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AFL — anode functional layer;

ASR — area specific resistance;

BCGCu — gadolinium- and copper-doped barium
cerate, BaCeo'gngo,1Cu0'0103,5;

BCS — samarium-doped
BaCe sSmo 203 _s;
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BCY — yttrium-doped barium cerate, BaCep9Y.103_5
(BCYlO), Baceo_gYo_zog,_,s (BCYZO);

BL — buffer layer;

BMC-5 — butyl methacrylate copolymer with 5 mol.%
methacrylic acid;

BZCY — yttrium-doped barium cerate—zirconate,
BaZro.4Ce0.4Y 0203 _s;

CC — current collector;

CGO — gadolinium-doped ceria,
(CGO10), Cep.sGdp.202_5 (CGO20);

CSO — samarium-doped ceria, Cep sSmgp 20;.9 (CSO20);

CSSBO — samarium-, strontium- and barium-doped
ceria, Ceo.8(Smo.75810.2Bao.05)0.202—s;

CTE — coefficient of linear thermal expansion;

DLVO — Derjaguin—Landau— Verwey — Overbeek
theory;

EDL — electrical double layer;

EPD — electrophoretic deposition;

FC — fuel cell;

FL — functional layer;

LEC — laser evaporation followed by condensation;

IEP — isoelectric point;

Ce0.0Gdo.102_s
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LASO —
Laog g3Si4.5Al1.5026;

LBAYO — barium- and yttrium-doped lanthanum
aluminate, Lao.gBa0‘1A10'9Y04103,5;

LCN —  calcium-doped
Lag.995Ca0.00sNbO4_s;

LN — layered lanthanum nickelate, LasNiOg4+ 5;

LNF — lanthanum nickelate ferrite, LaNig ¢Fe 403 _s;

LSCF — lanthanum strontium cobaltite ferrite,
Lag.6Sr0.4Co0.8Fe0. 2025, Lag.gSrg.2Cop.2Fep 302 _s;

LSGM — strontium- and magnesium-doped lanthanum

lanthanum aluminate silicate,

lanthanum niobate,

gallate, = LaggSro2GagsMgo203_5,  Lao.g3Sro.17Gao.s3.
Mgo.1703 _s;

LSM — lanthanum strontium manganite,
Lao,gssro_lsMnO.g,a, Lao,(,SrO_4Mn03,(; (LSM64),

L‘d()_gSI'()_zMIlO3_(§ (LSMSZ);

LSNF — lanthanum
Lag gSro.2Nig.cFeo 403 _s;

OCV — open circuit voltage;

PMMA — poly(methyl methacrylate);

PVB — polyvinylbutyral;

p-SOFC — microtubular solid oxide fuel cell;

SOFC — solid oxide fuel cell;

SSZ — scandia-stabilized zirconia, Zr.9Scy.102_s;

YSZ — yttria-stabilized zirconia (8YSZ), Zro9Y0.102_5
(10YSZ), ZTO_97Y0_0302_5 (3YSZ)
Designations:

a — radius of a particle;

Cq4 — particle concentration in a deposit;

Cs — particle concentration in a suspension;

d — particle size;

D — particle diffusion coefficient;

Du — Dukhin number;

e — charge of electron;

E — external electric field strength;

f— deposition efficiency factor;

h — deposit thickness;

I — deposition current;

K — reciprocal of the Debye length;

K—! — Debye length;

kg — Boltzmann constant;

L — distance between the electrodes;

m — deposited mass;

Pe — Peclet number;

S — electrode surface area;

T — absolute temperature;

U — potential difference between the electrodes during
deposition;

V, — electrophoretic velocity of particles in a liquid
medium;

g0 — dielectric constant of vacuum;

eq — dielectric constant of the deposit;

&p — dielectric constant of particles;

&r — dielectric constant of the liquid medium;

&s — dielectric constant of the suspension;

{ — electrokinetic potential, or {-potential;

n — dynamic viscosity of the liquid medium;

u — electrophoretic mobility;

p — density of the deposit;

rq — specific resistance of the deposit;

rs — specific resistance of the suspension;

os — surface conductivity of the particles;

oy — volume conductivity of the liquid medium;

T — characteristic time of deposition.

strontium nickelate ferrite,

1. Introduction

Over several last decades, the energy consumption all over
the word has rapidly increased due to growth of population
and increase in the living standards and also due to develop-
ment of new energy intensive technologies. Currently more
than 80% of energy is produced using direct combustion of
fossil hydrocarbons (coal, oil, gas), which have relatively
low efficiency factors (~20% —40%). This brings about
severe environmental problems and, in addition, direct
combustion will soon be restricted by depletion of available
resources of non-renewable fuels.! Therefore, much atten-
tion is currently given to the development of renewable
energy production technologies, the share of which in the
global energy consumption is expected to be 23% by 2030
(in Russia, it will be 2%).? Since energy supply from
renewable sources such as wind, solar radiation or tides is
mainly discrete, much attention is paid to the development
of hybrid systems based on fuel cells (FCs), the operation
efficiency of which exceeds 80%.3-4 Moreover, the opera-
tion of FCs is accompanied by the minimum release of
pollutants and is free of noise or vibrations.>

Among the whole diversity of FCs, particular attention
is drawn by solid oxide fuel cells (SOFCs), which have the
highest efficiency among all FCs. The advantages of SOFCs
include small size, the absence of structural parts hazardous
to human health (such as harsh acid and alkali solutions
used as electrolytes in alkaline and phosphoric acid FCs)
and a wider range of compounds (compared with low-
temperature FCs) applicable as primary fuels, such as
hydrogen, hydrocarbons, synthesis gas or biofuel, requiring
no expensive catalysts.®7

The modern trends in the development of SOFCs are
related to a decrease in the operating temperature (inter-
mediate- and low-temperature SOFCs). This expands the
scope of applicability of FCs and suppresses the degrada-
tion of output characteristics due to ageing and mutual
diffusion of oxide layers.8 1!

There are two main strategies for maintenance of an
acceptable power density of SOFCs at a reduced operating
temperature:

— reducing the contribution of ohmic resistance of the
electrolyte to the total resistance of the cell, which can be
attained by switching from cells with a bulk electrolyte to
cells with thin-layer or thin-film electrolytes;!? 13

— design of new functional materials for SOFCs with
enhanced characteristics in intermediate- and low-temper-
ature ranges such as electrolytes !> 1# possessing high oxy-
gen ion and/or proton conductivity, active cathode?$ 135-16
and anode materials '3-17-18 and interconnects.!®

For reducing the cost of thin-film SOFCs, accessible and
inexpensive methods for the formation of gas-tight solid
electrolyte layers?? on a porous substrate are required. The
modern methods can be subdivided into chemical, electro-
chemical, physical, plasma and laser, colloid, ceramic and
so on.2!-22 However, many of these methods either cannot
form films of necessary thickness and quality or require the
use of sophisticated and expensive equipment.?3~2° There
exists a separate group of cost-effective and technologically
flexible colloid techniques for the production of coatings,
e.g., dipping into a slurry or centrifugation. A drawback of
these methods is the complicated control over the thickness
of the resulting film and the necessity to repeat the
dipping—drying cycles many times (in some cases, more
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than 30 times to form a 1 um thick film). Among the colloid
methods for the film preparation, electrophoretic deposi-
tion (EPD) is distinguished by a high rate of coating
formation (up to 1 pm per minute) and easy control of the
coating thickness and microstructure by varying the applied
potential and deposition time.3°~ 32 In addition, the method
can be easily and quickly adjusted for deposition of layers
of different composition on both conductive and non-
conductive substrates of virtually any shape by minor
changes in the cell configuration or positions of electrodes.
Therefore, this method is promising for the manufacture of
SOFCs of any design (planar, tubular and irregular-shaped)
to deposit separate layers or to form a single cell as a whole.

Quite a number of studies have been devoted to the
application of EPD for manufacturing SOFCs. For exam-
ple, series of works address deposition of yttrium-stabilized
zirconia-based electrolyte traditionally used in SOFCs;33-37
fabrication of micro-tubular SOFCs by EPD;3¥~4! forma-
tion of protective coatings for the SOFC interconnects.*?>~47
The EPD method is suitable not only for the production of
dense thin-film coatings, but also for the formation of
porous electrodes on a supporting electrolyte 4832 and
ceramic bodies (bulk ceramic specimens).3?-53 The key
advantages of electrophoretically deposited coatings include
good adhesive properties and higher density compared with
those of coatings obtained by dip coating or sputtering onto
conductive cathode and non-conductive anode sub-
strates.>* 33

Successful electrophoretic deposition depends on the
preparation of the conductive substrate, choice of materials,
preparation of their stable suspensions and selection of
deposition conditions to produce films of the desired thick-
ness and microstructure. Electrophoretic deposition can be
adjusted to all materials used for the manufacture of SOFCs
that are supplied as finely dispersed powders.

