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Bipolar electrochemistry, which refers to an electrochemical system at a wireless electrode driven under an applied electric
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field, has been recognized as not only a simple subset of conventional electrosynthetic systems but a reaction system with

a highly unique nature. One notable feature is the presence of the electrophoretic effect due to the low electrolyte

concentration. The electrophoresis enhances the mass transfer of ionic species in a specific direction, thus enabling the

efficient construction of anisotropic materials. In this Feature Article, we summarized our recent reports on the fabrication

of anisotropic conductive polymer fibers and films via bipolar electrochemistry in synergy with the electrophoretic effect.

1. Introduction

The last two decades have witnessed a flourishment of bipolar

electrochemistry.!  Bipolar  electrochemistry is  an
electrochemical system with a wireless electrode (bipolar
electrode, BPE) driven under an applied electric field. BPEs are
known for various unique features, such as their wireless nature,
symmetry breaking, anisotropy, and potential gradient, most of
which are not observed in conventional two- or three-electrode
systems. The technology of bipolar electrochemistry has a long
the

electrosynthetic process commercialized by BASF.# Recent

history, including an industrial application for
examples of the application of bipolar electrochemistry span a
wide range of fields, including materials synthesis, organic
synthesis, sensors, combinatorial chemistry, locomotion of
objects,

electrochemiluminescence, and bioimaging. These examples,

microscale polymer actuators, microfluidics,
along with explanations of the fundamental theory of bipolar
electrochemistry, have been summarized in reviews by various
groups.! 39

In the present article, we describe our recent work on the
fabrication of anisotropic materials via bipolar electrochemistry,
with special emphasis on the synergetic effect of electrophoresis.
In electrophoresis, ions migrate in a specific direction under an
electric field. Because an intense electric field plays a critical
role in both bipolar electrochemistry and electrophoresis, these
two concepts are clearly connected. We showcase our design of
bipolar electrochemical systems based on this concept and
discuss the benefits of electrophoresis, especially in materials
synthesis. Our aim in the present article is to shed light on the

importance of the inherently highly compatible but relatively
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overlooked phenomena of electrophoresis and bipolar
electrochemistry.

We refer readers to the review of Kuhn and coworkers on
capillary-assisted bipolar electrochemistry, which provides a
summary of bipolar electrochemistry in microcapillaries with
electroosmotic flow.!? The present review focuses more on the
electrophoretic phenomenon in a bulk solution; thus, this Feature
Article addresses of microfluidic

systems.

complementary aspects

2. Principles

In this
electrochemistry

section, we highlight the features
through
electrolytic systems and then discuss the basic theoretical aspects

of bipolar
comparison with conventional
of bipolar electrochemistry.

Conventional electrolytic systems are designed to induce
electron transfer between driving electrodes and in-solution
substrates. Conventional electrolysis generally employs a high
concentration of supporting electrolyte (>0.1 M) to effectively
form electrical double layers upon the application of an electrical
bias. The thickness of the electrical double layer is on the order
of several nanometers, in which a steep gradient of the solution
potential is formed to ensure electron transfer between the
electrode and the substrate (Figure 1a). By contrast, the electrical
double layers are not fully formed in a solution with a low
concentration of supporting electrolyte; thus, an electric field is
instead formed across the bulk solution. In this situation, electron
transfer barely occurs at the surfaces of the driving electrodes;
however, a conductor placed between the electrodes can act as a
BPE that simultaneously participates in oxidation and reduction
at its terminals (Fig. 1a).

The electric field can be experimentally measured using a two-
terminal voltmeter as the slope of the IR-drop (Fig. 1b). The sum
of the interface potential differences at both edges of a conductor
(AVgpg) is proportional to the length of the BPE and the strength
of the electric field (Fig. 1b). The redox reactions proceed on a
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BPE when AVgpg is greater than the potential difference between
the target redox reactions; thus AlVppg is a useful index to
estimate the extent of the bipolar electrochemical reactions.

