pores by pulsed electrodeposition.

When the first anodization process was finished, this layer of alumina template was
dissolved and the tips dii¢ original template pores left a welldered hexagonal pattern

on the surface of underlying unanodized aluminum substrate. This pattesarceas a
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mask for the second anodization process wieheratefiexagonal pores with uniform
diameters and pa&ttned arangementas shown in Figure 3.1B. The quality and
homogeneity otthe subsequerdeposition process improved by further thinning the
barrier layer. The thinning of the barrier layer significantly decsetise barrier for the
electrons to tunel through it andhe metalwaselectrochemically deposited at the tip of
the pore bottom. The direct result of thinning is to lower the required potential for the
filling of the emplate pores.

The first step for barrier layer thinning is to widen tleegs by chemical etching. Oxalic
acid was heated to 3C to decrease the barrier layhickness as shown in Figure 3.4.3.
Then the template was anoeiztwice under constant curresanditions. The thickness
of the barrier layer and applied potentialttbadecreased. Finally, the anodization
potential was reduced te®V which is corresponding to a barrier layer with less than 10
nm thickness. Further thinning thfe barrier layer willcausehe alumina templat® peel

off from the underlying aluminunustrate.

Here we will discuss the details of barrier layer removal. If the alumina template is put in
phosphoric acid directly the barrier layer cannot be removed withouetsieing the top

of the alumina template. When the alumina template is immansi@ phosphoric acid
directly the acid solution will diffuse into the pores from the top and starts to etch the
pore wall. Because there is always a gradient of acid concentration all along the pore
channel due to the limitation of diffusion, at the bottofthetemplate pore which is also

the barrier layer part the local acid concentration is relatively lower compared with that
on the top. The etching of pore wall is conducted from both sides and the etching rates

from the two sides are same. While the barrier layer side, the etching rates for both
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sides are different because of the relative low acid concentration above the barrier layer at
the pore bottom. This will result iafaster etching speed for the top compared with that
for barrier layer. ure 3.14 demonstrated the SEM images for the pore widening of an

alumina template which is directly immersed in phosphoric acid.

(@) (b)
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Figure 3.14. SEM images for the pore wideningmflumina template which is directly
immersed in phosphoric acid. (a) Top side (b) Barrier layer side. The condition is 5 %

phosphoric acid at 3 for 90 min etching.

Form Figure 3.14 it can be seen that if there is no protection of the top sideahfrtiiea
template, after 90 min etching the top part apgines the limit for pore widening while

the barrier layer is still not removed as can be seen in b. Figure 3.14.b shows that the
poresremain closed due to the slowetching rate ofthe barrier laye compared with that

for thetop partof thetemplate In order to remove the barrier layer without eesshing

the top of the alumina template, the top side should be protected from the attack of
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phosphoric acid. The following scheme shows the experisetnip we used to protect

the top side of the alumina template.

Alumina template (barrier layer facing up)

parafilm

7

/ ¥

B

\ /

Glass Slide

Figure 3.15. Experiment sap for removal of aluminum oxide barrier layer

It can be seen that with the top side of the alumina template facing almithe sides
sealed by parafilm, onlythe barrier layer will be attacked by phosphoric acid.
Experiments showed that the barrier layer started to be open at around 40 min in 5 %
phosphoric acid at 38C. Once the pore is exposed, acid solution will diffuse into the
channels and starts to widehe pores. Figure 3.16 shows SEM images of the barrier

layer side and the top side of an alumina template after removal of the barrier layer.
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Figure 3.16. SEM images of the barrier layer side and the top saieabimina template
after removal of the barrier layer with top side protection. (a) 85 min etching, barrier
layer side (b) 85 min etching, top side @ min etching, barrier layer side (d) 90 min

etching, top side
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From Figure 3.16 it can be seen that precise control of etching time is essential for the
removal of barrier layer. For 85 min etching, the barrier layer has been removed and the
pore diamedr at barrier layer side has reached the maximum value of about 90 nm. For
the top side of alumina template, the pore size is smaller compared with that of barrier
layer side due to the protection of top side as shown in Figure 3.16. a and b respectively.
If the etching time is too long, although the top side keepsavedred pore structures,

the barrier layer side will be ovetched and the patterned pore structures will be

damaged. This condition ghownin Figure 3.16.c and d respectively.

3.2.2 Alumina Template synthese ITO Glass

Compared with the alumina template which is fabricated by anodizing commercial
aluminum foil, anodic alumina template which is synthesized on-dd¥@red glass
substrate has many advantages such as thin aluminaatertiptkness, good mechanical
property and optical transparency. > '’ For homemade alumina templates, a
thickness of 50° 60 pm is required to hold it without breaking. For anodic alumina
template fabricad on ITO glass, it is possible to control the thickness of the alumina
template to less than 500 nm because of the glass sulssipgiert. The glass substrate
provides the anodic alumina template with good mechanical strength. The most important
property of anodic alumina templates on glass substrates is optical transparency after

anodization. This makes it a candidate for photovolattelectrochromic applications.
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The anodic alumina template on ITO glass is also fabricated by anodizing aluminum in
an acid electrolyte solution. Firsindium tin oxide (ITO) coated glass was cleaned by
sonication in ethanol for 10 minutes and rinsed thoroughly wiiomieed water. It was

then air dried with nitrogen gas aadhin layer of aluminum 500 nm to 1.5 pmasated

on the conductive ITO glass by electron beam evaporation or sputtering. After coating, a
mirror-like aluminum layer on the ITO glass can be obtained. In the next step the
aluminum coated ITO glass is put into a Thermolyne 79300 tube furnace faliagres

450 °C in an argon atmosphere for 2.5 hours. Annealing increases the grain size of
aluminum coating and provides a homogeneous condition for pore growth. When
annealing is complete, the aluminum coated ITO glass is cut into 3ieras and put

into the anodization jacket. Figure 3.17 shows the images for the Thermolyne 79300 tube

furnace and anodization experiment.

Copper tape
Insulatingtape

Al coated ITO glass
0.3 M oxalic acid

Stainless steel sheet

Figure 3.17. Anodization seip for aluminum coated ITO glass.
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The anodization setp for aluminum coated ITO glagssame tohat for the anodization

of aluminum foil. At the interface between oxalic acid solution and air the sample is
protected by insulating tape. Without the insulating tape the aluminum coating at the
solution/air interface will be damaged very quickly by acalation of high charge
density. It should be noted that for the fabrication of anodic alumina template on ITO
glass the electropolishing step is omitted and only one anodization process is used
because the thickness of the aluminum coating is generaflythes 1.5 pm. In an

electropolishing solution this thin layer of aluminum would be dissolved immediately.

Due to the thin thickness of aluminum coating on ITO glass it is impossible to conduct
first anodization for long duration. Thus only estep anodiationwith short durations
carried out for synthesis of this kind of templdtke transparency of Al coated ITO glass

is usedto determine the end of anodization. Before anodization the sample is-likiefor
however vhen the poreseachthe bottom othe Al layer andcontactthe ITO surface, the
whole samplebecomestransparent due to the transparemdythe ITO film and the
porous anodic alumina templateAnodization time is an important parametdr the
anodization is notamplete the bottom of pagsedaes not reach the ITO layer and the
alumira barrier layer at pore bottobtockselectric conductionmaking electrochemical
deposition impossible. On the other haintthe anodization time is too long, the ITO film

will be anodizeceventuallyresultingin the degradationf the conductivity. Anodization
must be stopped immediately once transparency is observed. Figure 3.18 shows the

fabrication process for an anodic alumina template on ITO glass.
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Fabrication Process

glass ITO micro pores

Evaporatlon Anodlzatlon

glass ITO micro pores

~E= -

Figure 3.18. Schematic demonstration of the fabricgirogess for the alumina template

on ITO glass.

The pore diameter in the anodic alumina template on ITO glass is about 10 to 20 nm
when there is no pore widening. To widen the template pores 0.1 M phosphoric acid is
applied for 40i 50 min at 38°C. Becase of the thin aluminum coating aatisencef

long duration of first anodization, wedrdered hexagonally patterned pore structures can
barely be observed. Figure 3.19 shows SEM images of an anodic alumina template on

ITO glass before and after the peviglening.
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Figure 3.19. SEM images of anodic alumina template on ITO glass before (a) and after
(b) pore widening by 0.1 M phosphoric acid at %8 for 40 min. The thickness of

alumina template is 1.5 pm. Anodization potential is 40 V.

