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The electrophoresis of particles by applying an electric field to a colloidal suspension allows the simultaneous
manipulation and shaping of particles. A film forming process utilizing the electrophoretic phenomenon of
charged particles in a liquid is called “electrophoretic deposition (EPD)” and is used for powder coating. The
main difference between the EPD process and other colloidal processes is the coexistence of electrode reactions,
i.e., electrochemical reactions that occur at the interface between the electrode and the electrolyte solution. The
applied electric field in the EPD method plays an important role not only in the electrophoresis of charged
particles but also in controlling the coagulation mechanism and film quality. This paper introduces the principle
of the EPD process considering the electrode reaction and an example of the functional film formation process.
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1. Introduction

A colloid is a state in which a certain substance is
dispersed within another substance in the form of parti-
cles within a specific size range (about 10~7 to 10~ m).
Colloidal particles dispersed in a liquid are larger than
solute molecules or ions and are electrically charged, so
they exhibit unique properties such as Brownian motion,
Tyndall phenomenon, dialysis, and electrophoresis. In
addition, colloidal particles coagulate and salt out in the
presence of electrolytes. The fundamental properties of
these colloidal particles are determined by their particle
size, regardless of the type of material. Therefore, when
submicron to nanosized particles of any material are dis-
persed in a liquid, such as water or a nonaqueous solvent,
they exhibit characteristics common to colloidal particles.
Taking Brownian motion as an example, if the temperature
and viscosity of the dispersion medium are constant, the
movement of particles does not depend on the type of sub-
stance, but only on the size of the particles; the movement
is faster for smaller particles and slower for larger parti-
cles. By utilizing this property of colloidal particles, the
speed of Brownian motion and particle size can be mea-
sured from the change in scattering intensity when the
particles are irradiated with laser light. Furthermore, if the
particles are agglomerated from a suspension of colloidal
particles using the appropriate method, a dense solidified
body can be obtained. A powder compaction method using

* Corresponding author: T. Uchikoshi; E-mail: uchikoshi.
tetsuo @nims.go.jp

©2024 The Ceramic Society of Japan

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),

a suspension is called a colloidal process, and is widely
used industrially as a method for producing ceramic prod-
ucts with complex shapes.”> However, ensuring a high
dispersibility and fluidity of particles in liquids requires
optimization of the selection of solvents, dispersants, and
binders, as well as the ionic strength and pH. Additionally,
colloidal methods often take a long time to solidify parti-
cles in a suspension, making them less suitable for large-
scale production than traditional dry molding methods.
The advantage of the colloidal process is that it can pro-
duce solidified bodies with controlled microstructures by
controlling the interaction of the attractive and repulsive
forces between particles in the dispersion medium.
Typical solidification methods using the colloid process
are shown in Table 1.9 Slip casting is the most widely
used colloidal process. In this method, a solidified body
can be produced by pouring the suspension into a porous
mold having hygroscopic properties, such as plaster, and
absorbing the solvent by capillary force. Centrifugal mold-
ing is a method that applies a centrifugal force to a slurry
and causes particles in the liquid to settle in the direction
of the centrifugal force. Tape casting is used to form a
sheet-like compact from a suspension using the knife edge
of a doctor blade onto a carrier film. Electrophoretic depo-
sition (EPD)”'¥ is a method in which an electric field
is applied to a suspension to cause charged particles to
migrate and be deposited on a substrate, as shown in
Fig. 1.'¥ Based on this method, the solidification rate is
independent of the particle size and a dense deposited film
can be obtained. Furthermore, the EPD method allows
easy control of the film thickness and is also excellent for
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Table 1. Classification of solidification methods in colloidal processes

Material

Method Acting force - - - -
Stationary object Moving object
Slip casting Capillary force PaIr:ncle Solvent
Filtration under pressurization Compression force Particle
i : Solvent
or decompression Suction force Ton
Centrifugal molding Centrifugal force Ton Particle
Solvent
Tape casting Blade shear force Pallzlrfle
Crosslinking force of polymer Solvent
Electrophoretic deposition Electrohydrody.n amic force Solvent Particle
Electrochemical force Ton