The electric field is also proportional to the mobility of the ionic
species involved in the electrophoresis (Fig. 1¢). The direction
of electrophoretic migration is forward with respect to the
electric field in the case of the cationic species, whereas anionic
species migrate in the opposite direction. Hence, cationic species
approach cathodic and anodic poles of a BPE from the side of
the driving anode, whereas anionic species approach from the
side of the driving cathode. Thus, the configuration of BPEs must
be carefully considered in bipolar electrolysis with ionic

reactants.
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Fig. 1 General concept and theoretical background of bipolar
electrochemistry and electrophoresis in bipolar electrolysis: (a)
setup of the electrochemical cell with a BPE; (b) conceptual
diagram of the electric field and potential on the BPE; and (c)
concept of bipolar

electrochemistry in synergy with

electrophoresis.

3. Setup for Bipolar Electrochemistry

We here briefly summarize the variables related to the setup
of bipolar electrolysis. First, BPEs are classified into two main
systems: open and closed BPEs. The open BPE system is a
simple and thus common mode of BPEs, where a conductor is
placed between the driving electrodes without separating the
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chamber. In a closed BPE system, an insulating material divides
the cell into two or more chambers connected together by
conductors, i.e., BPEs. In an open BPE system, ions and
substrates (in solution) and electrons (in BPEs) are all mobile.
By contrast, the movement of in-solution species is blocked by
the separator in a closed BPE system; thus, only the electrons can
migrate across the chamber. The closed BPE requires more
complicated setup than the opened one, while the closed BPE
enables the use of different types of solvents and reagents in two
chambers without mixing.

The shape of the cell is also an important variable in bipolar
electrochemistry, and various cells have been proposed for this
application (Fig. 2b). In addition to a simple linear setup, a U-
shaped cell and a cylindrical cell have also been reported. Both
the U-shaped and cylindrical cells have an insulating wall to
partially (i.e., not completely) separate the electrolyte, which
enables an intentional distortion of the electric field. In a linear
cell, the electric field is also linear;'" however, U-shaped and
cylindrical cells form sigmoidal'?-1¢ and circular!”!° electric
fields, respectively. The sigmoidal electric field in a U-shaped
cell enlarges the effective surface area on a BPE, where the
potential is above the threshold for target redox reactions,
compared to the case in a linear cell. A cylindrical cell uniquely
applies electrical potential on a BPE in a site-selective manner.!7~
19 Such engineering of the electric field enables gradient
modification and patterning.'>”'° The electric fields can be
computationally simulated using COMSOL.!®1° Xu and co-
workers have also proposed conceptually new types of BPE cells
(Fig. 2b). They prepared an insulating plastic label with holes on
a single electrode to construct a microelectrochemical cell, and
applied electrochemical voltage by using driving electrodes
attached outside the plastic label.?® Xu also reported unique
transmitter-based BPE systems, which enable driving a BPE
without soaking driving electrodes in a reaction solution.?!-??

There is almost no limitation to the shape of BPEs, as long as
they are conductive. Numerous reports describe BPEs with plate,
bead, and wire shapes. As formulated in Fig. 1b, AVgpg is
proportional to the length of a BPE; thus, smaller BPE materials
require stronger electric fields. Also, small objects such as beads
easily float and rotate in liquid electrolytes. Thus, bipolar
electrochemistry can induce migration of microscale objects.?324
The site-selective modification of such microscale objects
requires that they be fixed using a nonconvectional material such
as agarose gel.

The configuration of a BPE is also an important variable (Fig.
2). In principle, all conductors work equally well under the same
electric field; thus, array configurations are as widely used as
common single BPE systems. BPE arrays are especially
powerful for combinatorial assessments
(ECL) method as a wireless
readout.?32% Split BPEs, where two distinct conductors are wired
to perform as a single BPE, are also a common configuration
option. The most important benefit of a split BPE is that reactions
on the BPE can be monitored using ammeters.?” In addition, a
split BPE can substantially reduce the amount of conducting
material required, which is a great advantage when the BPEs of
interest are made of noble metals.

using  an
electrochemiluminescence

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Representative variables in the setup of bipolar electrochemistry: (a) open and closed BPE systems; (b) cell types; (c) shapes

of BPEs; and (d) configurations of BPEs.

