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1. Introduction

Electrophoretic Deposition (EPD) is one of the most outstanding coating techniques to be
based on electrodeposition. Nowadays, increasing interest has been gained both from
academic and industrial payers, due to its wide potential in ceramic coating processing
technology.

The main advantages of this technique are:

its high versatility when used with different materials and their combinations;
its cost effectiveness, because it requires simple and cheap equipment.

Moreover, it can be used both on a large scale, also to coat objects with a complex shape, and
on small scale, to fabricate composite micro- and nanostructures, as well as near net-shape
objects having accurate dimensions (micro- and nano-manufacturing).

The basic phenomena involved in EPD are well-known and have been the subject of
extensive theoretical and experimental research. Nevertheless, further efforts have to be
devoted in order to understand the fundamental mechanisms of EPD and to optimise the
working parameters, especially when multicomponent suspensions are used.

EPD is a two-step process. In the first step, charged particles suspended in a liquid medium
move towards the oppositely charged electrode under the effect of an externally applied
electric field (electrophoresis). In the second step, the particles deposit on the electrode
forming a more or less thick film, depending on the process conditions (concentration of
particles in solution, applied electric field, time). The substrate acts as an electrode and the
deposit of particles is the coating.

The aim of this paper is to provide an updated review of the wide potential of EPD as a
technique to produce ceramic coatings, without omitting possible problems and drawbacks.

Applications of EPD, especially on nanoparticles, are in continuous expansion both in
industry and academia, stimulating a great interest in developing of predictive analytical
and numeric modelling of the EPD process. The proposed mechanisms have explained
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experimental results, but the current experts opinion is that a full understanding is still
lacking, mainly due to the phenomena that are at the base of the interaction between the
charged particles approaching both each other and to the electrode to form the solid deposit.

For some applications, a requirement is that the ceramic EPD deposit is dense, so a post-
deposition treatment should be performed in order to densify it. Usually, this consists of a
conventional heating treatment in a furnace, but some problems could occur such as
delamination, cracks or residual stress due to the differential coefficient of thermal
expansion. Moreover, the high densification temperature of ceramics can be detrimental for
the substrate which could be damaged.

Sometimes, the sintering temperature can be decreased by adding some low melting
additives. Alternative sintering methods could be considered, such as microwave, laser or
electron beam.

Finally, the wide range of applications of EPD deposits will be mentioned. EPD process is
very versatile, therefore porous, layered, and graded deposits can be obtained besides dense
coatings. Recently, it has been clearly demonstrated the possibility of obtaining
nanocomposite materials, especially those containing carbon nanotubes (CNTs), by using
EPD. As a consequence, the applications are in a spread number of sectors: biomaterials, fuel
cells, barrier coatings, electronics, catalysis, optical devices.

2. Fundamentals and models

Electrophoretic Deposition is a traditional processing method in the ceramic industry that is
gaining increasing interest for production of new materials coatings.

EPD is achieved through the movement of charged particles dispersed in a suitable liquid
towards an electrode under an applied electric field. This movement results in the
accumulation of the particles and in the formation of a homogeneous deposit at the
appropriate electrode (Figure 1).

The main requirement to obtain an efficient EPD process is to use suitable suspensions where
ceramic particles are well suspended and dispersed. When a ceramic particle is in a liquid
medium, it can be charged through four mechanisms (Van der Biest & Vandeperre, 1999):

selective adsorption of ions onto the solid particle from liquid,

dissociation of ions from solid phase into the liquid,

adsorption or orientation of dipolar molecules at the particle surface, and

electron transfer between the solid and the liquid phase due to the difference in work
function.

ap o

For the analysis and discussion on charging mechanisms and particles interactions, that are
at the base of this ceramics processing method, one can refer to the fundamentals of colloid
science widely discussed in literature (Lewis, 2000).

Since EPD is assumed to be a two-step process, electrophoresis and deposition, each step
require accurate attention. Firstly, the kinetics of the process will be described giving
particular attention to the relation between process parameters and time evolution of the
deposit yield. Then, the mechanisms of deposition proposed in literature will be discussed.
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Fig. 1. Scheme of EPD process

2.1 Kinetic models

The first model used to describe EPD process is attributed to Hamaker (Hamaker, 1940) who
proposed a general expression for the deposited mass per area unit (m, g cm2) in a cell with
planar geometry:

m = C;uAEt 1)

where Cs, solids concentration in the suspension (g cm?); t, deposition time (s); p,
electrophoretic mobility (cm?2 V-1 s1); E, electric field strength (V cm); A, surface area of the
electrode (cm2).

Several years later, Sarkar and Nicholson (Sarkar & Nicholson, 1996) considered again the
first model of Hamaker and analysed the dependence of kinetics on some experimental
conditions.

In eq. (1), p and A can be evaluated numerically and one reasonably supposes that they are
constant during the process. It is not so true for Cs and E, that vary as the process while the
process is going on.

Sarkar and Nicholson considered the variation of the particles concentration in the
suspension for long deposition time, starting with the condition that the only change in the
concentration is due to the mass of powder deposited by EPD. It is equal to zero when the
process starts and varies with time according to the expression:

m(t) = my(1—e 77) 2)

where my, initial mass of powder in suspension (g) and 7 = V/uAE defined as characteristic
time (V is the volume of the suspension considered constant). Actually, 7 is the reciprocal of
k, the “kinetic parameter” that represents a key parameter in the modelling of EPD process.
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In order to consider that some particles arriving to the electrode do not take part to the
formation of the deposit, Sarkar and Nicholson introduced a “sticking factor”, f < 1, a

multiplicative efficiency factor.

For short time, eq. (2) is reduced to the Hamaker model, since in the early stages of the
process the variation of bulk concentration is negligible due to the small amount of powder
deposited. When the process advances, the deposited mass is relevant and its effect on the
evolution of the deposition process is not negligible. In this condition, under the hypothesis
that the resistivity of deposited layer is higher than that of the suspension, the electric field
suffers a drop, also if the process is conducted under the condition of constant applied

voltage.
In eq. (1), the electric field strength is the effective strength that affects the particles in the
suspension and so it is decreased by the potential drops due to the resistance of electrodes,

suspension and deposited layer. With respect to the applied voltage externally, v, the
expression of the electric field experienced by the particles is:

E(t) = (v — [AVpy + iRgs(t) + iRg(d — s()) + AV,,])/d (3)

AVe and AV, are the potential drop (V) at the electrode 1 and 2, respectively; i, is the current
(A); d is the distance between the electrodes (m); s(t) is the thickness of the deposited layer
(m); Rs and R; are the resistivity (€2/m) of the deposit and the suspension (Fig. 2).
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Fig. 2. Variation of the potential in an electrophoretic cell during the deposition
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The hypotheses and the conditions that are at the basis of the eq. (3) were widely discussed
by Van der Biest (Van der Biest & Vandeperre, 1999), who cited also much experimental
evidence on the dependence of the electric field in the suspension from the parameters
above mentioned.