Despite numerous studies addressing EPD, the key
regularities related to its mechanisms and kinetics, the
structure and density of the resulting coatings and the
influences of the substrate shape and deposition conditions
are not entirely clear. Therefore, in our opinion, for suc-
cessful implementation of this method in SOFC technology,
it is necessary to critically analyze the state of the art of
experimental and theoretical works in this field.

The fundamental publications addressing the theory and
practice of EPD are the reviews of Besra and Liu3' and
Corni et al.?> They cover the depositon mechanisms, quan-
titative models and factors affecting the EPD. The authors
noted the most popular applications of EPD such as the
production of nanostructured functional materials,3® for-
mation of thin-film graded and layered coatings3!-32 and
SOFC technology. Aziz and co-workers 3® presented a brief
discussion of the details of EPD application in SOFC
technology.

This review focuses particularly on the use of EPD for
the creation of functional layers of SOFCs and identifies
key challenges and approaches covered in the literature in
the period from 2003 to 2018, with the most important
earlier papers being mentioned if necessary. Data on the
major theoretical approaches and results of studies of EPD
are analyzed, EPD modelling and key characteristics and
parameters are discussed. A possibly most comprehensive
account of modern experimental results is given, in partic-
ular, studies of the authors of this review on the use of EPD
for the manufacture of ceramic bodies, dense electrolyte

layers for SOFCs of different composition, including
porous multilayer electrodes, microtubular SOFCs and
protective coatings on interconnects.

2. Theoretical approaches to the description
of electrophoretic deposition. State of the art
of the research

2.1. Colloidal systems and electrokinetic potential

This Section is concerned with the key trends of behaviour
and characteristics of colloid suspensions, which give rise to
a set of electrokinetic effects, in particular, electrophoretic
deposition, which includes the motion of particles in a
suspension and the proper formation of the deposit on an
electrode substrate.

The surface of solid particles dispersed in a polar liquid
medium has excess electric charge caused either by surface
dissociation or by adsorption of ions.’® Van der Biest and
Vandeperre 37 considered four mechanisms for generation
of the charge on the surface of a solid particle in a liquid:

— selective adsorption of ions from the liquid on the
particle surface;

— dissociation of ions from the solid phase to the liquid;

— adsorption or orientation of bipolar molecules on the
particle surface;

— electron transfer between solid and liquid phases due
to different electron work functions.

A layer enriched with oppositely charged ions (counter-
ions) appears in the solution near the particle surface and an
electrical double layer (EDL) is thus formed. Under the
action of electrostatic attraction forces, counter-ions tend to
be located as close as possible to ions determining the
particle surface charge (potential-determining ions).

The most general model for describing the EDL struc-
ture is the Gouy—Chapman-—Stern model according to
which a double layer is composed of dense (immobile) and
diffuse parts.>® This spatial charge separation gives rise to a
number of characteristic properties of disperse systems, in
particular, electrokinetic phenomena such as the relative
displacement of phases under the action of electric field, i.e.,
electrophoresis (particle motion in a medium) and electro-
osmosis (transfer of dispersion medium through a porous
diaphragm) and generation of currents and potential differ-
ence upon the relative displacement of phases (sedimenta-
tion and flow currents and potentials).

The modern views on the electrical double layer are
based on the Stern model with some modification of the
Grahame model that refer to the inner structure of the dense
part of the EDL.® The Grahame model distinguishes
between specifically adsorbed ions, which often lose their
solvation shell (or the shell is distorted) and are located
more closely to the surface, and ions of the dense part with
undistorted solvation shells located farther from the surface
and connected to the surface only by electrostatic forces.
The EDL dense layer comprises the inner and outer Helm-
holtz planes; the inner plane is formed by the centres of
specifically adsorbed ions, while the outer plane is com-
posed of dense part ions that have preserved their solvation
shells.

The interaction between the solvent and the surface can
also affect the structure of EDL in which the adsorbed
solvent molecules have a predominant orientation.®® The
solvated ions are located in the outer Helmholtz plane and
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are unable to penetrate into the solvation layer on the
surface.

It was noted ®! that the electric field of the dense part of
EDL (or the field of a molecular capacitor with averaged
charge density) differs from the true field determined by the
discrete charge nature. Nevertheless, the finite size of ions
and the discrete nature of surface charges affect the poten-
tial distribution only in a very thin near-surface layer.°?
Therefore, in the case of large EDL thickness, these effects
with a short radius of action are not manifested in electro-
phoresis. The discrete nature of charge becomes significant
if the number of elementary charges on the particle surface
is low and the electrolyte concentration is high. Thus, the
classical electrokinetic theory is valid for certain values of
parameters such as an electrolyte concentration range and
the geometry and roughness of the charged surface.

A significant contribution to the development of electro-
chemical methods for studying the properties of EDL and
the fundamental theory of the electrode reaction kinetics
was made by Academician A.N.Frumkin and his school.®?
It is noteworthy ®* that, despite a certain ‘communion of
interests’ of electrochemists and colloid chemists in the
investigation of EDL, their approaches are different,
because of the difference between investigation objects: an
electrode in an electrolyte for electrochemistry and dis-
persed particles in the liquid medium for colloidal chem-
istry. The subjects of investigation are also different: elec-
trochemistry studies the kinetics of electrode reactions,
while colloidal chemistry deals with stability issues and
electrokinetic phenomena.

The Derjaguin—Landau— Verwey—Overbeek (DLVO)
theory describes the behaviour of a colloidal system in
terms of attraction and repulsion energies between par-
ticles.%%-%¢ When two particles approach each other, the
diffuse parts of EDL overlap; as a result, like-charged
particles are affected by a repulsion force, which consists
of two components, namely, electrostatic and osmotic
components. The electrostatic component is associated
with electrostatic repulsion of like-charged particles (in
particular, mobile ions) and their attraction to the over-
lapping diffuse layers. The osmotic component is associated
with an increased concentration of mobile complex ions
formed between the particles and the concomitant osmotic
flow of the solvent towards this area.

Apart from the repulsion force, the particles are always
subject to van der Waals attraction forces, with the inter-
action energy varying depending on the distance between
the particles. The interaction energy between two particles
plotted versus the distance between them is shown in Fig. 1.
At large distances between the particles, the van der Waals
attraction predominates. When particles approach each
other, repulsion appears between the diffuse parts of EDLs
described by the repulsion energy. This gives rise to a
minimum total interaction energy, determining the aggre-
gation of particles in a suspension: the particles temporarily
and reversibly stick together. On further decrease in the
distance between the particles, the repulsion energy
increases and particles have to overcome an energy barrier
to come closer to each other. At short distances between the
particles, the interaction has a global minimum, which
corresponds to irreversible coagulation.

An important characteristic of a colloidal system is the
electrokinetic, or {-potential, which determines both the
stability of suspensions and the electrophoretic mobility of

Ep

Interaction energy

Figure 1. Interaction energy between two particles as a function of
the distance between them according to the DLVO theory.%> %6

E, is the energy barrier; (/) total energy; (2) repulsion energy (V;);
(3) attraction energy (V,); (d) distance between the particles.

particles, where the electrostatic repulsion of like-charged
colloid particles dictates the height of the potential barrier
separating the minima in the potential curve. This repulsion
is caused by excess charge of the dense part of the EDL,
which is equal to the surface charge minus the charge of all
counter-ions located in the dense (immobile) EDL part. The
higher this charge, the higher the {-potential.

The {-potential is defined as the potential in the diffuse
part of the electrical double layer, in the slipping plane,
where the liquid medium and the inner layer connected to
the particle move relative to each other (Fig. 2).38 62

The {-potential is affected by numerous external factors
such as the temperature, concentration, pH and so
on.>%-67-7% The {-potential is usually found from the results
of measurement of the steady-state velocity of the suspen-
sion particles under the action of applied electric field and
particle electrophoretic mobility (u) according to the for-
mula
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Figure 2. EDL structure.”®
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where V7, is the electrophoretic mobility of particles in the
liquid medium, E is the external electric field strength.

The electrophoretic mobility can be found using the
Henry equation 70

_ 28r80§f(1<a) )
n

Here &, is the dielectric constant of the liquid medium; &g is

the dielectric constant of vacuum; 7 is the dynamic viscosity

of the liquid medium; f(Ka) is the Henry coefficient deter-

mined by the particle radius («) and the reciprocal of the

Debye length (K)

1/2
K= {(ez Zni 2,2) (srsokBT)fl} 3)

where e is the electron charge; kg is the Boltzmann constant;
T is the absolute temperature; n; is the concentration of
z;-charged ions.