The removal of the aluminum oxide barrier layer is also a big challenge in the fabrication
of anodic alumina templates on ITO glass. Due to the limited diffusion of akition

into the template pores, the local acid concentration at the bottom of pores or top of
barrier layer is lower than that at the top part of the channels. Thus the rate at which the
template pore diameter increases is faster than the etching e lodrrier layer. For

this reason it is very important to choose a suitable template thickness to remove the
barrier layer without oveetching the top part of alumina template. Experiment results
showed that if the thickness of aluminum coating is highan 2 pm, it is impossible to
remove the barrier layer without ovetching the top part of the alumina template pore
structures. Because the phosphoric acid can only diffuse into the pores from the top, the
barrier layer can only be attacked from thp.th the template is too thick the local acid

concentration at the template pore bottom will be lower than that on the top. This will
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result in a slower etching rate for the barrier layer. Experiments showed that the ideal
template thickness is around 1u5. On the other hand, if the template is too thin the
pore structure will be poor due to short duration of anodization. Figure 3.20 shows the

anodic alumina templates under different pore widening conditions.

(@) (b)

0.2mm %70.0k SE(U) 10/16/06 10:30

Figure 3.20. SEM images for anodic alumina templates on ITO glass under different pore
widening conditions. (a) 2 yn alumina template aodization, no pore widening. (b)
cross sectional view for the bottom part of a 1.5 pm thick alumina template, after 40 min
pore widening in 0.1 M phosphoric acid at 88 (c) perspective view for the bottom of

the alumina template in (b) after the alnentemplate has been removed from the ITO
glass substrate. (d) 500 nm thick alumina template after 32 min pore widening in 0.1 M

phosphoric acid at 3&.
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From Figure 3,20.& can be seen that anodization produced many vertical channels along
the whole &umina template. Without anodization the diameter of the pores is as small as
10 nm. Figure 3.20.b shows the bottom part of an anodic alumina template on ITO glass
for which the barrier layer has been removed. It is apparent that the bottom ends of these
channels are open. This makes electrochemical deposition of various nanomaterials in the
template pores possible. It should be noted that there is a gap between the template pore
bottom and the ITO glass substrate as shown in Figure 3.20.b. This gagusqardy

local pressure which originates from the generation of oxygen from the electrolyte
solution in the anodization process. Figure 3.20.c shows the bottom view of an anodic
alumina template with barrier layer removed. It can be seen that when theigeneng

time is well controlled, the barrier layer can be removed without-etding the
template pore wall. Figure 3.20.d shows an anodic alumina template of 500 nm thickness.

Due to the thinness of the template, weelllered pore structure is hardpiduce.

The diameter of the template pores is proportional to the applied anodization potential.
This conclusion is also applicable to the anodization of aluminum coating on ITO glass.
In order to study the dependence of pore diameter upon appliedigloter increased

the anodization voltage from 40 V to 80 V. At this high potential, in 0.3 M oxalic acid the
aluminum coating on ITO glassas quickly dissolved and a large amount of heais
generated. This is due te high electric field on the anodaluminum coating. To solve

this problem, we reduced the concentration of oxalic acid and tatoperuntil the
reaction became stable. Itf@und that 0.04 M oxalic at & is a satisfactory anodization
condition. When the anodizatiowmas complete, 0.1Mphosphoric acid at 38C was

applied to widen the pores and remove the barrier layer. We found that the ideal pore
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widening time for alumina template anodized at 80 V is different from that for alumina
template anodized at 40 V. For the latter, the marinpore widening time is 40 min
while for alumina template anodized at 80 V it can be as long as 58 min. The reason is
according to bigger intguore distance due to high anodization potential. Figure 3.21
shows SEM images for anodic alumina templates aeddat 80 V under different pore

widening conditions.

From Figure 3.21 it can be seen that pore diameter increases with pore widening time and
reaches a maximum value (100 nm) in 58 min. Figure 3.19.d shows the cross sectional
view of this alumina templat It can be seen that the barrier layes removed ands

ready for the electrochemical deposition of various nanomaterials.
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Figure 3.21. Anodic alumina template which is anodized at 80 V under different pore
widening conditions. (a), (b), (c) are f62, 56 and 58 min pore widening in 0.1 M

phosphoric acid at 38 respectively. (d) Cross sectional view for alumina template in

(©)

3.3The Sample Preparation
Various nanomaterials have been synthesized with commercially available alumina

templateghatcan be purchasddom Whatman (Clifton, NJyvith a pore diameter 0200
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nm andthickness of60 mnm. For electrochemical depositionone side ofthe alumina
membrane was coated with a thin layer of gold 836@.nm thick)as a working electrode

by using an ATC 1800 -Barget Sgun sputtering system (AJA international, North
Scituate, MA).After gold spttering, the sample was clamped between two pieces of
parafilm and mounted on a glass slide. The gold coated side contacts a copper tape which
is connected to the working electrode of a potentiostat. The whole sample was then put
into an acetonitrile sotion for electrochemical deposition of various conductive polymer

nanomaterials such as PEDOT, polypyrrole or P3HT.
pore

o~
(110~ -
- 1000

Electropolymerization l parafilm

Nl S

PEDOT-nanotube [

parafilm ] copper tape
. I ©
s

glass slide <+— |
Dissolve alumina l
membrane

uuil @

Figure 3.22. Schematic demonstration of sample preparation. (a) gold sputtering (b)

mount on glass side (c) electrochemical depositionef@pval of alumina template
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PEDOT grows along the alumina template pore walls and resulted in the formation of
nanotubesPEDOT, polypyrrole and P3HTnanostructures were investigated using a
field-emission scanning electron microscedSEM; Hitachi S4700, operated at an
acceleration voltage of 5 keV) aratransmission electron microscope (TEMeiss
EM10CA, operated at 80 keV). The sampling methods for SEM and TEM analysis were
described in detajpreviously™ Briefly, the goldcoated side o& small piece of alumina
templatewas tightly attached onta SEM sgecimen holdemwith a carbon tapeThe
template was dissolved exposehe nanomaterialdy usingphosphoric acid (25 wt%).

The sample was rinsed with -@@ized water(ca. 18 MWEm resistivity) obtained by
using a MillrQ water purification systen@Millip ore, Dubuque, IA. The sample was
dried in air before observation. For TEM sampling, the gold layer was removed by using
an aqua regia solution after growing desired nanostructaresgold coated alumina
template The alumina template was dissolved tsyng phosphoric acid (25 wt%)The
released nanomaterials weepeatedly rinsed witbe-ionized water and ethand.nl of

thenanomateriasolution waslepositecand driedon a TEM grid.

3.4The EquipmenHardware

The electrochemical deposition was conducted in a three electrode cell which is
connected to a potentiostat (660A Oh$trumentsAustin, TX). A U-tube wasused as
container for the cell. The gold coating on the alumina template was connected to the
working electrode of the potentiostat. A platinum plate was folded and put into the cell as
a counter electrode. The reference electrode used is a Ag/AgQbdkecFigure 3.23

demonstrated the sap for the three electrode cell.
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Reference electrode
Platinum counter electrode

Alumina template
Glass slide

Figure 3.23. Schematic demonstration of three electrode cell.

CHI 660A is a computerized electrochemical instrument. The system contains a fast
digital function generator, high spkalata acquisition circuitry, a potentiostat and a
galvanostat. The potential control range is £10 V and the current range is £250 mA. The
instrument is capable of measuring current down to picoamperes. The instrument can
automatically rezero both potaiml and current to compensate for drift due to
temperature and time. The instrument is controlled by an external PC under Windows
environment. It also provides file handling, graphics, data analyses, and digital

simulation. The next section will discusetsoftware for CHI 600A.
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3.5The Software
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Figure3.24. Schematic demonstration of the software for CHI 660A

Figure 3.24 shows the user interface of the software used for CHI 660A. In
electrochemical techniques window there are many techniques camsencsuch as

cyclic voltammetry, chronoamperometry, chronocoulometry, liner sweep voltammetry,
etc. For our electrochemical deposition experiment, chronocoulometry was apptied as

main method for the synthesis of conductive polymer nanostructures.

