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Preface

Electrophoretic Deposition of Nanomaterials

Electrophoresis and dielectrophoresis have been used extensively in biology, chem-
istry, materials science, and bioengineering for the manipulation and processing of a
variety of biological materials (proteins, cells, etc.), colloids, and other liquid phase
objects. In parallel, electric field assisted deposition schemes, such as electrodepo-
sition, electrochemical deposition, and electroplating, have been employed for a
number of years in materials science, industrial materials processing, and thin film
applications involving precious metal coatings, composite ceramic formation, and
bio-active materials, various paints and dyes.

Recent research interest in nanoscience and nanotechnology has focused on
discovering facile techniques to manipulate materials that historically have shown
to be difficult to handle because of their size. In particular, nanomaterials pose a
substantial challenge in their efficient handling due to their diminished size. Of
the multitude of available techniques to control the distribution of these materials,
the electrophoretic deposition (EPD) of nanomaterials appears to be ideally suited
for the distribution and deposition of nanomaterials, providing a facile, expeditious
means to produce tightly packed films of nanoparticle, nanotubes, and other nano-
structured materials. EPD combines aspects of electrophoresis—the translation of
charged particles, suspended in a solution, due to an ambient, direct current (dc)
electric field—and dielectrophoresis—the locomotion of dipolar, polarizable, or
charged particles, also in solution, due to alternating current (ac) or gradient electric
fields—to deposit nanostructures onto conducting electrodes. In traditional EPD,
a dc voltage is applied across the cell, thereby creating an electric field that trans-
ports charged particles to the electrodes where they deposit to form a cast film.
The primary advantages of electrophoretic deposition as a technique to distribute,
to aggregate, and to compose films of nanomaterials include site-selectivity, dense
packing of the nanomaterials, size-scalability of the film, and marked control over
the deposition thickness of the film. Thus, EPD can rapidly fabricate films compris-
ing multiple monolayers of tightly packed nanomaterials, with short-range van der
Waals interactions a stabilizing influence.

Electrophoretic deposition, first investigated in depth by Hamaker and Koel-
mans in the 1940s and 1950s, has been applied to cast uniform layers of particles
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on conducting surfaces. By applying a potential across the two electrodes, charged
particles are transported to the appropriately biased electrode (e.g., negatively
charged particles migrate to the anode) where they accumulate to form a cast film.
Compact casts of nanocrystals, nanotubes, or nanoparticles have been fabricated by
EPD from suspensions that contain polar and non-polar organic solvents, as well as
water. An essential advantage of EPD is its significantly shorter cycle times rela-
tive to other wet-casting processes. Most large-scale deposition schemes, including
Langmuir-Blodgett or evaporative self-assembly, are at least an order of magnitude
slower than EPD. The ability to cast films at higher rates, as well as the potential to
control nanocrystal mobility through the applied electric field, presents compelling
advantages of EPD relative to the other techniques. For thin films of nanomaterials
to be competitive with and to supplant bulk crystalline materials in optical, elec-
tronic, and magnetic applications, the facile and rapid production of ordered, homo-
geneous, densely packed, and topographically smooth nanomaterial films must be
realized. The inability to cast ordered defect-free films at an industrial scale and at
short cycle times remains a significant obstacle to the commercialization of nano-
crystalline films.

EPD presents several additional advantages over other casting processes, such
as evaporative self-assembly and Langmuir-Blodgett casting. EPD is scalable, as
demonstrated by applications in the ceramics and coatings industries, where films
are deposited onto substrates as large as automotive bodies (e.g., primer coating)
and as small as nanoscale electrodes. The structure and properties of the cast film
can be tuned to targeted values by manipulating process variables, such as applied
dc and ac voltages, frequency, and nanocrystal surface chemistry, thereby affirming
the flexibility of the process. Finally, by preparing suitable templates as deposition
electrodes, patterned films can be cast. These combined characteristics make EPD
the ideal deposition scheme to produce robust nanoparticle thin films.

The rapidly emerging nanomaterials market has motivated sectors of the metals,
ceramics, electronics, and other industries to consider the incorporation of nano-
technology and/or nanomaterials into their products, techniques, and protocols.
Commercial and industrial markets in Europe, Asia, and North America have dem-
onstrated interests in using nanomaterials in device deliverables and other systems.
Burgeoning research investment and developing markets in South America, Austra-
lia, and Africa are following these trends.

The ultimate goal of this book is to provide a comprehensive, integrated view
of the basic research, materials science, and engineering of the deposition of nano-
materials via electrophoresis and a view of commercial and industrial applications
associated with this technique. Further, this book will provide an invaluable, con-
temporary reference for the development of fundamental theory and experiment,
advanced experimental and manufacturing techniques, and industrial applications
of electrophoretic deposition of nanomaterials. This monograph represents contri-
butions from a large breadth of the science and technology that are involved in
this versatile deposition process, disciplines that include electrochemistry, materials
science, physics, chemistry, chemical engineering, ceramics engineering, bioengi-
neering, and electrical engineering, among others. This volume represents the initial
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foray into illustrating a variety of characteristic components of this rapidly emerg-
ing field of nanoscience and nanotechnology.

This monograph begins with two chapters that overview the fundamental con-
cepts, methodologies, equations, terms, and phenomena associated with electric
field control and manipulation of colloidal particles (Paul J. Sides) and, more
specifically, with the electrophoretic deposition of nanoparticles in polar solvents
(Rodrigo Moreno and Begoiia Ferrari). Subsequent chapters discuss various ap-
plications of electrophoretic deposition of nanoparticles, focusing on: non-polar
solvent-based nanocrystal deposition (James H. Dickerson); carbon nanotube films
and carbon nanotube-based composites (Aldo R. Boccaccini, Milo S. P. Shaffer, and
Cengiz Kaya); advanced ceramics applications (Partho Sarkar, Debnath De, Tetsuo
Uchikoshi, and Laxmidhar Besra; Rolf Clasen; and Sasa Novak, Katja Koénig, and
Aljaz Ivekovic); solid state lighting and display devices (Jan B. Talbot); and electro-
active materials applications (Li Tao, Chen Yanhong and Ma Jan).
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Part1
Fundamentals of Electrophoretic
Deposition



Chapter 1

Mechanisms of Directed Assembly of Colloidal
Particles in Two Dimensions by Application

of Electric Fields

Paul J. Sides, Christopher L. Wirth and Dennis C. Prieve

1.1 Introduction

When electric fields interact with particles immersed in liquids and levitated near
electrodes, the particles assemble into patterns such as ordered arrays or chains. For
example, direct electric current flowing through an aqueous solution held between
two parallel-plate electrodes produces arrays of colloidal particles near one of the
electrodes, as in Fig. 1.1 [1]. Electric fields imposed in-plane, by contrast, cause
1-D aggregation in the form of chained gold nanoparticles stretching from one elec-
trode to the other, as in Fig. 1.2 [2]. Figures 1.1 and 1.2 demonstrate that purposeful
application of electric fields can manipulate particles to form repeating structures.
Naturally, these phenomena interested scientists and engineers. Investigations into
the translation of particles laterally along surfaces when electric fields were applied
normally to those surfaces, and into why particles organized themselves into wires
when electric fields were applied, led to proposed mechanisms by which colloi-
dal particles move relative to the nearby surface and relative to each other; these
mechanisms are the main topics of this account.

1.1.1 Mechanisms of Electrically Driven Particle
and Fluid Motion

The mechanisms of electrically directed assembly of colloidal particles are elec-
trophoresis, electroosmosis, electrohydrodynamics, dielectrophoresis, and induced
dipole interactions. Electrophoresis (EP) is translation of a colloid when an im-
posed electric field moves excess charge in the diffuse layer surrounding the par-
ticle, which produces slip at the interface between the particle and the liquid; con-

P. J. Sides (I<)
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Fig. 1.1 Polystyrene particles, 4 pm diameter, deposited electrophoretically at 2 V applied across
a 6 mm gap containing 0.01 mM KCI for 1,800 s, then 6 V for 30 s, and dried [1]. This figure gives
an idea of the ordering possible. (Reprinted in part with permission from Bohmer [1], © 1996
American Chemical Society)

sequently, the particle translates in the direction opposite the overall slip velocity.
The other mechanisms act in the scenarios shown in Fig. 1.3.The false color of the
images is proportional to the absolute value of the local electric field.

Electroosmosis (EO) is electrically driven slip between a charged immobile solid
and a liquid, which produces flow with respect to fixed coordinates. In Fig. 1.3a
gravity, double layer repulsion, and the electrophoretic force hold a dielectric col-
loid in a force balance that continually restores the particle to its most probable
height above the electrode after Brownian excursions. Electric current between two
plane-parallel electrodes establishes an electric field with magnitude E_ and direc-
tion normal to the electrodes. The particle disturbs the otherwise constant (yellow)
electric field far from the particle. The strong tangential electric field at the particle
moves mobile unbalanced charge associated with the diffuse part of the electric
double layer at its interface. EO is occurring at the particle and also at the electrode
if there are potential gradients along it arising from the disturbance of the imposed
electric field by the particle. Although an isolated particle merely stirs the fluid in its
vicinity, neighboring particles entrain or repel each other; EO flow thereby causes
lateral motion of the particles.

We define electrohydrodynamic flow (EHD), by contrast, as fluid motion arising
from the action of electric fields on small charge imbalances that exist in the diffu-
sion layer, i.e. outside the diffuse part of the double layer. The gradient of electric
field strength normal to the lower electrode in Fig. 1.3b arises from concentration
variations necessary to generate unbalanced charge outside the diffuse layer. Lat-
eral electric field components exert force on the unbalanced charge in the diffusion
layer, thereby moving fluid along the particle and the electrode. Again, mutual en-
trainment causes lateral motion of neighboring particles.

Dielectrophoresis (DEP), appearing in Fig. 1.3c is particle migration that occurs
when a particle with an induced dipole moment is in a region where the gradient
of the electric field is nonzero. If the two in-plane (blue) electrodes of Fig. 1.3c are
polarized oppositely, lines of current with position dependent spacing, and hence



1 Mechanisms of Directed Assembly of Colloidal Particles in Two Dimensions 5

- ‘ I
- P
— =
. L o a £
! L *
- R
C 500 um

Microwire

500 um

l;lfsn;epnasritécr:e Carbon Planar
island electrode

c

Fig. 1.2 Figure from Hermanson et al. [2] showing a microwire made of gold nanoparticles (15—
30 nm) and formed between in-plane electrodes. a The microwire connected two gold electrodes
5 mm apart. b The microwire connected to a carbon spot between the gold electrodes. ¢ The wire
traveled through the solution. The wires exhibited ohmic behavior with resistivity much higher
than bulk gold. (From Hermanson et al. [2]. Reprinted with permission from AAAS)

gradients, connect the two electrodes. The particle of Fig. 1.3c migrates in the
direction of the electric field gradient by DEP and along the field lines connect-
ing the two conductors by EP. EO is also occurring along the surface between the
electrodes.

Induced dipole interaction, 1D in Fig. 1.3d, is the force between two particles
that arises from an imposed electric field; the field polarizes each particle and the
induced charges interact at a distance. Two particles having centers connected by a
line parallel to the imposed field attract. Two particles having centers connected by
a line perpendicular to the imposed field repel each other.
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Electric Field Strength

Minimum Maximum

Fig. 1.3 Four scenarios illustrate aspects of the mechanisms to be discussed. The false color indi-
cates the absolute value of the local electric field. a The electrodes face each other across the
electrolyte. The dielectric particle experiences an electrophoretic force in addition to gravity and
double layer repulsion. Interaction of the imposed electric field drives electroosmotic slip along
the particle and on the electrode. b Faradaic reactions generate concentration gradients in the
vicinity of the particle, which causes a small amount of unbalanced charge to appear in the diffi-
sion layer in addition to the charge in the diffisse layer. The electric field interacts with the charge to
produce an electrohydrodynamic body force, causing the fluid to move. ¢ Electrodes coated on the
same insulating surface are polarized with respect to each other. Lines of current/electric field arc
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We present the theory and experimental observations of these mechanisms in
action. The variety of the experimental results reflects the simultaneous action and
competition among mechanisms.

1.1.2  Prior Reviews

H. A. Pohl coined the term “dielectrophoresis” and wrote the book on the subject [3,
4]. Many subsequent investigators of dielectrophoresis and induced dipole effects
cite Jones’s Electromechanics of Particles [5]. Restricting his attention to particles
having diameters in the range from 1 um to 1 mm, Jones discussed the effective
moment of particles and then used that formulation to develop topics within dielec-
trophoresis and induced dipole interactions. He treated particles with multiple shells
having different dielectric properties, levitation of particles by dielectrophoresis,
chaining, and electrostatic adhesion of particles to surfaces. Green et al. [6] sur-
veyed dynamics of particles with a principal focus on dielectrophoresis. Velev and
co-workers, in a series of reviews, [7—-10] summarized the use of directed assembly
of colloidal particles to form functional elements. Emphasizing the building of elec-
trical function from colloidal particles, Velev [7] described the use of electric fields
to micro-manipulate particles to form wires, sensors, and displays. Velev and Bhatt
[8] surveyed electrically directed colloidal assembly for on-chip devices. They gave
background on the mechanisms discussed in Sect. 1.1.1 and summarized instances
where these mechanisms have been used to control particles for practical purposes
such as sensing, WTAS applications, and gathering particles. Gupta and Velev [9]
addressed the use of colloidal assembly as a “bottom up” process, in contrast to tech-
niques based on, for example, lithography. They categorized the materials produced
from the point of view of dimensionality (1-D-3-D) and catalogued multiple self-
assembly techniques including directed assembly with the use of electric fields, put-
ting the methods that are the subject of this review into context with other methods.
They concluded that the capabilities are impressive, but the large scale applications
to this point have been few. The fourth review [10] traces the historical development
and describes current directions in the use of dc and ac electric fields to manipulate
particles, in this case treating both observed phenomena and models based on the
mechanisms. The primary subject was dielectrophoresis and induced dipole inter-
actions, but they also described induced charge electroosmosis of particles having
non-uniform electrical characteristics, such as Janus particles.

General discussions of electrophoresis and electroosmosis are found in text-
books and other extended treatments [11, 12]. Prieve et al. [13] concentrated on the

<

from one conductor to the other. Particles move along the lines of current by electrophoresis and
move in the direction of electric field gradient by dielectrophoresis. Electroosmotic slip occurs on
the surface between electrodes. d Induced dipoles repel each other when a line joining their centers
is perpendicular to the electric field; they attract each other when the line joining their centers is
parallel to the electric field
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experimental evidence and models for directed assembly of particles where electric
fields are applied in the normal direction between two equivalent uniform conduc-
tors facing each other across electrolyte. Their treatment included a discussion of
electrochemical fundamentals, a crucial component in the description of directed
assembly with the aid of electric fields.

1.1.3  Purpose and Outline of This Contribution

The primary purpose of the present contribution is to survey mechanisms reported
when electric fields interact with particles near surfaces. The theory of each mecha-
nism of Sect. 1.1.1 is described. The secondary purpose is to focus in more detail on
assembly mechanisms involving electrohydrodynamics (EHD) and electroosmosis
(EO), which have received relatively less critical attention [13] than assembly in-
volving dielectrophoresis and induced dipole interactions [4—10]. This review, there-
fore, concentrates on EHD and EO effects in 2-D directed assembly of particles with
the aid of electric fields. Both of these mechanisms involve mutual entrainment of
particles in fluid flow resulting from the action of the applied electric field—distort-
ed by the particles themselves—on charged fluid elements. EHD and EO are associ-
ated with three different regions of charge: (1) the diffuse layer on the particle, (2)
the diffuse layer on the electrode and (3) the bulk fluid outside the diffuse layers. The
differences among the models stem mainly from which fluid elements are charged
and whether that charge is present without the applied electric field or induced by it.

This survey begins with a timeline of observations and proposed mechanisms re-
lated to directed assembly with opposed planar electrodes in Sect. 1.2. Electropho-
resis is briefly mentioned in Sect. 1.3 and a formula for calculating electrophoretic
“force” is derived. EHD in its circumscribed definition is discussed in Sect. 1.4. The
treatment of the role of electroosmosis in the case of two opposed planar electrodes
is broken into two sections. Section 1.5 is about equilibrium charge electroosmosis,
and Sect. 1.6 is about induced charge electroosmosis. We highlight mechanisms
that have been developed in sufficient detail to make quantitative estimates of the
aggregation or disaggregation rates. Section 1.7 is a presentation of the theory of
dielectrophoresis and induced dipole interactions with electric field gradients and
with each other. The survey continues with Sect. 1.8, a summary of demonstrated
capabilities and one projected application not previously considered, to our knowl-
edge. Concluding remarks are provided in Sect. 1.9.

1.2 Electrohydrodynamics and Electroosmosis
in Directed Assembly: The Uniform Field Limit

The following is a presentation of observations and suggested mechanisms with a
tight focus on phenomena encountered when voltage was applied across two op-
posing electrodes with electrolyte in between and particles near one of them, the
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geometry of Fig. 1.3a and b; the response of nominally homogeneous particle pairs
as well as ensembles was investigated in a number of laboratories. The purpose of
this chronology is to provide a context for Sects. 1.3, 1.4, 1.5, and 1.6.

1.2.1 Phenomena Observed in a Uniform Field Normal
to the Electrode

1984 Richetti [14] reported electrically induced 2-D crystallization of colloidal par-
ticles in de-ionized water. Applying 1.7 V ac at 1 kHz between two parallel-plate
electrodes separated by 15 um (nominal 110 kV/m), they observed hexagonal arrays
of 2 pm polyvinyl toluene particles, appearing in Fig. 1.4. When the cell voltage
was reduced to 0.8 V, the arrays “diffused back to the bulk of the system.” Noting
“the attraction between the spheres in the two-dimensional regime is much less
transparent” because one expects repulsion from induced side-by-side dipoles, they
recommended a “complete electrohydrodynamical treatment.” At 20 V ac peak to
peak, the ordering was lost above 5 kHz, but the particles formed columns per-
pendicular to the electrode at these frequencies. The equilibrium distance between
particles was appreciably larger than the radius.

1993 Giersig and Mulvaney [15] electrodeposited 14 nm gold particles onto a
graphite electrode by applying 50 mV dc between the graphite and an Al-foil coun-
ter electrode located about 2 mm away. Figure 1.5 is an image from their work.
They also observed the formation of large hexagonal close-packed arrays on the
electrode. Reversing the polarity of the electric field removed the deposit, indicat-
ing that particles in the 2-D array were not permanently adsorbed. A variety of
thiol stabilizers were used for the Au sols [16]. The average gap between adjacent
particles was directly proportional to, but somewhat less than, twice the calculated
chain length of the stabilizer used for the Au sol, which suggests attraction between

Fig. 1.4 Particles, 2 pm in diameter, aggregated on a conductive transparent electrode. Magnifica-
tion 500%: approximately 100 pm in view. The particles were randomly distributed before the field
was applied. The nominal imposed electric field was 100 kV/m. From Richetti et al. 1984 [14],
perhaps, the earliest observation of 2-D directed assembly of colloidal particles in the plane paral-
lel geometry. (Reprinted by permission from Richetti et al. [14], © 1984 EDP Sciences)
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Fig. 1.5 Gold nanoparticles 14 nm in diameter aggregated on carbon coated copper microscope
grids at 0.1 kV/m. for 5, 10, 15, and 35 s for photographs (a—d), respectively [16]. The sample in
each case was removed from solution with leads attached, then dried. Trisodium citrate ion was
used as a stabilizer. The total applied dc voltage was 200 mV, which was too small to pass continu-
ous faradaic current if water splitting was occurring, but the authors performed control experi-
ments that indicated the effect was not chemical. (Reprinted in part with permission from Giersig
and Mulaney [16], © 1993 American Chemical Society)

particles despite their like charge. Although electrophoretic deposition of particles
usually produces multilayer deposits, [17] the duration of the experiment might
have been insufficient to saturate a monolayer, or electrostatic repulsion between
the robustly stable gold particles was stronger than the repulsion between one par-
ticle and the electrode. They reported multilayer deposits when the electric field or
duration of the experiment was increased.

1996 Trau et al. [18], applying approximately 10 kV/m dc between ITO-coated
glass and a polished brass counter electrode, observed aggregation of 2 um latex
particles, Fig. 1.6. “Coagulation” was also observed with alternating current at
1 kHz and the voltage amplitude raised to approximately 20 kV/m. An electrohy-
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Fig. 1.6 Aggregated par- - >
ticles 2 um in diameter after -
approximately one minute of

exposure to 2 V dc dropping

across 200 um, for a nominal

field of 10 kV/m [18]. (From

Trau et al. [18]. Reprinted

with permission from AAAS) S

drodynamic mechanism both for ac and dc experiments, based on departure from
electroneutrality outside the diffuse layer, was suggested.

Bohmer [1] independently reported in situ observations of the aggregation of
4 um latex particles using video microscopy. A nominal field 0.5 kV/m was ap-
plied between ITO-coated glass and a Pt counter electrode about 4 mm away. Many
2-D clusters of close-packed particles were observed. Reversing the electric field
drove particles apart; turning off the electric field allowed the aggregated particles
to diffuse apart on a longer time scale. An image from this work, before the sample
dried as in Fig. 1.1, appears in Fig. 1.7. Bohmer, after conversations with Yuri Solo-
mentsev and John Anderson at Carnegie Mellon, suggested that bulk flow driven
by electroosmotic slip along the particles mutually entrained or dispersed them [1].

1997 Yeh et al. [19] observing aggregation of 2 um latex particles caused by
a nominal 25 kV/m ac electric field at 1 kHz, proposed that the mechanism was
electroosmotic flow generated by induced diffuse layer charge on the electrode. An
image from their report appears in Fig. 1.8. In a separate experiment they observed
steady toroidal circulation of 1 um particles near a 20 um bead; the steady flow was
remarkable because the voltage was oscillating. The flow was toward the large bead
along the surface of the electrode and away from the bead far from the electrode.

Solomentsev et al. [20] following Bohmer [1], reported experiments in which
negative or positive dc electric fields of approximately 0.1 kV/m were imposed on
ITO facing a Pt counter electrode. 10 um spheres aggregated or dispersed when the
voltage was applied and reversed. The rate of aggregation supplied data for their
mechanism based on electroosmotic slip on the particles. The particles clearly re-

Fig. 1.7 Particles 10 um

in diameter aggregated in
0.01 mM KCl1 during dc
polarization [1]. (Reprinted
in part with permission from
Bohmer [1], © 1996 Ameri-
can Chemical Society)
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Fig. 1.8 Aggregation of
carboxylated polystyrene
beads 2 pm in diameter
during ac polarization, 1.5 V
and 1 kHz applied across

60 pum of sodium azide solu-
tion, for a nominal field of
25 kV/m [19]. (Reprinted by
permission from Macmillan
Publishers Ltd: Yeh et al.
[19], © 1997)

mained mobile on the electrode during the application of the voltage; the mobility
was essential to achieving a highly ordered layer. Particles can remain mobile even
when a reversed voltage is applied if the equilibrium zeta potential of the electrode
dominates its induced charge.

Trau et al. [21] also provided theory that showed how lateral electric field varia-
tions could drive electrohydrodynamic flow.

2000 Solomentsev et al. [22] and Guelcher et al. [23] reported observations and
quantitative measurements of relative motion when dc electric fields were imposed
on particle pairs adjacent to an ITO electrode in Na,CO, and HCIO, solutions. The
positively charged particles were 2.5 and 10 um in diameter. The particles aggre-
gated when the field was negative and dispersed when the field was positive as
shown in Fig. 1.9. They combined [22] the particle motion studies with particle
elevation measurements in support of their model based on mutual entrainment in
electroosmotic flows driven by the slip at the particles; the model agreed well with
their data when lateral electrophoresis and wall hindrance were included but did not
capture increased velocities at small interparticle separations.

2001 Gong et al. [24] confined polystyrene particles between closely spaced ITO
electrodes. For example, particles 3 um in diameter were confined between elec-
trodes separated by 3.5 um. The electrolyte was a 1:1 combination of de-ionized
water and glycerine with Triton X-100 added as a stabilizer. The nominal fields were
ac 1,000-3,000 kV/m at 100 Hz. Particles aggregated, as found by previous investi-
gators, [14, 18, 19] when not confined but formed expanded ordered arrays, showing
substantial repulsion, when the particles were closely confined. Figure 1.10, taken
from a later report [25], illustrates an essential finding. Relatively modest changes in
the degree of confinement (electrode separation 23% larger than the 4.2 um particle
diameter reduced to 3%, with a concomitant increase of electric field) switched the
dominant interaction between particles from attractive to repulsive. They attributed
the change to an increased importance of induced dipole repulsion because strict con-
finement inhibited electroosmotic flow. Field strength and particle radius also were
important. Reducing the field strength from 3,000 kV/m to 600 kV/m at constant
strict confinement and particle radius produced the same observed changes as vary-
ing confinement; the electric field strength required to order the particles depended
on the inverse cube of the particle radius, in support of the induced dipole effect.



1 Mechanisms of Directed Assembly of Colloidal Particles in Two Dimensions 13

Fig 1.9 Negatively charged . - -
particles 9.7 um in diam- a - b

eter near indium tin oxide

electrodes first a aggregating

during dc anodic polariza-

tion and then b moving apart

during dc cathodic polariza-

tion [23]. The elapsed time

in (a) was 30 s and in (b) was

21 s. During anodic polariza-

tion the direction of the slip £
velocity on the particle was .
away from the electrode,

which drew fluid from infin- o o _

ity along the electrode toward

the particle and entrained
the neighboring particle. The !
flow was reversed during

cathodic polarization. This
figure is strong evidence
for the mechanism based on

equilibrium charge electro- ;

osmosis at the particle as - o
presented by Solomentsev

et al. [22]. (Reprinted from

Guelcher et al. [23], © o
2000, with permission from .

Elsevier)

Fig. 1.10 The effect of strict confinement on the interaction between particles [25]. The particles
were 3 um in diameter aggregated at 100 Hz ac polarization. a Aggregated particles where the
ratio of the cell gap to the particle diameter was 1.23. b The same cell, different location, where
the same ratio of gap to particle diameter was 1.03. The particles repelled each other. The polar-
izing voltage was the same, so the nominal electric field was also 20% stronger. The authors con-
cluded that close confinement weakened electroosmotic flows that normally aggregate particles.
(Reprinted in part with permission from Gong et al. [25], © 2002 American Chemical Society)
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Sides [26] (also in [27]) elaborating the electrohydrodynamic theory of Trau
et al. [21], identified a transport parameter that predicted dependence of the direc-
tion of EHD flow on the transport properties of the ions present and pointed out that
the current density under small particles might be nearly uniform because electrode
kinetic limitations might override ohmic hindrance to the flow of current beneath
particles near electrodes.

2002 Nadal et al. [28] observed frequency-dependent attraction or repulsion be-
tween particles of various sizes in NaOH on ITO in fields around 20 kV/m. Particles
1.5 pm in diameter formed tight clusters in NaOH at 1 kHz, but formed expanded
arrays at 2 kHz. They identified a critical frequency that they argued marked the
balance point between dipole repulsion and flow of an “electrohydrodynamic na-
ture” that depended principally on particle radius. For example, they reported an
“explosive” dispersion of 1.5 um particles aggregated below the critical frequency
when the frequency was raised above the critical frequency. They demonstrated
this repulsion in experiments where an optical trap held particles between two elec-
trodes, and they presented evidence of radial flow of a tracer particle toward a larger
particle.

Kim et al. [29] reported measurements on particle doublets under ac polarization
of 3 kV/m, in NaHCO,. As in Nadal et al. [28] aggregation or separation of particle
doublets depended on frequency in some cases. For example, 9.7 pm particles ag-
gregated at frequencies below 500 Hz and separated at 1 kHz. This observation
echoed the identification of a critical frequency. The separation rate at 1 kHz, how-
ever, was much lower than the aggregation rate at 100 and 200 Hz; the particle pair
experiment did not exhibit the explosive repulsion of Nadal [28], but the electric
fields Kim et al. used were substantially lower. Kim et al. [30] noted a stationary
gap between the particles aggregated at lower frequencies, probably due to induced
dipole repulsion. More interesting was that two 9.7 um diameter particles immersed
in NaOH separated at 100 Hz and 3.5 kV/m, as shown in Fig. 1.11, in clear con-
trast to the response of particles from the same batch under equivalent conditions
in NaHCO,. They attributed the reversal to the large mobility of the hydroxyl ion,
which the model of Sides [26] predicted would affect the direction of motion. The
aggregation rate of particles in bicarbonate at 100 Hz [30] was insensitive to the
zeta potential; unmodified particles having a zeta potential of —53 mV aggregated
in bicarbonate at 100 Hz at approximately the same rate as particles having a zeta
potential of —15 mV after treating the original particles with the neutral triblock
copolymer poly(ethylene glycol)-poly-(propylene glycol)-poly(ethylene glycol). In
dc conditions in the same solution, the untreated particles aggregated as expected,
but the treated particles with the smaller zeta potential did not aggregate, presum-
ably because the electroosmotic slip on the particle was reduced. The same was true
for the experiments in KOH. The dc results were affected when the particle zeta was
changed from —57 to —25 mV, but the ac results were not affected.

Fagan et al. [31] reported the first measurements of particle motion normal to the
electrode, shown in Fig. 1.12. Use of Total Internal Reflection Microscopy (TIRM)
[32] resolved the nanometric motion of particles in response to the imposed electric
field. The particles jigged randomly due to Brownian motion, but averaging the
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Fig. 1.11 Results from Kim
et al. [30] demonstrating

the effect of electrolyte in
otherwise identical circum-
stances of ac polarization.
The ordinates are dimension-
less distance between two
particles of a pair (normaliza-
tion by radius). a Aggregation
in bicarbonate. b repulsion

in KOH at the same ionic
strength. The frequency was
100 Hz. The critical range for
comparison is dimensionless
distances between 2 and 4.
Particles moved somewhat
faster during aggregation in
bicarbonate than in KOH.
Also, note the steady separa-
tion >2 radii in bicarbonate,
presumed to indicate induced
dipole repulsion. (Reprinted
in part with permission from
Kim et al. [30], © 2002
American Chemical Society)
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measured particle heights revealed that individual particles moved toward or away
from the electrode in a repeating deterministic fashion at the frequency of the elec-
tric field. The particle changed direction more sharply at its maximum height than it
did at its minimum height, [31] which reflected increased hydrodynamic hindrance
to motion as the particle approached the electrode. Particles in KOH were pulled
toward the electrode during polarization, on average, while particles in NaHCO,
were pushed away from the electrode during polarization. This observation marked
a second difference between hydroxide and carbonate solutions, which echoed the
two opposite aggregation behaviors reported by Kim et al. [30]. Fagan et al. [31]
identified an unexpected phase angle between the scattered intensity and the elec-
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Fig. 1.12 Fagan et al. measured the absolute height of particles during ac polarization in KOH,
50 Hz [31]. The amplitude of oscillation was not symmetric during the two halves of the cycle,
at least in part because the particle experienced strong hindrance to motion toward the electrode
while it was being driven closer. The frequency of oscillation was the same as the driving fre-
quency. This was the first time the detailed motion of the particles in the direction normal to the
electrode was documented. (Reprinted in part with permission from Fagan et al. [31], © 2002
American Chemical Society)

tric current. One expects a 90° phase angle from simple arguments, but Fagan et al.
found a phase angle different from this expected quarter cycle.

Gong et al. [25] followed their 2001 report with observations of two dimen-
sional phase behavior demonstrated by confining particles in cells with a wedge
geometry that produced different degrees of confinement in a single experiment.
They demonstrated a dramatic change from closely aggregated particle clusters to
an expanded order as in their previous work. In this case the nominal field varied
between approximately 6,000 kV/m for the expanded ordering and 5,000 V/m for
the cluster formation. They also reported wormlike ordering and honeycomb order-
ing in their confined geometry.

Brisson and Tilton [33] demonstrated that yeast cells aggregated in the presence
of ac polarization, just as particles aggregated.

2004 Ristenpart et al. [34] experimented with 2.7 um polystyrene particles in
I mM KCl at 500 Hz and 6 V falling across an ITO counter-electrode and Pt film
working electrode. Since the spacer was 0.5 mm, the nominal electric field ampli-
tude was 12 kV/m. The particles, randomly distributed on the Pt electrode before
the experiment, aggregated into clusters after 30 s. They interpreted the results with
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a mass action model of particle aggregation on the electrode, and a scaling law
deduced on the basis of induced charge on the electrode, as discussed later in this
contribution.

Liu [35] reported on crystallization/nucleation experiments with 1 wm particles
in deionized water contained between ITO electrodes 120 pm apart. Peaks in the
radial distribution function corresponded to ordering as the nominal field strength
rose from 7.5 to 2,300 kV/m at a frequency of 600 Hz. The position of the first
peak was 20% larger than the particle radius. Frequency variation from 450 Hz to
1.5 kHz did not change the radial distribution function significantly.

Fagan et al. [36], continuing TIRM measurements, reported that the unexpected
deviation of a phase angle from 90° during ac polarization, previously reported as
being /ess than 90° [31] in KOH, also appeared in bicarbonate but was greater than
90°.

2005 Fagan et al. [37] demonstrated a variety of effects of ac polarization on the
behavior of individual particles. 6.2 um particles displayed similar stochastic be-
havior at zero frequency and 2 kHz, while the particle motion at 400 Hz was clearly
a mixture of deterministic and stochastic motion. Fagan et al. took advantage of this
to investigate the influence of the imposed electric field at 10 kHz; he obtained the
potential energy profiles from the distributions of elevations sampled by Brownian
motion [32]. Results from these experiments appear in Fig. 1.13. The analysis of
the potential energy curves of particles in KOH, HNO,, and NaHCO; at 10 kHz
revealed: (1) Particles in KOH experienced an increased downward force as shown
in the increase slope of the potential energy profile, which agreed with the tendency
for particles in KOH to be drawn closer to the electrode observed at 100 Hz; (2) The
same particles in NaHCO, experienced an upward force at 10 kHz; (3) Particles in
HNO, experienced an upward force at 10 kHz, which agreed with a change from
downward force to upward force above 300 Hz found earlier.

2006 Liu et al. [38] generated radial distribution functions to study the closeness
of the packing in ordered arrays as a function of frequency at constant electric field
strength. Liu et al. identified upper and lower critical frequencies where liquid-like
to crystalline and crystalline to liquid-like transitions occurred. For a fixed field
strength of 15 kV/m, a crystal to liquid-like transition was observed above 500 Hz
for 5 um particles, with some variation introduced by salt concentration. The range
of crystalline order was several kHz for 3 um diameter particles. Fagan et al. [39]
proposed a mechanism of rectified motion that depended on differing hindrance to
lateral motion as a function of particle height above the electrode. This mechanism
is discussed in detail later.

Zhou et al. [40] observed complicated behavior of mixtures of particles and yeast
cells, which they explained with a mixture of mechanisms including electroosmosis
and dielectrophoresis. Figure 1.14 shows microphase separation of particles into a
halo around yeast cells. Figure 1.15 shows a bizarre streaming of cells and particles
between two agglomerations.

Santana-Solano et al. [41] reported the rotation of particles during directed as-
sembly of spheres in the 0.1-0.5 kHz frequency range of ac ECEO in the geometry
of Fig. 1.3a. Particles, separated initially by several radii, began rotating on an axis
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Fig 1.13 [37] Potential energy curves deduced at frequencies sufficiently high (and amplitude of
oscillation sufficiently low) that usual TIRM methods [32] could be used. During polarization at
10 kHz, particles in KOH appeared heavier as the electric field strength increased, while particles
in HNO, appeared more buoyant. Fagan et al. thereby demonstrated that the effect of differing
ions, which leads to attraction or repulsion at lower frequencies, appears also at high frequencies.
(Reprinted in part with permission from Fagan et al. [37], © 2005 American Chemical Society)
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Fig. 1.14 Demonstration of
the separation of yeast (6 pm,
—24 mV) from polystyrene
particles, (9.6 um, —43 mV)
by 20 min at 60 Hz and

1 kV/m followed by 5 min

at 5 Hz and 1 kV/m. The PS
particles rose above the yeast
and migrated outward to
create a halo of PS particles
around the yeast cells [40].
(Reprinted from Zhou et al.
[40], © 2006 with permission
from Elsevier)

in a manner consistent with aggregative EHD flow that pushes them toward each
other. If viewing a pair of nearby radii from the side, the particle on the left rotated
clockwise and the particle on the right rotated counterclockwise as they translated
toward each other. The particles translated toward each other much more slowly
than coupling the rotation and translation rates would predict [41]. When the par-
ticles met, they continued rotating. When a cluster had formed, the particles at the
periphery rotated in place but the particles at the center of the cluster ceased rotat-
ing. The frequency of rotation was proportional to the square of the amplitude of
the applied potential.

2007 Ristenpart et al. [42] followed tracer particles (300 nm) moving in the vi-
cinity of a 50 um particle in order to probe angularly symmetric flow in the larger
particle’s vicinity. The nominal applied fields were 16, 24, and 36 kV/m, and the
frequency was 750 Hz. Experiments at 24 kV/m and frequencies of 500, 1,000, and
1,500 Hz also were performed. The tracer particles moved along the electrode to-
ward the target particle, disappeared under it, and reappeared briefly when the focal
plane was moved from near the electrode toward the upper surface of the particle.
Ristenpart et al. [43] also attempted to account for dc effects by modeling the elec-
troosmotic flow resulting from induced charge on the electrode.

Hoggard et al. [44] experimentally explored Fagan’s hypothesis that the phase
angle between the current and the particle height could be used to predict the direc-
tion of pairwise particle motion. They tracked particle motion and electric current
through the cell at a frequency of 100 Hz and nominal electric field 1,800 V/m. The
phase angle between the current and the TIRM signal discussed previously was a
reliable predictor for pairwise aggregation or separation of particles for a variety of
electrode and electrolyte combinations.

Following Ristenpart’s model [35], Liu et al. [45] determined aggregation rate
constants and equilibrium particle separations. The aggregation coefficient in-
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Fig. 1.15 Phenomena observed during polarization of yeast cell/PS particle mixtures (see
Fig. 1.14) at 5 Hz and 1 kV/m. Clusters transfer yeast cells one to the other, move toward each
other, and merge [40]. (Reprinted from Zhou et al. [40], © 2006 with permission from Elsevier)

creased with frequency to about 400 Hz and then decreased. The equilibrium in-
terparticle separation varied from a few percent to 20% of the particle diameter
depending on frequency and particle size. Zhang and Liu [46] reported on the effect
of particle size on the frequency window within which particles can be ordered. Liu
et al. [47] also explored the effect of temperature; higher temperatures expanded the
frequency range over which ordering occurred. Different combinations of tempera-
ture, field strength, and frequency allowed fine tuning of the interparticle separation
from near zero to over one particle diameter, as shown in Fig. 1.16. The three ar-
ticles by Liu and co-workers provided useful information on the effects of the main
operating parameters: field, particle size, frequency, and temperature.

2008 Hoggard et al. [48] investigated the pertinence of pairwise particle behav-
ior to the behavior of particle ensembles. Prior experiments had established that in
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Fig. 1.16 Demonstration of tuning the spacing of particles (polystyrene, 3 um, —86 mV) in
ordered arrays by increasing the electric field strength from a 58 kV/m to d 83 kV/m while hold-
ing the frequency and temperature constant at 278 K and 40 Hz, respectively [47]. (Reprinted with
permission from Liu et al. [47], © 2007 American Institute of Physics)

KOH at 100 Hz, particle pairs separated, while in NaHCO, particle pairs aggre-
gated. These tendencies were observed in ensembles of particles also (10 kV/m).
An ensemble of particles in bicarbonate formed ordered arrays where the separa-
tion between particles was less than the radius of the particles while ensembles
of particles in KOH formed ordered arrays with particle spacings much greater
than the particle radii, indicating repulsion-dominated ordering. These effects ap-
pear in Fig. 1.17. Hoggard et al. also observed interesting behavior in KOH when a
large anomalous, but reproducible, voltage spike was present in the system due to
equipment malfunction. Particles clustered in bicarbonate as before, but much more
quickly. Concentrated initial ensembles of particles in KOH, however, were driven
apart and formed 3d particle “worms” extending out from the electrode. The worms
decomposed when the power was terminated. This observation echoed Richetti’s
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NaHCO5 above ITO

t=0s t=53s
KOH above ITO

=0s t=86s

Fig. 1.17 Demonstration that the same particles at the same frequency and same applied voltage
behave oppositely in KOH and bicarbonate solution, a aggregating in bicarbonate and b repelling
each other in KOH [48]. (Reprinted in part with permission from Hoggard et al. [48], © 2008
American Chemical Society)

original observation [1] of formations perpendicular to the plane of the electrode.
Hoggard et al. [48] also observed that large particles shepherded smaller particles,
as shown in Fig. 1.18, drawing them into their vicinity when the power was turned
on and releasing them when the power was off. Xie and Liu [49] used a line of col-
loidal particles as a template from which to aggregate epitaxially and order particles
in an out-of-plane geometry. After the particles were initially aggregated, the fixed
line of colloidal particles helped anneal the assembly.

2010 Yariv [50], using an asymptotic analysis taking advantage of the three dif-
ferent length scales in the problem shown in Fig 1.3a (Debye length, gap between
the particle and the electrode, and particle radius), compared the strength of the
electroosmotic flow driven by slip on the particle to the strength of the electroos-
motic flow driven by slip at an adjacent electrode. For equal zeta potentials, elec-
troosmotic slip on the particle dominated the flow in the liquid in the vicinity of
the particle by approximately an order of magnitude, which justifies Solomentsev’s
neglect of the flow due to the electrode [20].
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NaHCO; above ITO

t=0s t=05s t=4s

t=44s t=250s

t =299 s (no field)

Fig. 1.18 Demonstration of the gathering of small particles (1 pm) by large particles (10 pm) in
bicarbonate solution. Polarization at 100 Hz with a compound oscillating voltage [48]. (Reprinted
in part with permission from Hoggard et al. [48], © 2008 American Chemical Society)

1.2.2  Summary

Experiments in labs around the globe have established that electric fields, applied
in the normal direction to particles levitated very near one of two plane parallel
electrodes, cause particles to move laterally and either form arrays with gaps be-
tween them smaller than their diameters or form ordered “repulsive” arrays with
gaps between them several diameters wide. The effect is observed in both ac and
dc polarization. The mechanisms described in Sect. 1.1.1 have all been invoked to
explain the effects. Two mechanisms are attractive and relatively simple. In dc, the
mutual entrainment in flow arising from electroosmosis on the particle captures the
salient effects. In ac, imbalance between the aggregation driven by electroosmosis
of induced charge on the electrode and induced dipole repulsion plausibly leads
to either mutual entrainment or net repulsion. One problem is that neither of these
two effects accounts for the different responses in bicarbonate and hydroxide sys-
tems. Furthermore, other paradoxes arise from this model, but these issues are best
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discussed in the context of explicit descriptions of the models based on the mecha-
nisms, which is the purpose of the next four sections.

1.3 Electrophoresis

1.3.1 Electrophoretic Velocity

Electrophoresis is the motion of charged particles in an electric field. Equation 1.1
gives the particle velocity v_for particles having zeta potential Cp when the ratio of
the particle radius to the Debye length (x7!) is infinite.

elpEy
U]

for ka — oo. (L.1)

Vp =

Here ¢ is the dielectric permittivity of the electrolyte, # is the viscosity, and £_ is the
uniform electric field as in Fig. 1.3a. If the ratio of the particle radius to the Debye
length is zero, the result is

_ 288pEx
=

Vp for «xa — 0. (1.2)

When the ratio of the particle radius to the Debye length is not infinitely small or
infinitely large, the surface conductivity of the diffuse layer and transport of charge
in an out of the diffuse layer complicate the calculations. O’Brien and White [51]
treated these complications; Khair and Squires [52] recently showed that plotting
the electrophoretic mobility against dimensionless surface conductivity collapsed
results at large xa onto a single curve. For present purposes we refer the reader to
these treatments and reference works, [11, 12] with the exception of the following
perspective.

1.3.2 Electrophoretic “Force”

Effects in addition to those mentioned above further complicate the electropho-
resis of particles near electrodes. Examining mechanisms of particle motion near
electrodes up to the point of deposition, we must consider electrophoresis when
particles are near electrodes. When far from electrodes, particles are force-free and
move by electroosmotic slip in the direction of the potential gradient. If the particle
moves by electrophoresis parallel or perpendicular to the electrode, wall hindrance
retards its motion. For example, Solomentsev et al. [22] included hindrance of the
motion of particles moving by electrophoresis parallel to an electrode. When near
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an electrode, however, particles moving normal to it encounter a suite of forces
including double layer electrostatic attraction or repulsion and van der Waals attrac-
tion; if the particle is sedimenting, gravity is also present. The following treatment
provides some guidance in the rendering of the electrophoretic contribution in this
situation. Consider a dilute ensemble of particles near an electrode but not being
deposited on it. The flux statement for particles is

J=0= —QNEDoo(jTS + [gne(h)vne(h) + qep(h)vep]C, (1.3)
where J is the particle flux to the electrode (zero for non-depositing particles), EP
denotes electrophoretic velocity and NE denotes velocity arising from all other
forces on the particle. D, is the Einstein diffusion coefficient and C is the concen-
tration of particles. The quantities ¢, are hindrance factors that are known functions
of &, the gap between the particle and the electrode, in the absence of slip on the
electrode. The hindrance coefficient is different for electrophoretic motion because
of the slip boundary condition on the particle. Rewriting Eq. 1.3 as

dinC _ gne(h)vne(h) + qep(yver _ F(h) | qep(h) vep (1.4)

dz qNED kT gne(h) Do’

where F(h) is the force due to non-electrophoretic effects, one establishes corre-
spondence between other forces and electrophoresis, which yields an expression
appropriate for the electrophoretic “force.”

gep(hy) kT h+ 1.544
Fepp= """ yoo = qg(h)6 Es wh nHx ——=
kP QNE(hm) Doo vEP q( ) 7Ta<9§p where q( ) h + 0.3

(1.5)
Solomentsev et al. [20] provided the approximation in Eq. 1.5 for the ratio of the
hindrance experienced by a particle moving by electrophoresis toward an electrode
[53] to the hindrance experienced by a particle with zero zeta potential; [54] g(h)
becomes constant at zero gap 4 and infinitely thin diffuse layers. Equation 1.5 is
useful in force balances on mobile particles near electrodes.

1.3.3 Electrophoresis and Nanoparticles

For the electroosmotic flows to cause assembly by the mechanisms discussed here,
the particles must reside in the same plane parallel to the electrode face. In particular
their centers should be about one particle radius away from the electrode. For parti-
cles several microns in diameter, that can be achieved by gravitational sedimentation
before the electroosmosis begins. In this section, we consider achieving this goal
for much smaller particles using electorphoresis to drive the particles to the surface.
Writing Eq. 1.3 for only diffusion of particles and electrophoretic flux, one obtains
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dc

J=0=-0." 1%k, (1.6)
dz n

Continuity in 1-D requires this flux to be independent of z. Scaling the equation to

the particle radius, in order to reflect the degree of confinement to the electrode, and

using the Einstein diffusivity of the particle, one deduces a characteristic electric

field.

kT
Exw=——> (L.7)
6melpa

Thus, if particles do not sediment and they bear the same sign of charge as the elec-
trode, one must deliver them to the surface with an electric field that depends on the
inverse square of the radius. For {(=—100 mV, and a=10 nm, the required electric
field is 30 kV/m.

1.4 Electrohydrodynamics

The term “electrohydrodynamics” is often used in the context of directed particle
assembly. For the purposes of this review, we restrict the definition of electrohy-
drodynamics (EHD) to the fluid motion that ensues when electric fields interact
with small charge imbalances in the liquid outside the electric double layer. This
definition highlights the distinction between this bulk effect and electroosmosis,
an electrokinetic effect. When an electric field causes ions to move in an other-
wise electroneutral solution, unbalanced charge appears in regions of concentration
gradients. The electric field acts on this unbalanced charge outside of the region
normally associated with the electric double layer. Thus, we distinguish electrohy-
drodynamic flow from electroosmosis because the Smoluchowski equation does
not describe EHD. Describing electrohydrodynamics theoretically means solving
equations governing the transport of ions simultaneously with the electrostatic and
hydrodynamic aspects of the problem.

1.4.1 Theory of EHD

The starting points for EHD flow, as for many ofthe mechanisms described in this con-
tribution, are Egs. 1.8—1.9 representing the flux of species i and Poisson’s equation.

i D;
N,‘ = —D,-Vci — LZ C,'V(ﬁ (18)
kT
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If the fluxes of all species are specified, Eqs. 1.8 and 1.9 provide a sufficient number
of relationships to close the problem. Material balances given by

G _ _g.N (1.10)
ot
provide the extra relationships when the flux of reactant or current is not specified
a priori. Typically one solves Eqs. 1.8—1.10 or a subset thereof to obtain the electric
field as a function of time and position and then solves the fluid dynamic equations

0=—VP+nV?v+pE, (1.11)

and

for the flow pattern, where 7 is the liquid viscosity and P denotes pressure. Inertia
is unimportant for the viscous flow typical in this context. In the case of EHD, the
boundary conditions are taken as no-slip at all solid/liquid interfaces.

When a varying potential is specified, the problem must include the material
balance Eq. 1.10. The simplest version of this approach takes a binary electrolyte
with one reacting ion as the basis. The first thrust is calculation of the electrostatic
potential and the ion concentrations simultaneously with cognizance of continuity
and electroneutrality at every point [55, 56]. For a binary equi-valent electrolyte,
one replaces Poisson’s equation by electroneutrality and inserts flux statements for
the two ions into their respective continuity equations, which allows elimination of
the electric potential from the ion continuity equations and leaves

8C 2 2D+D_
— +v-Vc—DVc=0 where D= ——,

(1.13)
c=c,=c_is the local number density of cations or anions, and D, are the ion dif-
fusion coefficients. Boundary conditions such as specified flux or concentrations
constrain the solution to Eq. 1.13. Equation 1.14 governs the relationship between
the concentration profile and the electric field.

KT Dy - D__,

V-(cE)y= ————
ze Dy + D_

(1.14)

Poisson’s equation is applied to calculate the space charge density p. The induced
space charge is given by [55]

Z€Coo Dy + D_ (D4 + D_)zec

(1.15)
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where

(ze)
kT

i=—ze(D. — D_)Vc+ (Dy + D_)~—CE (1.16)

is the local current density. Equation 1.15 reveals that the ratio of the unbalanced
charge density to the ion concentration roughly equals the squared ratio of the De-
bye length to a length scale characteristic of the region over which the concentration
changes from its bulk value to its value just outside the diffuse layer. Furthermore,
the coefficient multiplying the Laplacian reveals the dependence of the phenome-
non on the asymmetry between the mobilities of the anion and the cation, identified
by Sides [26, 27] as discussed below. If the Debye length is 10 nm and the diffusion
layer thickness is 10 um, for example, the ratio is 1 ppm. Nonetheless, the bulk
fluid indeed contains unbalanced charge and EHD at some level exists as a con-
sequence of ionic concentration gradients associated with faradaic reactions in the
electrochemical cell. The unknowns are the fluid velocity, ion concentration, elec-
tric field, electric current, and charge density. The desired result is the local unbal-
anced charge p, which is then used in Egs. 1.11 and 1.12 to find the fluid velocity.

1.4.2  Comparison of Theory and Experiment

Richetti [14] speculated that a net positive cloud of charge between the particles
could cause attractive force. The above “electrohydrodynamical treatment” was not
available at the time. Trying to understand Richetti’s observations and their own
data, and following up the suggestion that electrohydrodynamics might play a role,
Trau et al. [21] demonstrated EHD flow near an electrode. Using a perturbation
method and a stream function, they solved Eqgs. 1.8-1.10, and 1.12 by specifying
a spatially varying current on an electrode; a corresponding system of flow cells
with toroidal streamlines in each cell arose from the relationships. They argued that
particles would be entrained in these flow cells and would aggregate, but there was
no quantitative comparison to theory.

Sides [26, 27] used a simplified form of the model represented by Eqgs. 1.13-1.16
to calculate the EHD around an isolated dielectric sphere where faradaic current
and phase relationships introduced by double layer charging were included. A si-
nusoidally varying voltage was applied to an electrochemical system with linear
electrode kinetics. Sides introduced the logic governing the distribution of current
beneath spherical particles near electrodes, showing that the current is distributed
uniformly, as opposed to the potential, for small spheres. Equation 1.14 becomes
Laplace’s equation for vanishing concentration gradients. Sides solved for the po-
tential distribution in this limit. Although Laplace’s equation does not apply in
regions where concentration gradients are nonzero as in EHD, the assumption of
small departures from the bulk concentration mitigated this error. In addition to ex-
hibiting the expected rectification of flow, the analysis of Sides [27, 26] agreed with
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some experimental observations. The theory revealed that the sign of the coefficient
of the Laplacian in Eq. 1.15, a transport parameter called out in Eq. 1.17, governed
whether particle pairs aggregate or separate. Here ¢, is the transference number of a
given ion. The transference number indicates the fraction of current carried by that
ion in regions of uniform concentration.

A t_ z4+D z-D_
f=* 4+ wherety=—+"+ 4 = =72  (L17)
AT & 2+Dy —z_D_ 24Dy —z_D_

The sign of the parameter depends on the relative individual ionic diffusion coef-
ficients of the two ions involved; it is positive for cases where the cation is more
mobile than the anion and negative otherwise. Likewise, the EHD theory predicted
the existence of a critical frequency above which the sign of the expected particle
motion changed. Realizing that differences of ion mobility should cause particles
in hydroxide solution to repel each other, Sides suggested that a co-worker try ex-
periments in potassium hydroxide solution. Experiments where alternating current
was passed between two plane parallel electrodes demonstrated that the pairwise
interaction of particles in KOH was repulsive (see Fig. 1.11), while the interaction
of particles from the same batch in bicarbonate was attractive [30].

The EHD theory also predicted the existence of a critical frequency above which
the sign of the attraction changed, which agreed with experimental findings of Nad-
al et al. [28]. The critical frequency was proportional to the reciprocal of the relax-
ation time for transport of the neutral salt on the length scale of the particle, which
echoed the original comments of Richetti et al. [14] regarding the importance of the
mobility of protons. The observations of Liu et al. [46] likewise showed that higher
temperature raised the critical frequency, in agreement with this result, because ion
diffusivity is proportional to temperature directly and exponentially proportional
to temperature through the liquid viscosity. The pairwise particle attraction in KCl,
[34] which has nearly equal ionic mobilities, revealed limitations of the theory;
even in cases where aggregation was observed, the EHD theory predicted velocities
lower than observed experimentally. Later, Fagan et al. [36] determined that EHD
was unlikely to exert sufficient force to move particles as strongly as observed ex-
perimentally. While the predictions of the theory are elegant and in part found in
experiment, the low unbalanced charge density produced outside the diffuse layer
and the fact that particles aggregate in KCI calls the importance of the EHD mecha-
nism (as defined here not including electroosmosis) into question.

1.5 Equilibrium Charge Electroosmosis (ECEQO)

The flow that ensues when an imposed electric field interacts with mobile unbal-
anced equilibrium charge adjacent to particles or electrodes is equilibrium charge
electroosmosis (ECEO). Charge generally exists at solid liquid interfaces, whether
the liquid is polar or nonpolar, due to differential adsorption or ionization in the
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absence of current. Even though the interface is electroneutral, charge is separated
between immobile charge on the electrode and mobile ions in the liquid. Unlike so-
lution outside the diffuse layer where the space charge density is usually negligible,
the concentration of space charge within the diffuse layer is on the same scale as the
ionic strength. An imposed electric field exerts a force on the mobile charged spe-
cies, which drags the liquid along with them. The net effect is a slip velocity at the
solid given by Smoluchowski’s formula Eq. 1.18, where ¢ is the dielectric permittiv-
ity, {'is the zeta potential of the surface (whether electrode or particle), 7 is viscosity
of the liquid, ¢ is electric potential, and the subscript s denotes the surface gradient.

Vstip = %Vr(ﬁ (118)

The imposed field can either be constant or alternating. Figure 1.3a illustrates a
system, in the context of this contribution, where electroosmotic slip drives bulk
flow near particles and electrodes. The overall electric field is imposed normally
to the electrode, but it engenders electroosmotic slip along both the particle and
the electrode because both have equilibrium mobile diffuse-layer charge adjacent
to them. The electroosmotic slip drives bulk flow that exerts viscous stress on any
neighboring particle, leading to mutual entrainment in the plane of the electrode.

1.5.1 dc ECEO

1.5.1.1 Theory

Calculation of the flow and resulting particle velocities require solving a series of
problems. First, one needs the electric field in the immediate vicinity of the particle.
Neglecting ionic concentration gradients everywhere for simplicity, one solves La-
place’s equation in the electrolyte surrounding a dielectric particle such as the par-
ticle shown in Fig. 1.3a.

V2 =0 (1.19)

The boundary condition far from the particle is a linearly varying potential pro-
portional to a constant uniform electric field and the boundary condition on the
particle surface is zero radial component of the electric field. The electrode bound-
ary condition requires some discussion because the distribution of electric current
in the vicinity of the particle depends on a trade-off between the ohmic disturbance
of potential caused by the particle and the kinetics of the electrode reaction. The
extreme cases are constant current at the electrode or constant potential [55]. In the
case represented in Fig. 1.3a, one applies the following condition at the electrode
when only charge transfer kinetics limits the reaction rate.

ag Fns —acFns

—06V¢>|Z:0~n=ion:io(eT—e RT ), Ns = ¢we — Pl.—o  (1.20)
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Here o, is the electrolyte conductivity, i is a parameter called the exchange current
density that is characteristic of the intrinsic reaction rate, o, are symmetry coeffi-
cients that assign amounts of the surface overpotential #_ to the anodic and cathodic
partial currents. ¢, indicates the potential of the working electrode, ¢ at z=0 is
the potential in solution just outside the diffuse layer, and n denotes the unit vector
normal to the electrode.

In the case of Fig. 1.3a, scaling of the problem reveals that the smaller the par-
ticle, the more uniform the current distribution [26]. Newman [55] identified two
relevant dimensionless groups, one a dimensionless reaction rate coefficient and the
other a dimensionless reaction rate.

_ aiFa s o |iavg|Fa (1.21)
o.RT’ o.RT

(Two are necessary because of the nonlinearity of the Butler Volmer equation.) J
gives the ratio of the ohmic impedance to the intrinsic impedance of the charge
transfer reaction for a particle of radius a, while ¢ is the same ratio for the reaction
at the actual average current density. When current densities are small with respect
to the exchange current density i , J governs the distribution, otherwise J does. Low
values of the parameters mean that the electrolyte is sufficiently conductive or that
the reactions are sufficiently slow that current flows into the interstices between the
particles and the electrode to make the current density uniform. For example, the
value of J is less than 0.1 for a 1 um radius, an exchange current density of 10 A/m?
(reasonably fast), and a kinetic symmetry coefficient a of unity. The current density
under the particle likely is uniform, which means the potential is nonuniform, and
lateral gradients of potential along the electrode attain their maximum value; in this
case electroosmotic slip exists at both the particle surface and the electrode. This
conclusion might change for much larger particles.

The solution of Eq. 1.19, subject to its boundary conditions, gives the electric
potential at all locations. Hence, the electric field adjacent to the electrode and the
particle can be determined and supplied to Eq. 1.18, which provides a slip boundary
condition at the particle and/or the electrode to the Stokes equations

0=—-VP+7yVl, V-v=0. (1.22)

Solving Eq. 1.22 with appropriate boundary conditions on the particle and electrode
gives the flow field in the vicinity of the particle. Figure 1.19 shows a calculation
of the flow field around a single particle near an electrode in an unbounded space
under various assumptions about the zeta potentials of the particle and electrode. Fig-
ure 1.19a is the case where the particle zeta potential is nonzero and the electrode zeta
potential is zero. Figure 1.19b shows the other case where flow is only due to ECEO
on the electrode. Figure 1.19a and b show that the flow intensity due to ECEO on the
particle is distributed away from the particle while the ECEO flow intensity based on
the electrode’s equilibrium charge is concentrated under the particle. The flow is an or-
der of magnitude stronger for ECEO based on the particle. (In Fig. 1.19a and b the val-
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Fig 1.19 Streamlines of electroosmotic flow for equal electric fields imposed far from the par-
ticles: a slip only on the particle; b slip only on the electrode; ¢ slip on both at the same same
zeta potentials; d slip on both at zeta potentials of opposite sign. The stream function increment
between lines was the same for all cases but (b), which was one order of magnitude lower. Slip
on the particle dominates the flow pattern even when the zeta potentials are opposite in polarity
(comparing (c) and (d))

ues of the stream functions were scaled differently to reveal the patterns.) To illustrate
this point, Fig. 1.19¢ and d show cases where the zeta potential of the electrode was
flipped from being the same as the zeta potential of the particle to having the opposite
sign. The overall direction of flow was undisturbed, and the pattern more closely re-
sembled Fig. 1.19a than b. Thus, mutual entrainment of particles in ECEO based on
the particle is stronger than entrainment in ECEO based on the electrode for equivalent
zeta potentials. ECEO driven by the particle depends on the normal component of
the imposed electric field, while ECEO based on the electrode depends on secondary
lateral components arising from the particle’s disturbance of the primary electric field.
The previous comments apply to the laterally directed mutual entrainment of particles;
Fagan et al. [36] showed that the normal force exerted by ECEO associated with the
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electrode can be substantial because its effect is concentrated under the particle. Thus,
ECEO might contribute substantially to the out-of-plane motion of the particle.

The resulting electroosmotic flow either pumps liquid into the space between
particles, causing them to separate, or pumps liquid out from between the particles,
causing them to aggregate. The direction and magnitude depend on both the particle
zeta potential and the direction of the uniform electric field far from the electrode.
One must calculate the rate of aggregation or separation by integrating the viscous
stresses over the particle surfaces and balancing them with viscous resistance to
lateral motion. We write the interparticle velocity as

dr
— = Ugcro (1.23)
dt

where U, is the net lateral translation of the particle as a consequence of mutual

entrainment of particles in ECEO flow.

Solomentsev et al. [20] proposed that aggregation in dc experiments arises from
mutual entrainment of particles, as described above. They solved Eq. 1.19 with a
boundary condition of uniform potential on the electrode, which meant that electro-
osmotic slip at the electrode vanished. Far from the electrode and the particle, the flu-
id remained undisturbed by the electroosmotic flow,r - o0 = v — 0, P — 0.
The solution of these equations yielded closed streamlines resembling those in
Fig. 1.19a. Solomentsev et al. [20] assumed that a second colloidal particle near the
electrode becomes entrained in the electroosmotic flow created by the first; they
calculated the ECEO (entrainment velocity) by means of Faxen’s law

1
U =Ugcgo +Ugp =V + ECZZVZV + %E (124)

where all terms are evaluated at the center of the second sphere ignoring the pres-
ence of the second sphere. The radial component of the second term is about 30%
of the first and acts in the opposite direction [20]. Assuming the two spheres have
identical Cp, the electrophoretic contribution acts in the opposite direction, has a
maximum contribution of 20% of the Faxen result at contact, and becomes less im-
portant as separation increases. All three terms scale with e(E_/i=u,. Solomentsev
etal. evaluated u_in the plane z=1.05a, which contains the center of the first sphere.
They showed that the results are insensitive to z in the range 1<z/a<1.1.

Since the presence of the nearby wall (the surface of the electrode) retards the
motion of the second particle, Solomentsev et al. [22] used a factor ¢, to correct
for wall hindrance. The basic equation for calculating the interparticle separation
between doublets was

dr
i Ukeceo + Ugp = 2q,,(h) (upceo(r) + ugp(r)) (1.25)

where r was the center-to-center distance between the two spheres and i=z—a was
the gap between the bottom of the sphere and the electrode. The factor of 2 meant
the entrainment was mutual. Solomentsev et al. [22] established a value for the
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hindrance factor ¢ appearing in Eq. 1.25 by measuring the hindered diffusion of
isolated particles near the electrode in the absence of the applied field.

1.5.1.2 Comparison Between Theory and Experiment

Guelcher observed the rate of aggregation of particle pairs in dc fields [23]. The
doublets aggregated at different rates owing to Brownian motion. Averaging the
interparticle distances as a function of time, Guelcher observed that reversing the
polarity of the electric field, in turn, reversed the direction of interparticle motion,
but the particles’ relative velocity was unchanged. Varying the electric field from
20-100 V/m, he observed direct proportionality between the rate of aggregation
and the electric field. Finally, aggregation of positively charged particles required
the opposite electrode polarity to cause motion in the same direction for negatively
charged particles. These predictions are consistent with the ECEO model in which
the speed of aggregation is proportional to the particle zeta potential and to the first
power of the electric field appearing in Eq. 1.18.

Figure 1.20 [22] shows a serious quantitative comparison between the dc ECEO
model and pairwise aggregation, including wall hindrance, ECEO, and EP effects.
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Fig. 1.20 Comparison of the electroosmotic flow model (particle-based) to experimental data
for aggregation of particles during dc polarization, including lateral electrophoresis and wall hin-
drance; all parameters used in the calculation were determined independently [22]. The ordinate
is the mean separation between particle centers, normalized by radius. The agreement is good at
short times. Note that particles moved faster at longer dimensionless time because intensification
of the electric field between the particles strongly increases the slip velocity. (Reprinted in part
with permission from Solomentsev et al. [22], © 2000 American Chemical Society)
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At a dimensionless center-to-center separation (¢« =r/a) of 3.5 << 3.2 particle radii,
the observed average rate of aggregation in dc fields was within experimental er-
ror of the rate predicted by Eq. 1.25 (See Fig. 1.20); however, the particles moved
more quickly relative to each other for smaller separations (See 3.2<u<2.8 on the
same figure.). The most likely explanation for the deviation between the predicted
trajectory and averages of the observed trajectories was the influence of two-body
intensification of the electric field between the particles as they approached each
other. Use of the factor of two in Eq. 1.25 essentially implies linear superposition
of the single particle flows and electric field. At large separations, deviations from
linear superposition would be within the noise, but the slope of the lines in Fig. 1.20
clearly showed increase of the interparticle speed at smaller separations where the
electric field between the particles was strong. Solomentsev et al. [22] mentioned
this possibility but only explored the effect of Brownian motion. Inclusion of in-
duced dipole effects in Eq. 1.25 would have made the agreement worse as the par-
ticles approached other and probably was not significant because the fields used
were much smaller than used in ac experiments. Figure 1.20 represents a substantial
body of work aimed at comparing a subtle theory, with no parameters other than
those measured independently or found in handbooks, to experimental observations
of'a complex mixed deterministic and stochastic phenomenon. The agreement, sub-
ject to the limitations due to the assumed superposition described above, was good.

1.5.2 ac ECEO

Directed assembly with direct current acting on the particle’s equilibrium charge
is effective, but direct current means passing faradaic current with associated un-
wanted effects, such as alteration of the electrode or the solution properties (pH,
concentration), or both. When it was established [14, 18, 19] that directed assembly
with ac current was possible, and that different phenomena were involved, most
attention shifted to that mode. Any mechanism depending purely on the first power
of the electric field cannot move two particles together or apart when their relative
motion is integrated over one symmetrical cycle. For example, in quasi-steady flow,
a sinusoidal electric field £_cosw? causes u (7; f) to vary like (du) coswt, where du(r)
is the amplitude of oscillation in u . Integrating Eq. 1.25 over a cycle, one obtains

21 /w

d
)= 2q,, (Su) =2 / coswt dt = 0. (1.26)
dt 21

0

Net drift of two particles toward each other or away, therefore, requires breaking
of the antisymmetry of the two halves of the cycle. ECEO, whether based on the
particle or the electrode, should be insignificant for directed assembly with ac cur-
rent. Equation 1.25, however, contains the product of two factors, the particle speed
and the hindrance factor g, . If ¢ is likewise an oscillating quantity, the antisym-
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metry can break, and net interparticle motion can occur. Fagan et al. [39] suggested
that such a break arises from oscillations in the elevation / of spheres above the
electrode because ¢, is a function of 4. Consider a sphere oscillating with a small
amplitude normal to the electrode in an electric field £_coswt; [31] the particle’s
height above the electrode behaves like cos(wt+0) where 6 represents a phase angle
between the field and the particle height. Then, the oscillations in elevations follow

h(t) = hy + (8h) cos (wt + 0) (1.27)

and the corresponding oscillation in the wall correction becomes
vi(t) = gwo + ((Sqw) cos (wt + ).
Now, Eq. 1.26 predicts

dr w e
<> =2(06u)— / [gwo + (8gy,) cos (wt + 0)] cos wtdt
dt 2
0 (1.28)
= (6u)(6qy) cos b

In other words, if the particle height and electric field are out of phase by an angle dif-
fering from 90°, the interparticle velocity integrates to a nonzero value; hence, two
nearby particles experience a tendency to aggregate or separate by this mechanism.

1.5.2.1 Theory

Particle motion during ac polarization arises from a superposition of entrainment in
flow and induced dipole repulsion,

dr

dt
where 7 is the center to center distance between particles, Uy, is the net drift
velocity arising from mutual entrainment, U, ,, is lateral electrophoresis, and U, is
migration caused by induced dipole repulsion between the particles. The first two of
these mechanisms were discussed in Sect. 1.5.1. They remain in force under ac po-
larization; the difference is that the net lateral motion integrates to zero each cycle
unless the phase angle between the particle height and the current is different from
m/2, as shown above. U, , arises from identical dipoles, induced in each particle and
normal to a line connecting their centers. The net drift velocity driven by dipole
repulsion can be calculated from [39]

9 [ 3 (O‘Eoo)z} (1.30)

=6n,ua dre 1t

= Ugcro + Ugp + Upp (1.29)

Upp

where a is the polarizability of the particle and a£_ is the magnitude of the induced
dipole moment. (See Sect. 1.7 for more details on induced dipole effects.) The in-
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duced dipole interaction is always repulsive between identical particles arranged
side by side with respect to the electric field.

1.5.2.2 Comparison of Theory to Experiment

The work of Prieve and co-workers provides the evidence for ac ECEO; they [31,
36, 37, 39, 44] studied the response of single particles to ac polarization with both
video microscopy and TIRM, [32] which allowed measurement of the instantaneous
height of the particle above a polarized electrode in addition to lateral motion. Parti-
cles having a diameter of a few microns and levitated by surface forces move toward
the surface or away from it in response to the imposed electric field. Figure 1.21
[44] shows a typical measurement of particle height as a function of time (5.7 um
nominal particle diameter). Figure 1.21a shows the raw signal, including jumps due
to Brownian motion, while Fig. 1.21b shows the averaged signal after conversion to
height 4. The frequency was 100 Hz. The amplitude of /# was somewhat more than
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100 nm, around 2% of the nominal particle diameter. The imposed potential varied
sinusoidally, but 4 was more rounded at the minimum height compared to its shape
at the maximum height. Extra hindrance due to the particle’s proximity to the wall
explains the blunting of 4 at the minimum height; the extra hindrance is proportional
to the ratio of particle diameter to the gap between the particle and the wall, for
small separations. The value of 4 had only one maximum and one minimum value
per cycle, which was expected if the mechanism driving the particle’s motion was
proportional to the first power of the electric field, as in the ECEO mechanism.

A crucial observation obtained from curves of the height function, as in Fig. 1.21,
appears in Fig. 1.22 [44]. The current through the cell is included in the graph with
the scattered signal. Fagan discovered [31] and Hoggard [44] confirmed that the
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Fig. 1.22 Measured scattering intensity and current in a TIRM experiment as a function of time
during ac polarization at 100 Hz [44]. The intensity of scattered light, related to the particle’s
height (see Fig. 1.21), should be 90° out of phase with the current density, if all forces other than
the electrophoretic force are independent of height. a The current density and the scattering inten-
sity. b The time difference between peaks can be converted to phase angle, which shows that the
current leads the scattering intensity by 81.4°. A phase angle different from 90° causes two par-
ticles to move laterally relative to each other, as discussed in Sect. 1.5.2. The dependence of double
layer repulsion on particle height leads to a phase angle different from 90°, as discussed in the text.
(Reprinted in part with permission from Hoggard et al. [44], © 2007 American Chemical Society)
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phase angle between the current and the scattering intensity were not 90° out of
phase. In other words, the phase angle 6 of Eqs. 1.27 and 1.28 was not 7/2; hence,
the condition necessary for a net drift of particles toward each other or away from
each other was fulfilled (Eq. 1.28).