4. Synergetic Effect of Electrophoresis in DC-
Bipolar Electrolysis

The vast majority of bipolar electrochemistry has been
conducted under an applied direct current (DC). DC-bipolar
electrochemistry effectively promotes the migration of ionic
species in one direction. An early notable achievement was
reported in the late 1990s by Bradley and coworkers, who used
Cu particles as BPEs.?®31 The Cu particles were placed nearby
and subjected to the DC-bipolar condition. The anodic
dissolution of metallic Cu and cathodic electroplating led to the
dendritic deposition of Cu metal parallel to the direction of the
external electric field, and the Cu particles were eventually
electrically connected to each other. Their strategy is referred to
as programmable hard-wiring.3?

From the late 2000s to the 2010s, bipolar electrochemistry
gained renewed attention, especially for the synthesis of
asymmetric and anisotropic materials, as represented by the
pioneering works by Kuhn and coworkers,’*3> Bjorefors and
coworkers,>*37 and our group.'>'® These examples were
conducted under an applied direct current, thus inducing a
gradient change of the electrical potential irrespective of time.

Kuhn and coworkers used bipolar electrochemistry to fabricate
various Janus-type materials by electroplating or electrografting.
These systems utilize ionic species (metal ions or aryldiazonium
ion) for modification;333%3% thus, the electrophoresis should
proceed concomitantly. A representatively unique result was
observed during the bipolar electroplating of Au or glassy carbon
(GC) beads with anionic metal salts, i.e., AuCl;~ or PtCls>,
where a ring-shaped modification was observed rather than a

Please do not adjust margins
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Janus-type, which is very difficult to achieve by other methods
(Fig. 3).3° The authors attributed this phenomenon to the
electrophoretic migration of anionic salts, which resulted in the
migration of anions from the cathodic surface of BPE beads and
subsequently limited the reaction with the ions to only a certain
edge. These unique diffusion and bipolar electroplating systems
were successfully simulated using COMSOL.

The synergetic effect of electrophoresis under DC-bipolar
conditions was also found to be efficient for templated
electrolysis. Electrolysis with a hard template such as an
anodized aluminum oxide (AAO) membrane is a simple and
straightforward method to prepare a one-dimensional (1D)
nanostructure standing perpendicularly on the electrode surface.
However, the high aspect ratio and narrow space in the AAO
membrane greatly limit the diffusion of chemical species, which
disfavors the formation of nanorods and instead results in tubular
structures. Such hollow nanotubes are mechanically fragile and
thus tend to collapse upon the removal of the template. In this
context, the development of a method to enhance the diffusion
of chemical species in nanopores is strongly desired.*>#! To this
end, our group conducted -electrophoresis-assisted bipolar
electrolysis in the nanopores of an AAO membrane (Fig. 4a).

(@)

\

Ag‘-—'