3.6 Summary

In this chapter we discussed the detailed fabrication processes for alumina template. Two
types of alumina template have been introduced. The first one is synthesized by

anodizing commercial aluminum foil. The second one is fabricated by anodizing
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evaporated aluminum coating on ITO glass. Both of them are sharing many similarities in
morphologies. But they have different applications due to differences in structure. The
experiment setips, electrochemical experiment hardware and softweeee also

discussed.
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Chapter 4: Conductive Polymer Nanotube Synthesis Mechanism

This chapter has been reproduced in part with permission from: Xiao, R.; Cho, S. I.; Liu,
R.; Lee, S. B.,Controlled electrochemical synthesis of conductive polymer tnbhao
structuresJournal of the American Chemical Society 2007, 129, (14),-4483.

4.1 Introduction

By using poly(3,4ethylenedioxythiophene) (PEDOT) as a model comppuved have
investigated the electrochemical synthetic mechani$onssynthesizing coductive
polymer nanotubular structures in a porous alumina template. Three parénagiplied
electropolymerization potential, monomer concentration, and base electrode shape at
bottom of the template padewere varied to obtaianelectrochemical growthattern of
PEDOT nanostructures. This growth pattetrich will be discussed latevas understood

when it was considered in two overpotential regions: low oxidgi@ential region (<

1.4 V vs. Ag/AgCl) and high oxidatiospotential region (> 1.4 V)The bae electrode
shape at the pore bottom of a templata ¢sucial factor for the electrochemical growth

of nanotubes in the low oxidatigotential region. Monomer concentration
(concentratiorgradient diffusional flux in pores) and applied potential (etettemical
reaction rate) are essential in determining nanostructures in the high oxjulatéorial

region compared with the base electrode shape. Based on the above mechanisms, we can
constructa strategyfor synthesizingPEDOT nanotulb®in the templatepores. These
mechanisms were further employed to control the nanotube dimensions of other
conductive polymers such as polypyrrole and poehg8ylthiophene). In the
electrochemical study of dimensiaontrolled PEDOT nanotubes, thinner wall
nanotube showed fasger redox rate that is important for the development of -igh

performance batteries and supercapacttorspared with film structure
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Conductive polymers are indispensable materials for the development of organic
electronic devices, such as electraniml power sourceS® ' flexible electronic
devices!” **and displayS? ***'# In such electronic devicgsoor chargeransport rate
due to slow diffusion of countéons into/outof the conductive polymer film during
redox processes a limitation' **> Nanotubular conductive polymerhave improved
charge transport rageas well aslarge surface area Recently we have pioneered the
electrochemical synthesis pbly(3,4ethylenedioxythiophene) (PEDOTanotubes and
used themn the development dast electrochromic devices (0 ms in electrochromic
colorchange speedf. The thin-walled nanotubular structure enables ions to easily
diffuse into/out-of the conductive polymeresulting in a fast color switching rate.
However, detailed mechanism studiesthe electrochemical synthesis of conductive
polymer nanotubé&" ‘*are very limited, despitéé importance of conductive polymer
nanotubes in various electronic devices.

The synthesis of conductive polymer nanotubes has been performed chemunchlly
electrochemicallywith various template¥® **Martin and coworkers pioneered the
synthesis of conductive polymemanotubes and nanofibers such as polypyrroles,
polythiophenes, and polyanilinesy the pores of apolycarbonateand alumina
membrana’* The Wan group introduced surfactants as templagewell as dopants to
synthesize polyaniline and polypyrrole nanotufe$® Nanofibers of biodegradable
polymess can be an alternative choice as a templatdve conductive polymer is
electrodeposétd on the surface @lectrospun nanofibersvhich are removed to generate
hollow conductivepolymer nanotues’?®In these studies, the growth of nanotubes on a

template can bexplainedby a mechanism proposed by Kiad group based omn
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interactionbetweenthe conductive polymer anthe template’* When consideringhis
mechanismiit is difficult to explain thegrowth of partially-filled nanotubesthat are
frequently observed in electrochemical template synttiédfin our previous papers;

1> we have given qualitative explanations foe formation othe partially-filled PEDOT
nanotubes by identifying three deterministic experimental parametersmonomer
concentration (aacentrationgradient diffusional flux in pores), applied potential
(electrochemical reaction rate), and base electrode $hape.

Here, we describehe detailed electrochemical synthetic mechanisms and structural
characterizations of various condweti polymer nanotubes in a porous alumina
membrane. As a function of monomer concentration and potential, electropolymerization
leads either to solid nanowires or nanotubes and ieipuhpose of these investigations
to uncover the detailed mechanism uhdeg the morphological transition between
nanowire and nanotubBy using PEDOT as model compound, wkavesystematically
investigated the effects ofarious experimental paramet@rpotential, monomer
concentration, base electrode shaglectrolyte cacentration, andemperaturé on the
nanotubular structures in the pores of the templEtes mechanisnwas applied to the
synthesis of PEDOT nahdbes in the templatewith smallerpore diameter and other

conductivepolymer nanotubesuch as polypyrrole @poly(3-hexylthiophenefP3HT).

4.2 Practical Procedures for Conductive Polymer Electropolymerization

4.2.1 MEDOT Electropolymerizatio®ynthesis
Electropolymerizatiorof EDOT was performedootentiostaticallyat various potentials

from 1.0 to 1.8 Vveraus Ag/AgClreference electrodby using Ptfoil (99.9 % Alfa

97



Aesar, Ward Hill, MA as a counter electrode in various concentrations of EDOT from 10
to 500 mM in acetonitrileThe experiment setp wasshown in Figure 3.19Electrolyte
solutionwasO0.I M LiClO4 in an acetonitrile solutigrand reaction temperature was°25

if not specified otherwisdn order to focus on the influence of monomer concentration
and applied potential on PEDOT nanostructure synthesis mechanism, the

electropolymerizatiotime is fixed at 100 s.

4.2.2 Polypyrrole Electropolymerization

Polypyrrole was also synthesized potentiostatically in an aqueous solth®ichoice of
solvent and electrolyte is very important in the electrochemical synthesis of conductive
polymes. At the oxidation potential of monomer, the solvent and electrolyte must both
be very stable and provide a conductive medium for the electrochemical polymerization.
For the electrochemical polymerization of pyrrole, the reaction can be conduaed in
aqueous solution due to the relatively low oxidation potential of pyrrple. Because of the
low solubility of pyrrole in water, sodium dodecyle sulfate (SDS) is applied to increase
the solubility of pyrrole. The electrolyte is 0.1 MiCIO4 The electrochemical
polymerization is conducted at 0.7, 0.9, 1, 1.2, 1.4, 1.6 and 1.8 V for 10, 25, 50 and 100

mM pyrrolerespectively. The electropolymerization time is fixed at 100 s.

4.2.3Poly(3-hexylthiophenefP3HT) Electropolymerization

Because the oxidation potentiaf 3HT is higher than that of EDOT, relatively high
potentials are applied for the electropolymerization of 3HT. The electrochemical

polymerization of P3HT is conducted &m acetonitrile solution for 100 mM 3HT from
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1.5 to 2.0 VversusAg/AgCI referenceelectrode When the applied potential is higher

than 2.0 V, the gold coating which serves as working electrode will be dissolved.

4.3 Characterization of PEDOT Nanostructures

4.31 Morphology of PEDOT Nanostructures

It is necessary to observe andderstand the nanostructund conductive polymer
nanotubes in orderot investigate the growth mechanism The SEM images of
conductive polymer nanotubes are quite different fritrose of metallic nanotubes
because conductive polymers are sotrigid as netal. It is important to characterize
three different nanostructures of conductive polymer nanotubes (nanowire, pétially
nanotube, and complete nanotulis) using SEM and TEM. Here, we have chosen
PEDOT as a modekcompound becauseof its welltknown electropolymerization
chemistryandelectroclemical properties-* *2*?° Figure4.1.a showsthe SEMimages of
PEDOT nanwires which were grown in 50 mM EDOT at 1.6 V for 10M@ste to strong
surface tesion at the interface betweethe nanavires and the solvent, PEDOT
nanavires aggregated during solvent evaporatidinis phenomenorhas also been
observed in metallic nanostructurdé3EDOT nanwires have cylindrical shaps with
openended tig. This shapéndicates that tubular sectionay exist in the nanostructure
The TEM imaggFigure 1I) revealed thathe top10 % of the nanostructure is a hollow

tube.
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Figure 41. SEM and TEM images of PEDOT nanostructures synthesized
potentiostatically (a,b) in 560M EDOT at 1.6 V, (c,d) in 50 mM EDOT at 1.2 V, and
(e,f) in 25 mM EDOT at 1.5 V for 100 $he upper (a, ¢, and e) and lower (b, d, and f)

images were taken by SEM and TEM, respectively.