In the general case at arbitrary Ka values, only numer-
ical solution of Eqn (2) is possible.”! In the case of thin EDL
(Fig. 3a) where Ka >> 1, for large particles or a relatively
high ionic strength of the solution, the electrophoretic
mobility is defined by the Helmholtz—Smoluchowski
equation

Srsoé’

n= )

In the case of thick EDL (Fig. 3b) where Ka — 0, the
electrophoretic mobility of small particles for low ionic
strength of the solution is found from the Hiickel equation

_ 251'80C
= 30

®)

Currently, the (-potential is measured using electro-
acoustic analysis methods based on the action of an alter-
nating electric field on the suspension. This action generates
acoustic waves, the amplitude and phase of which are used
to determine the (-potential.”?~74 Optical methods, e.g.,
dynamic light scattering, are based on the change in the
optical emission wavelength in a suspension on exposure to
an external alternating electric field. The change in the
emission wavelength is cased by electrophoretic motion of
particles in the measuring cell owing to the Doppler effect;

a b

N

Figure 3. Thin (a) and thick () EDLs.”
2 ais the particle diameter; K~ ! is the Debye length determining the
EDL size.

the measured electrophoretic mobility is proportional to the
measured Doppler frequency shift u ~ Aw.”>-7¢ The charac-
teristic {-potential that will ensure stability of the suspen-
sion, determined from the formula (6) is ~26 mV.

T e

L (6)

This value is in good agreement with experiment data.””-78
Note that the {-potential reflects the electrostatic repulsion
forces between the particles; therefore, it cannot fully
characterize the suspension stability, as apart from repul-
sion forces, long-range attraction forces also play a role.

2.2. Mechanisms of electrophoretic deposition
Electrophoresis of particles in a liquid medium near an
electrode is transformed into deposition as a result of
several physicochemical processes. The following deposition
mechanisms have been established:3° flocculation of par-
ticles, electrochemical coagulation, neutralization of the
particle charge at the electrode and distortion of particle
EDLs under the action of external electric field.

These mechanisms can be described in the following
way:

— the flocculation takes place as particles are accumu-
lated on the electrode and approach one another; as a result,
they overcome the potential barrier for interparticle inter-
action generated by the external electric field.®! This mech-
anism explains, in particular, deposition on a porous
membrane placed between the electrodes and not connected
to electrodes;

— the electrochemical coagulation of particles near
the electrode occurs upon a change in the concentration
of ions, which induces compression of EDLs, particle
migration to one another, a decrease in the repulsion
forces between the particles and subsequent coagulation.
According to this mechanism,?? it is assumed that particle
accumulation and migration and diffusive redistribution
of ions take place near the electrode for a certain period of
time; as a result, the ionic strength of the electrolyte
changes, which leads to decreasing height of the potential
barrier for the interaction of particles in the suspension
and, hence, causes formation of a deposited layer;
probably, this mechanism is implemented in the presence
of water, which induces electrode reactions and local pH
changes;

— the mechanism of charge neutralization via direct
charge transfer from particles to the electrode can account
for the deposition of single particles or monolayers and for
the initial stage of the EPD process, but it cannot be
implemented if the thickness of the deposit further
increases; on the basis of analysis of electron micrographs
of electrophoretic coatings with noticeable porosity, it was
assumed #3 that neutral aggregates are formed near the
electrode and particles are mainly deposited on these
aggregates;

— the motion of a particle affected by an external
electric field is accompanied by a distortion of the EDL,
namely, the EDL decreases under the action of the liquid
medium, and the lyosphere around the particle becomes
non-spherical, being extended towards the direction of
motion; the motion of ions in the same direction as the
motion of particles changes the concentrations of counter-
ions near the electrode, which also decreases the EDL
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Figure 4. Diagram of the mechanism of cathode EPD associated with distortion of the EDL structure around the particles and their

coagulation near the electrode.3°

(a) Undistorted EDL; (b) EDL distortion along the external electric field during the particle motion; (¢) change in the concentration of the
counter-ions near the electrode; (d, e) particle coagulation; (E) external electric field strength.

thickness, reduces the height of the energy barrier of
repulsion and causes coagulation of particles (Fig. 4).80
Currently, it is difficult to distinguish the predominant
mechanism of electrophoretic deposition due to the absence
of a universal theoretical description that would cover all
processes arising during EPD in the suspension bulk and
near the electrode with participation of particles, ions and
flows of the liquid as well as interactions of particles and
ions with the electrode and cell walls. However, develop-
ment of studies along this line is necessary, because the
existing array of experimental data does not always provide
definite conclusions about the kinetics, transfer processes,
deposition mechanism or the structure or density of the
coatings formed under specified conditions. Therefore, a
relevant task is further development of studies on the
simulation of EPD using advanced numerical methods.

2.3. Kinetics and key parameters of electrophoretic
deposition

The key parameters of EPD are the following: external
electric field strength (E); electrophoretic mobility of par-
ticles in the suspension u determined by the {-potential and
viscosity of the suspension; concentration of the suspension
(Cs); surface area of the electrodes (S); and dielectric
constants of the suspension (&) and the deposit (¢4). Also,
characteristics that vary with time (7), such as deposited
mass (m), deposit density (p) and deposit thickness (%), are
practically significant.

Currently, the kinetics of EPD process is commonly
described in terms of generalization of the Hamaker equa-
tion reported by Sarkar and Nicholson?®® for the rate of
growth of the deposited mass m per unit area s

dm
— = fuskEC,
T JusEC

(N
where f'is the deposition efficiency factor. For particles with
a high ({-potential, the efficiency factor f (fraction of
particles deposited on the electrode out of the total number
of particles that reach the electrode during deposition) is
~1.

In many studies dealing with EPD kinetics that are

addressed in this Section, the deposition efficiency factor f

is taken to be unity; furthermore this value is not considered
to correlate with deposition conditions and properties of the
suspension. However, one may assume a certain correlation
between the factor fand both the suspension properties and
electric field strength. This was indicated, in particular, by
Hadraba er al.,8* who presented dependences of the effi-

ciency factor f and electrophoretic mobility of particles on
the current during deposition. If the current is low
(1-2 mA), the factor f is much less than unity. As the
current increases, the factor f'sharply grows to 0.9—-1.0 and
is then stabilized at /'~ 1.0 for currents of >10 mA. Mean-
while, with increasing current, the electrophoretic mobility
smoothly decreases and reaches an asymptotic value when
the current is >10 mA. These measurements were carried
out for 18.7 cm? surface area of electrodes.

Ferrari and Moreno ®> considered the concentration of
the suspension as the key parameter of EPD. If the concen-
tration in the bulk of the suspension changes with increasing
amount of the deposit, in the case of spatial uniformity of
the suspension and other conditions being invariable (in
particular, with invariable particle mobility and constant
electric field strength E'), the time dependence of the mass
m(t) deposited on an electrode with the surface area S is
described by the following equation:

wr-nfy-on ()

where my is the initial mass of the particles in the suspension
of volume V; 7 is the characteristic deposition time

)

vV
T= TiSE )
Biesheuvel and Verweij 8¢ made an important addition
to the equation of deposition kinetics based on the mass
balance between the suspension and the deposit. The
velocity of movement of the deposit/suspension interface is
determined by the following expression:

dh C,
a_inicdsz (10)

where / is the thickness of the deposit layer; V7, is the
electrophoretic velocity of particles in the suspension; Cs is
the particle concentration in the suspension; Cq4 is the
particle concentration in the deposit.

The rate of mass growth during deposition is given by

dm C,

— 11
dt Cq— C, an
It can be seen that a sharp increase in the deposited mass
will take place when the concentration of the suspension
becomes equal to the particle concentration in the deposit.
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The variation of the deposited mass with time is differ-
ent for constant-current and constant-voltage EPD proc-
esses, as follows from the basic relation (7), because the
deposition rate is related to the electric field strength. In the
case of constant-voltage EPD, the field strength in the
suspension may considerably decrease due to a decrease in
the current caused by increasing resistance of the deposit,
whereas in the constant-current deposition, the electric field
strength depends only on the current and can vary only
upon variation of the suspension resistance.8?

The electric field strength in the suspension for constant-
voltage deposition is given by

U

E=— "
L+ R'm

(12)

where U is the potential difference between electrodes of
surface area S located at distance L; the parameter R’ is
defined by the expression

(re/ra) = 1

R' =
pS

(13)

where rs is the specific resistance of the suspension; rq is the
specific resistance of the deposit; p is the deposit density.