o ) -

Fig. 3 Electrodeposition of metals onto bipolar bead electrodes,
as reported by Kuhn and coworkers:*® (a,b) conceptual
illustration of electrodeposition using (a) Ag" cations or (b)
AuCly anions. (¢, d) SEM images of GC-beads modified with
(c) Pt rings or (d) Au rings. Reproduced with permission from
ref. 39. Copyright 2014 Royal Society of Chemistry.
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The AAO membrane-fixed BPEs were prepared according to
the following procedure. One side of an AAO membrane (200
nm pore size, 60 mm thickness, 13 mm diameter) was sputtered
with Au (200 nm) and then attached to an indium-doped tin oxide
(ITO) substrate using epoxy glue; the substrate was connected to
a pristine ITO plate to form a split BPE (Fig. 4b). We first
demonstrated the electrodeposition of metal ions from precursors
such as CoCly,'6H,O and PtCl,.*?> The electrolyte solution
contained metal salts and hydroquinone (HQ) in acetonitrile
(MeCN). When a sufficiently large AVppg was applied to induce
reduction of the metal ions and oxidation of HQ, Co nanorods
and Pt nanorods were observed by scanning electron microscopy
(SEM) after the AAO template was removed (Fig. 4c). A
standing structure was observed in both cases, indicating the
formation of densely packed and thus mechanically strong
nanorods.
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Fig. 4 Electrophoresis-assisted formation of 1D materials by DC
bipolar electrolysis using AAO templates:*>43 (a) conceptual
illustration; (b) preparation of AAO-modified ITO electrode,
which was used as a BPE in the split-BPE configuration; (c)
reductive deposition of Co?" and Pt?* ions and the corresponding
SEM images of the resultant nanorods thereof.#?> Reproduced
with permission from ref. 42. Copyright 2018 Royal Society of
Chemistry; (d) reductive or oxidative polymerization of a Ru-
containing vinyl monomer or thiophene monomer.** Reproduced
with permission from ref. 43. Copyright 2020 American
Chemical Society.

On the basis of this concept, we also demonstrated the
formation of nanofibers via templated bipolar electrolysis.** In
this case, an ionic monomer such as [Ru(dvbpy);](PFe), (dvbpy
= 5,5'-divinyl-2,2'-bipyridine) or potassium 3-
thiophenetrifluoroborate was used. [Ru(dvbpy);](PF¢); is known
upon
thiophenetrifluoroborate can be polymerized anodically. As

to polymerize reduction, whereas 3-
expected, polymer nanowires standing perpendicularly against
the substrate were observed by SEM.

In both cases of metal nanorod and polymer wire formation,
control experiments under constant-potential electrolysis, i.e.,
conventional templated electrolysis, resulted in a collapsed
structure upon removal of the AAO template, presumably
because of the mechanical fragility of the tubular structure. As
described in the preceding section, a high concentration of
electrolyte (0.1 M) was used in the conventional electrolysis;
thus, the generated electric field should be limited because of the
slight effect of electrophoresis. Consequently, the limited
diffusion of substrates into nanopores was critical for the
formation of nanostructures. By contrast, the templated bipolar
electrolysis yielded successful nanostructures, suggesting a
substantial benefit of the synergetic effect of electrophoresis.

5. Synthesis of PEDOT Fibers by AC-bipolar

Electropolymerization Assisted by Electrophoresis
In 2014, our group reported the bipolar electrochemical

deposition of Au onto GC beads under an applied alternating

current (AC).*
electroplating of Au on both poles, reflecting the symmetric

The resultant beads showed symmetric
nature of the AC-bipolar system. Interestingly, AVppg measured
during the electrolysis showed a highly stable profile, in contrast
to the rapid decrease in AVgpg during the time course of the
electrolysis under the DC condition. One reason for the stable
electric field in the AC-bipolar system could be the suppression
of the overoxidations/reductions on the driving electrodes.
After reporting the

aforementioned findings, we

serendipitously applied this system to electropolymerization (Fig.

5).4 Au wire (¢ = 50 um, length = 20 mm) was used as a BPE,
which was placed between the Pt driving electrodes with an
electrolyte solution containing 1 mM BuyNCIO4/MeCN. 3,4-
Ethylenedioxythiophene (EDOT) and benzoquinone (BQ) were
both added at a concentration of 50 mM and 5 mM, respectively,
to the solution as a monomer and a sacrificial reagent,

This journal is © The Royal Society of Chemistry 20xx
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respectively. A 5 Hz square-wave AC was applied with AVgpg =
8.3 V. The anodic and cathodic reactions are represented in Fig.
S5a. The EDOT monomer was anodically oxidized, and the
electrons were carried to the cathodic pole, where they reduced
BQ to HQ. This method was applied to other EDOT derivatives
such as EDOT with methyl and n-decyl groups to give the
corresponding polymer fibers with different microstructures, as
confirmed by SEM observations.*