Figure4.1.c shows the SEM image obmpletdy hollow nandubes which were grown in

50 mM EDOT at 1.2 V for 100 &Jnlike metallic nanotubeso opertip structures in the
SEM image of PEDOT nanotubage observednstead, the top of the PEDOT nanotubes
are highlyaggregated. The bottom of the nanotu@swrinkled andcollapsed structures
rather than smooth cylindrical structures. This implies that the nanostruatetedlow
from the bottom, and the walbf nanotube aretoo thin to maintairthe upright structure
While the wrinkled and collapsed structuretive SEM imagecan be a useful indicator
for the formationof tubular structurg TEM studies are essential to observe the hollow
structure of the nanotubkerhe TEM image in Figuré.1.d stronglysupportsthatPEDOT
nanostructures are completely hollow tubeshwiery thin wals (less than 10 nm). The

outer diameter afhe nanotubes (ca. 300 nm) is much larger than the pore diameter of the
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alumina template (ca. 200 nm). Thisdicatesthat the cylindrical structure of the
individual nanotubdecaneflat duringthe TEM sampling process due to surfacesien

on thethin cylindrical wall.

The SEM image of partiall§illed nanotubes can be considered as a combinatian of
nanotube an@ nanowire.Figure 4.1.e showsthe SEM image of partialljiled PEDOT
nandubes grown in 25 mM EDOT at 1.5 V for 108. As expected,tte bottom of the
nanostructureresembles a nanowire while its top resembles a nanotube. The TEM image
(Figure4.1.f) demonstrate that40 % of the nanostructure & nanowire It also shows

that the oute diameter of thaubular sectiorincreases toward the top of the nanotube
becausdts tubular wall isvery thin andcancollapse easily

It will be interesting to study further the morphologies of PEDOT nanostructures
synthesized in aqueous soluti@odium dodecyl sulfate (SDS) is applied to increase the
solubility of EDOT in water becauseo-surfactantslike (SDS) can stabilize charged
speciessuch as anionic or cationic radica8DS hasthe advantage of increasing the
solubility of the thiophene derative in water, lowering its oxidation potential and
increasing thepolymerization current Electropolymerization of EDOT imaqueous
solution with SDSshowed that the start oxidation potential of EDOT has been lowered to
about 0.8 VFigure 4.2 shows theE3/1 images for PEDOT nanostructures synthesized in

agueous solution.
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Figure 4.2. SEM images for PEDOT nanostructures synthesized in aqueous solution.
Electropolymerization condition: 50 mEDOT at 0.8 V for 100 s in water with 0.07 M

SDS and 0.1 M LiCI@

From Figure 4.2.a it can be seen that the PEDOT nanostructures collapsed and stuck to
each other. The reason is same as that for PEDOT nanotubular structures synthesized in
an acetonitrie solution. Due to the high surface tension between the PEDOT thin wall

and the solvent, the nanotubes of PEDOT tend to be pushed together and collapse. Figure
4.2.b shows the magnified SEM image for a. It can be seen that the PEDOT nanotubes

protrude fran the hexagonally patterned alumina template.

4.3.2Control of Nanotube Length

We analyzed the dependencenahotubdength on monomer concentration and applied
potential. The nanotubdength was rarelyaffected bythe monomer concentratioss
shown inFigure4.3. When the monomer concentratimasincreasedt a fixed potential,

the nanotube lengshbarely changed. Instead, thigreaseof monomer concentration
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resulted inthickening of the nanotubewall. On the other handhé nanotubdength
increasedwith the increase of applied potentidfor example, the lengths of nanotubes
synthesized in 50 mM EDOT and 0.1 M LiGl@t 1.2, 1.4 1.6,and 1.8 Vwere ca.
3.4+0.2 5.3+0.2 7.5:0.2, and 93+£0.3 /mm, respectivelyFigure 4.3). Thus,the applied
potential may be a good parametefor controlling the nanotube length.
Electropolymerization time isanotherway to adjustthe nanotube lengthdoubling

polymerization timeWithin the range 0200 s) increaseshe nanotube lengthy a factor

of two.
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Figure 4.3 Dependence oPEDOT nanotube lengtbn applied potentialand monomer

concentratiorat fixed 100 s polymerization time.

From Figure 4.3 it is apparent that the dependence of PEDOT nanotube length on the
applied potential is almost linear. Table 4.1 sholnes detailed nanotube length of each

data point in Figure 4.3. The unit for nanotube length is nm. In Table 4.1, each data entry

103



is based on the length average of more than three PEDOT nanotubes at the same

synthesis condition (same monomer concentrarahapplied potential).

Table 4.1 Dependence of PEDOT nanotube length on the applied potential and monomer

concentration.

Concentration(mM) 10 25 50 100

potential (v)

1.2 3.2 3.4 3.5 3.7
1.4 5.1 5.2 5.3 5.4
1.6 7.3 7.5 7.6 7.7
1.8 9.2 9.3 9.4 9.4

Note: The unit for PEDOT nanotube length is nm

4.3.3Rigidity of PEDOT Nanotubes

In order to control the rigidity of nanotubes, we compared PEDOT nanostructures
synthesized at potentials of 1.2 and ¥.8The low monomer concentratiori0 mM
EDOT, was chosenn orderto synthesizenanotubes with very thin wal(< 10 nmin
thicknes$. Undertheses conditionshere is a large difference iherigidity of nanotubes

As shown in Figre 4.4, PEDOT nanotubes synthesized at 1.2 V hawmooth, dese

wall surface, while ones synthesized at 1.8 V haaeough porous wall surfaceThis

phenomenon islue tothe fact thathe diffusionalmonomersupplyis sufficinetto form
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rigid wall during the polymerization reacticat the low oxidation overpotentiaAt low
oxidation potential, the electropolymerization reaction rate is low and the growth rate of
PEDOT nanotube along the template pore wall is also relatively slow. Thicker polymer
nanotubes will be obtained when there is a sufficient supply of masdnoeen diffusion.

At the high overpotentialthe supply of monomer cannot meet the requirement of
polymer tube growing rate which results in the formation of long and porous polymer

nanotubes with thin walls

Figure 4.4TEM images of PEDOT nanabes synthesized at (a) 1.2 V and (b) 1.8 V for

100 s in 10 mM EDO®Nd 0.1 M LiCIQ.

4.4 Effects of applied potential and monomer concentration

4.4.1General Concern

We have studied the synthesis of conductive polymer nanostructures using the
electroclemical template method. We further propbse mechanism which is widely
applicable in controlling the morphologies and dimensions of-dimensional

conductive polymer nanostructures.
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The growth rate and rigidity of nanostructures étectrochemicatemplde synthesis are
determined by the applieteaction potential andmonomer concentrationVe have
proposed agrowth mechanismfor PEDOT nanotubes, which considers the effeut
potential and concentratiam nanostructures in two extreme cagégure 4.3.** ®One

is the case for slow reaction rate and sufficient monomer supply. Nandwinesd in

this conditionresults in the synthesis of polymer from the bottom of template pores. At
the same time, due to theghimonomer diffusion flux rateanonomers in bulk solution
havesufficienttime to diffuse into and fill the pore$he condition corresponding to this
case is high monomer concentration and low applied volEue otherextreme cases

fast reaction rateand insufficient monomer supplythis results inthe formation of
nandubes since fast electropolymerization generates polymer along the pore wall
preferentiallybecause othe interactiorbetweenpolymer and wall surfagevhile at the
same time the suppbf monomers is limited due to the low monomer diffusion flux rate.
The condition corresponding to this case is low monomer concentration and high applied

voltage.
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nanotube

Figure 4.5 Growth mechanism of PEDOT nanostructurased oriffusion and reaction
kinetics The lower schemesepresenthe electropolymerization of EDO{®) for slow
reaction rate and sufficient monomer sypghd(b) for fast reaction rate and insufficient

monomer supplyThe small black balls represent EDOT monomers.

On the basis of th mechanism, weansynthesize various PEDOT nanostructures in the
pores of the alumina membrane with sputtered Au layer on one side. Tubular portion of
the nanotube structure increased as we increasapplied potentiafrom 1.4 to 1.8 V

in a fixed cancentration of 25 mM EDOTFigure 4.6 ai ¢), while the tubular portion
decreaseas the monomer concentratiowas increasedrom 10 to 100 mM at fixed
potential of 1.6 data not shown here).