To translate these observations into particle motion, Fagan et al. [39] extended
the model for dc ECEO to alternating fields by assuming that Eq. 1.31 applies in a
quasi-steady fashion at each instant of time:

U, = 2q,,(Wu,(r). (1.31)

Anti-symmetry (over one period of oscillation in the electric field) is broken by pre-
scribing oscillations in the elevation according to Eq. 1.27. The particle trajectory
r(t) was predicted by substituting Eq. 1.30 and Eq. 1.31 into Eq. 1.29 and integrat-
ing numerically. Measured values for A, i, 6 and { were used. Comparing theoreti-
cal predictions of aggregation or separation rates to the data of Kim et al. [29], based
on experimentally observed height functions and current, Fagan et al. [39] obtained
excellent agreement between the ac-ECEO model for separation of particle dou-
blets in KOH; the model under-predicted the aggregation rate for bicarbonate by a
factor of 4. The phase angle between the current and the particle height was a pre-
dictor of whether particle pairs would aggregate or separate, as confirmed by Hog-
gard et al. [44] who explored other electrolyte and electrode combinations. In all
cases, the observed fact of the phase angle being greater or less than 7/2 predicted
the correct direction of aggregation or separation of particle doublets. Figure 1.23
shows the agreement obtained with no adjustable parameters for various combina-
tions of electrodes and electrolytes. The model typically under-predicted the rate,
not surprisingly, because it used the same linear superposition of flow fields and
electric fields as Solomentsev et al. [22] as discussed in Sect. 1.5.1.

One possible source of a phase angle has been identified, theoretically, and
awaits experimental confirmation. The particle behaves as a damped harmonic os-
cillator. Writing an expression for the velocity of a particle in the direction normal
to the electrode, one obtains

1 dn B _,,
G 2o _ G 4 g
wup(h) dt A ¢  gw() Ol

braed,; (1.32)

where u,, is the hindered diffusion mobility [54], B is the constant related to diffuse
layer repulsion in the DLVO theory, 4 is the Debye length, and G is the particle
weight. Let

h = hm +S€j(wt+0), = lTejwt’ MD(h) — KDm>» qw(h) - LIW(O) (133)

Where 4 is the particle’s most probable height, § is a small amplitude of oscilla-
tion, and y,, is the hindered diffusion mobility evaluated at /2 , for simplicity. Now
we rewrite Eq. 1.32 in terms of J. After canceling the terms at the most probable
height, one can solve for the complex amplitude and phase angle of the response of
the particle height to current density.



40 P. J. Sides et al.

5.0 4.5
4.5 1 4.0
4.0 -
% %3.5
g a5 g
o 3.0 x 3.0 l
254 2s] T Hi;;*n“ii his]
20 0 2.0 4.0 66 8.0 10.0 12.0 14.0 1é0 180 2IOO 20 40 60 80 100 120 140 160 180
a Time (Sec) b Time (Sec)
8 T 8
7 1 71 ]
il l“
£o] ol il
8 5 g 57 i 1
Eo il S
31
20 2.0 4.0 6.0 8.0 1(.)0 1é0 11.10 1(.30 180 20 2.0 4.0 6.0 8.0 1(.)0 1é0 14;0 16.30 180
c Time (Sec) d Time (Sec)

i

"0 20 40 60 80 100 120 140 160 180
e Time (Sec)

Fig. 1.23 Measured interparticle distances, R(t), compared to predictions of the ECEO model
involving a phase angle between the particle height and current density [44]. The solid lines are
predictions including ECEO at the particle, lateral electrophoresis, and induced dipole repulsions.
The dotted lines neglect the dipole repulsion. a H,CO,-Pt, b KCI-Pt, ¢ KOH-ITO, d KOH-Pt, and
€ NaHCO,-Pt. The model generally underestimated the aggregation or separation rate because
the superposition of the combined effect of the two particles neglected the intensification of the
electric field between them. (Reprinted in part with permission from Hoggard et al. [44], © 2007
American Chemical Society)

sel? = Al (1.34)
1 ot L '
MDm )\2

Multiplying the numerator and denominator by the complex conjugate and solving
for 6, one obtains the phase angle
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2
0= tan’liwk . (1.35)
/’LDmBe_hM/A

The angle 0 varies from zero to 7/2 as the frequency increases, which shows that
a phase angle between the scattering intensity and the current density, consistent
with the observed response of particles in KOH, where the corresponding phase
angle was 81°, can be understood as a consequence of the diffuse layer repulsion
even without invoking the possible effect of faradaic reactions on the phase. This
effect does not explain the observed electrolyte dependence of the phase angle, but
it demonstrates that damped harmonic oscillation of the particle in response to the
imposed voltage leads to a phase angle.

1.5.2.3 Summary of ac ECEO

Prieve and co-workers have provided evidence and a model for the behavior of par-
ticles in the geometry of Fig. 1.3a. The phase angle between the current and the par-
ticle height was a predictor of whether particle pairs would aggregate or separate.
The phase angle is not distinct within the noise of the measurements above 1 kHz,
but Fagan et al. [37] found evidence of electrolyte dependence even at 10 kHz as
described previously (see Fig. 1.13). Fagan et al. [39] also showed that the aggrega-
tion or separation rate can appear to be invariant with particle zeta potential because
the phase angle is not only a function of frequency but also of particle zeta potential.
This might explain the zeta potential paradox of Kim et al. [30] who found that
aggregation rates in ac polarization did not vary when the zeta potential of the par-
ticles was reduced. (See [39] for extensive discussion of this point.)

1.5.3 Summary of ECEO Investigations

Quantitative agreement between theory and experiments, based on independent-
ly measured parameters, has established the importance of mechanisms based on
ECEO both on the particle and the electrode. The case for dc ECEO seems closed.
The arguments and results of Sect. 1.5.2 put forward by Prieve and co-workers
are evidence that ac ECEO based on slip at the particle’s surface can predict ag-
gregation or repulsion. The mechanism in its current form requires measurement
of a phase angle between the particle height and the current density, a capability
possessed only by Prieve et al. A complete explanation of the origin of the phase
angle would be useful and theory showing one origin of a phase angle was given.
The sharpest contrast in the dependence of aggregation on the electrolyte is be-
tween bicarbonate solution and alkaline solutions involving sodium or potassium
hydroxide. We stress that careful purging of carbon dioxide from alkaline solutions
is vital to observe this difference because carbonate quickly forms by the reaction
between carbonic acid and the dilute alkaline solutions that allow particle levitation
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above electrodes. One widely reported phenomenon that the ac ECEO mechanism
does not seem to predict is the steady radial movement of particles during ac polar-
ization. The pure ac ECEO mechanism does not predict any steady motion of the
fluid, just the particles toward each other or away. Arguments presented in the next
section, however, demonstrate that steady radial flow during ac polarization is ex-
pected if the potential distribution of the potential under the particles is nonuniform.

1.6 Induced Charge Electroosmosis (ICEQO)

Applying a voltage across electrodes induces a space charge in the diffuse layers
adjacent to each electrode. In electrochemical terms, the applied potential charges
the double layer even under conditions of no specific adsorption and no equilibrium
charge. Any component of the electric field parallel to either electrode can drive
the mobile space charge of the diffuse layer into electroosmotic flow. The overall
schematic remains the same as in Fig. 1.3a, with charge both on the particle and
charge on the electrode, but here the charge on the electrode is taken as potential
dependent. ICEO arises because the same applied potential that induced the charge
provides lateral gradients of potential along the electrode to produce the flow. The
existence of lateral electric field gradients immediately adjacent to the electrode
stems from the arguments presented in Sect. 1.5.1 about the current distribution
underneath the particle. If the current distribution is uniform, such as under small
particles, lateral gradients of potential at the electrode exist. ICEO is often cited as
a mechanism underlying particle aggregation for normally directed electric fields
[34, 38, 42, 43, 45-47].

1.6.1 dcICEO

1.6.1.1 Theory

ICEOQ relies on a functional relationship between electrode charge and the imposed
electric field, while ECEO ignores the induced charge in favor of equilibrium
charge. The theory of ICEO requires, therefore, simultaneous solution of the fun-
damental equations governing the electric potential and concentrations everywhere
outside the Outer Helmholtz Plane adjacent to each electrode. Equations 1.36—1.38
represent the flux of species i, Poisson’s equation, and species conservation at
steady state.

ez; D;
Ni = —-DiVei — ——c;V 1.36
C T c;Vo ( )

2
—eV ¢ =e ZZ[C,’ (137)
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V-N,=0 (1.38)

A general statement of the governing equations for dc includes steady or quasi-
steady viscous flow with an electrically driven body force.

0==VP—eVo Y zci+nVy (1.39)

V.v=0 (1.40)

Flow boundary conditions depend on assumptions about the problem. In the ab-
sence of mass transfer limitations, the Butler Volmer equation (Eq. 1.20) relates
the current flowing through the electronic conductor to the potential drop across
the interface, which is necessary in the dc case because the double layer charging
current is zero.

As with ECEO, the dc ICEO problem has been approached by solving the elec-
trical and concentration problem (Eqgs. 1.18-1.20) first and using the electric field
components along the particle and surface and a thin double layer approximation
to drive electrosmostic flow. Ristenpart et al. [43] solved the above equations for
a ternary univalent electrolyte in which protons were reduced and molecules were
oxidized to produce a specified current and corresponding proton flux, while the
other two ions were regarded as indifferent. The potential drop was taken as small
in order to linearize the problem, and the equilibrium charge of the electrode was
taken as zero. Their result for the profile of electrostatic potential ¢ as a function
of position x was

Sx) = % (1 B sinh;cx) B Ll (x 3 sinhxx) (1.41)

sinh «!/ o, \ '/ sinh k!

where « is the reciprocal Debye length, / is one-half the electrode separation, / is the
specified current, o, is the electrolyte conductivity, and A¢ is the applied cell poten-
tial. Despite the substantial assumptions listed above, Eq. 1.41 is notable because
it describes a continuous change of potential from the OHP of one electrode to the
OHP of the other, which is different from the typical decomposition of the problem
into bulk and double layer regions. The charge densities q ., induced in the diffuse
layer on either electrode are equal in magnitude, opposite in sign, and obtained from
Eq. 1.41 using Gauss’s law.

qiceo = (Ad) - ”> KE (1.42)

2 o,

Equation 1.42 is expected; with linearization, the induced charge is proportional to
the potential drop from the cell’s midplane to the OHP after subtraction of ohmic
loss. Ristenpart et al. [43] neglected the second term in the parentheses of this ex-
pression because the ohmic loss for thin gaps is often much smaller than the polar-
ization of the diffuse layer, leaving
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Ag
qECEO = TKS (1.43)
Equation 1.43 is precisely what one obtains by linearizing Gouy Chapman theory
and substituting half the cell potential for the potential at the OHP. Ristenpart et
al.’s model for the electrostatic potential and electroosmotic flow outside the dif-
fuse layer parallels the dc ECEO model discussed in Sect. 1.5.1, except that surface
conduction was added to the slip boundary condition on the particle,

o.(n- V) + 0, Vigp =0, (1.44)

where the subscript s denotes surface conductivity. Following the argument of Sides
[26] about the respective importance of ohmic and charge transfer resistances, Ris-
tenpart et al. [43] assumed a uniform current density on the electrode, which engen-
dered a tangential electric field along the surface of the electrode. Once the potential
profile had been determined, flow Eqgs. 1.39, 1.40 were solved subject to the far
field condition. The tangential components of the electric field acted on the induced
charge of Eq. 1.43 in the slip equation

89 1 (1.45)

VvV, =
t 277

The streamlines of the electroosmotic flow based on induced charge resemble the
pattern shown in Fig. 1.19b for flow based on equilibrium charge on the elecrode.
From there Ristenpart et al. used the approach of Solomentsev et al. already de-
scribed in Sect. 1.5.1 to calculate the rate of mutual entrainment.

1.6.1.2 Comparison Between Theory and Experiment

Ristenpart [43] used the parameters of Solomentsev et al. [22] to generate dc ICEO
flow and resulting interparticle velocities of doublets for comparison to Soloment-
sev’s data. Since Guelcher [22, 23] did not report the total applied voltage in his
experiments, Ristenpart et al. [43] assumed values of A¢/2=0.25 and 0.5 V for the
potential drop induced across the diffuse cloud on either electrode and then calcu-
lated the induced surface charge density from Eq. 1.43. Ristenpart’s calculation of
the rate of aggregation with ECEO without ICEO confirmed Solomentsev’s calcu-
lations and averaged experimental observations already shown in Fig. 1.20. The
inclusion of ICEO increased the predicted rate of aggregation at a separation of 3.5
radii. The amount of the increase in rate for A¢p =1V seemed to explain experiments
where the initial rate was larger than the mean. Ristenpart et al. [43] argued that dc
ICEO flow was comparable in importance to dc ECEO based on the particle alone.
Several issues, however, call this conclusion into question.

The total potential drop and the current density were treated as independent pa-
rameters in this model; in fact; however, both Ohm’s Law and equations, such as
the Butler-Volmer relation Eq. 1.20, bind them. This omission arises from the con-
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ception of the problem as hermetic from the outer Helmholtz plane (OHP) of one
electrode to the OHP of the other electrode. Ristenpart et al. [43] did not include the
compact layer between each electrode and its OHP. Treating the overall double lay-
er as a series combination of compact layer capacitance C_ and diffuse layer capaci-
tance, one can show that the ratio of the potential difference across the diffuse layer
A¢,, to the potential difference across the compact layer A¢ . can be estimated by

A¢p Cc

Adc o osh (ezAkq;D > (1.46)

Taking a typical capacitance of the compact layer to be 20 uf/cm? and an ionic
strength of 1 mM, one concludes that a 250 mV overall potential difference means
the potential difference across the diffuse layer would be approximately 100 mV;
at 500 mV overall potential difference, the potential difference across the diffuse
layer would be 140 mV. At the large overall potential differences assumed, most
of the potential drop included in the calculations falls across the compact layer
and not across the diffuse layer. In the electrochemical literature, this difference
is known as the “Frumkin correction” because A. N. Frumkin pointed out that the
potential difference that matters in electrode reactions spans the compact layer.
Since direct measurement of potential between the OHP and the electrode is im-
practical, the Frumkin correction was proposed in point of this distinction. Breiter
et al. [56] discussed this principle and provided algebraic equations for calculating
its magnitude, while Hu et al. [57] measured the diffuse layer potential during po-
larization. Both estimates and measurements indicate that the effective induced zeta
potential is approximately a factor of ten smaller than the values used to reach the
conclusions of Ristenpart et al. [43]. As a result, the possible effect of dc ICEO on
aggregation was overestimated by the assumption of unrealistically large values for
the potential drop across the diffuse layer on the electrode. Using an induced zeta
potential on the electrode comparable to the zeta potential of the particle, as seems
most appropriate, one sees little effect of slip at the electrode in the outer flow field
most important for mutual entrainment (see Fig. 1.19). Yariv [50] recently empha-
sized this point.

Other issues also reduce the strength of the arguments for dc ICEO. The most
compelling contradiction is that the interparticle motion due to ICEO, whether dc
or ac, invariably is aggregative. Data of Guelcher et al. [23] demonstrate in Fig. 1.9,
however, that reversing the sign of this zeta potential reversed the motion from ag-
gregation to separation.

1.6.2 acICEO

ICEO associated with ac polarization is another mechanism that might explain the
experimentally observed aggregation with alternating polarization. ICEO is the re-
sult of the imposed electric field interacting with the induced charge on the elec-
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trode. As with dc ICEO, both the induced charge and electric field that drives the
flow are proportional to the imposed field. Their product does not integrate to zero
over each cycle; we classify the flow, therefore as ac ICEQ. Since the product of
lateral electric fields and unbalanced charge density in the diffuse layer drives elec-
troosmotic flow, and since the induced charge and the associated electric field com-
ponents switch sign in each half of the cycle, fluid flows along the electrode toward
an isolated particle and upward away from it.

1.6.2.1 Theory

The theory remains much the same as for dc ICEO with addition of transient terms
related to steady oscillation of potential with zero net current and incompressible
oscillatory flow with a finite net circulation. Only Eq. 1.38 becomes

8ci

ot
Ristenpart et al. [34, 42] modeled particle motion based on ac ICEO in two contri-
butions where solution of the electrical aspect of the problem included oscillation
of the applied potential. Ristenpart et al. used the solution by Hollingsworth and
Saville [58] for a 1:1 electrolyte with zero flux at two opposing electrodes across
a gap 2h. Their result for small oscillations of the potential and concentration was

—_V.N, (1.47)

. 24 . Z 2
sinh ( == ) csch(y) — j =~y v*coth (y)

et (1.48
1 — jyvZcoth(y) ¢ (1.48)

where j = v/=1, y? = «D)* (1 — jv?),v? = w/(k’D) and D=D,=D .

Allowed oscillations of potential, in this case, are much less than kT/e, which is
about 25 mV. When the Debye length is much less than the electrode spacing and
the frequencies are low enough that the concentration profiles of the diffuse layers
are quasi-steady, the bulk of the fluid outside the diffuse layers is electrically neu-
tral and the ion concentrations remain unperturbed. The electric field in the bulk is
uniform and given by

Ay o ;
— J (@t +Opui)
E.(x, t)= T ; 2e (1.49)

where o = wl/k D and 6y, = tan~'(1/a) is the phase angle. The charge densities
induced in the diffuse layer on either electrode are equal in magnitude, opposite in
sign, and deduced by applying Gauss’s law as in the dc ICEO case.

A .
qiceo(t) = _ A kgl @ H0sup) (1.50)

24/1 + 2
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where

Osurf = tan~! —¢ .
1 4+

These results are the oscillatory equivalent of Eq. 1.43; they reduce to the dc case
at zero frequency.

Electric field components tangent to the surface, arising from the disturbance of
the field by the particle, drive electroosmotic flow along the electrode surface. In
the earlier of two contributions, Ristenpart et al. [34] estimated the tangential com-
ponent of the electric field by treating the dielectric particle as a point dipole p em-
bedded in an infinite dielectric material having permittivity . The expressions are

pr) =2 (1.51)

glr|
p = C08a3Eoo (152)

2% —1
Co = 1.53
L YD) (1.53)

where
O

" alo, — isw)

on the electrode; £_ is A¢/2h. Once the electric field is known everywhere, Stokes
equations are solved, subject to the far field condition and no slip on the particle.
The electroosmotic flow is driven by the action of the electric field on induced sur-
face charge of the electrode:

v— qICEO V. (1.54)
nK

atz=0:

Ristenpart et al. [34] used Eqs. 1.50 and 1.51 in Eq. 1.54 to deduce a scaled tangen-
tial velocity characteristic of the problem.

3e Di?*
Uy ~ n—KEgo (C(’) +— q;) (1.55)

where Cj, and Cjj are the real and imaginary parts of the dipole coefficient. Ris-
tenpart et al. [42] subsequently reported the results of a finite element analysis of
the charge transport around the particle, including investigation of the effect of the
electrode and surface charge transport on the particle.

1.6.2.2 Comparison Between Theory and Experiment

The primary experimental evidence for this model is based on video microscopy
from several groups. In most cases, the connection between observation and theory
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is qualitative. Yeh et al. [19] reported aggregation of 2 um polystyrene particles
during polarization at 1 kHz and proposed the above mechanism in general terms.
Nadal et al. [28] quantified observed velocity of tracer particles toward a target
particle, but did not develop theory required to match the observations with ex-
periments. Detecting no apparent influence of zeta potential of the particles, they
endorsed the mechanism of Yeh et al. [19] balanced with induced dipole repulsion,
as the two opposing mechanisms that underlie the existence of a critical frequency.

Ristenpart et al. [34] investigating the aggregation of 2.7 um polystyrene in
1 mM KCI at 500 Hz, attributed the toroidal flow mentioned by Yeh et al. [19] and
the radial flow described by Nadal et al. [28] to the steady component of the ICEO
velocity (see Eq. 1.55). They joined experimental data and the ICEO mechanism
presented in Eq. 1.55 by measuring initial aggregation rates of large ensembles
as a function of £ and w and matching the measurements to a two-body model
where the rate constant was assumed to scale like u,. The measured rate constants
were proportional to E2 and ™', which agreed with their scaling in u, as shown
in Fig. 1.24. The agreement was somewhat surprising because the applied voltages
of the experiments exceeded the limits of linear behavior on which the theory was
based by a factor of a hundred and because extracting a lateral electric field com-
ponent from an isolated dipole approximation neglected the effect of the nearby
electrode. The interplay among the electrode kinetics, electrolyte conductivity, and
particle size determine whether lateral electric field gradients even exist. Neverthe-
less, the demonstration that the ac ICEO model generated a steady radial velocity
and a tendency, thereby, to aggregate nearby particles during ac polarization, was
encouraging evidence in favor of the ac ICEO mechanism.

Santana-Solano [41] added more evidence by demonstrating that the frequen-
cy of rotation of spheres during aggregation was steady and proportional to EZ,
consistent with the ac ICEO mechanism. To explain the observation that particle
pairs moved toward each other more slowly than their rotation would suggest, they
invoked dipole repulsion but did not develop the model sufficiently to show that
quantitative agreement between their observations and the hypothesized mecha-
nisms. They concluded that their observations strongly support [41] the ac ICEO
model as opposed to ac ECEO flow. Certainly their results are consistent with nu-
merous observations of steady flow toward particles in this regard; however, we
point out that ac ECEO would not be observable in their experiment because it is
reversing at the frequency of the applied voltage, 100 Hz and above. One cannot see
flow evidence of ac ECEO at the fundamental frequency unless the experiment can
probe time at intervals much shorter than the period of oscillation and can capture
particle movement within that period with a resolution much less than the particle
radius. One cannot expect to observe the doubled frequency component of ac ICEO
flow without special equipment, for the same reason.

Liu et al. [38] attempted quantitative reconciliation between their observations
of the steady separation distance between aggregated particles and the ICEO theo-
ry. The calculated gap compared favorably to their predictions based on the ICEO
theory, but did not capture a frequency above which particles were farther apart
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Fig. 1.24 a Aggregation rate constant k. [34]. Particles were 2.7 um polystyrene in 1.0 mM KCL
Circles and squares: two different particle mobilities, 500 Hz. Triangles: 1,000 Hz. Lines were
fit to the data. The expected linear relationship between k; and the square of the electric field
(constant electrode separation) was obtained. Also, the rate constant was halved when the fre-
quency was doubled, as predicted. b The aggregation rate constant k; was inversely proportional
to frequency above 1 kHz. The circles and squares corresponded to two different applied voltages.
The solid lines were fit for frequencies of 1 kHz and larger, frequencies ten times larger than the
minimum valid frequency according to the scaling. The value of k;; was a maximum at 500 Hz and
much less than would be obtained by extrapolation of these graphs to a reciprocal frequency value
of 2 kHz!. (Reprinted with permission from Ristenpart et al. [34], © 2004 American Institute of
Physics)

even when dipole repulsion effects were included. Liu [45] reported on aggregation
coefficients found in their own experiments based on the approach of Ristenpart
[34]. Extending their frequency downward to 70 Hz, they reported again a sharply
lower aggregation rate below 300 Hz and a gently declining rate above 300 Hz,
as shown in Fig. 1.25. The decline of k;, with increasing frequency is consistent
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Fig. 1.25 Dependence of the 30] O 350 Hz

aggregation coefficient kE m 500 Hz
on frequency, showing the 12 25 j ggg :i

decline at higher frequen-
cies and a maximum around 4
300 Hz [45]. The aggrega-
tion coefficient as defined
in [34] (see also Fig. 1.24).
(Reprinted in part with per-
mission from Liu et al. [45],
© 2007 American Chemical
Society)
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with the predictions of the ac ICEO model in Eq. 1.55, but no model predicts both
a lower and an upper extinction of the tendency to aggregate. Indeed, the work of
Prieve and co-workers at 100 Hz [39, 44, 48] indicates that aggregation in chloride
solution occurs at 100 Hz, which seems like a contradiction of a lower extinction
frequency. The variation of the aggregation coefficient with particle radius agreed
with theory, but the dependence of the tightness of the aggregate was not monotonic
with the square of electric field.

Recognizing the inadequacy of the dipole approximation for calculating tan-
gential electric fields at the electrode in the vicinity of a particle, Ristenpart et al.
[42] included the influence of the particle in a subsequent comparison of theory
and experiment. They reported agreement between particle tracking experiments
and particle velocities measured experimentally in the vicinity of a 50 um particle
when they used surface conductivity as a fitting parameter. This value was then held
constant, and the frequency was varied. The results appear in Fig. 1.26a for fixed
frequencies and varying potential. Although the model fit the data well for the fixed
frequency, it did not capture the dependence on frequency very well, as shown in
Fig. 1.26b. This disagreement might stem from the dependence of the current distri-
bution below the particle on frequency. The uniformity of capacitive current density
along the surface of the electrode, which was addressed using numerical methods
in Ristenpart et al. [42], can also be understood with the aid of a ratio of ohmic
resistance introduced by the particle to capacitive impedance associated with the
electrode, analogously with charge transfer impedance.

For a dielectric particle having negligible surface conductivity and #/a<<1, the
following ratio characterizes the distribution of current on an ideally polarizable
electrode adjacent to the particle. Here, the subscript “ip” indicates that the elec-
trode is ideally polarizable, o, is the electrolyte conductivity, and C,, is the overall
double layer capacitance.
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Fig. 1.26 Progress of 300 nm
tracer particles toward a

50 um target particle along
the electrode, starting from
time measured before the
particle obscured the tracer
[42]. a 750 Hz, potentials:

4, 6,9 V. Model fit to data
by adjusting the surface
conductivity. b Frequencies:
0.5, 1, 1.5 kHz. Model results
calculated using the surface
conductivity found in (a).
Part of the problem in the
test of the model might have
been that the large diameter
of the particle, while use-
ful for visualization, made
the assumption of uniform
current density less valid.
(Ristenpart et al. [42],

© 2007 Cambridge Journals,
reproduced with permission)
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AsJ, decreases, the current distribution on the electrode beneath the particle be-
comes more uniform. In other words, for conductive fluid media and low frequen-
cies (limited by the assumption of an ideally polarizable electrode), the impedance
of the electrode dominates the current distribution and straightens the lines of cur-
rent at the electrode. The smaller the fluid conductivity, the higher the frequency,
and the larger the particle, however, the more the particle dictates the current dis-
tribution in its vicinity. Ristenpart et al. [42] stated that as particle radius increases,
the assumption of uniform current distribution at the electrode becomes stronger
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because the diffuse layer collapses onto the electrode. Yet, this does not take into
account the additional ohmic resistance presented by a larger particle, as shown
above. Applying this perspective to Ristenpart’s [42] calculations, one finds that J,
was 0.17 for the calculations where the particle radius was 500 nm but was 17 for
the 50 um particle of the experiment. The dependence of the current distribution on
frequency might explain the weaker observed dependence; as frequency increased,
the current distribution shifted from dominance by electrode impedance to control
by ohmic resistance, which mitigated the frequency dependence. The effect of fre-
quency on ac ICEO flow, therefore, is at least twofold. First, the ac ICEO velocity
of Eq. 1.55 depends explicitly on the reciprocal of the frequency, meaning that
the velocity decreases as frequency increases. Second, increasing frequency short-
circuits the impedance of the double layer, leading to ohmic control of the current
density distribution and associated uniformity of the potential distribution beneath
each particle. ICEO vanishes as the potential distribution becomes uniform.

One last consideration introduces a mystery into the ICEO mechanism of ag-
gregation. Ristenpart et al. [34] noted “the electric stress (along the electrode) has
a steady component ... along with an oscillation at twice the imposed frequency.”
The doubled frequency ensues directly from the product of charge and electric field
oscillating at the same frequency. Thus, the full expression of Eq. 1.55, obtained
by taking the product of the real parts of the charge and electric field functions, is

Jare , D2 D2
U, ~ P EZ, {(C(’] + wC{{) + (C(’) — TC(’{ cos 2wt

Dk? , 2\ .
+ | ——Cy+ Cy ) sin 2wt (1.57)
a)

The doubled frequency of oscillation of the velocity articulated in Eq. 1.57 is a fun-
damental feature of the ICEO theory; it stems directly from the product of the oscil-
lating induced charge and the oscillating electric field. Observing the flow through
a microscope with tracer particles, one expects to see only the net flow unless the
framing rate of the camera and the magnification are such that the oscillatory mo-
tion of tracer particles could be resolved both in time and space, which would be
difficult. The detailed vertical motion of a probe particle in response to ICEO with
appropriately fast resolution in the time domain, however, should exhibit a doubled
frequency because the inward aggregating flow must exert a normal force under-
neath each particle, as Fagan et al. [36] and recently Yariv [50] demonstrated. Fagan
et al. [31] and Hoggard et al. [44] have observed and reported on the detailed re-
sponse of single particles located near electrodes and exposed to ac fields. TIRM
allowed acquisition of the particle motion with a resolution of one nanometer. Fig-
ures 1.12, 1.21, 1.22, and 1.27 are examples from their work at frequencies from 50
to 500 Hz. The particle height in these figures clearly oscillates at the fundamental
frequency, there is no hint that the frequency of vertical oscillation of the particles is
doubled. This lack of evidence of the ICEO mechanism at least requires an explana-
tion; it undermines the importance of ICEO for aggregation.
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Fig. 1.27 The oscillation of a particle (polystyrenesulfonate, 4.6 pm nominal diameter, surfactant-
free, polystyrene-amine subjected to a 1.652 kV/m nominal electric field in 0.15 mM nitric acid, at
varying frequencies [37]. There is no evidence of a doubled frequency up to 475 Hz, the maximum
frequency tested. The average height of the particle was lower than the equilibrium height below
275 Hz and above the equilibrium height at 275 Hz and above. (Reprinted in part with permission
from Fagan et al. [37], © 2005 American Chemical Society)

1.6.2.3 Summary

The ac ICEO mechanism shows how an oscillating induced charge density and
radial electric field components generate a steady flow that, in principle, can aggre-
gate particles. Its strength is clear logic underpinning this rectification; experimen-
tal observations of different but related effects in several laboratories confirm this
constant flow [28, 41, 42]. To our knowledge, however, no quantitative calculation
based on fundamental theory and using independently measured parameters has ac-
curately predicted the rate of lateral particle movement in the geometry of Fig. 1.3a
to the accuracy that Prieve and co-workers [39, 44] have demonstrated with the ac
ECEO mechanism of Sect. 1.5. Furthermore, experiments, in which the instanta-
neous movements of a probe particle were recorded, did not reveal the frequency
doubling implicit in the model. The ac ICEO mechanism of particle aggregation is
in a state analogous to the EHD theory of Sect. 1.4. Both mechanisms predict steady
flow and declining strength of the flow as frequency increases, but neither has been
shown to predict quantitatively (with independently determined parameters) ob-
served pairwise motion; both are missing something. The EHD mechanism predicts
that particles should not aggregate in KCI, but they clearly do aggregate. The ac
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ICEO mechanism predicts that particles should oscillate at twice the frequency of
the imposed voltage, but there is no evidence of doubled frequency in experiments
able to observe that effect if it was significant [31, 44]. Finally, nothing in the ac
ICEO mechanism accounts for the repulsion observed in KOH unless induced di-
pole repulsion dominates ac ICEO in KOH but not in KCl or NaCO, at the same
ionic strength.

1.7 Directed Assembly Based on Induced Dipoles

Two mechanisms of particle aggregation require induced dipole moments on parti-
cles. Particles move by dielectrophoresis when the electric field gradient is nonzero;
the velocity is proportional to the gradient of the electric field intensity [3]. The di-
rection of motion is independent of the electric field’s polarity but dependent on the
sign of the Clausius-Mossotti function K that depends on the electrical properties of
the particles. The direction of the velocity is often not the same direction as the di-
rection of the electric field. Two clear cases where the field vector and the gradient
are coincident are the case between two long concentric cylinder conductors and the
case between two concentric spheres; the directions of dielectrophoresis and elec-
trophoresis in these cases are identical. The field between two infinite flat plates,
except for the narrow regions of the diffuse layers, and possibly mass transfer diffu-
sion layers (for binary electrolyte), is uniform and no dielectrophoresis is expected.
The gradients at the edges of parallel flat plates and between non-parallel flat plates
usually propel particles along directions different from the electric field vector. Fig-
ure 1.3c shows this effect as the particle moves normal to the horizontal plane while
the electric field lines follow curves from electrode to electrode. Induced dipoles
interact with electric field gradients and with each other, either in attraction or re-
pulsion. The three topics of this section, therefore, are basic theory of the induced
dipole moment of particles, dielectrophoresis, and dipole-dipole interactions.

1.7.1 The Dipole Moment of a Spherical Particle

The dipole moment of a spherical particle is a topic both fundamental and compli-
cated. The dipole moment appears both in the context of this section, dielectropho-
resis, and in the context of dipole attraction and repulsion, the next section. The gen-
eral form of the dipole moment of a spherical particle immersed in a medium is [5]

Pep(t) = 4 e, K(0)a’E(r) (1.58)

where p_; is the dipole moment, ¢_ is the dielectric permittivity of the continuous
medium, K is the dipole coefficient, a is the particle radius, and E(t)=E_ exp(—jwt)
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is the electric field. The tilde indicates a complex quantity. Two brief developments
aid understanding of this form and the dipole coefficient. The potential around two
equal point charges of opposite sign and separated by a distance d is given by an
expansion of the superimposed potentials arising from each charge [5]

q q qgd cos@
,9 = — =
¢(r.6) dme,,ry?r  dmwe,r 2 4 e, r?
qd’Geos?d = 1) (1.59)
8me,rt

The subscripts + and — indicate that distances from the positive and negative charg-
es, respectively. One obtains a point dipole in the limit of small d; the first term
expresses the value of the potential and the product ¢gd becomes P

b(r,6) = LTS0 (1.60)
A e, r?

The potentials within and outside a homogeneous dielectric spherical particle p im-
mersed in an infinite dielectric medium m, subject to an imposed electric field E,
and obtained by solving Laplace’s equation in spherical coordinates, are

Acosf

GOm(r,0) = —Exrcost + 3
-

and ¢,(r,0) = —Br cosf (1.61)

where 7> R for the potential ¢ and r<R for potential qﬁp. The quantities A and B
are constants to be determined at the boundary of the particle. Equality of the po-
tentials ¢ (R, 0)= qSP(R, 6) and continuity of the normal components of the electric
displacement vectors at »=R give

OPm
Em

ar

_ g

1.62
R P ar ( )

R

Applying these conditions to the equations for the potential, one finds a value for
the constant 4 such that the potential in the medium is [5]

Em 5., COsO

e _
Gm(r,0) = —Eoorcos O + 8;72%1? B (1.63)

which allows equating the disturbance term in the exact result for ¢ , Eq. 1.63 to
the point dipole relation Eq. 1.60.

PeffCOSO &) —&p cos 6 Ep — Em
£p + 2ep

(1.64)

R3E4

= = pr = 4me, KR*E where K =
4 e, r? gp + 2enm r2 Per *©
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This form of K also is appropriate for much more complicated situations, such as
conducting particles and media in ac electric fields,

P =4menK (0)a’Ee where K (@) = Ep — om

- .0j
————— and & = ¢ —,
Ep 428, ' l—Ha)

(1.65)

where o is the electrical conductivity. The dielectric constants of the particle and
the liquid, and the conductivity of the electrolyte in the context of aqueous salt
solutions, are common physical properties. O’Konski [59] showed that a particle
having both bulk conductivity and surface conductivity evinces Maxwell-Wagner
polarization if one writes

20°%

op=0)+ 7” (1.66)

where b denotes “bulk” and s denotes “surface.” Green and Morgan [60] measured
the dielectrophoretic response of submicron particles, varying conductivity, fre-
quency, and particle size. They compared their results to predictions of Maxwell-
Wagner theory for particles ranging from 557 nm down to 93 nm, taking surface
conductivity into account. The agreement was best for the largest particles. The
theory did not adequately explain the behavior of colloidal particles for all sizes.
Saville et al. [61] argued that frequencies much higher than the reciprocal of the
relaxation time for diffusion of ions over a particle radius leave mobile ions near the
particle essentially in place. They used Bikerman’s expression

2e(kT)?

(1.67)
3ue?D,

oy = roo(1 +3m)[e!“/*" — 1] where m =

to express the surface conductivity. Saville et al. [61] described this treatment as an
extended Maxwell-Wagner limit of the dipole coefficient. They cited an estimate of
the frequency at which this treatment should be accurate as o, /¢, , which takes the
value of 1 MHz for a 0.3 mM solution of KCI.

Zhou et al. [62] solving the Poisson-Boltzmann mean-field equations of col-
loidal electrostatics, calculated the polarizabilities of spherical particles at dc and
over a range of frequencies, zeta potentials, and ionic strengths. Figure 1.28a is a
plot of results for zero frequency and Fig. 1.28b is a sample plot over a frequency
spectrum. Their results largely agreed with the extended Maxwell-Wagner theory of
Saville et al. [61] at high frequencies where its assumptions were valid; at frequen-
cies higher than ¢ /e, the extended Maxwell-Wagner treatment provides a relatively
simple estimate of the dipole coefficient. At low frequencies, the polarizability de-
pended on zeta potential and the ionic strength; extrapolation of high frequency
theories to low frequency can produce coefficients of the wrong sign.
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Fig 1.28 a Values of K (top)
for static fields and b Re(K)
(bottom) in ac fields for
induced dipoles of charged
dielectric particles [62]. In
the static case, the depen-
dence on the charge of the
particle is strongest when the
Debye length is comparable
to the particle radius. ka=150
is still not perfectly thin. For
ac polarization at high fre-
quency, the model of Saville
et al. [61] works well, but can
give the wrong sign if used
outside its range of validity.
(Reprinted from Zhou et al.
[62], © 2005 with permission
from Elsevier)
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1.7.2 Dielectrophoresis (DEP)

As mentioned previously, dielectrophoresis is particle migration arising from the
interaction of a dipole with a gradient of electric field strength. Consider two oppo-
site and equal charges q,, g, separated by a distance s_aligned with the x direction.
If the associated electric field components in the x direction are £, and E, , then
the total force F_is given by

Fo=qiE iy +qE)x = —qE « + qE\

+ s«

0E, JdE, 0E,
= SX = x
0x 4 ax p 0x

, (1.68)
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where p_is a dipole moment. Equation 1.68 illustrates the origin of the force as the
product of a dipole moment and a gradient of an electric field. More generally, the

time-varying force on the particle is F(f) = Re[p.s(#)] - VRe[E(#)], the steady part
of which is [5]

(Fpep(t)) = %Re[f)gﬁ(t) - VE(t)"] = 2nea’Re[K(w)]VEZ,  (1.69)

in which the asterisk designates the complex conjugate of the electric field.

Equation 1.69 expresses the essential features of dielectrophoresis, as summa-
rized by Jones [5]. 7}, is proportional to the volume of the particle and the dielec-
tric permittivity of the liquid. Its force vector parallels the gradient of the electric
field intensity and not the electric field vector except in special cases. Finally, the
sign of the force depends on the sign of the frequency-dependent dipole coefficient
K. Positive dielectrophoresis occurs when K>0 and negative dielectrophoresis oc-
curs when K <0. A simple example illustrates this definition most clearly. Consider
a long conductive rod concentric with a long conductive hollow cylinder and a
dielectric fluid separating them. Solution of Laplace’s equation in this geometry,
when the outer cylinder is polarized positively with respect to the grounded rod,
gives ¢(r) ~ V Inr, where r is radial position measured from the axis and V is the
applied voltage. Hence, E,VE, ~ —V?r=3 and F, . 18 negative for positive K and
positive for negative K. The particle with positive K and, hence, positive dielectro-
phoresis moves toward the rod where the electric field intensity is higher. Under the
opposite polarization, ¢(r) ~ —V Inr, but E,VE, ~ —V?r=3, again. Thus, the
direction of DEP is invariant with the sign of the polarization. This example also
illustrates a scaling principle of dielectrophesis, that the dielectrophoretic force is
sensitive to the square of the applied voltage and the reciprocal cube of the signifi-
cant length of the electrode [63]. The steady part of the velocity of a particle in an
electric field gradient is

a’e,,

Vorp = 3 Re[K (w)]VE?,, (1.70)

and is superimposed on components oscillating at twice the frequency. The com-
plexities of effects governing the coefficient K were described in Sect. 1.7.1. The
limits of the quantity in brackets are 1 and —1/2.

1.7.3 Dipole-Dipole Interactions

Consider first the force of interaction between two identical uncharged particles
whose line of centers given by r,, is parallel to the imposed electric field. Jones [5]
showed that the force of interaction between them can be calculated as a summation
over all the induced multipoles, each having the form
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| () 4, (n)
(FiDmp = (_1)n+1 (mtnt Dip™p (1.71)

m+n+2
4 e,y

Jones [5] took F'_as positive for attraction and negative for repulsion. The terms p®
are the m™ and »” multipolar moments. As the gap between the particles becomes
large, the first term of Eq. 1.71, (m,n)=(1,1), is dominant.

31p?

= 1
drey,rt,

for rj; — o0 (1.72)

The force is attractive and proportional to the inverse fourth power of the distance
between particle centers. Equation 1.73 is a generalization of Eq. 1.72 for aligned
dipoles whose line of centers makes an angle 8 with the imposed electric field,

2 2
(1 — 3 cos“b) Py

F(ri2,0) = , (1.73)

4
A e,ry,

as used by Gong and Marr [24] (compare to Eq. 1.30) and as modified slightly by
Zhou et al. [40], where p, is given by the real part of Eq. 1.58 and attractive force is
taken as negative. The particles experience maximum attraction when a line joining
their centers is aligned with the electric field and maximum repulsion when that line
is perpendicular to the electric field.

The force dependence on particle separation changes as the gap between the par-
ticles decreases. In the limit of zero gap, the force approaches a constant asymptotic
limit for any finite ratio of the permittivity of the particle to the permittivity of the
medium [5]. The constant of proportionality depends on this permittivity ratio.

Fp emna2E3 for rip — 2a (1.74)

Equation 1.74 provides a basis for the chaining force cited by Velev when the par-
ticles are touching [7].

2 2
Py (Amena’KE,)

F
" 4x enat 4re,,a*

¢

~ enma’K*E} (1.75)

1.8 Capabilities and Applications

In this final section we highlight a few demonstrated and prospective capabilities.
There is a rich supply of both experimental and theoretical contributions for study.
The interested reader is referred to the extensive descriptions of observations and
demonstrated effects in the reviews cited in the beginning of this contribution [4,
5,7,8,9, 10]. In addition to the work mentioned, but by no means an exhaustive
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list, we point out a few additional fundamental contributions. A series of thorough
reports on ac driven electroosmotic flow described measurements [64], theory [65],
and observations [66] on an in-plane geometry as in Fig. 1.3c. Castellanos et al.
[67] surveyed scaling laws for a wide variety of phenomena. Bazant and Squires
[68, 69] described the theory of induced charge electromosis. Duval et al. [70-72]
investigated the electrified interface during passing of faradaic current. Prieve [73]
obtained an asymptotic solution for one-dimensional, steady transport with of a
symmetric binary electrolyte with a redox reaction for thin Debye lengths, which
allowed theoretical exploration of the effect of faradaic current on zeta potential.
Delgado et al. [74] discussed measurement and interpretation of electrokinetic phe-
nomena. Squires [75] recently surveyed ac ICEO for use in on-chip technologies.
Following the cue of Velev and Gupta, [9], we use dimensionality as a way to finish
the discussion, stopping after 2-D ordering because 3-D assembly is beyond the
scope of this contribution. Finally, the application of concepts described herein to
what might be called zero dimension ordering, i.e. manipulation of single particles,
is mentioned and a potential use of the principles discussed in this contribution is
identified.

1.8.1 Directed Assembly of Particles in 1-D

Velev and co-workers [2, 76] investigated aggregation of 15-30 nm gold nanopar-
ticles in one dimension as shown in Fig. 1.2 at the outset of this contribution. The
deposition technique involved ac polarization of in-plane electrodes at 50-250 Hz.
The aggregation produced wires that grew as fast as 50 pm per second over milli-
meter length scales. The geometry was in-plane as in Fig. 1.3c. Two types of growth
were observed, one where the wires grew through the solution in a low arc and
one where the wires grew along the surface. Nanoparticles concentrated in the area
around the growing tip and there was electroosmotic flow in the vicinity. Substan-
tial electric field gradients very near the growing tips indicated that dielectropho-
resis was driving the growth locally, but the process seemed to be diffusion limited
because the rate did not depend on the proximity of the growing conductor to the
opposing electrode and did depend on the overall concentration of nanoparticles.
Formation of the wires was irreversible and they behaved ohmically when connect-
ing two conductors; the wires even were self-repairing; the large fields at the break
brought particles back to make the connection. More recently Gupta et al. [77]
demonstrated one dimensional chains of cells and particles. Particles moved to cells
by dielectrophoresis and became inserted into the chains. Molecular binding ligands
permanently tied cells together as shown in Fig. 1.29.

Hoggard et al. [48] reported 1-D reversible chaining of micron scale particles
during ac polarization of densely packed 2D ensembles of particles. The geom-
etry was parallel plates sandwiching electrolyte between them. Having previously
found that particle pairs aggregate, for example, in bicarbonate solution and sepa-
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Fig. 1.29 Gupta et al. [77] demonstrated permanent binding of yeast cell chains after assembly
using a poly(dimethyl aminoethyl methacrylate) (PDMAEMA), b concanavalin-A, ¢ D-mannose,
and d both concanavalin-A lectin and D-mannose. (Reprinted in part with permission from Gupta
etal. [77], © 2010 American Chemical Society)

rate in KOH, Hoggard et al. [48] experimented with particle ensembles to determine
what the conclusions reached for particle pairs meant for ensembles. Appearing in
Fig. 1.30, particles aggregated in bicarbonate as expected and repelled each other
in KOH, as found for particle pairs. The particles in bicarbonate formed an ordered
array with spacing less than the particle diameter. The particles in KOH, however,
had no vacant areas to occupy when repulsive forces were suddenly present; they
responded by forming one dimensional “hairs” approximately 5-10 particles long
extending along the normally directed field lines, another example of chaining. The
particle hairs collapsed when the polarization was terminated.
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NaHCO, above Pt

t =108 s (field on) t =119 s (field off)

Fig. 1.30 Evidence of the contrasting behavior of particles in KOH resulting in particle based
“hairs” [48]. A large spike of voltage was introduced at twice the frequency. The bicarbonate par-
ticles aggregated as usual, but the particles in KOH repelled each other so severely, they chained
in the direction perpendicular to the electrode in the form of “hairs” that broke apart when the
electric field was turned off. (Reprinted in part with permission from Hoggard et al. [48], © 2008
American Chemical Society)

1.8.2 Directed Assembly of Particles in 2-D

Ordering in two dimensions is well established; it is the main phenomenon driving
this survey of mechanisms. Similar results can be reached from a variety of systems.
Aggregates are formed by polarization between opposing planar electrodes [1, 14,
18, 19, 35] whether in ac or dc polarization. Particles can be assembled between
electrodes of an in-plane geometry where the particles first form chains that are
deposited and grow into ordered arrays as shown in Fig. 1.31 [78]. Particles in con-
finement form a variety of patterns [24, 25]. Patterned electrodes can draw particles
in from neighboring areas; conductive silicon patches exposed in a field of silicon
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Fig. 1.31 Growth of ordered arrays in an in-plane geometry (such as Fig. 1.3¢) by growing chains
via field-induced dipoles that coalesce into hexagonal arrays [78]. The particles were 1.4 um latex.
(Reprinted with permission from Lumsdon et al. [78], © 2003, American Institute of Physics)

covered by photoresist formed conductive “corrals” for particles, [79] as shown
in Fig. 1.32. Ristenpart et al. [80] demonstrated the formation of superlattices of
colloidal particles. Two dimensional directed assembly can be applied to gathering
of cells, as mentioned previously [33]. Zhou et al. [81] extended their observation
of cell assembly to demonstrate the separation of particles from cells and different
types of cells from each other by adjusting the mixture of dielectrophoresis and
electroosmosis at the edges of patterned electrodes, as shown in Fig. 1.33. They also
investigated processes by which commingled particles and cells were separated by
exposure to ac electric fields [81]. They concluded that the interplay of electroos-
motic and induced dipole effects governed the behavior. Their work highlighted the
importance of differences in dielectric response between the cells and the polysty-
rene particles.

Fig. 1.32 Collection of

2 um latex particles from
0.5 mM NaCl at 4 kV/m

on exposed conductive
“corrals” [79]. The length
scale of the corral is the
same as the photograph; the
particles form the dark shape ’
in the center, away from the t
edges. (Reprinted in part
with permission from Bhatt
et al. [79], © 2005 American
Chemical Society) I e gl s SR
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Fig. 1.33 Sorting of polystyrene-yeast mixtures by interactions at patterned electrodes [81]. The
particles are the larger entities. The darker strips are ITO. a Particles and yeast cells mix on the
centerline at 60 Hz and 0.17 V. b Yeast remains on the centerline but the particles move to the
edges of the strips. ¢ same as (b) but a higher concentration of particles. d separation and aggrega-
tion at 1 kHz. e, f complete separation at 1 MHz. (Reprinted from Zhou et al. [81], © 2005 with
permission from Elsevier)

1.8.3 Directed Assembly of Particles in 0-D

Ordering in 0-D, though mildly oxymoronic, means control of a single particle by
many of the mechanisms described. For example, Jones [5] describes levitation of
particles by dielectrophoresis. One can write a force balance on a particle based on
Eq. 1.69 and gravity.
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F = —2na’s,Re[K(w)]VE?  +mg (1.76)

where F is the time-averaged net force on the particle. Clearly, the net force F on
the particle only can be zero if the dipole coefficient is less than zero, but the ques-
tion remains whether the particle is stable at that point. Consider a particle’s elec-
tromechanical potential energy function y such that the force on a particle can be
expressed as —V. A particle is stable at a point in space if V2 > 0 [5]. Applying
this operator to a particle at a point in space, one obtains the relationship

V2 = —2na’e,Re[K (w)|V2E?

rms*

(1.77)

Using the properties of the electric field, one can show that the Laplacian of the
electric field intensity is always greater than or equal to zero, V2E? > 0, [5] away
from distributions of unbalanced charge. Only minima in the electric field intensity
can exist, which implies that the stability criterion also can be satisfied if the di-
pole coefficient is negative. The net force on a particle, therefore, can be zeroed in
Eq. 1.76 and the particle rendered passively stable at that position if Re[K (w)] <0,
which means only particles exhibiting negative dielectrophoresis. Jones [5] cites
applications for such passive levitation, such as measurement of dipole coefficients
and levitation of biological cells. Passive levitation requires working in frequency
ranges where the dipole coefficient is negative; levitation of particles in positive
dielectrophoresis is likewise possible if a feedback mechanism is provided [5].

Passive levitation is also possible by electroosmosis. If a particle sediments to a
horizontal surface but does not adsorb, it samples a potential well created by the bal-
ance of double layer repulsion and gravity. Prieve and co-workers [31, 36, 37, 39]
have shown that ac electric fields applied normal to the electrode move the particle
toward the electrode or away, but it follows also that particles are pulled closer on
average to the electrode or pushed away from it under dc polarization; the electric
field contributes to the force balance. As a simple analysis, consider the balance of
forces represented by Fy + F, + F,, = 0 where the subscripts d/, g, and ep denote
the double-layer, gravity, and electrophoresis, respectively. Using the expression
for the electrophoretic force term, Eq. 1.5, one writes Eq. 1.78 for the forces on
a particle near a charged surface when current is passing, including double layer
repulsion, gravity, and the electrophoretic force, respectively.

Eg*hm/)‘ _ 47Ta3g(10[7 — Pe) + q(hm)6ﬂd&‘§pi =0 (178)
3 of}

(When the gap between the particle and the electrode is greater than approximately
100 nm, van der Waals forces can be assumed negligible and are neglected for sim-
plicity.) In Eq. 1.78, 4 is the Debye length, 4 _is the gap between the particle and
the electrode, a is the particle radius, p is density, ¢ is the permittivity of the solvent,
Cp is zeta potential of the particle, and ¢, is the conductivity of the liquid. The third
term of Eq. 1.78 expresses the effect of the imposed electric field as the electro-
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phoretic “force” where use of Ohm’s Law replaces the electric field by the quotient
of the current density divided by the conductivity. The coefficient q in Eq. 1.78
expresses wall hindrance to motion normal to the electrode. A positive current and
negative zeta potential on the particle pulls the particle closer to the electrode; thus,
a particle can be raised or lowered, on average, relative to the electrode, an example
of zero dimensional ordering in the sense of this section.

The balance expressed in Eq. 1.78 contains an interesting possibility for applica-
tion of 0-D ordering as an imaging ammeter, [82] when viewed differently. The in-
tensity of light scattered from a particle at height 4, above the electrode is expressed
in Eq. 1.79,

I = I,e P, (1.79)

where [ is scattering intensity, /, is the intensity of a particle in contact with the
electrode, and B! is the decay length of the evanescent radiation used in TIRM [32].
Writing Egs. 1.78 and 1.79 twice, once for the intensity at the equilibrium particle
height in the absence of current, and once for the equilibrium height in the presence
of current, one can solve for the current density as a function of the measured light

intensity, Eq. 1.80.
_ 2 r
P = %(pp Pw)80.a <1> —1 (1.80)
9 qhw) e || Loy

I, is the scattering intensity in the absence of current. Equation 1.80 is an equation
of imaging amperometry based on scattered light. It makes possible the probing
of local electrochemical current density on the length scale of a colloidal particle
diameter without the need for isolated electrodes. Investigation of this potential ap-
plication has begun in our laboratories.

1.9 Concluding Remarks

Investigators in laboratories around the globe have observed electrically driven mo-
tion and organization of colloidal particles and cells on electrodes in a variety of
circumstances. Much work has been done and capabilities have been identified.
The toolbox of electrically driven directed assembly, consisting of electrophoresis,
dielectrophoresis, electroosmosis, and interparticle dipole interactions, provides the
means for producing a variety of structures. The real issue henceforth is identifying
valuable applications.

With regard to the ordering in the geometry of Fig. 1.3a, the evidence and fore-
going discussion justify some assertions. For dc electric fields in the geometry of
Fig. 1.3a, electroosmosis arising from the interaction of the primary electric field
with the equilibrium charge on the particle accounts for particle behavior; this
dc mechanism promotes fast and reversible assembly of colloidal particles on an
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electrode. dc polarization, however, continuously produces species that change the
composition of the electrolyte in the vicinity of the electrode, which might limit its
usefulness.

For ac electric fields in the geometry of Fig. 1.3a, however, the situation be-
comes complicated even though the ordering itself during ac polarization has been
reproduced in multiple laboratories. It is tempting to accept the observed rectified
flow predicted by the ac ICEO mechanism as the explanation. Two observations,
however, need exploration. First, particles oscillate at the frequency of the applied
field, as would be expected in ac ECEO, but the particle does not oscillate at the
doubled frequency predicted by the ac ICEO mechanism. Second, the ICEO mecha-
nism does not obviously predict both aggregation of particles in bicarbonate and
chloride solution and the observed repulsion in potassium hydroxide and other solu-
tions. The ac ECEO mechanism, in conjunction with the experimentally measured
phase angle between the particle height and the electric field, predicts electrolyte
dependent attraction or repulsion, and evidence exists that the electrolyte depen-
dence holds both at low frequencies where faradaic reactions might occur and at
high frequencies where the electrode behaves as ideally polarizable. Furthermore,
the phase angle can change from greater than 7/2 to less than /2 in some cases,
manifesting itself as an apparent “cutoff frequency”. The complete explanation of
the phase angle and its electrolyte dependence, while partially understood as arising
from double layer repulsion, remains elusive. Nothing in the ac ECEO mechanism,
however, generates the steady flow toward an individual particle observed in sev-
eral laboratories.

A hypothesis might resolve the paradox described in the preceding paragraphs
and serve as a basis for further inquiry. Since the ac ECEO mechanism and the ac
ICEO mechanism are not mutually exclusive, both are active and superimposed in
the geometry of Fig. 1.3a. If the ac ICEO mechanism governs the observed steady
flow but not the aggregation, and if the ac ECEO mechanism governs the aggrega-
tion rate, the paradox is largely resolved.
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Chapter 2
Nanoparticles Dispersion and the Effect
of Related Parameters in the EPD Kinetics
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Nomenclature

Particle radius

Hamaker constant

London constant

Deposit concentration

Solid content of the suspension

Initial solid content of the suspension
Particle diameter

Electric field

Effective electric field

Efficiency factor or sticking parameter
Electric current

Electric current transported by the cations
Electric current transported by the anions
Electric current transported by the particles
Initial current density

Current density

Kinetics parameter

Electrode distance

Deposited mass

Initial mass of powder in suspension
Roughness

Deposition surface area

Conduction surface area

Deposition time

Volume of the suspension

Volume of the deposit
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Greek Symbols

1/k  Debye length

Dielectric constants of the deposit
Dielectric constants of the suspension
Dielectric constant of the solvent

Dielectric constant of the particles

Vacuum dielectric constant

Volumetric fraction of the deposit
Volumetric fraction of the suspension
Initial volumetric fraction of the suspension
Solvent viscosity

Electrophoretic mobility

Electrophoresis rate

Resistivity of the suspension

Resistivity of the suspension at infinite time
Resistivity of the deposit

Resistivity associated to the cations
Resistivity associated to the anions
Resistivity associated to the particles

Initial resistivity of the suspension

Deposit thickness

Conductivity of the suspension
Conductivity of the liquid medium
Characteristic deposition time
Characteristic deposition time for initial conditions
The characteristic deposition time for final conditions
Potential drop and surface potential
Potential drop at the anode

Potential drop at the cathode

Zeta potential
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2.1 Nanoparticles and Nanomaterials

In recent years the emergence of a new generation of high technology materials
involving nanoparticles and nanocomponents has increased exponentially [1, 2].
Nanomaterials are used in many different domains, such as chemistry, electronics,
magnetic materials, biotechnology, etc. The great interest of the nanomaterials deals
with the new properties associated to the small size that can strongly differ from
those of the bulk conventional material.

Feynman pointed out that the designing of materials atom-by-atom was a real
possibility, as it would not violate any physical laws. However this prediction could
not be demonstrated until the arrival of very sophisticated instrumentation capable
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of viewing and manipulating materials at the nanoscale. The first use of the term
“nanotechnology” was by Taniguchi in 1974 referring to “production technology to
get extra high accuracy and ultra fine dimensions, i.e., the preciseness and fineness
on the order of 1 nm (nanometer), 10~° m in length” [3]. Although many definitions
for nanotechnology have been suggested, NASA recently suggested the most thor-
ough description: the creation of functional materials, devices and systems through
control of matter on the nanometer length scale (1-100 nm), and exploitation of nov-
el phenomena and properties (physical, chemical, biological) at that length scale [4].

A challenge of existing technology is to organize different functional components
in two and three dimensions at the nanoscale. It is the cooperative interaction of dif-
ferent nanoscale components that allow the combination of desirable properties of
single units into a larger integrated system [5, 6]. Nanoparticle assemblies have
potential applications in photonic materials, advanced ceramics, and electronics,
among other applications. Several approaches have been used to precisely position
nanoparticles into two- and three-dimensional (2D/3D) structures, the most widely
used being self-assembly processes, methods that utilize diblock copolymers, and
nanoparticle infilling of colloidal crystals and other templates [7].

The progress in nanoscience has been associated with the elaboration of new
methods for synthesizing, studying, and modifying nanoparticles and nanostructures
[8]. In principle, there are two kinds of methods for synthesizing nanoparticles. The
first group combines methods that allow preparation and studies of nanoparticles,
and the second group includes methods that allow preparation of nanomaterials and
nanocomposites, based on nanoparticles. This classification leads one to consider
that particles can either be built from association of separate atoms through a chemi-
cal route (which constitutes the so-called bottom-up approach) or by dispersion or
fracture of large units that are broken down through physical methods like milling
(the so-called top-down approach). Figure 2.1 shows a schematic view of these two
approaches to nanomaterials production.

For most ceramic processing techniques, the “bottom-up” approach is much
more interesting, and this will be considered herein. The development of nanoma-
terials synthesis by this “bottom-up” approach has been determined by nanochem-
istry, which has two important aspects to be considered: on one hand, the different
chemical properties and the reactivity of particles comprising a small number of
atoms; on the other hand, its effect on the synthesis, modification, and stabiliza-
tion of nanoparticles and the further assembly into more complex structures. Since
the properties of synthesized structures directly depend on the size and shape of
the original nanoparticles, the control of these parameters and their stability in a
dispersing medium are critical for the manufacture of any nanostructured material.
Nanochemistry studies the synthesis and modification of particles with sizes typi-
cally below 10 nm along one direction at least. Generally speaking, materials chem-
ists efforts are devoted to the development of “bottom-up” techniques that afford
the self-assembly of nanoscale species. There is also a parallel effort of nanophysics
to allow nanoscale units by “top-down” routes.

There are two basic types of nanoscale building blocks that can be used for the
fabrication of a device, zero-dimensional materials (0D, e.g. nanoparticles, nano-
clusters, nanocrystals) and unidimensional ones (1D, e.g. nanowires, nanofibers,
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Fig. 2.1 The two approaches for the synthesis of nanomaterials

nanotubes). The assembly of these nanosized building blocks into 2D and 3D ar-
rangements yields entirely new properties and functionalities. In this context it is
important to make some basic definitions [8]. The term nanoparticle generally re-
fers to 0D nanosized building blocks (regardless of size and morphology), or those
that are amorphous and possess a relatively irregular shape; typical size in this
case is > 10 nm. For amorphous/semicrystalline nanostructures smaller in size (i.e.,
1-10 nm), with a narrow size distribution, the term nanocluster is considered more
appropriate. The agglomeration of noncrystalline nanostructural subunits should
best be termed a nanopowder. The term nanocrystal is reserved to nanomateri-
als that are single-crystalline. A special case of nanocrystal that is comprised of a
semiconductor is known as a quantum dot. The nomenclature of 0D nanostructured
materials related to the typical size intervals are shown in Table 2.1.

There are different classifications of nanoparticles, proposed by different authors
based on the diameter of a particle expressed in nanometers and the number of
atoms in a particle. These classifications also take into account the ratio of surface
atoms to those in the bulk. Figure 2.2 shows a generally accepted classification of
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Table 2.1 Nomenclature of 0D nanostructured materials

71

Structure Size (nm) Typical name
Nanostructures <<1 Clusters
1-10? Nanoclusters and nanocrystals
10>-10° Nanoparticles and nanopowders
Microstructures 10°-10° Sub-micron particles
Macrostructures >10° Particulates (bulk powders)
N°atoms N=10 N=10> N=10® N=10* N=10° Bulk
Diamteter (nm) 1 2 3 5 7 10 > 100
. Nanoparticles Solid
Chemistry state

Fig. 2.2 Classification of particles according to their sizes

particles according to their sizes [9]. According to this classification, nanoparticles
can be considered as intermediate entities between individual atoms and the solid
phase, measuring from 1 to 10 nm and built of atoms of one or several elements.

In order to tailor a device property to its function, a good knowledge of the corre-
lation between property and microstructure is required. Because the microstructure
depends on the processing route, processing methods are decisive factors in devel-
oping new materials. While applications are most of the time well identified, mate-
rial scientists continue to develop new processing methods that can produce com-
ponents of a complex shape and high reliability with a minimum of machining and
cost. These fulfillments have been already reached for submicron sized powders by
wet processing through a colloidal approach [10, 11]. However, when moving to the
nanoscale, there is an important problem because interparticle interactions are in the
same range of particle size and spontaneous agglomeration occurs.

It must be remarked that the fraction of atoms pertaining to the surface increases
as particle size decreases and hence, the contribution of surface atoms to the sys-
tem’s energy increases. This has important thermodynamic consequences such as
the fact that particle size is an active variable that determines the state of the system
and its reactivity. That is, nanosized particles can enter into reactions untypical of
coarser systems [12].

So far, we have considered the recent nomenclature related to nanomaterials and
nanochemistry. However, it is also important to note the possible differences be-
tween nanoparticles and colloids, the last being known since the 1860’s. Although
both types lie in the same nanoregime, some authors have considered the exist-
ing differences between them, mainly related with the lower control over composi-
tion and morphology. In general nanoparticles are considered to lie in the range
of 1-100 nm, whereas colloids are typically larger than 10 nm. Other important
differences with respect to colloids are that nanoparticles have reproducible syn-
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thesis and physical properties and contain clean surfaces, while colloids contain
surface-adsorbed species such as —~OH, —X, ~OH,, etc. However, when introduced
in a dispersing medium, as a liquid, the properties of the system become a func-
tion of the interactions among the different species in the system, including the
interactions among particles and the interactions among particles and dispersing
medium molecules. The dispersion in a liquid modifies completely the properties
of the nanopowders that can be studied considering the laws of colloid chemistry.

2.2 Processing of Ceramics. The Colloidal Approach

Ceramic products have been used for more than 10,000 years. The term ceram-
ics comes from the greek “kepac” (keras), which means clay. This word proceeds
from a radical of Indo-European languages “xepop” (keram), which in turn means
corresponds to the verb to burn. Thus, ancient ceramics were clay-based products
subjected to a thermal treatment. Although there are different definitions to ceram-
ics, it is generally accepted that ceramics are inorganic, non-metallic materials that
are subjected to a thermal treatment to reach their final characteristics. However,
these properties are strongly dependent not only on the composition, but also on the
firing temperature. Due to the special characteristics of the ionic-covalent bonding,
ceramics exhibit excellent properties like thermal and chemical stability, hardness
and corrosion resistance, among others. However, ceramics have a great limitation,
their inherent brittleness consequence of the high directionality of the bonds, so that
catastrophic failure occurs when the fracture stress is exceeded.
The strength of a ceramic material can be described by Griffith’s equation,

o = YKc/v/C (2.1)

where ¢ is the fracture stress, K. the fracture toughness, C the defect size, and
Y a factor that depends on the position and shape of the defect. According to this
law, there are two ways of increasing the strength of a ceramic material, by in-
creasing the fracture toughness or by decreasing the flaw size. Toughness can be
increased using composite materials, by the incorporation of secondary phases such
as particulates, platelets and whiskers. Another approach to improve the toughness
is through the design of materials with tailored microarchitectures, such as coatings,
laminates and functionally graded materials, where the interfaces can arrest or even
bifurcate the propagating crack. Toughness could be also enhanced by reducing
the flaw size, C. This can be only achieved with a better processing control. Pores,
inclusions, cracks and agglomerates can behave as flaws with a deleterious effect on
the final properties. In all cases, the enhancement of toughness and the reduction of
defects number and size are only possible if the reinforcing phase is well-dispersed
in the matrix [13].

One major concern in the application of any material is the method of fabrica-
tion. Ashby et al. [14] have done a taxonomic classification of the types of materi-
als and the types of processes for their manufacture. A summarized view of these
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Table 2.2 Classes of manufacturing processes of materials

Classes of processes Specific processes
Primary shaping Deformation, casting, injection, powder processing, rapid prototyp-
ing, free-forming
Secondary processes Machining, lamination and shaping, tempering, quenching
Joining & surface Adhesion, welding, fasteners
treatment Painting, printing, anodizing, plating

classes of processes is shown in Table 2.2. Polymers can be molded and ductile ma-
terials can be forged, rolled and drawn, but ceramics are brittle and must be shaped
in other ways. Materials that melt at modest temperatures to low-viscosity liquids
can be cast; those that do not have to be processed by other routes. Furthermore,
shape influences the choice of a process, too. Slender shapes can be made easily by
rolling or drawing but not by casting. Hollow shapes cannot be made by forging,
but they can by casting or molding. The choice, for a given component, depends on
the material, on its shape, dimensions and precision, and on the lot size [15-19].

Ceramics are mainly produced by powder processing techniques, which consist
of four basic steps: (1) powder synthesis and/or preparation for further consolida-
tion, (2) consolidation of powders into a self-supported shaped body, the so-called
green body, (3) drying and burn out of organics, (4) sintering at high temperature to
reach the final microstructure and properties, and (5) final machining and shaping,
which is the most expensive step due to the hardness of ceramics. Maximum control
at any stage is necessary since defects introduced in one step are very difficult to
remove and will persist in the next steps.

A great effort has been devoted by ceramists to improve the quality of the start-
ing powders [20], and to search novel forming processes capable to produce near-
net shaped parts with high homogeneity and density and increased green strength in
order to reduce as much as possible the machining step [21-23].

The exhaustive control of powders transformation (referred to as beneficia-
tion processes, which include milling and mixing, washing, separation, filtration
and granulation) has to be accomplished of a “clean” consolidation into bodies by
non-conventional shaping procedures in which contamination by metal parts, high
pressures or large concentration of additives is to be avoided. In this sense, colloi-
dal processing methods have demonstrated their efficiency for producing complex
shaped bodies with enhanced properties and increased reliability [10, 11, 24].

Forming methods can be classified according to three categories, depending on
the relative content of liquid characteristic of the process: (1) dry pressing methods,
where the liquid content is typically lower than 7%; (2) plastic forming, with typi-
cal liquid contents of 15-20 for extrusion or up to 30—40% in the case of injection
molding, and (3) colloidal shaping methods that make use of suspensions, where the
content of liquid is generally higher than 50%.

Suspensions have been used in ceramics from ancient civilizations, when it was
observed that some water allowed clays to become plastic and to be easily handleable
so that the first recipients could be created. During the decade of the 1980°s the wet
forming of ceramics was in focus, and a strong development was possible when cera-
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mists learned the importance of colloid and surface science and its great influence in
ceramic processing. This knowledge allowed the development of different near-net
shaping techniques in the 1990’s. The basis for such shaping techniques was the well-
known slip casting process [25], which consists of pouring a suspension into the cav-
ity of a permeable mould that allows the liquid to pass through the porosity channels
of the walls. This is a solid-liquid separation process, used also in other technologies
like filter-pressing. Consolidation of the particles occurs as the liquid flows through
the porous medium under a pressure gradient. In slip casting, the driving force for the
consolidation is just due to capillary forces. The low casting rates can be increased by
using an external aid, like microwaves, centrifugation and, most common, pressure.
The family of casting processes have led to other related processes like tape cast-
ing, coagulation casting, gelcasting, etc. These processes have different consolidation
mechanisms, although all of them have a basic requirement: they require the prepara-
tion of a concentrated and well-dispersed suspension of particles in a liquid, prefer-
ably water. All these processes involve the preparation of a stable suspension of the
powders in a liquid with the aid of deflocculants, which maintain particles apart each
other by either the development of electrostatic charges or through the adsorption of
polymers that promote steric hindrance, and other additives such as binders, plasticiz-
ers, anti-foaming agents, etc. [26-28]. Colloidal processing allows the manipulation
and control of the interparticle forces operating not only in the suspension but also in
the consolidation step, where repulsive forces maintain still active, so that the forma-
tion of agglomerates is dramatically reduced. As a consequence, if a proper disper-
sion state is reached, green bodies with high relative densities can be obtained, which
result in dense materials with fine microstructures and controlled grain sizes [29, 30].

Table 2.3 summarizes some colloidal forming methods typically employed for
the manufacture of ceramic bodies [31]. One possible classification of the meth-
ods can be done considering the consolidation mechanism. Although both concepts
are intimately related, the differences between forming method and consolidation
mechanism must be emphasized. The forming method is the technique employed to
obtain the body, e.g. slip casting, injection molding, tape casting, etc. Consolidation
refers to the mechanism through which the particles arrange into a consolidated
body with the desired shape and size. The main consolidation mechanisms are the
following: (1) filtration, which is the basis of slip casting, as described before; (2)
deposition-evaporation methods, which are those methods based on the deposition
of a thin layer of suspension that undergoes fast evaporation, like in tape casting,
screen printing, etc. One particular case is that of electrophoretic deposition (EPD)
where particles are forced to migrate to the electrode with opposite charge to that
of the particles under the influence of an electric field, which can be considered the

Table 2.3 Conventional colloidal shaping techniques

Filtration Deposition evaporation Flocculation coagulation ~ Gelation

Slip casting Screen printing Short range forces Gelcasting

— pressure Tape casting Temperature induced Injection molding

— vaccuum Electrophoresis Coagulation casting Thermogelation

— centrifugal CVD, PVD... Freeze casting Protein casting

— microwaves Dipping Direct solidification Starch consolidation

Spin coating
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driving force for the deposition. Once the film is deposited onto the electrode mate-
rial, coagulation occurs as a consequence of the rapid drying; (3) Flocculation and
coagulation methods are based in the preparation of a stable suspension and its sud-
den destabilization after the formation of a physical gel formed by flocculation in a
secondary minimum (when inorganic salts are added, for example) or coagulation
in a primary minimum (when pH is moved towards the zero point of charge, and
there are no repulsive forces that can overcome the attractive van der Waals forces);
(4) Gelation methods are those based in the polymerization of small molecules
(monomers or dimers) into long-chained macromolecules by either a chemical po-
lymerization in the presence of a catalyst and an initiator or by thermogelation when
the gel is formed as a consequence of a temperature change. In this case a chemical
gel is formed that retains the ceramic particles in the developed network, while in
the previous group the own particles are responsible for the development of a net-
work structure that is considered as a physical gel.