The observation that the polymer fibers continuously
propagated from their terminus indicates that all of the poly(3,4-
ethylenedioxythiophene) (PEDOT) fibers were electrically
conductive. Thus, this methodology is applicable as a novel
wiring technology for conductive materials, including the wiring
of integrated circuits. To this end, we have demonstrated the
connection of independent Au wires with different lengths. Au
wires W1-W3 were subjected to bipolar conditions. At the
beginning of the electrolysis, the PEDOT fibers started to grow
only at the termini of W1, whose length was sufficient to induce
redox reactions. Immediately after W1 and W2 were connected
by the PEDOT fibers, the fiber growth from W1 paused and new
fibers started to grow from the other terminus of W2.
Subsequently, W2 was electrically connected to W3 by the
PEDOT fibers. This preliminary experiment demonstrated not
only the potential of the current method as a new wiring
technology but also a new concept to sequentially “activate” a
conductive material through dynamic connection with a
propagating end.

The proposed mechanism for the formation of PEDOT fibers
under AC-bipolar conditions is illustrated in Fig. 6. The oxidized
monomers react to give oligomers, which are more readily
oxidized at the anodic pole because of the expansion of the n-
system. Hence, positively charged EDOT oligomers are
generated. These oligomers are still soluble in the electrolyte
solution and therefore migrate back and forth parallel to the
direction of the electric field via the electrophoretic effect. After
further oxidative condensation, PEDOT is precipitated out,
yielding PEDOT fibers. Under the principles of bipolar
electrochemistry, the highest reaction rate occurs at the very edge
of the electrode. Thus, the termini of the PEDOT fibers become
the selective sites for polymer propagation. The electrophoresis
is responsible for the directed propagation of PEDOT fibers.

AC-bipolar
electropolymerization method that enables the preparation of

electropolymerization is a next-generation

shape-controlled conducting polymers in the absence of a
template.*¢

J. Name., 2013, 00, 1-3 | 5
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Fig. 5 Fabrication of PEDOT fibers by AC-bipolar electrolysis.*
(a) Schematic of the AC-bipolar system for PEDOT fiber
formation, and optical and SEM images of the resultant PEDOT
fibers. (b) “Sequential activation” of Au wires upon connection
with BPEs via PEDOT fibers. Reproduced with permission from
ref. 45. Copyright 2016 Springer Nature.
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Fig. 6 Schematic of the AC-bipolar formation of PEDOT fibers
assisted by the electrophoretic effect.*> Reproduced with
permission from ref. 45. Copyright 2016 Springer Nature.

Following this work, our group reported the fabrication of a
linear PEDOT fiber using the AC-bipolar electropolymerization
technique in a microspace (Fig. 7a).#” The linear fibers were
exclusively obtained by carrying out the polymerization in a
microspace with a thickness of 30 um, where monomer diffusion
was extremely limited. In the microspace, the local concentration
of monomer near the fibers decreased upon formation of the

6 | J. Name., 2012, 00, 1-3
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PEDOT fibers, inhibiting further branching; however, sufficient
EDOT of the fibers. As a
consequence, the PEDOT fibers propagated linearly without

still surrounded the termini

branching in the microspace.
(@)

+ o+

Precise network formation
with linear PEDOT fibers

Fig. 7 Fabrication of linear PEDOT fibers with a microspace
system:#7 (a) schematic of the setup and the optical and SEM
images of obtained PEDOT fibers; (b) demonstration of the
selective wiring of distinct Au wires in the presence of four
independent wires. Reproduced with permission from ref. 47.
Copyright 2017 Springer Nature.

Because of the linear nature of PEDOT formed under this
condition, we successfully demonstrated the selective wiring of
four independent Au wires by varying the direction of the
external electric field. The selective formation of linear PEDOT
instead of a dendritic structure provides a potential path to the
establishment of wiring technology.