The above observation of the PEDOT nanotubular structuresoasstent with the

mechanism illustrated in Figure 4.5. Afixed monomer concentration such as 25 mM,
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the monomer diffusion flux rate is also fixed. When the applied potential increased from
1.4 to 1.8 V the electropolymerization reaction rate increémeuting the formation of
PEDOT nanotubes along the template pore wall. On the other harftkext potential of

1.6 V the electropolymerization reaction rate is fixed. When the monomer concentration
increased from 10 to 100 mM the monomer diffusiox flate increase simultaneously.

This resultedn the formation of nanowire structures with lower tubular ratios.

When we loweredhe applied potentiafrom 1.4 t01.2 V (50 mM EDOT)expectingto

have more solid nanowirese observed &ery interestingphenomenorfFigure4.6dif).

The tulular portionin the nanotubéncreasedagain Further experiments showed that no
matter what monomer concentration is used;weflned PEDOT nanotubular structures

will be obtained atlow applied potentialdike 1.2 V. This ph&omenon camot be

explainedwith thecurrent mechanism.

Figure 4.6 TEM images of PEDOT nanostructures in various conditiona fixed
electropolymerization time df00 s (a) 1.4 V, (b) 1.5V, and (c) 1.8 V in 25 mM EDOT;

(d) 1.2V, @ 1.3V, and(f) 1.4 V in 50 mM EDOT.
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4.42 Synthesis Mechanism above 1.4 V

The applied potential and monomer concentratioiere variedsystematically while

fixing the electropolymerization time at 100 Jhe resulting nanostructures were
analyzedby usirg SEM ard TEM andare summarized in Figurd.7 by plotting te
tubularratio, R, versus applied potentiaR is defined as the length of tubular section
divided by total lengthR is one for a complete nanotube and zero feolal nanowire.

The fixed reation time of 100s gives a proper experimental condition that enables us to
observe the electrochemical growth of PEDOT nanostructures from complete nanotube to
nanowire shapes.For sufficient reaction tims, all PEDOT nanostructures become

partialy-filled nanotubes and eventua#iglid nanowires.
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Figure 4.7.Plots of tubular portion for PEDOT nanotubes. applied potential.
Electrochemical polymerization was performed potentiostatically wathfixed

polymerization timeof 100 s. The tubular portiorR, is defined as the length of the
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tubular section divided by the total length. The data were obtained from TEM images.

The lines vere added to help guide the eye

At first glance, thepotential dependence of PEDOT nanostructlmeks complicated
Dividing the curve into two regions from 1.4 ay be helpful in understanding the
potential dependence tie nanostructuresThe tubular portion increases along with the
applied potentiat potentials higher thah4 V. Thisregioncanbe well explainedy the
mechanism based on the diffusitimited reaction'* At low monomer concentration and

high electropolymerization potential (e.g., 10 mM EDOT, 1.8 V), we observed that the
reaction current was continuously decaying with the increase of time. The reason lies on
the limited supply of monomers by diffusion. At hignonomer concentration and
moderateelectropolymerization potential (e.g., 100 mM EDOT, 1.4 V), the reaction
current reached a plateau value instantly due to sufficient supply of monomers by
diffusion. This impliesthat the electropolymerization of EDO3 & reactionthatdepends

on diffusion.The polymerization reaction at high potentials proceeded for the monomer
consumption to exceed the monomer supply. Polymers would grow preferentially along
the pore wall to form nanotubes because of the interacfipolgmer and wall surface.

As the potential increased, more porous, thinner, and longer nanotubes were obtained
because of fast polymer growthihich has been discussed abowé.low oxidation
potentials which ardower than1.4 V, however, thegrowth of PEDOT nanotubes
deviates from our expectatiogignificantly. The tubular portion of the nanostructure
increases even though the monomer concentration incréasesxperiment showed that
even at very high monomer concentration such as 500 mM;deftied PEDOT

nanotubular structures can be obtain&dirthermore, nanotubular structures are favored
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nearly independent of monomer concentration at 1.Zhése phenomena a@ot be
explained by using our previous mechanism based upon the diffusion and reaction
kinetics™ This impliesthat another mechanism is operatatdow potentials, which will

be discussed later.

At potentials higher than 1.4 V, monomer concentration is also an important variable to
determine the PEDOT nanostructures as shown in Figurdt is expectedhat hollow
nanotubes can be grown insteddolid nanowires when the polymerization reaction rate

is fast enough to consume all the monontifsised from the bulk solutiorDecreasing
monomer concentration is an alternative way to achieve faster monomer consumption
than monomer supplyAn apprximate calculation, based upon the density of PEDOT
(r= 1.64 g/cm) obtained by Xray diffraction!*’shows that 1.3x13° monomers (ca. 10

M EDOT in concentration) are required to fill a pgea. 2x10*2cm? in volume).Thus,

fast diffusional supply of mononis required for the synthesis sblid nanowires in all

the conditions of current studiBecause of relatively slow reaction ratbewever, we

could obtainfull nanowires around 100 kh EDOT. Another way to increase the
diffusional flux of monomes is to stir the solutioror to apply a pulsed potential. This
facilitated the monomer diffusion into the membrane poresnpandwires could even be

obtained in low concentrations and hightages such as 25 mM EDOT and 1.6 V.

4.43 Synthesis Mechanism below 1.4 V

To electrochemically deposit nanomaterials in the template pores, a thin layer of gold was
sputtered on one side of the alumina template. This gold layer serves as a working

electrode in the electropolymerization process. Using field emission SEM we found that
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the gold was also sputtered inside the template pore bottom and resulted in the formation
of a gold base electrode with ring structure.

The base electrode shaperisimportantfactor in nanotubgrowthat oxidativepotentials

below 1.4 V. Usually, the sputtered gold is introduced into the pores of the alumina
membraneand forms annular electrodeat the bottom ofpores (Figure4.8.a). The
nanotube growth at lowotentiak may be attributed tohe annular shape dahe gold
electrodeat the bottom of the por&@he oxidation of EDOT stastaround 1.2 V to form
PEDOT!®At this onset oxidation potential, the electrochemically active sites are critical

in polymerizaion and dominate on top of the annular Au electrimdeach poreThe
high-curvature surface (sharp end) on the top of the annular Au electrode has high charge
density or electric field and is electrochemically more active relative to smooth
surrounding s f ac e . This phenomeno'#l Thiss EDOTal | ed
polymerization is expected to preferentially occur on the top of the base electrode rather

than on the wall surface of the base electrode.
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Figure 4.8.SEM images of (aannularbase electrodes (Asputtering only and (b)flat-
top base electrodes (Au sputtering and electrodeposition) and TEM images of PEDOT
nanostructures grown at 1.2 V for 18@c) in 500 mM EDOT on thannularelectrodes

and (d) in 10 mM EDOT on thiéat-top base electrodes.

Figure 4.9showsthe synthesis process of PEDOT nanotubular structures on the gold
bottom electrode at potentials below 1.4 V. At electrochemically active sites on the top of

the gold bottom electrode walkefined PEDOT nanotubular structures can be obtained.
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Figure 4.9 Schematicillustration of PEDOT nanotube synthesis @ngold bottom

electrode at low applied potential.

To prove this hypothesis, we made fidp base electrodes by further depositing gold
electrochemically on the annular electrode. Figdrgb showsthe SEM image of
electrodepositedlat-top electrodes after removing the alumina template. The annular or
sharp edge structure was eliminated by this process, and the top safrfthee base
electrodes was flaiThen, we synthesized PEDOT on the flat edghese electrodes. In

the TEM sampling process, we did not dissolve the base gold electrodes so PEDOT
nanostructures could be clearly differentiated from the base gold electrode in TEM
images. As shown in Figu#e8.d, almostfilled nanotube (nanowire) as fabricated even

at 1.2 V. Indeed, while we could not make nanotubular structures at low oxidation
potentials on the flatop electrodes, we could synthesize nanotubular structures even at
very high concentratian(0.5 M EDOT) on the annulagold electrales (Figure4.8.c).
These results support very well the hypothesis that the top sudatee annular Au

electrods areelectrochemically activéor growingthe nanotubular structisef PEDOT.
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Figure 4.10 shows the fabrication of PEDOT nanostructunes gold bottom electrode

with flat top.

Electrodeposit Polymerize
gold EDOT
Electrochemically Gold electrode PEDOT nanorod

active site with flat top
Figure 4.10. Schematic representation of PEDOT nanostructure synthesis on a gold
bottom electrode with a flat top. The electrochemically active sites on the top of the gold
bottom electrode with a ring structunave been blocked by further depositing gold on

the bottom of the template pore.