In order to avoid the effect of deposit resistivity increasing, Sarkar and Nicholson proposed
to work in galvanostatic condition rather than in potentiostatic condition. In such a way the
number of particles arriving on the electrode is constant and not influenced by the electrical
condition of the suspension-deposit system. Ma (Ma & Cheng, 2002) determined the
relationship between the kinetic parameter of Sarkar and Nicholson and the applied current
density, i, making the predictions of the deposition yield easier, when the deposition is at
constant current density:

k = ky(e/to —1) (4)
where ky, a reference kinetic constant, and iy, a reference applied current density.

Other factors that influence the drop of the electric field are a change in the polarization of
the electrode and a change in the conductivity of the suspension, occurring in the progress
of EPD process.

Changes in the electrode polarization can be due to a change in the concentration of the
reactants at the electrode-electrolyte interface. When the process starts and a current flows
towards the electrode, the concentration of reacting species at the electrode drops off. They
are replaced by the species of bulk suspension through diffusion, convection or migration,
but the presence of deposit layer can retard the transport of reactants to the electrode. As a
consequence, the polarization at the working electrode changes.

As regards the suspension conductivity, a model introduced by Vandeperre and Van der
Biest (Vandeperre & Van der Biest, 1998) affirms that both the particles and the ions
surrounding the particles contribute to the conductivity. During the EPD process, the
electric conductivity decreases due to the effect of the depletion of particles in the
suspension and for the reduced presence of ions moving together with powder particles.
This effect is more evident if the amount of deposited powder is high with respect to the
powder in suspension and if the suspension ionic conductivity is relatively small.

Several studies were devoted to the investigation of the effect of suspension conductivity on
the EPD process, through the study of the influence of binders, salts, stabilizers, and a liquid
medium (aqueous and non aqueous)(Ferrari & Moreno, 1996; Westby at al., 1999; Moreno &
Ferrari, 2000; De Riccardis et al., 2007). As a common result, in order to have an effective
deposition process the electrostatic or electrosteric stabilisation of the suspension has to be
such that the ionic concentration in suspension is low and the suspended particles are the
main current carriers.

In order to schematize the EPD yield and according to Sarkar and Nicholson, it is possible to
recognize four different behaviours, depending on the process conditions: constant voltage,
constant current, constant concentration, and variable concentration.

In Curve A of Fig. 3 (constant current and constant concentration) the deposition rate is
linear with respect to time. In curves B, C and D, the deposition rate decreases
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asymptotically with deposition time. Obviously, the decreasing concentration produces a
reduction of the final yield and therefore of the rate deposition either at constant current
(Curve B) or at constant voltage (curve C and D).

Comparing curve A and C (both with constant concentration), the final yield is considerably
higher in curve A than in curve C. This is due to the electric resistance of the deposit layer,
considered higher than that of an equal thickness taken up by the suspension. Therefore,
when the process goes on, the voltage per unit length (or electric field) decreases and
consequently decreases the particle velocity as function of deposition time.

In curve D, the deposition rate is lower than other curves for both the contribution of the
concentration decrease and of the resistance of deposit layer. As a deduction, the nature of
the deposit layer plays an important role on deposition rate.

A

Deposition Yield

Deposition Time

Fig. 3. Schematic representation of the kinetics of EPD process: curve A, constant current-
constant concentration; curve B, constant current-variable concentration; curve C, constant
voltage-constant concentration, curve D, constant voltage-variable concentration.

Adopting the standard scheme of an electrochemical cell, a combined resistive-capacitive
model can be used to represent the electrical behaviour of the EPD process (Fig. 4).

In addition to the resistors, discussed above, some capacitors are added to represent the
current transient that occurs when the voltage starts to be applied, generally interpreted as
due to the establishment of a concentration profile under a diffusion limited regime (Van
der Biest & Vandeperre, 1999).

Ferrari (Ferrari et al., 2006) proposed a resistive model for the deposition kinetics,
considering a linear relationship between the suspension resistivity and the solid loading in
the suspension. This model agrees with the experimental data referred to a long time
deposition of yttria stabilized tetragonal zirconia polycrystalline (Y-TZP), that shows a S-
shaped variation of the mass per area unit with time.

Recently Baldisserri (Baldisserri et al., 2010) proposed some assumptions to define the
electrical behaviour of a potentiostatic EPD cell: a) the effect of capacitive transients on cell
current is negligible, b) the faradic resistance of both the electrode/deposit interfaces is
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constant, c) the electrical resistance of the EPD deposit is proportional to its thickness, d) the
electrical resistance of the suspension is constant.

we &" ce

]

T !I-...‘.

=:
Fig. 4. Electric model of EPD process with plane electrode (we= working electrode, ce=
counter electrode, DL= double layer)

The assumption a) is based on the estimate of time required for double-layer charging. The
assumption b) is supported by the consideration that after the formation of the first
monolayer, the interface at the working electrode/suspension should be stabilised as the
charging of double-layer should be completed. Similarly at the interface between counter
electrode/suspension, but it is less relevant as no deposition occurs at that electrode.

The assumption c) relies on the compliance of the physical properties of deposited layer
comparable with a porous media, where the electrical resistance is proportional to its
thickness. The assumption d) is based on the consideration that the deposited layer is less
thick than the electrodes distance, therefore the decrease in the volume filled by the
suspension is negligible.

Baldisserri applied this model to EPD of TiO; particles and verified experimentally that the
previously mentioned assumptions were satisfied. As a result, they derived a linear
correlation between deposited mass and passed charge and a non-linear kinetic equation:

_ Ve 12 _ 1] o= 2K (Pa
m() = ATA[(1+a)V? - 1], « = 22 (%) (5)
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where iy, current density at time =0, K, the deposited mass-passed charge ratio, V, the
external applied voltage, ps and Dg, resistivity and density of the deposited layer,
respectively. This equation at short deposition time is approximated by:

m(t) = Ai Kt (6)

Therefore, this resistive model is able to describe the EPD process both at regime and during
the transient of the deposition current, provided that suspension contains such dispersant or
binder as the electroactive chemical species are available for all the deposition time, making
deposition a diffusive control process.