Most of those shaping methods make use of moderately or highly concentrated
suspensions, where sedimentation of large or dense particles is retarded while main-
taining a flowing behavior. In general those suspensions are poured into moulds
and the solids loading has to be the highest possible in order to minimize the drying
shrinkage and the amount of liquid to be removed during drying. The main excep-
tion to this general rule is the case of EPD, where suspensions with low solids load-
ing are normally used. It is mandatory, however, that colloidally stable suspensions
have to be used and that the particles must carry a substantial charge. That is, EPD
requires stable suspensions like any other wet forming procedure, although the sta-
bility cannot be evaluated by viscosity inspection. The stability has to be measured
considering other parameters, the most important being the electrophoretic mobility
or the zeta potential, and the conductivity, which in turn depend on the pH, the type
and concentration of deflocculants, the temperature, etc.

If the suspension is completely stabilized gravity can be neglected, but if the
particles tend to settle gravity becomes an influencing parameter, affecting mainly
layer thickness and deposit quality. If the suspension is well stabilized, a vertical
configuration will be used. The stability of the suspensions and their effects in the
EPD process and the deposit characteristics will be studied in the following.

2.3 Colloidal Stability of Ceramic Suspensions

2.3.1 Colloidal Dispersions

The term ‘colloid’ comes from the Greek word ‘koila’ (kolla) for glue. It was origi-
nally used for gelatinous polymer colloids, which were identified by Thomas Gra-
ham in 1860 in experiments on osmosis and diffusion. The simplest definition of a
colloidal dispersion is that it is a multi-phase system in which one phase (or more)
is dispersed in a continuous one or medium. At least one dimension lies within the
nanometre (10~° m) to micrometre (10~° m) range, so that colloidal dispersions are
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Table 2.4 Types of colloidal dispersions

Dispersed phase Dispersing medium

Gas Liquid Solid
Gas (bubbles) - Foam Solid foam
Liquid (droplets) Liquid aerosol Liquid emulsion Solid emulsion
Solid (particles) Solid aerosol Suspension/sol Solid sol

mainly systems containing large molecules and/or small particles. The main factor
determining the properties of a colloidal system are the particle size and shape, the
surface properties, the interparticle interactions and the interactions between par-
ticles and dispersing medium. A fundamental issue of colloidal systems is that there
is a well-defined separation surface between the dispersed phase and the dispersing
medium. The interface plays an essential role in the surface properties, including
adsorption, surface charge, electrical double layer, etc. There are many reference
textbooks on colloid and surface science where the reader can find complemen-
tary information [31-39]. The colloidal dispersions may be classified considering
the state in which either the dispersed phase or the dispersing medium are present
(solid, liquid or gas). Table 2.4 shows the different types of colloidal dispersions.
To overcome the spontaneous tendency of particles to agglomerate by means of
attractive forces (i.e. van der Waals), it is necessary to enhance the repulsive contri-
bution to the interaction potential. This can be made by using dispersing aids, known
as dispersants or deflocculants. Dispersants may be classified into several groups de-
pending on the stabilising mechanism they promote, whose efficiency is a function
also of the characteristics of the dispersing medium and the liquid/solid interface. In
a polar medium, such as water, amphoteric ceramic particles develop an electrical
double layer, whose thickness depends on the concentration of potential-determining
ions (i.e. pH) that provides an electrostatic repulsion. The presence of a supporting
electrolyte varies the surface charge and potential. Stability may arise also from the
adsorption of surface active compounds or polymers, which provide a steric hin-
drance. They can be associated to electrical charge, thus providing an electrosteric
stabilisation. Other possibilities are the use of alkoxydes that chemically react with
the particle surface (coupling agents), but this is more properly a method for syn-
thesising a coating material than a proper dispersing agent. Finally, non-adsorbing
polymers could maintain the particles apart by means of a depletion mechanism.
Table 2.5 summarizes the different kinds of dispersants used in ceramic processing.

Table 2.5 Kinds of dispersants used in ceramic processing

Substance Mechanism

Potential-determining ions (pH) Electrostatic repulsion

Electrolytes (inorganic salts) Electrostatic repulsion

Surfactants (amphiphilic chains) Adsorption+ Electrostatic repulsion
Adsorbed polymers Steric hindrance

Adsorbed charged polymers Steric hindrance + Electrostatic repulsion
Coupling agents Adsorption + Electrostatic repulsion

Non-adsorbing polymers Depletion stabilisation
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2.3.2 Intermolecular Potentials

At the most basic level, two approaching molecules have a natural tendency to
interact, generating a pair potential. The interaction potential V(D) depends on the
separation distance, and is related to the force (F) by:

F = _v (2.2)

dD
In colloidal suspensions, there are particles immersed in a surrounding medium.
Thus, the interaction is not simply the result of a pair-wise addition, but a many-
bodies effect, in which the total interaction is the result of particle-particle interac-
tions, as well as medium-medium and particle-medium interactions, as illustrated in
Fig. 2.3. The existence of a solvent produces different effects: (1) the displacement
of solvent by two solute molecules, (2) reordering of solvent molecules by solute
(solvation), (3) solute-solvent interactions can change the properties of dissolved
molecules, (4) when new molecules are introduced the medium expends some en-
ergy to form a cavity to host the guest molecule. All these effects are referred to as
solvent effects.
At a first level, three fundamental forces operate in a colloidal dispersion:

1. a gravitational force, tending to settle or raise particles depending on their den-
sity relative to the solvent:

2. aviscous drag force, which arises as a resistance to motion, since the fluid has to
be forced apart as the particle moves through it;

3. the natural kinetic energy of particles and molecules, which causes Brownian
motion.

The physical properties of a compound depend on the types of chemical bond be-
tween atoms. lonic bonds result from electronic transfer because one atom attracts
electrons more strongly than the other atom. In a covalent bond atoms attract elec-
trons to a similar degree, thus resulting in a coordinate bond. Both kinds of bonds
respond to the tendency of the atoms to reach the most stable electronic configura-
tion. Neutral molecules can link together through intermolecular forces, such as
electrostatic forces and dipole interactions.

AB (C)/FG: Particle-Medium
DE: Medium-Medium
HI: Particle-Particle

Fig. 2.3 Many-body interac-
tions in suspensions
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Intermolecular forces can be classified in three groups:

1. quantum mechanics forces, like covalent or chemical bonds.

2. electrostatic, arising from Coulomb force between charges,

3. polarization forces, produced by dipole moments induced by the electric fields of
charges or permanent dipoles. All interactions in a solvent involve polarization
effects.

When two or more atoms combine to form a molecule a covalent bond is formed.
The same accounts for metal bonds. Both are based in sharing electrons between
different atoms. Covalent forces are of short range, operating at distances of 0.1—
0.2 nm. An important characteristic of chemical bonding is its directionality. Cova-
lent bonds are typically in the range 100-300 kT (200-800 KJ/mol).

Coulomb forces (charge-charge interactions) are physical forces, but can be very
strong. They lack the stoichiometry and directionality of covalent bonds. Therefore,
these forces are essential for holding molecules together in liquids. The energy of
the Coulomb interaction is given by:

_ 010 _ zuze’ (2.3)
drweggd  4dmeepd

Q, being the charge of each molecule i, given by the elementary charge e
(1.602.107!° C) multiplied by the valency z, d is the separation distance, and ¢ is
the relative permitivity or dielectric constant of the medium. Coulombic forces are
strong (~ 200 kT), long range forces; only at distances above 50 nm the Coulombic
force falls below kT.

A molecule is polar when the centre of negative charge does not coincide with
the centre of positive charge. The dipolar moment (y) is then defined as the prod-
uct of the charge density (e) and the separation distance (d) between the centres of
charges with opposite sign,

nw=e-d (2.4)

The unit for p is the Debye (D). When two polar molecules approach a dipole-di-
pole interaction occurs in which the positive side of one molecule attracts the nega-
tive side of another molecule. One particularly strong dipole attraction is hydrogen
bonding, in which a hydrogen atom links two electronegative atoms, one through a
covalent bond, and the other by means of electrostatic forces.

A symmetric molecule (like methane) has no permanent dipole moment, but in
the presence of an electric field an induced dipole can develop, whose moment ()
is related to the electric field (E) by

u=o-E 2.5)

o is referred to as the polarizability.

It is also possible to distinguish between short-range and long-range forces. The
former appears when interacting species (atoms, molecules, particles, etc) approach
very close together, resulting in chemical bonding or hydrogen bonding. These are,
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Table 2.6 Energy (in kT units) for particles of given size

Type of force Particle size range

0.1 um 1 um 10 um
Van der Waals attraction 10 10? 103
Electrostatic repulsion 0-10? 0-10° 0-10*
Brownian motion 1 1 1
Kinetic energy of sedimentation 1071 1076 10
Kinetic energy of stirring 1 103 109

in fact, contact forces ranging up to 0.1-0.2 nm. Long-range forces operates at
longer separation distances (several nanometers), as for van der Waals forces, sol-
vation and hydration forces, capillary forces, all of which have a physical nature.
However, some of these physical forces, solvation, capillarity, hydration, operate at
short distances (typically below 10 nm), while van der Waals forces, hydrophobic
forces and electrostatic repulsion operate to a much longer distances (even above
100 nm). Then, a further classification of these forces into short-range and long-
range may be useful.

In principle, kinetic random motion should dominate the behavior of small par-
ticles, which will not settle but stay as a stable dispersion. However, these small
particles can collide among them due to their kinetic energy and if there are attrac-
tive forces, the collisions might cause the growth of aggregates and the dispersion
becomes unstable and settling occurs.

There is a ubiquitous force in nature, the so-called van der Waals force (vdW),
which is one of the main forces acting between molecules and is responsible for
holding together many condensed phases. Although electromagnetic in origin, vdW
is much weaker than the Coulombic force acting between ions.

Table 2.6 shows the energies associated with some of these forces and the de-
pendency with particle size for particles in the 0.1-10 pm size range. When particle
size increases the tendency to sedimentation and the attractive vdW forces strongly
increase and it becomes more and more difficult to maintain stability.

The first law for describing the intermolecular pair potential was that proposed
by Mie (1903), who was first to introduce an attractive term and a repulsive one. A
special case of the Mie potential is the Lennard-Jones potential, where the attractive
term is the van der Waals interaction potential which varies with the inverse sixth
power of the distance between molecules:

VD)= -2+ S

it o (2.6)

2.3.3 The Attractive Potential

The attractive term in the interaction pair potential is generally the result of London-
van der Waals dispersion forces. Van der Waals forces arise from three different
phenomena: (1) the interaction between a permanent dipole with other permanent
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dipole (Keesom interaction); (2) the interaction between a permanent dipole with
a polarisable atom that produces an induced dipole (Debye interaction), and (3)
when no permanent dipoles are present, instantaneous dipoles are formed due to
fluctuations in the distribution of electronic charge (London dispersion interaction).
If no permanent dipoles exist, the first two contributions do not occur but the last is
always present and plays a key role in the stability of colloidal suspension. All these
forces vary with separation distance as D™°.

The attractive interaction between two similar spherical particles of radius, a, at
a distance, D, and with the distance between the centres being R=2a+D (Fig. 2), as
proposed by Hamaker, is:

A 2a? 2a’ R? — 44”
Vi=m—o | —— 1 2.7
A 6<R2—4a2+R2+n R? )

where A is the Hamaker constant, that depends on the properties of both the particle
and the dispersing medium. In Hamaker’s original treatment, known as the micro-
scopic approach, the Hamaker constant is given by

A=m’pip:B (2.8)

p, being the number of atoms (molecules) per cm® of each bulk phase, and B the
London constant in Eq 2.4, where B~ 1/o?, «, being the polarizability. This model
considers the Coulomb’s theory, valid for small separation distances. For longer
distances (molecular range) there is a retardation effect associated to a characteris-
tic time (/) needed for the propagation, which makes the power law change to the
inverse seventh power.

To transfer the van der Waals potential from atom interaction to body interaction,
a pairwise additivity is considered, where the energies of all the atoms in each body
must be integrated. In this way, the V, term can be obtained for different geometries.
Some non-retarded van der Waals interactions for different geometries are sum-
marised in Fig. 2.4.

Another approach to calculate the Hamaker constant is due to Lifschitz, who
proposed the modern theory for the dispersion force by considering each body as a
continuum with certain dielectric properties. This model incorporates many-body
effects, neglected in the microscopic theory. Hamaker constants of many ceramic
materials have been calculated from the Lifschitz theory using optical data of the
material and the medium, which can be measured by spectroscopic ellipsometry
or refractometry. Table 2.7 shows the non-retarded Hamaker constants for ceramic
materials interacting in a vacuum and in water. Values of A for most solvents are
in the range 4-8.1072° J, for polymers 6-10.1072° J and for metals and ionic solids
10-30.10720J.

For two similar particles in a medium,

A=A, + Ay —2A,, (2.9)



2 Nanoparticles Dispersion and the Effect of Related Parameters in the EPD Kinetics

Two atoms

r

o —0

Vp=—c/r®

Sphere/surface

V=—Aa/6D

Atom/surface

D
o—

V= —ncp/6D?

Similar spheres

Vy=—Aa/12D

Two surfaces

D

Vp=—A/127D?

Per unit area

Dissimilar spheres

(=

Va=-A(ay.a5)/6D(as+ay)

Fig. 2.4 Non-retarded van der Waals interactions for different geometries

Table 2.7 Non-retarded
Hamaker constants between
identical ceramics. [40]

87

Material A(10720])

Vacuum (air) Water
0-Al0, 152 3.67
BaTiO, (average) 18 8
BeO (average) 14.5 3.35
CaCoO, 10.1 1.44
CaF, 6.96 0.49
Cds 11.4 3.40
MgO 12.1 221
Mica 9.86 1.34
PbS 8.17 4.98
6H-SiC 24.8 10.9
B-SiC 24.6 10.7
B-Si,N, 18.0 5.47
SiO, (quartz) 8.86 1.02
SiO, (amorphous) 6.50 0.46
StTiO, 14.8 4.77
TiO, (average) 15.3 5.35
Y,0, 13.3 3.03
ZnO 9.21 1.89
ZnS (cubic) 15.2 4.80
NS (hexagonal) 17.2 5.74
ZrO,-3mol%Y,0, 20.3 7.23
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where A and A are the constant for the particles and for the medium and AL
is associated to the particle-medium interaction and is generally assumed to be
A =(ApAm)”2 and hence

pm

A= (A=A (2.10)

where A is always positive. For dissimilar particles,
A=An+Ax— A —An (2.11)

where subscripts 1 and 2 refer to the particles and 3 to the medium. If A, <A, <A,
A becomes negative, that is, it is possible to develop a repulsive force. In the most
general case of ceramic slip processing, the particles are immersed in a polar liquid,
such as water. Thus, the presence of a electrolyte solution and hence, an adsorbed
layer of this electrolyte develops onto the particle surface. This will be discussed in
a later section that deals with stabilisation by adsorbing polymers and surfactants.

2.3.4 The Repulsive Electrostatic Potential

2.3.4.1 Charge Development

Hydrous oxide surfaces are amphoteric and can be modelled by the following acid-
base reactions,

MOH + H* = MOH,"

MOH + OH~ = MO~ + H,0 (2.12)

where protons and hydroxyl ions can specifically adsorb. For this reason, H" and
OH™ are referred to as potential determining ions. The surface charge (g,) can be
expressed by the difference in adsorption density between H* and OH™ adsorbed on
the surface (I';+ and I',;—, respectively),

00 = F(Cy+ — Cop-) = F(Cyont — Tao-) (2.13)

F being the Faraday constant (96,485 C mol™!).

The surface charge is negative at high pH values, and the protons are attracted.
When the concentration of the potential determining ion is altered, the relative ad-
sorption of ions on the surface varies. There is a defined concentration for which the
activities of positive and negative species are equal, and the surface potential will be
zero. This concentration is referred to as the zero point of charge (ZPC). The ZPC
defines the maximum destabilisation, as there is not a net surface charge. Hence,
suspensions are stable only if the pH is kept far enough from the ZPC.

When a particulate system is dispersed in a polar liquid (aqueous or non-aque-
ous) a double layer is developed around each particle. The separation of charge
occurring at an interface between two phases is called an electrical double layer
because it consists ideally of two regions of opposite charge.
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Table 2.8 Ty‘pical‘ values of  Material PZC (pH)

ZPC of ceramic oxides
a-ALO, 8-9
FeOOH (goethite) 6,5-7,5
AlOOH (boehmite) 7,5-8,5
3A1,0,-2Si0, (mullite) 5-6
BaTiO, 5-6
CaCo, 7-9
MgO >12
SiC 4-6
Si;N, 7-9
SiO, (quartz) 2-3
SiO, (amorphous) 2-3
TiO, 5-6
Y,0, 8-9
ZnO 9
ZrO, (m) 4-5
Zr0,-3 mol% Y, 0, 5-6

Table 2.8 shows typical values of the ZPC of ceramic oxides [41]. In general, the
ZPC decreases as the charge of the cation increases, and depends on the degree of
hydration and the presence of impurities and dopants.

The first model of double layer is attributed to Helmholtz in which rigid charged
layers are fixed in parallel planes to form a condenser. This model assumes that the
capacity C of the condenser (C=0/y,) does not depend on the electrolyte concentra-
tion, which is not true. Gouy and Chapman proposed a diffuse double layer model,
consisting in a monolayer of counterions (that is, inert electrolyte ions having the
opposite charge of the surface charge) strongly adsorbed onto the surface (with an
electrostatic potential ) and a diffuse double layer in which counterion concentra-
tion decreases as the distance from the surface increases (Fig. 2.5). When there is
no added electrolyte, the concentration of each counterion in the diffuse layer can
be obtained from the Boltzmann equation:

p=po-exp(TZV /i) (2.14)
where p and p, are the number of ions of valence z at a distance x and at the surface,
k is the Boltzmann constant and T is the temperature. Considering also the net ex-
cess charge density at a distance x given by the Poisson equation:

zep = —880(d2¢/dx2) (2.15)

the Poisson-Boltzmann equation is obtained, where

dy _ _zep _ (Z”’O> exp (‘Ze‘/’> (2.16)

dx? geo £80 kT
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Fig. 2.5 Counterion density G c
profile (p,) and potential (‘¥)
between charged surfaces in
water (no added electrolyte).
p,and ‘P_ are the contact — —
values

- ORE

x=—D/2 x=0 x=D/2

The solution of this equation gives the potential y, the electric field E=dy/dx and
the counterion density p at any point x between the two surfaces. To solve the
equation we must impose that the field vanishes at the midplane E=dy/dx=0 and
that the total charge of counterions is equal and opposite to that on the surfaces to
maintain the electroneutrality. For a surface charge density ¢ on each surface, the
electroneutrality implies that:

D/2 D/2 d2,¢.
o= —/ zepdx = 880/ ( >dx =ceeoE 2.17)
0 0

dx?

because the field at the surface (E) is equal to the field at the midplane (E ,). Thus,
the relation between the concentration of counterions at the surface (p) and at the
midplane (p,,,) is obtained by differentiating Eq. 2.14 and using Eq. 2.16:
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br2 gey [P? [dy 2 eg dy 2 o?
P — Ppp = dp = — d\— | =55 =
0 2kT Jo dx 2kT \dx ) p,  2ee0kT
(2.18)

That is, the concentration of counterions at the surface depends on the charge den-
sity and the concentration of counterions at the midplane. When different types of
ions are present in the solution (e.g. when an electrolyte is added) the surface charge
is given by the Grahame equation,

2 —zeYo
o° =2¢eepkT |:Xl: Pooi exp( T ) — Xi:pmi] (2.19)

where  is the contact value of /_(that at the surface) and p_ is the ionic concentra-
tion of ions i in the bulk, at x=eo, where y_=0. For low potentials, below 25 mV,
the Grahame equation simplifies to

o = €&k (2.20)

Y poie?z2\
K = W (2.21)
0

defines a condenser whose two plates are separated by a distance 1/k, which is
known as the Debye length, and gives the thickness of the double layer. Its mag-
nitude depends only on the medium properties and not on the properties of the
surface, such as the charge and the potential. At 25°C the Debye length of aqueous
solutions is

0'304/ /(NaCl) M for electrolytes type 1 : 1
1/,( ={ 0.176 /(CaCl,) "M for electrolytes type 1 : 2 or 2 : 1 (222

0.152 /(MgSO,) m for electrolytes type 2 : 2

The potential gradient at any distance x from a surface in the presence of symmetri-
cal electrolytes, Eq. 2.18 can be recast as:

dy 8kTpoi \'/* . . [zeV 2kTk . . [ zey,
dx ( £€o > S 2kT ze - 2kT (2.23)

and integrating, results in

_2kT1 (l+yexp(—/cx)> 4kT

Y p” I—yexp—xm) > ze Y exp (— kx) (2.24)
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Fig. 2.6 Schematic represen- 0
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which constitutes the Gouy-Chapman theory. For high potentials y— 1, while for
low potentials the substitution tanh (x) & x reduces that equation to the so-called
Debye-Hiickel equation,

Ve = Yo exp (— kx) (2.25)

Stern proposed that the electrolyte ions could not be considered as point charges
since the finite size of the ions, hydrated or not, limits the maximum concentration
at the surface and their distance of closest approach to it. On the other hand, the
high electric field near the surface must produce some ordering of solvent dipoles.
Accordingly, the Stern modification of the Gouy-Chapman theory assumes the first
layer of ions to adsorb specifically onto the surface, through a specific chemical
adsorption potential 6. The distance of closest approach to the surface is x,, and the
diffuse part of the double layer starts at x,, such that for x>x, specific interaction
forces are negligible. The potential distribution at an interface is schematically rep-
resented in Fig. 2.6. If the surface is positive, the unhydrated anions are in contact
with the surface and the plane formed by the centres of the anions is called the Inner
Helmbholtz Plane (IHP). The cations remain hydrated and the plane crossing their
centres is the Outer Helmholtz Plane (OHP). When a particle is moving through the
liquid, the Stern and part of the diffuse layer move with the particle. The potential
at this plane of shear is referred to as the zeta potential { and it indicates the gradi-
ent of electrical potential when the surface potential is constant. The pH value at
which the zeta potential is zero is called the isoelectric point (IEP). At the ZPC
the surface charge is zero (g,=0), while at the IEP the sum of charge densities is
zero (g, +0,+0,=0). Figure 2.7. illustrates the different planes and potentials at the
double layer.

The interaction pressure between two similarly charged surfaces in electrolyte
solution can be calculated considering that at any point x the pressure P (D) is given

by:
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Fig. 2.7 The different planes Diffuse layer
and potentials at the double
layer
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P(D) = kT [Z pmi(D) = pm,-(oo)} (2.26)

for P (D=e0)=0, with p_. as the total ionic concentration at the midplane. P is sim-
ply the excess of osmotic pressure of the ions in the midplane over the bulk pres-
sure. For a 1:1 electrolyte. Assuming that i is the sum of the potential from each
surface to x=D/2, the repulsive pressure between two planar surfaces is given by,

P = 64kT psoy? exp (—k D) (2.27)

where y< 1. Integrating with respect to D yields the interaction potential,
64kT pooy?
Ve = (‘W ) exp(—k D) (2.28)
K

The interaction force (F) between two particles of radius a, and a, can be easily
related to the interaction energy (V) between two planar surfaces by the Derjaguin
approximation:

o0

~ ayap _ ayap
F(D) ~ /27‘( (al o ) f(2)dz =2m <a1 +a2) V(D) (2.29)

2
D
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F(z) being the normal force per unit area between two flat surfaces separated by a
distance z. If a,>>a,, then F(D)=2raV(D), which is the case for a particle near a
surface. If a,=a,=a, then f(D)=naV(D) and the interaction free energy is obtained
by further integration,

64 kT 2
Ve = (” 9Poo¥ )exp(—/cD) (2:30)

K
This indicates that the double layer interaction between surfaces or particles decays
exponentially with the distance. The characteristic decay length is the Debye length.

2.3.4.2 The DLVO Theory

Derjaguin-Landau and Verwey-Overbeek proposed that the total interparticle po-
tential in a polar liquid or electrolyte is obtained by addition of the electrostatic
repulsion V, due to overlap of the double layers and the van der Waals attraction V,,
arising from electromagnetic fluctuations. Substituting the respective forms of both
potentials, V, from Eq. 2.23 and the reduced form of V,, the interparticle potential
is given by:

Aa
exp(— kD) — — (2.31)

641kT apsoy?
12D

V1=VRr+Va= ( 3
K

Figure 2.8 shows the resulting interaction potentials as a function of the distance, in
which the following three characteristics can be observed:
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1. a potential barrier preventing contact between particles,

2. aprimary minimum in which agglomerated particles are bound, and

3. asecondary minimum, not always present, that can provide some stabilisation by
means of a liquid film between the particles.

If the height of the primary minimum is 225 kT, the system displays long-term
stability. Coagulation occurs for higher depths in the primary minimum. This mini-
mum is present at short separations between particles, in the range of molecular
distances.

The secondary minimum can appear at higher separation between particles, in
the range of the particle size (agglomeration effects). Flocculation takes place if the
depth of this secondary minimum is large enough.

For highly charged surfaces in dilute electrolytes (long Debye length), a strong
long-range repulsion exists that peaks at some distance. In more concentrated elec-
trolyte solutions, there is a significant secondary minimum, usually beyond 3 nm
before the energy barrier. For surfaces of low charge density or potential, the en-
ergy barrier will be much lower leading to coagulation or flocculation. Above a
certain critical electrolyte concentration (known as critical coagulation concentra-
tion, ccc) the energy barrier falls below the V=0 axis, and particles coagulate rap-
idly. For increasing electrolyte concentrations, i.e., decreasing surface potentials,
the total curve approaches to that of the van der Waals attraction, and particles
attract each other strongly at any distance. The critical coagulation concentration
occurs when V=0 and dV/dD=0. The so-called Schulze-Hardy rule states that the
flocculation values for counterions with charges le”, 2e”, and 3e™ decrease in the
ratio 100:1.6:0.13, respectively. This is why dispersants should contain monovalent
cations, because a small concentration of a divalent one is enough to produce floc-
culation. The efficiency of an electrolyte to precipitate or sequestrate depends on the
tendency of its ions to hydrate. Then, we can establish lyotropic series with decreas-
ing precipitating power, in the form Mg**>Ca*">Sr**>Ba*>Li*>Na">K">NH,*
>Rb*>Cs". For anions, the series is Citrate>SO 42">Cl‘>N03'>I‘>CNS‘. These
are referred to as Hofmeister series.

2.3.5 Polymeric Stabilization

The DLVO theory accurately quantifies the particle pair potential in most colloi-
dal dispersions, either in water or in organic media. An exception is made of the
non-DLVO interactions, like the oscillatory forces operating at separations near the
contact distance. Another exception, one extremely important in the dispersion of
ceramics, refers to those systems involving the presence of polymers providing an
additional repulsive force related to the free energy change if there is adsorption
or volume exclusion when polymers do not adsorb. There are two general ways
in which polymers can impart colloidal stability: (1) through a steric stabilization
mechanism, arising from the adsorption of the polymers to the particle surface, and
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Steric Electrosteric Depletion

Fig. 2.9 Mechanisms of polymeric stabilization

(2) depletion stabilization, in which stability is provided not by attached polymers
but by macromolecules that remain free in solution.

Moreover, steric stabilization can be divided into two groups, dealing with ei-
ther uncharged or charged systems. The last mechanism is known as electrosteric
mechanism and results from the combination of electrostatic and steric contribu-
tions to the total interaction pair potential. In electrosteric stabilization the electro-
static component may be due to a net charge on the particle surfaces and/or charges
associated with the attached polymer. These ionic polymers are referred to as poly-
electrolytes and are widely used in most ceramic processes. Combinations of deple-
tion with steric and electrosteric mechanisms are also possible. Figure 2.9 illustrates
the three general mechanisms of stability imparted by polymers.

Adsorbed polymer segments are classified into trains, loops and tails, depend-
ing on whether the segment is anchored at the interface, forms a loop out from the
surface, or extends into the solution with only one end attached at the surface, as
illustrated in Fig. 2.10. The relative contribution of trains, loops, and tails will de-
pend on the interaction strength between the polymer monomers and the surface,
the solvency of the polymer chain, and the polymer charge density in the case of
polyelectrolytes. Increasing the molecular weight usually results in an increase of
adsorption, thicker layers, and a larger relative fraction of loops at the expense of
tails. Improved solvency reduces the overall adsorption, but frequently increases
the size of loops and tails and their extension into solution. Finally, increasing the
strength of the monomer surface interaction leads to an increase of adsorption and
an increase of the loop and tail extensions into solution.

The best steric stabilizers are amphipathic block or graft copolymers, where one
of the comonomers generates a homopolymer that is not soluble in the dispersion
medium and the other polymerizes to give a polymer that is soluble in the dispersion
medium [42]. The insoluble polymer attaches itself to the particle and is referred to

Tall
Loop

Fig. 2.10 Structure of Train
adsorbed polymers with seg-
ments distributed into trains,
loops and tails
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Fig. 2.11 Configurations adopted by polymer chains: free (a); grafted (b); adsorbed (¢, d); brush
(e); and bridging (f)

as the anchor polymer. The role of the soluble part is to provide steric stabilization.
For this reason, such chains are known as the stabilizing moieties. This situation is
illustrated in Fig. 2.11.

Steric stabilization occurs when particles having adsorbed layers approach each
other. A useful model was proposed by Napper [43, 44] to illustrate steric stabiliza-
tion that distinguish three domains of close approach determined by the relative
spans of the attached polymer layers (L) and the separation distance between par-
ticles (d). The model first considers the particles as parallel flat plates. The three
domains are (Fig. 2.12):

1. The non-interactional domain, d>2L. The stabilizing moieties are far away from
each other and there is no interaction, i.e. there is no free energy change.

2. The interpenetrational domain. L<d<2L. There is interpenetration between the
adsorbed polymer layers. In this zone, the polymer segment density increases
leading to the exclusion of solvent molecules, hence the mixing of segments and
solvents decreases. In good solvents the free energy of the system increases and
there is repulsion. In worse than 0-solvents the free energy decreases, leading to
attraction.

3. The interpenetrational-plus-compressional domain, d<L. As particles approach
to near to contact distance, the separation can become lower than the layer thick-
ness so that the moieties on a surface are compressed by the opposite surface.
The free energy in this domain has two components, a solvent-segment mixing
term, and an elastic term that arises from the compression of the moieties, which
reduces the configurational entropy. Consequently, the elastic term is always
repulsive.
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Fig. 2.12 The three domains of close approach of sterically stabilized surfaces

The model of the three domains of close approach of sterically stabilized particles
considers two basic components, the mixing free energy and the elastic energy.

In the interpenetrational domain, the steric interaction is controlled by the in-
crease in the segment density of the stabilizing moieties, which results in the exclu-
sion of the solvent molecules into the bulk continuous phase. The free energy in
the interpenetrational domain is called the mixing free energy (AG, . ), although the
term mixing is used in most theories of polymer solutions to describe the reverse
process. The mixing term has been also referred to as the osmotic pressure, because
the steric layers generate a difference in chemical potential between the solvent
molecules existing inside and outside the interpenetrational domain.

Where the operational distance between particles is lower than the span of the
stabilizing moieties a compression effect takes place that reduces the configura-
tional entropy. Thus, the elastic free energy is always repulsive, whereas the mixing
free energy may be repulsive or attractive depending on the quality of the solvent.
In the interpenetrational-plus-compressional domain both the mixing and the elastic
contributions coexist.

The mixing free energy in the interpenetrational domain can be calculated as

72 2
1 Dy
AG iy = 4Tlaw’ N, kT (= — | ——— 2.32
et <V1) (2 Xl) < 2Ls) (232

where I1 is the osmotic pressure, o is the weight of the adsorbed polymer layer, v,
is the specific partial volume, V; is the molar volume of the dispersing medium, %
is the Flory interaction parameter, and D, is the minimum distance between particle
surfaces.

The interaction pair potential resulting from the adsorption of a charged polymer
is essentially the same as for uncharged polymers, but modified with a term that
accounts for the effects of the charge. For a polyelectrolyte having i charges per
monomer unit, and considering an aqueous solvent containing ¢, mol of 1:1 electro-
lyte per unit volume, the interaction energy may be expressed by
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Fig. 2.13 Potential energy curves for sterically stabilized suspensions

72 -2
AGy = 2TakTw? N (‘“) <1 4 )SM (2.33)
Vi 2 4Vc,
V, is the molar volume of a monomer unit. At the temperature —8, i.e., for a spe-
cific concentration of salt and a certain temperature, AG,,=0.

The typical shape of the potential energy curve for a suspension stabilized by
steric hindrance is that shown in Fig. 2.13. The same behavior is also shown by
electrosterically stabilized suspensions, i.e., dispersed with charged polymers. The
main difference with respect to the curve of electrostatically stabilized suspensions
is that in the steric one there is no primary minimum, so that there is no coagulation
at the primary minimum. This implies that steric stabilization provides thermody-
namic stability, whereas electostatically stabilized suspensions are only metastable,
since coagulation occurs when particles approach to near contact distances. Never-
theless, a secondary minimum can be present as in the electrostatic mechanism, and
by analogy it is called pseudo-secondary minimum. At longer separation distances
the stability is provided by the mixing term V,,.

The minimum of the curve shifts to longer distances (i.e. stability increases)
when the polymer molecular weight or the thickness of the adsorbed layer increase.

Polyelectrolytes are the most widely used dispersants in ceramic technology,
in particular anionic polyelectrolyte like polyacrylates, polycarboxylates, etc. The
adsorption of an anionic polyelectrolyte on the particles surface provokes the IEP to
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Table 2.9 Polymeric stabilizers commonly used in ceramic processing

Deflocculant Formula Stabilization mechanism
Dodecyl trimethyl ammonium  (CH,),,N(CH,),Br Electrostatic, steric
bromide

Poly(acrylic acid) (CH,-CH-COOH) | Electrostatic, steric
Poly(ethylene oxide) (CH,-CH,-0) , Steric

Polyacrylamide (CH,-CH-CONH,) | Electrostatic, steric
Poly(vinyl alcohol) (CH,-CHOH) Steric

Poly(methacrylic acid) (CH,-CCH,-COOH) | Electrostatic, steric
Poly(vinyl amine) (CH,-CHNH,CI), Electrostatic, steric

shift down to lower pHs. On the contrary, cationic polyelectrolytes like polyethyl-
eneimine, shifts the IEP to higher pH values, although their dispersing efficiency is
lower. In EPD technology, since the suspensions have usually low solids contents,
both kinds of dispersants are able to provide the desired stability, but the use of
cationic additives is preferred since cationic deposition is then allowed, so that the
problem of electrode effects and the resulting contamination by corrosion disappear.
Table 2.9 shows some common polymeric stabilizers.

2.4 State of the Art of the EPD Equation

Among colloidal routes applied to nanotechnology, EPD stands out as a power-
ful and versatile colloidal process to address the need for inexpensive and mass
production using suspensions with relative low concentration (<20 vol.%). This
drastically increases its range of applicability competing with other non-colloidal
techniques, especially coating processes. In most of them, the transport of small
particles, whereby colloidal forces overcome gravitational forces, is mainly gov-
erned by Brownian motion, resulting in completely random particle-particle and
particle-substrate collisions [45]. In electrically driven processes, a directional force
(external electric field) is applied, leading to 1D, 2D and 3D ordered structures at
the nanoscale [46—50].

The EPD process is based on the migration and later deposition of charged par-
ticles in a stable suspension, induced by the application of an electric field between
two electrodes. Particle packing by solvent evaporation is the common compaction
mechanism in several shaping processes such as dipping, spin coating and tape cast-
ing. Solvent evaporation in EPD is preceded by the electrically-assisted formation
of a cohesive layer of particles which reproduces the shape of the work electrode.
Consequently, deposit yield and particle packing in electrophoresis depend not only
on the stability and the solid content of the suspension, but also on the aggregation
and the arrangement of the particles on the electrode surface. The performance of
EPD in producing homogeneous and reliable films strongly depends on the particle
surface chemistry, the behaviour of the surface-liquid interfaces under an electric
field, and the development of particle-particle and particle-substrate networks dur-
ing particle assembly.
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s

Fig. 2.14 Laminated materials shaped by sequential EPD controlling deposition time (a and b)
and the stability of the suspension (¢ and d). [51, 52]

Figure 2.14 shows different materials obtained by EPD, acting over the deposi-
tion time and the suspension conductivity to design the layer thickness in a lami-
nated structure. Differences in the dispersing conditions of the suspensions of dis-
similar powders lead to a differentiate deposition. This fact can be used to build
laminated structures (Fig. 2.14c, d) and in a similar way, time deposition can be
used (Fig. 2.14a, b).

Suspension properties, such as conductivity, zeta potential, solid content, viscos-
ity, etc., are key parameters of the EPD process. The colloidal systems used must be
stable, meaning that the particles have to remain dispersed throughout the medium
so they can move towards the electrode independently of each other. Then, particles
can deposit separately, without agglomerates, keeping open the possibility of their
rearrangement during packing through the action of an electric field, similarly to
the deposit formation by gravitational forces (sedimentation) [53, 54]. To determine
how suspension parameters affect to the EPD kinetics, criteria of different authors
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should be collected from the literature. In this sense, the nomenclature needs to be
unified [54], as shown in the scheme appearing below.

The first model of EPD kinetics was proposed by Hamaker in 1940 (Eq. 2.34)
for electrophoretic cells with a planar geometry [55]. It relates the deposited mass,
m (g), with slurry properties, such as suspension concentration, C_ (g cm™?), and
electrophoretic mobility, u (cm?s™'V~1), with the physical and electrical conditions
imposed on the system as electric field, E (V cm™!), deposition area, S (cm?), and
deposition time, t (s),

m = CsuSEt (2.34)

A similar expression was deducted in 1991 by Hirata et al. [56] based on the ap-
plication of the Faraday law to the deposition process, considering the particles as
the unique charge carriers in the suspension. The linear variation of deposited mass
with deposition time requires that the parameters of Eq. 2.34 remain unchanged
with time. This fact limits the application of the Hamaker expression to short depo-
sition times.

Sarkar and Nicholson [57] analyzed the dependence of kinetics with some of
the experimental EPD conditions. They firstly introduce the efficiency factor or
“sticking parameter”, f<1 (i.e. if all the particles reaching the electrode take part in
the formation of the deposit f=1) to quantify the effect of the undetermined factors
affecting the process of deposition. Referring the Hamaker equation (Eq. 2.34), they
quantified the effect of the variation of particle concentration on the EPD kinetics.

In the earlier stages of the process, the variation of bulk solid concentration in
the suspension is negligible, since only a minor fraction of the powder is being
deposited. Hence, for infinitesimal intervals of time, the Hamaker equation always
holds, so that

dm
— = fUSEC; (2.35)

ar
The amount of powder excluded from the bulk suspension becomes significant for
longer times, and consequently C, decreases. In this case, the deposited mass and
the solid content are expressed by:

mo

m = V(Cs,o —-Cy) = Cs,()

(Cs,() - CY) (236)

where C_ (g cm™) is the initial solid content of the suspension, V (cm?) is the vol-
ume of the suspension considered constant, and m,, (g) is the initial mass of powder
in suspension. All of them are related by the expression,

mo

Cso= (2.37)

Eq. 2.36 gives,

C, = Cyo (1 - ) (2.38)
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Combining Eqgs. 2.35, 2.38

d (’") _! (1 _ ’") (2.39)
dt \ my T mo

where 1 defines a characteristic time scale given by

v (2.40)

T =
fSE

The inverse value of the characteristic time was defined by Sarkar and Nicholson as
a universal parameter, k, named the “kinetics parameter”.

If no sedimentation occurs, and the only change of concentration is the mass of
powder deposited by EPD for an initial time t=0, the deposited mass is m(0)=0.
This leads to the solution of Eq. 2.39:

m(t) = mo(1 — e /%) (2.41)

This solution for EPD kinetics has been widely applied by Sarkar and Nicholson
[57], and completes the first description proposed by Zhang et al. [58] in 1994,
concerning the incorporation of changes in particle concentration in the EPD
kinetics.

Equation 2.41 can be reduced to the Hamaker model for short times, and it is
widely accepted in the literature. In recent years several authors have proposed
different mathematical models based on this equation to describe the deep elec-
trophoretic penetration and deposition of ceramics in porous substrates [59—63] to
determine deposit thickness [64], to control the homogeneity of the porous distribu-
tion in a ceramic membrane [65], or fabricate pieces with composition gradients
combining EPD and sedimentation processes [66].

Furthermore, Sarkar and Nicholson model predicts deviations from linearity oc-
curring when EPD is carried out under constant-voltage conditions, and the deposit
resistivity is larger than that of the suspension. In this case, the electric field strength
applied to the suspension can be considered to be:

A
E-— 5V (2.42)

Ps
L+6<p—d—l>

where Ay (V) is the potential drop between the electrodes, L (cm) the distance
between electrodes, p_ and p, (€2 cm) are the resistivities of the suspension and the
deposit respectively, the deposit thickness, é (cm), being defined as follows:

_Va _m/C

=g (2.43)

8

where, V, (cm?) is the deposit volume and C, (g cm™?) the deposit concentration.
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Combining Eqs. 2.42, 2.43 yields:

E = 7Aw (2.44)
L+ R'm

where R’ is a constant, the value of which is given by

R — (% B 1) (2.45)
C4S

Combining Eqgs. 2.34, 2.36 and 2.42 yields:

4 <’") — K (1 - ’") _Av (2.46)
dt \ my mo/) L+ R'm

where k' is a redefined “kinetics parameter”,

LY (2.47)
v

Solving Eq. 2.46 with boundary conditions similar to those of Eq. 2.39 gives

R'm(t) + (R'mo + L) In <m°;1m(t)) FEAYE =0 (2.48)
0

Equation 2.48 is a general expression to describe the deposition kinetics. It reduces
to Eq. 2.41 when the resistivity of the deposit is similar to that of the suspension
(p,=p,). Otherwise, the authors point out based on Eq. 2.48, the shaping of thick
deposits involves the preparation of more concentrated suspensions than allowed
for by the Hamaker model, but they did not quantify this effect. More recently,
Biesheuvel et al. [67] have described a model for the growth of the deposit, based
on the Kynch theory of sedimentation for planar and cylindrical geometries. This
theory describes the bulk effect of the particle motion in the transport phenomena
near the deposition electrode, based on the expression of the mass balance of the
suspension-deposit boundary evolution, resulting in:

ds b5
=y
dt ¢d7¢s

(2.49)

where, v (cm s7') is the electrophoretic rate of particles close to the electrode, ¢,
is the volumetric fraction of the deposit and, ¢_ is the volumetric fraction of the
suspension.

This growth theory is limited to explain the evolution of the deposit-suspension
boundary, and correspondingly the system studied was identified as a non-stirred
and electrically neutral suspension. As a consequence, some phenomena occurring
during the EPD process are neglected, including the decrease of particle concentra-
tion, the movement of particles by diffusion, and the local changes of the charge on
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the electrodes, both on the particle surface and its surrounding ionic clouds. Hence,
as in the Sarkar and Nicholson model, the particle velocity depends only on the ap-
plied electric field, v=FEu, and the effective electric field for a planar geometry was
defined as E=Ay/L.

The deposited mass will be determined by:

m = SC48 (2.50)
Under these conditions, combining Egs. 2.49 and 2.50 gives
ba
m=puESC, t 2.51
¢d - ¢s ( )
Comparing with the Hamaker expression (Eq. 2.34), where
C, = pp‘ps (252)

and the Biesheuvel and Verweij equation (Eq. 2.53), where
Ca = ppPa (2.53)

this theory considers the deposition dependence of the deposit growth vs the start-
ing solid content of the suspension, where a correction factor, X, should be incorpo-
rated to the kinetics expression for highly concentrated suspensions (¢ >0.2 when

$4~0.6):

v % (2.54)
¢d - ¢s

Subsequently, the same researchers proposed a kinetics expression based on their
previous model considering the effect of concentration decrease during the deposit
formation [68]. Here a stirred and diluted suspension is the studied system, so in this
case they correctly considered that there is no diffusion of particles because there is
not a sufficient concentration gradient (v=Eu). They also fix other system conditions
such as a constant volume suspension, V, and the global electroneutrality (E=Aw/L).

Under these conditions the proposed mass balance of the particles in suspension
was

14

do, dé o5
o (2.55)

i S(¢a — ¢s)—— = S(¢a — ¢5)V¢d_¢x

Solving Eq. 2.55 by considering the characteristics of the described system, gives

_ Vo
S ¢a

where (]SS,O is the initial volumetric fraction of the suspension, and 7 is the charac-
teristic time defined by Eq. 2.40. Considering Eqgs. 2.53, 2.54, 2.55 and 2.56 yields:

8 (1—e™"/7) (2.56)

my —t/t
§=— (1 —
SCd( e ') (2.57)
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fitting the model proposed by Sarkar and Nicholson [57] for a similar system
(Eq. 2.41).

In agreement with Sarkar and Nicholson, Biesheuvel and Verweij consider that
the effective electric field under potentiostatic conditions depends on the electrical
characteristics of the deposit. In this case, the relationship between the dielectric
constants of the deposit, &, and suspension, ¢, was considered and the applied elec-
tric field was defined by

E= L+5A(wd—1) (2.58)

In addition to the Sarkar and Nicholson analyses (Eq. 2.50), the authors described
how Eq. 2.58 predicts that no deposit growth will occur when ¢ <g,. In fact, when
a low concentration is considered (¢ <<¢,), the dielectric constant of the suspen-
sion can be approximated by the dielectric constant of the liquid medium (¢,=¢, ),
and similarly, the dielectric constant of the deposit can be approximated by the di-
electric constant of the particles (e,=¢, ) Under these limits Eq. 2.58 indicates that
homogenous layers can be only obtamed a priori when the particle permitivity, ¢, »
is lower than the liquid permitivity, ¢,

To avoid the effect of the increase of the deposit resistivity in the effective elec-
trical force acting on particles, Sarkar and Nicholson suggested working under gal-
vanostatic or constant-current conditions [57]. In that way, the voltage drop across
the two electrodes increases with time, but the voltage/unit length in the suspension
remains constant. Working under galvanostatic conditions Ma and Cheng in 2002
[69] determined experimentally the relationship between the kinetics parameter, k,
and the applied current intensity:

k = ko(e/ — 1) (2.59)

where i (mA cm™?) is the current density, and i, (mA cm™?) and k (s™') are con-
sidered the reference conditions from which the expression predicts the kinetics
constant from different values of the applied current, facilitating more effective
modelling and controlling of the process.

However, most of the experimental work in the literature describes EPD pro-
cesses performed under potenciostatic or constant-voltage conditions, and hence
substantial efforts have been made to model the effective electric field applied for
each system [70-77].

Several authors have proposed different secondary phenomena occurring during
the EPD process that influence on the effectiveness of the applied electric field. In
1999 Van der Biest and Vanderperre [73], introduced an expression for the poten-
tial drop over an electrophoretic cell with flat, equal surface area electrodes which
consists of four terms:

I I
AY =AY, + —8+ —L+ Ay, (2.60)
Spa Sps
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where I (A) is the current and Ay, and Ay (V) are the potential drop at the anode
and cathode respectively.

So, to consider the electric field strength in a suspension as: E=Ay/L, the resis-
tivity of the deposit has to be of the same order as the resistivity of the suspension,
and changes in the electrode polarization and in the suspension resistivity must be
negligible. However, even when the electrode is selected with the aim of elimi-
nating its boundary reactions, changes in suspension resistivity during the process
must be considered.

Several authors [78, 79] have considered the effect of the suspension resistivity
on electrophoretic feasibility. They have measured the suspension conductivity o
(S em™!) especially in suspensions stabilized by the addition of salts of different
metals [80—-82]. In 1996 Ferrari and Moreno studied the effect on EPD of differ-
ent parameters of an aqueous suspension electrosterically stabilized [83—85]. These
studies claimed a special role for the suspension conductivity in the effectiveness
of the electrophoretic process. Other authors have then considered the influence
of conductivity on the deposition in aqueous and non-aqueous systems [86—100].
Some of them have demonstrated that a high ionic concentration in the suspension
could be deleterious for particle stability, inhibiting the movement of the ceramic
particles, and thereby decreasing the deposit growth and sometimes its quality. In
fact, these studies indicate that electrostatic and electrosteric stabilization in non-
aqueous and aqueous media has to be adjusted in order to assure a low ionic concen-
tration in stable suspensions. Then, the effectiveness of the electrophoretic process
increases because the particles are the main current carriers.

Both surface-charged particles and ions contribute to the transport of the electric
charge when an external electric field is applied to the system [100, 101]. The net
current is

I=I1"+1"+1, (2.61)

where I', I" and I are the electric current (A) transported by the cations, anions and
particles of the suspension respectively.

Assuming that free-ions and particles (with their ionic clouds) are homogeneous-
ly distributed in the bulk suspension, the total resistivity is

-1
ps = [1 PRI 1} (2.62)

where p_, p_and p, represent the contribution of the cations, anions and particles
respectively to the suspension resistivity.

The resistivity of the optimized suspensions mainly depends on the particle con-
centration. There are numerical models and theoretical expressions describing the
relationship between conductivity (or resistivity) and solid content of concentrated
suspensions with spherical, rigid [102, 103] or soft particles [104, 105], whose ap-
plication is restricted to suspensions with uncharged particles. In practice, most
experimental systems are formed by charged particles, where the conductivity (or
resistivity) is affected by the thickness and properties of the electric double layer or
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the characteristics of the polyelectrolyte adsorbed at the particle surface. The effec-
tive conductivity of dilute suspensions of charged particles was first addressed by
Saville in 1983 [105]. In this paper, the effect of counter-ions and non-specific ad-
sorption are taken into account, and the expression proposed for the conductivity is:

05 = Ux,oo(l + agp;) (263)

where the suspension conductivity, o_ (S cm™'), depends on the conductivity of the
liquid medium, __ (S cm™), the volume fraction of particles in suspension, ¢,
and the zeta potential or double layer thickness, «. Today, different research papers
have been published describing the properties and electrokinetics behavior of non-
diluted colloidal suspensions, and presenting the suspension conductivity as a func-
tion of the particle volume fraction (Eq. 2.63) [106, 107].

The proportional dependence of the suspension conductivity on solid content has
been determined experimentally by different authors working on the EPD process
for different powders when the suspension vehicle and the amount of dispersant
were fixed [78, 84, 99, 101].

Recently, G. Anné et al. [108] proposed a mathematical description of the kinet-
ics based on the Hamaker model and the Biesheuvel correction for suspensions with
a high solid loading considering that the suspension conductivity and the current
density vary during EPD under constant voltage conditions. The expression of the
electric field as a function of the conductivity of the suspension is

gt (2.64)
Soy
Considering Egs. 2.35, 2.54:
dm I ba
— = fpn—=C; 2.65
TRy 203

This model fits EPD results obtained from an alumina suspension prepared with
ethanol and using different additives as dispersants. The proposed expression
(Eq. 2.65) was verified using experimental data collected during the deposition.

In 2005 Ferrari et al. [109] proposed a resistivity model for the deposition kinet-
ics considering the relationship between colloidal parameters such as suspension
concentration and resistivity (Eq. 2.65) during the EPD process. This model de-
scribes experimental results obtained for longer deposition times and for suspen-
sions in which resistivities change significantly during the deposition process.

Anné et al. assume in Eq. 2.65 that the conduction surface area was equal to
the electrode deposition area and the cross-section of the EPD cell. Consequently,
Eq. 2.65 as a function of the suspension resistivity is

dm
T fulpC, (2.66)
o Sl psC
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The solution of this equation is similar to that of Eq. 2.41; the characteristic time is:

14
T = —
o’

which changes with the suspension resistivity. Moreover, a linear relation may be
used to describe the dependence of resistivity on solid content, as follows:

2.67)

s

CJ,O

Ps = Ps,00 — (ps,oo - )Os,O) (268)

where, p_ is the initial resistivity of the suspension and p__ is the resistivity at in-
finite time, when C_=0. The substitution of Eqs. 2.38 and 2.68 into Eq. 2.66 yields
a differential equation of the form:

d (m 1 m Ps,00 m
——)=—(1-— 1+ = —1)— (2.69)
dt \ my 70 mg Ps.,0 mo

where the characteristic deposition time, 7, is similar to that in Eq. 2.39, and is
defined by

Vv

= (2.70)
5,0

To

The solution of this new equation with the same initial condition as in Eq. 2.39,
m(0)=0, is

1
m(t) = my (1 T I 1)) @2.71)

where the characteristic deposition time, t_, is defined in analogy to that in Eq. 2.70,
with Ps0=Psenr

According to the solution given in Eq. 2.71, it is evident that for long deposition
times, t— o, the deposited mass m(t) —m,. However, the qualitative behavior of
the curve m(t) deserves some discussion. Eq. 2.69 shows that

d <m> -0 (2.72)

E ny
regardless of the amount of deposited mass (0<m/m;<1). So the curve m(?) in

Eq. 2.71 always increases. Differentiating Eq. 2.69 again, using the same equation
to eliminate the derivative, leads to:

Am L om (e )
dr? \'myg o2 mo P50 mo

N (ps,oo P <ps,oo 3 1) m) (2.73)
Ps,0 ps,O mo
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The first three factors are positive because p, > p, . If p_ . /p, (<2, which includes
the Sarkar & Nicholson model for which p__/p, (=1, the last factor will be nega-
tive and, hence, m(t) will rise with a continuously decreasing slope, as in a typical
saturation curve. By contrast, if p__/p, =2, the second derivative (Eq. 2.73) will be
positive as long as:

0< m < Ps,00 = 2P50 (2.74)
mo  2(Ps.c0 = Ps0)

and will become negative above this value. Thus, initially the curve m(t) rises with
an increasing slope, producing an S-shaped saturation curve. Converting this to
deposition time using Eq. 2.71, the rising of the curve takes place within the range
0<t<T, where

T = 1o log (pm _ 1) 2.75)
Ps,0

The growth of the slope depends exclusively on the variation in resistivity, and in-
creases as p_/p, increases. The shape of the m(t) curve is not affected by any other
parameter. This S-shaped behavior has already been reported in the literature for
long-lasting EPD tests, especially for aqueous suspensions, although it also appears
in non-aqueous media when deposition time is long enough [109]

Finally, notice that if p _=p_, (and hence p =p, , constant), the solution of this
last kinetics model (Eq. 2.71) reduces to Sarkar & Nicholson model (Eq. 2.41).
Also, if t<<t_, this solution becomes that of the linear model proposed by Hamaker
(Eq. 2.34). So, Eq. 2.71 subsumes previous models of EPD kinetics.

Nowadays, alternatives to the standard electrophoresis-based process have been
proposed to obtain free-standing laminate nanostructures [110] or design prototyp-
ing [111] and nanopatterning films [112], or avoid bubble formation at the elec-
trodes during aqueous EPD, applying AC electric fields [113, 114] or a constant
current pulse [115]. The kinetics of these processes could be also approximated
by the described equations. Table 2.10 summarizes the most relevant equations,
corrections and experimental expressions proposed by different authors up to date,
highlighting the parameter on which each one is focused.

An example can illustrate the fitting of experimental data to the proposed equa-
tions. It starts with a stable aqueous suspension of yttria-doped tetragonal zirco-
nia polycrystal (ZrO,, 3 mol% Y,0,, Tosoh TZ3YS, Japan) powder, with a mean
particle size of 0.35 pum, a density of 5.81 g cm ™3 and a specific surface area of
6.7 m? g"!. The suspension was prepared with a concentration of 0.052 g cm™
(5 wt.%), adding 0.6 wt.% (on a dry solid basis) of a commercial carbonic acid-
based polyelectrolyte (Dolapix CE64, Zschimmer-Schwarz, Germany). Powders
were homogenized within the water using a high-shear mixer (Silverson L2R, UK)
for 3 min. Electrophoretic mobility measurements were performed using the micro-
electrophoresis technique (Zeta-meter 3.0+, Zetameter, USA) and the conductivity
with a digital conductimeter (LF320 WTW, Germany). More extensive details of
the experimental work can be found in reference 116.
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Table 2.10 Summary of different equations, corrections and experimental expressions of the EPD
kinetics

Kinetics equation Characteristic time
Basic equation [55]

m = CsuSEt 0
Quantification of the deposition behavior: the sticking factor [57]
m= fuSECst 0

Considering the decrease of solid loading with time [57]
m(t) = mo(1 —e~'/7) T = '
Considering concentrated suspensions (¢, > 0.2) [67]

m = C,uSEt ;2 0

Considering solld loading and electric field variation with time [57]
R'm(t) + (R'mo + L)In (M) + KAyt =0 =1 = 115
Variation of the kinetics parameter vs. applied current [69]

k = ko(e/o — 1) k= 1= fusE
Considering suspension resistivity variation with time [108]

me) = mo(1 = e~'/%) T = o5t

Considering the linear relationship of the suspension resistivity and solid loading, and their
variation with time [109]

_ _ 1 — VvV .
m(t) = mo(1 0 (el/rwil)) Too = 7,7 PS50

Suspensions had an electrical conductivity of 115+0.5 uS cm ™! and pH 7.9+0.1.
After each experiment the conductivity and the pH were measured and the decrease
of solid concentration was evaluated in relation to the amount of powder deposited.
The deposition of charged particles increased the suspension resistivity. The rela-
tionship between the suspension resistivity and the variation of solid concentration
(Eq. 2.63) is given by

ps = 8806(1 + 38.12C;) (2.76)

The electrophoresis cell had a planar geometry. The work electrodes were nickel
foils with an average dipping area of 12.5 cm? and the counter electrode was a Pt
foil. They were separated by a distance of 2 cm. EPD kinetic was determined ap-
plying a constant current density of 1.6 mA ¢cm ™2 for deposition times ranging from
60 s up to 5000 s. 200 g of fresh suspension was used for each test, resulting that
a total powder mass of 10 g could be deposited by batch. This amount of suspen-
sion was considered enough to isolate and study the effects of any change of the
suspension properties on the deposition kinetics in a reasonable time. During the
deposition tests the suspensions were continuously stirred. The deposited mass was
determined by weighting deposits and substrates with an analytical balance.

Table 2.11. summarizes the properties of as-prepared Y-TZP suspensions and the
electrical conditions applied during EPD.
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Table 2.11 Starting conditions

Initial mass of powder, m, 10g

Initial solid content, CS,O 0.052 gem™ (=5 wt.%,=0.85 vol.%)
Volume of the suspension, V 192 ¢cm?

Suspension electrophoretic mobility, p 3.35x10% cm?s V!

Initial suspension resistivity, p, 8.7x10° Q cm

Final suspension resistivity, p_ 23.4x10°Q cm

Current intensity, | 0.02 A

Deposition surface area, S 2x6.25 cm?

Figure 2.15. shows the time evolution of the mass per unit area (mg cm™2), for
a deposition surface area, S, twice the geometric surface area of the substrate. The
points correspond to the experimental values while the curves correspond to the fit-
tings to different proposed equations. The slope of the experimental curve changes
after the 600 s test, indicating that after this point deposition accelerates. Later, at
longer times, the deposition rate starts to decrease. In this particular example, this
happens after a deposition time of 3,000 s, when the deposit contained 73.8 wt.% of
the starting mass of powder. The plot clearly reveals that the evolution of the weight
per unit area with time follows an S-shaped trend. This tendency is confirmed for
tests as long as 5,100 s, where 90 wt.% of the initial powder was deposited. Heavier
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Fig. 2.15 Evolution of mass per unit area of Y-TZP deposits obtained on nickel substrates with
a dispersed aqueous suspension. The points and the /ine connecting them correspond to experi-
mental data, while solid and dashed lines correspond to the fitting for the different kinetic models
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deposits could not be obtained because gravity made them to fall down from the
substrate.

In this system, the volumetric fraction of powder in the suspension, ¢_, was low-
er than 0.2 (CS,O<2O vol.%) hence, the effect of high concentration on the kinetics
described in Eq. 2.51 could be neglected. The different kinetic curves are plotted
using the data summarised in the Table 2.11, and following the models proposed by
Hamaker[55], Sarkar & Nicholson [57], Anné et al. [108] and Ferrari et al. [109].
The Sarkar & Nicholson (b) and Anné et al. (c) models fit well to the experimental
values at low deposition times; yet, they fail to fit the values registered above 600 s
as the increment of the deposition rate is not predicted by those models. The solid
line, (d) in Fig. 2.15., represents the EPD kinetics according to Eq. 2.71, taking into
account that the ratio between resistivities of the final and the initial suspension,
ps’m/ Py Was higher than 2 (p,/ ps’0=2.7). This is the expression which better fits
the experimental results for short deposition times (<1200 s), as can be observed
in the plot. However, none of the models fit correctly the deposited mass for longer
electrophoresis times.

In fact, many parameters affecting the kinetics and deposit morphology have
not been considered by the models proposed to date. Their effects can be only in-
cluded within the sticking parameter, /' (Eq. 2.35). Some of these effects have been
described in the literature during the last decades, regarding phenomena that take
place at the substrate surface, the interface substrate-suspension, the suspension
itself and within the growing film. For example, surface charge coupling of the
substrate and the particles during EPD has a relevant effect in the array ordering
[117] and affects the movement of particles under the influence of the electric field
[118]. In fact, the characteristics of the substrate surface, such as its nature [119],
roughness, surface charge or electrical response [120], determine the morphology
of the films and even the success of the assembly process.

Phenomena at the interface substrate-suspension can also disturb or promote de-
position. The surrounding conditions of the working electrode change during the
layer growth. Several authors have described the decrease of the H" concentration
in the vicinity of the cathode surface, as a consequence of the reaction H" +e™ >1/2
H,. The reaction is controlled by the rate of H" diffusion from the suspension to the
deposit/cathode interface [121-123]. However, the film itself can block the path of
transportation of the electrolyte, reducing the number of active sites at the electrode
surface. Then, the whole reaction should be governed by the charge transfer reac-
tion rate. Accordingly, the amount of co-ions would increase at the substrate sur-
rounding [124] promoting effects other than that firstly proposed.

Electrophoresis associated phenomena, such as solvent warming or electroosmo-
sis, promote changes in both suspension and electric conditions when the process is
running. Current passing through the system increases the suspension temperature,
raising dielectric constants and lowering viscosities of the solvent, thus promoting a
faster deposition rate. However, as the whole suspension (solvent and charged spe-
cies) acts as a semiconductor, the increase of the conductivities with temperature
oppositely leads to a fall of yield deposition. Other sources of divergences between
experimentally obtained and theoretically expected results are particle aging and
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re-agglomeration, also as a consequence of the suspension warming. The later is a
relevant problem regarding the electrophoretic assembly of nanoparticles, and its
effect over the kinetics will be described later.

Also contradictory are the effect of parameters associated to the electric condi-
tions. Generally, high voltage promotes disorder during particle compaction leading
to low packing degrees in pieces or lacks of order in particle arrangement [125—
127]. Oppositely, beneficial effects of the high voltage in EPD products, such as an
increase of the green density [53, 128], have been also described.

Summarizing, the consideration of the time variation for the parameter involved
in the EPD kinetics permits the standardization of the electrophoresis process. Then,
whatever was the system under study (suspension/substrate), normalization of the
EPD experiments leads to predictable and, more important, comparable results.
Based on normalization of the EPD, process control and the application of new
techniques for the experimental design [129] are affordable challenges to develop
ordered structures within the nanosized range.

2.4.1 Electrophoresis Standardization: Nanometric Approach

Contrary to the Hamaker equation (Eq. 2.34), further electrophoretic models spe-
cifically consider changes of parameters during deposition time. Those parameters
(today only solid loading and resistivity) are mainly involved in the electrophoretic
behavior of the particles. Although theoretic and experimental studies lead to a clear
dependence between suspension parameters and electrical conditions, only Eq. 2.71
considers the interdependence of both of them, the solid content of the suspension
and its resistivity. Standardization of different variables contributes to establish re-
lations among EPD parameters between them and with the final deposit characteris-
tics. Approaches to normalized EPD parameters can be described from the point of
view of the electrical conditions applied to a fixed suspension, or fixing electrical
conditions and considering different suspensions.

2.4.1.1 Electrical Conditions

Particle movement in the liquid media depends on the geometry of the electropho-
resis cell and on the value of current density passing through the suspension. The
geometry of the cell defines the electric field lines, thus determining the regions
where deposition takes place. Figure 2.16 shows four schemes of common electro-
phoresis cells of flat and wire coatings (Figs. 2.16a, 2.16b respectively), prototyping
(Fig. 2.16¢) and infiltration (Fig. 2.16d) performance.

The variation of the surrounding conditions at the electrodes alters the applied
electric conditions of deposition. A loss of deposition capability due to the electrode
overpotentials during the process has been assumed in the literature [73]. In fact,
the real effect of overpotentials within the electrophoresis cell is a loss of particle
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Fig. 2.16 Schemes of common geometries of the electrophoresis cell: planar geometry (a), axial
geometry (b) point geometry (c) and irregular geometry (d)

movement through the liquid media. Whatever their nature, overpotentials have a
large impact on the effective electric field applied to the suspension [73] (Eq. 2.79).

The effective electric field, E ; (V/cm) is the active field promoting particle elec-
trophoresis, and can be defined from Eq. 2.60, given

1
Eef = E X Os (2.77)

Then, electrophoresis rates (Eq. 49) in a stirred system, where concentration gradi-
ents of charged species are negligible, are provided by

v=E, u (2.78)
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Moreover, there is a cell parameter related to the effective electric field usually ig-
nored in the literature: the conduction surface area of the work electrode. Consider-
ing Egs. 2.77, 2.78 as a function of the suspension resistivity yields

1
V= —pslh (2.79)
Swg

where S (cm?) is the conduction surface area of the work electrode. In the elec-
trophoresis cell, the movement of particles depends on the strength of the applied
current density, i (A cm™?)

o L (2.80)
Swe

Figure 2.17. shows a simple equivalent circuit of an electrophoresis cell with a pla-
nar geometry. In this system, where the work electrode is the substrate, the conduc-
tion surface area, S, has been usually indentified with the deposition or geometric
surface area, S. However, the conduction surface area usually is higher than the
geometric one, especially when the substrate/work electrode is a metal, as metals
have often a certain surface roughness. So, both areas only match if each conduction
point in the surface coincides with a deposited particle. In an electrophoresis cell,
equivalence between both surfaces depends on the nature and surface roughness of
the electrode, R (um), and the particle diameter, D (um).

Current density could be directly calculated from Eq. 2.80 if electrophoresis is
performed under galvanostatic conditions. When EPD takes place under potentio-
static conditions, the effective electric field should be determined in a cell of three
or four electrodes. But, in all cases, current density passing through the suspension
(Eq. 2.80) depends on the geometry and roughness of the electrode surface.

In the case of a nanoparticle assembly on a polished electrode/substrate we can
consider that surfaces have a null roughness (R=0). Also, surface roughness can be
larger than particle diameter (R >>D); in these cases, the conduction surface area
coincides with the deposition surface area, being S=S,;,;.. However, for most of the
micronic or submicronic systems, surface roughness is of the same order, or lower,
than the particle diameter (R<D). Then, one particle covers more than one point
of conduction in the electrode surface. Consequently, the conduction surface area,

Sy and the geometric surface area, S, should be considered different.

Fig. 2.17 Equivalent circuit
of an electrophoresis cell
with planar geometry
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Fig.2.18 Evolution of mass per unit area of Y-TZP deposits obtained in nickel substrates from a dis-
persed aqueous suspension. Solid and dotted lines correspond to simulations of the resistivity model
(Eq. 2.71) considering different equivalences between conduction and deposition surface areas

Taking into account the Egs. 2.77, 2.80 with Eq. 2.40, the characteristic time of
the deposition kinetics gives

.= VSweps (2.80)
fusSt

Similar expressions can be obtained for the characteristic times defined in other
models in Egs. 2.47, 2.67 and 2.70.

Figure 2.18 shows experimental data of the EPD kinetics of Y-TZP [116] and
two different simulations of the theoretical approximation in Eq. 2.71. The first
simulation, corresponding to solid lines in the plot, considers conduction surface
areas up to twice the deposition surface area (1<8S,,;/S<2 in Eq. 2.80). Moreover,
simulation corresponding to dotted lines in the plot, considers film growth from one
face to both faces of the substrate (1x6.25 cm?<S<2x6.25 cm? in Table 2.11).
Following the kinetic model in Eq. 2.71, the combination of both simulations fits
the experimental curve of the Y-TZP deposition in aqueous media. So, the variation
of the conduction area with the deposit area during the process should also be con-
sidered in the kinetics evolution.

Figure 2.19 shows the scheme of nanoparticle systems considering different de-
grees of equivalence between deposition and conduction surface areas.
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Fig. 2.19 Scheme of the

effect of the ratio rough- R>>D
ness/particle diameter in the
equivalence of the surface a
areas considered in the EPD
kinetics
R<D
b
R=0
Cc

Summarizing, the effective electric field, the current density passing through the
suspension and the equivalence of the conduction and deposition surfaces, should
be considered as electrical parameters of reference to compare results of the EPD
processes in different suspensions.

2.4.1.2 Suspension Parameters

Relevant efforts during last decade have endeavored to study and to determine the
stability of the suspensions as a necessary condition to shape/assemble particles by
electrophoretic deposition. Particularly, mechanisms to stabilize particles in organic
media have been widely studied [130-133]. The zeta potential quantifies electro-
static interactions, and is the most used parameter to determine particle stability. In
fact, the zeta potential fits the potential developed in the shear plane of the double
layer system [33—38]. Thus, the zeta potential is as a guideline of the magnitude of
the electrostatic repulsive forces that keep particles “floating” within the solvent.
The Henry equation relates the electrophoretic mobility to the zeta potential.

_ Cgogr,l
n

2 f/k,a) (2.81)
where, { (mV), is the zeta potential, ¢, (8.8544 10~'2 A%s?/Nm?), is the vacuum di-
electric constant, ¢, is the solvent dielectric constant, # (Pa s) is the solvent viscosity
and f(1/k, a), is a function of the particle radius, a (nm), and the Debye length, 1/x
(nm). Depending on the dielectric constant and the viscosity of the solvent, suspen-
sions with a similar zeta potential shows large differences in the electrophoretic
mobility of the particles. Table 2.12. collects dielectric constants and viscosities of
common solvents in EPD, and the corresponding scheme of double layer/particle
systems. Considering the Smoluchouski approach for thin double layers and large
particles (a>> 1/k) or the Hiickel approach for thick double layers and small par-
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Table 2.12 Dielectric constants and viscosity of solvents commonly used in EPD Also a double
layer/particles scheme and the corresponding approximation to determine the electrophoretic
mobility of the particles, based on zeta potential, is included

Solvent &, (25°C) 1 (20°C) System Approach

Hiickel (a<<1/k):

Water 80 1.00 (W) ) _ leoty

4 " sy

— Smoluchouski (a>>1/k):

Acetone 28.3 0.31 { O ) Y
| ) _ eofr.

—— Smoluchouski (a>>1/k):

J'./ .\'\.
Ethanol 20.7 1.20 :QJ o oo
\\- '.' )1

o Smoluchouski (a>>1/k):

Toluene 2.4 0.58 { O ) Leots
\\ ”.’ /j = —_—
o’ n

ticles (a<< 1/k), powders with a similar zeta potential move faster in solvents with
high dielectric constants and/or lower viscosities, such as water or acetone. Con-
versely, in solvents with lower dielectric constants and medium viscosities, such
as ethanol and toluene, particles run slowly. In agreement with those equations,
electrophoretic mobility should be considered as the stability parameter of reference
to study EPD Kkinetics.

Besides electrophoretic mobility, resistivity of the suspension is a relevant pa-
rameter to be considered in the electrophoresis standardization. It plays an impor-
tant role in the electrophoresis process, as its value depends on the charged species
in the suspension, particles and ions, and the polar character of the solvent or of dis-
persant additives. During the stabilization of the suspension, the number of charge
carriers should be diminished and restricted to the charged particles, in order to
improve deposition yield. A high ionic concentration will diminish the deposition
rate, if it does not contribute to the particle stabilization.