In the case of flatop electrodespnly thefirst monomer diffusiormechanismmay exist,
since the flatop electrode daenot have any preferential electrochemically acsites.
Therefore, it is important to knowhetherthe first mechanism stilipplies to the flatop
electrode.If it applies we can obtain a higher tubular portionrR( in nanotubular
structure as the reaction potentiad increasd. The tubular portio was plottedvs

applied potential (Figurd.11). PEDOT was synthesized by changing applied potential
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from 1.2 to 1.8 V at a fixed electropolymerization time of 100 s in 10 mM EDOT. Figure
4.11 shows exactly what we expected. The tubular portion inaleasethe reaction

potentialwasincreased.
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Figure 4.11.Plot of tubular portionvs. applied potential for PEDOT nanostructures
grown on the flatop Au electrodes in the pores ain alumina membrane (10 mM

EDOT, 100 sn polymerization time).

We havealso observed the decrease of tubular portion in nanotubular structure as we
increased the monomer concentration. These results strongly support the first mgchanism
which is related with the monomer diffusion flux rate and electropolymerization reaction
rate,to control the structure of nanotigien the flattop electrodein thetemplatepores.

At the same time, this result also proved that the existence of a gold bottom electrode
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with ring structure is essential for the formation of PEDOT nanotubulzststes at low

applied potentials.

4.5 Influences oElectrolyteConcentration and Temperature

The flux of monomers and polymerization rates can be affecteddaoncentration of
electrolyte (LICIQ) and temperature. Therefore, it is necessary to stuely effecs on
PEDOT nanostructurethe variation of the characteristiarves in Figure 414n order to

have universal characterigtido selectively synthesize solid nanowires andldwol
nanotubes of PEDOT materidirst, we investigated the LiCk@oncentration effect by
analyzing PEDOT nanostructure (tubular portidt), synthesized with three LIClO
concentrations of 0.01, 0.1, and 1 M and at three selective potentials of 1.2, 1.4, and 1.8
V. We chose the 25 mM EDOT as a model monomer concentriaéoause PEDOT
nanostructures showed dramatic change over the applied patenttaik concentration.
Tubular portion was plotteds a function ofpplied potentials in Figuré.12a at the
LiCIO4 concentratioain 0.01, 0.1 and 1 M. ThR values at thgiven potential wer@ot
sensitive to the change of electrolyte concentration. However, the length of nanotubes
increased dramatically as theClO, concentration increased (data not shown here). For
example, the lengths of nanotubes synthesized at 1.4W0w01, 0.1, and 1 MLCIO4

were 3.4, 5.2, and 6.pm, respectively. These results indicate thia electrolyte
concentration has greater effect on polymerization rate thahedtfiffusion rate"*It is

natural that the length of nanotubes decreases with the reduction of electrolyte

concentration becauslkee dopantClO,, playsan important role in electropolymerization
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reaction rate by being incorporated into the posithakigirged polymer layer as a counter

ion during the oxidation.

Second, we studied the temperature effect by comparing the tubular portions of PEDOT
nanostructures synthesized at 25 andG&ih 25 mM EDOT and 0.1 M LiCI@ The plot

of tubular portion vs. applied potentidigure 4.12b) shavs that the nanotubes can be
filled more readily at high temperature (80) than at low temperature (26). These

results can be explained by the fact that the monomer ifluthe pores increases
significantly due to the increase of diffusion coefficiesit EDOT monomer and
convective mass transfer at the interface between the pores and bulk solution at the
elevated temperature. Therefore, increasing temperature gives similaasffextasing
monomer concentration on the PEDOT nanostructures. Howteeethange in nanotube
lengths was less than 10 % at each point and relatively insensitive to temperature change

(data not shown here).
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Figure 4.12 Plots of tubular portion for PEDOT nanostructures. applied potentials
Electropolymerizations wereegformed at 25C with the LiClIO4 concentrations of 0.01,

0.1, and 1 M for (a) while it was done in 0.1INCIO4 at 25 and 56C for (b). EDOT

concentration was 25 mM in both cases.
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4.6 Synthesis oPEDOT Nantubes in the Smaller Pores

We have fabricated BEDOT nanostructures by using commercially available alumina
template (ca. 200 nm diameter) under various monomer concentrations and applied
potentials. Based on the dependence of nanotube tubular ratio on the parameters like
monomer concentration, electapmerization potential, electrolyte concentration and
temperature we proposed a mechanism which can guide the synthesis of PEDOT
nanostructures by using electrochemical tem@gtghesianethod. It will be interesting

to know the behavior of PEDOT nanasiture synthesis in alumina template with
smaller pores.

It is more difficult to grow the nanotubular structsi& PEDOT in the smaller pose
because the smaller psremay be filled faster with the PEDOT at a given
electropolymerization timeHowever, we have successfully synthesized the PEDOT
nanotubs in pores with 80 nm diameter by using annular Au electsoaethe bottom of

the pore. Figure4.13a showsa SEM image ofa homemade alumindgemplatewhich

has highlyorderedhexagonapattern of poreand a pore diameter of 80 nm. The bottom

of the template was coated with a thin layer of goldaasorkingelectrode. Its SEM
image (Figure4.13b) after removal othe template cledy shows the annular shapé

Au electrode for each parevhichis veryhelgful for thegrowth of nanotubular structures.

The PEDOT nanotubes were successfully synthesized at 1.2 V for 100 snikl EDOT

as shown in Figuré.13c and drespectively.
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Figure 4.13.SEM imagesof (a) a homeanadealuminatemplatewith 80-nm paes in
diameter (b) annular Auelectrodesafter the removal of alumina templasnd(c) TEM

and(d) SEM images oPEDOT nanotube synthesizatl1.2 V for 100 s in 10 mM EDOT.

From these results it is apparent that vdelfined PEDOT nanotubular strugts can be
obtained with the aid of gold bottom electrodes even in alumina template with smaller
pores. This proved that the mechanism of the electrochemically active sites on the top of
the gold bottom electrode also applies for the synthesis of PEDtubartar structures

in alumina templates with small pore diameters.
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4.7 Synthesis Mechanism for Polypyrrole

Many research groups studied the electrochemical synthesis of polypyrrole because of its
potential applicationsto sensors and electronic desgc® *3* 3%put, the polypyrrole
nanostructuresynthesis mechanisis still unknown

To investigate the effect of applied potential and monomer concentration on polypyrrole
nanostructures, theolypyrrole polymerization wasperformed potentiostatically in
agueous solutimof 10, 25, 50, and 100 mM pyrrole at various potentials forsLOthe

TEM data were analyzed to plot the tubular ratg applied potential. The potential
dependencef polypyrrole nanostretures has two different growth regions as shown in
Figure4.14 The result implies that the electrochemically active site mechaaypgies

for the growth of the nanotubular structure of polypyrrole on the annular Au electrode
around potentials below 0.8 while the diffusion and reaction kinetics mechanism
appliesat potentials above 1X2. In the potential rangbetween0.8 and1.2 V, the two
mechanisms seem to compete with each other. The polymerization rate of pyrrole starts
to increase around 0.7 3 Thus, nanotubular structures are preferentially synthesized
independent of monomer concentrations around 0.7 V. On the other hand, low monomer
concentration and high potentiale preferred for the synthesis panotubesat the
potentials higher tharl.2 V. These results strongly support our mechanidars
electrochemicakynthesisof polypyrrole nanotulee Figure 4.15 shows representative
electron microscopic images of polypyrrole nanostructures synthesized at three different

conditions.
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Figure 4.8. Plot of tubular portion for polypyrrole nanotubes. applied potential.
Electrochemical polymerization was performed potentiostatically wiike fixed
polymerization timeof 100 s. The tubular portior, is defined as the length of the
tubular sectin divided by the total length. The data were obtained from the

corresponding TEM images. The lines were added to help guide the eyes.
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Figure 4.15. Electron micrographsof polypyrrole nanostructures synthesized
potentiostatically for 100 s (a,b) in 5M pyrrole at 1.4 V, (c,d) in 10 mM pyrrole at 0.7
V, and (e,f) in 25 mM pyrrole at 1.8 \he upper (a, ¢, and e) and lower (b, d, and f)

images were taken by SEM and TEM, respectively.