2.2 Deposition models

Unlike the kinetic models regarding electrophoresis, the second step of EPD, that is the
deposition, is still matter of discussion, especially for the arrangement of particles on the
electrode surface. After arriving at the working electrode, particles are packed onto its
surface reproducing the electrode shape. The aggregation and the arrangement of the
particles on the electrode surface depend on surface chemistry of particles and on
interactions between particles in suspension and between particles and substrate.

The fundamental condition for a performing EPD process is to use a stable suspension
where particles are keep well dispersed in the liquid medium and can move towards the
electrode without influencing or being influenced by other particles. Here, particles can be
rearranged on the electrode surface during packing under the action of electric field.

Of course, from the electrical point of view, the suspension composition is critical because
the presence of deflocculants, binders or dispersants influences the surface charge of
particles and their electrical response.

The interactions between particles inside a liquid medium is largely described by the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. When an external force exists, as the
driving force of an electric field, the minimum of the energy curve is shifted towards an
higher value (Fig. 5). If the applied field exerts a force so great as to overcome the mutual
repulsion force, two particles coagulate. Similar phenomenon occurs when a particle moves
toward an electrode in an EPD cell.

Some deposition mechanisms are proposed to explain the phenomenon of particles
accumulation:

- flocculation by particles accumulation,

- particles charge neutralization at the electrode,

- electrochemical coagulation of particles, and

- distortion and thinning of electrical double layer (EDL).

The last, proposed by Sarkar and Nicholson (Sarkar & Nicholson, 1996), is the most diffused
and accepted. This theory affirms that when a positive charge moves toward an electrode
together oppositely charged ions, its shell is distorted, thinning ahead and thickening
behind, due to fluid dynamics. As a consequence, the particle feels a weak attraction toward
another positively charged particle, so together they can move under the electric field. The
EDL of the two particles is less wide than that of a single particle, so when another particle
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is approaching, it can be close enough to interact through van der Waals attractive forces
and so coagulates. Similar mechanism occurs at the electrode surface where the high
particles concentration allows the formation of a particles deposit.

external force

Energy

Fig. 5. Potential energy vs. separation distance for particles in absence (
(- - -) of an electric field.

) and in presence

This model was integrated by Fukada (Fukada et al., 2004) with a further consideration
based on the experimental observation of De (De & Nicholson, 1999). According to De,
Fukada verified that H* are depleted at the cathode because of particle discharge, through
the reaction:

transport process + charge trasfer q

o+ em TRy, )

+
Hx:OO 2

This implies an increase of local pH toward the isoelectric point and then the coagulation is
facilitated. Fukada found an analytical expression for the variation of the H* concentration
with time, validated by experimental results for alumina suspension in ethanol. This
expression, generally suitable for suspensions containing H* or H3O*, shows that the steady
state with respect to diffusion and charge transfer of H* ions corresponds to a reduction of
zeta-potential at the cathode and consequently to coagulation.

Other deposition mechanisms, mentioned above, although explain experimental results in
some conditions, are not valid in general. In fact, flocculation by particles accumulation
suggests a deposit formation by electrophoresis similar to gravitation, so that the pressure
exerted by the arriving particles at the electrode makes the particles close to form a deposit,
overcoming the repulsion forces between particles. This hypothesis does not explain why
the deposition occurs on a membrane which does not act as an electrode.

Similarly, particles charge neutralization at the electrode suggests the charged particles are
neutralized by the contact with the electrode surface, but it does not explain the deposition
mechanism when the deposit is thicker than a monolayer.

With respect to electrochemical coagulation of particles, the hypothesis is that an increase of
electrolyte concentration around particles produces a reduction of the repulsion between
particles near the electrode, where particles can coagulate. However, time required to have
an increased electrolyte concentration is not negligible, experimentally estimated as
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inversely proportional to the square of applied voltage. Moreover, this mechanism is invalid
when there is no increase of electrolyte concentration near the electrode.

Recently, new models considering particles flow from an electro-dynamic point of view are
developed (Guelcher et al., 2000; Ristenpart et al., 2007). Experimental results of Guelcher
confirmed a numerical prediction of clustering of colloidal particles deposited in a DC
electric field by considering an electro-osmotic particles flow. By analysing the long-range
attraction force intra-particles, Ristenpart demonstrated the flow direction of a particle
depends on the sign of its dipole coefficient. Under particular conditions, the electro-osmotic
component and the electrohydrodynamic component of flow can have the same direction
and so can produce aggregation.

This overview demonstrates that the discussion on models and mechanisms of
electrophoresis and deposition of ceramic particles in presence of an electric field is still
open, and that many efforts have been made for some decades, from Hamaker to today, to
explain and understand the large amount of experimental results.

3. Post-deposition processes

Depending on coating functions, a post-EPD process may be required in order to densify the
coating and to improve its mechanical properties and adhesion to substrate. Usually, this
post-EPD process is a heat treatment devoted to cure or sinter the coating, but some
precautions should be followed to avoid defects inside the coating or at interface with the
substrate.

As mentioned before, EPD is especially regarded as a suitable method to obtain coatings on
bodies of a complex shape. To respect this feature, one of the main requirements is to have a
low concentration of powder agglomerates in the ceramic suspension. The size of these
agglomerates define the order of magnitude of the size of stacking defects during
consolidation. Therefore, all methods for quality assurance, such as control of powder
dimension and phase, impurity content, process parameters, have to be pursued in order to
minimize the defects in the final product and therefore improve its functional properties.

With respect to other colloidal consolidation processes, in EPD the deposition rate is almost
unrelated to particle size and thickness of the deposited layer, so high deposition rates can
be achieved. In order to avoid defects during deposit coagulation, especially at high
deposition rates, very fine particles should be used. Moreover, the use of suspensions in an
organic solvent could minimise the incorporation of gas bubbles in the deposit due to
electrolysis. Zithomirsky (Zhitomirsky & Gal-Or, 1997) deposited hydroxyapatite (HA)
coatings on Ti6Al4V. They found that suspension presedimentation had a significant effect
on the deposit quality, because it allowed the removal of undesirable agglomerates from the
suspension and, as a result, the deposit consisted of finer particles. This reduced the porosity
in the deposited layer and a denser packing was obtained.