Complete studies have been published [134, 135] dealing with the electropho-
retic deposition of commercial and synthetic nanoparticles stabilized in different
alcohols (MeOH, EtOH, BuOH and IPA). In suspensions with similar zeta po-
tentials, the electrophoretic mobility is higher in the suspension whose solvent
has a lower viscosity and a higher dielectric constant: MeOH. However, suspen-
sions in MeOH have also the lowest resistivity. Deposition rate in these studies
depends on the applied electric conditions. For a similar current density passing
through the suspension, the lowest electric field was applied to MeOH suspen-
sions, resulting in the lowest deposition rate. Contrarily, if a constant voltage is
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applied the current density in MeOH suspension is higher than in others alco-
hols, and the coating process is significantly faster. Moreover, low film adhesion
to the substrate is noted for butanol and propanol suspensions, leading to relevant
effects of the solvent also at the process of deposit compaction. Consequently,
differences between depositing behavior in selected solvents should be only de-
termined if electric conditions are normalized, fixing in all cases a similar effec-
tive electric field during electrophoresis.

Then, to discuss standardized results, the suspension resistivity should be also
considered. In this sense, particle size has also an effect over the suspension resis-
tivity. Large specific surface area is associated with nanometric particles, determin-
ing the charge per unit area within the suspension. Moreover, the number of charged
species in a nanoparticle suspension is higher than in submicronic systems for a
previously fixed solid content. That means that suspensions of nanoparticles should
be less resistive, leading to lower deposition yields. In fact, recent studies compar-
ing the electrophoretic deposition among particles with similar zeta potential and
different sizes, show that a lower deposited mass and lower green density is attained
for particles in the nanometric range (< 100 nm) [128].

Primary particle size has been often calculated by XRD pattern or TEM images.
Yet in suspensions, the particle size is given by the degree of particle agglomeration.
Mobility of particles in the liquid media favors the natural trend of nanoparticles to
agglomerate. As has been discussed previously the interparticle potentials should
be manipulated to avoid this agglomeration. Figure 2.20. shows (a) the evolution
of the average particle size (D,,50) with ultrasound time during dispersion of three
different suspensions, (b) and a HR-TEM micrograph of particles dispersed under
optimized conditions (marked with a circle in the plot in (a)). Micrographs show
agglomeration degree measured by Dynamic Light Scattering (DLS) [136]. Par-
ticles with a primary size lower than 10 nm are agglomerated forming clusters of
approximately 25 nm. Then, nanoparticles will move by electrophoresis as 25 nm
agglomerates, behaving as coarse particles.

As at the submicronic range [137], both electrostatic and steric interactions de-
termine particle dispersion maintaining them isolated. In nanometric systems, the
size of the suspended particles is as relevant as zeta potential and resistivity to
complete the dispersion/stability optimization. In these studies, stability should be
referred to the minimum particle size able to be measured in a suspension, and then
not only volume concentration but also the number of isolated nanoparticles should
be considered [138, 139].

Nanometric particles easily re-agglomerate because of a large specific surface
area. Large efforts have been made in nanometric systems to determine stabiliza-
tion mechanisms in aqueous and organic solvents. Dispersion in non-polar media
[140, 141], mixtures of polar solvents [142] and additions of specific dispersants
[137, 143] such as I, [131, 132, 144], phosphate ester (PE) [145], and polyelectro-
lytes such as polyacrylates (PAA) or polyethylene imine (PEI), have been chosen
and their role investigated in depth. In fact, nanometric colloidal systems need the
synergism of electrostatic and steric mechanisms to avoid aging. Also the addition
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Fig. 2.20 a Evolution of the average particle size (D,,50) with ultrasound time during dispersion
of three different suspensions, and b and ¢ a HR-TEM micrograph of particles dispersed under
optimized conditions. [136]

of binders or over-addition [145] amounts of polyelectrolytes has been studied to
improve deposition rate and adjust film morphology.

As a final remark, we must note that optimization of parameters describing sta-
bility, such as electrophoretic mobility, resistivity and particle size distribution in
a nanoparticle suspension are parameters that govern the deposition kinetics and
deposit characteristics. The control over all these parameters allows the organiza-
tion (high packing degree, orientation, etc.) of the particles at the nanometric range,
leading to high structural integrity in materials, such as scaffolds, free-standing
nanoparticle films, transparent films, etc, in functional applications [140, 141, 146—
154]. As an example, Fig. 2.21 shows a micrograph of a deposit of flake-shaped
nanoparticles of ZnO forming a film of particles oriented perpendicularly to the
substrate [154].
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Fig. 2.21 Micrograph of an
oriented nanostructured film.

[154]
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Chapter 3
Electrophoretic Deposition of Nanocrystals
in Non-polar Solvents

James H. Dickerson

3.1 Introduction

Nanoscience and nanotechnology are international household terms because of the
substantial potential that exist in the physical, chemical, and biological phenom-
ena discovered in these fields. From a physics perspective, a number of nanoscale
systems show great promise to revolutionize many areas of society. The field of
nanocrystalline materials exhibits the greatest potential to elucidate our understand-
ing of fundamental physical phenomena (electricity, magnetism, etc.) and to be in-
corporated into devices that could improve our lives. For nanocrystalline materials
to become widely employed and, hence, competitive with traditional macroscopic
materials in electronic, optical, and magnetic device applications, more must be un-
derstood about their intrinsic properties and how to control, distribute, and integrate
nanomaterials in an effective manner.

One approach that has received considerable attention is the electrophoretic
deposition (EPD) of nanomaterials. The concept of electrophoresis has been used
extensively in biology, chemistry, materials science, and bioengineering for the
manipulation and processing of ceramics, biological materials, colloids, and other
materials. In parallel, electric field mediated schemes, such as electrochemical de-
position and electroplating, have been employed for several decades in industrial
materials processing and thin film applications involving metal coatings, ceramic
composites, bio-active materials, and paints and dyes.

Deposited nanocrystalline materials have as many potential applications as do
individual nanocrystals (NCs). Thus, developing successful schemes to distribute
NCs will play a substantive role in their implementation in industrial and com-
mercial applications. Further, assembling NCs into tightly packed arrays requires
an intimate knowledge of their dynamics in solution as well as the interactions that
govern NC-substrate and NC-NC binding. State-of-the-art NC assembly schemes,
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such as Langmuir-Blodgett (LB) and layer-by-layer (LbL), have recognized limita-
tions, including the inability to achieve rapid and large-scale NC deposition, and
the necessity (for LbL) for additives that can affect the physical characteristics of
the constituent NCs [1-4]. Electrophoretic deposition is a technique that is supe-
rior (compared to LB and LbL) for the assembly of NC films due to its deposition
rate, among other traits. EPD allows us to assemble NC solids without additives to
explore basic science, such as fundamental NC-NC interactions, and to investigate
actual device fabrication approaches.

EPD combines aspects of electrophoresis (the translation of charged particles,
suspended in a solution, due to an ambient DC electric) and dielectrophoresis (the
locomotion of dipolar, polarizable, or charged particles, also in solution, due to AC
or gradient electric fields) to deposit nanostructures onto conducting electrodes. In
typical EPD, a dc voltage is applied across the cell, thereby creating an electric field
that transports charged particles to the electrodes where they deposit to form a cast
film. The primary advantages of electrophoretic deposition as a technique to com-
pose films of nanomaterials include site-selectivity, dense packing of the nanoma-
terials, size-scalability of the film, and control over the deposition thickness of the
film. Thus, EPD can rapidly fabricate films comprising nanomaterial multilayers,
with short-range van der Waals forces acting as a stabilizing influence.

Although other wet-casting processes are capable of producing micron-sized
ordered superlattices of nanocrystals, the corresponding fabrication rates are at
least one order of magnitude slower than EPD [1-4]. EPD also is size-scalable,
as demonstrated by applications in the ceramics and coatings industries, where
films are cast onto substrates as large as automotive bodies (e.g., primer coating)
and as small as nanoscale electrodes. The advantages of electrophoretic deposition
include site-selectivity, tight-packing of the NCs in the film, size-scalability, and
marked control over the deposition thickness of the film [3]. This allows one to
pattern the films as desired, using macroscopic electrodes (surface area>1 cm?)
as well as nanoscale electrodes (surface area~100 nm?) [5, 6]. The properties of
the film can be tuned by manipulating process variables, such as applied dc and ac
voltages, frequency, and nanocrystal surface chemistry, affirming the flexibility of
the process. Finally, by preparing suitable templates as deposition electrodes, pat-
terned films can be cast. These traits make EPD the ideal scheme to produce robust
films of nanomaterials.

3.2 Background

First investigated by Hamaker [5], Koelmans and Overbeek [7], EPD has been ap-
plied to cast uniform layers of particles on various conducting and semiconducting
surfaces from polar, aqueous, and non-polar suspensions [8]. From the early begin-
nings, the traditional approach toward EPD has been to use easily accessible indus-
trial solvents, such as acetone and alcohols (methanol, isopropanol, etc.), to play the
role of particle suspension medium. Along with water, these solvents have been the
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preferred fluids used to assist the electric field-assisted materials deposition because
such polar solvents facilitate the suspension and the evolution of the charge stated
on the deposited materials. However, a fundamental scientific argument does not
exist explaining why notably dissimilar fluids, non-polar solvents, cannot be em-
ployed for EPD. Our philosophy toward EPD, originally developed and supported
by others [5, 9, 10-16], visualizes the locomotion of individual, charged nanoscale
objects in an applied electric field that emanates between two electrodes, typically
in a parallel plate capacitor configuration. This approach, therefore, considers the
non-polar solvent as an essentially stationary dielectric suspension medium through
with the nanocrystals are transported.

By using non-polar solvents, we characterize the EPD scenario as the locomo-
tion of the charged nanocrystals between the electric field-emanating substrates,
suppressing electrochemical reactions at the electrodes, restricting hydrodynamics
of the solvent to turbulent flows due to the motion of the nanocrystalline materials,
and limiting the measured current between the electrodes to be comprised primarily
of the charged nanocrystals’ motion. Further, using non-polar solvents suppresses
dramatic changes in the composition and conductivity of the medium due to the gen-
eration of charged species near the electrodes can be reduced. Arguably, non-polar
EPD solutions yield greater control over the film thickness, film surface roughness,
and other parameters, compared to other polar or aqueous solution techniques. Due
to these advantages, research has increased associated with non-aqueous and non-
polar media. Most of these studies have deposited semiconducting NCs on conduct-
ing electrodes using relatively strong electric fields (E>100 V/mm), engendered
through high voltages and low solution conductivities [5, 6, 10, 17-21, 120]. The
use of these electrophoretic conditions is further motivated by observations [5, 6,
9-11, 20-25, 119, 120] that films produced by this technique can withstand degra-
dation when exposed to various solvents.

A schematic of the EPD process, shown in Fig. 3.1, illustrates macroscopic NC
EPD films on gold substrates. In our EPD scheme, a dc electric field is applied
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Fig. 3.1 Left scheme for NC EPD. Middle & right characteristic photographs of electrodes and a
nanocrystal suspension for EPD
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Fig. 3.2 Electrophoretic deposition current profile for deposition of CdSe nanocrystals. After the
deposition, the film is annealed in air to improve its integrity. This profile is typical for non-polar
solvent EPD of nanocrystals

between two planar electrodes that are inserted into a solution of charged, dipolar,
or polarizable NCs in a non-polar, dielectric solvent. The typical electrophoretic
current, measured between the electrodes (Fig. 3.2), is characterized as rapidly
decaying (exponentially decaying), which can be explained by a combination
of properties of the system: (a) materials deposition at the electrodes that cre-
ates both capacitive and resistive voltage drops across the deposit and, hence,
effects on the current; (b) remnant charge accumulation at the electrodes due to
incomplete charge transfer from the nanocrystals to the electrodes; (c) overall
nanocrystal depletion from the suspension, which causes some change in the di-
electric and resistive properties of the EPD suspension. Even uncharged NCs can
be deposited by EPD due either to induced dipole moments or to the formation
of aggregates in suspension (adhering to each over through van der Waals attrac-
tion). Indeed, a recent study by Islam et al. showed that <1% of all the CdSe NCs,
deposited by EPD from a hexane solution, indeed acquired any charge (positive
or negative) [11].
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3.3 Nanocrystals Employed for Non-polar EPD

3.3.1 Cadmium Selenide Nanocrystals

Cadmium selenide (CdSe) nanocrystals display archetypical size-dependent physi-
cal characteristics, the mot notable of which are quantum-confinement shifts in
their absorption and luminescence energies. These features render the materials
potentially useful for optical devices. CdSe, among the II-VI semiconductors, are
one of the most widely studied nanomaterials, synthesized through conventional
colloidal synthesis techniques. Because the radius of excitons in CdSe is approxi-
mately 5 nm, nanocrystals with a diameter smaller than this reside within the strong
quantum confinement regime for their associated electrons and holes. Thus, the
luminescence energies of the nanocrystals can be tuned in the visible spectrum by
varying their size.

In addition to their strong optical properties, CdSe nanocrystals have been re-
vealed to possess a strong, intrinsic electric dipole moment, which is a function of
the size of the nanocrystal [26-31]. Dipole moments upwards of 40 Debye [32—36]
in CdSe nanocrystals provide a physical parameter, in addition to the net surface
charge, that facilitate both the electric field-mediated deposition of the nanocrystals
as well as the tight packing and self-adhesion of the nanocrystals in thin film form.
These properties, along with the organic surfactant molecule that usually coat the
surface of the nanocrystals—the surfactant plays the dual role of terminating the
growth of the NCs during synthesis and facilitating their suspension in a variety of
solvents, such as hexane—allow CdSe NCs to be an excellent materials platform for
non-polar solvent, nanocrystal EPD research.

3.3.2 Iron Oxide Nanocrystals

Several nanocrystals have been investigated to understand their size-dependent
intrinsic physical properties and to explore their use in various applications. One
family of materials, the iron oxides, has been produced for a number of years for
their magnetic properties. Iron oxide NCs (Fig. 3.3) of different sizes exhibit fer-
rimagnetic or superparamagnetic properties, which have motivated the research
on their application in devices. Magnetite (Fe,O,) NCs specifically have been of
contemporary scientific interest as a result of their study in spin-valves [36] and
magnetic tunnel junctions [37, 38] for possible use in magnetic read-head sensors.
The synthesis of monodisperse, Fe,O, NCs has involved a number of approaches,
from colloidal chemistry to flame pyrolysis [39]. Since Fe,O, NCs possess a strong
magnetic dipole moment at room temperature (¢~9000 u,/NC for our materials
[40—46]), this property will play a vital role in maintaining film integrity at room
temperature (U = kgT).
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Fig. 3.3 Transmission
electron microscopy (TEM)
image of ~ 14 nm Fe,0,
nanocrystals

3.3.3 Rare Earth Sesquioxide Nanocrystals

Rare earth sesquioxide (RE,O,) NCs have attracted significant research attention
recently for their potential use in industrial and commercial luminescent device
applications, in next generation dielectric media, and for use as model systems to
investigate size-dependent phenomena in zero-dimensional materials that may not
be due to quantum confinement effects [47]. These interests are largely based on
the use of bulk lanthanide oxide materials as visible light phosphors in cathode-ray
tube monitors and field emission displays and their potential use as high-x dielec-
tric materials [6, 20, 21, 48—74]. Innovations, from biocompatible medical imaging
reagents to energy efficient electroluminescent displays, provide motivation for the
nanocrystal research [21, 56, 75-77]. RE,O, nanomaterials are f~block compounds
that possess a large band gap and strongly bound 4f electrons. These characteris-
tics make them excellent dielectric and luminescent materials. Preliminary research
suggests that the size and surface ligands of RE,O, NCs can influence favorable
their fluorescence intensity [55, 76]. These properties motivated our interest in
RE,O, NCs, particularly gadolinium oxide (Gd,0,, Fig. 3.4) and europium oxide
(Eu,0,) nanocrystalline films [51].

3.4 Synthesis, Characterization, and Prepartion
of Non-polar Solvent EPD

3.4.1 Cadmium Selenide Nanocrystals

Monodisperse CdSe nanocrystals with dodecylphosphonic acid capping ligands
(length=2 nm, Fig. 3.5) were synthesized according to the method of Peng and
Peng [78]. After synthesis, the nanocrystals were precipitated from the reaction
mixture with methanol (Fisher Scientific). Nanocrystal size and shape uniformity
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Fig. 3.4 TEM image of
~2.4 nm Gd,O, nanocrystals.
Circles are to guide the eye

Fig. 3.5 TEM image of
~2 nm CdSe nanocrystals

for these and all other nanocrystals described in this chapter were verified by trans-
mission electron microscopy (TEM) using a Philips CM-20 microscope.

Solutions of nanocrystals were prepared prior to deposition. Solution prepara-
tion involves cleaning the as-synthesized CdSe nanocrystals via the precipitation
and re-suspension technique. Initially, a mixture of butanol and ethanol of volume
ratio 3:2 was added to 50 ml of as-synthesized nanocrystal solution. This mixture
was then centrifuged at 3500 rpm (2000 x g) to precipitate and separate the nano-
crystals from the solution. Excess surfactant and other impurities remain dissolved
or suspended in the butanol/ethanol solvent. The supernatant was discarded and the
remaining nanocrystal sediment dried in air for several minutes. Additional butanol/
ethanol solvent was added to the dried nanocrystal sediment and the centrifugation
step repeated five additional times. After the last cleaning, the nanocrystals were
dissolved in hexane at a ratio of 7.0 ml of hexane per 250 mg of nanocrystals. This
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typically yields a nanocrystal concentration of approximately 10'7 nanocrystals/
ml, which serves as the base suspension for preparing electrophoretic deposition
dispersions. The EPD dispersion was prepared by diluting 100 ul of base nanocrys-
tal suspension 15 ml of hexane, our non-polar solvent of choice, yielding a nano-
crystal concentration of approximately 10'3 nanocrystals/ml. Nanocrystalline CdSe
films were prepared in the EPD cell, as depicted in Fig. 3.1. Voltages from 100 to
1100 V typically are applied across parallel conducting electrodes (3.0 ¢cm? in sur-
face area) that are spaced approximately 2.0 mm apart. Given the low conductivity
of the nanocrystal solution, such voltages yield initial deposition currents of only
10-250 nA. (Fig. 3.2)

3.4.2 Iron Oxide Nanocrystals

Fe,O, NCs were synthesized following the techniques of J. Park et al. The iron ole-
ate precursor was prepared by reacting 2.2 g of iron chloride hexahydrate with 7.0 g
of sodium oleate. During the reaction, sodium atoms are removed from the oleate;
subsequently, three oleate molecules attach to individual, free iron ions. Next, 1.5 g
of iron oleate precursor and 0.25 g of oleic acid (OA) were dissolved in 10 ml of
1-octadecene and heated to 320°C to yield a solution of Fe;O, NCs in 1-octadecene.
The mixture was held at 320°C for an additional 30 min before cooling to room
temperature. Fe,O, nanocrystals were precipitated by the subsequent addition of
a butanol/ethanol mixture to the nanocrystal solution. The concentration was 103
NCs/ml in the as-synthesized solution. We targeted ~ 14-nm NCs (Fig. 3.3) to maxi-
mize the monodispersity of the nanocrystals and to facilitate inter-nanocrystalline
forces that promote film integrity. The procedure to produce EPD suspensions for
these nanocrystals is identical to that used for CdSe NCs.

3.4.3 Rare Earth Sesquioxide Nanocrystals

Monodisperse, colloidally stable, RE,O; NCs were synthesized following a novel
approach that involves the production of an europium-oleate complex prior to the
nanocrystal synthesis [79]. For example, the europium complexes were prepared
from europium (III) chloride hexahydrate, oleic acid, sodium oleate, and tri-n-oc-
tylamine, based on the aforementioned Fe-oleate precursor preparation [51]. Eu-
ropium (IIT) chloride hexahydrate, sodium oleate, ethanol, deionized (DI) water,
and hexane were mixed and heated in a round-bottom flask to 70°C for four hours,
while continuously stirring. A transparent paste of the europium-oleate was formed
upon evaporation of the hexane and was used as a standard precursor solution for
the synthesis of the NCs. To produce the NCs, 0.5 mM of the europium-oleate
and 0.25 mM of oleic acid were mixed with 7 ml tri-n-octylamine in a three-neck,
round-bottom flask. The solution was heated to ~350°C under constant argon flux
and was cooled to room temperature. Then, nanocrystals were precipitated using an
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ethanol/butanol mixture and centrifugation. Through this technique, we can make
Eu,0, NCs, as well as Gd,0, NCs, in a number of sizes. As mentioned previously,
the Re,0, NC suspensions for EPD were prepared in a fashion identical to that for
CdSe NCs.

3.4.4 Electrophoretic Mobility of Nanocrystals
in Non-polar Solvents

In non-aqueous media, charging of NCs can result from adsorption of uncharged
ligands, ion exchange between the adsorbed ligands and the surface, and desorption
of ionized ligands [79]. NCs may be electrically neutral or may adopt some effec-
tive charge (£Ne™). Surface charge states may be altered through precipitation steps
and by the addition of excess organic molecules. Identifying the magnitude and the
mechanisms to alter surface charge states will provide systematic control over the
EPD deposition process. To produce NC films, we must understand NC dynamics
in non-polar solutions; identifying and tuning the NC mobility in solution, thus, are
important.

Electric potentials develop when ionized ligands desorb into the medium, where
they form the diffuse double layer [23, 80, 81]. The equilibrium charge state on the
NCs can be determined through the electrophoretic mobility (u,) of the NCs in solu-
tion. Measured using a Zetasizer Nano ZS (Malvern), u, was determined for a test
case system of ~14 nm Fe O, NCs, synthesized as stated previously. Gaussian fits
correspond to the ideal NC mobility, based on the Eq. 2.1:

_ Ze 3.1)
3nna

e

where 1 is the viscosity of the solvent, a is the hydrodynamic diameter of the NC,
and Z is the charge of the nanocrystal (Fig. 3.6). When 0.4 mM of oleic acid is
added to the suspension, the mobility shifted from negative to positive. This allows
us to control the charge state on the NCs, which allows us to control the inter-
nanocrystal forces that facilitate freestanding films. This suggests that NCs with
targeted mobilities can be synthesized by varying the concentration of the ligand,
which facilitates the production of freestanding films.

3.4.5 Nanocrystal-Nanocrystal Interactions

Forces between colloidal NCs are typically modeled by the Derjaguin-Landau-Ver-
wey-Overbeek (DLVO) theory, which accounts for electrostatic and van der Waals
forces between particles [80]. The DLVO approximation can be applied for spheri-
cal particles when the minimum separation and the range of the interaction for the
NCs are small relative to the radii of curvature of the surfaces [82]. The validity of
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Fig. 3.6 Top dynamic light
scattering data, from a
Malvern Zetasizer, for Fe,0,
NCs to determine the hydro-
dynamic diameter of the
nanocrystals in a hexane sus-
pension. A Gaussian fit yields
an average hydrodynamic
diameter of ~13.7 nm. Mid-
dle electrophoretic mobility
of the Fe,0, NCs in hexane.
Two Gaussian fits correspond
to net charges of approxi-
mately + le. Bottom the
mobility distribution shifted
toward positive charges after
the titration of the suspension
with oleic acid, the ligand
molecule of the nanocrystals.
Thus, the charge distribu-
tion in the suspension can be
tuned, affecting the resulting
location of the nanocrystal
deposition
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this approximation for NCs dispersed in non-aqueous media is arguable, since the
electrical double layer thickness is comparable to the NC’s size [83].

The stability of nanoparticulate films can be elucidated by considering the pair-
wise nanocrystal interactions summed over all said interactions in a superlattice.
Stability may be determined by summing over all interactions and comparing the
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resulting potential energy well-depth to the thermal energy. Generally, stability re-
sults when the well depth is a few times greater than the thermal energy at room
temperature. When considering monolayer assemblies, the binding energy is repre-
sented by:

_AHamaker 2R2 2R2 rj%{ - 4R2
U(r)ZZZ[ 6 {ri—4R2+r2+ln —
j ok J

Jk Tjk
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The first two terms represent the summation over van der Waals [84] and dipole-
dipole [85—89] interactions, while the last term represents the summation of electro-
static [86, 89] interactions through the distance Ty between NCs within a wet film.
R is the NC radius, A is the Bjerrum length, r the center-to-center separation, and
k is the Debye screening length. The Bjerrum length, which relates the separation
distance at which the Coulomb energy becomes comparable to the thermal energy,
is given by

2

R — 3.3
Areeokp T (33)

AB

with e being the quantized electric charge, ¢, the permittivity of free space, and €
the relative permittivity. The relative permittivity of hexane, our typical non-polar
solvent for EPD, is £=1.89, yielding A,=30 nm at room temperature. The Debye
screening length is given by

k! = (8mAge)? (3.4)

with ¢ being the number density of monovalent ions [90]. A graph of the potential
energy (Eq. 3.2) is shown in Fig. 3.7. The ion density in colloidal solutions results
from free carboxylic acids. These molecules are monovalent, since the COOH head
group can dissociate into an H* cation and a COO™ anion. Since the degree of disso-
ciation of inorganic salts in non-polar organic solvents is less than 1%, the degree of
dissociation of oleic acid in hexane is should be low [91]. For nanocrystals in hex-
ane without oleic acid titration, an ion concentration of 0.1-10 puM is assumed [92].

The electrostatic potential energy incorporates the dense charge screening en-
gendered by the double layer that surrounds each nanocrystal, even after deposi-
tion into the film. In addition to van der Waals and electrostatic interactions, steric
repulsion due to the adsorption of ligands at the surface of the nanocrystal impacts
the stability of the film [93]. Steric interactions between two particles, when Ty is
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Fig. 3.7 Potential energy diagram of strong (EPD) and weak (state-of-the-art) nanocrystal-nano-
crystal binding regimes

smaller than twice the thickness of the ligand layer at the surface (d), can be ex-
pressed by the following [86, 89]:

steric __ 2 ij —d ij d+8
U —ndeBT;Xk:[l— g —(Sln( (3.5)

rjk

For example, a pair of 10 nm iron oxide nanocrystals with 11 nm of center-to-center
separation has a binding energy of approximately —60 meV. The same system with
a separation of 11.5 nm has a binding energy of approximately—4 meV. This calcu-
lation shows the sensitivity of the total binding energy to the thickness of the ligand
layer. While the surface concentration of ligands for the nanocrystal-hexane-oleic
acid system is not known, typical surface densities of highly passivated nanocrys-
tals are approximately 10'® molecules/m?. This is based on the findings of Taylor et
al., who determined that the percent of surface ligand coverage of a nanocrystal can
vary depending on the local stoichiometry [94]. The effects of ligand surface den-
sity on the stability of nanocrystal films cast by EPD are known qualitatively [95].
However, neither a quantitative analysis nor a theoretical survey of the relationship
between the extant particle-particle forces, the magnitude of those forces, and the
quality and stability of NC film has been reported. Optimal film stability and quality
will be achieved at surface densities that are high enough to stabilize nanocrystals in
the bulk, but not so high as to prevent dense packing.
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3.5 Nanocrystalline Films

3.5.1 Cadmium Selenide Nanocrystals

In the majority of EPD experiments in which colloidally-synthesized nanocrystals
are suspended in non-polar solvents, the nanocrystals deposited on both the posi-
tively biased and negatively biased electrodes over the entire inward-facing area
dipped in solution (approximately 1 cmx1 cm, Fig. 3.8) [11, 23, 120]. Notably,
nanocrystals fail to deposit in a film covering the dipped area in the absence of
applied electric field; this confirmed that the deposition of nanocrystals was due
to the engendered electric field, not to the mere dipping of the electrodes into the
nanocrystal suspension. The origin of the charge state of the nanocrystals helps to
explain why they deposit on both electrodes. After synthesis and precipitation, the
CdSe nanocrystals can be dispersed stably in hexane. In such non-aqueous solvents,
nanocrystal charging—both positive and negative—has been suggested to result
from adsorption or desorption of ligand molecules at the nanocrystal surface [5, 6],
from thermal charging [6], and from ion exchange between nanocrystals and the
suspension solvent [97].

We prepared homogeneous films of thickness up to tens of microns, depending
on the initial EPD solution density, the applied voltage, the electrode surface area,
and the deposition time. Figure 3.9 shows an optical micrograph, a SEM image,
and an atomic force microscopy (AFM) image of the surface topology of a CdSe
NC film. This film exhibits very close NC packing and relatively low roughness.
The peak to valley roughness of the film is approximately the diameter of one NC,
depicted in the color scale in the image. Although these images illustrate tightly
packed films of the nanocrystals with volumetric packing fractions between 0.5
and 0.65 (constituting glassy packing of the particles), these films are not yet or-
dered. Recent results using one dimensional nanorods, however, have successfully
produced ordered arrays of nanomaterials using electrophoretic deposition [98].
indeed, fabricating such films, a crystal of nanocrystals, could yield innumerable

Fig. 3.8 CdSe nanocrystal
film, deposited onto gold
substrates via EPD. Both
(left) positively and (right)
negatively based electrodes
exhibit nanoparticle film
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Fig. 3.9 Left optical micrograph, middle SEM image, and right atomic force microscope image
of a CdSe nanocrystal film, cast via EPD. The AFM image illustrates the smoothness of the nano-
crystal film

applications that may challenge conventional bulk materials in device applications
[24, 99, 100].

3.5.2 Iron Oxide Nanocrystals

Instead of using a system of colloidally stable nanocrystals as a platform merely
to study EPD, some have sought to use EPD to assemble NCs to explore magnetic
NC-NC interactions in films for potential device applications. Indeed, magnetism
at the nanoscale continues to be an active area of research as a consequence of
its application to magnetic storage media, spin transport devices, and microwave
emission in communication devices. Virtually all viable magnetic technologies de-
pend upon two critical properties: (1) the stability of spin on time scales relevant
to the particular application; and (2) the facile manipulation of dynamic or static
spin orientations with magnetic fields, spin-polarized currents, or a combination of
both. Continued miniaturization of nanomagnets presents new challenges in next
generation devices because of the onset of superparamagnetism, which is the ther-
mally activated spin relaxation that undermines the predictable control of spin. The
superparamagnetic threshold with respect to magnetic nanocrystals depends upon
size, shape, and material composition. Suppression of superparamagnetism was a
key ingredient to successful device design and prompted Kavich et al. to explore
the effect of NC-NC interactions on the relaxation of spins in iron oxide NCs [99].

The thermally activated spin relaxation of the nanocrystal film was characterized
by measuring the magnetic moment vs. temperature via the technique of vibrating
sample magnetometry. [ron oxide nanocrystal films, depicted in Fig. 3.10, exhibit
packing that is similar to those previously observed in other non-polar solvent EPD
films. The interactions among the nanocrystals, facilitated by this tight packing, had
several profound effects on the thermally activated spin relaxation. The first effect
was an increase in the superparamagnetic blocking temperature with respect to the
value predicted by the Néel-Brown model. Further, a broad energy barrier distribu-
tion existed, which contrasted dramatically with non-interacting nanocrystals that
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Fig. 3.10 Left optical micrograph, middle AFM image, and right SEM image of an EPD film of
~14 nm Fe,O, NCs. Surface roughness=one NC diameter. Individual NCs are evident. Packing
fraction is 0.55

exhibit narrow energy barrier distributions for monodisperse samples. Finally, a
monotonic decrease of the superparamagnetic blocking temperature with applied
field was observed, which was in agreement with recent theoretical models of inter-
acting nanocrystal assemblies. Thus, the tight packing of the NCs, achieved through
EPD, in this uniform film allowed for the observation of magnetic phenomena only
observable when the NCs are spaced closely enough to experience strong magnetic
coupling [47, 25].

3.5.3 Rare Earth Sesquioxide Nanocrystals

Gd,0; in its bulk crystalline and amorphous phases has been of research interest as
a replacement material for silicon dioxide in transistors and other electronic devices
because of its relatively high dielectric constant (kg4,0, = 14 versus kg0, = 3.9)
[25]. Discovery of a high-k dielectric material, nanocrystalline or otherwise, could
make possible a number of technological advances regarding computing (energy
efficiency, processing speed) telecommunications (bandwidth, speed), among oth-
ers. Recently, dielectric studies of amorphous Gd,O, films, embedded with Gd,O,
NCs, revealed intriguing charge storage characteristics of the NCs [101]. Similarly,
metallic NCs (gold and cobalt [56]) and semiconducting NCs (silicon [102—104])
have exhibited charge-storage characteristics when they were embedded in the gate
oxide of a metal-oxide—semiconductor (MOS) structure for non-volatile memory
applications.

This motivated the exploration to determine whether films composed entirely
of colloidal Gd,0,Gd,0, nanocrystals could possess similar charge-storage capa-
bilities. Charge storage in NC films arises from unpassivated surface states that
can arise due to the detachment of some fraction of the surfactant molecules from
the surface of the NCs during sample preparation [105]. Thus, EPD was used to
produce films consisting only of colloidal Gd,0, NCs to be used as the gate oxide
layer in MOS architecture. Focus was placed on capacitance-voltage (C-V) mea-
surements of these MOS structures to characterize both the charge-storage and the
dielectric properties of these films [106, 119].
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Fig. 3.11 a Top view SEM image of the Gd,0, NC film prior to processing. b AFM image of NC
film with RMS roughness of ~1.6 nm. ¢ Schematic of the MOS capacitor structures. d Top view
SEM image of the NC film, with aluminum contacts indicated, in the MOS capacitor configura-
tion. e Capacitance versus voltage graph of a Gd203 NC film. f Graph of capacitance versus the
inverse of the nanocrystal film thickness. Assessment of the linear fit of the data yields the effec-
tive dielectric constant

As shown in the schematic of Fig. 3.11, we fabricated MOS capacitor structures,
composed of films of ultra-small colloidal Gd,0, NCs employed as the dielectric
oxide layer. The NCs were deposited onto p-(100) silicon substrates via EPD. To
confirm the NC deposition, energy dispersive spectroscopy (EDS) was performed,
which provide elemental analysis of a materials composition. Shown in Fig. 3.11c,
the EDS spectrum of the film exhibits the gadolinium, oxygen, carbon, and silicon
peaks, which are present due to the oleic acid-capped Gd,0, NCs on the silicon
substrate. This confirmed that no excess contamination was present in our films. To
complete the capacitor fabrication, aluminum contacts were deposited on the Gd,O,
NC film. Figure 3.11d shows the SEM image of the capacitors.
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In analyzing the films, unequivocal evidence was uncovered that because C-V mea-
surements of the MOS capacitors exhibited hysteresis, charge can be stored across a
purely nanocrystalline film, as seen in Fig. 3.11e. The hysteresis indicated storage of
charge carriers. From the measurement of the C-V graphs of several MOS capacitors of
different thicknesses, the effective dielectric constant for the films, k=3.90 (Fig. 3.111),
was determined. This value is much lower than the dielectric constant of single crystal-
line Gd, O, because the packing density of the NCs within the film was 0.66+0.08. This
meant that only 66% of the film consisted of material with k=14. However, the net
value was equivalent to the dielectric constant of silicon dioxide. This result provides
substantial evidence that all-nanocrystalline assemblies could be employed as charge-
storing, dielectric films in various architectures for electronics applications.

3.5.4 Freestanding Nanocrystal Films

One of the challenges to implement nanocrystals and nanocrystal films into device
applications is incorporating the films into systems (circuitry architectures, sub-
strate configurations, etc.) that exploit their properties. One approach to eliminate
this challenge is to develop a versatile film casting system that creates freestanding,
macroscopic films comprised exclusively of nanocrystals that are free of an under-
lying substrate. Nanocrystal films can be produced in a rapid, repeatable format
for applications like chemical sensors and flexible video displays, such that rigid
substrates are not needed to maintain the integrity of the film. Several methods exist
that have yielded self-supporting architectures, not notably LbL and evaporation-
assisted self assembly [90, 107—112]. However, many of these approaches require
the addition of cross-linking molecules and other binders, which constitute an inter-
nal support scaffold for the film, or involve laminar, multilayered films of charged
nanocrystals (such as LbL), both of which produce self-supporting, but very rigid
and potentially brittle materials [2, 1, 113—116]. Further, potential applications that
seek the production of nanostructured, nanocrystalline materials with minimal ad-
ditives would not favor these methods. Thus, additional techniques should be ex-
plored to fabricate self-supporting, tightly packed NC films at high assembly rates
and without the presence of additives or binders. Notably, prior to 2009, freestand-
ing nanoparticle films had not been successfully fabricated by EPD [99, 119].

These macroscopic films, comprised exclusively of nanocrystals, are entirely
independent of a supporting substrate, an external supportive matrix, or intersti-
tial glue. In other words, these films are entirely self-supporting colloidal solids.
However, what characteristics of the nanocrystals are crucial in making them free-
stand? Do steric and shape effects associated with the NC (spherical vs. cylindrical
vs. planar; coated with surfactant molecule “hairs” vs. uncoated) play a substantial
role? Does the presence of a dipole (magnetic or electric) significantly increase the
particle-particle adhesion? Do the answers to these questions change when examin-
ing the films at the microscale versus the macroscale?

The scheme (Fig. 3.12) to produce freestanding nanocrystal films involves mul-
tiple elements: the electric field manipulation of nanocrystals in solution with di-
electric layers, ideal densification and liberation of the films without degradation.
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Because of the small inter-NC separation engendered by the electrophoretic deposi-
tion, strong NC-NC interactions were relied upon to maintain the structural integ-
rity of the films before, during, and after liberation from the underlying substrate.
Freestanding NC films of CdSe [1, 101], Fe,O, [119] NCs, (Fig. 3.13), as well as
other nanomaterials (suspended in polar solvents [117, 18]) have been successfully
fabricated. We have succeeded in depositing films onto sacrificial polymer layers,
removing polymer layers, and transferring the NC films onto new substrates. This
worked with films of area ~4.0 mm? for Fe,O, NCs and >1 c¢m? for carbon nano-
tubes and exfoliated graphene oxide [117-119]. The extent of the mechanical prop-
erties of these films, elucidating the magnitude of the particle-particle interactions
that exist within the EPD films remains a topic of future research activity.

Part of the success of previous results has been identifying possible candidates
for the sacrificial polymer layer. The choice for the polymer had to satisfy three ma-
jor criteria: (1) during EPD, the polymer must not suffer dielectric breakdown due

-BkV HE.B8L

Fig. 3.13 Left optical microgrpah of a freestanding iron oxide nanocrystal film resting atop a cop-
per TEM grid. Scale bar is 50 x. Right SEM image of the same film
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to the applied voltage; (2) the polymer must not swell or dissolve in the nanocrystal
solution during EPD; (3) the polymer must dissolve in a solvent that does not dam-
age the nanocrystal film. Polystyrene was the initial choice since it has a dielectric
constant of ~2.6 and experiences breakdown in fields stronger than 200 kV/cm,
[119] a threshold not exceeded by our EPD protocol. Further, hexane, the nanocrys-
tal solvent during EPD, is a non-solvent for polystyrene. Dichloromethane could
be used to dissolve the polymer layer with minimal effect on the oleic acid-capped
nanocrystals. Yet, its volatile nature while being dissolved during the NC film liber-
ation process did not make polystyrene the preferred polymer for freestanding film
production. Refinement of this technique, such that a wider variety of nanomaterials
and solvents can be employed to fabricate freestanding films, remains an invigorat-
ing topic for continued exploration and development for the EPD and nanoscience
communities.

3.6 Summary

This brief introduction to the use of non-polar solvents for the electrophoretic de-
position of nanocrystals has reviewed the underlying science of the nanocrystal
synthesis, the suspension preparation, the governing particle-particle interactions,
and the some of the physical characteristics of the resulting films. Given the breadth
of colloidal nanocrystals that have been synthesized and remain to be investigated
in film form, the potential for substantial basic research discovery as well as the
implementation of the nanocrystals and the discussed techniques into commercial
and/or industrial fabrication protocols and systems will only increase over time.
Recent developments for device fabrication, such as solar cells and charge storage
dielectric layers, among others [24, 25, 47, 99, 100], have demonstrated that nano-
crystalline films fabricated via EPD are on a positive trajectory.
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Chapter 4

Electrophoretic Deposition of Carbon
Nanotubes (CNTs) and CNT/Nanoparticle
Composites

Aldo R. Boccaccini, Cengiz Kaya and Milo S. P. Shaffer

4.1 Introduction

Electrophoretic deposition (EPD) is a well-known colloidal processing method
which is gaining increasing interest as a simple and versatile technique for the ma-
nipulation and deposition of nanoparticles and carbon nanotubes (CNTs) [1-3]. The
technique allows the fabrication of coatings, thin and thick films, the shaping of
bulk and free-standing objects and the infiltration of porous substrates with ce-
ramic (nano)particles [1-5]. EPD is achieved via the motion of charged particles,
dispersed in a suitable solvent or aqueous solution, towards an electrode under an
applied electric field. Electrophoretic motion of charged particles during EPD re-
sults in the accumulation of particles and the formation of a relatively homogeneous
deposit on the electrode. The success of EPD is based not only on its wide applica-
bility to numerous materials and combinations of materials, but also to the fact that
it is a fast, cost-effective technique requiring simple equipment. Comprehensive re-
views on the applications of EPD in conventional materials processing are available
[3-5]. In addition, EPD is being increasingly considered as one of the processing
methods of choice in the field of nanomaterials [1, 2].

CNTs, often used in combination with other nanoparticles, are materials of
choice for the synthesis of a variety of advanced (nano)structures, including func-
tional thick and thin films and coatings, nanocomposites, field emission devices,
catalyst supports, bioactive materials, as well as heterostructures and components
for a variety of electrochemical and electromechanical devices [6—8]. Due to their
extraordinary properties, which are the result of their unique structure, aspect ratio
and size, CNTs attract enormous attention in the field of nanotechnology [9]. The
remarkable properties of CNTs are well established [8§—11] and there are increas-
ing efforts devoted to the exploitation of these properties in specific applications
[9—-11]. One key challenge is to tackle the strong tendency of CNTs to agglomerate,
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which frequently limits the ability to manipulate CNTs into the particular arrange-
ment required for a given application. For example, in the case of CNT composites
destined for structural applications, it is essential to develop processing methods
that produce a homogeneous dispersion of CNT in the appropriate (polymeric, ce-
ramic or metallic) matrix or alternatively, an ordered array of CNTs on a surface of
interest. The intrinsic challenge of maintaining CNT dispersions both during pro-
cessing and in the resulting microstructure is a significant area of research in the
materials science community [12].

EPD represents a convenient technique for manipulating individual CNTs in lig-
uid suspensions with the aim of producing ordered thin layers, films and coatings
[13], as discussed in the present Chapter. Increasingly, research efforts are being
devoted to the exploitation of CNT EPD for a variety of specific applications such
as field emission devices, supercapacitors, bioactive materials and photocatalytic
coatings; these studies confirm the excellent capability of EPD to manipulate, ar-
range and orientate both multi-walled (MWCNTs) and single-walled (MWCNTs)
nanotubes [14—18]. In this context, arrangements of CNTs, exhibiting high aspect
ratio and surface charge, are also suitable substrates for inclusion or entrapment of
other (functional) nanoparticles to form CNT nanocomposites [1].

This Chapter comprehensively describes the field of CNT and CNT-inorganic
nanocomposite EPD, discussing in detail some of the typical systems developed
recently. The relevant experimental characteristics, such as CNT functionalisation,
the design of (multi-component) suspensions for EPD, as well as the specific EPD
parameters, such as deposition time, electric field and electrode materials, are dis-
cussed, addressing also the effects of processing conditions on the final quality of
CNT-nanoparticle composites.

4.2 CNT and Ceramic Particle Suspensions for EPD

A detailed discussion of the preparation and characterisation of CNT suspensions
for use in EPD has been presented in a previous review paper [13]. In this section,
we include a brief discussion of the key aspects involved in the development of
stable CNT suspensions using suitable solvents which can be combined with ce-
ramic nanoparticle suspensions for EPD of CNT-ceramic nanocomposites. A sum-
mary of suspensions developed for EPD of multi-walled and single-walled CNT is
presented in Table 4.1 [19-35].

It is evident that several types of solvents have been employed, including dis-
tilled water, acetone and ethanol mixtures and several other organic solvents such
as isopropyl alcohol, n-pentanol, ethyl alcohol, tetrahydrofuran (THF) and dimeth-
lyformamide (DMF) [13].

It is well known that as-produced CNT are intrinsically inert, often aggregated
or entangled, and may contain impurities (such as amorphous carbon or catalytic
metal particles) [36]. A post-synthesis treatment is usually required to purify and
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Table 4.1 Examples of suspensions used for CNT EPD

CNT type  Suspension Properties Ref.

MWCNT  Aqueous solutions of 0.25 and 0.55 mg/mL (CNT/H,0) [19]

SWCNT 10 mg of SWNTs mixed with 0.13 g of tetraoctylammonium bromide [20]
(TOAB) were dried and resuspended in 25 ml of Tetrahydrofuran
(THF)+ quaternary ammonium salt

SWCNT 10 mg of SWNTSs with 100 mg of tetraoctylammonium bromide [21]
(TOAB) or Nafion in 25 ml of Tetrahydrofuran (THF)

MWCNT  Ethanol with EPI-Rez resin and EPI-CURE curing agent (aliphatic [22]
amine)

MWCNT  Mixtures of acetone and ethanol in different volume ratios [23]

MWCNT  0.125 mg/ml (CNT/isopropyl alcohol) and small amount of bezalko- ~ [24]
nium chloride

SWCNT Isopropyl alcohol with NiCl, [25]

MWNTs Isopropyl alcohol solution containing Mg(NO,),; ethyl cellulose was ~ [26]
also added to improve dispersion

SWCNT De-ionised water mixed with pyrrole and lithium perchlorate [

SWCNT Ethyl alcohol with MgCl, [

SWCNT Tetraoctylammonium broamide (TOAB) in tetrahydrofuran (THF) [29]

[
[

SWCNT Tetraoctylammonium broamide (TOAB) in tetrahydrofuran (THF)

SWCNT Methanol or dimethylformamide (DMF) with<1 wt% concentrated
sodium hydroxide

SWCNT Distilled water with Mg(NO,),-6H,0 [32]

MWCNT  Isopropyl alcohol (IPA) [33]

MWCNT 2 g of CNTs mixed with 500 ml n-pentanol with a small amount of [34]
anhydrous Mg(NO,),

MWCNT  Isopropyl alcohol (IPA) [18]

SWCNT Deionised water or butyl alcohol and surfactants (sodium dodecyl [35]
sulphate, hexadecyl trimethyl ammonium bromide or trioctylphos-
phine oxide

disperse the CNT in a suitable solvent. Typical treatments involve various combi-
nations of thermal gas-phase oxidations, liquid phase oxidations with nitric acid
or other reagents, treatment with HCI to remove catalytic metal contaminants, and
(vacuum) thermal annealing. In addition, surfactants can be used to disperse CNT
using sonication [37] either as part of the purification process, or as a means to pro-
duce a stable dispersion. One particularly common approach uses reflux in a mix-
ture of concentrated nitric and sulphuric acids simultaneously to purify, shorten and
functionalise CNTs [20, 38]. This treatment reacts primarily at defect sites in the
CNT atomic framework, producing shortened CNTs decorated with carboxylic acid
and other oxygen-containing groups. These acidic groups electrostatically stabilize
CNTs in water or in other polar liquids by developing a negative surface charge,
which leads to a significant increase in the stability of the suspension, making it
suitable for EPD [39]. More recent data highlights the presence of adsorbed oxida-
tion debris on the oxidised CNT surface, which is readily removed by treatment
with aqueous base, at the cost of reducing the effective concentration of surface
functional groups [40].
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As mentioned previously, dispersing CNT homogeneously in a suitable solvent
is the first step leading to controlled manipulation of CNT by electrophoresis. The
main aim of using EPD is thus to avoid CNT agglomeration and entanglement to
produce dense, locally ordered CNT films [13, 20, 41]. The stability of CNT sus-
pensions, determined by measuring {-potential values, has been considered mainly
in aqueous and ethanol-based suspensions, as reviewed in the literature [13]. As-
produced CNT have usually low and positive {-potential in the acidic region with an
isoelectric point in the pH range 5-8 [19]. After oxidation, the presence of surface
acid groups decreases the isoelectric point to values often <pH 2. The adhesion
of CNT to solid substrates, the suspension stability, and the deposition rate during
EPD can be improved by including charger salts in the suspension [24, 25, 28, 37].
It is also evident that the direction of CNT movement during EPD is determined by
the surface charge: oxidised nanotubes are typically negatively-charged and they
migrate to the positive electrode in the EPD cell [19].

4.3 EPD of CNT

Since electric fields can align individual CNT, it is possible to obtain oriented arrays
of CNTs by EPD and, indeed, this effect was one of the original motivations for ap-
plying electric fields to CNT suspensions [35, 42, 43]. Early studies by Yamamoto
et al. [43] investigated AC electrophoresis to orient MWCNTs of 1-5 um length and
5-20 nm in diameter suspended in isopropyl alcohol (IPA). MWCNTs in IPA are
positively charged and covered with negative dipoles of the IPA carboxyl groups.
At low frequency MWCNTSs were observed to move towards the negative electrode,
however at high frequencies negative ions surrounding MWCNTs were not able
to move in response to the change of the polarity of the electric field. Under these
conditions an electrical dipole forms in CNTs. Since the Coulomb force attracting
the dipole is stronger for the nearer electrode than for the other electrode, the di-
pole moves towards the nearer electrode [43]. The degree of orientation of CNTs in
such conditions depends on CNT length and on the frequency of the electric field,
increasing with increasing frequency (up to 10 MHz) [42]. Most research conducted
on oriented CNTs by electrophoresis has been focused on developing CNT arrange-
ments for field emission applications [18, 31, 32, 35, 43]. In this context, the com-
bination of EPD and patterned substrates has led to the best results in terms of the
deposition of well-oriented CNT emitters for field emission display devices [32].
The application of EPD to the fabrication of CNT films or coatings on both con-
ductive and insulating substrates (in this case applied as an infiltration technique)
has focussed mainly on developing relatively thick (>5 wm) porous layers of non
aligned CNT. Figures 4.1a, b show the upper surface and the cross section of a
typical MWCNT film produced by EPD from aqueous suspensions [41], where the
isotropic appearance of the porous deposit can be observed exhibiting a degree of
two-dimensional orientation of the CNTs parallel to the electrode surface. Experi-
ments evidence suggests [19] that the final morphology of the EPD CNT layers is
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Fig. 4.1 SEM images of
CNT films obtained by EPD
on stainless steel substrates:
a surface view and b cross
sectional view. The CNT film
was produced at 20 V/cm for
5 min. ([41] Reproduced with
permission of Elsevier)

generated during drying of the gel-like initial deposit, leading to a large out-plane
contraction.

Figure 4.2 shows a schematic diagram of the typical arrangement for EPD of
CNT under DC conditions, featuring an EPD cell with vertical parallel electrodes.
In DC EPD, the voltage is usually kept constant for the duration of the experiment.
Once EPD has been completed, the coated electrodes are carefully removed from
the EPD cell to avoid any influence of a drag force between the wet coating and the
remaining suspension and are usually dried horizontally in air at room temperature.
As mentioned above, CNTs that have been treated by acid oxidation and dispersed
in water acquire a negative surface charge in neutral solution [20] and deposit on
the anode during EPD.

For EPD of MWCNTs from aqueous suspensions, deposits of adequate qual-
ity in terms of uniform thickness and homogeneous covering of planar metallic
electrodes have been obtained by applying electric fields >20 V/cm [41]. The min-
imum threshold for a coherent, robust film may be due to the larger number of
contacts generated between more densely-packed CNTs, as the individual CNTs
are drawn closer to each other at higher fields [18]. Aqueous suspensions have the
advantages of low-cost processing, lower electric potential requirements and better
environmental credentials than organic suspensions. However, the use of aqueous
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Fig. 4.2 Schematic diagram of the typical and simple EPD cell for processing CNT, showing also
the option of depositing CNT onto a patterned ITO substrate, according to ref. [32]

suspensions can suffer the potential problem of gas evolution by water electrolysis
(1.23 V). Hydrogen gas evolution occurs at the cathode while oxygen gas is gener-
ated at the anode. These effects can be apparent at higher electric fields (>35 V/
cm), at lower pHs, and for long deposition times: excessive hydrogen gas evolution
has been seen to occur at the cathode [41]. Similar results were reported by Thomas
et al. [19], who showed that at relatively long EPD times (>5 min) MWCNT ag-
gregation occurred, resulting in a large scatter of the yield and poor homogeneity of
the deposits. Single, shorter EPD runs led to CNT films of ~3 um [19]; several suc-
cessive depositions on the same electrode resulted in homogeneous films of up to
100 pm in thickness, however the reason why short depositions avoid the problems
of one long deposition have not been discussed [44].

The EPD of MWCNTs from ethanol/acetone suspensions on metallic substrates
was first reported by Du et al. [23]. It was shown that the volume ratio of acetone-
to-ethanol affected the microstructure of the electrophoretic CNT film. The EPD
fabrication of CNT-reinforced resin composites was reported by the same group
[22]. An ethanol solution containing both the resin and the curing agent (aliphatic
amine) was sonicated for 30 min to form a stable suspension. A constant deposition
voltage of 45 V was used for EPD, with aluminium electrodes placed 50 mm apart.
This early work demonstrated the successful use of EPD for developing polymer/
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CNT composite coatings and, in principle, the method could be applied to a range
of polymer matrices. Recent investigations have shown, for example, the devel-
opment of MWCNT/polyimide composite films by EPD of MWCNT-polyamic
acid colloidal suspension which was derived from carboxylated MWCNTs and
poly(pyromellitic dianhydride-co-4,4’-oxydianiline) (PMDA-ODA). Under an
electric field, both negatively charged MWCNT and PMDA-ODA colloid particles
migrate to the anode simultaneously, and are converted to a coherent MWCNT/
polyimide composite film [45].

Research work has been also carried out on EPD of oxidized or surfactant-mod-
ified SWCNTs. Jin et al. [27] co-deposited pyrrole and SWCNTs on indium-tin-
oxide (ITO) from an aqueous suspension, fabricating a 1 pm thick composite film
where the CNTs were perpendicularly oriented to the substrate; in this case, the
pyrrole polymerises at the surface producing a composite film. In-situ deposition
and electropolymerisation processes have been also reported for MWCNTSs [46].
Chemically-oxidized SWCNTs have been used to fabricate CNT patterns exhibiting
20 pm features on ITO-coated and plain glass [28]. Functionalised SWCNTs were
stabilised in MgCl,/ethanol and deposited on ITO-coated glass. The nanotubes were
seen to strongly adhere to the ITO coating, which was attributed to two factors: (1)
interaction between the hydrophilic CNT and the ITO surface [28, 47] and (2) the
presence of the charger salt, MgCl,, since Mg*" ions form hydroxides at the surface
of the negative electrodes which assist interfacial bonding [47]. Girishkumar et al.
[48] have used EPD to deposit SWCNT thin films modified with tetraoctylammo-
nium bromide (TOAB) in tetrahydrofuran (THF) on aminopropyltriethoxysilane
(APS) coated optically transparent electrodes (OTE) made of conductive glass. The
intended application of these SWCNT layers is for electrodes in portable fuel cells,
in particular for methanol oxidation and oxygen reduction reactions. The same re-
searchers [21] have reported the fabrication of a SWCNT-based membrane elec-
trode assembly for hydrogen fuel cells by EPD.

As indicated above, beyond the fabrication of planar CNT-based coatings and
films, EPD can be applied to deposit CNT onto curved or complex structures, in-
cluding microwires, fibres, porous substrates and textile structures [13, 49]. The
fabrication of more complex patterns of CNT deposits by EPD can be realised by
using masks or by designing combinations of conductive and non-conductive sur-
faces as deposition electrodes. Thick electrophoretic CNT films, displaying rela-
tively high packing density, also exhibit some degree of flexibility [50].

In recent experiments, functional interphases based on MWCNTs in glass fibre/
epoxy composites have been developed by EPD [51]. The deposition process of MW-
CNTs onto glass fibre surfaces by EPD leads to a more homogeneous and continuous
CNT distribution on the glass fibre surface than a conventional dip-coating method.
It was shown that interphases formed by MWCNT, mimicking a biological fibrous
nanostructure, can greatly improve the interfacial shear strength of the composites.
In addition, it was found that the semiconductive interphase results in a high sensitiv-
ity of the electrical resistance of single glass fibre model composites to strain. These
novel composites provide a possible in-situ mechanical load sensor to achieve early
warning of fibre composite damage [51]. In the field of ceramic matrix composites
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based on SiC fibres, the homogeneous CNT coating of SiC fibres provided by EPD
may improve the interfacial strength and enhance the load transfer capability of the
composites. Figure 4.3 demonstrates the electrophoretic CNT coating on a SiC fibre
obtained in a recent investigation [49]. With increasing interest in the use of CNT
coated reinforcing fibres in composites [52], it is highly likely that developments of
the EPD technique in this application area will continue to flourish.

The results discussed in this Section demonstrate that manipulation of CNT
by EPD is a very attractive approach for a wide range of applications, which is
expected to attract further research efforts in the near future. In this context, EPD
represents a powerful method to assist the fabrication of CNT-based devices and
composite materials, particularly because there are few alternatives for deposit-
ing (and aligning) CNT on the planar and curved substrates required. Similarly,
EPD of CNT represents a very effective process to create CNT membranes and
nanofilters which are otherwise fabricated by slow and tedious filtration of CNT
suspensions.

4.4 EPD of CNT-Nanoparticle Composites

EPD can be employed to deposit ceramic or metallic nanoparticles onto or into
pre-existing CNT films [1]. In this approach, EPD can be used either to infiltrate
the porous CNT structure with nanoparticles or to fabricate layered composite
heterostructures. Composite CNT/nanoparticulate coatings can be obtained also
by co-deposition from stable suspensions containing CNTs and one or more other
components (microsized or nanoscale particles). The various components in sus-
pension may be separately dispersed, coming together only during EPD, or may be
agglomerated forming composite building blocks in suspension (Fig. 4.4) [1]. In
this last case, nanoparticles can be made to uniformly coat individual CNTs by tai-
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Fig. 4.4 Fabrication routes for CNT/nanoparticle composites by EPD: a sequential deposition
of CNTs and nanoparticles to form layered heterostructures and electrophoretic co-deposition,
b different alternatives to produce CNT/particulate composites by electrophoretic co-deposition:
(i) self-assembly of nanoparticles coating individual CNTs, (if) heterocoagulation of CNTs onto
larger particles, (iif) simultaneous deposition of CNTs and ceramic (or metallic) particles exhibit-
ing the same charge polarity in suspension. (According to ref. [1] Published with permission of
Elsevier)

loring their respective zeta-potential values, thus promoting heterocoagulation and
self-assembly of the different species in suspension. Alternatively, if large (micron-
sized) particles are used, CNTs can coat individual particles forming charged CNT-
coated composite particulates in suspension, which will migrate to the deposition
electrode upon application of the electric field. Schematic diagrams showing the
different EPD approaches are shown in Fig. 4.4 [1]. The following sections include
specific examples of these different EPD routes to fabricate CNT-containing nano-
composites.
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4.4.1 SiO,/CNT Composites

The combination of silica nanoparticles with MWCNTs in EPD was investigat-
ed by Chicatun et al. [53], who prepared SiO,/CNT composite films on metallic
substrates. Commercially-available MWCNTs were used without any post-syn-
thesis treatment. Aqueous dispersions of hydrophilic fumed silica were used as
the source of SiO,. Several surfactants were investigated for their suitability to
produce stable CNT suspensions, including octylphenolpoly(ethyleneglycoleth
er) (Triton X-100), polyacrylic acid (PAA), cetyltrimethyl ammonium bromide
(C16TMAB) and sodium dodecyl sulfate (SDS). Iodine (99,999%) was used as a
charge promoter. The suspension for electrophoretic co-deposition of CNTs and
SiO, nanoparticles was prepared by mixing an aqueous MWCNT suspension with
different concentrations of silica nanoparticles. EPD involved different applied
voltages in the range 20-55 V and constant deposition time (in the range 1-5 min).
Layered CNT/SiO, porous composites were obtained by sequential EPD experi-
ments alternating the deposition of CNTs and SiO, nanoparticles [53]. After de-
position, the first CNT film was dried in normal air for 24 h and the CNT-coated
electrode was used to deposit the silica nanoparticle layer. As in all colloidal pro-
cessing methods, in order to reduce crack formation in the films, controlled drying
methods are required. SEM results showed that CNT were efficiently mixed with
SiO, nanoparticles to form a composite network structure [53]. Possible applica-
tions of MWCNT/SiO, films are as porous coatings in the biomedical field, ther-
mal management devices, biomedical sensors and other functional applications
[54]. CNT/silica nanocomposites can be also attractive for field emission devices.
For this application, novel Ag/SiO,/CNT composite films have been produced by
pulsed voltage electrophoretic co-deposition [55]. MWCNTs suspended in a mix-
ture of isopropyl alcohol were used combined with ethanol suspensions contain-
ing SiO, particles (1.55 um) and Ag particles (0.9 um). Two types of surfactants,
polyethyleneimine and Disperbyk-184 (BYK Chemie, Germany), were added to
the suspension as dispersants and surface charger for the CNTs and the suspended
particles, respectively. SiO, and Ag particles were shown to enhance the bonding
between CNTs and ITO glass (used as substrate) and the conductivity of the films,
respectively. A pulsed voltage method, instead of conventional constant electric
field, was used, as pulsed plating can result in coatings with improved surface ap-
pearance and properties [55]. MWCNTs deposited by the pulsed voltage method
tended to align uniaxially in the direction of the applied electric field although the
reasons for this behaviour have not been discussed in detail. The study of Wang
et al. [55] represents thus a novel approach showing the electrophoretic co-depo-
sition of CNTs and two particulate species to produce complex CNT-containing
nanocomposites. Future applications of EPD in this field will, no doubt, consider
other combinations of ceramic and metallic particles with SWCNT and MWCNT
for specific applications.
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4.4.2 CNT/TiO, Composites

Porous TiO, nanostructured coatings are of interest for photocatalytic applications.
Titania is also a biocompatible material and titania coatings on stainless steel or
titanium alloys can find applications in orthopaedic implants. The fabrication of
CNT-TiO, composites offers the potential benefit of combining these two materi-
als to increase the photocatalytic effectiveness of TiO, [56, 57] and to improve the
mechanical properties of TiO, films [58]. Early investigations have demonstrated
the EPD-based fabrication of homogeneous and thick deposits of CNTs either coat-
ed or infiltrated with TiO, nanoparticles (P25, Degussa, Frankfurt, Germany) [59].
The coating and infiltration of porous CNT assemblies with TiO, nanoparticles by
EPD leads to homogeneous incorporation of CNTs in structural and functional tita-
nia matrices. CNTs were refluxed in mixed (1:3) concentrated nitric and sulphuric
acids at 130°C for 30 min followed by washing in water to pH 7. This acid oxi-
dation treatment produced well-dispersed aqueous CNT suspensions which were
then centrifuged to remove remaining agglomerates. For use in EPD, suspensions
were further diluted. For the co-deposition of MWCNTSs and TiO, nanoparticles on
stainless steel substrates, Singh et al. [59] prepared suspensions by mixing TiO,
nanopowder with CNT aqueous solutions of concentration 0.6 mg/ml. Either so-
dium hydroxide (NaOH) or hydrochloric acid (HCI) was added to influence the sus-
pension pH. At pH=5, it was found that co-deposition occurred due to the opposite
signs of the surface charges (zeta potential values) of CNTs and TiO, nanoparticles.
Thus the EPD mechanism is likely based on the electrostatic attraction between
CNTs and TiO, nanoparticles which leads to the creation of composite particles in
suspension (see Fig. 4.4) consisting of TiO, nanoparticles homogenously attached
onto the surface of individual CNTs [59]. Under the applied electric field, these net
negatively-charged “composite TiO,/CNT” particles should migrate to and deposit
on the anode. The CNT/titania nanostructure is potentially useful for nanoelectronic
devices and photocatalytic substrates [60]. After sintering, dense CNT-reinforced
TiO, structural coatings can be obtained.

TiO,/CNT composite layers have been also made by sequential deposition of al-
ternating layers of CNT and TiO, nanoparticles and by co-deposition [61]. Electro-
phoretic co-deposition of equally charged CNTs and nanoparticles can be explained
by considering the different trajectories of nanoparticles in suspension [61]. The
first region occurs in the suspension at a given distance from the working electrode,
where both CNT and titania particles are moving towards the deposition electrode
under the influence of the externally applied electric field.

The second region occurs close to the deposition electrode where the charge of
the CNT deposit influences the motion of incoming charged particles. When CNTs
and TiO, particles possess the same charge, repulsive forces act between them
and particles are repelled before they can reach the surfaces of the charged CNTs.
As suggested in the literature [61], under the effect of these repulsive forces the
particles will follow the path with the fewest possible obstacles until reaching the
next interstice in the CNT deposit. This mechanism of infiltration could be equally
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applied to the sequential EPD process, where titania nanoparticles initially infil-
trate the porous CNT layer and then build up a deposit to form a second layer. Us-
ing sequential EPD, four-layer TiO,/CNT laminate composite coatings have been
produced [61]. The CNT layer should act as reinforcement by providing a crack
deflection and delamination path. The effect of MWCNT in reducing microcrack
formation in EPD TiO, films deposited on F-SnO, conducting substrates has been
investigated [58]. Suspensions of TiO, nanoparticles in acetylacetone with addition
of iodine were used. The presence of oxidised CNTs was confirmed to reduce the
problem of microcracking in TiO, films due to bonding with the TiO, nanoparticles
through the interaction of hydroxyl and carboxyl groups [58].

4.4.3 Fe,0/CNT and Eu,0/CNT Layered Composites

Functional CNT nanocomposites are being developed to integrate CNTs and func-
tional nanoparticles into single structures for a range of different devices for po-
tential applications in next-generation luminescent, magnetic and energy-storage
devices [62, 63]. There are three major research topics in this field: functionalization
of CNT surfaces with nanoparticles, EPD of alternating CNT and nanoparticle lay-
ers and co-deposition of CNTs and nanoparticles to form multilayered films. These
heterostructures are relevant for several existing and proposed magnetic, optical and
energy-storage devices [64]. The fabrication of functional CNT-nanoparticle layered
composites is based on the ability of EPD to deposit homogeneous layers of CNT and
nanoparticles on top of one another. As mentioned above, EPD provides substantial
control over film thickness and deposition rate enabling a degree of site-selectivity
when depositing both nanoparticles and CNTs. In an early published paper [65], iron
oxide (Fe,0,) nanocrystal MWCNT composite films were fabricated by EPD on
stainless steel and gold substrates. Low field-high current and high field-low current
EPD conditions were integrated to produce the composite films. The low field-high
current EPD approach produced porous mats from aqueous CNT suspensions, while
the high field-low current EPD approach produced tightly-packed nanoparticle films
from a dispersion of Fe,O, nanoparticles in hexane. The surface coverage and ho-
mogeneity of the iron oxide films improved with repeated deposition on the same
CNT layer. Large electric fields applied during EPD of Fe,O, and strong van der
Waals interactions among the nanoparticles led to tightly-packed Fe,O, films on the
MWCNT porous layer to create CNT/Fe,O, composite films [65]. The thicknesses
of the first CNT layer, the Fe,O, film, and the second CNT layer were approximately
6 um, 150 nm and 1 pum, respectively. Recently, this work has been expanded to fab-
ricate by EPD Eu,O,/CNT composites for optical and energy-storage device appli-
cations [66]. Figure 4.5a, b shows the top view and cross section of a three-layered
heterostructure sandwich (CNTs:Eu,0, nanocrystal:CNTs).

To fabricate this structure, the oxide nanocrystal film coated CNT mat was em-
ployed as the anode to deposit a second CNT mat by EPD (Fig. 4.5a). A significant
difference in the thickness of the two CNT mats was observed for the same EPD
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Fig. 4.5 a Top view and b side view SEM images of a composite tri-layered heterostructure:
CNT mat-europium oxide nanocrystal film-CNT mat, produced by EPD. ([66] Reproduced with
permission of Elsevier)

conditions. The first CNT mat was ~2 pum thick, while the second mat was ~500 nm
thick, as shown in Fig. 4.5b. During the second CNT deposition, the applied voltage
is reduced across the low-conductivity CNT mat-oxide film layer. Hence, the effec-
tive EPD electric field is reduced, leading to the thinner CNT mat. The second CNT
mat thickness can thus be tuned by varying the EPD parameters.

4.4.4 Manganese Dioxide/CNT Composites

EPD has been applied for fabrication of composite films containing manganese di-
oxide nanofibers and MWCNTs for application in electrochemical supercapacitors
(ES) [67]. Manganese dioxide nanofibers with length in the range 0.1-1 um and
diameter of 2—4 nm exhibiting low crystallinity were combined with commercial-
ly-available MWCNTs with average diameter ~15 nm and length ~0.5 um. EPD
was performed from aqueous suspensions containing 0-5 g/L manganese dioxide,
0.1-0.5 g/L sodium alginate and 0—0.5 g/L. CNTs. Sodium alginate polyelectrolyte
was used as dispersant, charging additive, and binder for EPD of both manganese
dioxide nanofibers and MWCNTs. Figure 4.6 shows the nanocomposite produced
which exhibited a fibrous, crack free and porous microstructure with pore size in
the range 10—-100 nm [67].

Composite films containing manganese dioxide and CNTs exhibit higher spe-
cific capacitance (SC) compared to pure manganese dioxide films and can be inter-
esting electrode materials for electrochemical supercapacitors [68]. Recently, the
synthesis of a new composite electrode based on nanosized-manganese oxide and
CNTs by EPD followed by direct spontaneous reduction of MnO* ions to MnO, to
form the multi-scaled CNT/MnO, electrode has been reported [69].

EPD can thus help to develop MnO,-based electrochemical capacitors with the
highest possible capacitance. More generally, EPD can be applied in the develop-
ment of high performance nanocomposite electrodes based on CNT and metal oxide
nanoparticles for the future generation of electrochemical power sources [69].
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Fig. 4.6 SEM micrographs showing the microstructure of MnO,/CNT deposits obtained by
electrophoretic co-deposition (deposition voltage 15 V) from a sodium alginate solution: a and
b surface of the deposits on a stainless steel substrate at different magnifications, ¢ and d cross-
sections of the deposits of different thickness on graphite substrates and e high magnification
image of a cross-section (arrows show carbon nanotubes). ([67] Images published with permission
of Elsevier)

4.4.5 CNT/Inorganic Matrix Bioactive Composites

The development of hydroxyapatite, Ca,,(PO,)(OH),, (HA) and bioactive glass
(BG) coatings by EPD is an area of increasing interest [70—72]. The remarkably
high mechanical strength and nanoscaled morphology of CNTs make them attrac-
tive for biomedical applications, particularly for developing nanofibrous bioactive
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surfaces in combination with hydroxyapatite or BG [73—75]. Combined with hy-
droxyapatite and BG, CNTs also promote the formation of bone-like nanostructured
calcium phosphate crystals (biomineralisation) when the coatings are in contact
with biological fluids [76]. Additionally, CNTs represent optimal reinforcing ele-
ments for BG or HA matrices for orthopaedic applications, whereby electrical con-
ductive CNTs can enhance also the function of biomedical coatings, for example for
tracking of cells, sensing of microenvironments in addition to enabling nanostruc-
tured surfaces for optimal integration with bone tissue [77]. The combination of
CNTs with hydroxyapatite or bioactive glass particles to form novel nanostructured
inorganic bioactive coatings by using EPD is discussed in the following sections.