From Figure 4.15 it can be seen that the gold bottom electrodedndisa role in the
fabrication of polypyrrole nanotubular structures. At low applied potential like 0.7 V,
polypyrrole nanotubes grow preferentially along the template pore wall on the top of the
electrochemically active sites. Figure 4.16 shows two SEBesof the gold bottom

electrodes for polypyrrole nanostructure synthesis.
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Figure 4.16. SEM images for the gold bottom electrode after removal of alumina

template.

4.8 Synthesis Mechanism gbly(3-hexylthiopheng)P3HT) Nanostructures

The cycic voltammogram for dhexylthiophene (3HT) was obtained at a scan rate of 0.1
V/s in an acetonitrile solutiorof 0.1 M 3HT and 20 mM LiCI@ by using an indium
doped tin oxide electrode as a working electrode. The polymerization rate of 3HT starts
to increme around 1.5 V as shown in kig 4.17a. Thus,we attempted to synthesize
P3HT nanostructures at constant potentials higher than 1.5 V (vs. Ag/AgCl reference
electrode) in 100 mM 3HT and 20 mM LiCJAOn an acetonitrile solution P3HT
nanotubes could beyssthesized at low oxidation potential of 1.5 (Figure 4.17b).
Nanowires were preferredo nanotubs as the applied potentiaas increasetb 2.0 V
(Figure 4.17c). At potentialsgreaterthan 2.0 V,the dissolution of base gold electrode

prevenedfurther electrochemicadtudy.
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Figure 4.17 (a) Cycle voltammogram of-Bexylthiophene (0.1 M) iran acetonitrile
solution of 20 mM LiCD, at a scan rate of 0.1 V/s. TEM images of (b) P3HT nanstube

synthesizedt 1.5 V for 400 s and (c) P3HT nanowsynthesizedt 2.0 V for 200 s.
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4.9 Summary

We have successfully investigated two electrochemical synthetic mechanisms of
conductive polymer nanotekin a porous alumina template using PEDOT as a model
compoundThe mechanismased orelectrochemical active sgappies togrowth of the
nanotubular structure of PEDOT on the annular Au electrode at the potentials below 1.4
V, while the mechanisnbased ondiffusion and reaction kinetics works potentials
above 1.4 V.These mechanisms were also successfully employedotdrol the

dimensions of polypyrrole and P3HiBnostructures
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Chapter 5:  Electrochromic Properties of PEDOT nanostructures

5.1 Introduction

In the first chapter we discussed the electrochromic properties of PEDOT and its
derivatives. For real applications, electrochromic materials must have properties such as
long-term stability, rapid redox switching and large changes in transmittance or
reflectance. Before the introduction of conductive polymers, inorganic materia¢ds wer
used as electrochromic materials. Difficulties in fabrication, processing, and slow
response time have motivated the research on other materials of higher quality and
performance. Conjugated polymers, especially PEDOT are suitable for electrochromic
apdications due to their fast color switching, lower oxidation potentials and good
stability at ambient and elevated temperattites: *As a cathodically coloring polymer,
PEDOTO6s <col or i s taredueced #ate@mddransparenbpale due in s i

oxidized state. Figure 5.1 shows the color change process of PEDOT.
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* Deep blue-violet « Transparent pale blue

» Undoped state(diffusion-out of » Doped state (diffusion-in of
counter anions from polymer layer) counter anions into polymer layer)
* Reduced state * Oxidized state

* Less-conductive = Conductive

Figure 5.1 Color change process for PEDOT
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5.2 Effect of Nandube Wall Thickness on Redox Rates

5.2.1 Control of PEDOT Nanotube Wa&hickness

In order to study the relationship betwd@BDOT nanotube wall thickness and the redox
rates, it is necessary to precisely contied nanotube wall thickness. Because of the
influence of electrochemically active sites on the top of gold bésdrades, well

defined PEDOT nanotubular structures can be obtained at low applied potentials. We
chosel.2 V as the electropolymerization potential for the synthesis of PEDOT nanotubes
with various wall thicknesses at different monomer concentrations i@ to 500 mM.

Figure 5.2 shows the dependence of PEDOT nanotube wall thickness upon the monomer

concentration at 1.2 V.

Nanotube wall thickness (nm)

O ] ] ] ] 1
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Monomer concentration (mM)

Figure 5.2.Schematidllustration of the dependence of PEDOT nanotube wall thickness

on the monomer conceation.

129



In Figure 5.2 it can be seen that as monomer concentration increases from 10 to 500 mM,
the PEDOT nanotube wall thickness also increases. But the incremental rate of the

nanotube wall thickness slows with the increase in monomer concentration.

5.2.2Relationship between Redox Rates Alahdube Wall Thickness

Nanotube walkhicknessis animportantfactorin achiewng fast electrochemistry.Thin
nanotubewalls permit fast electrochemistry due tthe shortdiffusion time of counter
ions into andoutof the polymer layer during the redox reactions of the conductive
polymer nanotubeThe correlation between the redox rate and nanotube wall thickness
was obtained by plotting thedectrochromiaolor-switching rate of PEDOVs. nanotube
wall thickness The electrochemicateactionsof conductive polymer includeot only
redox reactios but alsoelectrical double layecharging/discharging at thimterface
between the electigie solution and the PEDOElectrochromicoptical responseloes

not involvecharginganddischarging processesepresenting only redox reactions by the
diffusion of countetions into/outof the polymer Iger. Polymerization was performed at
1.2 V onthe annular Au electrode The monomer concentration was varied from 10 to
500 mMto adjustthewall thickness.

Figure 5.3 is aplot of response times. tube wall thickness. As expected, the response

time increases along with wall thickness. However, the increase in 0.1 M L{@b@en

. : . - C
circle) does not agree well with theoretitadnd (solid line) t = ﬁ(c—)zxz, wheret

S

representsesponse timex is film thickness(here,thicknessof nanotube wall)D is the
diffusion coefficient of counterions (ClO,), and c and Cs representaverage and
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saturation cocentration ofcounter iondn a polymer layer respectively The deviation

from the theory can be understood by considering the amount of elecinlje pors.

When the nanotube wa# thin, the counteronsin the nanotube can completely dope the
oxidized polymer. A rough calculation based on the density of PEDOT showed that 0.1
M LiCIO 4 electrolyte solution canompletelydopea PEDOT nanotube with only 2 nm in

wall thickness in a 206m pore while 1 M LiCIQ electrolyte solution can dope up to 15

nm wall thickness without further diffusion of electrolytes from the bulk solution. As the
wall thickness increases, the total amount of PEDOT in the nanotube becomes larger than
that can be doped by 0.1 M LiCj@lectrolyte. Therefore, the amount of elealytes
inside the nanotube is naufficient to dope all the PEDOT. Thus more coufters
(ClOy) should diffuse into the nanotulb®m the bulk solutionwhich results in longer
response time. To support our explanation, we measured response tianésghly
concentrated electrolyte, 1 M LICIOAs shown in Figure5.3 the response times
measured in 1 M LiCIQ(closed circles) are shorter than those in 0.1 M LiQl@en

circles), and follow quite wellith the theoretical values.
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Figure 5.3.Plot of electrochromic response times. nanotube wall thickness. The
response time was measured for the oxidation of PEDOT in the electrolyte solution of 0.1
M (open circle) or 1 M LiCIQ (closed circle) in acetonitrile. The solid line is a
theoreticalfit (seetext for detai). The optical response rate was measured using a
reflectance measurement system (Ocean optics Inc.) which contained a light source (LS
1), a standard reflection probe (R400) and a probe holder (RPH. A photodiode was

used to detect threflected light and an oscilloscope (Tektronics, TDS1012) was used to

analyze the signal.