After deposition, the coating has to be dried. While the green deposit is still immersed in
the suspension, it is saturated by liquid. After removing from the suspension and drying,
the green density can reach 60%. Also during drying some shrinkage occurs so that cracks
can appear due to stress induced by the flow and evaporation of the liquid through the
pores (Scherer, 1990). Cracks occurring during drying may be reduced if the deposit
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thickness is lower than a critical value which depends on the powders used for
deposition. Van der Biest (Van der Biest et al., 2004) obtained coatings on stainless steel
with WC-5Co, Al,O3, TiC, and TiB, powders, having an average particle size and a surface
area equal to 1, 0.3, 2, and 1.5-2 pm, and 2.47, 10, 1-2 and 0.5-1.5 m2/g, respectively. The
thickness below which no cracking was observed was 125, 316 and 56 pm, for the first
three powders, whereas surprisingly a layer 5 mm thick was deposited without observing
cracks in the case of TiB,. This result supports the influence of the powder characteristics
on the quality of the deposit.

Generally, an EPD coating is deposited on a metal substrate that can be non resistant to high
temperature which is necessary to sinter ceramics. Two approaches exist to limit damages of
substrate: to use some method to lower the sintering temperature, such as powders with a
fine grain or a low melting additive, or to use a different sintering treatment, such as
microwave or irradiation. In the following, some of the methods cited before are reported.

In order to lower the sintering temperature, a first stratagem that could be used is the choice
of precursors suitable to form a ceramic material. Some examples were those of Boccaccini
(Boccaccini et al., 1996, 1997) and Kooner (Kooner et al., 2000) who prepared EPD sols based
on boehmite (y-AIOOH), fumed amorphous silica, and fumed §-alumina with appropriate
concentrations, as precursors of mullite. Mullite has a number of attractive properties for
high-temperature structural applications, but its sintering temperature is higher than
1600°C. The use of nano-particles and fine mullite seeds lowered the sintering temperature
by up to 1300-1400°C, making possible the formation of mullite matrix by EPD in fabrics
based on silicon carbide and Nextel 720 fibres.

Reaction bonding (RB) is a forming technique developed to produce near net-shape
ceramics and to overcome problems caused by shrinkage during sintering. It consists of
introducing some elements or compounds that, by reacting with an oxidant or reducing
atmosphere at a temperature higher than room temperature, can produce a ceramic matrix.

Aluminium particles were added to PSZ suspensions by Wang (Wang et al., 2000b; Wang et
al., 2002). During heat treatment in air at low temperature (600°C), metal powder was
converted to nanometer sized oxide crystals, that subsequently were sintered and bonded to
PSZ at 1200°C. The volume expansion associated with the Al—-Al,O3 reaction partially
compensated the sintering shrinkage. The combined use of EPD with the reaction bonding
process allowed to fabricate crack-free and relatively dense ceramic coatings, maintaining
the sintering temperature lower than that usual one (1350-1500°C). However, as the
oxidation of the Al powder in the green form is affected by the thermal processing profile,
the oxidation and sintering temperature has to be appropriately chosen to optimise the
density and the quality of coatings.

Another candidate for reaction bonding is ZrN due to its low reaction temperature. Baufel
(Baufel et al., 2008) utilised a suspension with zirconia and zirconium nitride to obtain an
EPD coating on Ni alloys. Two different contents of ZrN were mixed together with YSZ in
ethanol and milled in order to reduce the grain size of powders. After deposition and drying
in ambient conditions, a heat treatment was performed in air at 1000 °C for 6 h. In XRD
spectra, the treated samples showed only pronounced peaks of zirconia without evidence of
Z1rN peaks, so they concluded that all ZrN transformed into zirconia, within the detection
limit of XRD. As a result, combining EPD and reaction bonding, Baufel obtained zirconia
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coatings, about 100 pm thick, sintered at 1000°C, with a microstructure comparable with the
one prepared without reaction bonding and sintered at 1200°C.

EPD was successfully applied by Lessing (Lessing et al., 2000) to obtain reaction bonded
joints using several compositions of silicon carbide and silicon nitride mixed to graphite and
carbon black particles. The use of EPD allowed to form joints filling a large gap and coatings
rounded corners or undercut sections, with structures originated by molten silicon at
1450°C.

A very interesting application of reaction bonding process is that optimised by Hang
(Hang et al., 2010) who combined EPD and RB to achieve a graded coating based on
hydroxyapatite (HA). HA is a material extensively studied and used as a biomaterial,
thanks to its biocompatibility and osteoconductivity. EPD is potentially an attractive
method to obtain HA coatings on Ti substrate, but often the bonding strength between
EPD coating and substrate was not high enough for the requirement of clinic application.
Moreover, a great difficulty is represented by the sintering. In fact, as high temperature
produces degradation of Ti substrate and thermal decomposition of HA, sintering
temperature should be ideally below 1000 °C under which HA is difficult to be fully
densified. On the other hand, the thermal expansion coefficient of Ti substrate is much
lower than that of HA, so a large thermal contraction mismatch could arise and tend to
induce the formation of cracks when cooled from an elevated temperature. Again, a
significant firing shrinkage during sintering will lead to the formation of cracks also in
coatings.

As a solution, HA/ A1, O3 composite coatings were produced by a combination of EPD and
reaction bonding process at a relatively low sintering temperature of 850 °C. Reaction
bonded Al;O3 with relatively lower coefficient of thermal expansion (CTE) was introduced
into HA coating to reduce the difference of CTE between Ti substrate and HA coating, and
to overcome problems caused by the firing shrinkage during sintering. Both advantages
were proven to be beneficial in avoiding the formation of cracks and improving the bonding
strength of ceramic coatings. On the coating containing HA and reaction bonded AlbOs, a
further coating with a gradient of composition was deposited, up to the top coating
composed only by HA. The development of this functionally gradient coating (FGC) based
on HA, contributed to reduce the discontinuity in thermal expansion coefficients and, as a
result, minimised the residual stress in the coatings.

Therefore, electrophoretic deposition and reaction bonding process were successfully
combined to produce HA functionally gradient coatings on Ti substrate at a relatively low
sintering temperature of 850 °C. HA FGC was uniform and crack-free, having a chemical
composition and microstructure with a gradient variation along its cross section. The
content of HA increased gradually from the inner part of HA FGC (diffusion layer) to the
outer part (top layer), and proportionally the density increased from the inner part to the
outer part. The HA FGC took efficiently the advantages of both the mechanical properties of
Ti and the biological performances of HA ceramic.