4.4.5.1 Hydroxyapatite (HA)/CNT Composites

Synthetic hydroxyapatite (HA) is a biologically-active calcium phosphate com-
monly used to coat orthopaedic metallic implants or directly as bone replacement
material [78]. Bioactive HA promotes bone growth along its surface but it exhibits
poor mechanical properties. Composites of HA reinforced by CNTs are being fabri-
cated by EPD [59, 73, 75]. CNT functionalization is required to achieve the desired
mechanical reinforcement, based on a good dispersion of CNTs in the HA matrix
and on an improved CNT/HA interfacial bond strength. It has been shown that CNT
content affects the hardness and elastic modulus of HA/CNT composites, with low
CNT concentrations (0.1 wt.%) providing the maximum hardness of 3.46 GPa and
elastic modulus of 69.5 GPa [79]. Both plasma spraying [80] and laser surface al-
loying [75] have been applied to produce HA/CNT composite layers on Ti—-6Al1-4V
alloys. These two techniques, however, are cost-intensive technologies, and it is of-
ten difficult to control the coating microstructure and thickness during processing.
Research efforts are, therefore, increasingly exploring the use of EPD to develop
HA/CNT coating layers [59, 79, 81]. For example, homogeneous HA/CNT com-
posite coatings have been obtained using different applied voltages and EPD times
[79]. Moreover, Lin et al. [81] used HA nanoparticles and MWCNTs dispersed in
ethanol to coat Ti alloys by EPD, employing an applied voltage of 30 V and a depo-
sition time of 50 s, to obtain a deposit thickness of 10 pm. Densification of the layer
was achieved by sintering at 700°C for 2 h in argon. The bonding strength between
the substrate and the HA/CNT composite layer improved in comparison to that of
the pure HA coating [81]. This result indicates that the presence of CNTs improves
the adhesion of the HA coating to the substrate. An alternative method to function-
alise CNTs is hydrothermal treatment (HT), as recently suggested for boehmite/
CNT mixtures [82]. This method does not give rise to a high concentration of de-
fects on CNT surfaces. HT involves chemical reactions at temperatures greater than
room temperature and pressures above 1 atm in a closed system in a liquid medium
[82]. Under hydrothermal conditions surface groups, e.g. ((COOH) and (-OH), are
generated on the surfaces of CNTs, leading to a good dispersion and formation of
stable suspensions for EPD. For the synthesis of HA/CNT mixtures, MWCNTSs can
be mixed with Ca(OH), and H,PO, and then hydrothermally processed at 200°C
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for 2 h. Subsequently, HA solutions are mixed with MWCNTs and ultrasonicated.
Since pristine CNTs have poor wetting properties, carboxylic acid and other oxy-
gen-containing groups on CNT surfaces must be introduced as discussed above.
Hydrothermally processed HA/CNT mixtures containing 1 wt.% CNTs have been
used for EPD conducted at constant DC voltage for different deposition times. The
propagation of cracks induced by indentation of monolithic HA and an HA/CNT
composite (2 wt.% CNTs) has shown that toughening mechanisms such as nanotube
bridging and debonding appear to be active in the composite. No delamination or
detachment of the coating layer was observed, which is ascribed to the presence of
the CNT network acting as reinforcement, as has been also observed in TiO,/CNT
composite layers [58]. More recently, EPD of CNTs and HA on a titanium substrate
was investigated by Bai et al. [83] showing the effect of applied voltage and deposi-
tion time on coating morphology, thickness, and roughness. The CNT-HA coatings
were seen to provide efficient protection of the titanium substrate in SBF, promoting
also good biocompatibility with osteoblast cells.

4.4.5.2 Bioactive Glass/CNT Composites

Bioactive silicate glasses, for example 45S5 Bioglass® of composition (in weight%):
45% Si0,, 24.5% Na,0, 24.5% CaO and 6% P,0O, [84] have been used in a range
of biomedical applications such as non-load-bearing implants, bioactive coatings,
bone cements, bone fillers and tissue engineering scaffolds, due to their excellent
bioactivity and biocompatibility [85—87]. In order to resolve the problem of the
brittleness and low mechanical strength of bioactive glasses, they are usually ap-
plied as coatings on metallic substrates, e.g. Ti alloys or stainless steel, in some
cases replacing HA coatings [71, 86]. These coatings improve both the bioactivity
and the biocompatibility of implants, as well as protecting the metallic implants
and orthopaedic/dental devices from corrosion when in contact with body fluids.
EPD has been used to deposit bioactive glass coatings on metallic substrates [71]
and EPD was further developed for production of CNT/Bioglass® layered com-
posite films [88, 89]. CNTs of diameter ~20 nm were used. After acid treatment, a
well-dispersed aqueous CNT suspension with a concentration of 0.45 mg/ml was
prepared. A sequential deposition method was applied to produce a coating of CNTs
on bioactive glass layers [88]. Electric field strengths in the ranges 10-40 V/cm and
2-10 V/ecm were used for CNT and Bioglass® particle suspensions, respectively,
together with deposition times of 1-4 min and 3—6 min, respectively [88]. EPD has
been also shown to be an innovative technique to deposit CNTs onto 3D Bioglass®
scaffolds; a suitable EPD cell is shown schematically in Fig. 4.7 [76, 90]. SEM im-
ages showing the morphology of the deposited CNT layer on Bioglass® scaffolds
are included in Fig. 4.8 [90], indicating that CNTs form a compact nanotopography
on the scaffold strut surface. Several applications of these novel nanocomposites are
possible. For example, the porous CNT network on the Bioglass® surface represents
a suitable bioactive nanofibrous and porous substrate to study cell attachment and
growth [91, 92]. Moreover incorporation of CNTs on the bioactive glass surface
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Fig. 4.7 Schematic diagram
showing the EPD cell
developed to infiltrate porous
bodies, e.g. Bioglass® scaf-
folds, with CNT. (according
to ref. [76])

Power supply

Stable CNT suspension Bioglass® Scaffold

provides improved bioactive function for applications as coatings on orthopaedic
implants for strong bonding with bone, similar to those discussed above for HA/
CNT composites. Considering biomimetic materials for bone tissue engineering,
CNT coated Bioglass® scaffolds produced by EPD represent suitable substrates for
rapid growth of nanoscale hydroxyapatite crystals, when the composites are im-
mersed in relevant biological fluids, such as simulated body fluid (SBF) [93]. In
this context, the CNT mesh can induce the ordered growth of a nanoscale HA layer
leading to a nanostructured topography resembling the structure and composition
of natural bone [88, 89]. Thus the presence of CNTs can enhance the bioactive be-
haviour of the Bioglass® surface, indicating the promise of these scaffolds (as fab-
ricated by EPD) for bone tissue engineering. Clearly, the cellular biocompatibility
and in-vivo behaviour of the CNT/Bioglass® composites remain to be investigated,
including the assessment of possible toxicity effects of CNTs [77].

4.5 Conclusions

This Chapter has summarised the application of EPD for the ordered deposition of
CNTs and CNT-containing nanocomposites for a variety of applications. Success-
ful examples involving combinations of CNTs with SiO,, TiO,, MnO,, Fe,O,, HA
and bioactive glass, were discussed. EPD has great potential for manipulation of
CNTs and for their assembly into ordered layers including thin films and coatings.

Moreover, there have been recent reports [94, 95] of anodic EPD for fabrication of
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Fig. 4.8 SEM images show-
ing the typical microstructure
of a CNT-coated scaffold
obtained by EPD (2.8 V,

10 min) at (a) low and (b)
high magnifications. The
CNT coating is indicated

by the arrows in (b). ([90]
Reproduced with kind
permission from Springer
Science+Business Media)

Signal A = InLens Date :1 Aug 2008
Mag= 400X Time 17:42.01

EHT = 5.00 kv Signal A = InLens Date :1 Aug 2008
WO = 8.9 mm Mag= 200KX Time :18:57:29

composite films containing HA nanoparticles and CNT in biodegradable polymer
matrices, which were not discussed here. The current literature confirms that the
key step for successful EPD of CNTs is the design of suitable stable suspensions
using either aqueous or organic solvents. Based on the ability of EPD to manipulate
CNTs, further applications of CNT-containing composite structures are likely to
emerge, including, for example,functional CNT-nanoparticle heterostructures for
use in field emission displays, nanoelectronics, electrochemical supercapacitors,
gas sensors, photocatalytic devices, biomedical platforms, drug delivery systems,
antibacterial films, and biosensors. EPD of CNTs is also now considered to be a
promising means to fabricate nanoporous functional layers of other materials, for
example for solid oxide fuel cells (IT-SOFC). [96]. In this case, CNTs were used as
a sacrificial phase that was subsequently removed by a thermal process, leading to
a nanoporous active structure.

EPD will play a significant role in the development of advanced CNT/nanoparti-
cle composite nanostructures. Further improvements of the EPD process and better
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understanding of the kinetics of CNT EPD will help to link EPD parameters to the
physical characteristics of the resulting CNT deposits, offering improved control
of three dimensional nanostructures containing CNTs, either in the form of dense
materials or with a predetermined pore structure. In the future, graded, aligned and
patterned features based on predetermined arrays of CNTs may also be obtained by
EPD and thus the technique has future potential in a range of functional applications
requiring the local manipulation and arrangement of CNTs.
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Chapter 5

Electrophoretic Deposition (EPD):
Fundamentals and Novel Applications
in Fabrication of Advanced Ceramic
Microstructures

Partho Sarkar, Debnath De, Tetsuo Uchikochi and Laxmidhar Besra

5.1 Introduction

Electrophoretic Deposition (EPD) is a colloidal forming technique where charged,
colloidal particles from a stable suspension are deposited onto an oppositely charged
substrate by the application of a dc electric field. In recent years, the ceramic com-
munity has come to understand that good forming techniques are the key to achiev-
ing reliable product properties and performance. Good forming techniques should
have three major capabilities: ability (1) to produce a dense and homogeneous green
body, (2) to produce complicated shapes effectively and easily, and (3) to allow
flexibility in microstructural manipulation i.e., ability to fabricate a wide spectrum
of composite microstructures ranging from dispersed, laminated, fiber-composites
to functionally graded materials etc. Illustrations in this chapter will demonstrate
that EPD has all of these capabilities. Most significant in the EPD of laminates is the
high-perfection of the microstructures produced, particularly the interfaces [1]. This
chapter will address the fundamental mechanisms and kinetics of the EPD process,
critical issues and myths of the EPD process, and why EPD is a potential processing
technique for fabrication of high-performance and high-perfection ceramics and
coatings that can have a wide spectrum of applications.

In a homogeneous green body i.e., unsintered powder compact, the spatial distri-
bution of all of its constituent phases, including voids, should be uniform and nar-
row. Lange et al. [2] have shown that voids with high particle coordination number
are difficult to remove during sintering and will exist in the sintered product as
flaws. These flaws or defects in the final products will degrade their properties, ren-
dering them unreliable and weak. Thus, it is prudent to choose an effective forming
or consolidation technique that can produce a dense and homogeneous green body
where particles are tightly, closely and uniformly packed and distributed homoge-
neously. This will, in turn, reduce the size and distribution of voids, thus minimiz-

P. Sarkar (D<)

Clean Energy, Environment & Carbon Management Division, Alberta Innovates-Technology
Futures, 250 Karl Clark Road, Edmonton, AB, Canada T6N 1E4

e-mail: Partha.Sarkar@albertainnovates.ca

J. H. Dickerson, A. R. Boccaccini (eds.), Electrophoretic Deposition of Nanomaterials, 181
Nanostructure Science and Technology,
DOI 10.1007/978-1-4419-9730-2_5, © Springer Science+Business Media, LLC 2012



182 P. Sarkar et al.

Ceramic Forming

Poor Ideal
Consolidation Consolidation

Number of flaw
Number of flaw

Flaw size Flaw size

Compacted
Ceramic

Sintered
Ceramic

Fig. 5.1 Schematic illustration of a poor and ideal consolidation of ceramics [3]

ing defects in the sintered products. Figure 5.1 is a schematic illustration of a poor
and ideal consolidation process [3]. In contrast to poor consolidation, in an ideal
consolidation the product will be less prone to cracking and warpage during drying
and sintering. Furthermore, the probability of incorporation of flaws or defects in
the sintered product from ideal consolidation will be significantly low, thus lower-
ing sintering temperatures and/or shorter soaking times, and resulting in more re-
producible final densities ensuring better dimensional control of finished products.

5.2 Fundamentals of the Process of Electrophoretic
Deposition (EPD)

EPD is a facile colloidal ceramic forming technique where one can control “the
state of dispersion of particles in suspension” or “suspension structure” (via careful
manipulation of interparticle colloidal forces) and its evolution during consolida-
tion (via proper choice of processing parameters) in order to produce near ideal
dense and homogeneous green bodies and microstructures.
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Sarkar et al. [4] have provided examples of near ideal dense and homogeneous
green bodies and microstructures made from mono-size silica spheres (dia.=0.5 wm)
by the EPD process. The microstructure [4] shows the close packing of the silica
spheres and a very narrow distribution of voids that can be easily removed during
sintering. Sarkar et al. [4] have clearly demonstrated the capability of EPD forming
technique to deliver a dense and homogeneous green body. The EPD process can
also deposit powder uniformly on electrodes having complicated shapes and, as a
result, can produce geometrically complicated shapes. However, in the case of bulk
ceramics, after shape forming, the substrate (depositing electrode) needs to be sepa-
rated from the deposit. Commercial viability of EPD depends on the effective sepa-
ration of the substrate from the deposit. In the case of simple geometry, separation
can be done by careful and controlled drying of the deposit. For complicated shapes,
a combustible substrate that can be removed during the sintering process could be
used. In the case of coatings, the sample often develops cracking during drying and
sintering, and the success of EPD to this area depends on overcoming this problem.
In general, commercial success of EPD is limited by a better understanding of how to
control the EPD process precisely and consequently better trained operators as com-
pared to other common forming methods such as slip casting or injection molding.

5.2.1 The Process of Deposition/Coagulation During EPD

In other casting (deposition) processes such as in slip-, centrifugal-, or pressure-
casting, the liquid is induced to move and carries the particles with it. The casting
process involves the liquid moving, carrying the ions through the building cast.
The flight of ions reduces the zeta-potential and the particles coagulate. In con-
trast, in EPD the particles move while the liquid remains approximately motion-
less. Deposition during EPD involves a different mechanism. The liquid in EPD
experiences no bulk force; the ions and the particles do. Several explanations of
particle coagulation during EPD have been advanced. Koelmans and Overbeek [5,
6] proposed that the increase of electrolyte concentration caused by electrochemi-
cal reactions at one of the electrodes induces particle coagulation. Shimbo et al.
[7] suggested that polymerization of adsorbed hydroxides produced by secondary
processes at the depositing electrode causes the particles to adhere. Mizuguchi et al.
[8] hold that charge neutralization of particles upon touching the electrode brings
them together. Brown and Salt [9] calculated the minimum deposition field strength
(25-500 V ¢cm™") required for oxide particles in organic media but found actual ex-
perimental values are 5—10 times less. Hamaker and Verwey [10, 11] explained this
discrepancy in terms of a “pressure” generated by accumulated particles causing
deposition. This explanation is doubtful since Giersig and Mulvaney [12] recently
deposited a monolayer of gold particles by EPD at the relatively low field strength
of 0.5-5 mV c¢cm™'. Since particles can deposit on either the cathode or anode de-
pending on the sign of their surface charge and even noble metals and carbon can
also be deposited, explanations of hydroxide formation and polymerization are not
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plausible [7]. Recently, De and Nicholson [13] proposed a model for the process
of deposition during the electrophoretic deposition process. Their model has dem-
onstrated that the mandatory pre-step to deposition, i.e., particle coagulation, is the
local pH change of the suspension due to ionic discharge. The model suggested that
ions that move with the charged particles in suspension are depleted at the deposit-
ing electrode, locally changing the pH towards the isoelectric point (pHi_e'p_) to give
coagulation. They modeled the variation of zeta potential via chemical-equilibrium
and surface-adsorption isotherms. Their model predictions successfully fit the ex-
perimental data for Al O, particles in ethanol when the Freundlich surface-adsorp-
tion isotherm is assumed. The model also predicts the co-ion concentration gradient
as a function of location within the suspension, and the deposition time and its role
in the coagulation process during EPD.

Further experimental evidence of the pH localization model of De and Nicholson
[13] for particle consolidation at the electrode during EPD is reported recently by
Besra et al. [14]. Using a specially designed ion sensitive field effect transistor (IS-
FET) pH meter that compactly houses the electrodes at its tip (Fig. 5.2), they suc-
cessfully measured the local pH variations near the electrodes during electrolysis of
water by both continuous as well as pulsed DC as a function of time and observed a
significant change in pH near the electrodes compared to the bulk initial pH. They
withdrew about 50 pl liquid from the electrode surface during electrolysis at vary-
ing time intervals for pH measurement. They observed that the initial (at time t=0)
pH at cathode/solution interface was at bulk water pH of 4.5 but increased signifi-

- +
O
O

pH~10.0 pH~3.0

Fig. 5.2 Method of pH mea-
surement near the electrodes
during electrolysis. a Elec- a
trolysis bath showing bubble
generation at the electrodes.
Samples were drawn from
the electrode surface from
near the arrow head. b Spe-
cial type of pH meter with
micro-electrodes with which
50 ul sample is enough to
give a reproducible measure
of pH. ¢ Electrolyzed water
sample being dropped onto
the microelectrode for pH
measurement. [14]
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cantly to about 10.7 within 30 s of application of a continuous DC voltage of 20 V
(Fig. 5.3a) and remained constant with time thereafter even though electrolysis con-
tinued. They also observed that the rise in pH was gradual on application of a pulse
voltage, the plateau value of pH decreased with decreasing pulse size and longer
electrolysis time was needed to attain the plateau pH for smaller pulse size. Fur-
thermore, the rise in pH was negligible for a pulse size of 0.001 s for 20 V applied
potential. Besra et al. [14] also observed that the local pH at the anode/electrolyte
interface (Fig. 5.3b) dropped from bulk pH 4.5 to as low as pH 2.9 within 30 s of
electrolysis on application of continuous voltage of 20 V and remained unchanged
thereafter in spite of the fact that electrolysis continued. Also, they noticed that the
decrease in pH was less on application of pulse voltage and lower the pulse size,
less was the decrease in pH at anode/solution interface. Table 5.1 [14] describes
the localized pH values during an actual EPD process for alumina suspension and
clearly demonstrates that the local pH of the deposited mass at cathode is indeed
higher than the bulk initial pH 4.5 of the suspension. Also, data in Tab. 5.1 clearly
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Table 5.1 pH of alumina Sl Pulse size pH of deposited Deposit yield, pH at
deposited at cathode on No mass at cathode mg/cm? anode
application of 20 V for 3 min -
[SU.SpCHSiOHZ 5 VO]%, bulk 1 Continuous DC 8.4 180.77 4.5
pH 4.5] 2 0.1spulse 6.9 112.55 4.5

3 0.01 spulse 54 46.50 4.6

4 0.001 s pulse — 0.00 4.6

establish a direct correlation among the deposit yield, the closeness of shifted pH to
the isoelectric point (i.e.p.) of alumina (pH, , =7.9) and the rate of the shift of the
local pH towards the pH, _ = of alumina. Dep051t yield in Tab. 5.1 was also observed
to be the highest when a contmuous DC voltage was applied for which the local pH
shifted the fastest and closest to the isoelectric point of alumina, pH, op~1-9. For the
case of pulse DC application, the deposit yield decreased in tandem with decreas-
ing pulse size since the pH shifted less and less towards pHi>e_p~7.9 with decreasing
pulse size.

5.2.2 Kinetics of Electrophoretic Deposition Process

To make EPD commercially more viable, one needs to understand the kinetics
of the EPD process in order to (a) control and manipulate deposition rate and (b)
achieve flexibility in microstructural manipulation. In 1940, during a study of the
phenomena of the EPD, Hamaker [10] observed that the deposited weight or yield
of the EPD varies linearly with the amount of the charge passed. Hamaker proposed
that the amount deposited or yield is proportional to the concentration of the suspen-
sion, time of deposition, surface area of the deposit, and the electric field.

It is important to mention that EPD is a non-Faradic process [1]. It follows laws
different from those governing electroplating. Electrophoretic deposition can be con-
ducted under either constant voltage or constant current conditions. Deposition can
be performed under either of these conditions keeping the suspension concentration
either constant or changing (concentration of suspension decreasing) with deposition
time. Figure 5.4 demonstrates the schematic plots of weight of deposit as a function of
time of deposition for these four deposition conditions: curve A (constant-current and
constant-suspension concentration), curve B (constant-current but decreasing suspen-
sion concentration), curve C (constant-voltage and constant- suspension concentra-
tion) and curve D (constant-voltage but decreasing suspension concentration). Except
in Curve A where the rate of deposition is constant with time, the rate of deposition
decreases asymptotically with deposition time in either curve B, or C, or D. The final
yield (after sufficient deposition time allowed) and rate of deposition are the highest
in Curve A, followed by curves B, C, and D respectively. The effect of decreasing
suspension concentration on the reduction of the final yield and rate of deposition is
obvious during either constant-current (curves A and B) or constant-voltage (curves
C and D) EPD. Comparison of curves A (constant-current) and C (constant-voltage)
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Fig. 5.4 Schematic of Kinet-
ics of EPD process [1]

—
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Time of Deposition =

clearly reveals that even if the suspension concentration is kept constant during de-
position in both of them, (a) the rate of deposition was constant in curve A while it
decreased asymptotically with time in curve C and (b) final yield was considerably
higher in curve A than that in curve C. Thus, the deviation of curve A from curve C is
not due to a decreasing suspension concentration but is due to a decrease of particle
velocity as function of deposition time. Why is the particle velocity decreasing during
constant-voltage (Curve C) deposition? Typically, the EPD deposit has higher electri-
cal resistance than the suspension from which deposition takes place. Consequently,
as the deposit grows with deposition time, the available electrical driving force or
voltage per unit length of suspension decreases with time. This results in decreasing
velocity of the particles, and thus the EPD yield and rate of deposition with time. EPD
of the alumina-ethanol system that is stabilized by hydrochloric acid serves a good
demonstration of this phenomenon. Sarkar et al. [3] reported that under constant-volt-
age/constant-suspension concentration conditions (curve C), it is nearly impossible
to fabricate millimeters thick samples from the hydrochloric acid-stabilized-alumina-
ethanol suspension because of high resistivity of deposit. In contrary, when the alu-
mina-ethanol system is stabilized by acetic acid, the resistivity of the deposit is only
marginally higher than the suspension and thick deposits can be produced without
any problem under constant-voltage/constant-suspension concentration conditions.
During EPD, passage of current causes electrode reactions, producing electrolytes.
Probably, the extent of electrolytes produced and any polarization in the deposit re-
sulted in the difference in deposit resistivity in alumina-ethanol system that was stabi-
lized either with strong acid: HCI or weak acid: acetic acid. This needs further inves-
tigation. Thus, under constant-voltage/ constant-suspension concentration condition
(curve C), deposit resistivity plays a significant role on determining the EPD yield
and rate of deposition. If the deposit resistivity equals that of the suspension during
deposition, Curve A and C will be identical; i.e., there will be no difference between
constant-current/ and constant-voltage/constant suspension concentration deposition
conditions. Curve D deviates from Curve A due to (a) the decrease of suspension
concentration and (b) increase of deposit resistance with deposition. Thus, Fig. 5.4
clearly demonstrates that constant-current depositions are efficient and can provide
better and easier control over the EPD deposition process.
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5.2.3 Factors Influencing Electrophoretic Deposition

The EPD process involves deposition of charged particles in a suspension onto an
electrode under the influence of an applied electric field. Recently, Besra and Liu
[15] summarized the influence of different parameters influencing the EPD process.
Two groups of parameters have been identified to determine the characteristics of
this process; (1) suspension parameters, and (2) process parameters including the
physical parameters such as the electrical nature of the electrodes, the electrical
conditions (voltage/intensity relationship, deposition time, etc).

Ideally in an EPD process, all of the applied electric field should be utilized
to effect particle electrophoresis, the driving force for EPD. However, a real EPD
suspension is far from ideal because of the presence of free ions in addition to the
particles in suspension. A portion of the current is carried not only by the charged
particles but by the free ions co-existing in the suspension. Therefore, unlike Ha-
maker’s suggestion, the deposit yield in reality is not directly related to the current.
The current carried by free ions can be ignored when their presence, as in the or-
ganic suspensions, is negligible. On the other hand, it is also believed that the accu-
mulation of anionic and/or cationic charge at the electrodes during electrophoresis
suppresses the subsequent deposition rate. However, the effect of accumulated ions
is negligible in the initial period.

The kinetics of electrophoretic deposition and the quality of deposits formed is
dependent on a large number of parameters. It is required to have careful control
of these individual parameters during electrophoretic deposition, although many
of the parameters are inter-related to one another. The first attempt to correlate the
amount of particles deposited during EPD with different influencing parameters
was described by Hamaker [10] and later by Avgustnik et al. [16]. The representa-
tion of Hamaker’s law has changed over the years, but it relates the deposit yield
(w) to the electric field strength (E), electrophoretic mobility (u), surface area of
the electrode (4), and the particle mass concentration in the suspension (C) through
the following equation:

)
w=f/L~E~A~C-dt

1

Avgustinik et al. (1962) modified the Hamaker’s law for deposition on cylindrical
electrode with a coaxial counter-electrode to arrive at the following equation for
deposit yield (w) in terms of permittivity (&), the zeta potential (&), and the viscosity
of the suspension (7):

_I'E-e-£-C-1t
" 3ln(a/b)-n

where, [ and a are the length and radius of the deposition electrode, respectively, b
is the radius of the coaxial counter electrode (b>a).
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Biesheuval and Verweij [17] improved upon these classical equations and devel-
oped more complex model of the deposition process by considering the presence of
three distinct phases namely (1) a solid phase (the deposit), (2) a suspension phase, and
(3) a phase containing little or no solid particles. The deposit phase and the particle-
free liquid phase both grow at the expense of the suspension phase. By considering
the movement of the boundary between the deposit (solid phase) and the suspension
phase with time along with the continuity equation and expression for velocity of par-
ticles in the suspension and the movement of the cast-suspension boundary, Biesheu-
val and Verweij [17] derived the following equation based on that of Avgustinik [16].

2w plECi g
B In (a/b) ba — s

¢, and ¢, in the above equation are the volumetric concentration of particles in
suspension and deposit, respectively, C, is the mass concentration of particles in
the deposit, u is the electrophoretic mobility (=&&/6mn). Using this equation, it is
possible to understand better the more-than-linear increase of cast formation with
increasing suspension concentration as reported by several authors.

Ishihara et al. [18] and Chen and Liu [19] used the following equation to deter-
mine the weight (w) of charged particles deposited per unit area of electrode in the
initial period, ignoring the charge carried by the free ions:

2 () ()
szc.gu.gr.é. — )= ) -t
3 n L

where, C is the concentration of the particle, ¢_ is the permittivity of vacuum, ¢ is
the relative permittivity of the solvent, ¢ is the zeta potential of the particles, # is
the viscosity of the solvent, E is the applied potential, L is the distance between the
electrodes, and ¢ is the deposition time. The above equation suggests that the deposi-
tion weight of the charged particles under ideal electrophoretic deposition depends
on the above parameters. For a given solvent, particles, and EPD apparatus, the fac-
tors &, ¢, and L in the above equation are constant. Hence, the weight of deposited
particles (w) in the EPD method is a function of E, ¢ and C. Therefore, the mass of
the deposited particles, and the thickness of the films formed during EPD can be
readily controlled by controlling the concentration of suspension, applied potential,
and deposition time.

5.2.3.1 Suspension Parameters

The suspension parameters include several aspects such as the physicochemical
nature of both suspended particle and the liquid medium, surface properties of the
powder, and the influence of type and concentration of additives, mainly the dis-
persant.
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Particle Size

Although there is no general rule of thumb to specify particle sizes suitable for
electrophoretic deposition, good deposition for a variety of ceramic and clay sys-
tems have been reported to occur in the range of 1-20 um [20]. But this does not
necessarily mean that deposition of particles outside this size range is not feasible.
Recently, with increasing thrust on nanostructured materials, the EPD technique
is being viewed with more interest for assembly of nanoparticles as well. It is im-
portant that the particles remain completely dispersed and stable for homogeneous
and smooth deposition. For larger particles, the main problem is that they tend to
settle due to gravity. Ideally, the mobility of particles due to electrophoresis must
be higher than that due to gravity. It is difficult to get uniform deposition from
sedimenting suspension of large particles. Electrophoretic deposition from settling
suspension will lead to gradient in deposition, i.e. thinner at the top and thicker
deposit at the bottom when the deposition electrode is placed vertical. In addition,
for electrophoretic deposition to occur with larger particles, either a very strong
surface charge must be obtained, or the electrical double layer region must increase
in size. Particle size has also been found to have a prominent influence on control-
ling the cracking of the deposit during drying. Sato et al. [21] observed that during
EPD of YBa,Cu30,_; (YBCO), cracks formed in films deposited from a suspension
consisting of relatively smaller particle (0.06 micron) was much less than that in
films deposited from the suspension containing larger particles (3 micron). Hence,
reduction in particle size improved the morphology of the YBCO superconducting
film fabricated by electrophoretic deposition suggesting that it is a useful technique
to minimize cracking of deposits.

Dielectric Constant of Liquid

Powers [22] studied the deposition of beta-alumina suspended in numerous or-
ganic media as a function of the dielectric constant of the liquids and the conduc-
tivity of the suspension. For liquids in their pure state, a sharp increase in conduc-
tivity with dielectric constant was noted. Impurities, in particular water, affected
the conductivity of the suspension. The conductivity of milled suspension was
found to be very different from that of pure liquid, as a consequence of disso-
ciative or adsorptive charging modes. Powers [22] obtained deposits only with
liquid for which the dielectric constant was in the range of 12-25. With too low
a dielectric constant, deposition fails because of insufficient dissociative power;
whilst with a high dielectric constant, the high ionic concentration in the liquid
reduces the size of the double layer region and consequently the electrophoretic
mobility. The ionic concentration in the liquid must remain low, a condition fa-
vored in liquids of low dielectric constant. Following Table 5.2 shows physical

properties such as viscosity and relative dielectric constant of some solvents used
in EPD [23].
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Table 5.2 Physical proper-

. ; Solvents Viscosity (cP)  Relative dielectric constant

ties of some solvents used in

EPD. [23] =107 (Nsm™)
Methanol 0.557 32.63
Ethanol 1.0885 24.55
n-Propanol 1.9365 20.33
Iso-propanol 2.0439 19.92
n-Butanol 2.5875 17.51
Ethylene glycol 16.265 37.7
Acetone 0.3087 20.7
Acetyl acetone  1.09 25.7

Conductivity of Suspension

Ferrari and Moreno [24], after a careful study, proposed that the conductivity of the
suspension is a key factor and needs to be taken into account in EPD experiments. It
has been pointed out that if the suspension is too conductive, particle motion is very
low, and if the suspension is too resistive, the particles charge electronically and
the stability is lost. They observed increase in conductivity of the suspension with
both temperature and with polyelectrolyte (dispersant) concentration; but not all
conductivity values were found useful for electrophoretic deposition. They found
the existence of a narrow band of conductivity range at varying dispersant dosage
and temperature, in which the deposit is formed. Conductivity out of this region
is not suitable for EPD, limiting the forming possibilities. This suitable region of
conductivity is however expected to be different for different systems. The margin
of conductivity region suitable for EPD, however, can be increased by the applied
current assuring the success of the EPD process [25].

Viscosity of Suspension

In casting processes, the main controlling parameter is the viscosity. Rheological
measurements on concentrated slips give us a good idea about the optimum dispers-
ing state when adding dispersants. In EPD process, the solid loading is very low and
the viscosity cannot be used to evaluate the dispersion state [24, 25]. But the desired
properties in the suspension vehicle are low viscosity, high dielectric constant and
low conductivity.

Zeta Potential

The zeta potential of particles in suspension is a key factor in the electrophoretic
deposition process. It plays an important role in: (1) stabilization of the suspension
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by determining the intensity of repulsive interaction between particles, (2) deter-
mining the direction and migration velocity of particle during EPD, (3) determining
the green density of the deposit. The overall stability of a system depends on the
interaction between individual particles in the suspension. Two mechanisms affect
this interaction, which are due to electrostatic and van der Waals forces. The prob-
ability of coagulation of a disperse system depends on the interaction energy result-
ing from these forces. A high electrostatic repulsion due to high particle charge is
required to avoid particle agglomeration. The particle charge also affects the green
density of the deposit. During formation of the deposit, the particles become closer
to each other and with increasing attraction force. When the particle charge is low,
the particles would coagulate even for relative large inter-particle distances, leading
to porous, sponge-like deposits. On the contrary, if the particles have a high surface
charge during deposition they will repulse each other, occupying positions which
will lead to high particle packing density [26]. Therefore, control of the solids load-
ing and concentration of solvents and additives in the EPD suspension is very im-
portant to reach the highest possible green density of the deposit. The zeta potential
can be controlled by addition of a variety of charging agents such as acids, bases
and specifically adsorbed ions or polyelectrolytes, to the suspension [27]. While the
deposition rate is directly dependent on the zeta potential, the influence of the addi-
tives is exerted by its effect on the ionic conductivity of the suspension. The ionic
conductivity determines the potential drop in the bulk suspension, which constitute
the driving force for the transfer of particles to the electrode.

Stability of Suspension

Electrophoresis is the phenomenon of motion of particles in a liquid medium un-
der the influence of an electric field, and occurs when the distance over which the
double layer charge falls to zero large is compared to the particle size. The particles
generally move relative to the liquid phase when the electric field is applied. Col-
loidal particles which are 1 um or less in diameter tend to remain in suspension for
long periods due to Brownian motion. Particles larger than 1 um require continuous
hydrodynamic agitation to remain in suspension. The suspension stability is char-
acterized by settling rate and tendency to undergo or avoid flocculation. Stable sus-
pensions show no tendency to flocculate, settle slowly and form dense and strongly
adhering deposits at the bottom of the container. Flocculating suspensions settle
rapidly and form low density, weakly adhering deposits. When the suspension is
too stable, the repulsive forces between the particles will only be overcome by high
electric field, and typical EPD condition deposition may not occur. The requirement
that suspension should be unstable in the vicinity of the electrodes for occurrence of
deposition has already been discussed earlier. This local instability could be caused
by the formation of ions from electrolysis or discharge of the particles; these ions
then cause flocculation close to the electrode surface. It is desirable to find suitable
physical/chemical parameters that characterize a suspension sufficiently in order
that its ability to deposit can be predicted. Most investigators use zeta potential
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or electrophoretic mobility, but these do not uniquely determine the ability of a
suspension to deposit. For example, Brown et al. [28] observed that addition of
electrolyte to a suspension of aluminium in alcohol caused no significant change to
the zeta potential, but deposits were obtained only in the presence of the electrolyte.
The stability of the suspension is evidently its most significant property, but this is a
somewhat empirical property not closely related to fundamental parameters.

5.2.3.2 Process Parameters
Effect of Applied Electric Field

The deposit yield is related directly to the applied electric field strength and in-
creases with increase in applied potential. Although powders can be deposited more
quickly if greater applied fields are used, the quality of the deposit can suffer. Basu
et al. [29] observed that more uniform films are formed at moderate applied fields
(25-100 V/cm), whereas the film quality deteriorates if relatively higher applied
fields (> 100 V/cm) are used. Because the formation of particulate film on the elec-
trode is a kinetic phenomenon, the accumulation rate of the particles influences
their packing behavior in coating. For a higher applied field, which may cause tur-
bulence in the suspension, the coating could be disturbed by the flows in the sur-
rounding medium, even during its deposition. In addition, particles can move so fast
that they cannot find enough time to sit in their best positions to form a close-packed
structure. Finally, high field situations restricts the lateral motion of particles on the
surface of the already deposited layer, because higher applied potential exerts more
pressure on particle flux and movement affecting the deposition rate and structure
of the deposit.

Negishi et al. [23] observed flat and smooth morphology of YSZ deposited from
its suspension in n-propanol; the morphology became rougher with increasing ap-
plied voltage. Such changes in morphology could be directly correlated to the sta-
bility of the solvent in absence of any powder, under the influence of an applied
electric field. Figure 5.5 depicts the change in stability of n-propanol in terms of
variation in current density profile with increasing applied voltages. Such stability
data serves as a good guideline for deciding the deposition parameters and con-
sequently the quality of deposit formed by EPD. It is considered that the unstable
current density adversely influences the quality of deposition morphology. From the
current density profile in Fig. 5.5, it is reasonable to suggest that the applied volt-
age should be less than 100 V to obtain smooth deposits in the case of n-propanol.

Effect of Deposition Time
In a typical constant voltage EPD process, many researchers observed high depo-

sition rates during the initial period of deposition, which then decreased and at-
tained plateau at very high deposition times [19, 29, 30]. In a constant voltage EPD,
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Fig. 5.5 Stability of solvent
n-propanol at varying applied
potential. [23]
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this is expected because while the potential difference between the electrodes is
maintained constant, the electric field influencing electrophoresis decreases with
increasing deposition time because of the formation of an insulating layer of de-
posited particles on the electrode surface [31]. But during the initial period of EPD,
there is generally a linear relationship between deposition mass and time.

Concentration of Solids in Suspension

The volume fraction of solid in the suspension plays an important role, particularly
for multi-component EPD. In some cases, although each of the particle species has
same sign of surface charge, they could deposit at different rates depending on the
volume fraction of solids in the suspension. When the volume fraction of solids is
high, the powders deposit at an equal rate. However, if the volume fraction of solids
is low, the particles can deposit at rates proportional to their individual electropho-
retic mobility [32].

Conductivity of Substrate

The uniformity and conductivity of substrate electrode is an important parameter
critical to the quality of the green deposited film by EPD. Peng and Liu [33] ob-
served that low conductivity of the La, ,Sr, MnO, (LSM) substrate leads to non-
uniform green film and slow deposition. Chen and Liu [19] noticed that when as
pressed LSM or LSM-YSZ composite pellets were used as substrate for EPD, the
deposition rate of YSZ was slow and obtained film was non uniform. This was at-
tributed to be due to the high resistance of the substrates resulting from the added
binder. When the pellets were fired at 700°C for 0.5 h to remove the binder, the
conductivity of the substrates increased substantially and a high quality green YSZ
film was obtained.
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It may be noted that many of the parameters discussed above are related to one
another. The ionic concentration, for example, not only affects the zeta potential,
but is also closely related to the suspension electrical conductivity. Generally, the
electrical conductivity is low when the ionic concentration in the suspension is low.
However, as the ionic concentration in the suspension increases, the conductivity
of the suspension also increases. At high ionic concentration, larger agglomerates
are formed, and the large amount of free ions in the suspension becomes the main
current carrier, resulting in reduced electrophoretic mobility of the particles. The
conductivity of suspension is also directly related to dielectric constant of the sus-
pending medium and it increases with increase in dielectric constant [22]. Hence the
choice of the suspension parameters needs to be made judiciously for preparation of
a suitable EPD suspension. Once the parameters related to the suspension are fixed,
the process parameters can be altered conveniently for attaining desired deposition.
Obviously, the most dominant parameters influencing the electrophoretic deposi-
tion are the process parameters such as applied voltage, deposition time and particle
concentration in the suspension. Invariably, high applied potential leads to higher
deposition rate but care has to be taken to ensure stable current density to obtain
uniform deposit.

5.2.4 Aqueous Electrophoretic Deposition

In general, organic liquids are used as the suspending medium in EPD because the
use of water results in electrolysis of water and evolution of hydrogen and oxygen
gases at the electrodes on application of electric field. Incorporation of these gas
bubbles in the deposit leads to low deposit quality. But the organic liquids are haz-
ardous, expensive and not environmental friendly. The use of aqueous system has
important advantages such as requirement of much lower voltage/current than that
for organic solvents, higher temperature control during the process, faster deposi-
tion kinetics, in addition to important health benefits, benign environment and low
cost. These advantages have promoted interest in many research groups to develop
water based EPD to process particulate materials and technical ceramics. Several
different approaches including use of porous mold/membrane [34—-36], oxidizable
anode [37, 38], addition of chemical compounds that consumes hydrogen for its
reduction [39], or oxygen for oxidation [40], use of hydrogen absorbing electrode
such as palladium (Pd) [41-43], and use of two chamber cell with electrolytes sepa-
rated by membranes for preventing gas transport [44] etc. have been reported in
the literature. Each of the above approaches suffers from some limitation or the
other. In the quest for development of a generic and better aqueous EPD system
applicable to all types of substrates, Besra et al. [45, 46] reported the use of pulse
DC for suppressing and controlling the extent of bubble incorporation during EPD
from aqueous suspension. Pulse EPD was conducted at constant voltage or current
mode by application of a series of direct voltage or current pulse of equal amplitude
separated by periods of zero current, using a source meter. Simple square-wave
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Fig. 5.6 Schematic of Ton
constant current pulse of 50% -~
duty cycle. [45]

Current

Time =
Tott

pulses of desired duty cycles were used. The duty cycle (d.c.) of the pulse [i.e.
d.c.=T /(T +T, )] were varied by keeping the pulse ON time (T ) constant and
varying the pulse OFF time (T_). Figure 5.6 shows a typical current pulse wave of
50% duty cycle.

As an example, Fig. 5.7 presents the surface morphology of a-alumina (Al,O,)
deposited on stainless steel (316 L) at different pulse widths of 50% duty cycle for
an applied current of 4 mA. Application of continuous DC resulted in maximum
bubble incorporation in the deposit. The bubble incorporation in deposits invariably
decreased on application of pulse current instead of continuous current. In general,
more bubbles were found in deposits formed with larger pulse widths than those
formed with smaller pulse widths. Below a suitable pulse width (0.005 s in this
case) the deposits were devoid of any incorporated bubbles.

Figure 5.8 shows the deposit yield as a function of pulse width at varying applied
currents. It must be noted that a current pulse of 180 s is equivalent to continuous
DC EPD for 3 min. The deposit yield is maximum at continuous DC for each of the
applied current. Analogous to bubble incorporation, the application of pulse current
invariably decreased the deposit yield. The yield is higher for high applied currents
at a given pulse widths. For a given applied current the yield decreases progres-
sively with decrease in pulse width. The decrease in deposit yield with decrease in
pulse width is attributed to lower pH localization effect at smaller pulse compared
to larger pulse currents. The pH shifted faster and closer to the isoelectric point
(i.e.p.) for larger pulse compared to the smaller ones.

Continuous DC 0.05 s pulse 0.03 s pulse 0.01 s pulse 0.005 s pulse 0.0025 s pulse

Fig. 5.7 Surface morphology of deposits obtained by pulsed DC EPD in constant current mode at
an applied current of 4.0 mA. (Suspension: 5 vol%, pH 4.5, Substrate: stainless steel (316 L), Pulse
ON time: 3 min pulse duty cycle: 50%, Inter-electrode distance: 20 mm). [46]
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Besra et al. [46] conducted a series of experiments for each applied current or
voltage and observed that there exists a window in the plot of pulse width against
pulse current or voltage within which bubble-free deposits are obtained (Fig. 5.9).
At pulse widths above the window, the deposits invariably contained incorporated
bubbles. At pulse widths below the window, no deposition was observed.

5.2.5 Submonolayer Formation During Electrophoretic
Deposition: Similarity with Atomic-Scale Molecular
Beam Epitaxial (MBE) Growth Process

Sarkar et al. [4] have followed the process of submonolayer formation as a func-
tion of deposition time during colloidal film growth of silica particles on a silicon
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wafer substrate by EPD. They compared the process of nucleation (or deposition
of single particle), growth (or formation of a cluster of particles) and aggregation
(or merging together of several particle clusters) of silica monolayers by the EPD
technique with that for atomic thin-film growth (10,000 times smaller scale) process
via molecular-beam epitaxy (MBE). They have shown a striking similarity between
the two growth processes. Like the atomic thin-film growth process (MBE), the
entire nucleation, growth and aggregation process during EPD of silica particles
can be broadly classified into two regions. Diffusion-limited aggregation (DLA) is
the mechanism at low surface coverage when silica particles are deposited outside
of clusters, diffuse randomly and stick to a cluster on touching them and the fractal
dimension of the two-dimensional clusters is ~ 1.65 [4]. As deposition proceeds, the
clusters grow in size, deposition of particles inside the clusters become more and
more important, and the cluster become increasingly more compact, producing a
dense and closed-packed monolayer. This is termed as consolidation region where
the fractal dimension of clusters rapidly changes from ~1.65 towards 2 as the sur-
face coverage increases [4].

5.3 Ceramic Coating by EPD: How to Make
It Survive During Drying and Sintering

Depositing ceramic or other powder on a metal (or a conductive surface) by EPD is
relatively simple, but the most important factor is how to avoid cracking in the ce-
ramic coating during drying and sintering. During drying and sintering, the coating
densifies and shrinks, but the substrate typically does not change dimension. As a
result, tensile stresses are developed in the coating and are relieved by the formation
and propagation of cracks that originate from flaws or defects in the coating.

There are several approaches that can be adopted to avoid cracking during dry-
ing. When a wet coating or green body undergoes drying, the origin of stresses in
it is due to capillary forces. During drying, cracking can be avoided by minimizing
capillary stresses either by using a low surface tension solvent like ethanol or avoid-
ing fine pore structure in the coating. In freeze/supercritical drying, the solvent
phase is sublimed instead of vaporization and capillary stresses can be removed
altogether. Furthermore, controlled slow drying via adjustment of vapor pressure of
solvent in the drying medium will help control the capillary stresses and as a result,
formation of drying cracks may be avoided.

During sintering, ceramic coatings typically suffer 10—15% linear shrinkage and
the critical issue is how to avoid cracking. Traditionally, cracking during sintering
is avoided by using a liquid phase during sintering; a good example is sintering of
glass enamel on a metal substrate. The enamel composition is adjusted in such a
way that its thermal expansion is closely matched with the substrate. As a result, it
does not form crack during cooling from the sintering temperature. Sarkar et al. [47,
48] have used liquid phase sintering to avoid cracking in a superconductor coating
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on a silver substrate. The approach of liquid phase sintering is also equally effective
in avoiding cracking in fiber composites. To avoid cracking during sintering, one
can also use a substrate that also shrinks during sintering. Recently this approach
has been used, particularly in SOFC fabrication where typically an YSZ electrolyte
is added to a partially sintered or an unsintered anode substrate. During sintering,
both the substrate and coating shrink, thereby avoiding cracks. Furthermore, the
compositions of the substrate and coating are chosen such a way that their thermal
expansion coefficients match to each other, minimizing any thermal stress and re-
sultant cracking during cooling from the sintering temperature.

The problem of cracking in electrolytic zirconia deposits which usually occurs
upon drying has recently been addressed by the use of polymer additives [49, 50].
It was shown [49] that poly(diallyldimethylammonium chloride) (PDDA) acts as
a binder, providing better adhesion of zirconia deposits and preventing cracking.
An important finding was that the amount of organic phase in the deposits could be
changed by variation of PDDA concentration in solutions. These results pave the
way for EPD of thick films.

Another unique approach to avoid cracking during sintering is by using a reac-
tion-bonding technique. Sarkar et al. [51] have found the development of tunnel
and radial cracks during sintering of a polycrystalline alumina coating on a sapphire
filament substrate. This is an interesting example where the substrate and the coat-
ing are from the same material. The substrate is a single crystal alumina filament
that suffers no change in dimension during sintering, whereas the coating is a poly-
crystalline alumina made from alumina powder and has considerable shrinkage dur-
ing sintering. To overcome these cracking, the RBAO (Reaction Bonded Aluminum
Oxide) process [51] is used. In this process, the starting materials for the coating are
alumina and aluminum powder. The sapphire filament is initially coated with a thin
carbon or gold layer to make it electrically conductive. On this filament substrate,
alumina and aluminum powder are co-deposited from an ethanol based Al,O,-Al
suspension of predetermined composition by EPD. During sintering, Al oxidizes to
alumina and, as a result, expands and counter balances the sintering densification

shrinkage of Al,O,, thereby avoiding cracking [51].

5.4 Application: Flexibility of EPD Towards Synthesis
of High-Performance Microstructures and Their
Manipulation in Various Areas

5.4.1 Structural and Functional Composites

Sarkar et al. [52-56] have demonstrated the versatility of EPD process towards
synthesizing a wide spectrum of microstructures having different morphology and
composition. They used EPD efficiently and with imagination to fabricate ZrO,/
Al,O, continuous functionally graded material (FGM) [53, 54] and planar and non-
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planar laminates of ZrO,/Al,O, having as many as 80 interlayers [52, 54, 55]. They
also demonstrated that the interface of layers in the planar and non-planar laminates
are smooth and of high-perfection. They created the wavy layers in non-planar lam-
inates by depositing on line electrodes on a printed circuit [54]. EPD has also been
efficiently used to fabricate ceramic-fiber composites [54—56]. Using EPD, Sarkar
et al. [56] fabricated composites where a graphite cloth was impregnated with zirco-
nia powder and a Nicalon fiber mat was impregnated with ZrO,/Al, O, mixture and
consolidated by hot pressing [54]. Recently, Illston et al. [57] and Boccaccini et al.
[58] have fabricated ceramic-fiber composites where SiC (Nicalon) fiber mats were
impregnated with SiO, and Al,O, sol from their aqueous suspensions by a combina-
tion of EPD and dip coating process.

5.4.2 Solid Oxide Fuel Cell

The EPD technique has been increasingly considered for the fabrication of SOFCs
due to the simplicity of the experimental setup, possibility of mass production, high
deposition rate, short formation times, and the ease of thickness control. A single
SOFC cell consists of a solid electrolyte sandwiched between a cathode on one side
and an anode on the other side. Both electrodes are required to be porous for trans-
port of reactants and products through them, while the electrolyte must be dense to
prevent leakage of gas and shorting between the two electrodes. The electrolyte lay-
er, which is basically an ion conducting oxide such as YSZ, is required to be as thin
and dense as possible to minimize polarization losses of SOFC during its operation
at high temperatures. Several researchers have demonstrated the application of EPD
as a low-cost technique for fabrication of thin and dense electrolyte on porous anode
or cathode for SOFC application [18, 59, 60]. Earlier literatures reported deposition
of electrolyte materials such as YSZ, GDC or LSGM on electrically conductive
cathode layer (e.g. La, ; Sr,, MnO, (LSM) or LSM-YSZ) understandably because
of the pre-requisite that the electrodes for EPD process are required to be electri-
cally conductive. But the cathode supported SOFC have their own limitations and
not very popular because of the difficulties in fabricating a dense thin electrolyte
on a porous cathode by conventional methods. For instance, densification of thin
electrolyte in the well-known wet-ceramic co-firing technique is generally achieved
by co-sintering the laminated electrolyte with the support electrode at a relatively
high temperature, i.e., 1,400°C for a typical Ni—cermet anode-supported cell. This
represents a high risk of introducing several severe issues for the cathode-supported
cell that includes: (1) chemical reactions between cathode and electrolyte, (2) ex-
cessive coarsening of cathode particles with loss of triple phase boundaries (TPB)
for oxygen reduction reaction, and (3) dense electrode structure with little porosity,
which significantly raises the impedance to gas transport and ultimately decreases
the SOFC performance.

Recently, Matsuda et al. [61, 62] and Besra et al. [63] showed that deposition
of YSZ on non-conducting NiO-YSZ substrate by EPD is possible by using an
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electrically conductive contact on the back side of a porous substrate. Deposition
of YSZ occurred on the front face of the substrate in contact with the suspension.
Besra et al. [63] further showed that the porosity of substrate is the key parameter
that decides the success or failure of deposition using this approach. They suggested
that deposition is possible by using adequately porous substrate, which on satura-
tion with the liquid medium establishes a “conductive path” through itself to ensure
the presence of electric field on its front face where deposition occurs. It has also
been shown that a threshold porosity exist for each applied voltage above which
deposition by EPD is feasible. No deposition occurred for denser substrates that had
porosity below the threshold porosity (Fig. 5.10).

EPD can also be very well-suited for fabrication of small complex shapes. One
area where the authors are actively involved and foresee considerable potential of
EPD is the fabrication of Micro-Solid Oxide Fuel Cell (uSOFC). Small diameter
SOFC has two main potential advantages, substantial increase in the electrolyte
surface area per unit volume of a stack and also quick start up. Since fuel cell
power is directly proportional to the electrolyte surface area, a uSOFC stack has
high potential to substantially increase the power per unit volume. Sarkar et al. [3,
64] have demonstrated that power output of a cell synthesized by EPD is compa-
rable to any standard tubular SOFC. A SEM micrograph of cross-sectional fracture
surface of a single cell produced by EPD is shown in Fig. 5.11. The electrolyte
layer of the cell is <10 wm and anode functional layer is ~5 um. Figure 5.12 shows
the Current-Voltage (IV) and Current-Power (IP) plots of the single cell at three
different temperatures. A mixture of 30% hydrogen and 70% helium was used as
a fuel gas. The fuel gas contained 3% moisture as it was bubbled through water at
25°C. The fuel gas flow rate was 30 SCCPM. This cell has produced theoretical
open circuit voltage indicating that the membrane does not have pinholes. Figure
5.12 demonstrates that at all three temperatures, activation polarization are absent.
Concentration polarization was not observed in the measurement range. Approxi-
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Fig. 5.11 SEM micrograph
of cross-sectional fracture
surface of a single cell [3]
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mately a 2 cm length of the cell was coated with cathode; this is the active length of
the cell during measurement. At 800°C, peak power output is over 300 mW with a
corresponding voltage and current at ~0.5 V and ~ 600 mA respectively. At 750°C,
peak power is ~255 mW and at 700°C, peak power is ~215 mW. Thus, Sarkar et al.
[3, 64] have clearly demonstrated that EPD can simplify the forming process and
reduce the production cost considerably, which is one of the major barriers for com-
mercialization of fuel cells.
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Fig. 5.12 Voltage and power of cell as a function of current at 700°C, 750°C and 800°C [3]
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5.4.3 Textured Ceramics with Crystalline
Oriented Microstructure

Extended and oriented micro and nanostructures are desirable for many applications
and the controlled development of texture in polycrystalline materials is a topic
of recent interest in ceramic processing, since it allows improvement of physical
properties [65]. Physical properties of ceramics that could be tailored by texture
control include electrical and thermal conductivity, superconductivity, and mag-
netic, dielectric, and piezoelectric properties [47, 66, 67]. Sarkar and Nicholson
[48] deposited YBa,Cu,O, superconductor precursor powder on silver foil by EPD
and then texture was developed by performing reactive sintering under magnetic
field. Crystallographic texture reflects the preferred orientation of crystal lattice in
the material, while morphological texture is a measure of the preferred orientation
of particle morphology. But direct fabrication of complex micro and nanostruc-
tures with controlled crystalline morphology, orientation and surface architectures
remains a significant challenge.

Textured monolithic and laminate of ceramics were fabricated by EPD in strong
magnetic field by Uchikoshi et al. [68—70]. They showed that it is possible to con-
trol the crystalline orientation of ceramic film laminates by conducting the EPD in a
strong magnetic field (10 T) and varying the angle between the applied electric field
E relative to the magnetic field B. This approach exploits the anisotropic magnetic
susceptibilities associated with materials with asymmetric (non-cubic) crystalline
structures. When a single crystal of these materials is placed in a magnetic field, the
crystal is rotated and the crystallographic axis of high susceptibility () is aligned
in the direction of the magnetic field when the energy of anisotropy is higher than
the energy of thermal motion (Fig. 5.13). When the electric field is then applied to
the oriented particles in the solvent, they move along with the electric field while
retaining their orientation relative to the magnetic field, and then deposit on the
substrate.

Figure 5.14 shows variation in XRD pattern of the top plane of a-alumina elec-
trophoretically deposited in 10T magnetic field with varying angle of 0, 45 and

ceramic particle

substrate B

Fig. 5.13 Schematic diagram of the concept of the electrophoretic deposition in a high magnetic
field; a deflocculated suspension, b orientation of the particles, ¢ deposition of the particles. [69]
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Fig. 5.14 Changes in the XRD pattern of the top plane with change in angle between B and E. [71]

90° between B and E after sintering at 1873 K for 2 h [71]. When the E is parallel
to B (pB-E=0°), the diffraction peaks of the planes at low interplanar angles (®,
41 18 close to 0°) are predominant. When the @, , , is changed to 45°, the dominant
diffraction peaks change to the planes of the intermediate interplanar angles (9pB—-E
is close to 45°). When E is perpendicular to B (9B—E=90°), the dominant diffrac-
tion peaks changed to the planes of high-interplanar angles (@, , , is close to 90°).
These results suggest that the dominant crystal faces can be controlled by varying
the angle between B and E.

An example of textured laminated alumina prepared by EPD is shown in
Fig. 5.15. Here the cross-sectional microstructure was prepared by alternately
changing pB—E=0° and 90° layer by layer. The alignment of grains in the micro-
structure compare well with the alteration in pB—E during EPD.

5.4.4 Bio-compatible Coatings on Metal Implants

It is now well established to have bio-compatible coating on metallic implants for
improving the life of the implants in the body. Uncoated implants are susceptible
to reaction with body fluids leading to their premature degradation. Because of the
osteoconductive properties of calcium phosphate, hydroxyapatite Ca,,(PO,), (OH),
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Fig. 5.15 Cross-sectional image of laminar composite prepared by EPD at changing relative angle
of 0 and 90° between B and E. [71]

(HAp) has long been recognized as the suitable candidate as bio-compatible coating
material. Conventionally, the coating of hdroxyapatite on metal implants is done
using expensive plasma spray technique, sputter coating, biomimetic coating, doc-
tor blade, etc. However, the plasma spray method has some important drawbacks;
non-uniformity in coating density resulting in inability to cover porous implants
and to incorporate biologically active agents, delamination and particle release [72].
Secondly, since the plasma spraying is done at high temperature, there is a tenden-
cy of HAp getting decomposed into undesirable soluble phases namely tricalcium
phosphate (TCP). Ideally the HAp coating must be sintered at temperatures below
1,000 °C to prevent decomposition of HAp. For this, the HAp nanoparticles must
be well packed in the deposit. The coating should be of good adhesive strength to
avoid spalling, and be crack-free for its application as bio-compatible coating. As a
result, it is necessary to develop inexpensive deposition methods for achieving all
the above requirements, which is a major challenge.

EPD represents an important technological alternative due to rapid coating pro-
duction, high reproducibility and low cost of the process. Deposition of HAp has
been successfully carried out on Ti, Ti Al,V and 316 L stainless steel metal sub-
strates [31, 73, 74] by EPD to form uniform and crack-free film of HAp with good
adhesion from stable suspensions in organic solvents like ethanol, and isopropyl
alcohol, as well as from aqueous suspension [75]. Stoch et al. [76] pre-covered the



206 P. Sarkar et al.

Ti surface with silica or calcium silica sol-gel film prior to EPD coating of HAp to
improve its adhesion and performance.

Hamagami et al. [77] prepared HAp coating with highly ordered macropores on
Titanium sheet by EPD from a mixture of nanodisperse polystyrene (PS) sphere
(3 wm) and HAP (200-300 nm) in ethanol to prepare organic-inorganic composite
film. Then, it was annealed at 900°C to remove organic PS and sinter the inorganic
HAP. Ti plate, with such ordered porous HAp macropores, possessed good biocom-
patibility as confirmed by in-vitro testing using simulated body fluid. Sridhar et al.
[78] demonstrated through measurement of corrosion current (E_ ), breakdown
potential (E,) and re-passivation potential (Ep) in a simulated body fluid that all
the HAp coated samples were nobler and exhibited improved corrosion resistance
compared to uncoated 316 L steel.

5.4.5 EPD for Pseudo Light Emitting Devices

Recently, the rare earth doped nitrides and oxynitrides phosphor materials have
attracted significant attention because of their interesting photoluminiscent proper-
ties, non-toxicity and thermal stability. Among such nitrides/oxynitrides, the yellow
Eu?* doped Ca-0-SiAION have been shown to exhibit photoluminiscent properties
commensurate to pseudo-white light emitting diodes (LEDs). Hence, the SIAION
phosphors are seen as materials for application to general illumination and liquid
crystal display (LCD) in near future. It is essential to establish particle packaging
technologies for its application. Kitabatake et al. [79] demonstrated deposition of
Eu?* doped Ca-a-SiAlION phosphor films on ITO glasses by electrophoretic depo-
sition (EPD) for its application in pseudo-white light emitting diode. The SiAION
phosphor powder contained large secondary aggregates of 1-20 um size and hence
required stirring to keep the powder in suspension. Deposition was conducted under
two conditions. In condition 1, the EPD was conducted immediately after stirring
was stopped. In condition 2, EPD was conducted 1 min after stirring was stopped.
The thickness of the SiAION phosphor films was controlled by altering the depo-
sition time. The photoluminescent (PL) properties of the SiAION phosphor films
were characterized by blue-light (A\=450 nm) irradiation through the ITO glass sub-
strates as shown in Fig. 5.16.

pseudo-white light

transmitted blue light
A
r \ i i
exited yellow light
_ 4
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phosphor
layer \

Fig. 5.16 Schematic illustra- ITO-glass t t t t t
tion of a flat pseudo-white

light emitting device. [79] Irradiated blue light



5 Electrophoretic Deposition (EPD): Fundamentals and Novel Applications 207

Fig. 5.17 Photoluminiscent
spectra of Eu?** doped Ca-a-
SiAION phosphor films. [79] L
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The light emission from the deposit surfaces was characterized by comparing
the intensities of the excited yellow light and the transmitted blue light through
the deposit. The chromaticity coordinates were calculated from the PL spectra and
compared with actual colors perceived by human eyes. Upon irradiation by blue
LED, from behind the substrate, the films showed visible colours from blue-white
to yellow-white. Depending on the particle size and their packing obtained in con-
dition 1 and condition 2, the visible light colour in the two films were different
because of the different absorption and scattering of light by the films. The intensity
of transmitted blue light at 450 nm as well as the excited yellow light at 585 nm
decreased with increasing film thickness Fig. 5.17.

5.4.6 Ordered Assembly of Micro/Nanoscale Particulate
Thin Films

Recently, there has been a rising interest in nanostructured materials because they
often exhibit new properties that are remarkably different from those of bulk materi-
als, allowing the manipulation of mechanical, electrical, magnetic, optical, catalytic
and electronic functions. The ability to fabricate materials and structures with sub-
micrometer and nanoscale features reliably and economically is of interest in many
areas of science and technology such as photonic materials, high density magnetic
data storage devices, microchip reactors, and biosensors.
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The creation of nanophase or cluster-assembled materials is usually based upon
the creation of separated small clusters as building blocks which are then fused into
a bulk-like materials or as a thin film or even by embedding into a solid matrix,
polymers or glass either in a disordered or ordered array. One specific goal in these
investigations has been to tailor the size, shape, and geometrical arrangement of
nanoscopic particles, clusters, and aggregates in an effort to produce desired proper-
ties. In order to make full use of this potential for materials engineering, it is impor-
tant to identify and gain control over the relevant growth and ordering parameters.

Conventionally, micropatterned assembly of colloidal or nanoparticles have
been produced with lithographically patterned electrodes, or micro moulds. The
majority of these methods suffer from drawbacks such as: (1) slow kinetics of as-
sembly (hours to days), (2) surface particle density is sometimes difficult to regu-
late, (3) difficulty in creating patterned assembly over large area. These drawbacks
are largely a consequence of dealing with very small particles for which the col-
loidal forces i.e. buoyancy, frictional, and coulombic forces outweigh the gravita-
tional force and act to keep the particles in suspension. Consequently, the particle
transport is governed solely by Brownian motion, resulting in completely random
particle-particle and particle-substrate collision.

Since the colloidal particles are usually charged, the concept of electropho-
retic deposition utilizing a directional force (external electric field) has generated
significant interest recently for patterned assembly of nanoparticles [80]. EPD of
nanaoparticles was first used by Giersig and Mulvaney [81, 82] to prepare ordered
monolayers of gold nano particles. Prior to that this method had only been used
to produce 2D and 3D ordered structures of latex particles, such as polystyrene
and silica [83, 84]. It has now been put forward by some researchers that the EPD
method can be developed into a general method to prepare 2D and 3D ordered
structures of nanoparticles by means of using sols that maintain colloidal stability
on the electrode/sol interface; however, this conclusion is based on the work done
on micrometer-sized polystyrene, silica particles, and nanometer-sized gold par-
ticles and it requires further evidence. Tabellion and Clasen [85] investigated the
deposition structure of gold, silver and rare-earth carbonate nanoparticles by EPD
and found that the composition and surface condition as well as the size distribu-
tion of the particles can affect the ordering of the particles in the monolayer. It was
also observed that particles having similar diameter tended to pack together to form
more orderly packed area compared to particles with wide size distribution. The
ordering of Au nanoparticles thus obtained for different deposition conditions are
shown in Fig. 5.18.

Sarkar et al. [4] observed interactions between particles over distances of several
particle diameters, especially for interactions between single particle and clusters.
Even they reported cluster—cluster aggregation phenomena. Once the clusters are
formed, they rapidly grow. The distance over which they attract newly-arrived par-
ticles on the surface increases. They also reported that a particle arriving at the top
of an existing cluster diffuse until it falls off the edge of cluster and the particles
at the cluster surface have surface mobility that drive them to attain their most
energetically favourable position, i.e. the equilibrium position where they may be
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Fig. 5.18 Transmission electron microscope (TEM) images of Au nanoparticles on carbon coated
copper grid formed by EPD at 20°C a at 100 mV c¢m™! for 5 min, b at 500 mV c¢cm™! for 5 min. [85]

incorporated into the already existing lattice producing a closed-packed structure.
It was also reported by Boehmer [86] that with increasing salt concentration, the
deposition rate decreases because the conductivity of the suspension increases and,
consequently, the potential drop across the suspension becomes smaller. The de-
crease in deposition/ aggregation of the particles at the electrode with increasing
ionic strength does not agree with the DLVO theory. So the clustering is not a con-
sequence of DLVO type interaction as proposed by Giersig and Mulvaney [81, 82]
for gold nanoparticles on graphite. Here the interactions were long range, extending
over one or more particle diameter, which is much larger than the Debye length.
Boehmer [86] suggested that over this long range the distortion of the electric field
by the particles and hydrodynamic interaction is important and has to be consid-
ered to formulate possible interpretation of such observation. Hayward et al. [87]
proposed that once the particles are close to the surface, where they remain mobile,
electro-hydrodynamic or electro-osmotic effects assemble them into arrays. Par-
ticles can be permanently attached to the surface by increasing the attractive forces
between the particle and the electrode. When the attractive forces exceed that due to
steric repulsion, entry into the primary minimum creates a permanent bond.
Kumacheva et al. [88] showed that transition from a disordered state to strongly
ordered state of colloidal microsphere (PMMA particles of 0.58 um size) occurs fol-
lowing their confinement to thinner gaps (Fig. 5.19). They have also observed that
at the beginning of the electrophoretic deposition process, the structures of colloidal
array in the groove are essentially random (Fig. 5.19b). However, as more particles
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Fig. 5.19 SEM images showing PMMA particle arrays electrophoretically deposited on a non-
patterned, and b, ¢ patterned indium tin oxide (ITO) surface. The size of PMMA particles are
0.58 um and the width of the grooves are 5.5 pm for (a) and 4.2 pm for (b, c). [88]

reach the electrode, reorganization of the particles happen in the groove by squeez-
ing of the newly arriving particles between the already deposited ones and follows a
synergistic particle rearrangement. This resulted in large scale particle ordering for
assembly of the colloidal spheres (Fig. 5.19c¢).

5.5 Ciritical Issues, Myths and Future Applications
of EPD

To produce a dense, homogeneous and close-packed green body, EPD must be per-
formed from a dilute, stable colloidal suspension where interparticle forces keep the
particles well dispersed. During EPD from a dilute and stable suspension, particles
are expected to move and deposit individually. In unstable suspensions, loose flocs
or an ensemble of particles are expected to move and deposit together. Unlike in
stable suspension, the growth and consolidation of these loose flocs or ensemble
of particles during deposit formation may be different and needs further research.
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Furthermore, the electrical resistivity of these flocs (larger volume fraction of them
is occupied with continuous phase) may be substantially different from that of a
compact deposit (achieved in stable suspension) and the kinetics of deposition may
be significantly different. Other areas of potential research are the dynamics of de-
posit formation from stable and unstable suspensions with polydisperse particles. It
will be interesting to investigate whether the particles are segregated in suspension
(different electrophoretic mobility) or they move as an ensemble of particles and
how does it affect the homogeneity and density of the green deposits. Also, more
imaginative research is needed to identify similarities and dissimilarities of the pro-
cess of EPD with that of other external-field induced consolidation techniques such
as sedimentation, slip-, pressure-, and centrifugal casting.

5.6 Summary and Closing Comments

Discussions in this chapter clearly establish that EPD is a powerful and versatile
forming or consolidation technique. Like an ideal consolidation process, it can
produce homogeneous, dense green bodies and complicated shapes effectively and
easily. Furthermore, if practiced right and with imagination, a facile technique like
EPD allows flexibility in microstructural manipulation i.e., a wide montage of ad-
vanced micro- and nano-microstructures ranging from dispersed, laminated, fiber-
composites to functionally graded materials can be fabricated by EPD. There are
still critical fundamental issues that need to be understood to understand the EPD
process better.
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Chapter 6

Preparation of High-Purity Glasses
and Advanced Ceramics Via EPD
of Nanopowders

Rolf Clasen

6.1 Introduction

For the preparation of advanced materials via a powder technological route the
shaping process is most important after the synthesis of the powder. Therefore high
production rates and the formation of a homogeneous compact are generally desir-
able. Furthermore, a high green density is necessary to reduce shrinkage during
drying and sintering. This is of special importance for near net shaping or micro-
structuring. For coatings an even thickness with a good coverage of the edges is an
additional specification that has to be fulfilled. The typical shaping processes for
fine or advanced ceramics with particle sizes in the pm or even sub-um region are
slip casting, forming of high-viscous masses, and dry pressing. The decreasing of
particles size leads to the area of nanoparticles with sizes less than 100 nm. These
nanopowders show higher sintering activity leading to a decrease of sintering tem-
perature. Thus smaller final grain sizes can be achieved or even quantum size ef-
fects can be observed. For glasses new perspectives are opened with nanopowders.
Due to the reduction of processing temperatures nanosized glass powders can be
completely sintered to transparent glasses via viscous flow below the crystallization
temperature. Thus no crucibles are needed any more and high-purity glasses can be
prepared. For coatings on substrates with limited temperature stability glazes and
enamels can be applied without additional low melting components. Theses fluxes
generally reduce the chemical stability of the coating.

As these nanopowders tend to aggregate due to the increased influence of van der
Waals attraction forces, these nanopowders have to be dispersed perfectly. For that
suspensions are most suited and the formation of aerosols (dust of nanopowders) is
prevented, which might be hazardous. In electrostatically stabilized suspensions the
dispersed particles show a surface charge, which can be directly used for moving
this particles in an applied external electric field leading to an electrophoretic depo-
sition (EPD) [1-14]. But it should be kept in mind that the electrostatical as well as

R. Clasen (<)
Saarland University, Saarbriicken, Germany
e-mail: r.clasen@nanotech.uni-saarland.de

J. H. Dickerson, A. R. Boccaccini (eds.), Electrophoretic Deposition of Nanomaterials, 217
Nanostructure Science and Technology,
DOI 10.1007/978-1-4419-9730-2_6, © Springer Science+Business Media, LLC 2012



218 R. Clasen

Fig. 6.1 Dependence of 100 ! i
green density on the particle - -
size for different coatings £ 80 thickness coating |
s B I——
g g :’f i P
g 60 e
% , /'/ ';'o
9] 1= 5— /=10 __/—=50nm
o> 40 /] #
g // /'/ :._:
© L -t o
° 20 ;T
s
/s
0 ~ =
1 10 100 1000 10*

particle size (nm)

the steric stabilization increases the effective particle diameter. The thickness of this
coating of adsorbed ions or molecules leads to a decrease of the green density of the
compact. This is schematically shown for a simple model of densely packed spheres
in Fig. 6.1. Therefore there is a practical lower limit of 20-30 nm of the particle di-
ameter for the preparation of mechanically stable compacts (green density>40%).
Furthermore it should be considered that the zetapotential decreases with particle
size in electrostatic stabilization [15]. Very small nanopowders can only be steri-
cally stabilized with applications in diluted suspensions like sun creams.

In contrast to slip casting or pressure slip casting EPD shows no particle size
effect [16]. Therefore EPD seems to be a very promising shaping method espe-
cially for nanopowders or bimodal powder mixtures with nanopowders [10, 11].
Furthermore it could be proofed that the highest green densities could be obtained
with EPD [17-19]. This is of high importance for the preparation of optoceramics.

For the EPD there seems to be a contradiction between the facts that on one side
a stable suspension needs highly charged particles (high zeta potential) to prevent
aggregation, on the other side a dense deposition can only be achieved from this
stable suspension. For that, different theoretical models exist but all need further
improvements. Thus the particles interactions during deposition were calculated
[20, 21] and numerical simulations were performed [22, 23]. Experimentally the co-
agulation was observed and measured in-situ [22-25]. But a better understanding of
this mechanism is necessary to understand the self-organization of monosized SiO,
particle layers [26]. This would be of great importance for the self-healing of faults
during the deposition of thin dense layers. Periodically arranged particles are of great
interest for photonic materials. Thus highly-ordered monolayers of gold and latex
particles could be achieved, but staple faults occurred in multilayer systems [27].