Under the AC-bipolar conditions, anodic and cathodic poles
alternately appear at both edges of BPEs. Thus, designing a
system using a cathodic reaction as well as anodic oxidation
enables the fabrication of composite materials with sophisticated
properties. On the basis of this concept, we carried out the
electropolymerization of EDOT in the presence of PtCls?>™ ions,
which were cathodically reduced to deposit metallic Pt
nanoparticles (NPs) (Fig. 8a).* In addition, PtCls>~ acted as a
dopant and thus penetrated into the PEDOT fiber upon oxidation
based on static interaction; the reductive deposition therefore
proceeded efficiently. Using this method, PEDOT-Pt hybrid
fibers were obtained, as confirmed by X-ray photoelectron
spectroscopy (XPS), energy-dispersive X-ray spectroscopy
(EDS), and SEM observations. XPS analysis suggested the
dominant presence of Pt(0) species with a small amount of Pt**
ion. EDS analysis indicated that S and Pt were widely dispersed
over the material. SEM and transmission electron microscopy
(TEM) observations revealed the presence of Pt-NPs with
diameters of 5-10 nm (Fig. 8c). When PtCls~ was substituted

This journal is © The Royal Society of Chemistry 20xx
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with an Ag* salt, similar PEDOT fibers were obtained; however,
aggregation of the Ag NPs (35—153 nm) was confirmed by SEM.
In this case, the Ag* ions were not well dispersed in the PEDOT
matrix via the anodic doping process. Because Pt- and Ag-NPs
have various catalytic applications, the creation of Pt- and Ag-
composite materials with PEDOT fibers represents a new
approach to the development of novel devices and sensors.

(@)

S Pog ~ _~EDOT :
= PRV -\(:l[- ESX =133V 3
: Eonset & onset — !+ ;

vs. SCE Pt AVepe  PEDOT vs.SCE

AViin = 1.33 - (0.24) :
s S—

(b)  AVere =10V, 5 min

> !

Fig. 8 Fabrication of PEDOT fiber—Pt NP composite material by
AC-bipolar electrolysis:*® (a) schematic of the reaction system;
(b) optical image of the obtained PEDOT—Pt NP hybrid fibers;
(¢) SEM and TEM images of EDOT-Pt NP hybrid fibers.
Reproduced with permission from ref. 48. Copyright 2018

American Chemical Society.

Another example of composite materials is PEDOT-
poly(styrenesulfonate) (PEDOT:PSS), a well-known highly
conductive material used in various devices.*® AC-bipolar
electropolymerization was performed in water containing PSS.
The electrophoresis-assisted directed growth of PEDOT fibers
was found to be applicable even in aqueous solutions. SEM
analysis revealed a unique microstructure of PEDOT:PSS fibers
with a smooth surface. Fourier transform infrared (FT-IR)
spectra showed characteristic peaks of the incorporated PSS.

AC-bipolar electropolymerization with electrophoresis was
also found to be effective for fabricating a PEDOT fiber array
grown perpendicularly to the substrate (Fig. 9a).!° In this system,
a cylinder-type cell was used for the reaction, which enabled the
local application of an electrical potential to the electrode surface
via bipolar electrochemistry. This cell configuration was also
proposed and developed by our group.!>!'7!8 Using 1 mM
BuyNClO4/MeCN electrolyte solution containing 50 mM EDOT
and 5 mM BQ, we carried out AC-bipolar electropolymerization
with a cylindrical setup and an ITO plate positioned beneath the
cylinder. Under an applied square-wave potential of 100 V with
a frequency of 1 Hz, a PEDOT array was obtained within 45 min
(Fig. 9b). The microstructure of the PEDOT fibers was similar
to that of the fibers obtained in the linear bipolar cell systems.