Microwave heating is a method fundamentally different from the conventional techniques
used to densify materials. The direct coupling of energy to a material with dielectric loss
results in extremely rapid heating. Typical heating and cooling rates are of the order of
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hundreds of degrees Celsius per minute, much higher than those of conventional heating
sintering. This can be very advantageous, especially when conventional temperature and
time of sintering can result detrimental to the substrate material.

A combination of EPD process and microwave sintering was used by Streckert (Streckert et
al., 1997) to prepare SiC composites formed by silicon carbide-based perform and SiC
matrix. After achieving infiltration with SiC powder by EPD, microwave sintering at 2.45
GHz was performed under fluxing a mixture of nitrogen and hydrogen. A high density in
composite was obtained by applying a load during microwave heating. Therefore, the
combined use of EPD process and microwave sintering has the potential to produce good
quality composite rapidly and economically, due to short process time and simple
equipments required.

Dense, uniform and crack-free Al,O3/YSZ composite coatings on Ni based superalloy
were prepared by a novel sol-gel process, optimised by Ren (Ren et al., 2010). The
composite coatings were firstly prepared by the electrophoretic deposition of a
suspension containing aluminium oxide sol, nano-Al,O3;, and micro YSZ particles and
then treated by Pressure Filtration Microwave Sintering (PFMS). Suspensions with several
mass ratios of ceramic powders versus aluminium oxide sol were used to produce thick
deposits by EPD. After drying at room temperature for 24 h, the green deposits were
treated in a 2.45 GHz microwave oven for 10 minutes. Ren obtained coatings with micro-
cracks, pores and a granular structure when the mass ratio of ceramic
powders/aluminium oxide was the lowest. On the contrary, at maximum of the mass
ratio, the coating was dense, without cracks and with a microstructure composed by YSZ
particles embedded in nano-AlO; particles. Moreover, no defects and spallations were
found across the interface, as an indication that the thermal match between coating and
substrate was good. In the Ren’s opinion, the pressure and microwave heating were
doubly beneficial for the sintering and densification of YSZ/Al,O; coatings at a relatively
lower temperature. In fact, the compound effect of pressure and filtration in PFMS
process constrained the shrinkage of coating in three-dimensional directions and therefore
micro-cracks were avoided and the adhesion to the substrate was improved. Furthermore,
nano-sized a-AlO; decreased the phase transition and the crystallization temperature of
aluminium oxide sol and at the same time the microwave energy lowered the phase
transformation temperature of a-Al>Os.

In general, the use of sol-gel suspensions for the EPD process has two advantages: it allows
to obtain thicker deposits than those prepared by a conventional sol-gel method, and the
heating treatment is performed at a temperature typical of a sol-gel process, certainly lower
than that used to sinter ceramics. The sol-gel method should be suitable to obtain protective
coatings on metal against corrosion, due to the low temperature of densification which are
not detrimental for the metal substrate, but the typical maximum thickness of sol-gel coating
is approximately 2 pm. Moreover, the presence of pores and microcracks due to drying
shrinkage, limits the applicability of sol-gel coating as protection. Castro (Castro et al. 2004)
incorporated silica nano-particles to an acid-catalysed SiO; sol in order to increase the
coating thickness without increasing the sintering temperature. Then this hybrid organic-
inorganic suspension was used to produce EPD coatings 5 um thick. After sintering at 500°C
for 30 min, these coatings demonstrated to have a good corrosion resistance.
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Laubershiemer (Laubershiemer et al., 1998) produced a deposit by EPD using a synthesised
liquid precursor of lead-zirconate-titanate (PZT) according to a modified sol-gel route.
Besides the advantage mentioned before, it is worthy to note that the sol-gel process has the
advantages of the conventional mixed-oxide route, such as much greater purity and
compositional control with liquid-mix homogeneity and a lower process temperature. In
order to obtain a PZT micro-component, Laubershiemer used a polymeric gel by
introducing polymerisable chelating agents in the synthesis of the precursors. After
performing EPD into a microstructured mould simultaneously to the gelation of the sol, a
gel-body was obtained, that then was hardened by polymerisation induced by UV-light.
After drying and removing of the mould, a heating treatment was performed in a furnace at
550°C to obtain a ceramic component. The addition of polymerisable agents allowed the
creation of an organic network which was interpenetrated into the inorganic chains. This
reduced the risk of cracks formation and considerably increased the mechanical stability of
the gel-body. It was demonstrated that this method is suitable for production of micro
components based on ceramic materials.

Cross section oftrack

Fig. 6. Scheme of the EB treatment on the surface of Alumina-Zirconia EPD coating and SEM
images referred to the zones inside and outside the EB track. The EB track presents a
different contrast with respect to the untreated coating. Inside the EB track, the grains are
more compact than those ones outside the track.

An alternative method was successfully used to densify the electrophoretic deposit and to
make it more adherent to substrate. It was based on the irradiation of the green ceramic
coating surface by a high power density energy source, such as an electron beam (EB).
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Compared to laser energy sources, in EB treatment the reflectivity by the irradiated material
is lower and therefore the beam efficiency is higher. Moreover, the thickness of affected
material can be varied by changing the beam power. So 10 kW power is usually employed
to cut or weld materials, whereas a lower power allows to treat few micrometers of the
material surface.

De Riccardis (De Riccardis et al., 2008) used EB treatment up to 13.75 J]/mm?2 of fluence, to
sinter the alumina-zirconia EPD coatings, by confining the high temperature to the ceramic
material without affecting deeply the metallic substrate (Fig. 6). The EB irradiation on
alumina-zirconia coatings produced a nanostructured ceramic composite material, formed
by micro-particles of a-AlO3 and tetragonal ZrO,, embedded in an amorphous matrix
containing also nano-sized crystals. Nevertheless some residual porosity, the electron beam
treatment had two positive effects: it increased the ceramic coating density and improved
the adhesion between coating and substrate. In fact, the adhesion stress values evaluated for
coatings applied on sandblasted substrates were comparable to those typical of plasma-
sprayed coatings. It is worthy to note this method can be applied to sinter ceramic coating
deposited on metallic support having low temperature resistance. Moreover, since EB
irradiation did not damage the material outside the EB track, several adjacent tracks could
be performed in order to obtain densified coating on a large area.