For the investigation of the electrokinetic effects it is also important to consider
the electroosmotic effects besides the EPD. Electroosmosis leads to a movement
of the liquid in the porous compact and influences he phase boundary liquid—solid
[28]. Furthermore, the local pH value is changes through this transport reaction.
This has to be considered for the investigation of the deposition mechanism.
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One problem of the EPD is the bubble formation in aqueous suspensions at the
electrodes. For non-aqueous suspensions these problems with the bubble formation
are generally not observed. Therefore many working groups focused on these or-
ganic systems [29]. But he understanding of the mechanisms of surface charges are
still a problem. For the future ionic liquids might also be of interest which gained
much interest in the last years for chemical synthesis instead of their high price
(typically 500 € for 100 mL). But there are a lot of reasons to focus on aqueous sys-
tems. Due to the high polarity of water high solid loadings can be achieved and it is
generally much easier and cheaper to handle water instead of (flammable) organic
suspensions. This is of importance especially for industrial applications. Therefore
the focus of this paper is on aqueous systems and the problem with the decomposi-
tion of water will be discussed in detail. It is the objective to give an overview of
the possibilities and advantages of shaping compacts and structured coating with
the EPD of nanopowders. Both, glass and ceramics are considered. The processing
of nanosized glass powders is state of the art for the preparation of optical fibers
[30-34], but there are much more perspectives for sintered glasses. The term glass
is used in its precise sense and should not be mixed up with organically modified
glass-like materials. Sintered glasses behave like molten glasses, but the process-
ing temperature can be significantly decreased when nanosized glass powders are
used. Examples of advanced ceramics are alumina and zirconia. As nanopowders
are more expensive than traditional fine powders, applications are expected in ap-
plications with high added value like optoceramics or dental ceramics. Furthermore,
only the addition of small amounts of nanopowders as a sintering aid might be of
interest. With these bimodal powder mixtures higher solid contents in the suspen-
sion and higher green densities of the compacts or coatings can be achieved. Finally,
new ideas for micro-structuring with EPD are presented. This might be of interest
for decoration of glass and ceramics as well as the layer-wise deposition of 3D
structures for rapid prototyping.

6.2 Suspensions and Deposition Modes

A homogeneous compact with a small size distribution can only be obtained if the
particles are perfectly dispersed [35]. This is usually done in diluted suspension, at
least for the measurements of the particle sizes. But high deposition rates in EPD
need high solids loadings of the suspensions. The decomposition of water during
EPD can also be prevented with chemical additives, which might influence the col-
loidal system. Therefore the preparation of the suspension and some specific char-
acterization methods for concentrated suspensions are briefly discussed. Evonik
Degussa Aerosil® OX50 (fumed silica nanopowder, mean particle size 40 nm) was
used as a model powder. After that a detailed presentation of all practicable methods
for the prevention of disturbing bubbles is given.
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6.2.1 Characterization of Suspensions

The properties of the suspensions and the behavior of the particles during deposi-
tion is a very fundamental problem of EPD, where all details are not yet completely
understood. Depending on the number of aggregates inside the starting powder the
dispersing apparatus and the dispersing time has to be chosen. In most cases high-
speed stirrers, ball mills and ultrasonic dispersers are used and the final particle
size has to be measured. Chemical additives are used for adjusting the pH value, as
dispersing aids or binders. One example is shown in Fig. 6.2. It can be seen from
the voltammetry measurements that complex electrochemical reaction occur which
need further investigations. More experimental details are given in the cited publi-
cations in the examples in Chap. 3.

As the particle size measurements of nanopowders in real suspensions with typi-
cal solid contents of 50 wt.% and more are difficult, the cryo-SEM investigations
gives at least a qualitative results of the state of aggregation. In this method a small
amount of the suspension is shock-freezed and then observed in a SEM. In Fig. 6.3
Aerosil OX50 suspensions adjusted to different pH values are shown in 3 magnifi-
cations. It is obvious that the primary particle size of Aerosil OX50 (approx. 40 nm)
was not reached [36]. Another powerful method for observing real suspensions is
the ATR (attenuated total reflection) spectroscopy.

In Fig. 6.4 a schematic presentation of this method is given. The ATR-unit was
placed in the sample compartment of a Bruker IFS66v FT-IR spectrometer. The
incident beam enters the Ge-crystal on one side. Ge has only a limited spectral
transmittance (500...5,000 cm™") compared to ZnSe (650...20,000 cm™!), but of-
fers a sufficient electrical conductivity to apply an electric field during the optical
measurement. Due to the higher refractive index of the Ge-crystal compared to the
suspension the IR beam is totally reflected inside the Ge-crystal, but an evanescent
electric field enters the suspension. The penetration depth is only some pm. If there
is an absorbing medium (e.g. the vibrational modes of the dispersed particles), the
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Fig. 6.3 Pictures of cryo-SEM of concentrated Aerosil OX50 suspensions, left row: pH=4, right
row: pH=7.5. [36]

incident beam is not completely reflected and a transmission spectrum of the ab-
sorbing medium is obtained. An example is shown in Fig. 6.5. The vibrational mode
of Si—O at 1120 cm™! can be seen and peak height is depending on the concentration.

The advantage of the ATR method in comparison to the conventional transmission
measurement is that a very thin layer can be measured without any preparation prob-
lems of a thin sample. It is known, that the shape of the absorption mode can also de-
pend on the shape of the nanoparticles (topological effect) [38]. This explains the shift
of 20 cm™' of Aerosil A380 in the spectra shown in Fig. 6.6. Aerosil A380 has
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a much smaller particle size (12 nm) compared to Aerosil OX50 and Tokuyama
Excelica SE15 (silica glass particle, @=15 pum). The additional absorption peak
of SE15 at 1,025 cm™!is not yet understood. With the electrical conducting Ge-
crystal EPD effects close to the Ge-electrode can be measured in-situ. For that a Pt-
electrode was placed as a counter electrode on top of the suspension. In Fig. 6.7 the
results for moving the particles away from the Ge-electrode (sedimentation—EPD)
and moving them towards the Ge-electrode (sedimentation+EPD) can clearly be
seen. It would be very interesting if agglomerates of the dispersed powder could be
detected in this way with improved sensitivity utilizing topological effects.

For the characterization of the real EPD system further in-situ measurements
with high spatial (3D) resolution are necessary. It would be most important to mea-
sure the local electric field, the current, and the pH value. While it should be pos-
sible to measure the electric properties with fine, shielded electrodes, it is still a
major problem to measure the local pH value with a spatial resolution of less than
1 mm. An attempt was made to use optical fibers and to detect the color change of a
pH indicator. But this was not successful [37]. Integral measurements of the whole
EPD cell are also possible with impedance spectroscopy or voltammetry.

6.2.2 Solutions for the Gas Bubble Problem
in Aqueous Suspensions

For aqueous suspensions the main problem is to suppress the formation of gas bub-
ble coinciding with the deposition of the ceramic particles. For practical applica-
tions four possibilities are presented to solve this problem for an anodic deposition
of negatively charged particles. For a cathodic deposition of positively charged par-
ticles H,-absorbing electrodes like Pd can be used. For EPD with microelectrodes
close to the deposition area the formation of bubbles disturbs the electric field at the
electrodes. This case is considered in Sect. 3.5.2.
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Fig. 6.8 Elephant process feeding of slip overflow cathode
(schematic) for EPD of fine

ceramic tiles
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6.2.2.1 Reactive Electrode

In the Elephant-Process the electrode material (e.g. Zn) is oxidized instead of OH-
groups [39, 40]. The deposition of clay particles takes place on two rotating zinc
electrodes, see Fig. 6.8. Both deposited layers were fed together forming a ceramic
tape from which tiles were cut. But this process was not competitive to dry press-
ing for he production of ceramic tiles. Another problem is the contamination of the
slip with Zn-ions, which may influence the properties of the slip or at least the final
product. Further approaches with EPD of clay slips were made for sanitary ware
[41, 42] and high deposition rates up to 1 mm/s could be obtained. But in the field of
fine ceramics dry (isostatic) pressing seems to be more promising to reduce produc-
tion cost and time because the time consuming drying can be avoided.

6.2.2.2 Reactive Electrolyte

In this case the electrolyte is oxidized instead of OH-groups. Therefore a compound
is needed which shown different states of valence. In the Miele enameling ETE-pro-
cess (Elektro-Tauch-Emaillierung), which is discussed in more detail in Sect. 4.1,
sodium bromide (NaBr) is used [43—45]. Then the following reaction takes place at
the anode

NaBr + 40H™ — NaBrO; + 2H,O + 4e™ )

On the cathode the reverse reaction might occur so that NaBr is formed again. The
oxidizing of the electrolyte was also successfully demonstrated for hydroquinone
[46] and a 10% ethanol addition to water [47].

6.2.2.3 Membrane Process

This process is a technical development of the well-know diaphragms in physical
chemistry. Due to the spatial separation of water decomposition and electrophoretic
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Fig. 6.9 Schematic presentation of the EPD membrane process

deposition dense compacts can be deposited on the ion-permeable membrane with-
out included bubbles and is applied on a laboratory scale since a long time [48]. In
Fig. 6.9 the EPD membrane process is schematically shown. On the left hand side
of the membrane there is the compensation compartment, on the right hand side
is the suspension compartment. The voltage is applied between the electrodes (Pt,
stainless steel, carbon). Beside the movement of the dispersed particles an osmotic
stream is observed, which leads to a change of the pH value in both compartments
and generally to an elevation of the level of the suspension compartment. As the
electroosmosis is observed in any EPD process, the membrane process offers ad-
ditional free parameters like the variations of the concentration and the species of
the electrolyte in the compensation compartment.

With the vertical membrane arrangement there might be some problems with a
homogeneous deposition at longer deposition times and high depletion in the sus-
pension compartment. Due to the difference in density in the enriched and depleted
parts compensatory current can occur. This is shown in Fig. 6.10 experimentally
(left hand side) and schematically (right hand side). This problem can be circum-
vented in a horizontal cell. In this case some precautions have to be made to prevent
disturbances with the bubbles rising from the electrodes (e.g. wire-gauze top elec-
trode, deflector bar in the lower compartment). This horizontal cell can be operated
in different modes: electrically driven movement (1) in the direction or (2) counter-
flow of the sedimentation [49]. In the latter case bigger agglomerates settle to the
ground and only well-dispersed particle are deposited on the membrane.

This process was applied for the deposition of a large variety of nanopowders to
form silica glass plates and tubes, alumina and zirconia ceramics [10, 50]. Further-
more, this process was successfully applied for bimodal powders mixtures. With
bi- or multimodal powder mixtures relative green densities higher than 74% (dense
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presentation of the reduction of the thickness in the compacts deposited in a vertical cell

cubic packing) can be achieved. As the shrinkage during sintering is directly cor-
related to the green density this is of high importance for preparing near net-shaped
compacts. Thus it was shown that with a bimodal mixture of coarse silica particles
(© 15-30 um) and fumed silica powders a relative density higher than 80% could
be obtained leading to a linear shrinkage of less than 4% [51].

6.2.2.4 Pulsed or Alternating Currents

Most of the investigations on EPD were focused on the chemical reactions, espe-
cially for the reduction of the bubble formation due to the decomposition of water
in aqueous systems. The new approach to suppress the decomposition of water in
electrochemistry is the applications of AC fields. In symmetric AC fields a non-os-
cillating movement of a particle in one direction can only be observed as dielectro-
phoretic deposition (DEP) in an electric field gradient. This mechanism is the basis
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of electrorheological effects and can be used for a textured deposition [52—-56]. As
the dielectrophoretic deposition is dependent on particle size it will only be consid-
ered in this paper for coatings on sharp edges.

Very promising approaches are pulsed and non-symmetric electric fields.
These offer the possibility to utilize dynamic processes to suppress the electrode
reactions of the water. With square-wave pulses bubble-free alumina deposits
could be achieved [57]. Another approach was the superposition of AC fields on
the DC field [58] to improve the green density of the deposits. In this case the
particles are oscillating in the AC field and friction effects are reduced. The alter-
nating current electrophoretic deposition with asymmetric pulses (ACEPD) is a
new approach to solve the problem with the evolution of gas bubbles in aqueous
suspensions [9] and is schematically shown in Fig. 6.11. The positive and nega-
tive pulses differ in height in time, but the amount of the integral over the current
(charge) is identical. Thus the average current is zero and no decomposition of
water is observed. Due the non-linear response of the moving particles to the
electric field, which is known for a long time [59] there is a preferential direction
of movement. This leads to the deposition of a compact. This new method seems
to be very attractive and much more work is needed in this field to recognize the
full potential of this process.

As already mentioned in the introduction, there is still a big lack of knowledge
of the microscopic mechanisms of EPD. Although the basic electrochemical reac-
tions and influence of the height of the electric fields on the formation of the sur-
face charges of the particles (e. g. Wien effect) are known for a long time [60], the
real electrophoretic system is much more complex due to suspensions with high
solid loadings and overlapping electrokinetic effects. Therefore much more effort is
needed to understand all fundamental process and to get a solid basis for technical
developments.

Finally, it should be pointed out that the bubble formation might also be used for
generating defined pores. Thus it could be shown that a defined pore structures can
be produced on a structured electrode [61].
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6.3 Deposition of Compacts from Aqueous Suspensions

As the velocity of a single particle depends on the viscosity of the suspension, the
viscosity should be low. On the other hand a high solid loading is necessary to im-
prove the deposition rate. Both are opposed effects. Therefore an optimum has to
be found which generally depends on the specific properties of each powder [62].
Consequently, a careful selection of the most appropriate dispersants and binders as
well as a powerful dispersing apparatus is needed.

6.3.1 Homogeneous Compacts of Fumed Silica

Nanosized silica powders are produced since a long time on an industrial scale
(fumed silica powders like Evonik Degussa Aerosil®, Wacker HDK®, Cabot Cabo-
sil®). As these powders are synthesized in a hot flame, they are molten glass par-
ticles, which can be directly sintered to a transparent glass at temperatures signifi-
cantly below the melting temperature. Furthermore, these powders are also ideal
model materials because they are available at a moderate price (for a nanopow-
ders), a high purity, and a wide range of particle sizes. In Fig. 6.12 two examples
are shown. Due to the flame hydrolysis generation these powders show agglomer-
ates. Therefore the effective particle diameter measured in a real suspension is gen-
erally higher than the diameter measured in a TEM (Aerosil A380: 12 nm, OX50:
40 nm). As already mentioned in the introduction, there are intrinsic problems to
reach a high green density with very small nanopowders. This can also be seen in
Fig. 6.13, where the deposition rate is plotted for different fumed silica powders.
The solid content of silica had to be reduced for Aerosil A200 and A380 suspen-

*"3-;; b

100 nm

Fig. 6.12 TEM pictures of fumed silica glass powders Aerosil A380 (a) and OX50 (b)



6 Preparation of High-Purity Glasses and Advanced Ceramics Via EPD of Nanopowders 229

Fig. 6.13 Deposition rates of 0,1 : ;
different Aerosil silica glass - - .
(3.75V/em, 2:102% TMAH/ € —=- A 380
N . £ 0,08 - e-- A 200 -
m? Aerosil) & —e— OX50 /
1S
o
> 0,06 g i
o)
T g
c 0,04
S .a
3 e
2 0.02 e
ég ’ M"i ’
P
0

0 5 10 15 20 25 30 35 40
concentration SiO, (%)

sions to reach the same viscosity. Furthermore, the linear shrinkage during drying
of the compacts of these fine Aerosil powders exceeded 10% leading to problems
with crack formation. Consequently, the most appropriate powder for preparing
silica compacts with a sufficient green density is Aerosil OX50. As small amounts
of silicic acid are soluble in water and the solubility depends on particle size, no
additional binder is needed for silica compacts. During drying this solved silicic
acid is precipitated at the necks between nanoparticles leading to compacts with
good mechanical properties. Only the pH value was adjusted with tetra methyl am-
monium hydroxide (TMAH).

In Fig. 6.14 a typical compact of Aerosil OX50 deposited via EPD is shown
before and after sintering (zone furnace 1,500°C, 10 mm/min, He atmosphere). The
linear shrinkage (27%) during sintering depends directly on the green density of the
compact (40%, only one half of the compact was sintered).

i

av

TIr

Fig. 6.14 Green compact of !
Aerosil OX before (/eft) and
after sintering (right)
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6.3.2 Bimodal Mixtures of Silica Powders

It is well known that the theoretical green density of densely packed monosized
spheres of 74% can be surpassed with bimodal or multimodal powder mixtures. To
decrease the shrinkage during sintering the green density has to be increased. This
is of great importance for near net-shaping. The smaller amount of nanopowders
should also reduce the costs of the final product. For sintering compacts of silica
glass Excelica SE15 (@=15 um) and Aerosil OX50 was combined. If powder mix-
tures are used as starting materials it is essential that no separation takes place. As in
EPD the deposition rate is independent of the particle size, EPD is an ideal process
for preparing compact of powder mixtures. This can be seen in the comparison of
compact made by slip casting and EPD in Fig. 6.15. In both cases the inner and
outer surface of the compacts are shown. While the EPD compact is homogeneous
and no differences can be seen, the slip casted compacts clearly shown separation
of the coarser and finer powders.

The maximum of the green density of 82% was reached for 6 wt.% Aerosil 0X50,
which correspond with a linear shrinkage of 6%, see Fig. 6.16. The nanosized Aero-
sil OX50 powders also acts as an inorganic binder and increase the mechanical
properties of the green body. In Fig. 6.17 the bending strength of a green body is
plotted over the Aerosil OX50 content. The maximum of the bending strength coin-
cides with the maximum of the green density.

Fig. 6.15 SEM pictures of fracture planes of compacts made from Excelica SE15 and Aerosil
0OX50. Left hand side: slip casting, inner (top) and outer surface (bottom). Right hand side: EPD
samples, inner (zop) and outer surface (bottom). [36]
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With these coarser particles the sintering temperature raises. But the increased
green density facilitates sintering again. In total there was only a slight increase of
sintering temperature about 50...70°C, because the nanopowder acts as an effective
sintering aid. Thus these compacts made from bimodal powder mixtures could be
sintered to transparent glass without crystallization. One example of a transparent
silica glass crucible is shown in Fig. 6.18. The bigger crucible on the right hand side
could not be sintered due to the lack of a sintering furnace of that size. This crucible
should only demonstrate the possibilities of the EPD of bimodal powder mixtures
on a laboratory scale.

6.3.3 Compacts Made by Electrophoretic Impregnation (EPI)

Up till now only single component systems were considered. The combination of
different powders as well as the combination of EPD and electrochemical reac-
tions offers nearly unlimited variations and possibilities. In Fig. 6.19 the modified
process is shown, where a porous compact is filled up with much smaller particles
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Fig. 6.18 Crucibles made from bimodal powder mixtures Excelica SE15 and Aerosil OX50. [36]

anode

cathode

gas gas
bubbles bubbles
i ™~ small particles
osmotic
stream

— reactive ions

membrane N generated particles

porous compact

Fig. 6.19 Schematic presentation of the modified EPD processes inside a porous compact with an
impregnation with smaller particles (top part) and a co-reaction of ions (bottom part)

(upper part) or ions coming from both sides react inside the compact forming a
nanoparticle (lower part).

Typically, the solid loading of the suspension for the impregnation and the de-
position rate has to be low to prevent particle sticking on the surface of the porous
compact.

Furthermore, the particle size of the impregnating suspension should be much
smaller than the pore size of the compact and the zeta-potentials of both (particles in
the compact and in the EPI suspension) have to be considered. This electrophoretic
impregnation (EPI) offers a lot of possibilities. Two examples of particle impregna-
tion are shown in Fig. 6.20 and 6.21.
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Fig. 6.20 EPI of Aerosil
0XS50 into a compact of
Excelica SE15 from the right
to the left hand side. [36]

Fig. 6.21 EPI of a compact
with coarse Excelica SE15
silica particles and submicron
alumina particles

In Fig. 6.20 the porous compact of Excelica SE15 was impregnated with a diluted
suspension of Aerosil OX50 from the right to the left side. The amount of the much
smaller Aerosil OX50 particles decreases with increasing penetration depth leading
to a density gradient. In this case the penetration depth was 1,4 mm and it should
be possible to penetrated even bigger compacts by optimizing the EPI process [63].
In Fig. 6.21 a similar compact is impregnated with small alumina particles showing
that the pores between the coarse particles can be completely filled up.

An example for the reaction of two components coming from both sides of the
compact is shown in Fig. 6.22 [64, 65]. The Cd?" ions and the S* ions from the
other side react to CdS. The particles size of the CdS can be controlled by the pore
size of the compact (template process). Unfortunately, the red orange-red color in
the center can only be seen as a gray shadow in this picture. It would be most
interesting to prepare red colored glasses in this way. But unfortunately the sinter-
ing temperature even of compact of nanosized silica particles is still too high for
sintering such doped compacts. At 1300—1500°C most of the CdS would evaporate
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Fig. 6.22 Pictures of a green
body of Aerosil 0X50,
where CdS was precipitated
inside. [66]

and disappear though the open pore structure before the final transparent glass is
achieved. The only chance to use this versatile template sintering process for the
preparation of (annealed) red glasses is to reduce the sintering temperature and to
prepare compacts of multicomponent nanosized powders. This will be discussed at
the end of the next chapter. Nevertheless, it is possible to get nice gold ruby glasses
using the template process [66—68] although the melting temperature of gold is ex-
ceeded during the sintering process of the silica glass matrix. With a sufficient low
concentration of the salt solution (< 1% AuCl,) the gold particles formed by reduc-
ing the metal salt cannot coagulate in the molten state and the size is preserved. As
the size of the gold particles is controlled by the pore size of the compacts a mixture
of Aerosil OX50 and A380 has to be taken to reduce the pore size. In a pure Aerosil
OX50 compact it is not possible to get a bright red ruby color. In this case the gold
particles are bigger than 50 nm and the red color is a little bit dull.

Another area with a high application potential of the EPI process are fiber com-
posite materials [69, 70]. One example for a CFC material protected with a SiC
coating is shown in Fig. 6.23. A 30 vol.% suspension of SiC powder (ESK SM15,
d,,=0.77 um), combined the sintering additives B,C (ESK Tetrabor1500, d,,=1 pum)

> Uso
and carbon black (Evonik Degussa FW200, d, =12 nm), Tween (Roth) as dispers-
ing additive, with a pH adjusted to 7 was used. The negatively charged carbides and
the positively charged carbon showed a heterocoagulation and a coating of thick-

ness 50...100 um was achieved after sintering in vacuum at 1750°C [14].

6.3.4 Reactive Electrophoretic Deposition (REPD)

The EPI process is a two-step process with a post-processing of an existing com-
pact. Although the reactions are more complex it is also possible to add other com-
ponents to the compact by an in-situ reaction in a single step process. It is possible
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b 10 um — BRgE

Fig. 6.23 EPI of fiber composite materials, fop left: boundary layer 2D-CFC with EPD-SiC on
the right surface, bottom left and right hand side: magnification of the embedded carbon fibers

to get a homogeneous as well as a heterogeneous doping of the compact. It is also
possible to combine the EPD of ceramic (dielectric) particles and the electrodepo-
sition (ED) of metals. As the reduction of metal salts takes place at the anode, the
ceramic particles have to be positively charged for a codeposition. A lot of work was
done in field of cermets with an ED of Ni and an EPD of nanosized alumina powder
[71-76]. Thus the scratch resistance of corrosion protective Ni coatings is improved
by the ceramic particles. Ni-alumina cermets are also attractive as selective solar
absorbers. But in this case the final coating must be rather thin (typ. 200 nm thick).
Another approach was the combination of silica and tungsten to get a gradient mate-
rial with reduces residual stresses at the boundary layer [77]. This is important for a
fed-through in high power lamps with a silica glass envelope. But much more work
is needed in this field.

For compacts of nanopowders the small diffusion path in nanoparticles enables
a homogeneous distribution of the incorporated materials, which can be obtained
at least after annealing the compact at elevated temperatures. Thus it was possible
to prepare doped silica and multicomponent glasses from SiO, nanoparticles by
reactive electrophoretic deposition [65], but also gold ruby glasses with the het-
erogeneous formation of nano-sized colloids [78]. The incorporation of potassium
and boron oxides in silica glass compacts is of very high technical importance to
reduce the sintering temperature and to increase the coefficient of thermal expan-
sion (CTE). Both are necessary for applying coatings of nanosized glass powders
on substrates (see Chap. 4). In Fig. 6.24 the increase of the density of a pure (un-
doped) Aerosil OX50 compacts as a reference and compacts doped with boron and,
additionally, potassium oxide is plotted versus temperature of the zone-sintering
furnace. With these dopings a remarkable reduction of the sintering temperature
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Fig. 6.24 Sintering shrinkage 100 oo S =0
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was achieved. In comparison to the simple doping of an Aerosil OX50 compact by
soaking with a salt solution a higher amount of the dopant was incorporated into the
silica glass network via REPD [36].

Due to the high importance of coatings the perspectives of nanosized multicom-
ponent glass powders are discussed in more detail. Borosilicate glasses (BSG) are
taken as an example because BSG shows a high chemical durability, a CTE close to
many important materials like silicon, and a reduced tendency to crystallize in com-
parison to soda lime glass. Unfortunately, nanosized BSG powders are not com-
mercially available and only very few attempts were made to produce borosilicate
glasses via a sintering technique of nanopowders [79-86]. As no results are reported
of the sintering kinetics of compacts of nano-BSG powders, the viscosities of bulk
silica glass and BSG are plotted in Fig. 6.25. From the well-known sintering tem-
peratures of Aerosil compacts it can be concluded that it should be possible to sinter
compacts of nano-BSG powders between 600 and 700°C. This would be a dramatic
reduction of processing temperature for a glass with high chemical durability with-
out any “chemical compromise” like the addition of fluxes.
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Fig. 6.26 SEM pictures of borosilicate nanopowders synthesized via flame hydrolysis at the
EMPA (/eft) and laser ablation (right)

The next problem that had to be solved was to synthesize at least a small quantity
of nano-BSG powders for first experiments. Based on first results to the flame hy-
drolysis of nano-BSG powders [87] several grams of nano-BSG powders were syn-
thesized by T. Graule and A. Heel from the EMPA (Diibendorf, Switzerland) via a
flame hydrolysis in an ethine flame starting with alkoxide precursors of silica, boron
and sodium (data not published yet). Due to the high flame temperature and a short
duration of the molecules inside the flame a very high heating rate of 230,000 K/s
was achieved. Thus it can be expected that no phase separation due to different reac-
tion kinetics of the single components should occur and a homogeneous BSG pow-
der should be obtained. In a second approach a BSG rod was ablated with a 100 W
CO,-laser. With both methods similar results of BSG nanopowders were obtained,
see Fig. 6.26. The chemical analysis of silica and boron oxide shown that there
were only minor changes in the chemical composition during ablation (composition
before/after ablation): SiO, 80/73.3%, B,0O;: 15/13.5%.

From these powders small compacts were prepared and sintered in zone furnace
(v=8.3 cm/min) at different temperatures. The SEM pictures of fracture planes of
the bulk materials are shown in Fig. 6.27. At 800°C most of the bulk material had al-
ready completely sintered to a transparent glass. Unfortunately, some bubbles were
formed inside the glass, which still grow in size during further heating to higher
temperatures (900°C). The mechanism for this formation of bubble is not yet under-
stood and further investigations are necessary. One reason might be, that some free
boron oxide is still present which evaporates at higher temperatures leading to the
formation of these bubbles. If this problem can be solved a new and very interesting
route for the preparation of borosilicate glasses is created. There would be a high
potential for preparing Cd-free red glasses via the template process because a much
wider variety of nanosized semiconductor materials can be tested and incorporated
into the BSG matrix. For annealed red glasses CdS/Se has to be applied because this
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Fig. 6.27 SEM pictures of fractured planes of sintered nano-borosilicate compacts

is the only compound that fits with the desired band gap, is solvable in a glass melt
and can be precipitated as nanoparticles without chemical alterations from the melt.
This restriction is no longer valid for the template process, were all kinds of salts
can be used for doping the porous glass compact.

6.3.5 Optoceramics

Optoceramics are polycrystalline materials, where the optical properties determine
the application. In case of transmittance the optoceramic should be at least trans-
lucent, but for high-grade applications transparency is required. To reduce scatter-
ing on residual pores optoceramics have to be sintered to full (theoretical) density
(typically >99.99%), which is at the high-end of all advanced ceramics. Due to the
polycrystalline structure scattering might also occur on grain boundaries. For non-
isotropic (non-cubic) structures this influence can be very high. This is the reason
why (non-absorbing) ceramic generally looks white. This scattering can only be
reduced if the grain size is very small compared to the wavelength of the incident
radiation. For visible light the grain size has to be smaller than 100 nm. Such small
grain sizes can only be achieved with nanosized starting powders, which has to be
sintered to full density without significant grain growth. Therefore it is very favor-
able to get a compact with a high green density.

The first interest in alumina optoceramics for lamps started almost 50 years ago
[88-94] and it was sufficient to get translucent envelopes for high-pressure sodium
lamps. In contrast to glasses alumina is stable against the chemical attack of hot so-
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Fig. 6.28 TEM-images of submicron alumina powders used for the preparation of optoceramics.
(18]

dium vapor. The interest for spot lamps for projection renewed the interest in better
transparency and nearly transparent alumina ceramics were achieved [18, 95-101].
But at high operation temperatures and long operation times grain growth might
occur again. Therefore other applications like large windows for ceramic amour
(replacing expensive sapphire single crystals) and IR transparent windows of mis-
siles might be more promising for application.

Like in all other cases the starting powder is the first important link in the long
process chain and the alumina powder should have the o-phase. Although nano-
sized 0-Al,O, was often announced most of the commercially available powders
with reasonable prices are submicron powders like shown in Fig. 6.28. These pow-
ders have to be perfectly dispersed to get an optimum green density and additives
like MgO or ZrO, have to be added to control the grain growth during sintering
[102]. The complexity of this optimizing process can be seen in Fig. 6.29. Here
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it is demonstrated that the green density of an EPD compacts depends on the ra-
tion of the conductivities in the compensatory and suspension compartment of the
membrane cell. The comparison of the density of compacts made via different
shaping methods plotted in Fig. 6.30 reveals impressively the advantages of the
EPD process.

In most cases the reduction of grain growth requires additional forces like hot
isostatic pressing (HIP) or electric field-assistant sintering (FAST/SPS). Thus the
grain growth could be limited to grain sizes to approximately 500 nm (see Fig. 6.31)
and nearly transparent alumina ceramics could be obtained (Fig. 6.32).

For materials with a cubic structure things are a little bit easier because the grain
size can be bigger and there is no necessity to use nanopowders. In spite of that, the
EPD can be advantageous to get a homogeneous compact with high green density.
Typical materials are Mg-Al-spinel [103, 104], Y,0, [105-107], YAG [108], AION
[109] or PLZT [110], which might be applied for windows, scratch resistant coat-
ings, laser host material and optical elements. The laser materials (e.g. Nd:YAG) are

Fig. 6.31 HR-SEM images of non doped and doped samples after sintering (5 K/min) in air at
1,200°C with 48 h dwelling times. Left: undoped Al,O, average grain size 890 nm, middle: Al,O,
with 250 ppm MgO average grain size 791 nm, right: A1,0, with 250 ppm ZrO, average grain size
603 nm. [18]
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Fig. 6.32 Pictures of dense alumina optoceramics. Left: pure alumina, middle: alumina doped
with magnesia, right: alumina doped with zirconia. [18]

of great interest, because higher Nd doping with better homogeneity and a lower
price compared to YAG single crystals are possible. Optical element like lenses
show—compared to optical glasses—a reduced dispersion combined with a high
refractive index.

Zirconia ceramics is used in wide area of applications, mainly as a high-tem-
perature ionic conductor and for devices for high mechanical loads. Cubic zirconia
has similar properties like diamond. Therefore it is interesting to see if this material
can also be prepared by sintering of nanosized or submicron powders [111-113]. In
Fig. 6.33 some starting powders of stabilized zirconia are shown.

These powders were shaped via EPD and finally sintered. Due to the superior
green density of these compact the activation energy for sintering calculated from
experiments was smaller than for compacts made by dry pressing, see Fig. 6.34.
To get a real transparent zirconia a lot of effort has to be spent for optimizing the
sintering conditions. In this case a 2-step sintering process was used [111]. Like in
most preparation routes for optoceramics a post treatment by hot isostatic pressing
was necessary. Surprisingly, there was an optimum for the density of the presinter-
ing of the compact, see Fig. 6.35. After sintering the cubic zirconia ceramics was
transparent and shown only a small scattering. This can be seen from the right hand
side picture in Fig. 6.36. The center part is a view through the polished ceramic disc.

Fig. 6.33 TEM-images of the zirconia powders YSZ3, NA8Ym and TZ8Y. [111]
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Fig. 6.36 Pictures of dense cubic zirconia (TZ8Y) optoceramics. Left: ceramic disc on substrate,
right: view through ceramic disc. [111]
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Alternatively to the hot isostatic pressing a microwave sintering [114] was applied
and revealed non-thermal microwave effects with an increase of 2% of final sinter-
ing density combined with a significantly reduced grain growth.

6.3.6 Deposition of Structured Compacts

Up till now most of the sample shown were made on the laboratory scale with rather
simple geometries. For all kinds of application a shaped body with more or less
complex geometry is generally desired. The importance of a low shrinkage rate for
near net-shaping was already mentioned, which can be facilitated with high green
density obtainable with bimodal powder mixtures. With the EPD membrane process
there are two possibilities of shaping:

1. Deposition on a shaped membrane
2. Local deposition with a single point electrode or an array of point electrodes

Both possibilities will be presented and discussed. The second choice is of special
interest because alls kinds of structures could be generated by a computer controlled
system for coatings (2D) as well for rapid prototyping (3D).

6.3.6.1 Shaped Membrane

Dental ceramics are one interesting field of application, where a high added value
is still within easy reach. Here individual shaping of single items like crowns and
bridges are necessary which require high skills and a lot of expensive manpower.
Although the process development is moving in the direction of computer con-
trolled rapid prototyping (CAD-CAM approach), a lot of work is still done with the
traditional technique of making replicas. With this replica technique a solution has
to be found for compensating the shrinkage during processing of ceramics. Fortu-
nately, special kinds of gypsum exist which expand up to 10% during curing. The
structure of these materials is shown in Fig. 6.37. Therefore a ceramic system had

—

Fig. 6.37 SEM pictures of different plaster moulds. [116]
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Fig. 6.38 Apparatus for
deposition of dental model
crowns. [116]
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to be found where the total linear shrinkage does not exceed 10%. This means that
a green density of 74% had to be reached, which is only achievable with a bimodal
powder [115].

This gypsum moulds were used as a membrane for the EPD shaping. In Fig. 6.38
a schematic presentation of the deposition device is shown. The inner part cor-
responds to the compensation compartment, the outer part to the suspension com-
partment. The deposition took place on the outer side of the gypsum mould. After
deposition the compact was carefully removed from the mould to prevent cracking
during drying. This is a critical step, which needs some exercise but it was manage-
able.

In Fig. 6.39 the starting powders are shown. On the left hand side is a coarser
Cer-stabilized zirconia powder and two much finer powders are in the middle and

Fig. 6.39 SEM pictures and particle size distribution of starting materials Ce3,3, Y0,01 and TM-
DAR. [116]
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Fig. 6.40 H-REM-pictures of Ce3,3-TMDAR-compacts deposited with different amounts of the
fine alumina powder (TMDAR). a 8 wt - % fine powder, b 8 wt - % fine powder, ¢ 16 wt - % fine
powder, d 16 wt - % fine powder. [116]

on the right hand side. One is Yttria-stabilized zirconia for a zirconia powder mix-
ture and the second is an alumina powder for alumina-zirconia ceramic. Both pow-
der bimodal mixtures were investigated [116, 117].

After drying a homogeneous compact was achieved, see Fig. 6.40. It was impor-
tant to optimize the system in such a way that on one hand a high solid loading is
achieved leading to a high green density and, on the other hand, the viscosity is still
low enough to get a sufficient deposition rate. One successful example is shown in
Fig. 6.41. In Fig. 6.42 some model caps of tetragonal zirconia are shown.

Similar to slip casting and pressure slip casting an improvement was made by
replacing the gypsum with a polymer membrane. As all attempts to use the po-
rous membranes developed for pressure slip casting failed. Polyether sulfon (PES)
membrane were made by casting [68]. The SEM pictures in Fig. 6.43 show the pore
structure in two magnifications. Furthermore it was the objective to deposit smaller
structures with this membrane. One example is shown in Fig. 6.44.
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Fig. 6.43 SEM pictures of PES membrane (different magnifications)
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Fig. 6.44 Picture of compact
deposited on a structures
membrane. [68]

For porous compacts with very fine structure the mechanical properties—at least
in the green state—might be a problem. Therefore some mechanical calculations
were performed for the maximum aspect ratio, which limits the length of finely
structured compact. For that the mechanical properties of the porous compacts had
to be measured to get realistic parameters for the modeling. An example of the mea-
sured Young’s modulus is shown in Fig. 6.45 demonstrating the superior properties
of EPD compacts again.
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Fig 6.46 Schematic presentation of the apparatus for EPD wit moved point electrodes (/eff) and
pictures of the laboratory device (right side). [68]

6.3.6.2 Point Electrodes

An alternative to the replica based structuring on shaped porous moulds is a con-
trolled local deposition with one or two point electrodes. This can be a mechani-
cally guided point single or double electrode shown in Fig. 6.46 or an electrically
switched array of point electrodes shown in Fig. 6.47 [118-123].

In this case it is most important to focus the electric field to a small point, which
is not trivial in an electrically conducting suspension. Therefore shielded coaxial
electrodes were applied and model calculations with the program FlexPDE were
made. One example is shown in Fig. 6.47. For the first experiments commercial
coaxial cables were used, see the upper picture in Fig. 6.48. In the lower picture
two examples for a deposition of Aerosil OX50 from an aqueous suspension with
electrodes guided with a robot is shown. The corresponding results for an electrode
array are shown in the lower part of Fig. 6.49. Further improvements have to be
made in both cases to increase the aspect ratio of width and height. Therefore model
calculations were performed to optimize the geometry of the coaxial electrodes.
Furthermore, the point electrodes can be combined with the shaped membrane pro-
cess opening a wide field of variations.

Another problem that arises with this configuration is the formation of gas bub-
bles at the electrodes. For focusing the electric field the diameter of the core wire
and the distance to the deposition membrane has to be decreased. Therefore any gas
bubble formed at the electrode disturbs the local electrical field significantly. A per-
spective might be the combination with the ACEPD process. This is presently under
investigation. Finally, in Fig. 6.50 the measured aspect ratio is plotted.
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Fig 6.47 Calculated electric fields for a coaxial electrode: Lefi: configuration of the shielded
electrode, right: calculated electric fields. [68]

Fig. 6.48 Pictures of coaxial cable used for the electrode (fop), and deposited Aerosil OX50 with
a guided electrode (bottom). [68]
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Fig. 6.49 Pictures of the array electrodes (top), and deposited Aerosil OX50 with 3 different com-
binations of switched-on electrodes of the electrode array

Fig. 6.50 Measured aspect 0,25
ratio for the electrode array
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6.4 Deposition of Coatings

EPD is a process, which is applied for a long time in many fields. But most of these
industrial applications are in the field of coatings. One of the oldest applications is
enameling [124—128]. Newer publications focus on the efficiency of the deposition
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process [129] and glass-like coatings based on nanoparticles, which can be densi-
fied at 500°C [130]. But EPD has been proven to be a very versatile coating method
for a large variety of materials [131, 132].

There a numerous publications on all kinds of EPD coatings (aqueous and non-
aqueous systems) like hydroxylapatite layers [133—136], dense titania layers [47,
137], zirconia layers [138], silica sol-gel deposition [139], SiC oxidation protec-
tion layers [140], electrolyte layers for SOFC [141-146], MgO coatings [147, 148],
0.1-300 pm thick CeO, films [149], CdS/Cu,S and TiO, for solar cells [150, 151],
phosphors [152, 153], PZT layers [154], BaTiO, films 1-5 pm thick [155], quan-
tum sized nano-ZnO films [156], up to 4 mm thick Ni-alumina cermet layers [157],
abrasion resistant WC-Co layers [158], diamond films on silicon substrates [159—
161], MoS, lubricant films [162], ordered gold colloid monolayers [27, 163], and
alumina thermal insulations films [164].

Furthermore, it should be briefly noticed, that the cataphoretic deposition for
corrosion protection lacquers is applied since a long time [165]. This technique
utilizes one of the advantages of an E-field assisted processing, that sharp edges are
efficiently coated. In other coating methods the surface tension of the liquid lacquer
or suspension leads to a decrease of the coating thickness in this critical part. This
is schematically shown in Fig. 6.51. The troublesome areas at the sharp edges of a
conventionally coated substrate (upper part) are marked with arrows.
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6.4.1 ETE Process

For inorganic coatings enamels are still one of the biggest applications. The ETE
(Elektro-Tauch-Emaillierung) process was developed by Miele (Giitersloh, Ger-
many) almost 30 years ago [43—45, 166] to surpass the problems with the bubble
formation in aqueous systems. Apart of the edge enhancement of the EPD process
another additive (sodium aluminate) is used for a self-adjustment of the thickness
of the coating. This additive forms a gel-like structure in the pores of the deposited
enamel particles, which increases the electrical resistance. At thinner parts of the
coatings or wholes in the layer the local electric field is higher leading to the pre-
ferred deposition of particles. Thus a very smooth surface and a coating without
faults can be obtained. The ETE process is applied on an industrial scale and prob-
ably one of the biggest industrial applications of EPD coatings.

6.4.2 Electrophotography

There are many perspectives for coatings. This is especially important for nanopow-
ders, which are generally more expensive. For coatings only a small quantity is
needed to improve or change the property of a component part. In many cases the
coatings have to be structured. The most economic way is an additive (generic)
process, because in subtractive processes a lot of material is lost. One of the most
emerging markets of a structured EPD is electrophotography (EP). EP is the basis
of all copiers and laser printers [167—170]. Most of the applications are in the of-
fice area, where black or colored toners are printed on paper. The EP process is
schematically shown in Fig. 6.52. The photoconductor is charged in the dark. This
is generally done with a high voltage corona. This might be a thin wire, which is
moved over the photoconductor in a constant distance or a multi-wire plane corona.
Alternatively, a volatile electrode can be used [171]. Thus it is possible to charge a
large area in a short time. Most of the copiers and laser printers on the market use a
rotating drum instead of the flat substrate plotted in Fig. 6.52 leading to a sequential
processing. The pictorial illumination causes a corresponding charge pattern on the
surface of the photoconductor.

This charge pattern is developed with charged toner particles. Most of the con-
sumer laser printers now use dry toners, which consist of black or colored pigments
and thermoplastic powders. The charged toner particles move in the electric field
and are attached to the surface charges on the photoconductor. Afterwards these pig-
ments are transferred on a paper and are glued on the surface via a thermal fixing.
As the particle size is typically 10 um, as can be seen in Fig. 6.53, only a limited
resolution can be obtained with such dry toners.

Liquid toners (suspensions) are more troublesome to handle, but finer particles
can be used and, consequently, the resolution can be improved [172]. A develop-
ment electrode, as shown in Fig. 6.52, can improve the sensitivity. There was a
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Fig. 6.52 Principle of electrophotography (EP) with a liquid developer (LEP)

Fig. 6.53 SEM picture of
black toner for dry develop-
ment of a laser printer

great interest in electroradiography to develop very sensitive developers. Therefore
stable suspensions with toner particles with minimized surface charges were cre-
ated to reduce the x-ray doses of the patient [59, 173]. First attempts to utilize EP
for new applications were performed in the field of RGB phosphors for TV screens
[174-177]. But these processes have never been applied in production.
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6.4.2.1 Deposition of Glazes for Ceramic Decoration

The decoration of ceramics with glazes or ceramic powders is generally done with
all kinds of printing techniques. This is an inexpensive process for large quantities.
With the improvement of laser printers not only single prints or copies are inter-
esting from the economic point of view, but also higher quantities are now made
with laser printing. Thus laser printers replaced small printing machines. From this
viewpoint it was not astonishing, that attempts were made to apply laser printing for
ceramic decoration. Especially for small quantities or individual decors there is a
big interest. As the ceramic surface is not electrically conducting, a transfer process
seems to be most promising. Printed decals are state of the art in ceramic decora-
tion. Therefore digital ceramic/glass decals made by laser printing provide an easy
way to produce low-cost images with photo quality [178, 179]. This can be done on
commercial laser printers where the toner is replaced by a ceramic powder.

Alternatively to the dry toners a suspension with charged pigments can be used.
The effort for processing is higher, but the resolution is better due to the effect, that
smaller particles can be used. Furthermore, the surface charge and, consequently,
the electrophoretic motion can be better controlled. One disadvantage of these laser
printers with a rotating photoconductor drum is the limited charge that can be stored
on the photoconductor. This leads to a limitation of the amount of powders, which
is deposited on the electric charge pattern. This can be seen in Fig. 6.54, where a
cross section of a glaze on a ceramic substrate made with a commercial equipment
is shown. Furthermore, these thin coating show only a limited scratch resistance.
Another problem is a homogeneous coating of larger areas because more toner is
deposited at the electric field gradient of the edges.

Therefore new concepts were developed for the deposition of structured coat-
ings based on the EPD. For non-conductive ceramic or glass substrates a transfer
process is needed. This means that the deposition has to be performed on a carrier
close to the electrode and the bubble problem has to be solved for aqueous suspen-

Fig. 6.54 Laser printed glaze
powder transferred on a
ceramic tile
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sions again. In this case the electrolyte oxidation was chosen according to the ETE
process. A crude estimation of the charge needed to deposit particles for a coating
of some 10 um thickness shows that for a compensation of 7.2 As (60 mA, 2 min)
1,3 mg NaBr are needed. The influence on the electrical conductivity of this addi-
tional electrolyte in a model system consisting of water, Aerosil OX50 and TMAH
for adjusting the pH value is plotted in Fig. 6.55. Although the electrical conductiv-
ity is increased by factor of 3 with the addition of NaBr, there was no significant in-
fluence on the deposition properties. In Fig. 6.56 pictures of deposited compacts are

Fig. 6.56 Pictures of deposited compacts. Left hand side: electrode side, right hand side: suspen-
sion side. Top row: Deposition with addition of NaBr on a 5 um sieve, which laid directly on the
electrode. Bottom row: Deposition without the addition of NaBr
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Fig. 6.57 Picture of a structured layer deposited with the addition of NaBr

shown. With the addition of NaBr no bubbles are formed inside the deposited layer.
Another examples are shown in Fig. 6.57, where a deposition was performed on
structured electrode. The thickness of the layer was approximately 500 pm show-
ing, that there is no limitation in thickness. But is can be expected that the spatial
resolution of the deposit and the maximum thick are correlated. Therefore more in-
vestigations are necessary to get a better understanding of the possible aspect ratio.

6.4.3 Deposition of 3D Compacts Layer by Layer

The forming process of ceramic powders should lead to the final shape as close as
possible under the consideration of shrinkage. From the deposition of coatings to a
3D compact is a logic step forward in the field of rapid prototyping (RP), which is
of great importance for individually shaped parts or small series. Most of the estab-
lished rapid prototyping processes are based on a layer-wise processing [180—-187].
The applications cover a broad field in rapidly growing markets. Examples are den-
tal ceramics [188—191], functional gradient materials [192], and medical materials
[193-195]. Also EPD generated layers are already applied for RP [196-200].

The disadvantage of the layer-wise structuring is the limited mechanical strength
because delamination in the boundary region between the layers is a major problem.
In EPD at least one side can be structured by depositing on a shaped electrode or
membrane [68, 78, 118, 138, 201, 202]. Applications were demonstrated for ceram-
ic microcomponents of PZT or alumina [201, 203], PZT microtubes [204], nano-
rods [205, 206], and artifical opal growth [207]. Structures can also be obtained by
a codeposition of fibers [208] or deposition of carbon nanotubes for field emission
displays [209, 210] or tissue engineering scaffolds [211].
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6.5 Conclusions

The electrophoretic deposition is a versatile process for depositing structures coat-
ings or compacts especially for nanopowders or mixtures with nanopowders. For
aqueous suspensions, which are most favorable for industrial applications the for-
mation of bubbles due to the decomposition of water is a problem. Apart of estab-
lished solutions with chemical additives new approaches using non-linear effects
with pulsed currents seem to be very promising for coatings. For non-conductive
substrates the transfer technique known from electrophotography and laser print-
ers offers new perspectives for the decoration of ceramics. More effort is needed
to improve these processes. This should be done together with more fundamental
research to understand the local mechanisms during deposition.
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Chapter 7

Electrophoretic Deposition of Phosphors
for Information Displays and Solid
State Lighting

Jan B. Talbot

7.1 Introduction

The trend for information displays has been towards larger and thinner devices with
higher resolution. The performance of emissive display screens depends upon the
uniformity, density, and adhesion of the phosphor layer. Phosphors are chemical
compounds that emit visible light when excited either by a photon (photolumines-
cence), electron (cathodoluminescence), or electric field (electroluminescence).
Emissive display technologies include cathode ray tubes (CRTs), field emission dis-
plays (FEDs) and plasma display panels (PDPs). On a CRT display, the phosphors
are on the front glass and are excited by a beam of electrons from a thermionic cath-
ode device (electron gun) using high accelerating voltages of about 20 kV. An FED
uses an array of tiny electron emitters (cold cathodes) operating at lower voltages of
1-8 kV to provide electrons that strike the phosphor to produce an image. For PDPs
the phosphors are excited by UV light produced by plasma of a mixture of argon,
neon and xenon. For all of these display devices, a thin layer of phosphor (either as
a thin film or powder) is laid down upon a glass substrate, making the screen.

All phosphor screens must meet a number of requirements for use in information
displays [1]. The deposit thickness must be optimized to ensure a pin-hole free cov-
erage, yet must not reduce light emission due to internal absorption. The packing
density should be optimized for the best light output at specific excitation condi-
tions. The screen must be uniform to ensure consistent optical performance. The
amount of non-luminescent material needs to be minimized. Finally, the deposit
must have sufficient adhesion strength to withstand handling during manufactur-
ing, as well as during use. Typical phosphor powder coating methods include slurry
coating, screen printing, and settling [2].

Electrophoretic deposition (EPD) of powder phosphors, typically 0.5-10 pm di-
ameter, is an alternate method used in the manufacturing of displays, particularly
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high-resolution screens, in which a thinner coating is desired [2]. EPD has been
used for the preparation of specialized CRTs since the 1950s [3—5]. In 1970 Grosso
et al. [6] reported on the deposition of luminescent materials from isopropyl alcohol
(IPA) and the effects of water in the bath on the deposition. Sluzky and Hesse [7] in
1989 reported on that an EPD screen can demonstrate brightness equal to coatings
made by standard settling methods and were capable of very high resolution. More
recently, EPD has been used to prepare flat panel emissive displays, such as FEDs,
PDPs, and vacuum fluorescent displays (VFDs).

To improve the brightness and resolution of information displays, phosphors
with high quantum efficiency, controlled morphology, and fine particle sizes are
needed. Multiple scattering of the emission from micrometer-sized phosphor pow-
ders leads to poor beam collimation, substantial backscattering of the emission,
and absorption losses in the phosphor itself. As particle scattering scales as the
square of the particle mass, reducing the particle size to the nanoscale would help
to eliminate scattering. It is also advantageous that the phosphor particle size is as
small as possible as this potentially leads to higher screen resolution, lower screen
loading, and a higher screen density. With the ability to produce nanocrystalline
and nanometer-sized phosphors [8], EPD is a useful coating method. For example,
a film of the spherical Sr,CeO, particles with an average diameter of 70-80 nm
was formed by EPD [9]. Nanocrystalline Y,O,:Eu (70-100 nm) was synthesized
and films were made by EPD with an optimum loading of about 1.8 mg/cm? [10].
Spherical, 300 nm Y,0,:Eu phosphor particles were deposited at 150 V for ~2 min,
resulting in a coating thickness of 3 mg/cm?[11]. Thin films of nanometer size ZnO
particles were fabricated by EPD which exhibited optical properties characteristic
of the quantum size particles [12]. Both the band-to-band and visible photolumines-
cence (PL) were progressively blue-shifted with decreasing particle size in the film.
Recently, EPD was used to deposit soft X-ray scintillator phosphor (Gd,0,S:Pr)
crystals (120 x 150 nm average size) onto an indium-tin oxide (ITO)-coated poly-
ethylene terephthalate (PET) transparent substrate so that it can be used to detect
X-rays generated by a laser generated plasma [13].

Light emitting diodes (LEDs) offer promise of energy efficient, low cost white
solid state lighting. One approach for generating white light combines UV or blue
light emitting diodes with phosphors that down-convert the LED emission to longer
wavelength light. In such devices, the UV or blue light emission from an active
region of a LED excites a phosphor that receives the LED-emitted light. In turn, the
excited phosphor emits light at a longer wavelength. The net result is a device that
emits light having a plurality of wavelengths over the visible spectrum with which
for an appropriate combination of different wavelengths can be perceived as white
light by the human eye. For example, yttrium aluminum garnet (Y;AlO,, or YAG)
cerium-doped (YAG:Ce) phosphor strongly absorbs in the blue region and converts
this radiation into a broad yellowish spectrum, which combines with the blue light
emission from an InGaN or GaN LED to produce white light. In some cases, more
than one phosphor is used, wherein each phosphor emits at a different wavelength.
The commercial technique typically employed in phosphor deposition on LEDs
involves simply painting or dispersing phosphor powders blended in a liquid poly-
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mer onto the LED die, which is then dried or cured. However, a conformal coating
improves the spatial color distribution of LEDs. More recently, EPD has been used
to deposit phosphor onto the LED.

Our group has systematically investigated the fundamentals of the EPD process
for phosphors, in particular, the dissociation of nitrate salts in IPA [14, 15], the zeta
potential of charged phosphor particles [14, 16], as well as the formation of the
adhesive agents [15, 17]. The deposition rates of the phosphor and a binder were
modeled [18, 19]. The factors, which affect the adhesion strength of the deposited
phosphors, were identified [15, 20]. The optical performance of phosphor screens
was tested and was found not to be affected by the process itself nor by the condi-
tions, which enhance phosphor adhesion under 1-4 kV excitation voltage appli-
cable to FEDs [21]. New screening methods were developed for color displays by
combining EPD and photolithography [22-24]. EPD in a thermoreversible gel was
explored [25]. More recently, EPD has been used to deposit phosphors for LEDs.
Our research results, as well as others, concerning the EPD of phosphors will be
reviewed here. The descriptions of the experimental apparatus and procedures with
details of the results can be found in the references.

7.2 Fundamentals of the Process

To understand the EPD of phosphors, the process was divided into the following
fundamental steps: (a) the charging of the particles in suspension, (b) the trans-
port of the particles under the influence of an electric field, and (c) the deposi-
tion and adherence of the particles onto a substrate. The standard EPD bath of
interest in our and many other studies is a suspension of phosphor particles in
isopropyl alcohol (IPA) (1-4 g/L), which contains dissolved nitrate salts (~107 M
Mg(NO;),) and small amounts of water (~1 vol.%). The nitrate salt dissociates
slightly, providing ions to charge the particles positively. Therefore, the ap-
proach taken was to (a) investigate the dissociation behavior of nitrate salts in
IPA, (b) study the effects of phosphor chemistry and suspension medium on the
zeta potential of the particles, and (c) study the effects of the EPD process condi-
tions and model the deposition rates.

The conductivity of various nitrate salts in IPA was measured and analyzed us-
ing the Ostwald dilution law to determine the conductivity at infinite dilution and
dissociation constants as shown in Table 7.1 [14]. The mobility of the ions can be
determined with the use of the limiting conductivity, and concentration of ions can

Table 7.1 Limiting conduc-

L . o Reaction A (cm¥mol Q) K (M)
tivities (A,) and dissociation - o
constants (K,) of nitrate salts NaNO; — Na* +NO; 17 3x107*
in IPA. [14] Mg(NO;), - Mg(NO3;)* +NO;~ 18 6x107

Mg(NO;)* — Mg + NO;~ 120 2x107
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be calculated from the dissociation constant [ 14, 18]. The dissociation constants are
very low and in the concentration range of 107 to 10~ M Mg(NO,), typically used
in EPD baths, Mg(NO,)" is the predominant cation available to charge the phosphor
and to form the binder.

The zeta potentials of several oxide, sulfide, silicates, and oxysulfide phosphors
were measured in IPA and in IPA containing nitrate salts and water [16]. The zeta
potentials of phosphors in pure IPA were negative. With the addition of 5x 107 M
nitrate salt, the zeta potentials of nearly all the phosphors became positive. A more
focused study measured the zeta potentials of Zn,SiO,:Mn (P-1) and ZnS:Ag (P-11)
phosphor particles in IPA under a wide range of nitrate salt concentrations and pH
values [14]. The zeta potential was negative (~—50 mV) at salt concentrations less
than 107® M. As the salt concentration increased, the zeta potential increased and be-
came positive, reaching a maximum (~50 mV) at 10~ M. In IPA or IPA with 10 M
magnesium nitrate, the zeta potential was positive at pH <6, but became negative for
pH>6. At higher salt concentrations of 10~* and 1073 M, the zeta potential remained
positive for all pH values. Therefore, the zeta potential is dependent upon the nitrate
salt concentration and pH. Figure 7.1 shows the zeta potential as a function of mag-
nesium concentration in IPA for ZnS:Ag, Zn,SiO,:Mn and YAG:Ce [26].

During EPD, electrolysis of the water present in the IPA creates a basic environ-
ment at the cathode. Thus, Mg(NO,)" reacts with the hydroxide ions to produce
magnesium hydroxide [14, 17], as follows:

100 T
i —— ZnS:Ag
C —- Zn,SiO4Mn
75+
C —A— YAG:Ce
504
251
of A
o5l
_50 - T T T T T T 1
1078 1077 1076 1075 1074 1073 1072 10!

Magnesium Nitrate Concentration (M)

Fig. 7.1 Zeta potential of ZnS:Ag, Zn,SiO,:Mn, and YAG:Ce as a function of magnesium nitrate
concentration in isopropanol
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2H,0 + 2e~ = Hy(g) + 20H™

Mg(NO;)* + 20H™ = Mg(OH), + NO; ™~

By carefully controlling the amount of water in the IPA bath, it was determined that
alkoxide formation can also occur, which can contribute to the binder formation
[15]:

Mg>* + 2C3H;0H = Mg(C3H;0), 4+ 2H*
Mg(C3H;0), + 2H,0 = Mg(OH), + 2C3H;0H

When the water concentration in the EPD bath is low (<1 vol.%), alkoxide pre-
dominately forms, whereas at high water content (>5 vol.%), all of the alkoxide
is converted to the hydroxide. At intermediate water concentrations, the binder is
a mixture of the two materials. Thus, the role of the magnesium nitrate in the EPD
bath is to charge the phosphor particle positively, to maintain the positive zeta po-
tential at high pH at the cathode, and to form the adhesive material.

The amounts of deposited phosphor and magnesium hydroxide binder were sim-
ply modeled by integrating the flux of material over time multiplied by the fraction
of material adhering [18, 19]:

M= /ozACvdt

where M is the mass of material deposited (mg) in time t (s), o is the fraction of
material reaching the cathode that adheres, C is the concentration of the mate-
rial in solution (mg/cm?), v is the velocity under the influence of the electric field
(cm/s), and A is the area of the cathode (cm?). The velocity is due only to electrical
migration and is the product of the mobility (u) and the electric field strength (E),
which can be calculated from the average current density (i) during deposition by
v=uE=u (/kA), where k is the specific conductivity of the solution. For the phos-
phor particles, the mobility was determined from the measured zeta potential ({)
using the Smoluchowski equation, u = &¢/u, where € is the permittivity (18.3)
and u is the viscosity (2 cP) of IPA. The mobility of Mg(NO,)" was calculated from
u=A_t/F, where t_is the cation transference number (~ 0.4) and F is Faraday’s
constant. The concentration of Mg(NO,)" was multiplied by the molecular weight
of Mg(OH),, as this is the species that deposits. With conductivity measurements
of Mg(NO,), in IPA, the specific conductivity, the limiting conductivity, and the
concentration of Mg(NO,)" were determined [14]. The deposition rates of both the
phosphor and magnesium hydroxide predicted from this simple model agreed with
experimental results provided that the Mg(NO,), concentration was greater than
~107# M [19]. This minimum concentration maintains a positive zeta potential near
the cathode and provides the necessary amount of binder to adhere the particles (o
equal to 1).
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7.3 Adhesion of Deposits

Adequate adhesion of the phosphor on the screen is important as the phosphor coat-
ing must endure several processing steps before final display assembly, and during
use the display must tolerate shocks and vibrations. As discussed, hydroxides and
alkoxides formed via cathodic precipitation are the binder materials for the phos-
phor particles in the deposited layer [15, 17] with a minimum amount of binder
necessary for particle adhesion [19]. A limitation of phosphor screens made by EPD
is the low adhesion strength of the deposit. Therefore, the effects of the inherent
EPD processing conditions on the adhesion strength and ways to enhance adhesion
of deposited phosphors were investigated [15].

The adhesion strength of a deposit was tested by removal of particles by apply-
ing a jet of nitrogen gas perpendicular to the coating [27]. The adhesion strength
was determined by one of two methods. The first method is qualitative for the weak
deposits, using the weight percent of particles remaining on the substrate after test-
ing as the adhesion strength. The second method provides a quantitative measure-
ment for the strong deposits by relating the width of the ring of material removed
from the substrate to the shear stress on the substrate, which equals the adhesion
strength (in the range of 0.08—0.4 N) [28].

The variables investigated were phosphor concentration, type of phosphor, par-
ticle size distribution, water content in the bath, salt concentration and the type of
salt (e.g. Mg(NO,),, Y(NO,), and La(NO,),) in the bath, and chemical additives
(e.g. cellulose and glycerin). Unless otherwise stated, all depositions in our stud-
ies were made from an IPA bath with 10 M Mg(NO,), with a ZnS:Ag phosphor
particle loading of 4 g/L. Samples were baked at 425°C for 1 h after deposition; de-
posit densities were 2 mg/cm?. The baking temperature was limited to the softening
point of the glass substrate which was coated with a conductive layer. After baking
the binder is completely converted to MgO [18]. Table 7.2 lists those parameters
which had no effect on the adhesion strength of EPD phosphor deposits and these
have been discussed elsewhere [20]. The location of the binder was determined to
be the interstitial region between the particles. Thus, the adhesion strength of the
EPD phosphor deposits is due solely to the contact points between the particles. Ad-
ditional binder material, which may fill the interstitial region or cover the deposit,
does not enhance the adhesion strength. Table 7.3 lists those variables, in order of
decreasing importance, which did affect the adhesion strength of phosphor depos-

Table 7.2 Parameters which

‘ - Parameter Range

did not affect adhesion -

strength of phosphor depos-  Applied voltage 50-800 V

its. [27] Substrate coating Al, indium tin oxide
Deposit thickness >1 mg/cm?

<7.4 mg/cm?

Water soaking 1,2, 3 min
MgO overcoating 0.5-2 mg

Phosphor concentration 0.5-8 g/L
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Table 7.3 Parameters affecting adhesion strength of phosphor deposits. [20]

Parameter Range Effect on adhesion
Glycerin 1-2 vol.% Very large increase
Water 0-5 vol.% Large increase
Baking 425°C, 1 h Increase
Particle size distribution 0-100% Increase

3 and 6 um dia.
Salt identity Mg(NO,),, La(NO,),, Y(NO,), Increase
Phosphor identity P-11, P-1, P-43 Increase/decrease
Added cellulose 1-3.3 wt.% Decrease

its. The results as listed in Table 7.3 will be summarized, but the adhesion data are
presented elsewhere [20, 27].

Glycerin, which is commonly used industrially to disperse particles, had the larg-
est effect on the adhesion strength. Virtually no particles were dislodged by the
adhesion test on the deposits with 2 vol.% added glycerin to the bath. This increase
in adhesion strength is likely due to dispersion of smaller particles and polymeriza-
tion of the glycerin upon baking. Added water, up to 5 vol.%, to the deposition bath
greatly enhances the adhesion strength of EPD phosphor deposits. This increase in
adhesion is due to the preferential deposition of Mg(OH), instead of Mg(C,H.0),
as the binder with increasing water concentration in the bath. With water concentra-
tions higher than 5%, the deposits became irregular and of poor quality due to ex-
cessive H, gas evolution at the cathode, which disrupts particle deposition, yielding
coarse layers with pin holes. Hydrogen also can cause transparent oxide electrodes,
such as In,O; and SnO,:Sb, to brown on the glass substrate, due to reduction of
the oxide [29]. Since industrial systems typically do not control absorption of at-
mospheric moisture into the deposition bath or onto the deposit, there may always
be high concentrations of water. While water content should be monitored, since
excessive water can lead to irregular deposits, adsorbed water onto the deposit will
increase the adhesion strength during handling prior to mounting and evacuation in
a display device.

Post-deposition baking at 425°C for 1 h converts the Mg(OH), and alkoxide
binder to MgO. The MgO has a higher bond strength than the Mg(OH), by 60%.
The amount of MgO increased from 0.39 to 1.34 wt.% in samples deposited from
baths with 107 M and 5 x 10> M Mg(NO,),, respectively. The particle size distribu-
tion also can affect the adhesion strength of phosphor deposits. It was found that a
mixture of 20% 6 um and 80% 3 um mean diameter particles enhanced the adhesion
strength, as well as increased the packing density. The change in porosity and pack-
ing of the deposit allows for more contact points for each particle. With more con-
tact points, there are more adhesive points, leading to increased adhesion strength.

Three different salts, Mg(NO,),, La(NO,), and Y(NO,),, which are all com-
monly used in EPD processes [7], and combinations thereof, were studied. Using
Y(NO,), in the deposition bath instead of Mg(NO,), was found to increase the ad-
hesion strength. While the initial deposits from a Y(NO,), bath were weaker than
those from a Mg(NO,), bath, the adhesion strength increased significantly after
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priming of the bath. The deposition bath is “primed” by depositing an initial sample,
which usually has lower density than predicted by about 20% [27].

The type of phosphor used can increase or decrease adhesion. For ZnS:Ag, the
salt concentration in the bath was optimized to control the zeta potential of the
particle and the amount of binder. For the same deposition conditions, changing the
phosphor material radically changed the adhesion strength of the deposit. Adhesion
strengths for ZnS:Ag (P-11, 3 um) and Zn,SiO,:Mn (P-1, 2.7 um) deposits were
approximately twice that of Gd,0,S:Tb (P-43, 2.3 um). This difference in adhesion
strength most likely can be attributed to the different particle size distributions of
these materials. High adhesion strength most likely can be achieved for any particle
material, provided that the deposition conditions are optimized.

While cellulose is a useful additive for anodic EPD [29], it was found unsuitable
for cathodic EPD of phosphor as it decreased adhesion. Also, the morphology of
the deposits was rougher. Other additives that have been used for enhancing ad-
hesive strength are nitrocellulose, acryl resin or nitrate groups. Adhesion has been
enhanced also by spraying an aqueous solution of polyvinyl alcohol (PVA) and
ammonium dichromate (ADC) photoresist onto an EPD phosphor layer followed
by curing under UV light [30]. This top coating may be advantageous if baking is
not possible, such as with the EPD of phosphors onto plastic or flexible substrates.

7.4 Optical Performance of Phosphor Films

The optical performance of phosphor screens is defined in terms of resolution,
brightness, spatial noise, and degradation. Apart from the intrinsic properties of
the phosphor material, such as efficiency and saturation, the optical properties of
the screen significantly influence its overall performance, especially resolution and
brightness. Spatial noise arises from inhomogeneity in the packing density and from
irregularities in the thickness of the screen. The optical properties include light ab-
sorption in the phosphor and at the aluminum film (if used), as well as scattering due
to the microstructure of the screen, which is determined by the particle size distribu-
tion, screen density, and packing density. The resolution of screens increases with
decreasing layer thickness and increasing packing density. However, the factors
that enhance resolution often decrease brightness and vice versa. Generally, high
resolution screens require a processing technique to produce a densely packed thin
screen composed of small particles. It is also important that no contamination of the
phosphor surface occurs during the screening process to maintain the efficiency.
Particularly, luminescent intensities of phosphors are sensitive to the surface state of
the phosphor for low voltage excitation. Therefore, the deposition of a screen must
be optimized for the best optical performance for its particular application.

In 1966, McGee et al. [4] compared the performance of P-11 (ZnS:Ag, ~1 um
size) phosphor screens made by gravity settling and EPD. Optimum efficiency was
found for screen densities of ~1 mg/cm? for settled screens and 0.5-0.7 mg/cm?
for EPD. The light output was slightly higher for EPD screens than for those made
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by settling; however, the resolution was comparable. The optical performance of
screens of P-20 ((Zn,Cd)S:Cu, 2.2 pum mean particle diameter) phosphor of various
thicknesses prepared by centrifugal settling and by EDP were compared by Prener
and Swank in 1978 [31]. The packing density, spatial resolution (described by the
modulation transfer function, MTF) and the spatial noise were found to be the same
for screens made by the two methods. Gibilini compared the performance of screens
of 2 pum mean size particles made by gravity settling, gravity settling from an alco-
hol solution, centrifugal settling, and EDP in 1986 [32]. The resolutions (MTF) that
increased with packing density were ~45, 50, 56, and 58% for standard settling,
settling in alcohol, EDP, and centrifugal settling, respectively. In 1988, Sluzky and
Hesse developed a technique by using a CRT with half of its faceplate made from
a single-crystal and the other half coated with a powder phosphor for determining
the contribution of the phosphor screen to the overall spot size of a CRT [33]. It was
determined that, for a given electron beam size smaller than 50—60 pum, resolution
is influenced by the screen quality. They compared the quality of an EPD powder
phosphor screen using 0.9 and 2.5 um mean particle size P-53 (Y,Al,0,,:Tb) with
sputtered and single-crystal screens under 13 kV irradiation [34]. The single-crystal
and sputtered screens were shown to have spot size capabilities better than 4 mm
(full width at half maximum) compared to 6 mm for the 0.9 um particle screens.
However, brightness of the powder screens was significantly better (>40%) than
for the sputtered screens, which in turn was better than for single-crystal screens.
The effects of screening on degradation were studied by Raue et al. [35]. Phos-
phor screens are subject to Coulombic aging, a decrease in light output from an ac-
cumulation of charge per area. The degradation of phosphors was found to depend
on the screen density. At low screen densities (<3 mg/cm?) the increased degrada-
tion was ascribed to an increase in glass browning. At high screen densities, the
degradation increased due to the longer path of the photons leaving the screen. It
was also shown that high packing densities can improve the lifetime of screens.
Busselt and Raue in 1988 [36] developed a theoretical model for the simula-
tion of light propagation in cathodoluminescent (CL) phosphor screens that predicts
light output as well as resolution. The model takes into account scattering and ab-
sorption of the phosphor, reflectance of the Al film, and the layer thickness of the
phosphor powder. The model predicted an optimum layer thickness for screen effi-
ciency of 25, where S is the scattering length. The scattering length was determined
from an empirical correlation S = dso/P!/?, where d, is the mean particle size
and P the packing density, calculated from P = W /(pD), where W is the screen
weight and p the phosphor material density. It was determined that the optimum
screen weight with respect to brightness can be estimated from W* = 2dsypP?/3.

If the resolution is specified in terms of line width, an approximate value for the
maximum layer thickness can be calculated from D*=L/4.5, where L is full line
width at 5% of maximum.

For the ultimate use in information displays, the optical performance of the phos-
phor screens produced by EPD must be tested [1, 2]. Therefore, the effects of the
EPD processing conditions on the film thickness, packing density, and optical per-
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formance of phosphor deposits were investigated [21]. The optical performance
was evaluated by measurement of chromaticity and CL efficiency at low voltages
(1-4 kV) applicable for FEDs as well as high voltages (13-20 kV) in CRTs. Of
particular interest were the EPD processing conditions that were found to enhance
adhesion in Table 7.3.