Fig. 1. Schematic diagram of electrophoresis process: (a) Electrophoresis and deposition of ions and particles in
suspension; (b) Electric field lines between two cylindrical electrodes and particles migrating along the potential

gradient in a solvent.

layered film formation. Furthermore, since the arrange-
ment of particles can be controlled by applying an exter-
nal field, such as a magnetic field, it is suitable for the
advanced microstructure control of ceramics.'”2? The
major difference between the EPD method and other col-
loidal processes lies in the presence or absence of electrode
reactions, that is, electrochemical reactions that occur at
the interface between the electrode and the electrolyte sol-
vent. The applied electric field in the EPD method not only
controls the electrophoretic phenomenon of the charged
particles, but also plays an important role in controlling
the solidification mechanism and film quality. This article
introduces the principles and application examples of the
EPD process that takes the electrode reactions into
consideration.

2. Electrode reaction and particle
deposition during the EPD process

In the EPD process, particles, such as ceramics, are
electrically charged and dispersed in a liquid, then an
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electric field is applied to the suspension. Particles are then
electrophoresed in the direction of the electrode, which has
a polarity different from the surface charge, to form a par-
ticle deposit layer on the electrode substrate. In suspen-
sions used in the EPD processes, control of the charge state
of particles is more important than in other colloidal proc-
esses. This is also related to the complexity of the particle
deposition mechanism during the EPD.

According to Hamaker’s mass balance law,?" the
amount of particle deposition W (g) due to the electro-

phoretic process is expressed by the following formula.'?
aw
— = CEA 1
R fr (1)

where ¢ is the deposition time (s), i is the electrophoretic
mobility (m?/Vs), E is the potential gradient (V/m), C is
the amount of the solid phase in the suspension (g/m?), A
is the electrode area. (m?), and f7is the “sticking parameter”
or the adhesion probability of particles reaching the sub-
strate (0 < f'< 1).” During the particle deposition process,
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the potential gradient £ changes, and the following equa-
tion holds between the circuit current / (A) and the
suspension conductivity A (S/m).
I
E=— 2
SA @
Furthermore, the potential V, applied to the circuit is
reduced by the potential drop at the anode and cathode and
the ohmic loss at the suspension and solidified layer, so the
following equation holds between them.

Va= A¢an0de + IRgus(d — ds) + IRsds + A¢calhode
3)
where A@.node and A@camoqe are the potential drops at the
anode and cathode, respectively, Ry, and R are the ap-
parent resistances of the suspension and solidified layer
(£2/m), respectively, and d and d; are the electrode distance
and solidified layer thickness, respectively.

The sticking parameter f was introduced to explain the
case when electrophoresis occurs but no or less deposition
occurs, but its details have not been significantly dis-
cussed. The deposition phenomenon cannot be understood
unless the particle electrophoresis step and the deposition
step are treated as separate the phenomena.

Particle coagulation during the EPD process is under-
stood as a powder agglomeration phenomenon according
to the DLVO theory.”*!? In other words, in order for parti-
cles to accumulate on the electrode substrate, particles that
reach the vicinity of the electrode must rapidly lose their
surface charge, reduce their electrostatic repulsion poten-
tial, and aggregate on the substrate due to van der Waals
forces. The roles of the applied electric field in the EPD
process include (1) electrophoresis of the charged particles;
(2) pressing charged particles which have not yet lost their
charge onto the substrate by the force of the electric field
after reaching the electrode, and (3) significantly changing
the pH of the solvent near the electrode. In particular, it
is important to pay attention to pH changes near the
electrodes.??2)