The progress of the reaction can be divided into several steps.
First, a PEDOT film is formed in a circular manner underneath

This journal is © The Royal Society of Chemistry 20xx
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the cylinder, reflecting the applied electrical potential. The film
contains granular PEDOT based on the Stranski—Krastanov (S—
K) mode of film formation. The granular morphology triggers
perpendicular growth of the PEDOT fiber. The PEDOT fiber
then grows in the perpendicular direction, guided by the external
field the effect. Notably,
electrophoresis plays a critical role in this system because the

electric and electrophoretic
fiber arrays need to grow against the gravitational force.
Interestingly, a PEDOT film was not formed in the surrounding
area of the ITO despite the surrounding area also functioning as

an anodic surface under AC-bipolar conditions. Thus, this

system enables site-selective modification of a conductive
substrate with a PEDOT array.

(a) J

Square wave
150 V, 1 Hz, 45 min

50 mM EDOT
5mM BQ
1 mM BuyNCIO,4
MeCN

i

(b)

Fig. 9 Formation of a PEDOT fiber array by AC-bipolar
electrolysis with a cylindrical setup:!° (a) scheme of the reaction
and (b) optical and SEM images of the PEDOT fiber array.
Reproduced with permission from ref. 19. Copyright 2019 Royal
Society of Chemistry.

6. Formation of PEDOT Films and Their
Characteristics

The AC-bipolar
electropolymerization has also been applied to the in-plane
growth of PEDOT in the form of a thin film (Fig. 10a).* A

PEDOT through
electropolymerization on a surface of a working electrode by a

electrophoresis-assisted

film in  general is  obtained
potential sweep method or electrolysis, where the film possesses
no inherent anisotropy. However, a PEDOT film obtained by
AC-bipolar electropolymerization possesses in-plane anisotropy,
which can potentially lead to unique anisotropic electrical
properties.

When a high concentration of EDOT monomer (150 mM) was
used, we found that PEDOT preferentially forms a dendritic film
rather than fibers under an applied square wave with a frequency
of 1 or 5 Hz.#° The film was grown on a glass substrate placed
underneath the Au wire (Fig. 10a, top left). At higher frequencies
(15 and 50 Hz), PEDOT was obtained as fibers; thus, both the
monomer concentration and frequency are important parameters
for the morphological selectivity. The obtained PEDOT film
exhibited sufficient mechanical toughness to be used in further
analyses and experiments. SEM and laser microscope
measurements revealed that the thickness of the PEDOT film

J. Name., 2013, 00, 1-3 | 7
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was on the order of a few micrometers. The film formation was
strongly dependent on the nature of the material of the
underlying substrate. Insulating materials such as poly(vinyl
chloride) (PVC), polypropylene (PP), polyethylene (PE),
poly(tetrafluoroethylene) (PTFE), and poly(ethylene
terephthalate) (PET) were tested in addition to glass (Fig. 10a).
In-plane PEDOT films were successfully formed on the surfaces
of PVC, PP, PE, and PET under the optimized conditions,
whereas PEDOT fibers were obtained on PTFE, presumably
because of the incompatibility between PTFE and PEDOT due
to the oleophobic nature of PTFE. In fact, the use of a more
hydrophobic monomer, n-decyl-modified EDOT, afforded the
corresponding fibers on all of the investigated substrates under
identical experimental conditions. Interestingly, the n-decyl-
modified EDOT afforded a film structure on PTFE when a higher
voltage was applied, indicating that the selectivity for forming
fibers or a film is also determined by the balance between the
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reaction and deposition kinetics and the surface free energy, as
well as by the monomer concentration.