The packing density of deposits made at different applied voltages and with dif-
ferent deposit densities from 1 to 9 mg/cm? (5-40 um thick) was constant at very
high value of ~55%. Other studies have reported larger packing densities over 70%
[37]. This suggests that the deposits with different thicknesses are homogeneous
with a similar packing structure. Due to their similar structure, all of the deposits
with different thicknesses made at 200 V demonstrated a similar CL reflection ef-
ficiency for deposit densities greater than 1 mg/cm?. However, from transmission
efficiency, an optimal thickness was found to be about 7 pm; this thickness corre-
sponds to a deposit of about two layers of phosphor particles.

The EPD process does not affect the intrinsic efficiency or chromaticity of the
phosphor [21]. The introduction of glycerin or water into EPD baths, which dra-
matically increases the deposit adhesion strength, does not show any deleterious
effect on the optical performance. Also, other conditions shown to enhance phos-
phor adhesion, such as the use of lanthanum nitrate in the bath or the particle size
distribution, do not affect the optical performance of the phosphor deposit.

The influence of the EPD deposition parameters on luminescence of low voltage
ZnGa,0, phosphor (~2-3 um size) films for FEDs [38] was investigated. The opti-
mal deposition parameters for electrode distance, stirring speed, electrode bias, and
deposition time were found to be 20 mm, 450 rpm, 50 V, and 40 s, respectively. The
optimum phosphor film thickness was 8—10 pum. As the film thickness increased,
the luminance intensity improved and a maximum intensity was obtained for an
8.6 um thick film (about 3—4 particle layers). The luminescence of the as-deposited
phosphor film was improved by annealing in a 25%0,/Ar atmosphere due to the
improved crystallinity. The luminance efficiency of phosphor films prepared by
EPD, which were smoother and denser, was reported to be ~ 15 times higher than
that prepared by the sedimentation method.

In another study the optical characteristics of the phosphor screen made by EPD
in FED environments were measured [39]. One of the issues for a phosphor screen
which is excited at high current density and low voltage in an FED is the Cou-
lombic degradation, due to the accumulated charge dosage. It depends not only on
the material properties of phosphor, but also on the morphology of the phosphor
screen, that is influenced by the screening process. The maximum CL occurs with a
very thin phosphor layer approximately two particle layers. The deposition rate was
found to be the important to obtaining the highest packing density for maximum
luminance. The process variable examined were electric field strength, deposition
time, and Mg(NO,), concentration for ZnGa,O,:Mn phosphor deposition. Also, a
conductive powder, such as WO, and V,0,, was deposited with Y,0,:Eu phosphor
to increase the screen conductivity. Alternatively, the phosphor screen was treated
in a solvent with metallic salts such as SnCl, to improve conductivity. The CL in-
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tensity was increased and degradation reduced when the conductive materials were
incorporated into a Y,O,:Eu phosphor screen.

It has been noted that the choice of anode is important in the EPD of phosphors
as corrosion products can become impurities in the phosphor that can degrade the
optical performance [40]. YNbO,:Bi phosphor screens were examined using laser
Raman spectroscopy and it was found that the screens were contaminated with Fe**
from the stainless steel anode used in EPD. Also, poisoning of ZnS:(Cu, Al) due to
corrosion of the anode during EPD altered the PL emission spectrum and thus, the
chromaticity of the phosphor [41].

EPD with the standard IPA bath is routinely used to deposit phosphor coatings
for study of their luminescent behavior [42—44]. For example, spectral properties of
films of red Y,0,S:Eu [42, 43, 45], Y,SiO,:Ce [46], and ZnO:Zn [47] prepared by
EPD have been measured. EPD offers easy control of the film thickness and a high
packing density.

7.5 Full Color Displays

Techniques for fabricating high-resolution, full-color screens are desirable for in-
formation displays. Several techniques to pattern phosphor screens using EPD into
triads of stripes were developed in the 1970s [48—50]. However, inherent problems,
such as large resistance drops and poor phosphor adhesion, associated with each
of these processes have made them unacceptable as a viable alternative to conven-
tional phosphor screening techniques [2]. Color VFDs have been produced using
EPD by selecting a conductive line for each color phosphor. Ultra-high resolution
color VFD screens for microdisplays on silicon chips were deposited with tricolor
pixels as small as 18 um x 25 um [51].

By combining a photolithographic technique similar to that developed by
Mooney [51] and EPD, we developed a process shown in Fig. 7.2 to deposit triads
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Fig. 7.2 Schematic of the process steps for full color screens of Chang et al. [22]
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of phosphor stripes with a line resolution of 100 triads of 75 pm stripes per inch
[22]. The photoresist used was a mixture of 4.5 wt.% PVA and 0.45 vol.% ADC
in distilled water. The PVA solution was spin-coated upon an ITO-covered glass
substrate to a film thickness of ~6 pm. Then the PVA was patterned using a mask
aligner and a shadow mask to yield alternating 175 um stripes of cross-linked PVA
and 75 pm uncross-linked PVA stripes. The coating was then sprayed with warm
water to dissolve and remove any uncross-linked PVA from the substrate. Next, the
PVA-covered substrate was heated for several minutes to dry excess water and to
complete the cross-linking reaction.

Small particle size (1-3 pm) green ZnSiO,:Mn (P-1), red Y,0;:Eu (P-56), and
blue ZnS:Ag,Cl (P-11) phosphors were deposited onto the 75 pm conductive striped
regions of the substrate using EPD [22]. Successive depositions of the phosphors
were performed by repeating the aforementioned steps. The shadow mask had to
be aligned in precise registry with the edge of the previously coated stripes during
each of the successive lithography steps. Also, the concentration of the ingredients
within the solution bath was optimized according to the specific phosphor that was
deposited [22]. The duration of exposure of the PVA-ADC film to UV light was
optimized in order to fabricate PVA stripes with a high degree of uniformity, edge
straightness, water insolubility, and adhesion. The EPD conditions were optimized
in order to comply with several requirements. A screen thickness of 4-6 pm was
desired in order to maximize phosphor efficiency and resolution, while minimiz-
ing phosphor cross-contamination. Also, ample phosphor particle adhesion was re-
quired. The optimum deposition time and applied voltage for each phosphor were
determined based upon the stripe thickness, continuity, edge resolution, and particle
packing density. The phosphors were deposited in sequential order of P-1, P-56,
and P-11 with deposition times of 20, 35, and 33 s, respectively. Figure 7.3 shows
a SEM micrograph of a deposited triad, each stripe approximately 75 pm wide
with very distinct, straight edges. Also, little cross-contamination of phosphors was
observed. It must be noted that higher line resolutions may be attainable with this

Fig. 7.3 SEM image of P-1,
P-56, and P-11 stripes. [22]
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method. The line resolution was constrained only by the shadow mask which had a
resolution of 100 triads of lines per inch.

A similar method of patterning phosphor screens was developed by Kang et al.
[52] using a PVA-ADC photoresist, that is insoluble in IPA necessary for the sub-
sequent EPD process. A three-color phosphor screen was made with a triad pitch of
210 pm with three 50 pm phosphor lines and 20 pm spaces between each line. It
was noted that small amounts of phosphor were deposited on the PVA, especially
when the deposition time was long. The phosphor luminance decreased with re-
peated patterning due to the carbon residue from photoresist ashing. The first phos-
phor deposited undergoes three spin coating and ashing processes. The phosphor
efficiency was examined for each phosphor:Y,0;:Eu for red, ZnO:Zn for green, and
Y,Si0,:Ce for blue. The CL intensity of phosphor screens decreased by 25% during
the first coating and ashing process and 18% during the second process. Optimiza-
tion of the screen intensity and color gamut requires consideration of each phosphor
luminance and the effects of one or more photoresist ashing cycle.

A similar, but somewhat more complicated, method for fabricating tri-color phos-
phor screens by combining photolithography with EPD was developed by Kurinec
and Sluzky by the trilayer process [23]. A cross-linked thick photoresist (AZ P4620,
baked at 250°C) was employed to act as a mask. It was spin-coated over the conduc-
tive seed layer to a thickness of ~10 pm. The second layer of the trilayer scheme
was an inorganic spin-on glass (SOG) (Accuspin 311) that acted as an etch stop in
subsequent processing. For patterning, a thin (~1 pm) imaging positive resist was
applied and exposed with the desired pattern. Following the imaging resist develop-
ment, SOG was etched in regions where phosphor deposition was required. To make
the process efficient and manufacturable, dry etching was chosen. Reactive ion
etching of SOG was carried out using a CF,/H, plasma chemistry such that a reason-
able selectivity was achieved between the resist and SOG. After etching SOG, the
plasma chemistry was switched to oxygen to etch the hard-baked thick resist. The
etching stopped on the conductive aluminum layer. The plasma residue was cleaned
using a buffered HF-glycerin solution before carrying out the EPD of phosphor. The
process was further improved by the development of a single chamber plasma pro-
cess [53]. The commercial phosphors (ZnSiO,:Mn, ZnS:Ag, and Y,0,:Eu) used had
particle sizes of 2—6 pm. A timed deposition was performed to fill the trench. The
process was repeated for the other two color phosphors as depicted in the process
flow diagram given in Fig. 7.4. The red, green and blue (RGB) lines were sepa-
rated by a black material (MnCO,) also deposited by EPD. After EPD of the three
phosphor lines, the process for black lines in between becomes self-aligned. Trial
pitches of 15-um color-line width and 5-um spacing between colors were achieved.
The exposure tool utilized for this work was a 5x reduction standard wafer stepper
commonly employed in semiconductor technology. The advantage is that the mask
is not in contact with the screen and higher lithographic resolution is easily attained.
However, the resolution is only limited by the phosphor particle size.

Kwon et al. [54] developed a full-color screen for an FED application with a
pixel size of 400 pm. For the fabrication of the patterned anode plate, first a mixture
of commercial positive photoresist and hexamethyldisilane was spin-coated on the
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Fig. 7.4 Schematic of process steps of the trilayer process for full color screens of Kurinec and
Slusky. a Trilayer deposition, b Imaging resist exposure, ¢ RIE of SOG in CF,/H,, d RIE of resist
in O,, e RIE of SOG in CF,/H,, f EPD of first phosphor, g Re-application of SOG and IR, h Repeat
for other two colors. [23]

substrate to about 1 um thick. After baking for 25 min at 958°C, the photoresist was
placed on a mask aligner and exposed to UV light for 30 s. It was developed, baked
and then etched in a solution of HCI:H,O:FeCl, of 10:10:1 for about 2.5 min. The
EPD process sequentially deposited Y,0,:Eu, ZnGa,0,:Mn, and Y,SiO;:Ce as red,
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green, and blue phosphor, respectively, onto the patterned ITO-glass at 400 V for
10 s, while a reverse bias voltage in the range of 150—100 V was applied to the area
where the phosphors were not to be deposited. Each 400 pm pixel was composed of
100, 100, and 2 x 50 pm for the red, green, and blue lines, respectively. The etched
line was 33 pm. Applying a reverse bias on the dormant electrodes while depositing
a phosphor onto the stripe pattern was critical in preventing cross-contamination of
each phosphor in a pixel. Also, the resistivity due to the long electrodes used in the
pattern could be effectively reduced by dividing it into segments.

For the process developed by Yum and Sung [37, 55], a commercial positive pho-
toresist based on novolac resin and naphthoquinone diazide was spin coated onto an
substrate, which became insoluble in alcohol by optimizing the baking temperature
(190°C for 20 min) as outlined in Fig. 7.5. This photoresist could then be directly
used as a mask for deposition with EPD in IPA without a post-plasma etching pro-
cess. Then the photoresist film was simply removed by annealing at 400°C for 1 h.
The adhesion strength of the patterned color screens was improved by coating with
a PVA-ADC photoresist cured under UV light. The red, green and blue phosphors
used were Y,0;:Eu (2.9 um), LaPO,:Ce,Tb (2.8 pm), and (SrCaBa),(PO,), Cl:Eu
(4.0 pm), respectively. For the deposition of the RGB phosphor layers in which
each thickness was ~6 pm, the process conditions for each phosphor were 200 V for
60 s for red, 200 V for 70 s for green, and 250 V for 60 s for blue from a standard
bath. The phosphor layers had a high packing density above 70% and the thickness
or uniformity of the layers could be easily controlled. A full color screen with 65 pm
wide lines was fabricated by this method.

7.6 Flat Panel Displays

As discussed, it has been demonstrated that phosphor screens made by EDP can
have optical performance equal to or even better than other coating methods. Hence,
EPD has been used to prepare flat panel emissive displays, such as FEDs, PDPs, and
VFDs. EPD of carbon nanotubes as the field emitters for FED applications also has
been explored (e.g., [56]), but will not be discussed here.

7.6.1 FEDS

Contrary to CRT phosphors with particle sizes ranging from 5 to 20 um, FED op-
erating at low voltage require small phosphor particles due to the high resolution
of the screen and efficiency requirements. The display resolution is not only lim-
ited by the beam size, but also by phosphor particle size. Thin phosphor screens,
which allow the maximum transmittance, are required to offset the low luminance
of low voltage FEDs. Other issues of concern in FEDs are phosphor adhesion in
the presence of high electric fields and out-gassing from the phosphor particles that
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Fig. 7.5 Schematic diagram of EPD and photolithography method of Yum and Sung. [37]

may result in contamination of field emission tips. Therefore, typical factors to be
considered when FED screens are prepared include the transmittance of a phosphor
screen, charge accumulation on the screen which causes thermal degradation and
flicker, and adhesion of phosphors onto the glass. Since phosphors are dielectric
materials, electron bombardment in a FED results in a surface charge that may de-
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flect the electron beam. In high voltage CRT displays, an aluminum layer is coated
on the phosphor layer to prevent charge accumulation on the screen and also rein-
force the adhesion of phosphors to the screen. However, in FED applications due to
the low voltages employed an aluminum layer cannot be used, so strong adhesion
and reduction of surface reactivity of the phosphors become important. Also, con-
ductive materials, such as indium oxide or tin oxide, often are used to discharge the
accumulated charge on the phosphor surface.

A patent issued to Kiyomiya et al. of Sony in 1995 [57] for screens for an FED
application used EPD (although the process is ascribed as electrodeposition). A sus-
pension of green phosphor particles with aluminum nitrate, lanthanum nitrate and
glycerol in IPA was used. The method describes using a transparent electrode with
a guard electrode to which reverse bias voltage was applied to prevent deposition
in undesired areas.

One method for improving the luminescent characteristics of low voltage phos-
phors is to increase the conductivity in order to remove the surface charge of the
insulating phosphor. The EPD of green ZnS:Cu,Al phosphor (1-10 pm) mixed with
a conductive In,O, powder onto ITO-coated glass for FEDs was studied [58]. Then,
the luminance properties of the phosphor mixed with and without conductive In,O,
powder (less than 1 um size) from 3 to 15 wt.% were compared. The CL intensity in-
creased linearly with increasing indium oxide content and a maximum was reached
at about 15 wt.%. The improvement in the brightness was due to pronounced reduc-
tion of the charging effect, but above 15% the amount of non-emitting material had
a detrimental effect. The aging performance was clearly enhanced with the addition
of In,O, (optimum concentration of 10 wt.%) at 1,000 V excitation voltages with a
current density of 1 mA/cm?. These researchers [59] also used a laser treatment on
EPD ZnS:Cu,Al films as a way to remove contaminants, such as oxides or carbides,
from the phosphor surface. ANd:YAG laser was used as an irradiation source and by
adjusting laser power and treatment time, brightness was enhanced by about 10%.

In another study, Y,O,:Eu phosphor screen deposited by a standard EPD process
was subsequently electroplated with tin from a solution of SnCl,-5H,0 dissolved in
IPA [60]. Then the screen was heat-treated to attain a SnO coating on the phosphor
screen. Maximum brightness was found when the deposited phosphor weight was
2.0 mg/cm?, corresponding to 8.0 um thickness. Considering that the particle size
was 3.5 pm, the optimized phosphor thickness was about two layers of phosphors
particles. It is found that the tin oxide coating slightly enhanced luminescence out-
put. These effects were ascribed to an increase in the screen conductivity by SnO
incorporation that prevents the coulombic charging of a phosphor screen, which
could lead to a longer lifetime. Also, it was observed that the adhesion increased
twofold with SnO without any loss in brightness.

Phosphors have also been coated with an In,O, conductive layer by the hydroly-
sis of indium chloride [61] which at an optimum thickness improves the luminescent
properties. As the conductive coating affected the surface chemistry of the phosphor
particles, the zeta potential of the coated ZnS:Cu,Al in IPA solution increased to
32 mV as compared to 1.2 mV of that of the uncoated phosphor. Consequently, the
EPD rate of the phosphors onto the substrate increased.
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The influence of the panel sealing process environment on the CL degradation of
ZnS:Ag,C1 phosphor screens made by the standard EPD method was investigated
[62]. The surface reactions caused by the electron bombardment and the bonding
states of adsorbed components on the surface of the phosphor screen before and
after heat treatment at the panel sealing temperature were discussed.

An FED prototype was made using diamond-like-carbon thin film with millions
of rectangular microholes as the emitter (cathode) and EPD ZnO:Zn phosphor (PI5)
patterned into 50 anode electrodes [63]. The ZnO:Zn phosphor (1.5 g/L) was mixed
with 0.15 g/L indium oxide powder in a standard bath. During EPD the voltage
was 200 V and the deposition time was 10 min. After deposition the samples were
dried at 80°C and then annealed at 450°C for 30 min. To improve the adherence of
phosphor layers, the screens were treated in 0.2 M Na,SiO, solution for 24 h to add
additional binder. This matrix-addressed diode FED prototype was packaged and
tested up to 3 kV.

In another design, a matrix-addressable FED was fabricated using a carbon nano-
tube-epoxy composite as the electron emission source and EPD phosphor stripes on
the anode plate [64]. For anode processing, red Al,03:Eu was deposited by EPD
at 400 V in a standard IPA bath onto ITO-patterned stripes 200 um wide with a
pitch size of 300 pm. The 32 % 32 matrix-addressable FED prototype was tested and
showed steady emission in vacuum with well-defined and switchable pixels.

Full color screens have been made by EPD as discussed previously, some with
specific application to FEDs [60] A 4-in. diagonal full color prototype FED was
successfully made using EPD [65, 66]. The suspension consisted of Y,0,S:Eu,
ZnS:Cu,Al, ZnS:Ag,Cl phosphors as red, green, and blue colors, respectively, with
a bath of La(NO,), and AI(NO,), salts in IPA. Since these commercially-available
phosphors had particle sizes of up to 7-9 um, a sieving procedure was necessary to
attain a smaller size of 2-3 pm. Conductive In,0, powder at 10 wt.% was mixed
with each color phosphor in order to provide high conductivity of the phosphor
surface [66]. The deposition rate of each color phosphor was systematically inves-
tigated by changing deposition time and applied voltage, which varied from 50 to
140 V. Deposits had a uniform thickness of ~4-9 pm over the entire ITO-coated
glass substrate. The brightness of each deposited phosphor was analyzed in a fully-
sealed vacuum chamber utilizing Spindt-type field emission arrays.

In another study, process variables to improve the reliability of full col-
or FEDs were investigated [67]. A full color FED panel consisted of pixels of
500 umx120 um, 100 pm, and 120 um for red (Y,0,S:Eu), green (ZnS:Cu,Al),
and blue (ZnS:Ag,Cl) phosphor, respectively, each electrophoretically deposited.
The phosphors also were coated with In,O,. The width of the green color pixel
was designed to be narrower than those of red and blue colors due to its higher
efficiency. However, in order to avoid cross-talk, cleaning and drying of the phos-
phor lines after EPD were optimized. Unwanted deposition of phosphor particles on
the unbiased line (cross-contamination) was observed with a cleaning step time of
more than 15 s in acetone. But by reducing the cleaning and drying step to less than
15 s immediately following EPD significantly improved the cross contamination.
Emission properties of the panel were analyzed in a fully-sealed environment that
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indicated that phosphor aging after sealing was required. Full color images were
demonstrated with a 4 in. FED device.

Upon the deposition of phosphors by EPD on patterned substrates, a weak, non-
uniform deposit of phosphor on the adjacent unbiased ITO patterns has been ob-
served in addition to an expected uniform phosphor film on the biased patterns [68].
In practice, for EPD of phosphors the bias is only applied between a single group
of biased ITO patterns (for example red lines) and the anode at a time. During the
deposition, small amounts of phosphor are deposited on the unbiased neighboring
ITO patterns, which affect the color purity of the screen. This occurs regardless
of the pattern size, from micrometers to millimeters, and the non-uniform deposi-
tion appears to develop near the outer side of neighboring unbiased ITO patterns
during EPD. The origin of the nonuniform deposition was explained by solving
Laplace’s equation with the boundary conditions simulating EPD, which showed an
electric field with a parallel component from the unbiased ITO to the biased ones,
in addition to the major vertical components of the electrical field, that increase as
the resistance of the biased pattern increases as it was covered with the phosphor
during EPD. It was suggested that the nonuniform deposition on the unbiased ITO
electrodes may be avoided by connecting the unbiased ITO to the counter electrode
through an appropriate resistor.

7.6.2  PDPS

In 1997, Schermerhorn et al. [69] proposed a grooved structure for large high-res-
olution color ac PDP using EPD of phosphor powders. The back plate of discharge
cell was fabricated by selective deposition of red, green, and blue phosphors on all
recessed surfaces of the groove pattern, which were prepared by isotropically etch-
ing and successively coating with a conductive material.

EPD process variables have been systematically studied and the optical char-
acteristics of the screen investigated under vacuum ultraviolet (VUV) excitation
for high-resolution PDP screens [70]. A suspension of green Zn,SiO,:Mn powder
(~1-2 pm diameter) in a standard bath was used. The PL intensities of the phosphor
screens were dependent upon the applied voltage, the screen density, and the bind-
er material. The PL intensity of the screen increased linearly with screen weight,
reaching a maximum at 4 mg/cm? (20 um thickness) under VUV excitation. The
PL intensity changed as a function of magnesium nitrate concentration in the bath
for the same screen weight, exhibiting a maximum at ~5x 10 M, indicating the
influence on the binder content as it is a nonluminescent material. Also, an analyti-
cal expression for the optical performance of the phosphor screen was derived as a
function of UV intensity, the reflectivity of back plate, and other material proper-
ties, which compared well with the experimental data.

A transparent ac-PDP test panel was prepared by EPD of nanosized phosphor
powders onto on a metal mesh [71]. The optical transmittance and luminance of the
panel indicated that a full color transparent ac-PDP is feasible with this approach.
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7.7 EPD in a Thermoversible Gel

Another novel technique for depositing and patterning phosphors developed is EPD
in a thermoreversible gel at specific points on the substrate [25]. A thermoreversible
gel will melt upon heating and will resolidify when cooled. Thus, phosphors sus-
pended in the gel matrix migrate in an applied electric field only when spot melting
of the gel allows the phosphors to deposit on the substrate at that point. The melting
and gelling may be repeated numerous times due to the physical bonds, unlike gels
that are formed by chemical bonds that do not gel again once melted. The process
as shown in Fig. 7.6 is described as follows.

Initially, a heated (liquid) solution of the polymer-solvent-phosphor system is
coated on top of the substrate (e.g., ITO-coated glass). After the system is solidi-
fied (cooled), voltage is applied, creating an electric field. Spot-melting of the gel
(e.g. by laser radiation) allows selective EPD of the phosphor to occur only at the
desired spot or pattern. The electric field is removed and the gel is removed by melt-
ing, leaving only the deposited phosphor. This process may be repeated to deposit
patterned multicolor screens. A possible advantage of utilizing EPD in a thermor-
eversible gel over the current methods which use organic photosensitive resins as
lithographic structures [2] is its relative simplicity and avoiding the introduction of
chromium (which decreases the phosphor brightness) and other chemicals (which
may outgas and decrease the cathode performance) into the system.

Coat with gel Anode
& phosphor _/ ]
ITO - solution X St < x v s+— Gel Matrix
Glass Cathode

Apply electric field &

Laser spot melt with laser

AV

Remove gel

Repeat process for
other color phosphors

Fig. 7.6 Schematic of the process for EPD in a thermoreversible gel. [25]
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First, an appropriate polymer-solvent system was required. Of the many poly-
mer-solvent systems available [72], only a few solvents are suitable for EPD [73].
The system investigated was polybutyl methacrylate (PBMA), which forms a ther-
moreversible gel with isopropanol as the solvent [74]. PBMA does not form a ho-
mogeneous gel at concentrations less than 30 wt.% [74]. At lower concentrations
and temperatures below 15°C the mixture separates into two phases. However, at
the higher concentrations of polymer, the viscosity is very high, which inhibits the
movement of phosphors in the electric field. The viscosity for various mixtures of
PBMA in isopropanol and 4 g/L phosphors decreased significantly at higher tem-
peratures. Therefore, a gel system must be optimized to gel at an appropriate tem-
perature, yet not be too viscous as to impede EPD of phosphors.

A deposit density of ~1-2 mg/cm? of phosphor is required to ensure adequate
optical performance [1, 2]. EPD in homogenous solutions of various concentra-
tions of PBMA (10, 20, 30, and 45 wt.%) with and without added water (3 vol.%)
and at various temperatures from 22—60°C was performed. The addition of water
did not have a large effect on the viscosity. The addition of Zn,SiO,:Mn (P-1)
phosphor did not significantly alter the gelation or the viscosity. For the 20 wt.%
PBMA mixture, water appeared to be a necessary ingredient to have an accept-
able phosphor loading. Without the addition of water, the loading was less than
0.50 mg/cm?. This increased to > 1.0 mg/cm? for the first deposit with the addition
of 3 vol.% water. However, the addition of water caused the polymer to precipi-
tate into a sheet-like solid. For the higher concentrations of PBMA the phosphor
loading was low. However, successive depositions (using a new cathode) from the
same bath resulted in a reduction of phosphor loading after the first deposition.
The decrease in deposit weight was determined to be caused by an increase in the
local pH at the cathode.

Although EPD of phosphor in a thermoreversible gel has been demonstrated,
it does not appear likely that this PBMA system will allow for adequate phosphor
deposition due to the high viscosity at the required concentration of PBMA for gela-
tion. Therefore, either a lower molecular weight PBMA [75] or a new polymer-sol-
vent system with better gelation characteristics needs to be found for this proposed
deposition method of phosphor.

7.8 Solid State Lighting

White light has been obtained by mixing blue light from the emission of GaN and
yellow light by the fluorescence of a Y,Al,O,:Ce (YAG:Ce) yellow phosphor. A
uniform coating and an optimized thickness of phosphor on a GaN chip are neces-
sary for achieving an efficient white LED. A patent from Lumileds in 2003 describes
the use of EPD to produce a conformal phosphor coating on an LED for a uniform
white light without colored rings [76]. A voltage was applied to a submount on
which an LED chip was attached and placed into a suspension of phosphor particles
for EPD. A successful deposit that we have made using a standard bath is shown
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Fig. 7.7 EPD phosphor coat-
ing on an LED with a crack
shown off the chip
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in Fig. 7.7, which follows the contour of the LED chip. The arrow points out some
cracking around the diode, but not on the chip, in an otherwise uniform coating.
Several methods for coating YAG:Ce (2.7 um) particles, such as the slurry meth-
od, the settling method, the standard EPD, and a modified EPD were compared for
preparing the phosphor layer on GaN [77]. For the modified EPD method, post-
annealing was not done, but the deposit was sprayed with a PVA photoresist and
UV cured to enhance adhesion [30]. For a homogeneously uniform phosphor layer,
the EPD conditions were a bath concentration of 3 g/L of phosphor, deposited at
700 V for 240 s, yielding 9.88 mg/cm? with a thickness about 30 pm, which was al-
most one-third of the thickness compared with those coated by the slurry or settling
methods. The packing density of the EPD layer was 69%, whereas those fabricated
by slurry or settling methods were below 50%. The morphologies of the phosphor
layer fabricated by the slurry and settling methods showed a lower uniformity than
that for EPD. The adhesion strength of the EPD deposit was lower than for the phos-
phor layers formed with the other coating methods. However, the modified EPD
method improved adhesion to be as strong as achieved with the slurry method. The
intensity and color of white light was dependent on the thickness of the phosphor
layer. It was found that the properties of the phosphor layer, such as packing density,
thickness and uniformity, could be more easily controlled by EPD than by the slurry
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and settling methods. Furthermore, the high packing density from EPD could allow
a thinner layer to be fabricated.

The YAG:Ce phosphor particles were coated onto a flexible ITO-coated PET
polymer by EPD for use in fabrication of a white LED without directly coating onto
a GaN chip [26]. The YAG:Ce phosphor particles (2.7 pm) were deposited from
a standard bath at 400 V for 3 min. The packing density of the phosphor film on
ITO-PET was lower than that of the film on rigid ITO because of the low conduc-
tivity of the ITO-PET. This was overcome by applying compression to the phos-
phor film at 200 bar pressure for 3 min. The packing density of the phosphor layer
(26.6 pm thick) without compression was 53% and after compression to a thickness
of 22.9 pm was 62%. To enhance adhesion, the deposits were also spray-coated
with a PVA photoresist and UV cured [30].

Yellow YAG:Ce powder (~5-10 um) was coated by EPD onto ITO-coated glass
and a surface mounted device (SMD) LED [78]. A standard bath with 0.75 g/L
phosphor was used with a 200 V/cm applied field for 20 min. After EPD, the deposit
was rinsed with IPA and baked at 150°C for ~30 min. It was found that the average
deposition rate increased with time with saturation at about 20 min yielding 3.0 mg/
cm?. The deposition process was more stable with stirring of the suspension at a
rate of 60 rpm. EPD of phosphor was done on two die-attached SMD LEDs, one
directly and one filled with a thin epoxy layer around the LED chip in which the
thickess was less than that of LED die. These LEDs were compared to the conven-
tional method of dispersing the phosphor in the epoxy. With the thin epoxy layer
EPD LED, the light color was more uniform, and the white color value was well
controlled; however, the luminous efficiency was lower than that of without the
thin epoxy layer. It was found the both EPD LEDs had a lower efficiency that the
dispersed phosphor LED. It was suggested that this was due to larger difference in
refractive index between the phosphor and gallium nitride compared to the differ-
ence between epoxy and gallium nitride, such that blue light extraction efficiency
was decreased.

A patent [79] describes an EPD method for coating on an LED having a p-side
and an n-side. An anode is place in the bath with the LED, with a voltage applied
between the anode and the p-side to be positive with respect to the p-side and a
second voltage applied between the p-side and the n-side to cause the suspended
particles to deposit onto the LED.

The EPD of yellow Eu?*-doped Ca-a-SiAlON phosphor onto ITO-coated glass
was investigated for its use in white solid state lighting [80]. The powder (0.2 g/L)
was dispersed in ethanol with small amounts of phosphate ester and polyethylene
imine as dispersants and polyvinyl butyral as a binder. The particle size was about
1 pm, but the powder also contained relatively large aggregates of ~20 um. The
thickness of the phosphor films was controlled by altering the deposition time up
to 5 min at 30 V. The light emission from the deposit surfaces was characterized
by comparing the intensities of the excited yellow light and the transmitted blue
light, both which decreased with an increase of the film thickness from 2 to 6 pm.
Therefore, deposit density greatly affected the color tone that was controllable from
blue-white to yellow-white.
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7.9 Summary

The EPD process is a general phosphor screening procedure applicable to a host of
information display applications. Newer display technologies, such as FEDs and
PDPs, have placing more stringent requirements on the phosphor screen. Practices
of lacquering and then aluminizing the phosphor deposit are often inappropriate for
the newer, advanced displays. EPD of phosphor particles is well suited to deposit
the fine (nanometer to micrometer diameter) particles needed for high resolution
displays. Additionally, EPD can be used as a method to make samples to test new
phosphors, as the process does not alter the inherent optimal performance of the
phosphor [81].

To electrophoretically deposit a wide variety of phosphors (and other powders),
the fundamentals of the process in a standard IPA bath were studied. By inves-
tigation of the dissociation behavior of nitrate salts in IPA, measurement of the
effects of pH and nitrate salt concentration on the zeta potential of the particles,
and by studying the EPD process conditions and modeling the deposition rates, the
fundamentals of this EPD have been well-characterized. The electrochemical pre-
cipitation reactions that form the adhesive agents were identified and even utilized
(without phosphor) to form hydroxide precursors for superconducting films [82].
These fundamental studies not only allow better design of the process for the EPD
of phosphors, but for other powdered materials (e.g. zeolites [83] and CNTs [56]).

As discussed, a major limitation of EPD phosphor deposits has been the low
adhesion strength of the deposit. Our research has provided a better understanding
of the adhesion of EPD phosphor particles and techniques to enhance the adhesion
strength to meet the requirements of these new display technologies. The single
greatest effect on the adhesion strength was the added 2 vol.% glycerin to the de-
position bath. Adhesion has been also significantly enhanced by spray coating a
photoresist layer on top of the EPD phosphor film [30].

The ability to improve the adhesion strength of an EPD phosphor deposit is use-
less if the optical performance is degraded. The color and brightness of screens
made with these deposition conditions were unchanged by the processing condi-
tions. EPD phosphor screens also only outgas H,, CO, CO, and low level hydrocar-
bons under electron bombardment in FED tests [84], which make them attractive
for use.

New methods to fabricate full-color have been proposed. Several methods that
combine EPD and photolithography were developed to produce screens with a high
resolution of triads of red-green-blue phosphor stripes per inch. Even higher resolu-
tion could be achieved with a higher resolution mask and smaller sized phosphor
particles. The EPD in a thermoreversible gel was explored but needs further work
to find a polymer-solvent system with better gelation characteristics than the PBMA
polymer used.

A new application of EDP of phosphor is white solid state lighting which has
used similar processing conditions as for information displays. The ability to coat
a uniformly thin, high packed, conformal phosphor layer on the LED has been the
advantage of EPD to control color and efficiency.
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8.1 Introduction to Ceramic Matrix Composites [1, 2]

Ceramic matrix composites (CMCs) are ceramic-based materials that by a combina-
tion of ceramic matrix and a reinforcing phase form a new material with superior
properties. The main goal of introduction of the reinforcing phase is to provide
toughness to an otherwise brittle ceramic matrix. The ceramic matrix composites
posses properties that allows unique engineering solutions and are therefore of high
technological interest. Continuous development of new, improved and less expen-
sive processing routes is permanently leading to increasingly varied applications.
The ceramic matrix composites are available in a variety of forms where the
reinforcement phase is either discontinuous or continuous. The reinforcements in
the so-called discontinuously reinforced CMCs are particulates such as particles,
whiskers, platelets or short fibres (Fig. 8.1). The continuous fibre-reinforced ce-
ramic matrix composites (CFCMCs) represent a special group of CMCs, where the
reinforcing phase-continuous fibres, are typically woven into ceramic fabric, while
the matrix may be a monolithic ceramics or a composite with a discontinuous phase.
The continuous fibre-reinforced ceramic matrix composites represent the most
advanced group of ceramic materials in which the continuous fibres provide unique
performance and ability to meet requirements for highly demanding applications.

Fig. 8.1 Schematic of ceramic matrix composites: a, b and ¢ discontinuous phase reinforced com-
posites with particles, short fibres, whiskers or nanotubes and with platelets, respectively; d con-
tinuous fibre-reinforced composite
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Due to their specially tailored structure they can significantly reduce susceptibility
to catastrophic failure that is in particular important in large structures. On the other
hand, their production is usually expensive that, to a great extent, limits their ap-
plication. In contrast to the composites with discontinuous reinforcements that can
be produced by the same shaping techniques as monolithic ceramics (slip casting,
pressing, etc), the CFCMCs require an infiltration, which represent major bottle-
neck in production and a great technological challenge.

In a brief introduction, the main characteristics of both major types of the ce-
ramic matrix composites will be given, while in continuation basic principles for
production by means of EPD and some case studies will be presented. The main
stress in this chapter will be given to fibre-reinforced CMCs and among them to the
SiC,/SiC composites that are among the most challenging products.

8.1.1 Discontinuous Phase (particulate) Reinforced CMCs

As already stated above, the reinforcement in this group of CMCs is achieved by
incorporation of either particles, whiskers, platelets or short fibres. To achieve suf-
ficient green density of the composite, several traditional shape forming techniques
can be employed from dry-pressing to forming from colloidal suspensions. The main
advantages of the EPD in comparison with other shaping techniques is that it enables
not only the production of complex shaped composite parts or coatings with homo-
geneously distributed reinforcement, but also the distribution of the materials in a
desired manner, as for example into layered structures (laminates, functionally gradi-
ent composites etc.). Not the least, when the reinforcements are anisotropic particles,
such as needles, platelets or nanotubes, EPD has the potential to arrange those species
into textured structures. This, however, remains an open field for further research.

The most important requirement to be followed during processing of the com-
posite material is good control of microstructure and homogeneity. The suspensions
used in EPD contain two (or more) sorts of particles, typically with different chemi-
cal composition that may also significantly differ in surface charge. Therefore, a
great care must be taken to prepare and to retain the suspension with homogeneous-
ly distributed all components throughout the process.

Electrophoretic deposition of a complex suspension containing two- or more
particulate phases requires a control of zeta potential ({-potential) of all particulates
in order for all of them to migrate to the same electrode and consequently to co-
deposit homogeneously or to form a controlled microstructure. In the case of mixed
suspensions of two oppositely charged species, as for example alumina and silica
in alkaline region, heterocoagulation may appear. This results in the formation of
particles clusters, which migrate in a form of composite particles and not as single
particles. Therefore, the co-deposition is preferably performed in such medium that
both types of particulates are similarly charged.

Although the EPD offers a simple and low-cost fabrication technique, not many
bulk composites with discontinuous reinforcements have been prepared by means
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of electrophoresis. Besides a few successful trials to prepare particulate composites
by EPD, there have been some sporadic reports on EPD of whiskers- and nano-
tubes- reinforced composites. It is interesting that most of the papers in this specific
field present the final results of their experiments, while they rarely present the
electrokinetic properties of the used suspensions, though it is well known that the
surface charge plays a major role. Many of the reports are based upon trial-and-error
approach, which are often effective by chance but do not lead to optimal results and
in particular do not serve as a good scientific basis for development of the field.

One of the most well known examples of the two-component systems is a com-
posite of Al,O, and ZrO, that exhibit opposing surface charge in a certain range
of pH values in aqueous suspensions. By control of the {-potential, Hadraba et al.
successfully deposited particulate composites from a mixture of Al,O, and ZrO,
in isopropanol suspensions stabilized with monochloroacetic acid [3]. They pre-
sented that by selecting the conditions where electrophoretic mobility of Al,O,
and ZrO, particles are similar, it is possible to prepare ceramic composites with
controlled microstructure, such as particulate, layered or functionally gradient
composite with smooth concentration transition (Fig. 8.2a, b, ¢). Pioneer work
toward industrial production of alumina-zirconia composite with a functionally
graded structure has been done by the group of Van der Biest [4] that presented the
technique for shape-forming of composite hip-joint with significantly improved
performance in comparison with the particulate zirconia toughened alumina
(ZTA) material. In this case suspensions were based on methyl-ethyl-ketone and
n-butylamine was used to disperse the suspension.

EPD was also confirmed to be a versatile technique for forming metal-free ce-
ramic dental crowns. In deposition of alumina toughened zirconia (AZT) compos-
ites Moritz et al. [6] used a commercial composite powder dispersed in water-free
ethanol and stabilised by 4-hydroxybenzoic acid. This work well illustrates the ap-
plicability of EPD technique in production of complex-shaped parts with dense and
defect-free microstructures.

In 1994 Zhang et al. [7] presented a kinetic EPD model for the fabrication of
SiC-whisker reinforced TZP composite with a uniform structure. The model pre-
dicts the decrease of the forming rate as an exponential function of time. Another
early work on EPD of Al,O, particles and SiC whisker in water-free isopropanol
suspension was presented by Jean and co-authors [8]. They confirmed that during
deposition Al,O, and SiC whiskers migrate and deposit at approximately the same
rate resulting in a nearly unchanged composition of the composite green parts.

The CMC composites reinforced with carbon nanotubes (CNTs) are of increas-
ing technological interest due to the extraordinary behaviour of the CNTs. In the last
decade an increasing number of publications report on significant improvement of
the materials properties when the CNTs were incorporated. The main challenge is
based upon the enormous elastic modulus and toughness of the CNT as well as upon
its high thermal conductivity. The wide range of successful application of electro-
phoretic deposition in preparation of CNT reinforced SiO,, TiO, or MnO, ceramic
matrix nanocomposites was recently reviewed by Boccaccini et al. [10]

CNTs have also opened new opportunities to significantly improve the per-
formance of the SiC-based composites for structural applications in future fusion
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Fig. 8.2 Microstructures of
alumina/zirconia composites
prepared by EPD: a particu-
late, b layered [3] (Reprinted
in part with permission from
Hadraba et al. © 2004 Else-
vier) and ¢ gradient compos-
ites (Reprinted in part with
permission from Hvizdos

et al. © 2007 Elsevier). [5]

reactor, where high thermal conductivity in combination with high toughness is
of outmost importance. Since both, SiC powder and CNTs have highly negative
{-potential in alkaline region, it is possible to prepare a relatively stable mixed SiC-
CNT suspension either in water or in ethanol [9, 11]. In the case of long “spaghetti-
like” CNTs, however, the entanglement of the relatively rigid nanotubes in SiC
particles limits the packing density in the composite. Figure 8.3a and b show micro-
structure of the green and sintered SiC-CNT deposit with 1 wt.% CNTs where the
CNTs are homogeneously distributed within the SiC matrix; however, the density
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Fig. 8.3 SEM micrographs
of the a fracture surface of
green SiC-CNT deposit;

b sintered and polished SiC-
CNT deposit

of the deposit is apparently lower than the SiC deposit prepared under the same
conditions.

8.1.2 Continuous Fibre-reinforced CMCs (CFCMCs)

Continuous fibre-reinforced CMCs represent a great challenge for technologists in
the production of the advanced composite materials for application under extreme
conditions. Although these materials with a highly complex structure are known
and have been used for decades, their production typically involves very long and
costly procedures. Therefore, their use has never been extended from the leading
edge applications to a wider range of applications where they could contribute to
a solution of many industrial issues. However, the principles of colloidal powder
processing and the implementation of EPD process has recently opened new pos-
sibilities for production of CMCs with tailored properties at moderate price.

The continuous fibre-reinforced CMCs have been designed for production of
structural parts to be used at high temperatures under high loads and in corrosive
atmospheres. In contrast to their “forerunners”, “fibreglass”, the ceramic-matrix
composites may have high-temperature strength, relatively high fracture tough-
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matrix

Fig. 8.4 Microstructure of continuous ceramic matrix composite (CFCMC)

ness, damage tolerance, and thermal shock resistance. The main challenge in this
field is the durability of the materials when exposed to severe environments. These
rather unique properties proceed from their specific macrostructure; they comprise
a ceramic matrix in which long, typically ceramic fibres coated with an interphase
layer are embedded (Fig. 8.4). The role of the fibres is to provide the material with
toughness not being given by the matrix, while the interphase is an essential com-
ponent that leads a propagating crack to lose a part of its energy and hence results
in increased toughness and reliability. By tailoring the fibres properties, the fibre/
matrix bonding and matrix microstructure the designed materials can thus achieve a
non-brittle mechanical behaviour through different damaging phenomena occurring
at the micrometer scale under loading. The stress-displacement diagram in Fig. 8.5

Particulate Reinforced
Ceramic Composite

Continuous Fiber Reinforced
Ceramic Composite

FORCE

\‘\\ Monolitic

Fig. 8.5 Stress-displacement Ceramic

curves for fibre-reinforced
CMC in comparison with
particulate-reinforced com-

posites and with monolithic
ceramic DISPLACEMENT
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schematically illustrates the comparison in toughness for CFCMC with particulate
CMC and monolithic material.

The matrices in CFCMCs are made of monolithic ceramics (oxide or nonoxide),
glass-ceramics or particular composite, while fibres can be ceramic (oxide, e.g. alu-
mina, mullite or non-oxide, e.g. carbon and SiC) or metallic (stainless steel, special
alloys, titanium, etc.).

Fibres have the largest effect on composite properties. They are almost never
used as single filaments in composites; since they are usually fragile, they are cou-
pled in tows that are then weaved into a fabric. The fabric properties depend upon
several parameters such as type of weaves, openness, thickness, etc. To improve
the performance of a composite for some specialty applications, the fabrics are wo-
ven in three-dimensional fabrics. Thus, the complex architecture thus represents the
main issue in infiltration with a ceramic matrix material.

In most applications of the CFCMC:s, interfacial properties are critical to the
performance. If there is a reaction between the matrix and the fibre, the two ma-
terials are generally strongly bonded to each other. This produces a ceramic com-
posite with a low toughness because, when the fibres remain firmly bonded to the
matrix, no energy is consumed in pulling the fibres out of the matrix as a crack
propagates. Under these conditions, the mechanical behaviour of the composite is
similar to that of the reinforced matrix. On the other hand, if the fibres have a non-
reactive coating, there is little or no bonding at the interface. As a crack propagates
through the stressed material, energy is consumed as fibres pull or slide out of the
matrix.

Thus, an interphase layer between the fibre and the matrix plays a key role in
the CMCs. Although it constitutes a small fraction of the total volume of a com-
posite, the effects of its properties on the bulk properties are large because of the
large surface area of the interfaces (Fig. 8.4b). It is typically thinner than 1 pum
and has three main functions: load transfer, crack deflection, and diffusion barrier.
The properties of the interphase layer depend on whether or not there has been a
reaction at the interface, the type of bonding and on the nature (rate of crystallin-
ity) and morphology of the interphase material. According to literature data, the
most efficient interphase is anisotropic pyrolytic carbon deposited by chemical
vapour deposition (CVD) from a gaseous hydrocarbon. It will be shown later that
EPD represents a versatile alternative to this usually time-consuming and costly
process.

According to the type of the matrix, interphase and fibres, most common CMC
are non-oxide composites based on SiC or C fibres and oxide composites based on
AL, or mullite fibres. For high performance applications carbon and SiC fibres
are the most prevalent. Since most applications take place in oxidizing atmospheres,
preferred reinforcements are SiC-based fibres. Oxide-based CMCs with alumina
and mullite matrices have also been successfully demonstrated in applications
where a high tolerance to oxidation or salt corrosion is required in combination with
the high toughness, light weight, and high-thermal-shock resistance.
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8.1.3 Main Application Areas of CMCs

The great commercial importance of composites proceeds from complementary na-
ture of matrix and reinforcements. In addition to the characteristics of constituent
materials, the microstructure of the composite, e.g. orientation and amount of the
reinforcement, as well as processing conditions, result in variety of composite’s
properties that enable various potential applications (Fig. 8.6). For example, with
their good thermal and wear properties ceramic matrix composites are an excellent
candidate for high temperature applications and applications where high stiffness
is required. CMCs with dispersed particles, whiskers or other particulate reinforce-
ment have been widely used in a variety of structural parts. In contrast, mainly due
to the higher complexity usually associated with higher production costs, the use of
continuous fibre-reinforced CMCs is limited to a few specific fields.

8.1.3.1 Armours

CFCMC:s are being used in armours mainly due to their performance against high
impact projectiles and light weight. They usually consist of alternating layers of
extremely hard layers, which are designed to shatter an impinging projectile and
ductile layers designed to yield under the force of the projectile. Hard layers con-
sist of ceramic matrix produced form pre-ceramic polymer and hardness-producing
filler materials (alumina, silicon carbide, silicon nitride, tungsten carbide, chrome
carbide, chrome oxide, mullite, silica or boron carbide), reinforced with ceramic
fibres (alumina, silicon nitride, silicon carbide, graphite or carbon). Intermediate
ductile layers consist of at least one sheet of woven fibres.

When penetrated by the projectile CFCMCs expand in volume, producing a
counterforce, which protects the second layer. Such armour has been shown to offer
unique protection against high-explosive, anti-tank (HEAT) rounds. Light weight of

Fig. 8.6 Examples of fibre-reinforced CMC applications: a C/SiC (SICOM brake systems -MS
Production), b CVI-C/SiC body flaps for the X-38, joined with C/SiC screws (MAN-T). [1]
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makes it an ideal material for airplane and helicopter protection. Similar composites
are also used for body armour as inserts in bullet-proof vests [2].

8.1.3.2 Advanced Friction Systems

The potential for using carbon fibre/carbon (C/C) materials in brake discs and pads
has been known for a relatively long time. To overcome some of the materials dis-
advantages, such as a low coefficient of friction at temperatures below 450°C and a
high rate of wear for the pads, a short-fibre-reinforced SiC material (C,/C-SiC) was
developed for lightweight brake discs, which were able to withstand such demand-
ing conditions. The C/C-SiC composites are usually manufactured by an infiltra-
tion process. The most common are Liquid Silicon Infiltration and Liquid Polymer
Infiltration. Brake systems using these materials were first introduced in aircraft,
and then later in racing cars and motorcycles, high speed trains and emergency
brakes for elevators and cranes [12, 13].

8.1.3.3 Automotive Applications

Advanced automotive applications are increasing toward higher temperature re-
quirements. Automotive engines operate more efficiently at higher temperatures
and therefore metal parts are being replaced by CMCs based on C/SiC, SiC/SiC.
Initially, a few parts were made from CMC, such as piston heads and exhaust
valves, however, as the trend to higher temperature engines continues, more and
more metal components will be converted to CMCs [2].

8.1.3.4 Aerospace

The aerospace industry requires structural materials for high temperatures and
aggressive environments, where silicon carbide offers great potential as a struc-
tural material. For example, C/C-SiC composites are proposed to be used as
thermal protection systems of spacecrafts, e.g. the nose cap of X-38 crew return
vehicle. Composites with much shorter operating times (only few seconds) and
considerably higher thermo-mechanical stresses are needed for jet vanes which
are used to divert the direction of thrust in solid fuel rockets of missiles. Ad-
vanced jet vanes are made of C/C-SiC composites and coated with ceramic sur-
face protection, such as CVD-SiC, in order to withstand the immense blast of
solid particles [14].

SiC-based ceramic matrix composites are also promising materials for advanced
jet engines. They are being used for the fabrication of non-rotating parts in military
jet engines, including combustion chambers and afterburner parts (exhaust cones,
flame holders, or exhaust nozzle flaps [12].
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8.1.3.5 Advanced Nuclear Applications for Energy Production

Most of the advanced energy production systems are concerned by the use of mate-
rials under extreme environment. In the advanced nuclear systems such as Genera-
tion IV and fusion reactors, the most important criterion for structural material is
combination of high thermal stability and sufficient fracture toughness. Following
neutron irradiation, the fracture toughness of most engineering alloys significantly
drops. This is not the case for engineering ceramics, which, however, have critically
low fracture toughness in monolithic form. Therefore, continuous ceramic fibres
reinforced ceramic matrix composites seem to be the most promising option and has
therefore attracted significant attention of researchers.

Fission Generation IV: Gas Fast Reactor

Fast reactors have superior ability to burn recycled nuclear fuel and hence by clos-
ing the fuel cycle by recycling they will reduce quantity and radiotoxicity of nuclear
waste and increase uranium fuel utilization. They will be exposed to high tempera-
ture, neutrons and corrosive environments and therefore a development of materials
with improved properties is needed. Currently, SiC/SiC and C/C seem to be the
only composites of sufficient maturity for short term application; however, compos-
ites with a TiC or ZrC in the nanostructured matrix are expected to present better
thermal properties.

Fusion

Next to fission reactors, SiC-based composites (SiC/SiC) are proposed to be used
as structural material in the most advanced concept of the future fusion reactor—
for high temperature tritium-breeding blanket (Model D). This is mainly due to the
low neutron activation, radiation resistant strength and high heat resistance of the
silicon carbide. Hence, the use of SiC/SiC composites for the blanket structural
component is expected to enable a significant increase in the maximum operating
temperature and to consequently contribute to a higher efficiency. Moreover, the
material would not decay under neutron irradiation to produce long-lived radioac-
tive wastes.

Continuous SiC-fibre-reinforced SiC-matrix composites are also proposed to be
used in the Dual Coolant design (Model C) of fusion reactors as a functional mate-
rial for the Flow Channel Inserts (FCI). A SiC/SiC-FCI would act as an insulating
layer to separate electrically and thermally molten Pb-Li alloy from the structural,
load-bearing ferritic steel channel walls of the blanket and allow significantly high-
er coolant outlet temperature. The required properties for SiC/SiC-FCI materials
are low transverse thermal and electrical conductivity, as well as Pb-Li compatibil-
ity and radiation stability [15].
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The development of most of the above mentioned structural parts is forced to
take into account an economic criterion that favors the use of simple and cheaper
techniques. The EPD offers an alternative option that may replace many costly and
time-consuming processes in their production.

8.2 Processing Routes for Production of CMCs

The particulate reinforced CMCs can be manufactured by simple blending the pow-
ders and/or whiskers into the matrix powder or, using more advanced colloidal pro-
cessing, the reinforcement is admixed into slurry of ceramic powder in a water or
organic liquid carrier.

Conversely, the processing of continuous fibre-reinforced ceramic matrix com-
posites (CFCMCs) is a complex multi-stage process. The fibres (filament tows)
are woven in a number of ways into a preform, usually 2-dimensionsinal but ide-
ally 3-dimensional fabric (Fig. 8.7), which is then infiltrated with a ceramic ma-
trix, leading to a certain degree of densification. The composites incorporating
two- or three-dimensional fibre reinforcements are particularly prone to exhibiting
uncontrolled microstructures and residual porosity. This is because it is extreme-
ly difficult to achieve complete infiltration of the matrix material into the fibre
tows, where the intra-tow openings may be down to the order of magnitude below
100 nm. To design properties via controlled microstructures, a reliable, simple,
and cost-effective processing method is needed to completely infiltrate the fabric
with matrix precursors.

For example, SiC-based composites reinforced with continuous carbon fibres
(C/SiC) are currently prepared by various techniques: chemical vapour infiltration
(CVI), liquid or vapour silicon infiltration (LSI or VSI), in-situ reaction sintering, or
hot pressing (HP). Liquid silicon infiltration is a fast (short manufacturing cycles),
low-cost manufacturing process that involves firstly the preparation of a C/C com-
posite core, normally produced by pyrolysis of a carbon fibre-reinforced preform of
the desired geometry, which is then subjected to a liquid-silicon-infiltration (LSI)

Fig. 8.7 2-D and 3-D SiC-fibre fabric
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process based on the impregnation of porous carbon/carbon composite by molten
silicon and its reaction to silicon carbide. The operation temperatures are normally
in the range of 1600°C (at least beyond the melting point of silicon —1415°C).

Selection of a suitable technique for production of SiC/SiC composites is based
upon the target application of the material that determines the structural and compo-
sitional requirements for the material. In particular for the most demanding grades,
such as that for fusion-applications, special attention is required. Although many
methods have been attempted in the past, no adequate solution has yet been dem-
onstrated that produces a low-activation composite with adequate mechanical and
thermal properties and low (closed) porosity. The current method of choice for pro-
duction of SiC/SiC composites is chemical vapour infiltration (CVI). This method
enables the production of pure SiC with very low neutron activation, but it suffers
from some processing drawbacks, notably the very long time required to build up
sufficient material for the matrix, resulting in very high costs, and an inability to
eliminate the porosity at the micro as well as the macro level (Fig. 8.8). Although
for most applications of SiC/SiC made with CVI such drawbacks are not crucial,
they are critical in the case of the proposed fusion applications, where the porosity
must be minimised in order to prevent gas-permeability and to maximise thermal
conductivity [16].

Similarly, polymer infiltration and pyrolysis (PIP) that is based on the infiltra-
tion of a SiC fibre-preform with a liquid preceramic polymer precursor, also fails to
completely fill the gaps between the fibres and hence results in a material with an
unacceptable residual open porosity. Attempts have been made to combine the PIP
technique with pressure-assisted slurry infiltration prior to the polymer infiltration
[17]; yet suitable material properties could not be achieved.

The third main group of processing techniques follows a ceramic route. Due to
covalent bonding being responsible for the extraordinary properties of the SiC, the
densification represents a demanding task. It is achieved either by solid-state sinter-
ing using boron as an additive, which is undesirable in fusion-relevant materials, or
liquid-phase sintering using metal oxides as the sintering additives, typically Al,O,-

Fig. 8.8 Optical micro-
graph of pohshed Cross-

composite
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Y,0;. The temperatures needed for both the solid-state and liquid-phase sintering,
even if combined with high pressures, exceed the temperature range that the present
grades of SiC-fibres can withstand without serious damage. The pressure-less high-
temperature densification typically performed above 1900°C, is also associated
with an undesired f- to a-SiC transformation and with certain shrinkage that limits
the possibility to prepare a gas-impermeable composite material.

Apparently, one of the most developed techniques for production of SiC/SiC
composites is the so-called “NITE” process (nano-powder infiltration and transient
eutectoid) [18], which may, according to the literature data, produce a material with
a low porosity and a relatively high mechanical strength. In the NITE process, alu-
mina and yttria are used as the sintering aids. In this process, the carbon-coated SiC
fibre-fabric is first impregnated by polymer precursor containing nanoparticulate
SiC, alumina and yttria powders. In this stage the SiC and oxide particles are intro-
duced into narrow gaps between the fibres in the tows. After polymer pyrolysis, the
preform is infiltrated by dipping into a slurry of SiC powder with sintering aids and
final densification is achieved by hot pressing.

In the recently introduced “SITE” process (slip-infiltration and transient eutec-
toid) [19] the fibre preform is infiltrated by aid of electric field. In the next step, the
green part is infiltrated with a liquid precursor for the subsequent thermal densifica-
tion. The electrophoretic infiltration used in this process will be described in more
details later in this chapter.

In addition, a few hybrid techniques have also been reported. In numerous trials
to fully infiltrate the large voids between the fibre tows as well as the narrow gaps
between fibres within the tows, a variety of approaches have been used. In order to
avoid the time-consuming and expensive CVI process, they usually involve infiltra-
tion of the fibre fabric with ceramic slurry. However, neither the overpressure nor
the vacuum infiltration led to the filling of the voids throughout the fabric thick-
ness. Thus, the electric-field assisted infiltration has opened a new opportunity for
improved and inexpensive production of CFCMCs.

8.3 EPD in Production of CMCs

Electrophoretic deposition of monolithic and particulate composite materials has
been intensively explored for decades. Lately, it has been also recognised as a nov-
el, simple and inexpensive method for fabricating particulate as well as fibre-rein-
forced ceramic composites with a great potential of achieving complete infiltration
of tightly woven fibres performs. The main advantages of EPD over conventional
processing routes are mainly the reduced processing times and improved control
over green body microstructure. Aqueous or non-aqueous suspensions of ceramic
submicron- or nano-sized particles are considered for forming the matrix or particu-
late reinforcement in composites; both conductive (e.g. SiC, carbon and stainless
steel) and non-conductive (mullite) continuous fibres have been used to produce
ceramic matrix composites.
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In shaping of ceramic matrix composites by means of EPD more parameters
have to be taken into account than in the case of monolithic materials. For example,
the particles in suspensions for particulate CMCs may differ in shape, size and com-
position, may have different surface net charge and therefore they may move with
different rates resulting in inhomogeneous composition of deposit. Further, in pro-
duction of continuous fibre-reinforced CMCs, an electrically conductive fibre fab-
ric may play a role of an electrode that is not always desired as it will be presented
later. In the following section, the major parameters affecting the EPD in production
of various CMCs will be presented. As the CFCMCs represent a greater challenge,
a large part will be devoted to these composites.

8.3.1 Suspensions for EPD

With regard to the properties of suspensions for production of CMCs, a variety of
parameters must be considered, such as the physicochemical nature of both sus-
pended particles and the liquid medium, surface properties of the powders, and the
influence of the type and concentration of the additives, mainly dispersants. In order
to achieve the best possible result, these parameters should first be verified in EPD
of bulk deposit as was in the case of electrophoretic infiltration.

8.3.1.1 Liquid Media

The selection of the liquid media, sometimes also called a “solvent”, is usually the
basic decision that determines most of the further parameters. Namely, a solvent
must dissolve the surfactant, but not the powders, must provide sufficient conduc-
tivity to suspension (high dielectric constant is preferred), and must wet the par-
ticles in suspension well.

A variety of solvents have been successfully used in EPD. The effect of a
solvent’s polarity on adsorption of an anionic surfactant and consequently on (-
potential of titania was studied by Kosmulski et al. [20] who presented that depend-
ing on the nature of the solvent, the same surfactant may adhere on the particles in
two different ways resulting in positive or negative surface charge. Ethanol appears
in literature to be a quite frequently used liquid in EPD. Its main drawback is the
hygroscopicity that makes it difficult to control water content. Notably, a small
amount of water may significantly alter the overall properties of ceramic suspension
that hinders control over the EPD process [21].

Due to a high dielectric constant, water may result in relatively high {-potential
values (usually higher than that in ethanol, Fig. 8.9) and, in addition to its more
environment friendly nature is the preferred medium in EPD. In water, however,
gas formation due to electrolysis must be considered. There are at least two ways of
avoiding the problem of bubbles formation: using a membrane placed between the
electrodes or using an electrode that will absorb the gas formed during electrolysis.
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Fig. 8.9 (-potential of
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suspensions as a function of
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One of the main goals of EPD is usually to achieve high particle packing density
which is prerequisite to obtain a dense sintered material. For monodispersed spheres
the maximum possible density is 74 vol. %; this may be further increased by the ad-
dition of smaller particles that fill the remaining voids. In a real world, i.e. in ceram-
ic processing, particles typically do not have a regular shape and size distribution.
Therefore, the packing density may significantly vary due to several parameters.
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Conventional processing (dry pressing, slip-casting, injection moulding) usually
result in up to 60% total density (TD). In EPD, favourable particle shape and size
distribution in combination with high {-potential can result in relatively high densi-
ties of deposits. Literature review indicates that green densities well above 60 vol.%
can be achieved, with the highest reported value obtained by EPD of bimodal par-
ticles size distribution as high as 84%TD [22]. In EPD of composites, beside the
particles size the nature of the involved particulates is of decisive importance. The
particulates may significantly differ for example in surface charge that may result
in heterocoagulation.

8.3.1.3 Dispersants

To attain high stability of the colloidal suspension for EPD and to increase the par-
ticles mobility, high net-surface charge is needed. In many cases, highly positive
or highly negative {-potential can be achieved simply by pH adjustment to more
acidic or alkaline region, respectively. In some cases, the reactivity or solubility of
solid particles at low and high pH values must be avoided. Therefore, the addition
of an appropriate amount of charge-controlling agent—ionic surfactant (dispersant,
deflocculant) is usually a better option.

Numerous commercial dispersants are available at the market among which the
number of anionic dispersants is much higher than that for the cationic. The selec-
tion of a suitable dispersant depends on the liquid media used and the desired pH
range of the suspension for the EPD. In general, a good dispersant is characterised
with high solubility and high dissociation rate in liquid media. Water soluble sur-
factants show limited solubility in hydrocarbons and vice versa. For example, Na-
dioctyl-sulfosuccinate (SDOSS) is only weakly soluble in water but is soluble in a
wide range of organic liquids from methanol to hexane. As presented by Kosmulski
et al. [20], SDOSS in polar or non-polar liquids results in opposite surface charges
and, therefore, can be used either as cationic or as anionic surfactant.

In a composite suspension, a surfactant capable to effectively disperse all the
present solids phases must be used. As a result, precisely determined optimal
amount of a suitable surfactant yield both in the highest possible absolute value of (-
potential and, accordingly, stable colloidal suspension. This assures that individual
particles rather than agglomerates travel toward the oppositely charged electrode
in the EPD cell. Figure 8.10 presents an example of SiC aqueous suspensions with
addition of cationic or anionic deflocculant. It is evident that both result in high
absolute values of {-potential, while the selection of the most suitable one depends
on the desired particles polarity that will be discussed in continuation.

8.3.1.4 (-potential and Conductivity
Although many reports and reviews on the desired properties of suspensions for

electrophoretic deposition and electrophoretic infiltration (EPI) have been pub-
lished, no general rule has yet been agreed. It has been generally accepted, however,
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that the most important characteristics of a suspension for EPD and EPI are high
net-charge on the particles surface, suitable conductivity of the suspension, its high
stability and low viscosity. To attain suitable combination of these properties, each
particular system requires individual study.

Typical point-of-zero-charge (PZC) values for numerous oxide and non-oxide
materials can be found in literature [23] that in principle enables at least a rough
estimation of the particle’s polarity in acidic and alkaline pH regions. As the (-
potential determines the stability and viscosity of colloidal suspensions, in some
cases it can be roughly estimated also by observing time-dependent sedimentation
or by measuring the viscosity (the relative viscosity exhibits the minimum value at
the highest absolute value of {-potential and vice versa). However, none of these
is sufficient in preparation of suspension for EPD, in particular not in the case of
heteroparticulate suspensions in EPD of composites. Only a direct and reliable mea-
surement of the particles electrophoretic mobility or {-potential of the suspension to
be used in EPD adequately and quantitatively describes the suspension.

Since EPD is an electrically driven process, the electrophoresis seems to be the
most relevant component of the technique. This is true when very low-concentrated
suspension is used. Such suspensions are, however, rarely used in production of
CMC s, except for the coatings. The analysis of suspensions with relatively high
powder loading are the best described by electroacoustic measurements.

Figure 8.11 shows comparison of the {-potential vs. pH curve for a SiC-powder sus-
pension in water using two different principles: the electrophoresis and electroacoustic
techniques. As is evident, a relatively wide range of {-potential values are obtained by
measuring the same powder in aqueous suspensions. In the case of measuring electro-
phoretic mobility, the suspension must contain a low particle concentration to allow
the laser beam to detect their movement properly. The dilution of the suspension re-
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sults in significant pH change; therefore, to determine the {-potential of the suspension
at its natural pH, an acid or base must be added. Hence, the ionic strength is increased.
On the contrary, the electroacoustic technique enables direct characterisation of actual
suspension for EPD without dilution, pH adjustment, or addition of an electrolyte.

Conductivity of the suspension is another important characteristic of suspension,
which affects not only the deposition rate but also the quality of the deposit, i.e.
particle packing density in deposit and its visco-elastic properties (firmness). Con-
ductivity is significantly influenced by the intrinsic properties of the liquid media
(dielectric constant), on the amount and properties of the powder and in particular
by the amount and properties of (poly)electrolytes added. Conductivity is usually
significantly higher in aqueous than in non-aqueous suspensions. Additionally, the
results of the analysis of submicron and nano-sized SiC powders show that the -
potential is not significantly affected by the particles size (Fig. 8.12a), while the dif-
ference in conductivities appears larger. As presented in Fig. 8.12b, the conductivity
of nanoparticulate suspension is significantly higher than for the submicron or mixed
suspension. Excess acid or base also causes an abrupt increase in conductivity.

The addition of surfactants, i.e. (poly)electrolytes, can cause significant effects in
the conductivity. Even with small addition, the suspension conductivity usually re-
mains constant or slightly decreases until the complete adsorption of the electrolytes
onto the particles’ surfaces has been reached. Afterwards, the conductivity may in-
crease with increasing amount of free molecules in suspension. This was observed for
alumina and silicon carbide suspensions with addition of polyethylene-imine (PEI)
or citric acid as surfactants, respectively (Fig. 8.13a, b). In both cases the onset of the
conductivity increase nearly coincided with the optimum amount of the surfactant.

While the {-potential does not practically depend on solid loading in suspension
(blue curve in Fig. 8.14a), the conductivity typically increases with solids loading
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in suspensions of conductive (e.g. SiC) as well as of non-conductive particles (e.g.
alumina) (Fig. 8.14a and 8.14b). These characteristics were observed for suspen-
sions at the optimum surfactant addition.

Hence, the conductivity of the suspensions is determined by several parameters;
therefore, its values may vary in a very broad range. In contrast to {-potential (ab-
solute) values that are considered as “high” above 60 mV and “low” below 20 mV,
there is no recommended “appropriate” conductivity level that characterise a sus-
pension suitable for the EPD. Hence, the conductivity must be determined for a
particular system.
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The effect of conductivity of alumina-ethanol suspensions on EPD was studied
by Stappers et al. [24], who claimed that high conductivity suspensions result in
more uniform deposits than the low conductivity suspensions. This was attributed
to the decrease in electric field over suspension as a result of the alumina deposit re-
sistance. The increasing density of deposits with increasing conductivity of suspen-
sions was observed also in the case of SiC, but only when the conductivity increased
due to the increased solids content. In contrast, for the suspension with a certain
solids loading the density of deposits decreased when the higher conductivity was
caused by surplus of electrolyte or by lowering the particles size.

Numerous studies showed that too high a suspension conductivity does not lead
to the formation of a firm deposit; naturally, an optimum value exists. Ferrari and
Moreno [25] suggested that the conductivity was a key parameter for EPD. This was
in part confirmed by Novak et al. [26] who analysed the effect of dispersant addition
into alumina suspension in water and in ethanol. As expected, due to lower dielec-
tric constant of ethanol, the values of the (-potential/conductivity ratio were two or
three orders of magnitude larger than those for the aqueous suspensions (Fig. 8.15).
Although the maxima appeared at different levels, they indeed corresponded to the
highest densities of deposits.
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8.3.2 EPD Parameters

8.3.2.1 Electric Field Strength

The range of applied voltages during EPD, reported in literature, is rather wide,
from millivolts to hundreds of volts. No general rule has been agreed on their affect,
except on the well known linear increase in deposition yield in accordance to the
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Hamaker equation. High voltages are usually needed for deposition from suspen-
sions in organic liquids with low dielectric constant, while in water relatively low
electric field strengths are also highly efficient.

An illustration of particles assembly during deposition at different voltages is
presented in Fig. 8.16 showing monodispersed silica nanospheres with average di-
ameter of 400 nm deposited on steel electrode from ethanol suspension in the range
of field-strength 2.5-32 V/cm. The observation of the spheres array suggests that
lower voltages enable better assembly and hence higher particle packing densities
[27].

On the other hand, deposition of irregularly shaped polydispersed SiC- or
ALO,-particles of approximately the same average size reveals that the effect of
applied voltage on particle packing density in the deposits is minor. As presented in
Fig. 8.17, in the range of 5-35 V/cm, the densities of the submicron SiC and AL, O,
deposits are only approximately 60% TD. It is also evident from the graph that the
EPD of well dispersed nanosized alumina and SiC powders resulted in even much
lower green densities reaching only up to 30% TD.

8.3.2.2 Electrodes

For successful deposition, the properties of the electrode material have to be con-
sidered as well. Namely, the electrochemical reactions at the electrodes decrease
the efficiency of the process. Polarisable electrodes result in significant potential
drop near the electrode; therefore, non-polarisable materials are preferred. Graphite
seems to be a good option in particular in the case of aqueous systems as it prevents
formation of bubbles in the deposits. Evident from Fig. 8.18, the use of graphite



318 S. Novak et al.

32 V/cm 15 Vicm

[ 3

76 Viem

y A

Fig. 8.16 The assembly of monodispersed silica spheres (d=400 nm) obtained by EPD of ethanol
suspension at different voltages. [27]

electrode instead of stainless steel resulted in a complete elimination of pores in
the thick SiC deposit. Some metals, e¢.g. Cu, Zn and Pd can also play a role of
gas “absorbers” to prevent porosity of deposit due to water electrolysis; however,
contamination of the deposit must be considered. This is, for example, in particular
important in preparation of composite proposed for fusion application, where the
contamination with any metal that could contribute to increase of neutron activation
of the material during operation must be excluded.

8.3.2.3 Solids Content

A wide range of solids content is reported in literature to be used in EPD: from as
low as 0.01 up to 40 vol.%. According to Hamaker’s equation, deposition yield
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Fig. 8.17 Green density of 80
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increases linearly with solids loading in suspension, which has been generally con-
firmed in practice. However, many researchers have noticed that in some systems
no deposit is formed below a definite powder concentration independently on the
applied voltage or deposition time. This phenomenon has been described by Radice
et al. [28] who observed the threshold concentration for titania and polystyrene
spheres below which the deposition yield does not follow the linear trend dictated
by Hamaker’s equation. Similar effect but at larger powder concentrations was ob-
served also by the authors of this work: In EPD of aqueous SiC-suspension, no de-
posit was obtained from suspensions with less than 5 wt.%, while weak non-stable
deposits were obtained from suspension containing below 10 wt.% powder. Above
this concentration, green density of SiC deposits increases by increasing the solids
content in suspension containing up to approx. 50 wt.%, where the highest green
density was obtained (Fig. 8.19). The suspensions with such relatively high solids

1cm.
__J

Fig. 8.18 Images of the SiC deposits prepared from aqueous suspension at steel a and on graphite
b electrodes under the same EPD conditions
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loading were also used for electrophoretic infiltration of SiC-fibre perform and, as
it will be presented later in this chapter, the result was also favourable.