4. Applications: From traditional to advanced materials

After its first use in 1933 to deposit thoria particles on a platinum cathode for electron tube
application, EPD was mainly utilized for traditional ceramic processing. Its industrial
application was the deposition of clay or vitreous enamel coatings on metals, which after
firing showed an evident improvement in the finishing properties of coatings with respect to
conventional dipping or spraying processes.

In the last 20 years the interest shown by the academic and the industrial world regarding
EPD has increased thanks to its wide range of applications, especially due to the insertion
and diffusion of nanomaterials which allow to obtain structures with characteristics never
conceived before.

A numbers of reviews reported extensively on the several applications of EPD as coatings
and free standing objects, based on ceramics and metals (Sarkar & Nicholson, 1996; Van der
Biest & Vandeperre, 1999; Boccaccini & Zhitomirsky, 2002; Boccaccini et al., 2003; Besra &
Liu, 2007; Corni et al., 2008). Particularly successful is the use of EPD to produce porous,
laminated and graded ceramic coatings (Hatton & Nicholson, 2001; Put et al, 2004; You et al,
2004) as well as fibres reinforced composites (Boccaccini et al., 1996,1997; Wang et al., 2000a;
Freidrich et al., 2002; Kaya et al., 1999, 2000, 2001). Moreover, EPD has proven to be an
effective method to texture superconductors structures, such as BSCCO and YBCO (Hang et
al., 1995; Yau & Sorrell 1997; Grenci et al., 2006) and electrodes for solid oxide fuel cells
(Zhitomirsky & Petric, 2000; Hosomi et al., 2007).

The aim of this review is to present more extensively those that are the current and most
appealing applications for the most recent material science: biomaterials and
nanomaterials.
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4.1 Biomaterials

Numerous studies have been devoted to the development of coatings based on the
conventional bioactive inorganic materials, such as hydroxyapatite and bioglass, in order to
improve the adhesion of tissue to the implant surface and so increase the performance of
metal implants.

As calcium phosphates are the mineral component of bone, dentine and dental enamel,
hydroxyapatite [Cas(PO4)3(OH)] is the best candidate to form a chemical bonding with hard
tissues. EPD is particularly advantageous in the deposition of HA coatings because this
technique allows the control of coatings composition, thickness and microstructure, that are
essential to obtain the maximum benefit. As mentioned before, the first requirement to
obtain a densely packed HA layer is to use very fine particles and to prepare well stable
suspensions. Xiao (Xiao & Liu, 2006) optimised a HA suspension using nano-HA particles
prepared by hydrothermal method, in primary aliphatic alcohols (C1-C4) with
triethanolamine as a dispersant. Maximum stability was achieved when n-butanol was used
as liquid medium. EPD process (30 V for 1 min) produced a deposit with a high packing
density, small drying shrinkage, and therefore optimal mechanical properties.

Meng (Meng et al., 2005) studied the effect of applied voltages on the microstructure of HA
coatings, both with constant voltage, equal to 20 and 200 V, and with dynamic voltage,
varying between 0 and 200 V. The dynamic voltage process consisted of three increments
with three different rates, slowly in the first step and faster during the third. After sintering
at 800°C for 2 h, the coating prepared at low constant voltage was dense and consisted of
fine particle whereas the coating prepared at high constant voltage was porous and with
large HA agglomerates. Differently, the coating prepared at dynamic voltage consisted of
continuously gradient particles, with smaller particles building up in the inner layer and
bigger particles forming the outer layer, both with a high packing of particles.

Bioactive glasses, such as Bioglass 4555 which is composed by SiO (45 wt%), NaO; (24.5
wt%), CaO (24.5 wt%) and P,Os (6wt%), readily react with physiological fluids forming a
hydroxyapatite layer on their surface and creating tenacious bonds to hard and soft tissue.
Coatings of Bioglass 4555 were obtained on stainless steel and Nitinol (Ti 50wt% and Ni
50wt%) by EPD (Krause et al., 2006). The conditions of the coatings deposition and sintering
were optimised for the two types of substrates. After sintering at 800°C, the Bioglass coating
covered completely the stainless steel substrate surface even if not uniformly. When the
substrate was Nitinol, a diffusion of nickel and titanium was observed in the Bioglass
coating, as a consequence of sintering process performed at 950°C.

Recently, the advantages of polymers composites containing HA or bioactive glass have
been highlighted. In fact, the combination of polymeric and inorganic bioactive phases is
common to several natural materials, like bone which is a composite containing collagen
and HA crystals. Moreover, the interfacial bonding strength of HA or Bioglass coatings on
metal substrate can be improved by their combination with polymers.

For these reasons, different types of composite coatings, based on HA or Bioglass or both,
were deposited, where the organic component was chitosan or alginate (Zhitomirsky et al.,
2009). Both the organic component enabled the electrosteric stabilisation of HA and Bioglass
particles in suspension and promoted a co-deposition of the organic and inorganic
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components in EPD process. The presence of chitosan and alginate allowed to obtain
coatings with improved strength with respect to the pure HA or Bioglass coatings.
Moreover they did not obstruct the bioactive function of HA and Bioglass.

Bioglass was successfully co-deposited with polyetheretherchetone (PEEK) by EPD
(Boccaccini et al., 2006a) on Nitinol wires. PEEK is a semicrystalline thermoplastic polymer
(Tm=340°C) with excellent performance also for biomedical applications. A suspension
containing PEEK and Bioglass in ethanol was used for EPD co-deposition. Sintering was
performed at 340°C for 20 min, just to melt the polymer and therefore to embed the ceramic
particles. After sintering, the surface of coatings became smooth due to viscous flow of
melted polymer. The PEEK/Bioglass coating deposited on Nitinol showed to be adherent to
substrate also when it was bended. Moreover, the composite coating demonstrated to have
two functions: to protect the NiTi substrate from corrosion when it was in contact with body
fluids, and to improve the bonding of bone or soft tissue to an implant, being Bioglass a
bioactive material.

Another example of application of composite coatings based on Bioglass concerns
composites containing carbon nanotubes (Charlotte Schausten et al., 2010). The EPD
parameters were optimised in order to obtain both co-deposition and sequential deposition
of Bioglass particles and multi-walled CNTs on stainless steel substrates. Co-deposition
produced homogenous and dense coatings with well-dispersed CNTs placed between the
Bioglass particles. So, the network of CNTs acted as a reinforcement and contributed to the
improvement of the mechanical stability of the coatings. The coatings obtained by sequential
deposition formed a two-dimensional nanostructured mesh of CNTs on the Bioglass layer
and produced a surface nanotopography, with a great potential in the formation of bone-
like nanosized HA crystal with the presence of body fluids.