During constant-voltage deposition, the rate of increase
in the deposited mass considerably declines with time, as
compared with the constant-current deposition.3°

For the choice of dispersion medium, an important
factor is stability of the deposition process.®>-87 For the
formation of a smooth homogeneous coating, it is necessary
that the dielectric constant of the suspension be higher than
the dielectric constant of the deposit. This conclusion
follows from the expression for the field strength E in the
suspension 83

&s

eofeen(z)]

For & > &4, an occasional local increase in the deposit
thickness would lead to a decrease in the electric field
strength in this area, which would reduce the local deposi-
tion rate and mitigate the irregularity. In the opposite case,
the deposition would become unstable, since at & < &4 the
arising irregularity of the deposit would increase, as par-
ticles would mainly stick to the already formed bulges of the
deposit. The effective dielectric constant of the suspension
depends on the volumetric concentration of particles; for a
dilute suspension and a relatively dense deposit, it can be
assumed that &g = &p; & = &, where g, is the particle
dielectric constant and ¢, is the dielectric constant of the
liquid dispersion medium.

The theoretical models considered in some studies
include the change in the cell resistivity and, hence, field
strength in the liquid medium. Ferrari et a/.%® analyzed the
change in the deposition kinetics following increase in the
suspension resistivity with time caused by the decrease in
the particle concentration. The key assumption used by the
authors is the linear dependence of the suspension resistivity
on the particle concentration during the constant-current
deposition. In this case, the increase in the deposited mass
deviates from the kinetics determined by the exponential
law and reaches saturation according to formula (8).

(14

This model predicts an S-shaped curve for the deposited
mass with time. In the initial period, the rate of growth of
the deposited mass increases and then decreases. The
authors 88 showed that their model is consistent with the
classical model for the initial period of deposition; however,
in the case of a long-term process, substantial deviations
arise. It was noted that this model neglects the variation of
the electrophoretic mobility and some other parameters
with time.

Van der Biest er al.3® presented the functional depend-
ences of the total resistance of the EPD cell, which included
resistances of the suspension and the deposit, found using
an equivalent electrical circuit. The authors suggested that
the resistance of the suspension is due to migration of ions
and charged particles and the conductivity of the deposit is
due to the conductivity of particles and ionic charge transfer
in the solvation shells around the particles. The conductivity
generated by ions of the solvation shells in the deposit
(0idep) 1s related to the conductivity generated by ions in
the suspension (gisus) With a definite constant factor (1) in
the following way:

Oidep = ;to-isusv iz (15)
According to this model, the resistance of a deposit of area
S and thickness /; caused by the intrinsic conductivity of
particles op4ep, for the volume packing fraction p, can be
written as follows:

h]

Opdep pS

(16)

Rpaep =

while resistance of the deposit related to the ionic current in
the solvation shells around the particles is

h

O—idep(l —p)S (17)

R; dep —

The resistance of the suspension is determined by the
difference L — h; (here L is the distance between the electro-
des). Thus, the resistance caused by suspension ions is equal
to

L—h

Rigus = S
Oisus

(18)

The resistance caused by charge transfer of particles of
mobility u in a suspension with concentration Cs is

R =—
pus :usci Qef

(19)

where Qer is the efficient charge density on the particles.
The total direct current resistance of the deposition cell
can be calculated as

Rp sus R
Rp sus T Rp dep

R dep R sus
Rp,dep + Ri dep

isus

Riot = (20)

Using these relation, it is possible to derive the func-
tional relationship between the field strength in the suspen-
sion and the current thickness of the deposit 4; and to
obtain a modified expression for the mass growth rate.
However, it is noteworthy that the model is phenomeno-
logical, and the suspension conductivity and particle mobi-
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lity are assumed to be invariable and certain assumptions
are made concerning the deposit resistance. For application
of this model, these assumptions should be fulfilled and the
conductivity values, which can change considerably under
particular experimental conditions and during the EPD
process, should be known.

Stappers et al.® reported experimental results that
showed the necessity of further refinement of theoretical
models for increase in the cell resistance during EPD. The
authors studied the deposition of a suspension of a-Al,O3
particles in ethanol for average particle sizes of 270, 370,
770 and 1890 nm and concentration changing from 50 to
100 g litre—!'. The suspensions had high {-potentials
(73-92 mV) as a result of addition of HNOs3 and deionized
water. The deposition current, cell impedance, decrease in
the potential in the suspension bulk and in the deposit were
measured. It was shown that during deposition, the electric
field strength in the suspension bulk decreases with time,
with the rate of field strength decrease being dependent on
the suspension conductivity: at high conductivity
(67 uS cm—1), the field strength sharply decreased in the
beginning of deposition, while at low conductivity
(3.2 uS cm 1), the decrease in the field strength was linear
and much less pronounced. The time dependences of the
field strength were measured for suspensions with different
particle sizes. The field strength changed much more rapidly
in suspensions of larger particles than in smaller-particle
suspensions. Direct measurement of the potential drop
across the deposit showed a significant dependence of the
potential on the applied voltage, conductivity and suspen-
sion concentration, which also influenced the full cell
impedance.

The effects of the suspension concentration and the
voltage on the increase in the cell resistance may probably
be interpreted considering the following kinetic model of
EPD: an increase in the cell voltage induces more intense
deposition and depletion of the suspension in the particles,
which causes a faster increase in the resistances of the
deposit and the suspension. The effect of the suspension
concentration can also be explained at a qualitative level: an
increase in the concentration also intensifies the deposition
according to Eqn (10). An interesting result was obtained in
a study of the effect of particle size on the cell resistance:
since in the classical theory of electrophoresis, the mobility
u does not depend on the particle size, there is no direct
effect of the particle size on the quantities appearing in
Eqn (7).

Stappers et al.?° established the effect of the particle size
on the increase in the cell resistance during deposition at a
constant applied voltage of 200 V. It was also found that
after the EPD voltage is switched off, the resistance
decreased, which may indicate that the cell resistance is
associated with not only growth of the deposit, but also
processes taking place directly during the EPD. The authors
reapplied the voltage to the cell containing the already
formed deposit, with the suspension being replaced by the
liquid obtained after centrifugation (supernatant). They
found that immediately after the voltage application, the
cell resistance rapidly returned to the value that was
established before the voltage was switched off and then
increased, while no increase in deposit thickness or deple-
tion of the suspension in the particles took place. The results
attest to a significant role of ion migration and ion inter-
action with the deposit layer, i.e., electrochemical reactions

accompanied by pH change occur near the electrode during
the EPD; the reactions are terminated when the external
voltage applied to the cell is switched off. These results
suggest that the current through the cell is mainly caused by
the ionic composition of the liquid medium, which is, in
turn, determined by the properties of dispersed particles.
Moreover, a certain ‘memory effect’ is possible where the
properties of a colloidal system depend not only on its
current state, but also on the prehistory.

Subsequently, the same authors °! reported the results of
cell impedance measurements for the EPD process during
and after the deposition. The measurements confirmed the
increase in the impedance after completion of EPD with the
use of supernatant obtained by centrifugation of the initial
suspension. In our opinion, the results concerning the
increase in the cell resistance and effect of the particle size
on the process kinetics are of interest as regards the
necessity of refinement and further development of the
theoretical models describing the EPD under various con-
ditions. The models should include the contribution of non-
stationary transport processes, change in the resistance of
suspension and deposit layers during the deposition, ion
migration, system prehistory and nonlinear effects of elec-
trophoresis.

It should be noted that, despite the relative simplicity of
phenomenological models, their practical application is
hampered by the absence of correlations and models for
macroscopic quantities such as resistances of the deposit
and the suspension, which determine the deposition regime.
As a matter of fact, these models can be applied only using
experimental results obtained under definite conditions.
Upon replacement of the colloidal system, it will be impos-
sible to predict parameters of the coating and deposition
regimes. This attests to necessity of further development of
modelling approaches both at the macro level for a contin-
uous medium with description of the transport processes
and at the micro level with explicit description of particle
movement and interactions.