Figure 2 shows a schematic diagram of the experiment
conducted by us. A solvent prepared by adding nitric acid
to commercially-available ethanol to adjust the pH to 4.5,
and a suspension (zeta potential +50mV) prepared by
dispersing alumina powder in ethanol and adjusting the
pH to 4.5 by adding nitric acid were prepared. A pair of
stainless-steel plates were immersed, and a DC electric
field of 20 V/cm was continuously applied or with ON/
OFF DC pulses. The reason for using DC pulses was to
control the pH changes near the electrodes, and to keep the
amount of current flowing through the circuit constant
regardless of the pulse frequency. The total ON time was
set to 10 min. Next, at regular intervals after the start of the
current application, a small amount of the solvent near the
electrode was collected using a micropipette, and the pH
was measured using an ion-sensitive field effect transistor
(IS-FET) sensor.?? Additionally, the still-wet deposit on
the cathode was sampled and the pH of the deposit was
measured using the IS-FET sensor.

Micropipette

Solution

/ a] or deposit
Vgs 7?—‘ /

N—

1: reference, 2: gate oxide
<0 3: insulating resin

<0 4: channel, S: source
<0 D: drain, B: bulk

d
| | spatula var
ISFET

deposit

N—
Fig. 2. Schematic diagram of pH change measurement near the
electrode by applying an electric field.

Figure 3 shows the results. When the current was start-
ed, the pH of the solvent near the cathode significantly
increased, and in contrast, the pH of the solvent near the
anode slightly decreased. Furthermore, as the pulse inter-
val became shorter, the pH change became smaller. It was
confirmed that under the current conditions when the pH
of the solvent significantly changed, a high amount of par-
ticles deposited on the cathode, and the pH in the depos-
ited layer also increased. This is because the positively
charged alumina particles in a suspension adjusted to
pH 4.5 rapidly lost their electrostatic repulsion when they
reach the area near the cathode substrate where the pH has
increased to around 10—12, resulting in the agglomeration
on the substrate due to the van der Waals attractive force.

The following various reactions are thought to be the
cause of the pH near the cathode being largely biased
toward the basic side when electricity is applied. These are
commonly called cathodic reactions.

2H,0 4 2¢~ — H, 4+ 20H~ 4)
0, + 2H,0 + 4e~ — 40H~ 5)
NO;~ + H,0 + 2¢~ — NO,~ + 20H™ (6)

NO;~ + 7H,0 + 8¢~ — NH,* + 100H-  (7)
ClO,~ + H,O + 2~ — ClO;~ +20H-  (8)
ClO4~ + 4H,0 + 8¢~ — CI- + 8OH- )
H,0, + 2~ — 20H- (10)

Cathodic reactions are significantly affected by the amount
of impurity water contained in the solvent and the type of
acid used, and the magnitude of the pH deviation varies
depending on the suspension preparation conditions. Until
now, it has been pointed out that there are many cases in
which particles do not deposit on the electrode substrate
even when electrophoretic phenomena are observed in
various material systems, and it has even been said that the
EPD process is material selective. However, by selecting
the suspension preparation and electric field application
conditions so that the pH change near the electrode
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Fig. 3. pH change of the solvent near the electrode due to the electrode reaction during electric field application,
and pH of the cathode deposit after the cathode deposition of the alumina suspension: (a) and (b) pH of solvent
with no particles added; (c) Schematic diagram of cathodic deposition of alumina suspension; (d) Deposit yield

and pH after cathodic deposition of alumina suspension.

approaches the isoelectric point of the suspension, depo-
sition can be achieved using various material systems,
which was said to be difficult in the past. Thus, the appli-
cation of the EPD process has significantly expanded.

Figure 4 shows the mechanism of particle deposition
based on pH localization by the cathodic reactions. How-
ever, the adhesion force of as-deposited particles to the
substrate due to the van der Waals forces and the bonding
force between particles are not sufficiently high. It often
requires the addition of organic binders, such as polyvinyl
butyral (PVB), polyvinylpyrrolidone (PVP), or polyvinyl
alcohol (PVA), followed by a heat treatment step for
degreasing. Improving particle adhesion and bonding
strength without the use of organic binders is a major chal-
lenge in the EPD processes, as the addition of binders
often reduces the suspension stability and inhibits particle
deposition. The addition of an organic binder is not suffi-
cient to achieve a high adhesion of deposited films at room
temperature and under as-deposition conditions. There-
fore, it was necessary to develop a technology that enables
strong particle—particle and particle-substrate bonding
(coexistence of chemical reactions) at the same time when
the EPD is completed.
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Fig. 4. Deposition mechanism based on pH localization by
cathodic electrode reaction.