5.3 ElectrochemicalResponsandOptical Response of PEDONanotubes

In order to compare the eleathemical responseand optical response of PEDOT
nanotubes we fabricated a electrochemical cell composed of Ag/AgCl reference,

platinum counter, and PEDOT working electrodeEDOT nanotubes were synthesized
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in 10 mM EDOT at 1.2 V for 100 s ian acetonitrile solution by using commercially
available alumina temate.Continuous ptential steps between 1.0 V arid0 V were
appliedin 0.1 M LiCIlQy, in order to switch the electrochemiavice fom the oxidized
state to reduced state. The electrochemical response data were collexfeutdntiostat
and the optidaresponsevasmeasured at 600 nm wavelength through the reflectivity of
PEDOT nanotubes (§ure 5.4. It is obvious that the optical response is much faster than
the electrochemical response no matter for the coloring aokdbeing processThe
explanaton of this observatiois that in electrochemical m&ction there always exists the
electrical double layer between the electrolyte solution and the PEDOT nanotube
interface. Ths, the electrochemical response atonductive polymer includes not only
redox reactios but also the charging/discharging of the electrical double layleich
leads tothe delay of the electrochemical resporidee optical responsdoes not involve
charginddischarging processesesulting in a faster responsecompared tothe

electrochemical response

Reflectivity (%)
N
Charge (mC)

Time (s)
Figure 5.4 The electrochemical response versus optical response. The solid line is for the

optical response and the broken line is for the electrochemical response.
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5.4 Summary

From the study of electrochromic properties of P8D nanotubes through the
dependence of optical response time on tube wall thickness, it is apparent that well
defined PEDOT nanotubular structure can achieve fast color change rate for the
application of electrochromic devices. At the same time the fasgedischarge rate for
PEDOT nanotube with thin wall is also essential for the applications like supercapacitors,

batteries and other energy storage devices.
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Chapter 6: Electrochemical Synthesis of PEDOT nanostructures for

Application of Electrehromic Window Device

6.1 Introduction

The proper choice of a porous template and a condyotilyener nanostructure is
essential forthe fabricaion of electrochromic deviee We have demonstratethat
nanotubes of conductive polymers have electrootenand electrochromic propéss
such as fast charge/discharge of couiies and rapidcolour change between redox
states by applying potentidi$ Ssuperior taconventional filns. These properties enabled
us todevelop fast reflectiotype electrochromic devicé$.™ For theapplication offast
window-type electrochromic devicd, is necessary that the whole device have a degree
of transparencyA porous anodic aluminim oxide (AAO) film that is made om
transparenindium-doped tin oxide (ITO)/glass substrati@ aluminiumevaporatiorand
anodization can meet this requiremaie haveshowed that the annular base electrode,
which is generated at the bottom of templadees during metal coating for a conductive
electrode, plays an important role in synthesizing rig@hotubesof conductive
polymers™ 2° For anAAO template directly anodized on the ITO/glass substitzite
annudar shaped bottom electrode is abselm. this chapter we will discuss the
electrochemical synthesis obnductive polymer nanotubes on ftap naneelectrodes
Poly(3,4-ethylenedioxythiophene) (PEDOTWas used as a model compound, and a
porousAAO film, which is insolid contact with dransparentTO/glass substratevas
used as a template. Welemonstrate the fast colourswitching of a window-type

electrochromic devicbased on PEDOT nanotube asay
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Porous AAO and tracketched polycarbonate (PC) merabes have beenused as
templats in the synthesis afonductive polymenanotubes. The PC membrane provides
cylindrical pores with low density (up to 1pores/crfi) and pore diameters between 0.01
and 20 um. Because of its flexibility, this membrane isefid for synthesizing
nanostructures and is potential template for the development of a flexible nano
electrochromic device. On the other hand, the AAO membrane has highly ordered
hexagonal pores with high density (ca.'1@ores/cmi) and nanometreange pore
diameters.Porous AAO structurehave beergenerated on various substrates such as
silicon, metal, andylass**® **> **"- 1¥0or example, Crouset al developeda convenient
method to fabricate porous AACanostructures oa silicon surface by depositing and
anodizinga thin layer of aluminium?® Highly ordered porous AAO nanostructuresan
silicon substrate were obtained time Masuda group by patterning an aluminium layer
usinganimprinting technique before anodization. The patterned AAO filnthersilicon
substrate could be fabricated using-gel processing, photolithography, plasetahing,

and anodizatio®® Rabinet al fabricated a thick porous AAO film on a-Goated silicon
wafer, where the Ti layeprovided a strongly adhearinmterface™’ Tian et al
constructed an AAO film on a Ti surfada order to make a frestanding AAO
membrane easil{*Chuet al showed that a porous AAO film could also be prepared on
an ITO/glass substrate and metal nanorods could be deposited énfmoriss->*The
transmittance ofite porous AAO film was almost comparable to that of the ITO/glass
substrate. This high transparency, which the PC membrane lacks, is an important
property for thedevelopment ofwindow-type electrochromic device Because the

bottoms of the pores are in @ contact with a flat, conductive ITO layer, no further
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metal deposition onto the membrane surface is required to make a conductive base
electrode. Howevethis eliminates the possibility of introducirapnular electrodeat the
pore bottoms, whiclare required to synthesize rigid hollow nanotubes at low oxidation

potential.

6.2 Template Fabrication and PEDOT Nanostructure Synthesis

6.2.1Fabrication of Alumina Template on ITO Glass

The porous AAO film was prepared leyectrorbeam evaporatioand subsguently
anodizingthis thin layer of aluminium on the ITO/glass substréfegure 6.3. The
film was characterized using scanning electron microsco@EM). PEDOT
nanostructures were synthesizpadtentiostaticallyin the AAO template poreand
characteried using transmission electron microscopy (TEM). Finally, we
investigatel the electrochromic properties of the fabricated electrochromic window

using a transmittance measurement system.

137



ITO
\\ Al sputtering

VAR AR S L L .

Glass
Anodization ¢

PEDOT nanotubes Porous AAO film

-

o L L L 2. L 2 L 2 22 2z VA Sl A S e S A A 4

mﬂm Electropolymerization ﬂ—m H H (

Figure 6.1 Schematidiagramof the fabrication of PEDOT nanotubes & porous

AAO film, in direct contact with a conductive, transparent ITO/glass substrate.

Figure6.2 shows SEM images dhe top and bottom ad porousAAO film. The AAO

film has high pore densitsgnd good pore regularity in the pore diameter of i®0 nm

(Fig. 6.2a) even though anodization step was performed only once. The bottom structure
could be characterized after detaching the AAO film from the ITO/glass subsithte
strong adhesive tape. The bottom surface looks much smoother than the top Shrgace.
means that the AAO film was generated in good contact with the ITO surface. Usually,
the bottons of the poresare covered with a thin barrier layer aftéhe aluminum
anodization. The barrier layer at the bottom is thinner thahat the pore wallnd has
some defect'® Thethin alumina barrier layer could be removéig. 6.2 b) by chemical
etching withoutcomplete dissolubin of the lateral barrier layer (pore watlyring the
porewidening processThe porewidening process must be controlled very precisely. If

the etching tire is too short, the barrier layer cannot be removed. If the etching time is
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too long, the top of the alumina template will be eghed. Thus, the pokeidening
should be stopped at the instant moment when the alumina barrier layer has been
removed.

Pores at the bottom show more variationdiameterscompared to the top, depending on
the degree of the barriayer etching. The exposure tfe conductive ITO surface
allows us to electihemicallydeposit PEDOT in the poreShere is a very apparent
difference between alumina templates fabricated by anodizing aluminum foil and
aluminum coating on ITO glasBor the electrochemical reaction in the pores of & free
standing AAO film,one sideof the template cahe coated with a conductive metal layer

by sputering or evaoration. This produces anrail metal electrodes at the pore botsoom

For anodic alumina templates fabricated on ITO gltss,step is missing, and thus no
annular base electrodes are generated. Theseaabaskelectrodes are crucidbr the
synthesis ofPEDOT nanotubes at low oxidation potergidlVe could also fabricate
porous AAO structures with highlgrdered cylindrical pores by the tvabep anodization
method(Figure 6.2¢) or with larger pore diameter (ca. 100 nm) aogential of80 V
(Figure 6.2d). As the porediameteris increasedfor a fixed template thickness,
monomers inthe bulk solution can diffuse more easily into the poieatge template
poresinhibit the synthesis ohollow nanotubes, and thus we used a template vsthadl

pore diameter (ca. 70 nm).
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Figure 6.2.SEM images of porous AAO filsviewed from (ad) top, (b) bottom and (c)
cross sectionThe AAO films were synthesized at the potential éicjad0 V and (d) 80

V. In the case of (c), twetep anodization athod was used.

6.2.2 Electrochemical Synthesis of PEDOT in Template

The previous research revealed that the PEDOT nanotube filling fatthep electrodes

in the template poreis mainly governed by the monomer concentration (concentration
gradient difusional flux in pores) and applied potential (electrochemical reaction hate).
this studyconditions are similahjowever the thickness of the current templaté i%o of
that of commerciallyavailabletemplates. Thus, the facile diffusion of monomergo the
pores maynhibit the synthess of nanotubes even at high applied potesti#e studed

the influence of potentialon PEDOT nanostructuresynthesisat potentials ofL..2, 1.4,

1.6,and 1.8 V ¥s.Ag/AgCl).
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