The simulation of spatially discontinuous and non-sta-
tionary transport processes was reported by Pascall et al.”?
The authors considered the effect of spatially discontinuous
field strength distribution near the electrode edge on the
thickness of the obtained coating. The problem of simulat-
ing the deposition process and determining the deposit
shape as a function of time is solved in a 2D space by
formulation of transfer equations in the computational
domain provided that the suspension is electrically neutral.
A number of assumptions was introduced: first, it was
assumed that the particles move through a unperturbed
liquid medium; the electric field distribution in the medium
is not affected by the particles or the deposit; no ion flux,
charge accumulation on the electrodes or their polarization
are involved. The particles move under the action of
external electric field in the presence of diffusion, and the
interparticle interactions are neglected (except for the con-
straint on the limiting particle packing density in the deposit
and influence of the particle concentration on the suspen-
sion viscosity). The particles are considered to be identical;
gravitational sedimentation is not considered either. The
electrical potential of the suspension (¢) satisfies the Lap-
lace equation:

Vo=0 21
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The electric field with the strength £ = — V¢ is related to the
total particle flux (J) in the suspension, which results from
the concentration gradient (Cs) and electric field
strength (E)

J=—-DVC, + nEC, 22)
where D is the particle diffusion coefficient.

Due to the conservation law, the volume fraction of
particles in the medium, related to the concentration,
satisfies the equation of continuity, which has a quantity
determined (in the case of thick EDL) by Hiickel relation (5)
containing the {-potential and viscosity. The authors took
into account the increase in the viscosity and decrease in the
mobility of particles with increasing concentration of the
suspension and the maximum possible packing density of
particles on the electrode, that is, the limiting concentration.
The obtained numerical solution demonstrated the presence
of a sharp peak of the electric field strength near the
electrode edge, which causes a local increase in the particle
flux and thickening of the coating at the electrode edges. In
the initial period, deposition mainly takes place at the
electrode edges; as the deposited amount increases, the
deposit becomes thicker at the electrode centre, that is, the
irregular height of the deposit is smoothed down. The
authors intend to complicate the model in the future by
including the voltage drop across the deposit and to extend
the applicability of the model for various experimental
conditions.

2.4. Direct numerical simulation of the particle movement
and mesoscopic models

A recent trend in the simulation of electrophoresis and
deposition of particles involves direct calculation of particle
dynamics, with allowance for interparticle interactions and
particle interactions with the electrode, which provides
conclusions about the deposit structure and its dependence
on the deposition conditions. This is done using both direct
numerical simulation of the particle motion and mesoscopic
modelling of the electrophoretic motion and deposition,
which switch from a continuum model description of EPD
to a description based on discrete models using high-
performance computing clusters.

Park and Saintillan 3 simulated the evolution of a
system of N identical suspended particles with sizes
Lxx Lyx Lz located in a constant electric field acting
along the Z direction. Pairwise interactions of the particles
in the suspension were taken into account. The particle
migration under the action of an external electric field was
described by the Langevin equation, which contains a
contribution of Brownian random forces to the particle
displacement.®* The type of interaction between a particle
and the electrode onto which the deposition takes place is
specified as dipole, van der Waals or steric interaction. The
direct numerical simulation of the movement of 4000 non-
conducting charged particles was performed in a rectangu-
lar computational domain at an external electric field
strengths of 20, 40 and 60 V cm—!. The initial configuration
was specified randomly. A series of calculations afforded
the spatial size distribution of the particles deposited on the
electrode. It was found that with increasing electric field
strength, the arrangement of particles in the deposit
becomes less ordered. A regular arrangement of crystalline
particles was obtained for low field strengths. As the field

strength increases, the particle arrangement becomes less
regular, and the coating acquires a polycrystalline structure
with numerous defects. The authors attributed this trend to
the fact that with increasing field strength, the role of
diffusion diminishes and the particle redistribution time
near the electrode is reduced, which prevents the formation
of a regular arrangement of particles.

Some recent studies have developed EPD simulation at
the mesoscopic level, which is intermediate between the
Eulerian representation of the distribution fields of macro-
scopic values (such as electric potential, concentration, flow
density) and the Lagrangian representation of the move-
ment of single particles using, e.g., molecular dynamics
methods.

Giera et al.”> presented a mesoscopic model of electro-
phoresis, which involves modelling of motion for a definite
number of particles suspended in the computational domain
of the liquid medium. The particle motion was described by
Newtonian equations of motion where the total force acting
on each particle includes the following components:

— resistance from the liquid medium and stochastic
Brownian forces;

— the interparticle interaction force determined by the
DLVO theory with attraction and repulsion potentials
depending on the characteristic particle radius a, the inter-
particle interaction constant and the Debye length;

— the force acting from the external electric field, which
is proportional to the field strength and effective charge on
the particle.

The motion of 1000 particles was modelled in the
absence of an external electric field with only the Brownian
motion and in the presence of uniform external fields of
different strength. The model was tested by calculating the
diffusion coefficients of particles. The simulation results
were used to determine the average particle velocity V7,
along the field, which was proportional to the field strength

E

Vy~ —

(23)
n

which corresponds to Henry equation (2). The results
confirmed good performance of the numerical model in
view of its compliance with known relations of the theory of
electrophoresis in the suspension bulk on explosure to a
uniform external electric field without non-stationary dep-
osition or deposit growth. The authors assumed that the
scope of applicability of the model could be expanded by
taking into account the interaction between the suspension
and the electrode, the effect of deposit morphology, gra-
dient and time variation of macroscopic characteristics.
Giera et al®°® reported further development of the
mesoscopic model by considering the electrophoretic
motion of particles in the suspension bulk, interparticle
interactions and particle interactions with the electrode
during deposition, which allowed them to apply this model
to description of the deposit structure. The model is based
on calculation of the dynamics of equal-sized particles in a
uniform field being deposited on a planar electrode, which
was modelled by a grid of uncharged particles. The pairwise
interaction between particles is described by a DLVO
theory potential, with the pairwise interaction potential
being defined in terms of the Debye length K—!, particle
radius a and the {(-potential. The authors presented the
results of a series of calculations of the particle packing
density in the deposit depending on the Debye length and



1188

E.G.Kalinina, E.Yu.Pikalova Russ. Chem. Rev., 2019, 88 (12) 11791219

the electric field strength, which corresponds to variation of
the Peclet dimensionless number

_Vea
D

Pe (24)

The deposition at a constant strength of external electric
field was considered without taking account of the decrease
in the concentration of the suspension upon deposition.
According to the obtained results,”® the deposit thickness
linearly increases with time, which demonstrates the agree-
ment of the model in describing the deposited mass kinetics
with Hamaker equation (7) for the early period of deposi-
tion. The deposition from a suspension with a smaller K—!
results in a higher deposit density owing to a lower inter-
particle repulsion force. The authors present important
results concerning the influence of the external electric
field strength on the deposit structure that could not be
obtained using the above phenomenological models. At
high Peclet numbers, i.e., high external electric field
strength, the influence of the Debye length on the deposit
density is less pronounced. Therefore, it was concluded that
the structure of the primary monolayer formed on the
electrode surface influences the growth and structure of
the deposit. There is a transition between the initial, highly
ordered deposited layer and disordered layers, which
accounts for the density gradient across the deposit. The
deposition conditions significantly affect the deposit struc-
ture. The authors intend to supplement the model by taking
into account the change in the deposit resistance with time
and the stepwise change of the electric field potential, which
would enable considering the change in the deposition
kinetics. It is also possible to consider polydisperse systems,
polarizability of EDL, modelling of non-uniform particles
(Janus particles) and particles coated by adsorbed polymer
layer.

An attempt to considerably expand the range of phys-
icochemical processes that accompany electrophoresis in the
suspension bulk by considering the concerted motion of
particles and change in the EDL, ion distribution and liquid
flow was undertaken by Bartuschata and Rude.®” The
publication presents the results of direct numerical simula-
tion of the electrophoretic motion of particles in the liquid
medium using parallel algorithms to take into account
various physical properties:

— the motion of solid charged particles in the liquid
medium was described by Newtonian equations of motion,
which include the forces acting on particles, in particular,
from the external electric field;

— the motion of the liquid medium was described by the
Navier — Stokes equation for an incompressible liquid;

— the motion of ions in the liquid medium under the
action of electric field and the diffusion redistribution of
ions were described by the Poisson—Boltzmann equation.

The authors used the fixed Eulerian grid to describe the
velocity distribution of ions; for particle motion, the
Lagrangian representation was used with calculation of
coordinate and velocity changes for each particle. The
lattice Boltzmann method (LBM) was applied to simulate
the interaction between the particles and the liquid medium.

The following problems were solved:

— the problem of electrophoretic motion of a single
particle in a microchannel taking into account the interac-
tion with ions distributed in the liquid;

— the problem of potential distribution in the EDL
around a spherical particle with uniform surface charge
distribution; the results are compared with the results of
analytical solution of the problem;

— the problem was scaled to pass to simulation of
motion of more than 4 x 10° spherical particles using a
multicore computing system.