3. Unfired ceramic coating
using the EPD process

As already mentioned, when cathodic deposition is per-
formed with a positively charged suspension of particles,
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Fig. 5. Schematic diagram explaining the mechanism by which
particles modified with (a) Mg ions and (b) Mg—Si—Al binder are
firmly fixed on the cathode substrate.

the deposit becomes alkaline. Therefore, the authors
focused on Mg as a substance that reacts with water and
solidifies in an alkaline atmosphere.?7 Figure 5 sche-
matically shows the hydration reaction of Mg?* ions or a
Mg-Si—Al based inorganic binder solution near the cath-
ode when an EPD coating is performed using a suspension
in which Mg?* ions or the Mg—Si—Al binder coexist.

Figure 6(a) shows an example of the EPD coating of a
hydroxyapatite-collagen bone-like nanocomposite (HAp/
Col) on a Ti substrate. In a suspension in which HAp/Col
is dispersed in 2-PrOH (IPA) and a small amount of H,0,
Mg(NOs3),-H,0, and glycerol are added, the zeta potential
significantly increases due to the presence of Mg”>*, and
the stability of the suspension was significantly improved.
Nevertheless, the coating layer after the EPD showed very
good adhesion with no peeling off even in the subsequent
tape test.3® It is probable that the Mg?* ions adsorbed on
the HAp/Col particles, giving them a positive surface
charge, and also contributed to the formation of the hy-
droxide based on the following reaction.?®

Mgt + 2C3H,0H — Mg(C3H;0), + 2H (11)

Mg(C5H;0), 4+ 2H,0 — Mg(OH), + 2C;H;0H

(12)
In the absence of Mg?*, the bonding between the Ti sub-
strate and the HAp/Col particles and the bonding between
the HAp/Col particles occur through van der Waals forces
and liquid bridging forces originating from the residual

solvent; therefore, this adhesive force is not that strong.
However, when Mg?* is added, a Mg(OH), hydrogel is

(a) Without Mg?* With Mg

| Coated

ﬁu bstrate
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--------- >
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After
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: s
as-deposited

After heating at 900°C

Fig. 6. (a) Effect of Mg ion on adhesion of HAp/Col coating
layer on Ti plate. (b) Changes before and after heating of the
coatings obtained from zirconia suspensions to which Mg—Si—Al-
based inorganic binder was added.

formed in the region near the cathode where the pH shifts
to the alkaline side due to energization as shown in Fig. 5,
this hydrogel acts as a binder. A crosslink was formed
between the Ti substrate and the HAp/Col particles. This
is probably the reason for the strong adhesion. Mg is
known as an element that promotes bone formation and is
eventually absorbed, so there are no disadvantages at all.
This result has been developed into research on applying
the HAp/Col coating to orthodontic anchorage devices.

Figure 6(b) shows an example of the EPD coating of
3mol % Y-doped ZrO, (3Y-ZrO,) on a Ti foil from a sus-
pension of 3Y-ZrO; particles dispersed in the IPA solvent
together with a compositionally-optimized Mg—Si—Al
binder solution.’® The 3Y-ZrO, coating layer formed on
the Ti substrate was extremely uniform, and even if the
metal foil substrate was significantly deformed by sub-
sequent heat treatment, it firmly adhered to the substrate
surface without any cracks or peeling off. These results
indicated that the Mg—Si—Al binder solution is very suita-
ble even when heat treatment is required after film forma-
tion, and is also useful for ceramic heat-resistant coatings
on metal surfaces. It was also confirmed that it is effective
in uniformly coating ITO glass with a sialon phosphor film
and coating a Ti substrate with bioglass.