The combined use of Bioglass and CNTs is motivated also by recent results on
differentiation of ostheoblast cells during their growth based on the substrate nanostructure.
Moreover, as CNTs have a similar dimension to proteins, they demonstrated a high
reactivity for interactions involved in the cell attachment mechanism. An interesting
formation of CNTs/Bioglass composites by EPD was described by Boccaccini (Boccaccini et
al., 2007) who referred to CNTs deposited on porous Bioglass-based scaffolds for bone tissue
engineering. Concentrated CNTs suspensions (0.5-5 g/1) were used to create a deposit on
interconnetted and macroporous structure of Bioglass, placed between two stainless steel
electrodes. The final structure showed a scaffold with substantially unchanged porosity,
with nanostructured pore walls. Moreover, the presence of CNTs conferred biosensing
properties to the scaffold by adding an electrical conduction function, potentially useful for
stimulation of cell growth and tissue regeneration by a physioelectrical signal transfer.

Alumina and ultrahigh molecular weight polyethylene (UHMWPE) are used as biomaterials
for prostheses and joint replacement, but they do not bond with live bone. Coatings of
bioactive ceramics can improve the osteoconductivity of these materials. Wollastonite
(Yamaguchi et al., 2009) was used to form a composite bioactive material based on Alumina
and UHMWPE. Wollastonite powder was prepared by calcination of silicon dioxide and
calcium carbonate in an equimolar ratio. Substrates of porous alumina (10 um average pore
size) and porous UHMWPE (30 um average pore size) were placed between two gold plates,
acting as electrodes. After EPD, the subtractes were placed in simulated body fluid (SBF),
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then after 14 days an apatite layer was observed on the cathode-side of the porous
substrates, induced by deposited wollastonite. The adhesive strength of the apatite layer to
the porous substrates was higher than commercially available coated alumina and
UHMWPE.

As a biomaterial, titania is normally applied as a coating on metallic substrates in order to
improve the integration of orthopaedic implants. Bacterial colonisation of implanted
materials occurring on the coating surface represents major complications in orthopaedic
surgery. Therefore, in order to reduce the risks of bacterial infection after implantation,
inorganic antibacterial materials were used with better results than those organic in terms of
durability, toxicity and selectivity. Silver is one of the preferred elements as antibacterial
agent, so Ag-TiO, coatings were developed with both bioactive and antibacterial properties
(Santillan et al., 2010). Ag nano-particles (4 nm) were grown directly on the surface of
commercial TiO, nano-particles (23 nm) from nucleophilic reaction. In such a way, the Ag
nano-particles were uniformly distributed on TiO; nano-particles, contributing to control
the release of Ag, in the presence of bacterial colonies. An aqueous stable suspension
containing Ag-TiO, particles was used to deposit a composite coating on Ti sheets. EPD
parameters (3V for 90 s) were optimised referring to macroscopic homogeneity of coatings
and to absence of cracks. In vitro bioactivity tests in SBF showed an increasing formation of
HA at increasing time and decreasing silver content in the coatings.

4.2 Nanomaterials

Among nanomaterials, enormous attention is devoted to CNTs for their extraordinary
properties due to structure, aspect ratio and size. Their applications range from
microelectronics to structural composites and to biomedical materials, but particular
arrangements of CNTs need to enhance their positive contribution in specific applications. If
CNTs are used in combination with other materials to form a composite, appropriate
processing methods have to be adopted in order to obtain homogeneous distribution of
CNTs in a matrix. EPD is a very convenient technique for manipulating CNTs and
producing ordered CNTs arrays (Boccaccini et al., 2006b). As for all EPD experiments, the
composition of suspensions and EPD parameters (electric field, deposition time and
electrode material) are critical for the performance of CNTs based coatings. The
functionalisation of CNTs is also very important, which obviously influences the interaction
between CNTs and other components both in EPD suspension and in a formed deposit.

Boccaccini (Boccaccini et al., 2010) reported on two alternative methods to produce CNTs
based composite coatings by EPD. In the first method, a CNTs layer was deposited with a
more or less isotropic planar distribution of CNTs on a substrate. Then the CNTs coating
was employed as an electrode to deposit ceramic or metallic nanoparticles, again by EPD,
with the aim of infiltrating the porous CNTs structure. The second method consisted of a co-
deposition of ceramic particles with CNTs. Three are the alternative cases of the components
arrangement in the suspension: i) self-assembly of nano-particles coating individual CNT, ii)
heterocoagulation of CNTs on individual larger particles, and iii) simultaneous deposition
of CNTs and particles (ceramic or metallic) with the same charge polarity in suspension. As
an example, the first approach was used to obtain a CNT-TiO; coating. The presence of
CNTs together with titania enhanced the photocatalytic effectiveness of titania and
improved the mechanical properties of titania coatings.
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CNTs have been also used to make more effective the interface between fibres and matrix in
SiC/SiC composites for fusion reactor applications (Konig et al., 2010). EPD was used to
deposit multi-walled CNTs onto SiC fibres and to infiltrate the CNTs coated fibres mats
with SiC powder. The CNTs coating obtained on fibres was firm and homogeneous, with
uniformly distributed nanotubes on the surface of the fibres. The fibre mats were then
placed in contact with an electrode of the EPD cell and the migration of SiC particles under
the electric field allowed to gradually fill the spaces between the fibres with a high grade of
infiltration. After sintering at 1300°C in air, a denser composite than the one without CNTs
on the surface of the fibres was obtained.

An improved planar-gate triode with CNTs field emitters was successfully realised by
combining photolithography, screen printing, and EPD (Zhang et al., 2011). In order to
deposit selectively CNTs acting as field emitters onto cathode electrodes, an EPD suspension
containing CNTs was used. Previously, an acid activating treatment was performed in order
to functionalise the CNTs" surface. During the EPD process, gate electrodes of a planar-gate
triode were used as an anode electrode of the EPD cell and cathode electrodes of the triode
were used as a cathode electrode of the EPD cell. In such a way, positively charged CNTs
were selectively deposited onto the cathode of the triode. The field emission performance of
the realised devise was so good that practical applications of dynamic back light units and
field emission displays could be implemented.