A plausible mechanism for the formation of PEDOT films is
described in Fig. 10b. The key factor determining the
morphologies of polymers, i.e., fiber or film, is the concentration
of the EDOT monomer. At the lower EDOT monomer
concentration (50 mM), PEDOT fibers are obtained because of
repeated PEDOT generation and deposition at the growing tips
of the fibers, as described in Fig. 6. However, at a higher
concentration of EDOT monomer (150 mM), a greater amount
of PEDOT is generated, followed by the deposition of PEDOT
films onto the substrate in contact with the Au wire tip. In the
next step, the propagating termini of the PEDOT films behave as
BPEs, where further electropolymerization of EDOT proceeds
and results in continuous film growth. Therefore, the PEDOT
morphology is dependent on the applied frequency; i.e., only
lower frequencies afforded film growth due to the high
concentration of PEDOT generated at each pulse.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 PEDOT film formation under AC-bipolar electropolymerization:*° (a) optical microscope images of the PEDOT film or
PEDOT fibers formed on the various insulating substrates; (b) plausible mechanism for the formation of a PEDOT film. Reproduced
with permission from ref. 49. Copyright 2018 American Chemical Society.
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For the current technology to be applied to electrical wiring,
understanding the electrical contact behavior between a PEDOT
film and a metal is important. To this end, we investigated the
electrical contact behaviors of PEDOT films in contact with Pt
and AL>° A PEDOT film was prepared on a glass substrate (Fig.
11a), and Pt and Al plates were placed at the starting area and
terminal area of the PEDOT film. The corresponding current—
voltage (/-V) curves were then plotted. When two Pt plates were
placed at both positions, ohmic contact behavior was observed.
However, when two Al plates were placed in the same manner,
Schottky contact behavior was observed. These results were
attributed to the difference in the work functions of the Pt and Al
plates. When Pt and Al were placed at the starting and terminal
areas, Schottky contact behavior was observed (Fig. 11b).
Interestingly, the opposite configuration of metal plates resulted
in ohmic contact (Fig. 11b), suggesting anisotropic electrical (c)
properties of the PEDOT film.

The change in the /-V curve depending on the configuration
of Pt and Al plates was attributed to the change of the Fermi level
depending on the position of the PEDOT film. In a p-type
semiconductor, the Fermi level is close to the level of the
conduction band. On the basis of this idea, we were prompted to
experimentally measure the local ionization energy using
photoelectron yield spectroscopy in air (PYSA). PYSA
measurements of the film revealed a gradient change of the local
ionization potential of the PEDOT film, implying a gradient
change of the Fermi level in a similar manner. Thus, we 5
concluded that the PEDOT film obtained using this method 4 41 42 43 44 45 46 47 48 49 5 51 52 53 54 55
showed a gradient change in its Fermi level over the propagation Enegy 1 eV
direction, which was originally generated by the gradient doping Fig. 11 Anisotropic electrical properties of the PEDOT film
of the PEDOT during the polymerization process. obtained by AC-bipolar electropolymerization. (a)

Photograph of the PEDOT film. (b) I-V curve of a PEDOT
film. Al and Pt plates (left) or Pt and Al plates (right) were
placed at the starting and terminal edges of the film,

Current

Yield / cps®s
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respectively. (¢) Local ionization potential of a PEDOT film
fabricated by AC-bipolar electropolymerization, as
determined using PYSA. Reproduced with permission from
ref. 50. Copyright 2020 Elsevier.

7. Perspective

We have showcased recent advances in the fabrication of
functional materials by bipolar electrolysis in synergy with
electrophoresis. These examples indicate that, by careful design
and execution, polymeric materials with unique structures are
efficiently obtained in a straightforward manner. We also
demonstrated the preliminary investigation on the anisotropic
electrical character of the PEDOT films obtained by AC-bipolar
electrolysis.®® In contrast to the numerous researches on the
properties of isotropic conductive polymers, characters of
anisotropic conductive polymers are still not well studied. Our
strategy enables easy access to the anisotropic PEDOT-based
materials, thus opens a new door for the exploration of
fundamental properties and application of anisotropic
conductive polymeric materials.

Bipolar electrochemistry and electrophoresis are inherently
highly compatible concepts. We hope that this paper gives some
insight into the complex phenomena in bipolar systems and also
gives new direction to the design of new systems for creating

novel functional materials.
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