In order to investigate the action mechanism of the Mg—
Si—Al binder solution, ammonium hydroxide was added to
the Mg—Si—Al binder solution to raise the pH to 10.4, the
obtained gel-like material was dried at room temperature,
then the crystal structure of the obtained powder was
evaluated by XRD. As a result, it was found that the dried
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product solidified at room temperature showed a high crys-
tallinity, and its crystal structure was extremely similar to
that of zeolite.>® Based on this result, it was postulated
that the Mg—Si—Al binder solution gels in the alkaline
atmosphere near the cathode during the EPD process,
wraps around the particles deposited on the cathode, thus
contributing to substrate-particle and particle—particle
bonding. The gelled product obtained at this time forms
a three-dimensional network of aluminosilicate similar to a
zeolite structure, and the Mg?* ions are thought to play the
role of charge compensation for the replacement of the Si
sites with Al. Previous experiments by the authors have
shown that cations other than Mg?* ions have weak aggre-
gation effects, but the reason for this has not yet been
elucidated. The Mg-Si—Al binder solution can be used
with or without heat treatment, and for coating various
substrates, such as metal and ceramic substrates, making it
suitable for EPD processes in fields where conventional
organic binders are difficult to apply.

Generally, in the field of EPD processes, fine powders
synthesized by wet methods have often been preferred, but
if it is possible to use pulverized powders of substances
synthesized by solid-phase reaction methods, the versatil-
ity of the EPD process will be significantly increased.
However, when ball milling ceramic materials, contami-
nation from the grinding media impairs particle dispersion,
and fine powders ground to a submicron size have been
considered unsuitable for colloidal processes. Therefore,
an attempt was made to use wet-pulverized alumina pow-
der and deposit it on stainless steel. As a result, it was
found that a very good EPD film could be obtained by
simply pulverizing, washing with water, diluting with IPA,
and adding a Mg—Si—Al binder solution. In systems where
contamination from ball milling is not a major problem,
film formation was possible by simply diluting the wet-
milled suspension in water with IPA and adding a Mg—Si—
Al binder solution. The Mg—Si—Al binder solution enables
the use of ball-milled powders, which have traditionally
been avoided in the field of EPD processes, thus contrib-
uting to a significant increase in versatility.

4. Particle rearrangement
in the post-EPD process

Research regarding the coagulation process of particles
deposited on electrodes in the post-EPD processes is very
limited. Sarkar et al. conducted SEM observations of mon-
odispersed silica spheres deposited on a polished silicon
wafer surface by EPD and concluded that the particles
move and rearrange on the substrate, transforming into a
two-dimensionally ordered close-packed state as the parti-
cle concentration increases.>” However, there has been
little discussion of how randomly-deposited particles on
an electrode three-dimensionally consolidate in the post
EPD process. It is generally known that colloidal particles
dispersed in a liquid medium undergo a phase transition
from a randomly arranged liquid phase state to a regularly
arranged crystal phase state as the particle concentration
increases. Therefore, in order to indirectly observe the
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Fig. 7. Schematic diagram showing the experimental procedure
for observing particle rearrangement from changes in the struc-
tural color during the drying process after EPD, and SEM photo-
graphs showing the surface and cross-sectional structures of
colloidal crystals fabricated by the EPD method.

three-dimensional rearrangement process of particles dur-
ing the post-EPD process, we conducted the following
experiment using monodispersed polystyrene (PS) spheres
whose particle size is about the same as the wavelength of
visible light #0-42)

PS spheres (particle diameter 204.2 nm) synthesized by
emulsion polymerization were dispersed in a mixed sol-
vent of ethanol and water. Next, a DC electric field of
10V/cm was applied to the suspension to deposit the
negatively-charged PS spheres on an ITO glass anode.
Furthermore, this film was pulled out of the suspension at
a constant speed while applying the electric field, then
immediately the substrate was placed horizontally and
changes in the visible light reflection spectrum during
room temperature drying were measured using a small
optical fiber spectrometer. Figure 7 shows a schematic
diagram of the experimental procedure for observing par-
ticle rearrangement from changes in the structural color
during the drying process after EPD, and SEM photo-
graphs showing the surface and cross-sectional structures
of colloidal crystals fabricated by the EPD method.