The authors intend to simulate the motion of non-
spherical particles, supplement the existing model with a
pairwise interparticle interactions and consider non-station-
ary processes. This task requires high computational resour-
ces; therefore, further complication of the numerical model
and transition to simulation of the effects near the electrode
with allowance for the non-stationary processes would
require a considerable increase in the computational power.

2.5. Deposition within porous structures

It is of interest to consider the effects related to the EPD
within porous structures. This process takes place, for
example, in the surface layer of a porous electrode being
coated by a thin-film electrolyte layer and during the
fabrication of multilayer electrolyte and functionally graded
porous electrodes as polymeric porous templates to be
impregnated with ceramic particles.”® The latter experi-
ments stimulated the development of a new model*® for
describing the effects taking place inside the narrow chan-
nels of the polymeric template upon the insertion of
suspended particles induced by an external electric field.

Mayén-Mondragon et al.®® considered two models. The
first one describes the distortion of long-range electric
repulsion forces between two particles in a narrow cylin-
drical channel (capillary). The authors used the finite
element method and the commercial FlexPDE software.!90
The repulsion forces between the particles were calculated
by solution of the problem of electric potential distribution
with overlapped EDLs of particles; the distribution is
described by the Poisson — Boltzmann equation in the given
computational domain at specified boundary conditions
and symmetry conditions. It is assumed that the field is
symmetric relative to the capillary axis and does not extend
beyond the capillary. The characteristic parameter of the
problem is the reciprocal of the Debye length.

The second model describes the electroosmotic flow in
the channels of the polymeric template. The authors con-
sider a rectangular channel filled with an electrolyte sol-
ution; a potential difference is applied to the edges of the
channel and gives rise to the electroosmotic flow of electro-
lyte in the solution. A stationary process can be described
by simultaneous solution of the Poisson, Nernst—Planck
and Navier —Stokes equations. The equations contain the
concentrations of cations and anions in the electrolyte
solution, the electric potential and the velocity of the liquid
in the channel.

The results of calculations according to the first model
showed that the interaction (repulsion) force significantly
decreases when the particle EDLs and the capillary walls
overlap if the potentials have the same sign. This effect is
significant when the capillary width is of the same order as
the particle diameter: in this case, suspension instability,
clogging of the channels and termination of the particle
insertion are possible. The calculation according to the
second model gave the velocity distribution for the electro-
osmotic flow for various channel wall potentials. The
electroosmotic flow can promote the insertion of particles
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if the directions of the flow and electrophoretic motion of
particles coincide. The particle penetration depth can be
controlled by changing the particle size and concentration
and also parameters of the liquid, electric field strength and
time.

2.6. Particle polarization upon deposition

The EPD of conducting particles gives rise to a number of
nonlinear electrokinetic effects caused by polarization of
these particles.% 101.102 When the EPD technology is used
for the formation of the functional layers for SOFCs, these
effects play a secondary role, in our opinion, because this is
normally done with nano- and microparticles of ~1 pum size
in relatively weak fields. Nevertheless, these effects can be
manifested in the region of a significant electric field
gradient at the substrate edge and also in the case of EPD
of micro-sized powders or significant electrochemical coag-
ulation of nanoparticles during EPD.

The classical theory of electrophoresis implies a constant
surface charge of the particles, which are assumed to be
non-conductive, and the electrophoretic mobility does not
depend on the external field strength

¢
—_P = 25
p=7 p (25)

The settled particle velocity ¥, depends linearly on the
electric field strength. When particles are polarizable, the
surface charge and {-potential are no longer constant, but
start to depend on the external electric field strength. This
gives rise to a number of nonlinear electrokinetic phenom-
ena such as dielectrophoresis or nonlinear electrophoresis.
Dielectrophoresis is the movement of particles in a non-
uniform electric field caused by the interaction between the
induced dipole moment of particles and the external electric
field. The force acting on a particle depends on the particle
size, the electric field gradient and the vector of the induced
dipole moment determined by the surface conductivity and
polarization of the particle and dispersion medium. The
particle velocity during dielectrophoresis is given by

&VE
n

Vo o~

b (26)

where a is the particle radius and # is the dynamic viscosity
of the dispersion medium. Dielectrophoresis results in
separation of a polydisperse suspension due to the depend-
ence of electrophoretic mobility on the particle size.

The electrophoretic mobility depends on E, which is due
to charge redistribution in the diffuse part of the particle
EDL induced by the external electric field. This changes the
surface potential of the particle. The electrophoretic mobi-
lity is expressed, in this case, as a power series in terms of
the field strength

Vo e (. Ed
p=—n~—|(+a + .
E n n

@7

where o is a constant coefficient.

Nonlinear effects arise in the case of large surface charge
of particles. As a result of these effects, the concentration of
counter-ions in the liquid medium near the surface changes
in such a way that surface conductivity appears in the EDL
region; in this case, the relations of the classical linear

electrophoresis are inapplicable. The particles acquire a
dipole moment, giving rise to electroosmotic flow near
them. The nonlinear electrokinetic phenomena and the
surface conductivity are significant when the {-potential is
relatively high (>50 mV).!93 The effect of surface conduc-
tivity is determined by the dimensionless Dukhin number

o
Du=—-2

(28)

oy a

where o5 is the surface conductivity of the particle, oy is the
volume conductivity of the liquid medium. Schnitzer and
Yariv 194 analyzed the results of earlier studies carried out
for strong fields. An expression for electrophoresis rate for
the case of small Dukhin numbers was derived.

This Section summarizes the theoretical approaches to
the description of EPD and highlights the key factors based
on models of different spatial scales, particularly, phenom-
enological kinetic models; descriptions of transport proc-
esses in a continuum medium using systems of partial
differential equations; and discrete models with direct
calculation of particle dynamics. Specific features of the
EPD within porous structures, polarization effects involved
in the EPD of conductive particles and nonlinear effects of
EPD, which are significant in the case of high {-potentials
and strong fields, were identified. It seems relevant to
continue the development of integrated physicochemical
modelling of processes involved in EPD. This will expand
the scope of applicability of theoretical models in real
experiments where an important role is played by non-
stationary effects and spatial variation of both the macro-
scopic parameters (resistances of the suspension layer and
deposited layer; suspension concentration; field strength,
concentration of ions; (-potential) and the micro-level
processes (EDL changes, particle interactions with one
another and with the deposit).

3. Preparatory stages for the conduction
of electrophoretic deposition

3.1. Electrophoretic deposition
The schematic diagram of an EPD setup consists of a
battery, a suspension vessel, a conductive substrate, which
often acts as the working electrode, and a counter electrode
(Fig. 5).3%:105 Electrophoresis is carried out for suspensions
of ceramic particles, which acquire a certain effective charge
in suspensions. This is the key difference between the EPD
and the electrolytic deposition, or electrodeposition, in
which solutions of salts are used, i.e., the movement of
ions is considered.!® The electrophoretic and electrolytic
deposition techniques give 1-10* and 10~3—1 mp-thick
coatings, respectively. The electrolytic deposition is also
used in the SOFC technology, e.g., to form the protective
coatings for interconnect application.!07-108

In the EPD setups, the electrodes are usually mounted
vertically and are parallel to each other; the charged ceramic
particles of the suspension move horizontally under the
action of the applied external field. The electrode to which
the particles move is determined by the sign of the {-poten-
tial of the suspension: in the case of anodic EPD, negatively
charged particles form a layer on the positively charged
electrode, while in the case of cathodic EPD, positively
charged particles are deposited from the suspension onto
the negatively charged electrode. Due to the limited choice
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Figure 5. Diagram of the setup for cathodic EPD with vertical electrodes () 3> and photograph of the laboratory setup for this process (5).!

of materials and substrates for anodic deposition, the
cathodic EPD is used most widely in SOFC techno-
logy.109.110

Depending on the specified task, the electrodes can also
be located horizontally. For the deposition from a non-
aqueous suspension of commercial ceria powder with a very
broad particle size distribution

d,*
Particle size /um

dio
0.8

dso
6.3

doo dyoo
17.1 30

it was demonstrated that a horizontal setup in which the
charged particles move upwards (oppositely to gravity,
Fig. 6) resulted in more uniform coatings than the deposi-
tion in a vertical setup.''! However for a deposition time of
600 s and suspension concentration of 10 mass %, the mass
of the coatings deposited in the vertical setup (0.20 g cm—2)
was more than twice greater than that obtained in the
horizontal setup (0.07 g cm—?2).