8.3.3 Properties of Deposit

The apparent firmness of a deposit is the first observation after pulling the deposit
from the EPD cell. Although this qualitatively describes a particle packing density
does not sufficiently characterise the deposit. While for the monodispersed spheres
assembly, the observation of the microstructure reveals the quality of the deposit, in
ceramic systems, a more quantitative analytical tool is needed. Many reports refer
to the density of green deposit measured by Archimedes method. Due to the open
porosity, the sample must be either dipped into non-wetting liquid, or must be coated
before measurement with a layer that prevents the liquid from penetrating the pores.
While this is a relatively useful technique for analysis density of monolithic deposits,
it is less accurate in the case of composite deposits, since due to the possible differ-
ence in deposition rate of chemically or structurally different particles the theoretical
density is not exactly known. Hence, in this case, the percent of theoretical density
preferably determined on the basis of the examination of the wet and dry deposit.
The evaluation of the deposit quality by measuring the fraction of powder in as-
prepared, i.e. wet deposit can be done by weighing the deposit just after deposition
and after drying. The weight loss equals the mass difference of the liquid suspen-
sion media after accounting for the solid content in the as-prepared deposit. This is
a relatively good figure of merit for its quality and has been, after confirming good
agreement with results of other techniques, accepted as the preferred technique used
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by the authors of this particular chapter. Hence, the “density of deposit” presented
throughout this chapter is determined by measuring the solids content in wet depos-
it. The most reliable description of the quality of deposit is given by its porosity. As
shown in Fig. 8.20, the deposition of aqueous SiC suspension containing 50 wt.%
solids resulted in deposits with very small pores with average size of 70 nm and
narrow size distribution.

8.3.4 Homogeneity of Composite Deposits

Figure 8.21 shows a fracture surface of a composite Al,O,-SiC deposit prepared
by co-deposition of alumina and silicon carbide powders with approximately same
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Fig. 8.21 FESEM micrograph a and EDXS b of a fracture surface of a composite deposit pre-
pared by co-deposition of Al,O, and SiC powder in aqueous suspension at pH 10 (EPD: 30 V/cm)
elemental mapping of ¢ Al and d Si
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particles size in aqueous suspension. The suspension for the EPD experiment con-
tained equal volume percents of the powders. Based on the results of the {-potential
vs. pH behaviour shown in Fig. 8.9, the suspension with pH~ 10 is presumably the
most suitable for co-deposition since at this pH both powders posses highly nega-
tive surface charge. From quantitative standard-less EDXS analysis of the sample
presented, we estimated that the concentrations of Al,O, and SiC were similar, in-
dicating that both types of particles travelled with the same rate and, hence, they
formed a deposit with equal volume ratio of the powders as in the starting suspen-
sion (Fig. 8.21b, ¢, d). The analysis of aluminium and silicon distribution also con-
firmed the homogeneous distribution of the powders in green deposit.

8.3.5 Efficiency of Infiltration

In contrast to electrophoretic deposition, the efficiency of infiltration is difficult to
quantify and is even tricky to illustrate. Since the reinforcing fibres resis the break-
ing of the infiltrated green parts to observe the fracture surface, the infiltrated part
is frequently presented in SEM or optical microscopy images of polished epoxy
resin-infiltrated cross-sections of green parts. However, this is sometimes mislead-
ing, since the resin perfectly wet the green part and fills the gaps and voids remain-
ing after infiltration. Consequently, the apparent density estimated by observation
of such a microstructure can be overestimated. This is illustrated in Fig. 8.22a—d,
where the optical and SEM micrographs of the same region of infiltrated SiC/SiC
are presented. The comparison of Fig. 8.22a and 8.22b indicates that polarised light
microscopy reveal some resin-reach parts of microstructure where the amount of
ceramic particles is quite low. In polarised light the SiC particles appears white,
while the resin is almost black that helps to distinguish between ceramic from resin-
infiltrated areas. As illustrated in Fig. 8.22c and 8.22d, back-scatter SEM results
in even more pronounced effect. In general, a good option for realistic and correct
presentation of the efficiency of fibre fabric infiltration is by observation of fracture
surfaces of sintered composites. However, fracture surfaces are relatively difficult
to prepare due to the intensive crack deflection at the fibres and consequently ex-
tremely rough surfaces.

8.4 EPD in Production of CFCMCs

As discovered at the beginning of this chapter, among the major requirements in
the production of continuous fibre-reinforced CMCs are complete infiltration of the
fibre preform and coating of the fibres with an interphase layer. EPD can be em-
ployed both to form protective coatings on the fibres and to infiltrate the preform
with a matrix material. Several techniques have been used to introduce ceramic
matrices into fibre-fabric performs. As mentioned before, the main drawbacks of
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Fig. 8.22 Optical and scanning electron micrographs of epoxy resin-infiltrated and polished SiC/
SiC composites taken by: a optical light microscopy; b polarised light microscopy, crossed prisms;
¢ secondary electrons SEM and d back-scattered SEM

chemical vapour infiltration (CVI) and polymer impregnation technique (PIP) are
their inability to completely fill the large voids between fibre bundles and to pro-
duce sufficiently dense composites. In the case of CVI, the required price and time
needed are great drawbacks of an otherwise useful technique. Further, hybrid tech-
niques that involve high- or low- pressure-assisted powder infiltration have rela-
tively low penetration efficiency; hence, it is difficult if not impossible to obtain a
dense green body.

Generally, it can be stated that it is extremely difficult to achieve complete infil-
tration of the matrix material into the fibre tows where the gaps between the tows
may be in the range of submicron size. In spite of that, feasibility of fibre fabric
infiltration by aid of electric field has been demonstrated for a variety of fibres, such
as carbon, silicon carbide, alumina, mullite, etc. A literature survey suggests that the
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use of EPD in production of continuous fibre-reinforced ceramic-matrix composites
(CFCMC:s) has been rather limited. Most of the research experimented with two-
dimensional (2-D) fabrics, and only a few reports were published on infiltration of
3-D fabric or coating of fibres by means of EPD. Therefore, this technique remains
an attractive, but not well resolved, research field.

The key parameters affecting the efficiency of the infiltration can be classified
into three main groups: (1) Parameters related to the properties of the suspensions
(solvent properties, {-potential and conductivity, solids content in the suspension);
(2) Parameters related to the inherent properties of the fibres (electrical conductiv-
ity, perform architecture, surface charge of the fibres at working pH); and (3) Pa-
rameters related to the process (applied voltage, time, cell configuration, vacuum-
degassing).

Several requirements for successful infiltration of the fibre fabric exist, for ex-
ample the selection of a suitable liquid and particle surfactants to achieve sufficient
electrical net-charge at the particle surface to facilitate the particle’s penetration and
efficient void filling within the fabric. The resulting deposit (matrix) within the fibre
mats must exhibit high particle packing density, which is connected to the absence
of bubbles and highest possible homogeneity.

8.5 Electrophoretic Infiltration (EPI)

In addition to the general requirements for the production of high quality mono-
lithic or particulate CMC deposits, other conditions must be met for fibre-reinforced
CMC:s: (a) the conductivity of the fibres must be considered and the cell configura-
tion adjusted to the desired process (coating or infiltration); (b) the surface charge
of the particles must be adapted accordingly; and (c) the ceramic particles size must
be low enough to penetrate the gaps between the fibres within tows. Theoretical
analysis of the influence of liquid media on penetration of particles into porous
substrate (valid also for the voids between the fibres) was performed by Haber and
Gal-Or [29]. They found that the penetration is enhanced at large values of Peclet
number, Pe, which is a dimensionless parameter that in fluid dynamics determines
the relative significance of the convective process vis-a-vis the diffusive process:

P.=U.b/D (8.1)

where U is the particle velocity (in this case electrophoretic velocity [cm/s]), b is the
mean pore radius [cm], and D the diffusion coefficient of the particle [cm?/s]. The
higher is electrophoretic velocity U of the particle and the larger the pore size, more
efficient penetration of the particles is expected. The electrophoretic velocity U is
proportional to electric field strength E [V/cm].

U=u-E (8.2)

The electrophoretic velocity per unit applied electric field is electrophoretic mobil-
ity 1 [em?/sV], which is proportional to the ratio of the dielectric constant to the vis-
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cosity ratio (&/77) of the liquid. Figure 8.23 shows that the amount of SiO, particles
penetrated into porous conductive (graphite) substrate increases with this ratio. This
suggests water is the most suitable liquid media for fabrication of CFCMCs.

Beside the ratio of dielectric constant to viscosity of the solvent, Haber and Gal-
Or suggested particle concentration and field intensity were very important param-
eters. They also stated that prevention of surface deposition on conductive fibres
would favour an increased extent of the penetration.

8.5.1 Fibres Properties

Fibres interact with primary particle suspension in way that is similar to that of the
secondary phase’s (particles, whiskers, nanotubes) interaction within a composite
suspension. Due to the continuity of the fibre-fabric in the composite, its conductiv-
ity also plays an important role. Additional complication in CFCMC:s is that bet-
ter mechanical properties are achieved by using three-dimensionally woven fabrics
with highly dense texture (>30 vol.%), which are the most difficult to infiltrate
with solid particles. For example, the current grades of SiC-fibre preforms used in
production of SiC/SiC composites for fusion application contain up to 40 vol.% of
fibres with diameter around 10 um and with gaps between the fibres usually smaller
than 1 um.

8.5.1.1 Architecture of Fibre Mats

The architecture of the fibre mats plays an important role in the infiltration of con-
ductive fabrics, where the probability that the infiltration process stops due to the
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deposition of the particles onto the front layer is high. Such findings were reported
for example by Bao and Nicholson [31] who observed that no particles deposited in
the central region of the conductive fibre bundle. They suggested that only single
2-D conductive fibre mats could be efficiently infiltrated, while 3-D mats or multiple
2-D mats resulted in high remnant porosity due to clogging effect. It has to be men-
tioned that the experiments were performed by using fibre mat as deposition elec-
trode. The significant influence that the architecture and properties of conductive
fibre mat on success of infiltration also observed Boccaccini et al. [31], who con-
cluded that stainless steel filters were difficult to infiltrate due to its rigid structure.

Due to the structural complexity of 3-D woven fibre fabrics and the necessity
for the particles to penetrate deeper into the spaces between fibres, many research-
ers used an alternative ways to fabricate 3-D CFCMCs; they infiltrated single 2-D
fabrics and, thereafter, compacted them. However, the properties of composites
prepared by stacking of 2-D fabrics can not attain the properties of the 3-D woven
fabric that are conclusively preferred in most applications.

8.5.1.2 Electrical Conductivity of Fibres

Table 8.1 lists the electrical conductivity of the fibres most frequently used as rein-
forcement in CFCMCs.

Based on literature review, uniform composites were mostly achieved with non-
conductive fibres, e.g. alumina or mullite. For example, as reported by Bao et al.
[31], green composite was fabricated by EPI using 1 vol.% submicron alumina
suspension in ethanol dispersed with 0.5 wt.% PEI. Alumina particles uniformly
infiltrated through the inter-bundle voids to form a well-infiltrated matrix with only
a few large pores. The authors also modelled electrophoretic infiltration of non-
conductive fibre mats via a porous polyethylene (PE) board with alumina. Their
result, illustrated in Fig. 8.24, shows that the interface of the PE board/deposited
alumina is clear (the right side of the PE board is attached to the electrode). Alumina
particles first infiltrated the inter-connected pores to deposit on the front of the elec-
trode. Then they build backwards through the pores toward the board/suspension
interface, i.e. the front pores did not clog as in the case of conductive fibres.

From these reports, one can conclude that the conductive fibre mats, e.g. carbon
or silicon carbide, were usually used as a deposition electrode, which is possibly the
main reason for the unsatisfactory results. Bao and Nicholson claimed that conduc-
tive fibres can not be efficiently infiltrated, especially not 3-D and several stacked

Ta!)le 8.1 Electrical conduc- Electrical conductivity
tivity of various fibres
graphite 3.10%-2.10° Qm™!
ALO, <10 Qm’!
SiC 80-120 Qm™!
mullite >108 Qm™!

Sio, >10' Qm™!
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Fig. 8.24 Porous polyeth-
ylene (PE) board infiltrated
with alumina particles
(Reprinted in part with
permission from Bao et al. ©
2007 J. American Ceramics
Society). [31]

2-D fibre mats, due to the surface deposition that disables further penetration of the
particles through the fabric (so called clogging effect) [31]. This was supported by
the fact that conductive fibres suffer electric field shielding, which severely interferes
with the deposition process. According to their explanation, the particles initially de-
posit on the surface of the outer fibres. If the deposit resistance is much higher than
the suspension resistance, the particles deposit on the outer fibres and their surface
becomes insulating. The electric field can now penetrate further and particles deposit
on the fibres inside the preform. In the case of large fibres, the outer layer becomes
clogged before the internal voids are filled that results in a central cavity. Bao et al
also compared the electrophoretic deposition through conductive fibres with electro-
phoretic infiltration deposition through non-conductive fibres under constant current
conditions. Conductive fibre mat acted as a deposition electrode, while non-conduc-
tive fibre mat was placed in front of the electrode. In their work the infiltration of
non-conductive fabrics was called modified “electrophoretic infiltration deposition”.

Lately, carbon and SiC fibre mats, both electrically conductive, became the most
desired continuous reinforcement in composites that are proposed to be used un-
der extreme conditions. Therefore, intensive investigations have been performed
to enable the usually tightly woven carbon or SiC fabric to be infiltrated with SiC-
based matrix. Novak et al have studied the infiltration of the conductive fibre-fabric
perform using different experimental conditions [33]. They found that in the case
when the SiC-fabric was fixed at the electrode, the fibres acted as an electrode and
the dispersed SiC particles attached on the front side of the fabric that stopped the
infiltration. The observation of the fibres after the experiment reveals firmly at-
tached SiC particles. On the contrary, if the fabric was separated from the electrode
either by a non-conductive spacer (e.g. Teflon) or with a cellulose membrane, the
particles penetrated the fabric to reach the electrode (Fig. 8.25b). Also in this case,
the central part of thicker fabric remained non-impregnated by particles. This hap-
pened because the particles found a way easier than that through the tiny gaps in the
fabric, i.e. from the front and back side of the fabric. This was prevented by sealing
the fabric, forcing the particles to penetrate through the fabric and to gradually form
a deposit within the fabric.
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Fig. 8.25 Schematic of the electrophoretic infiltration cell configuration for fabrication of SiC
fibre-reinforced ceramic matrix composites

8.5.1.3 (-potential of the Fibres

Surface charge of the fibres plays a role in particular during infiltration of non-con-
ductive fibre-mats and in the case of conductive mats when they are not in contact
with the electrode. If the fibres and the particles have the surface charges of oppo-
site polarity, the particles are not attracted only by the electrode behind the fibre-mat
but also by the fibres themselves. Consequently, the effect may be similar as in the
case of the fibres connected to the electrode: the particles deposit onto the fibres on
the front side of the fabric causing the infiltration to stop.

Conversely, the particles and the fibres repel each other when they have surface
charges of like polarity. As a consequence on their way to the electrode, the particles
avoid fibres, but forcefully pass through the fabric to reach the electrode surface and
to deposit there. They gradually fill the spaces between the fibre filaments until the
matrix extends to the outer fibre preform surface.

In first approximation, we can assume that the fibres posses the surface charge
similar to the powder with nominally the same chemical composition. Alumina fibres,
for example, exhibit isoelectric point around pH 8-9, the SiC fibres are negatively
charged above pH 3, etc. Due to the great importance of the -potential in EPI, the
fibres’ properties are evaluated instead of using this simplification. The simplest
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way is to analyse the electrokinetic properties of the crumbled fibres. Figure 8.26
illustrates {-potential of crumbled carbon and SiC fibres in water as a function of
pH. The behaviour of SiC-fibres is quite similar to that for the aqueous SiC-powder
suspensions (see Fig. 8.9a). Due to the relatively high repulsion between the SiC
particles in alkaline suspension and SiC or C fibres, the particles do not form a de-
posit on the fibres (if separated from the electrode as described above). The particles
do try to find a way between the fibres to reach the oppositely charged electrode.

The importance of mutual repulsion among the charged fibres and powder par-
ticles has been observed also by other authors [34, 38]. Kaya explored the applica-
bility of EPD when the conductive fibres and the particles have the same surface
charge polarity. Under these conditions, solely dipping of the fibres into suspension
would not result in good adhesion between the particles and the fibres [35]. Specifi-
cally, in their work on silica particles in an aqueous solution and crushed stainless
steel fibres were both negatively charged at the working pH value of 9.5, strongly
repelling each other in absence of an external field. By employing electric field,
thus forcing the negatively charged silica particles to move and to deposit onto the
positive electrode, relatively effective infiltration was achieved.

In electrophoretic infiltration of non-conductive fibre mats, mullite fibres (Nex-
tel) were most frequently used. Often single mats were infiltrated and subsequently
pressed together. However, by considering the surface charge of the fibres and the
particles, Stoll et al. [36] succeeded in the preparation of the high quality, simulta-
neous infiltration of multiple mullite fibre mats with alumina particles. Figure 8.27
shows that full intra-tow and inter-tow infiltration was achieved, and a very compact
structure with high fibre volume fraction was obtained after simultaneous infiltration.

The authors also presented a phenomenological description of the mechanism of
electrophoretic infiltration of oxide fibre mats by ceramic particles exhibiting the
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Fig. 8.27 SEM micrograph
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same surface charge polarity by using mullite fibre mats to reinforce alumina ma-
trix. In their opinion it is important to achieve high electrostatic repulsion between
the fibres and particles in order to induce that the charged particles infiltrate the non-
conductive mat. The deposit grows in the opposite direction of particle motion until
the non-conductive fibre mat is fully infiltrated. As presented in Fig. 8.28, they pro-
posed that the total trajectory of the particles before reaching the electrode can be
divided in two regions: the so-called “approaching trajectory” occurs in the suspen-
sion at a given distance away from the electrodes, where the particles move towards
the deposition electrode only under influence of the externally applied electric field.
The second region, the “infiltration trajectory”, occurs close to the deposition elec-
trode where the charge of the fibres influences the motion of the charged particles.

As discussed by Stoll, in the ideal case under external voltage particles in a stable
non-agglomerated suspension move simultaneously in random manner, which can be
understood as the “approaching trajectory”. In the “infiltration trajectory”, however,
additional interaction forces appear between particles and the charged fibres. When
fibres and particles possess the same charge, there are repulsion forces (F1) acting
between particles and fibres as shown in Fig. 8.28. For each particle, these forces de-
pend on the relative distance between particles and fibres. Due to the applied external
electrical field, each positively charged particle is attracted to the fibre mat attached
onto the cathode. However, the particles are repelled before they can reach the fibre
surfaces (coagulation point) due to the positive charges on the fibres. The authors hy-
pothesised that under the effect of the repulsive forces due to the surrounding fibres,
the particles will follow the path with the fewest possible obstacles until reaching the
next interstice between adjacent fibres. Thus, when the particles reach the electrode
or the surface of previously deposited particles, they cannot move. So, the electro-
phoretic ceramic deposit grows with a high particle packing density. Conversely,
when fibres and particles have opposite surface charge, coagulation should occur
on the first layer of fibres encountered by the travelling particle. Consequently, the
formation of a deposit on the outer fibre layer will block or, at least, will hinder the
movement of the particles towards the interior of the fibre mat, which could result in
poor infiltration and low quality microstructure of the green body [36].
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Fig. 8.28 Schematic diagram describing the motion of positively charged Al,O, particles as they
infiltrate a positively charged Nextel TM 720 fibre mat during EPD (Reprinted in part with permis-
sion from Stoll et al. © 2006 J. American Ceramics Society). [36]

8.5.1.4 Wetting of Fibres

Few authors have considered in their work the wetting of fibres with suspensions,
although it plays a certain role in infiltration, in particular is aqueous-based sys-
tems. By examining the contact angles of the SiC-powder suspensions at the single
SiC fibres, it was discovered that pre-treatment of the fibres with anionic surfactant
sodium dioctylsulfosuccinate (SDOSS), can significantly improve the wetting with
the suspension and hence the efficiency of infiltration (Fig. 8.29) [37].

8.5.2 Suspensions Properties

Miiller et al. [38] reported that in their experiments the efficiency of the electrophoret-
ic infiltration process was strongly influenced by the solids content of the suspension.
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Fig. 8.29 Wetting of SiC-fibres with the SiC-suspension: a as-received fibres and b SDOSS pre-
treated fibres

They performed infiltration of C-fibre mats by ethanol suspension of submicron SiC
powder. By applying a slurry of a low solid content, the moving particles independent-
ly followed individual paths that led to the fibre surface where they deposited. Miiller
and colleagues suggested that narrow spaces between two fibres are gradually closed,
restricting the path of the particles toward the interspace voids among the fibres. This
left remnant pores between the C-fibres. However, in case of high powder content a
collective movement of the particles was proposed. This meant that, although single
particles could be caught by the charged fibres, additional particles could simultane-
ously pass through the space between the fibres. Gal-Or et al. [30] similarly reported
that penetration increases with particle concentration up to a certain level. The amount
of penetrated SiO, particles in the pores of graphite substrates increased with increas-
ing particle concentration when using water and propanol as solvents.

8.5.2.1 Anionic or Cationic Deposition?

In general, both cationic and anionic depositions are feasible in infiltration, depend-
ing on the desired interaction between the fibers and powder particles. As presented
above, equal surface charge polarities of particles and fibres are preferred. SiC par-
ticles can be positively or negatively charged in water through the addition of appro-
priate surface active agents. From either negatively or positively charged particles
suspension bulk deposits with high particle packing density can be prepared. How-
ever, in accordance to the above mentioned findings, the use of positively charged
SiC particles results in their deposition on the SiC fibres thus hindering the infiltra-
tion. Conversely, negatively charged particles successfully penetrate through a 3-D
SiC fabric, which is detached from the electrode. The fibres may be also pre-treated
with cationic surfactant, with positively charge particles presumably yielding the
desired result. Another criterion that may be employed in infiltration with water-
containing suspensions is gas formation due to electrolysis. In the case of anionic
deposition the formed oxygen can be consumed for example by a graphite electrode,
while in the case of cationic deposition Pd electrode may help to lower the porosity.
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8.5.2.2 Particle Size

The small gaps in fibre tows are expected to be more easily infiltrated with nano-
sized particles than with larger ones. The nanosized particles are also highly attrac-
tive for electrophoretic infiltration not only because of their potential ability to form
ceramic materials with improved properties but also since they have higher elec-
trophoretic mobility. Nanosized powders usually exhibit higher {-potential than the
submicron powders on the other side, their high tendency to agglomerate frequently
represents a great problem in preparation of suspension for EPD. In addition, their
high specific surface area reflecting in high viscosity of suspension does not allow
for high solids loadings as for the submicron powders. For example, similar viscosi-
ties are observed for a suspension containing 60 wt.% of SiC powder with average
particle size of 500 nm and for a suspension containing only 15 wt.% with average
particles size of 50 nm. The comparison of electrokinetic properties of this two SiC
powders reveals similar {-potential versus pH relationship within the pH range 4-9,
but significantly higher conductivity for the nanosized powder than for the submi-
cron-sized (see Fig. 8.12). This result in a significant difference in deposits prepared
under the same conditions: while a thick dense deposit can be prepared from the
submicron powder, the deposition of nano-SiC powder under the same conditions is
not successful. This remains a topic of further research.

To allow the particles to penetrate though the narrow gaps in fibre tows, special
attention must be paid to deagglomeration. It is well known that the effective size
of particles in suspension is not given by the specified crystallite or “particle” sizes
declared by the producer but by its state of dispersion, i.e. agglomeration. As il-
lustrated in Fig. 8.30, the effective particle size is also reflected in {-potential. Its
absolute values increase with addition of surfactant (till the optimum addition) but

—40 ~ ball miling

—45 1 ultrasonic bath

-50 1

C-potential (mV)

—55 4
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Fig. 8.30 Effect of
homogenisation on
& potentlal of aqueous alu. 0 05 1 15
mina suspension with solids
loading 50 wt.% % Dolapix CE64
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the measured values increase with efficiency of homogenization. The {-potential of
alumina in water with addition of 0.5% of Dolapix CE64 was —47 mV after 15 min
of homogenisation in ultrasound bath. The value slightly increased after wet ball
milling (=53 mV), while it reached the highest absolute value (—60 mV) only after
vigorous homogenisation by aid of ultrasonic finger. This illustrates the great influ-
ence that a properly prepared suspension has on the formation of a dense homoge-
neous deposit and on infiltration efficiency.

8.5.3 EPD Parameters

According to Haber and Gal-Or [29], electric field has a dual effect on the extent of
particle penetration into fibre-preform. Due to increase of the particle velocity and
Peclet number with field strength, penetration is enhanced. However, it is proposed
that in the case of conductive substrate the field may also enhance the buildup of an
external deposit on the substrate that blocks penetration. An optimal field strength
may exist, which decreases with increased particle concentration because of faster
build-up of the external coating at higher concentrations. This effect was not ob-
served in experiments performed by the authors of this work: the most effective in-
filtration was obtained with high solid loaded suspensions and relatively high field
strength, i.e. up to 30 V/cm. This can be ascribed to the fact that in their experiments
the conductive fibre mat was separated from the electrode by a Teflon spacer that
prevented the above mentioned build-up effect.

8.5.4 The Electrodes

As previously mentioned, conductive fibre-fabric may serve as an electrode in EPD
process. Though in this case, that the particles will infiltrate the fabric is difficult
to expect. Hence, this configuration is more applicable for coatings than for in-
filtration. An electrically conductive material, such as different metals, alloys or
graphite, is not necessarily passive in EPD. The electrode could consume oxygen
or hydrogen that evolved due to water electrolysis, but could also emit metallic
ions into the suspension. For example, when steel is used as an electrode material,
it emits iron and alloying metal ions into the suspension, which travel in directions
that oppose the motion of the particles and are ions are consequently incorporated
in the deposit. This phenomenon is illustrated in the cross-section of alumina de-
posits prepared on zinc and copper electrodes, Fig. 8.31. The coloured core of the
right hand side deposit reveals that the copper ions are incorporated in the deposit.
Hence, when the absence of impurities in the final material is required, such as in
the case of SiC/SiC composites for fusion application (the impurities are associated
with too high neutron-induced radioactivity), proper selection of electrodes material
is essential. In this case, graphite is proposed as a better option.
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Fig. 8.31 Alumina deposit
formed from alkaline aqueous
suspension on zinc (left) and
copper (right) electrode

8.5.5 Infiltration Rate and Penetration Depth

In EPD, the deposition rate usually decreases with deposition time, which is either
due to the increased resistance of the deposit or to the altered properties of the
remaining suspension. A similar rationale is valid in electrophoretic infiltration, in
which deposit is formed in the spaces between fibres and fibre-tows. The penetra-
tion rate as a function of time has been studied by Gal-Or et al. [30], who observed
a plateau in the amount of penetrated SiO, and explained it by the effect of external
coating. They proposed that by prevention of surface deposition the extent of pen-
etration should be increased.

8.6 State-of-the-art CFCMCs Prepared by EPI

In the last part of this chapter a few examples of electrophoretic infiltration employ-
ment to prepare continuous fibre-reinforced ceramic matrix composites (CFCMCs)
will be reviewed. Most of the works concerned with oxide-based composites, in
particular with 2-D, while less attention has been paid to non-oxide composites.

8.6.1 Oxide Fibres-reinforced CMCs

The main characteristic of the oxide fibres is their electrical resistance; thus, they
are never used as an electrode. Since most of the oxide fibres are positively charged
in acidic and negatively in alkaline region, both cationic and anionic depositions
were used for infiltration. Stoll et al. [36] prepared alumina matrices with mullite
fibres. They used 25 wt.% of a-alumina powder (d=100-300 nm) dispersed in etha-
nol and 4-hydroxybenzoic acid as a dispersant agent that rendered alumina particles
positively charged. Alumina-mullite composites were also prepared by Kaya et al.
[39], who used mullite fibres coated with a crack-deflecting layer of NdPO,. Nano-
sized alumina powder (d;,=160 nm) was dispersed in distilled water with addition of
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Fig. 8.32 Morphology of
mullite fibre-reinforced
reaction bonded mullite
composite prepared by
electrophoretic infiltration,
pressure-less sintered at
1300°C for 2 h (Reprinted
in part with permission from
Bao et al. © 2008 Elsevier).
[40]
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e

water-based acrylic polymer (Duramax B1014), that acts as a dispersant and a binder.
Furthermore, a mixture of boehmite and colloidal Y,0O, as a sintering aid was added.

Mullite-alumina fibre mats, previously coated with a layer of AIPO, (weak inter-
phase layer), were used also to reinforce reaction bonded mullite matrix [40]. The
alumina and silicon powders were dispersed in ethanol with addition of PEI that
was protonated by glacial acetic acid. As the added PEI was also adsorbed onto the
fibre surface, the fibres repelled the particles. This caused the particles to penetrate
unimpeded into the fibre bundles. The resulting microstructure of sintered mullite
fibre-reinforced reaction bonded mullite composite, illustrated in Fig. 8.32, reveals
that the ceramic matrix filled the gaps between adjacent fibres.

Mullite matrices reinforced with mullite fibres (Nextel 720) were also fabricated
by Kaya’s group [41]. They used aqueous suspensions of 30 wt.% of nanosized
alumina (72%) and silica (28%). At the working pH of 4.5, heterocoagulation of
the positively charged alumina particles and negatively charged silica particles ap-
pear, hence resulting in negatively charged clusters. The authors report that under
constant voltage conditions (12 V DC) woven mullite fibres were successfully in-
filtrated with the clusters although the fibres were separated only by 200-300 nm
at some places. Kooner and Westby [42] used mullite fibres to reinforce alumina,
silica and alumina/silica matrices. Alumina and silica powders were dispersed in
ethanol. Tartaric acid and dibutylamine were added to alumina suspensions, while
2 wt.% of water was added to ethanol-based silica suspensions to obtain a negative
charge on the silica. The fibre weave was placed in front of the deposition electrode,
and the deposit formed both on the electrode and around the fibres.

8.6.2 Metal Fibre-reinforced CMCs

Besides a few reports on continuous ductile reinforcement of glass matrices, only a
few research articles have been devoted to EPI of continuous metal-fibre reinforce-
ment of ceramics, despite the advantages they may have over their ceramic-ceramic
counterparts. These include an increased resistance to damage during composite
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processing due to the intrinsic ductility of metallic fibres and the possibility of ex-
ploiting their plastic deformation for composite toughness enhancement.

Since metallic fibres are mostly highly conductive, they can be used as a deposi-
tion electrode. As described above, although these are not the optimal conditions for
the successful infiltration of 2-dimensional mats, examples of the successful imple-
mentation of metallic fibre mats exist in the literature. Stainless steel fibre mats
were infiltrated with alumina, silica or cordierite particles [35, 43]. In most cases,
the steel mats were used as deposition electrode. Alumina matrix for infiltration
was prepared by using an acidic aqueous suspension of positively charged boehmite
particles (d;,=20 nm) with 20 wt.% solids loading. Silica matrix was prepared by
infiltration of commercial aqueous silica sol (d,,=20 nm) with addition of B,O, and
boehmite to enable sintering at 900°C. Silica suspension with 30 wt.% solids con-
tent was stable in the pH range 9-10, where the particles were negatively charged.
Cordierite matrix was prepared from aqueous suspension of positively charged cor-
dierite particles (d;,=120 nm) at pH 3 and solids content 20 wt.%.

8.6.3 Carbon Fibre-reinforced CMCs

Carbon fibres are also conductive and consequently, several experiments have been
performed with the fibre-mats attached as electrode. This type of experiment was
performed for example by the group of Miiller [38], who used 2-D carbon fibre
fabrics to reinforce submicron SiC matrix. SiC powder was dispersed in ethanol,
with addition of PEI, addition of B,C and carbon black (solids content from 1 to
10 vol.%). They observed that solids content of the suspension strongly influence
on the success of infiltration. Using a suspension with 10 vol.% of powder yielded
a much better result than by using a 1 vol.% suspension. Figure 8.33 shows the
microstructure of the sintered composite, prepared by using a 25 vol.% suspension.

Kaya et al. [44] used nickel-coated 2-D carbon fibre mats to reinforce alumina
and borosilicate matrices. The nickel coating was used to provide excellent conduc-
tivity as well as ease of fibre handling and adequate wettability. Alumina matrices

Fig. 8.33 SEM micrograph
of a polished section of a
carbon fibre mat, electro-
phoretically infiltrated with
a 25 vol.% suspension of
SiC powder
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were prepared from aqueous suspension of positively charged boehmite particles,
seeded with y- and a-alumina, while borosilicate matrix was prepared by dispersion
of negatively charged borosilicate powders in water, at pH 8.5. In both cases the fi-
bre mat was used as an electrode and the infiltration was performed under vacuum.

8.6.4 SiC Fibre-reinforced CMCs

In comparison to other technical fibres the production of SiC fibres is small, but their
excellent properties in particular at high temperatures, make them very attractive for
some special applications where high elastic modulus and high corrosion resistance
at high temperatures are required. SiC fibres are mostly used as reinforcement of SiC-
matrix to form SiC/SiC composites. Silicon carbide fibres were introduced in 1960s.
Since then, they have become a permanent subject of development, most notably in
Japan. The currently produced SiC fibres exhibit significantly improved toughness
and retained the properties at higher temperatures in comparison to the early grades.
They differ in chemical composition, in diameter as well as in surface roughness,
which all contribute significantly to the overall performance of the composite.

Silicon carbide is a semiconductor and therefore the fibres can be used in EPD
as electrode. In addition, SiC-fibres in CMCs are usually coated with a thin carbon
layer that, as described in the first part of this chapter, acts as a crack-deflecting bar-
rier between the fibre and the matrix. Hence, in EPD the carbon-coated SiC fibres
can be considered in the same way as carbon fibres. Since 3-D architecture enables
much better performance than stacking 2-D fabric, it is preferred in particular for
the extreme applications where transversal thermal conductivity and high shear
strength are essential. This, however, requires rather demanding weaving procedure
that in total results in overall very high-cost production of the SiC performs.

In 1993 IlIston et al. [45] patented a method of reinforcing silica matrix with
SiC-fibre mats coated with carbon. In their work several mats were stacked after
EPD in a suitably shaped graphite dye. Later a similar procedure to produce a 3-D
SiC/SiC composite was used by Kaya et al. [46]: In their work 20 wt.% of SiC pow-
der (d,,=200 nm) was dispersed in distilled water at pH 9 with addition of boehmite
and Y,Si,0, as sintering aids. The conductive carbon coated SiC fibres were used
directly as an electrode. A 3-D composite was prepared by compacting 6 or 8 EPD-
infiltrated layers together using pressure filtration.

2-D carbon-coated SiC-fibre mats (Nicalon, 5x5 cm?) were also used to rein-
force mullite matrix, prepared by aqueous suspension of fumed silica (28 wt.%) and
alumina (72 wt.%) particles at pH 3.1. The fibre mat was employed as the deposition
electrode (cathode), while the counter electrode was stainless steel electrode [34].

Based on systematic study of the electrokinetic properties of SiC-fibres and pow-
ders as well as the deposition and infiltration processes, Novak et al presented a
method for control of the infiltration of 2-D and 3-D SiC-fibre mats [33]. They used
Tyrano SA and Nicalon fibre-mats and for infiltration a submicron S-SiC powder.
Due to the strict requirements for the target material proposed to be used in the first
wall blanket of the future fusion reactor, graphite electrodes were used as the only ac-
ceptable to avoid any contamination with metals. In addition, due to the tough restric-
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tions sintering additives were carefully selected and sintering temperature were kept
low in order to prevent - to a-SiC transformation and fibres properties deterioration.

In this phenomenological study, before infiltration the properties of the suspen-
sion for infiltration were optimised on the basis of a thorough analysis of the effects
of various parameters on bulk deposit. Aqueous suspensions of submicron SiC par-
ticles were prepared with addition of tetramethylammonium hydroxide (TMAH)
and dispersed by aid of vigorous ultrasonic agitation. The suspensions containing
20-60 wt.% solids expressed {-potential —60 to —70 mV and conductivity below
0.5 mS/cm. The deposit formed on graphite electrode contained above 83 wt.%
solids (i.e.>60 vol.%) with average pore size as small as 70 nm. This implied that
the successful infiltration of the fibre-preform with the SiC suspension will results
in porosity of approximately the same range.

Before infiltration, wetting behaviour and {-potential of the crushed SiC fibres
were analysed. The results showed that the SDOSS used as a surfactant beneficially
affects the {-potential, resulting in highly negatively surface charged fibres (Fig. 8.26)
that were well wetted by aqueous suspension of negatively charged SiC powder (see
Fig. 8.29b). The 2-D SiC-fabric was then placed in the EPD cell in front of the graphite
anode and separated from it by an insulating spacer. The infiltration was performed at
field strength 30 V/cm for 2 min. The resulting green parts were dried, infiltrated with
Al(H,PO,), solution and sintered. The resulting microstructure illustrated in Fig. 8.34
reveals that the SiC-particles have filled the narrow gaps between the individual fibres.

The infiltration of 3-D SiC-fabric was performed in a similar way as for the 2-D
fabric. The only difference was a longer time of deposition to allow particles to
cross the 4 mm thick fabric. The SiC aqueous suspension for infiltration as well as
the fabric pre-treated with anionic surfactant were characterised by highly negative
{-potential (<—60 mV) at pH 10. The well dispersed suspension was poured into the
cell where the pre-treated SiC fabric was fixed with Teflon sealing frame in front of
a graphite anode that was separated from the fabric with a cellulose membrane. The
configuration of the EPD cell, used in infiltration of the SiC fibre perform with SiC
powder, is illustrated in Fig. 8.35.

The infiltration was performed at constant voltage of 30 V (the distance be-
tween electrodes was 2 cm). In 5 min, the preform was infiltrated and on both sides
thin deposit (<1 mm) was also formed. After drying, subsequent infiltration with
Al(H,PO,), solution and sintering (SITE process [19]), thorough examinations of
cross-sections of the composite samples at different depths was performed. Macro-
scopic image of the cross-section of the composite is presented in Fig. 8.36.

The examination of the polished cross-sections of the sintered composite re-
vealed that the SiC particles penetrated throughout the 4 mm thick fabric, but a few
relatively large non-infiltrated regions still remained, most probably as the conse-
quence of presence of air pockets in the preform. This is supported by the following
observations: 1) the particles appeared randomly throughout the thickness and not
preferentially in the central region or near the electrode-side; 2) good penetration
of the particles into the fibre tows could be observed at all parts of the composite
(Fig. 8.37a). It is also obvious from Fig. 8.37b that the SiC particles filled the nar-
row gaps between fibres in all three directions.
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Fig. 8.34 SEM micrographs
of a low-angle cross-sections
of the 2-D SiC-fabric
infiltrated with an alkaline
SiC suspension: a green
composite and b impregnated
with Al(H,PO,), and sintered
at 1300°C in Ar (Reprinted
in part with permission

from Novak et al. © 2008
Elsevier). [50]
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Fig. 8.35 Schematic presentation of cell configuration in electrophoretic infiltration of 4 mm thick
SiC fibre-preform with SiC powder
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Fig. 8.36 Cross-section - . =

of the 3-D SiC-fibre fabric \ s P TR {

infiltrated in accordance
to schematic presented in
Fig. 8.35

Fig. 8.37 Optical micrograph
(polarised light) of polished
cross-setion of the 3-D SiC/
SiC composite prepared by
EPI a composite picture; The
circles show non-infiltrated
regions and b at higher mag-
nification showing infiltrated
gaps between fibres in all
directions
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8.7 EPD of Interphase Layer on Fibres in CFCMCs

The electrical conductivity of some sorts of fibres can be also put into a good use to
produce coatings (interphase layers) by aid of electric field. The coating thickness
can be easily controlled by variation of deposition time, voltage or current density.
For example, Boccaccini et al. [47] reported on fabrication of alumina and titania
coatings on carbon and metallic fibres where the fibres were used as electrodes.
Kaya et al. [48] recently reported when the use of EPD to fabricate an NdPO, or
ZrO, interphase layer on alumina (Nextel) fibre mats that helped to produce an
oxide-based composite with improved mechanical properties. Silicon carbide fibres
were electrophoretically coated with carbon nanotubes (CNT) [11], which can be
used as a more thermally conductive alternative to interphase layer than the pyro-
lytic carbon.

As stated at the beginning, the bonding between fibres and matrix is critical to
the performance of the continuous fibre-reinforced ceramic matrix composites. Of-
ten a strong bond is desired so that the load is transferred efficiently from the matrix
to the fibres. The ability to absorb energy may be increased by a weak bond that
enables slipping between the fibres and the matrix and hence the energy absorption.
Pyrolytic carbon and boron carbide are the most frequently used “weak” interphase
layers. The deposition is usually done by chemical vapour deposition that enables
a good control of the composition and thickness, but the process is time consuming
and costly. As an alternative, it has been shown recently that coatings on the fibres
can be also prepared by aid of electroporetic deposition by attaching the fibres to
the deposition electrode.

In 2009 Yoshida and co-authors reported on deposition of interphase layer of car-
bon flakes on SiC fibres [49].The authors employed the negative charge of graphite
particles at pH 9 to form a homogeneous coating on SiC-fibres connected as anode.
In contrast to dip-coating and vacuum infiltration, the electrophoretic deposition
on SiC fibres resulted in the surface of fibres wholly coated with flaky graphite
particles including the fibres at the centre of the bundles. In a slightly different
way Konig et al. [11] prepared carbon nanotubes (CNTs) coating on SiC fibres. To
optimise the process, (-potentials of CNTs were first analysed. As they appeared to
possess a highly negative surface charge, they were deposited on the SiC-fibres at
the metal anode. In contrast to the Yoshida’s approach, Koénig and collaborators at-
tached the SiC-fibre mats to the front side of the anode, so that due its conductivity
it acted itself as the electrode. A similar result could be obtained by connecting the
fibre fabric directly as an electrode, as shown elsewhere on the SiC/mullite system
[49]. However, due to the lower conductivity of the SiC compared with a metal
electrode, the applied voltage needed to be higher to achieve the same effect. An-
other reason for using the solid rectangular electrode behind the fabric in this study
was that it results in a more homogenous electric field. The CNT-coating with a
thickness approximately up to 400 nm was produced at an applied voltage of 2.8 V
in 10 min. SEM micrographs of the SiC fibres before and after deposition with the
CNTs are presented in Fig. 8.38a and 8.38b, respectively.
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Tum

Fig. 8.38 a As-received SiC-fibres [11]; b, ¢ and d the fibres coated with CNTs by aid of EPD
(Reprinted in part with permission from Konig et al. © 2010 Elsevier). [11]

It is evident that individual fibres are completely covered with a fairly uniform
layer of CNTs. Due to their very small size and well-dispersed state, the carbon
nanotubes were able to penetrate into the spaces between the fibres in the 2-D fabric.
By observing the cross-section of the sample it was confirmed that the SiC-fibres
in the central region of the fibre mat were also efficiently coated by the CNTs. In
some parts within the fabric, in particular where the fibres were very close to each
other, the long spaghetti-like carbon nanotubes, however, could not penetrate and
hence covered adjacent fibres. (Fig. 8.38c). This bridging of the adjacent fibres is
undesired since in the further step, in infiltration, the particles can not penetrate
deeper into the fabric. Hence, it could be assumed that in highly dense mats short
nanofibres instead the long ones would presumably give a more favourable result.

Figure 8.38d presents the fibres with partly removed coating; the thickness of the
coating can be estimated to less than 100 nm. It is obvious, however, that the thick-
ness can be adapted in accordance to the need just by variation of the deposition
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Fig. 8.39 CNT-coated fibres
inside the central region of
the sintered CNT-SiC,/SiC
composite (Reprinted in part
with permission from Konig
et al. © 2010 Elsevier). [11]

time. In the same study, Konig et al. prepared CNT-SiC/SiC composite, where the
SiC-fibres mats where first electrophoretically coated by CNTs and then the fabric
was infiltrated with SiC-powder aqueous suspension. In both cases well dispersed
alkaline suspensions with {-potential approximately —60 mV were used. To assure
the effectiveness, both stages have to be performed at different settings. While in the
coating step the SiC-fibre mat was attached as anode, in infiltration it was separated
from the electrode. This was necessary in order to prevent deposition of the SiC par-
ticles onto the front side of the fabric hence hindering further infiltration. The ob-
servation of sintered CNT-coated SiC-fabric infiltrated with SiC revealed that both
steps, the coating and infiltration were relatively effective. Only some gaps between
the adjacent fibres remained inaccessible for particles due to the bridging effect of
long CNT (see Fig. 8.39). Consequently, the overall density of the CNT-SiC/SiC
composite was lower in comparison with the SiC/SiC prepared at the same EPI
conditions. This implies a need for further investigations in this field.

8.8 Conclusions

The electrophoretic deposition process known as an extremely versatile technique
for shape forming of materials, has been compared against many other applications,
as a potential tool in fabrication of ceramic matrix composites. EPD can be em-
ployed to form discontinuous- as well as for continuous phase-reinforced CMCs. In
the first group of materials reinforced with particles of various size and shapes, the
particulates can be controllably dispersed in the matrix either to form homogeneous,
layered, or functionally graded composites. Here, the versatility of electrophoretic
deposition and co-deposition of different species was demonstrated to be much
larger than any other shaping technique. In addition, using optimal suspensions and
EPD conditions, higher green densities can be achieved. In spite all of this, there
is no indication yet of extensive industrial production of the CMCs. This implies a
need for further optimisation of the process and technology to make EPD more at-
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tractive for industry. On the other hand, continuous fibre-reinforced composites still
represent a great challenge for scientists, and the industrial production of CFCMCs
is even much more distant. While numerous reports demonstrated applicability of
the electrophoretic deposition principle for infiltration of various fibres woven into
2-dimensional mats, the electric-field assisted infiltration of 3-dimensional mats
appears to be much less developed. Hence, in contrast to the widely investigated
general field of EPD, currently there is still room for new findings that may result
in new products and lower production costs.
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Chapter 9
Electrophoretic Deposition of Nanostructured
Electroactive Materials

Tao Li, Chen Yanhong and Jan Ma

9.1 Electrophoretic Deposition of Piezoelectric Materials

9.1.1 Introduction

Piezoelectric ceramics actuators have been widely applied in industries and attract-
ed huge attention in academic research during the last decades due to their many
advantages such as good displacement resolution, good mechanical durability, high
speed, large output force, low power consumption and wide bandwidth of frequen-
cies [1-5]. However, Most of the piezoelectric devices can only be of a very simple
shape or structure, such as a plate or a disk. This is largely due to the various dif-
ficulties in the fabrication technique. Due to the brittle nature of the piezo ceramics,
machining them into complicated shapes remains as a challenge.

However, the development of electrophoretic deposition (EPD) technique pro-
vides a choice for the fabrication of piezo devices of relatively complicated shapes
and smaller dimensions [1, 5, 6]. EPD of piezo components is noted to be simple,
cost effective, versatile and fast. EPD also allows for mass-production of devices,
ranging in size from wm to cm in dimension. Technically, EPD is a colloidal process
whereby ceramic bodies are shaped directly from a stable colloid powder suspen-
sion under a DC electric field. Generally, the colloid fabrication process consists of
three stages: the formation of a charged suspension, the deposition of charged par-
ticles onto an electrode under a DC voltage and the final sintering of the deposited
structure. Figure 9.1 shows the electrophoresis process schematically. A DC field
causes the charged particles to move towards, and deposit on, the electrode of op-
posite charge. The depositing electrode reflects the shape of the ware required, and
it is designed such that deposit release is facilitated.

The investigation of electrophoretic deposition on piezoelectric or ferroelectric
materials has existed for more than a decade [6]; however, the shape of the deposit
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continues to be comprised of simple configurations, such as monolithic plates or
thick layers. This paper introduces the application of EPD in the fabrication of sev-
eral configurations, including tubular, helical and FGM monomorphs. Figure 9.2
shows the configuration of the piezo tube. It is normally coated with electrodes on
its curved surfaces and poled along the thickness direction of the wall. The electrode
configuration is flexible depending on the practical applications. The main advan-
tage of a tubular configuration is its good structural rigidity. Its applications include
scanning probe microscopy (SPM), ultrasonic motors and some medical diagnostics
and therapeutics devices [7-11]. It is also noted that processes facilitating miniatur-
ization are essential for the development of future generations of electronic devices.
The EPD process meets this requirement very well and components of size in the
mm order can be easily realized at a short time and a low cost.

Helical piezoelectric configurations are a good illustration of the capability of
EPD in the fabrication of complicated shapes [12]. Figure 9.3 shows a piezo helix,
which is a spring-shaped bimorph. The helix can generate both linear and rota-
tional displacements, and has great potential for large displacement applications.
The complicated configuration has posed difficulties in its manufacturing; however,
the realization of such a complicated structure can be achieved easily using EPD.
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Fig. 9.2 Configurations

of the piezoelectric tubular m
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The FGM monomorph is another device configuration that can be fabricated us-
ing EPD [13-20]. Figure 9.4 shows the structure of such a configuration. It consists
of a number of layers with different compositions of materials. From the bottom
layer to the top layer, the composition of the materials changes gradiently, and all
the materials layers are co-sintered to be an integrated monolithic piezo plate. The
monomorph also is a bending device, and due to its integrated monolithic nature,
the configuration is found to be more reliable than“plate-electrode-plate” sandwich-
bonded configuration, such as the bimorph. Multiple electrophoretic deposition
technique is found to be an efficient way to form such FGM monomorph structures.

%

&

9.1.2 Suspension Preparation and Characterization

In the EPD process of the various piezo configurations, the suspension was first
prepared and characterized, then followed by deposition into respective piezoelec-
tric actuators. Pure Pb(Zr,Ti)O, (PZT) and doped PZT material 0.95Pb (Zr ,,Ti, ,o)



352 T. Lietal.
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Fig. 9.4 Schematic structure of the FGM monomorph actuator

0,:0.03BiFe0,:0.02Ba(Cu,, ;W ,)O,+0.5wt%MnO, (PZT1) were used as the base
materials for fabrication. Both base materials were synthesized by mixed-oxide
method. The raw oxide powders of PbO(>99.9%), ZrO,(>99.9%), TiO,(>99.9%),
Bi0,(>99.99%), Fe,0,(>99%), BaO (>99%), CuO(>99.99%), WO,(>99%) and
MnO,(>99.99%) were mixed with the desired stoichiometrical composition and
ball-milled for 24 h. To compensate the loss of PbO during sintering, an additional
5% of PbO was added into the raw mixtures. The mixed powders were calcined at
750°C for 2 h and then ground by a planetary ball milling machine at a speed of
150 rpm in ethanol for 8 h.

Suspensions were prepared by adding ball-milled powders in ethanol and then
subjected to ultrasonic agitation for 6 min. The suspension was subsequently stirred
for 3 to 6 h to ensure complete dissolution and uniform dispersion of the powders
in the medium. The powder concentration used in the suspension was 50 g/l. The
particle size distribution of the powders was confirmed using an acoustic particle
sizer (DT-1200, Dispersion Technology, USA) to be ranging from 0.7 to 1.5 um
with a mean particle size was 1.0 um (Fig. 9.5).

The zeta potential of the suspension as a function of pH was also measured as
shown in Fig. 9.6. The pH was controlled by adding 10% HNO; into the suspension.
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Fig. 9.6 Zeta potential vs. 60
pH value of PZT suspension
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A high zeta potential of around 50 mV was obtained when the pH is in the range of
4 to 5. Therefore, in the following deposition, pH of the suspension was controlled
to be 4.5.

9.1.3 Fabrication of Various Configurations

9.1.3.1 Piezo Tube

Figure 9.7 depicts the electrophoretic deposition system used to fabricate the piezo-
electric tube. The electrophoretic cell includes a cathodic graphite rod substrate
positioned in the center of a stainless-steel counter-electrode. The deposition was
performed at a constant voltage of 100 V for 3 to 8 min. The deposits obtained were
dried for 12 h and then sintered at 1100°C for 1 h. Finally, the sintered product was
cut into the designed dimension and painted with silver electrode. Poling was car-
ried out in silicone oil at 100°C by applying a DC field of 2 kV/mm for half an hour.
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Fig. 9.7 Schematic drawing Magnetic Stirrer

of electrophoretic apparatus
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9.1.3.2 Helical Actuator

To fabricate the helical actuator, the same suspension and deposition procedure for
EPD described for tube configuration was applied. The substrate electrode was ma-
chined into a screw shape as shown in Fig. 9.8a, and the deposition was performed
in two stages. After the first stage deposition, a layer of platinum conductive paste
was applied on the surface of the deposited structure to form the intermediate elec-
trode. After the paste dried, the second stage deposition was carried out at a rela-
tively higher voltage, and for a longer time, due to the decrease in conductivity from
the platinum paste. The helical structure, after the removal of the graphite substrate,
is shown in Fig. 9.8b. Figure 9.8c shows the products after sintering. The platinum
electrode is about 7 um thick and can be clearly seen in the cross section of the
helix, as shown in the insert of Fig. 9.8c. After applying the electrodes, the helix is
poled to complete the process (Fig. 9.8d).

9.1.3.3 FGM monomorph

Multilayer deposition is most suited for EPD technique. For the fabrication of FGM
multilayered monomorph, five suspensions were prepared according to the ratio

Fig. 9.8 Photographs of the samples, a graphite rod; b the deposits after burning out the graphite
rod; ¢ the deposits after sintering; d the deposits after poling



9 Electrophoretic Deposition of Nanostructured Electroactive Materials 355

shown in Fig. 9.4. Each suspension was used to deposit 5 times to form one layer,
with each deposition time of 1 min. The interval between each deposition was con-
trolled to be 10 min. The time interval is important to allow the settling of the de-
posit to prevent crack or peel off. The initial applied voltage was 25 V from the first
layer. Then the voltage was increased by 25 V while changing the suspension for
subsequent layer since the resistance will increase with the thickness of the depos-
its. After deposition, the deposits were dried for 12 h.

The obtained green FGM plates were finally sintered at 1100°C for 1 h, and cut
into rectangular-shaped piezoelectric plates, followed by coating with silver elec-
trode and poling in silicone oil at 100°C for half of an hour under 2 kV/mm.

9.1.4 Characterization of Physical Properties

9.1.4.1 Piezo Tube

The electrophoretically deposited piezo tubes were characterized in various proper-
ties. Figure 9.9 shows the XRD (Shimadzu XRD 6000) pattern of the tube. It is con-
firmed that desired PZT perovskite structure has been obtained. Figure 9.10 is the
SEM micrograph of the cross section of the sintered PZT tube. It shows that a dense
component has been achieved. The density is measured to be about 7.54 g/cm’,
which is approximately 95% of the theoretical density. Figure 9.11 shows the X-ray
radiography of the PZT tubes with different sizes. The structure is noted to possess
reasonably uniform diameter and wall thickness. These results show that EPD is a
good choice to fabricate the piezoelectric tubes with desirable physical properties.

9.1.4.2 FGM monomorph

Figure 9.12 shows the cross section of a FGM plate after sintering at 1100°C. The
cross section shows a thickness of approximately 270 um measured from Fig. 9.12a.
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Fig. 9.10 Cross section of
the sintered piezoelectric tube
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Over this cross section, the gradient change in microstructure can be observed. From
the pure PZT side (left) to the pure PZT1 side (right), it can be seen that the grain
size gradually increases. This is due to the compositional gradient over the cross
section (material PZT and PZT1 have different grain sizes). Figures 9.12b, c and d
show the left, middle and right side of the cross section with higher magnifications,
respectively. The variation of piezoelectric properties over the cross section induced
by compositional and microstructural gradient is the driving source to actuate the
monomorph. The observed microstructure gradient also confirms the effectiveness
of fabricating an integrated FGM monomorph actuator.

9.1.5 Characterization of Electromechanical Properties

9.1.5.1 Piezo Tube

The electromechanical bending displacements of the piezo tube under both
clamped-free and free-free boundary conditions were measured using MTI-2000
fotonic sensor. The displacement hysteresis loop (Fig. 9.13) shows a narrow shape,
which indicates the low electromechanical losses of the piezoelectric tube.

The measured displacement data have also been compared with their theoretical
values. The theoretical displacements under clamped-free condition and free-free
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Fig. 9.12 Cross section of the actuator showing the grain structure from the left side to the right
of the actuator. a Overview, b Left, ¢ Middle, d Right
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boundary condition were calculated using the following Egs. (9.1) and (9.2), respec-
tively [1]
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where Vis the applied voltage in the wall-thickness direction, r, and 7, are the outer
and inner radius, respectively, f is a constant angle, d;, is the piezoelectric constant,
L is the length, and / is the distance from end to the supporting point. Figure 9.14
shows both the experimental and theoretical data as a function of applied voltage.
The two results clearly are in good agreement. The results also demonstrate that
EPD is capable of fabricating piezo actuators with attractive and predictable elec-
tromechanical properties.

9.1.5.2 Helical Actuator

Figure 9.15 shows the finite element simulation of the piezoelectric helical actuator.
The actuator could generate both rotational displacement A/ (the tip moves from
point A to B) and radial displacement AR upon the application of electric field.
Figure 9.16 shows the measurement results of such two displacements. Figure 9.16a

Fig. 9.15 Finite element
simulation of the piezo helix
showing the motion of the
actuator
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Fig. 9.16 Electromechanical properties of the helical actuator

depicts the field-induced displacement hysteresis loop of the rotational motion A/
and radial motion AR. The variation of displacement A/ and AR as a function of ap-
plied voltage at various turns for the same length of the actuator is plotted in Figs.
9.16b and c. The plots show that maximum displacements of 43 and 9 um were ob-
tained for A/ and AR respectively, which are much larger than that obtained in piezo
tubular actuators. Figure 9.16d presents the relationship between displacement and
number of helical turns n. The results showed that A/ and AR increase linearly with
the applied voltage and number of turns.

9.1.5.3 FGM monomorph

The bending displacements of actuators with different dimensions were measured
under clamped-free boundary condition as shown in Fig. 9.17. The bending dis-
placement linearly increases with the applied voltage, and the thinner and longer
actuators yield larger displacements. This is because the bending displacement of
a bending type actuator parabolically increases with the length to thickness ratio
(I/h). The thickness of the EPD fabricated FGM monomorph can be very small
(<0.3 mm); this confirms the advantage that device miniaturization has in providing
larger displacements. Compared to EPD, conventional technique to fabricate bend-
ing actuator of such a thickness will be expensive, time consuming and of low yield.
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Fig. 9.17 The displace- 9.0
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9.1.6 Applications

9.1.6.1 Piezo Tube and Motor

One of the important applications of a piezo tube is the cylindrical-type ultrasonic
micromotor as shown in Figs. 9.18 and 9.19. Figure 9.18 shows the working prin-
ciple of the motor. This consists of two main components, rotor and stator. The
stator is the piezo tube working at its first bending vibration mode. Two of such a
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Fig. 9.19 The schematic Piezo tube Rotor
structure of the piezoelectric / /
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mode with 90° phase difference will produce the rotation of the stator transducer,
which is then able to be used for pushing the rotor to rotate as shown in the figure.
The advantages of this kind of motor are good ability for miniaturization, fast ro-
tational speed and simple structure. Figure 9.19 shows the design concept of such
a motor, where the rotor is simply clamped at the end of the stator by two end caps
and a spring force. Figure 9.20 shows the rotation speed of the motor as a function
of the spring force. The present device can achieve a speed up to 2000 rpm, which
is superior than that of the traditional ultrasonic motors. The ability to achieve such
a high speed is attributed to the small size, good vibration displacement, and also
the robust tube obtained from the EPD technique.

9.1.6.2 FGM monomorph and Impedance Pump

One of the novel applications that can be facilitated by the piezoelectric FGM
monomorph is an impedance pump. An impedance pump functions most efficiently
with a low frequency and high displacement actuator, and the FGM monomorph
satisfies this requirement well. Figure 9.21 shows the displacement of an actuator
with a dimension of 33.5 mm in effective length, 4.21 mm in width and 0.34 mm
in thickness. The displacement is noted to be frequency dependent and reaches a
maximum at the resonant frequency around 195 Hz. The maximum displacement
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Fig. 9.21 Frequency 2.4
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achieved at 300 Vp-p is nearly 2 mm. Both the resonant frequency and displacement
obtained are ideal for the impedance pump applications.

The impedance pump, shown in Fig. 9.22, contains a glass flow circuit and a sili-
cone rubber tube. The glass circuit has an inner diameter about 2 mm and perimeter
about 34 cm. The rubber tube is 20 mm in length and 50 um in wall thickness. The
two ends of the rubber tube were glued to the glass circuit. The actuator was fixed
above the rubber tube with a L-shaped tool head attached at the free tip of the actua-
tor. Upon excitation, the movement of the actuator induced the pinching of the rub-
ber tube at the position x=0.24 of the total length of the rubber tube. The frequency
can be tuned to the resonance of the actuator to obtain the largest displacement and
hence induce flow rate. To observe the flow and measure the flow rate, fluorescence
particles were added into the water in the circuit and observed under UV light. From
the product of the traveling velocity of the fluorescence particles and the cross sec-
tion area of the glass circuit, the flow rate was estimated to be about 9 ml/min. The
FGM piezo monomorph provides a neat and simple miniaturized impedance pump-
ing mechanism compared to its electromagnetic counterparts.

Glass flow circuit Actuator Glass flow circuit

Tool head

Rubber tube

> -// Rubber tube

Fig. 9.22 Flow circuit of the
impedance pump Actuator
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9.2 Electrophoretic Deposition of WO, Nanorods

9.2.1 Introduction

Tungsten oxide (WO, ) is one of the widely studied transition metal oxides for many
attractive applications such as energy efficient windows (smart windows), antiglare
automobile rear-view mirrors, sunroofs and sensors [21]. WO, allows an optical
modulation between transparent and blue color upon ion-electron double injection/
extraction, which is also known as electrochromism. The reaction can be expressed as:

WO;(transparent) + xe~ + xM™* & M WOs(blue) (9.3)

where M* stands for cations such as H*, Li* Na* or K.

Various methods such as sol—gel, electrodeposition, hydrothermal process, evap-
oration and sputtering have been applied in the formation of crystalline and amor-
phous WO,. Among these methods, hydrothermal process has received huge atten-
tion for its advantages such as simple operation, low-cost, potential for large scale
production and forming crystalline structure with good stability. However, two of
the drawbacks of the process are that the hydrothermally synthesized products are
dispersed as a suspension and that additional assembly steps are required to adhere
the dispersed products onto the substrate. Electrophoretic deposition, which is ef-
ficient in forming a film or coating on a conductive surface (even a complex surface
morphology) with good control in film thickness and porosity through the electric
field, pH value and deposition duration, provides flexibilities in designing electro-
chromic devices with different degrees of optical modulation (film thickness) and
switching time (film porosity) and, hence, widens their application in advanced
technologies.

EPD has been applied in surface coating, ceramics processing and forming com-
posite materials, in which particles are usually used as the starting material in the
deposition. In this part of the work, 1D nanorods of WO, were deposited onto a
transparent conductive substrate (ITO glass) using both constant voltage EPD and
constant current EPD. Optimum deposition conditions were identified with a dis-
cussion in the deposition mechanism. The resultant electrochromic performance of
the WO, nanorod coated substrates, such as optical modulation and switching time,
also were studied.

9.2.2 Experimental Procedures

9.2.2.1 WO, Synthesis

Tungsten oxide (WO,) nanorods were prepared through hydrothermal process:
0.825 g of Na,WO,-2H,0 (Aldrich, 99%) and 0.290 g of NaCl (Sigma Ultra, 99.5%)
were dissolved in 20 ml of de-ionized water with a mole ratio of 1:2. The solution
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was adjusted with 3.0 M HCl until a pH of 2, then transferred into the Teflon liner of
the stainless steel autoclave, and then heated at 180°C for 24 h. A white precipitate
of nanorods was obtained and centrifuged with ethanol and de-ionized water for
several times to remove any left over precursors. The WO, nanorod was found to
be a hexagonal single crystal with a growth direction of (0002). The diameter and
length of the nanorods were around 100 nm and 2 um, respectively.

9.2.2.2 Electrophoretic Deposition (EPD) of Nanorods

The nanorod suspension was prepared by dispersing the WO, nanorods in de-
ionized water with a concentration of 10 mg/cm?. The pH of the suspension was
adjusted to 6.77 to obtain an optimal zeta potential of —40 mV. A transparent con-
ductive substrate (ITO coated glass, Delta Technologies, Rs=15-25 Q) was used
as the working electrode, while a Pt wire was used as the counter electrode. The
working electrode was kept at positive voltage or current with distance between the
two electrodes remained as 1 cm. The deposition was carried out using an Autolab
Potentiostat (PGSTAT302) with a maximum voltage limit of 10 V. Constant voltage
and current EPD were carried out with an electric field ranged from 3 to 8 V/em
and current density ranged from 0.2 to 1.4 mA/cm?, respectively. The current and
voltage responses were recorded with respect to the deposition duration for further
analysis. The coated substrates were air-dried overnight before morphology and
electrochromic studies. Surface morphology of the coated ITO was characterized
using field emission scanning electron microscopy (FESEM, JOEL6340F) and the
oxide layer thickness was checked by Alpha-step Surface Profiler.

9.2.2.3 Electrochromic Characterization

Optical modulation and switching studies were carried out in a two-electrode sys-
tem for £3 V. The coated ITO was used as the working electrode, and a Pt wire
was used as the counter and reference electrode. All electrochemical studies were
carried out in an electrolyte of 1.0 M LiClO, in propylene carbonate (PC). Trans-
mittance variation and color changes were detected through UV—Vis spectrometer
(Shimadzu UV-2501PC) at visible wavelength, ranging from 300 to 900 nm. Opti-
cal modulation and switching time were extracted from the transmittance spectra.

9.2.3 Results and Discussion

9.2.3.1 Electrophoretic Deposition (EPD) Study

WO, nanorods suspension of 10 mg/cm? was used in the constant voltage EPD.
The applied electric field ranged from 3 to 8 V/cm for 900 s deposition and the -t
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behaviors are recorded in Fig. 9.23a. With the various electric field strength studied,
the EPD of WO, nanorods can be characterized into three regions: no deposition
(<4 V/cm), uniform deposition (5—-6 V/cm) and saturated deposition (>7 V/cm). For
the electric field <4 V/cm, the electric field induced attraction force is not strong
enough to drive the WO, nanorods onto the ITO glass. Hence, only small amount of
nanorods were observed under the FESEM (Fig. 9.24a). When the electric field was
increased to beyond 5 V/cm, uniform WO, nanorods deposition was observed as a
porous oxide layer on top of the ITO (Fig. 9.24b). However, for the electric field
>7 V/cm, the deposition ceases after a period of time as showed in Fig. 9.23a with
a sharp drop in the current density nearly to zero. This is attributed to the build-up
of electrical resistance on the working electrode, which arose from the oxide layer
thickness and, hence, from the decrease in the electric field induced electrophoresis
in the suspension. The nearly zero current density also indicated that the electric
field induced driving force is insufficient to drive the nanorods onto the electrode



366

Fig. 9.24 FESEM images of
the deposited WO, nanorods
on ITO glass under a 4 V/cm
and b 6 V/cm and ¢ higher
magnification of 6 V/cm
deposited WO, nanorods

T. Lietal.
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after the build-up of the oxide layer. In addition, oxide layer peeling was observed
at higher electric field during the substrate removal, which causes non-uniform cov-
erage on the ITO. Thus, it is reckoned that 5-6 V/cm gives the optimal deposition
electric field for the present nanorod suspension. Figure 9.23b shows the deposited
amount with respect to the deposition duration using 5 V/em. The relationship turns
non-linear after 900 s with a nearly constant deposited amount (corresponds to a
thickness of 1.2 wm). This result further indicates that EPD at a constant voltage
will cease after the build-up of the non-conductive layer, and longer deposition
duration does not significantly improve the deposited amount.

Constant current density EPD was carried out using 0.6—1.4 mA/cm? (Fig. 9.25a).
The voltage increased up to the maximum voltage of the potentiostat (10 V) after a
period of deposition while optimum deposition was observed to be approximately
0.8 mA/cm?®. The deposited amount of WO, is plotted with respect to the current
density in Fig. 9.25b. The deposited amount is found to increase with the increase
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2
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of the current density, which implies that the passed charges (current) are propor-
tional to the electrophoretically deposited nanorods. However, at even higher cur-
rent densities (>0.8 mA/cm?), the deposited amount is noted to have reduced, which
is attributed to the ITO substrate degradation, or poor adhesion of the nanorods to
the substrate. Further, ITO glass has been demonstrated as the working electrode for
aqueous EPD up to 40 V/cm? and 2.5 mA/cm? for which no ITO degradation was
observed [22, 23]. Thus, ITO electrochemical degradation at high current density
should not be the reason for the decrease in the deposited amount. The decrease
of deposited mass is hence attributed to the accumulation of large amount of WO,
nanorods at the electrode within a short duration under a high driving force, which
results in the formation of a very porous, inhomogeneous film with reduced adhe-
sion at the electrode surface [24]. As a result, peel-off was observed during the
substrate removal.

In summary, a moderate electric field of 5-6 V/cm and current density of 0.8 mA/
cm? are reckoned to be the optimum deposition conditions for uniform and well ad-
hered nanorod film. An oxide layer shielding effect is observed, but could be over-
come by applying constant current with further increased deposition voltage and a
longer deposition duration.

Theoretically, Cottrell has proposed the following relationship for a diffusion
controlled EPD process:

i =KC/(@Dn'? %4

where i is the current, K is the kinetic constant, D is the diffusion coefficient and ¢
is the deposition duration [25]. The equation can be simplified to i = kt~'/?, when
K, C and D are kept as constants. Figures 9.26a and 9.26b show the experimental
data of 5 and 6 V/cm deposition separately. Both cases follow the Cottrell equa-
tion where the ; o t—1/2 curve shows an almost linear relationship with a similar
slope, which suggests the deposition presented in this work is a diffusion-controlled
process. Deviation from the slope is observed at long deposition time, which is
attributed to the building-up of the oxide layer which decreased the nanorods elec-
trophoresis.

9.2.3.2 Electrochromic Study

The EPD coated WO, nanorods were tested for UV-Vis transmittance under a
switching voltage of £3 V (Fig. 9.27a). The WO, nanorods were bleached at +3 V
with around 60% of transmittance at 700 nm and showed strong absorption of red-
end light at —3 V biasing. The transmittance modulation at 700 nm (AT700 nm) is
found to be around 40%, which is comparable to other crystalline films [26, 27].
Switching time of the WO, nanorods is extracted from the transmittance data in
Fig. 9.27b by applying a square wave voltage of +3 V to the oxide layer (simulating
the switching condition). The switching time, namely bleaching (tb) and coloration
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(tc) time, are calculated based on the standard time required for 70% optical modu-
lation. Coloration time, tc70%, is found to be 28.8 s, which is comparable to the
reported values (~25 s) [28]. Nevertheless, it should be noted that the bleaching
time, tb70%, of 4.5 s is much superior to the crystalline (~22 s) and amorphous
WO, (~18-36 s) reported [28, 29]. This improvement is attributed to the porous
nature of the oxide layer, which consists of nanorods. The porous oxide layer allows
electrolyte penetration and shortens the ionic diffusion length from the electrolyte
to the centre of the oxide. On the other hand, the high surface to volume ratio of
the nanorods facilitates the Li* ion movement across the oxide-electrolyte interface
by providing a large amount of reaction sites. Hence, shorter switching time is ob-
served as the result of these two factors.
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9.3 Conclusions

This paper reviews and discusses the application of EPD technique in the fabrication
of functional devices, namely piezoelectric actuators, including piezo tube, piezo he-
lix and FGM monomorph, and nanorod coating for electrochromic applications. In
the report on piezo actuator configurations, the fabrication, characterization and ap-
plications of the actuators were discussed. Depending on the complicity of the actua-
tor, single, double and multiple deposition techniques were applied respectively. The
electromechanical properties were measured and good displacement properties have
indicated the success of the EPD process in the forming of these devices. The WO,
nanorods electrophoretic deposition has also been studied. It is also demonstrated
that a thin coating of ~1.2 um by EPD could achieve good electrochromic proper-
ties. In conclusion, the present work confirms that EPD is a good technique to fab-
ricate functional devices with miniaturized dimension and complicated structures.
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