Figures 8(a) and 8(b) show the changes in the reflec-
tance spectra during the post-EPD process. The particle
deposit layer immediately after removal showed a random
arrangement with no Bragg diffraction peaks. However,
about 10s after lifting, a Bragg diffraction peak suddenly
appeared, but then the peak gradually blue-shifted during
the drying process. This result suggests that the particles
are not yet ordered in the wet-deposited film immediately
after EPD, but the particles become ordered during the
subsequent solvent evaporation process. Finally, a film
with a completed colloidal crystallization was obtained as
shown in Fig. 7. This indicated the changes in the colloi-
dal particles after EPD as shown in Fig. 8(c). In other
words, it became clear that the effect of applying an
electric field involved concentration of particles on the
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(a) Appearance and peak change of reflectance spectrum associated with ordering process of colloidal

particles during drying process of EPD film by visible light reflectance spectroscopy. (b) Schematic diagram
showing the rearrangement and crystallization process of PS particles in the drying process immediately after EPD.

substrate. The crystallization of colloids is thought to be
due to a crystal phase transition, i.e., “Alder transition”,
that accompanies particle rearrangement during the post-
EPD drying process.*?

As already mentioned, during the EPD process, a high-
density accumulation of charged particles in the liquid
occurs due to the electric field, and charge loss and aggre-
gation occur in the pH-biased solvent due to the electrode
reaction. The particles in the dense aggregate continue to
maintain the zeta potential necessary for electrostatic re-
pulsion and are in an environment where they can rear-
range as long as liquid is present. The EPD process has
been shown to be highly effective as a rapid fabrication
technique for colloidal crystal films that otherwise take
hours to days to fabricate. Colloidal crystals have attracted
attention as a novel material with unique optical properties
whose structural color changes in response to the external
environment, and is expected to be applied in various
sensing fields. It is also easy to create inverse opal films
using PS colloidal crystals as a template. Figure 9 shows
a tin oxide inverse opal film prepared using PS colloidal
crystals as a template.

Fig. 9. Inverse opal film fabricated using polystyrene photonic
crystal and tin precursor solution (SnCly-5H,0).

5. Manipulation of metal atom clusters by EPD

The EPD method is also very effective for manipulating
single nanosized metal atom clusters.*>>> Here, the syn-
thesis of molybdenum hexa-atomic (Mog) cluster films by
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Fig. 10. Mog cluster film formed on an ITO glass substrate by anodic EPD from a suspension of
Cs,[{MogBr's}Br] clusters dispersed in acetone: (A) schematic diagram of the octahedral framework structure
of the Mog cluster unit and cross-sectional SEM photograph of the Mog cluster film; (b) schematic diagram of the
internal structure of the Mog cluster film; (c) temperature and humidity dependence on proton conductivity;
(d) irradiation light wavelength dependence on electron conductivity; (e) irradiation light intensity dependence on

electron conductivity.