The horizontal arrangement of the electrodes is more
advantageous for automation of the deposition process for
multilayer coatings. The process in an automated horizontal
EPD setup gave!'? coatings of tetragonal 3YSZ
(5.22 mass % Y,03) and cubic 8YSZ (Zrp.92Y0.0s02_5s)
zircona composed of 5, 31 and 75 alternating layers with
uniform thickness of 125, 55 and 20 pm, respectively. In a
vertical unit, it was impossible to achieve equally thick
layers, with the layer thickness obtained with the same
deposition time (30 min) varying from 1216 to 142 pm (for
3YSZ) and from 383 to 139 pm (for 8YSZ).!13:114 A number
of publications describe the electrophoretic deposition of
functional layers for tubular SOFCs, including microtubu-
lar SOFCs (u-SOFCs) and other complex struc-
tures.>3-115-118 Ap example of the setup for manufacturing
microtubular SOFCs by EPD is shown in Fig. 7.

+The boundary particle sizes (diameters) below which are 10%, 50%,
90% and 100% of particles are designated by di0, dso, doo and doo.
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Figure 6. Diagram of the setup for cathodic EPD with horizontal
electrodes.!!!

The electric field that initiates the migration of charged
particles in the suspension and their deposition onto a
conductive substrate can be direct current (classical EPD),
pulsed direct current and symmetrical and asymmetrical
alternating current fields. The specific features of these
processes have been discussed in reviews.!?0~123 The use of
pulsed direct and alternating current fields is beneficial for
EPD from aqueous solutions, since this suppresses the
electrolysis of water.!23. 124 Recently, the pulsed method
was also applied to deposition of the YSZ films from non-
aqueous suspensions.!??

Among the factors that have a key influence on the
EPD yield, mention should be made of those associated
with the preparation of suspensions (aggregate and sedi-
mentation stability) and those related to the deposition
process (choice of the substrate, electrical process parame-
ters, deposition time). Another important factor is the
introduction of modifying additives to suppress cracking
of the coatings during drying. All of the mentioned factors
and their influence on the preparation of suspensions based
on SOFC materials and on the deposition of functional
layers are considered below.
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Figure 7. Photograph of a single cell (¢) and the setup for the EPD of a thin film of zirconia-based solid electrolyte on a porous NiO-YSZ

anode for microtubular SOFCs (b).!"?

(@) (1) Wire anode, (2) inner cavity of the microtube, (3) space occupied by the suspension, (4) cylindrical cathode, (5) porous NiO-YSZ

microtube; (b) a set of cells for group EPD technology.

3.2. Preparation of stable suspensions based on SOFC
functional layer materials for EPD

Preparation of suspensions is the key process determining
the success of EPD and reproducibility of developed tech-
nology. The major difference of the EPD from other colloid
techniques is the fact that with suspension concentrations of
1 vol.% —2 vol.%, the green densities* of deposited coat-
ings reach 40% —60%.%7 The formation of a dense and
uniform coating with good adhesion to the substrate is
possible only when suspensions used for EPD are stable
against sedimentation and/or aggregation.3!.32,126,127 The
kinetic (sedimentation) stability, that is, the ability of a
system to retain the uniform distribution of particles
throughout the bulk of the dispersion phase, is largely
determined by the particle size. When the size is <1 pm,
the particles can occur in the suspended state for long time
owing to the Brownian motion, whereas suspensions of
micro-sized (=1 pm) powders need to be continuously
stirred. However, it is noteworthy that suspensions of
nano-sized powders may have low aggregate stability, that
is, stability against coalescence of particles in a suspension.
According to the DLVO theory, the aggregate stability is
due to electrostatic repulsion forces between particles that
exceed the van der Waals attraction forces. A key quantita-
tive parameter of the suspension characterizing the repul-
sion forces is the {-potential. To ensure the suspension
stability, it is necessary to maintain the {-potential in the
20—-30 mV range.?!-32:3% At higher {-potentials, the repul-
sion forces between particles prevent aggregation.

3.2.1. Choice of the dispersion medium

The stability of suspensions considerably depends on the
dispersion medium and on the ratio of initial components
(amounts of the powder, solvent, pH-control agents, dis-
persing additives, deflocculants, polymer binders and so
on). During dispersion, it is necessary to break bonds
between the particles of the dry powder material. To this

i Here and below, the density is indicated in percent of the theoretical
value.

end, it is necessary to choose a medium that readily solvates
the particle surface. Water is most preferable for EPD, since
lower voltage is required in this case, which is beneficial for
both economical and environmental reasons. However, the
use of aqueous suspensions brings about a number of
problems. The first one is occurrence of electrochemical
reactions on electrodes, which considerably affect the effi-
ciency of EPD. Even provided that the current density and
suspension concentration are controlled during EPD, the
process markedly deviates from linearity.!?® Electrolysis of
water produces gases, which interfere with the formation of
dense ceramic coatings.’”-105  According to published
data,3%-129-132 EPD of ceramic materials, including materi-
als for SOFCs, are usually carried out in non-aqueous
organic media, most often, alcohols, ketones or their
mixtures.

Nevertheless, there are fairly successful examples of
using water as a dispersion medium, for example, for the
formation of dense coatings based on zirconia and alumina
using palladium cathodes, which absorb hydrogen formed
upon water electrolysis,!33 or platinum electrodes.!3# It was
noted above that EPD from aqueous solutions can be
successfully implemented using pulsed direct and alternat-
ing current fields.!?3-124 To attain the required electrical
conductivity of the medium, some researchers added water
to non-aqueous suspensions.>> 135136 Talebi et al.'35 dem-
onstrated that addition of 4 vol.% of water to a suspension
of YSZ in a mixture of acetone and ethanol considerably
increases the quality of electrophoretically deposited films.

For preparing suspensions of SOFC materials, water is
mainly replaced by alcohols, which can form (like water
molecules) hydrogen bonds with the surface of solvated
oxides. Isopropyl alcohol is most convenient for industrial
use as it is less hygroscopic than ethanol and, as a con-
sequence, it ensures stability of the physicochemical proper-
ties of the dispersion medium during the preparation and
use of the suspension. Apart from alcohols, ketones are also
utilized; their carbonyl group is capable of donor-acceptor
interaction with the oxide surface. Among various ketones,
acetylacetone proved itself to be a good medium for
EPD.136-138 It is used as a single dispersion medium or as
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mixtures with alcohols taken in different volume
ratios.33- 34 130,132,139 Ty many practically important cases,
it is necessary that the dielectric constant of the suspension
be <12. Meanwhile, when the dielectric constant is above
25, the electrophoretic mobility of particles will be restricted
due to a high concentration of ions, which become the main
charge carriers in the suspension.!40

3.2.2. pH-Control agents. Methods for deaggregation
of suspensions
The aggregation of single particles, especially nano-sized
ones, can occur even in stable suspensions; as a result, the
average particle size in the suspension differs from the size
of single particles.!3%-14! The acidity of suspension can
affect the surface charge of the particle and the {-poten-
tial.'*? For example, the {-potential of an aqueous YSZ
suspension is positive at low pH and is negative when the
pH is higher than the isoelectric point (IEP), which is
4—6.105,140,143,144 Tny the case of YSZ suspension in acety-
lacetone, IEP was observed at pH 7.4 and the pH depend-
ence of the {-potential was U-shaped.!4> During titration of
a  suspension of the electrolyte nanomaterial
Ceo.8(Smg.75S1r0.2Bag.05)0.202 s (CSSBO) in a liquid mixture
(isopropyl  alcohol + acetylacetone), the {-potential
decreased as pH increased from 4 to 9, but the IEP was
not reached.!3® Nevertheless, for non-aqueous suspensions
of various materials, the stable state was normally observed
at pH 4-5.8.38%146 Depending on the initial pH value,
suspensions were stabilized using carboxylic acids,!47-148
hydrochloric acid '#> and various bases: triethanolamine,
monoethanolamine and 6-aminohexan-1-0l.!4° By varying
pH, it was possible to increase the density of the deposited
YSZ layer from 38% at pH 7.4 to 53% at pH 8.4.14°

For the successful EPD process, suspensions with a
narrow particle size distribution should be prefered. This is
attained by means of ultrasonic treatment of suspen-
sions 130150 and mechanical dispersion methods such as
long-term grinding in a ball mill,’>!- 152 magnetic stirring 53
or dissolver treatment.!>* It is shown in several studies that
a combination of ultrasonic treatment and subsequent
centrifugation can significantly increase the proportion of
single particles and produce a narrow particle size distribu-
tion.132

The concentration of the solid phase in suspensions for
EPD is one more important parameter for the formation of
dense and uniform coatings. With increasing concentration
of solid particles in the suspension, the mass and density of
the coating increase.*® However, too high concentration of
particles in the suspension increases the viscosity, which has
an adverse effect on the EPD,'>> because in suspensions
with high particle concentrations, van der Waals attraction
forces, which promote particle aggregation, start to pre-
dominate. The use of various dispersants 1% 157 and addi-
tives forming the particle charge (e.g., molecular
iodine) 139-158.159 5 needed when the EPD is carried out
from highly concentrated suspensions (20—100 g litre—1).
Chen and Liu '%° reported that free protons that are released
upon the reaction of iodine with acetylacetone

MeC(O)CH,C(O)Me + 21, —=
—= ICH,C(O)CH>C(O)CH.I + 21~ + 2H™*

are adsorbed on the particles, giving rise to a positive charge
and high positive {-potentials of the suspension.