To improve further the field emission performance of CNTs, they should be vertically
aligned so as to obtain a well-defined structural anisotropy and a maximal packing
density with the characteristics of a 1D nanomaterial. CNTs forests could be grown in
situ by vapour, liquid or solid mechanisms, or could be aligned by a post-growth
method. EPD was the method wutilised successfully by Santhanagopalan
(Santhanagopalan et al., 2010) to control CNTs’ orientation and to obtain an alignment in
direction of the applied electric field. A high-voltage electrophoretic deposition (HVEPD)
process was optimised through three key elements: i) high deposition voltage, to align of
nanomaterial with electric field, ii) low concentration of nanomaterial in a suspension to
prevent aggregation before deposition and to avoid bundle formation, and iii)
simultaneous formation of an holding layer to keep the nanomaterial deposit resistant to
manipulating.

This method was also successfully used to deposit aligned manganese oxide nanorods on
stainless steel plates, demonstrating the versatility of HVEPD that potentially can be utilised
to obtain forests from any nanomaterial that can be charged suitably in a solvent.

Porous template were often used to obtain aligned nanomaterials, which were then removed
after the growth of aligned nanostructures. Also in this subject, EPD demonstrated its
effectiveness. Deposition of diamond nanoparticles (4-12 nm) was performed (Tsai et al.,
2011) on a surface of porous anodic alumina (PAA) with pore size of 20 nm. These diamond
nanoparticles acted as nucleation sites for the following growth of diamond nano-tips by
HFCVD process. EPD allowed to obtain a continuous diamond HFCVD film with a very
fine microstructure. On the contrary, when no EPD of nucleating diamond nanoparticles
was performed, diamond film grown up by HFCVD showed a fragmentary distribution of
large diamond particles (200 nm).
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In order to control the structure of an EPD coatings, other stratagems can be used. Uchikoshi
(Uchikoshi et al., 2004, 2010) and Kawakita (Kawakita et al., 2009) demonstrated diffusely
that the use of a magnetic field during an electrophoretic deposition induced a preferential
orientation of particles with an anisotropic magnetic susceptivity. For example, titania
particles in the form of anatase were deposited with c-axis aligned with a strong external
magnetic field. The deposit was dense, uniform and crack-free, and therefore suitable for
energy conversion applications, where the efficiency depends strongly on the crystals
orientation.

An AC or a pulsed DC electric field can modify the structure of the EPD deposit. Riahifar
(Riahifar et al., 2011) varied time, frequency, voltage, and particles concentration in
suspension and obtained titania nanoparticles coatings with different deposition patterns.
They used two gold planar electrodes, with a spacing of 150 um, realised by scratching a
continuous gold film on glass substrate. The AC field applied between the two electrodes
produced a deposit on the electrodes edge at a low voltage, in a short time, with low particle
concentration and high frequencies. On the other hand, at high voltages, a longer time, a
higher particle concentration, and lower frequencies, the deposited particles filled the gap
between the electrode, demonstrating how it was possible to control the deposition pattern
by changing appropriately the process parameters.

The use of EPD is a relatively new technique in the field of polymer electronics. One of the
most useful features is the use of dilute solutions, not suitable for other conventional casting
techniques, such as spin coating. Particularly interesting results were obtained by Tada
(Tada & Onoda, 2011) who prepared composite films of conjugated polymers and fullerene
by EPD, starting with the optimisation of the suspension composition. Therefore dense
composite coatings, suitable for heterojunction systems, were deposited. Moreover, they
found different distributions of fullerene crystals depending on conjugated polymer, with
spontaneous stratification in presence of an inhomogeneous suspension. This result
confirmed the possibility to control the deposit morphology by EPD.

Other examples of the use of EPD in the energy conversion field are represented by the
deposition of nanomaterials such as supercapacitors, photofuntional compounds, or photo
anodes in dye-sensitised solar cell (DSSC). As a supercapacitor, manganese oxide is a low
cost raw material and therefore it is an alternative material to the conventional oxides, that
are RuO; and IrO,. Coatings of needle-like MgO, powders with a diameter of 10 nm and a
length ranging from 50 to 400 nm, were deposited by EPD by Chen (Chen et al., 2009). The
deposited coating showed a porous microstructure and a slight decrease of specific
capacitance, from 200 to 190 F/g after 300 cycles, attributed to reduction reaction from Mn 4*
to Mn?* during EPD process and recovered during the cyclic voltammetry tests.

Titania nanosheets (TN) are promising nanomaterials for the design of UV-visible light
sensitive energy conversion systems. EPD was used to deposit TN from an aqueous
suspension on ITO substrates (Yui et al., 2005). The addition of poly (vinyl alcohol) (PVA)
made the TN coating more adherent to substrates. Then intercalation of methyl viologen
(MV2+) was achieved by soaking the EPD TN deposit in an aqueous MV2*+ solution. The
photocatalytic activity was demonstrated under irradiation at the absorption band of TN for
the TN/MV2* thin films, that maintained stable for a longer time than those in absence of
TN.
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Electrodes for flexible DSSCs were prepared by EPD depositing commercial zinc oxide
powders on a conducting plastic substrate (Chen et al., 2011). After deposition under an
electric field of 200 V/cm for 1 min, ZnO coatings showed some cracks and porosity. Then,
in order to improve the films quality, a mechanical compression was applied at different
pressures (25-100 MPa). The adhesion of ZnO coatings to the plastic substrates was clearly
improved, so that they could not be peeled off even after bending the substrate.
Experimental tests on DSSC prepared with this ZnO electrode demonstrated that the
photocurrent density and the light-to-electricity conversion energy correlated with the
applied pressure during the compression. EPD confirmed again to be a versatile and
efficient coating technique.

5. Conclusions

By using EPD it is possible to obtain coatings with an excellent performance in a very large
range of applications. However, it needs to control process parameters and to design
suitable suspensions in order to obtain outstanding results. Moreover, the properties of the
coatings can be tailored through the tuning the applied electric field and the choice of
appropriate starting materials, which also influence the eventual densifying post-deposition
treatment.

In spite of its numerous advantages and the wide range of applications, efforts have to be
devoted to develop theories and models valid for the electrophoretic deposition of
nanoscaled materials. In fact, it is expected that the field in which EPD will expand its
applications will be those related to nanotechnology, especially for fabrication of
nanostructured and hybrid composite materials, both in the form of dense and porous
materials.
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