the EPD method is introduced. The optical properties of
the Mog clusters, such as light emission, absorption, and
photocatalytic properties, which are expressed by their
discrete electronic structure, have already been evaluated.
However, little research has been conducted on their elec-
trical properties because it is difficult to densely and uni-
formly solidify clusters, or to form them into a film. Very
recently, we succeeded in forming a dense and uniform
transparent cluster film on an ITO glass electrode from a
Moy cluster dispersion using the EPD method. We also
succeeded in measuring the unique electrical properties of
these Mog cluster films, which change with the temper-
ature, humidity, and light irradiation of different wave-
lengths and intensities.’? Figure 10(a) shows the skeletal
structure of the Mog cluster unit and the cross-sectional
view of the Mog cluster film prepared by EPD from a
Cs,[{MogBrs )} Bris] (Cs;MogBr4) cluster suspension dis-
persed in acetone. XRD measurements did not show any
peaks indicating a three-dimensional ordered structure in
the cluster film, suggesting that the Mog clusters were
randomly packed. XRF analysis showed the absence of
counter-cation Cs* in the cluster films. XPS, FT-IR and
TOF-MS measurements showed that some of the Br apical
ligands were substituted with OH, and H3O™ ions contrib-
uted to the stabilization of the Mog cluster film as counter-
cations. When solid-state synthesized Cs,MogBr4 clus-
ter powder is dispersed in a solvent, it dissociates into
[MogBr4]*~ ions, which have an octahedral skeletal struc-
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ture, and Cs™ ions, which are counter cations that stabilize
the skeleton structure. When an electric field is applied to
the colloidal solution, each species migrates to the elec-
trodes of opposite polarity, so that in the Mog cluster film,
Cs* ions are completely replaced by H3;O" ions derived
from trace water in the solvent. As a result, Mog cluster
films fabricated by the EPD process exhibit properties not
found in films prepared by other processes such as dip
coating or spin coating.

Figure 10(c) shows the electrical conductivity of the
Moy cluster film measured at different humidities (80 and
S0RH %) using the AC impedance method. The con-
ductivity of the Mog cluster film linearly increased with the
increasing temperature. It was also found that the higher
the humidity, the higher the conductivity, thus showing a
humidity dependence. The activation energies were 50 and
67 kJ/mol at 80 and 50 RH %, respectively, consistent with
the activation energies of the vehicle model using H;O"
ions as the carrier.

Based on the DC measurements, the trend of the current-
time curve suggested ion conduction within the cluster
membrane. When the cluster film is irradiated with ultra-
violet LED light (390-395nm) or blue LED light (465—
475 nm) during DC measurement, a temporary increase in
the current value is observed during the irradiation. On
the other hand, no change in the current value is observed
when irradiated with red LED light (665 nm) as shown in
Fig. 10(d). Furthermore, as shown in Fig. 10(e), the
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change in the current value became greater when the
irradiation light was brighter. This phenomenon is inter-
preted to be because some of the excited electrons became
conduction electrons. In other words, when Moy clusters
are deposited on a transparent electrode using the EPD
method in an organic solvent containing a small amount of
water, the water is incorporated into the cluster film. In this
process, some of the ligand species that stabilize the frame-
work structure of the Mog clusters are partially substituted
with hydroxyl groups, and the framework structure of the
negatively charged Mog cluster units is stabilized with
hydronium ions as counter ions. The results revealed that
the Mog cluster film prepared using this method exhibited a
mixed conduction of hydronium ions and electrons. Ionic
conduction significantly changed depending on the atmos-
pheric temperature and humidity, and electronic conduction
significantly changed depending on the wavelength and
intensity of the irradiated light. These unique multi-sensing
properties are expected to bring new possibilities to envi-
ronmental sensor applications that can simultaneously
monitor the humidity and UV intensity. Research is also
underway to develop a photoelectric conversion device in
which Mog clusters are supported in the voids of the above-
mentioned inverse opal semiconductor film. Furthermore,
using the EPD method, progress is being made in the
development of a device for controlling light emission by
supporting Mog clusters in periodically arranged pore
channels of an aluminum anodic oxide film with different
pore sizes, densities, and shapes.’® Studies regarding the
manipulation of metal atom clusters using the EPD process
have been extended to other metal species, such as tantalum
hexa-atomic (Tag) clusters.

6. Conclusions

The EPD process is a film formation method that in-
volves a chemical reaction in a liquid, unlike particle coat-
ing techniques such as spin coating and dip coating. A
major advantage of the EPD method is that it can achieve
superior functional properties that cannot be obtained by
other deposition methods. There are great expectations for
the development of EPD as a process for creating new
functional materials.
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