The concentration of molecular iodine used for this
purpose is usually relatively low (0.1-0.5 g litre —!) because
too high surface charge may hamper the EPD.!>°

3.2.3. Dispersants and polymer binders. Self-stabilization effect
The key difference between EPD and other colloidal meth-
ods is the absence or a very low content of organic
components in suspensions, which makes it possible to
obtain high-density coatings, with the density comparable
with that of pressed samples.!®®© However, polymer binders
and dispersants, which play a variety of roles, are added to
suspensions meant for EPD. The sedimentation stability of
suspensions is increased by phosphoric acid esters,!>7-161
polyethyleneimine,!'!- 192 ammonium polyacrylate,3?® ben-
zoic acid '3! and so on. The concentrations of these compo-
nents are usually 0.01 2.5 g litre—!'. The powders obtained
by chemical methods (pyrolysis, citrate nitrate method, ezc.)
are highly aggregated. In order to enhance the sedimenta-
tion stability of suspensions of these powders and, hence, to
increase the quality of coatings, the suspensions meant for
EPD are doped with iodine, stabilizers, dispersants, water,
inorganic and organic acids and bases. The suspensions
based on commercial YSZ powders, samarium- (CSO) or
gadolinium-doped ceria (CGO) manufactured by Tosoh
and Daiichi Kigenso (Japan), Sigma-Adrich (UK), Fuel
Cells Materials (US), in which the average particle size
varies from 0.1 to 0.5 um, are also stabilized by addition
of molecular iodine and various dispersants.33.33.39,140

The use of nano-sized materials in SOFC technology
gives an advantage in obtaining high-conductivity dense
thin electrolyte films at a reduced sintering temperature;
thus, it is possible to preserve the structure of the support-
ing electrodes and, hence, significantly increase the cell
productivity. The nano-sized SOFC materials can be
obtained using various methods: sol— gel process, hydro-
thermal process, spray pyrolysis, etc.!%3 However, the prep-
aration of EPD suspensions from nanopowders was noted
to be sophisticated, due to the tendency for aggregation
caused by a high level of interfacial interaction.'®* Thus, it is
not always possible to avoid the addition of dispersants to
nano-sized suspensions. For example, stable suspensions of
nano-sized 8YSZ (22 nm) obtained by the sol—gel method
were doped with a phosphoric acid ester.” It is known that
burning-out of this dopant gives impurities remaining in the
films that may have an adverse effect on the functional
properties of the films.!>7 In this respect, a good alternative
is the use in EPD technology of slightly aggregated nano-
powders composed of 10—20 nm spherical particles
obtained by laser evaporation followed by condensation
(LEC),163.166,167 pecause this makes it possible to com-
pletely avoid the application of dispersants and molecular
iodine.

A series of studies of Kalinina and co-workers 110130, 168
deals with stable suspensions of materials obtained by LEC
for the use in EPD technology and with the effect of
deaggregation of 8YSZ nanoparticles in suspensions on
the electrophoretic deposition process.'3% 199 For example,
a study of non-aqueous suspensions of the
Ceo_gsmo_zol_g (CSOZO), Ceo_ngo_zol_g (CG020) and
Ceo_8(Sm()_75S‘I‘()_2Bao,()5)()_2027,5 (CSSBO) nanopowders
obtained by LEC was reported.!3® The electron micro-
graphs of the powders, particle size distribution curves and
pH dependences of the {-potential for these non-aqueous
suspensions are depicted in Fig. 8.
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Figure 8. Electron micrographs and particle size distribution curves

(a—c) and pH dependences of the {-potential for 2% suspensions of

CS020 (7), CGO20 (2) and CSSBO (3) nanoparticles in isopropyl alcohol: acetylacetone = 50: 50 (vol.%) (d) according to the data of

acoustic measurements on a DT-300 unit.!30

It was shown that the initial nanopowder suspensions
are weakly acidic and have relatively high initial {-poten-
tials. Despite the presence of aggregates, the LEC-produced
suspensions of nanopowders are stable without addition of
special stabilizers because of spontaneous formation of
EDL on the surface.!®

One of the purposes of polymer binders (polymer
modifiers) added to suspensions is to prevent cracking of
coatings during drying (cracking is typical of coatings based
on nanomaterials).!37 The addition of a polymer modifier to
a nanoparticle suspension brings about a competition of
pairwise interactions of molecules of the medium and
polymer macromolecules with the surface: the polymer
modifier should destroy the solvation layer and be adsorbed
on the nanoparticle surface. It was found that introduction
of BMC-5 (butyl methacrylate copolymer with 5 mol.%
methacrylic acid) in a 2.5-3 g litre~! amount into a sus-
pension of nano-sized LEC powders based on doped CeO»

completely prevented film cracking during drying.''® The
density of films obtained in the presence of BMC-5 was
48% —60% and complete burning-out of the additive took
place in the temperature range of 250-400 °C. Other
compounds used by various authors as additives to non-
aqueous suspensions of nano- and micro-powders to pre-
vent cracking of the coatings include polyvinylbutyral
(PVB), poly(acrylic acid), poly(vinyl acetate), polyethyl-
eneimine, acrylic acid and acrylate copolymers, acrylate
and acrylamide copolymers, p-hydroxybenzoic acid and
other compounds.131-157. 161,162,170 [ some studies, it was
noted that certain dispersants can also act as polymer
binders. For example, polyethyleneimine and polyallyldi-
methylammonium chloride (cationic polyelectrolyte, a lin-
ear-cyclic macromolecular compound), which act as disper-
sants, can also prevent cracking of the coatings.!06-171.172
For aqueous suspensions, water-soluble poly(vinyl alcohol)
is the most popular binder.!06.173



Table 1. Compositions of suspensions based on SOFC materials.

SOFC material Dispersion medium Additives Ref.
designation (composition) manufacturer other characteristics #
Oxygen-ion conducting solid electrolytes
8YSZ (Z10.92Y0.0s02—5) Tosoh — Ethanol Poly(ethylene glycol) 34
8YSZ (Z10.92Y0.0s02—5) Tosoh — Acetylacetone Darvan 821-A dispersant, 35
ammonium polyacrylate
8YSZ (Z10.92Y0.0802—5) Tosoh d = 100-200 nm Acetone + ethanol Molecular iodine 36
8YSZ (Z10.92Y0.0802—5) — Sol—gel method, Isopropyl alcohol Phosphate ester 37
d =22 nm
8YSZ (Z10.92Y0.0802—5) Daiicghi Kigenso, Japan d=0.5 pm Distilled water Ammonium polyacrylate 39,134
8YSZ (Z19.92Y0.0802—5) Tosoh d=0.3 pm Ethanol, methanol, n-propanol, isopropyl Molecular iodine 129
alcohol, n-butanol, ethylene glycol, acetone,
acetylacetone
8YSZ (Zr0.92Y 0.0802—5) Tosoh — Isopropyl alcohol Electrostatic dispersants 131
8YSZ (Zr0.92Y0.0802—5) - LEC,d =11 nm Isopropyl alcohol + acetylacetone BMC-5 132
8YSZ (Zr0.92Y0.0802—5) Tosoh — Acetylacetone, acetone Molecular iodine 136
8YSZ (Zr0.92Y0.0802—5) Tosoh — Ethanol Polyethyleneimine 151
8YSZ (Zr0.92Y0.0s02—5) — — Ethanol Phosphate ester, poly(vinyl 157
butyral —vinyl alcohol —
vinyl acetate)
8YSZ (Z10.92Y0.0802—5) Tosoh — Acetylacetone, acetone, ethanol, Molecular iodine 159
acetone + ethanol
8YSZ (Z10.92Y0.0802—5) Tosoh — Isopropyl alcohol Molecular iodine 174
10SSZ (Zr0.9Sco.101.95) Daiichi Kigenso Kogyo — Acetylacetone Molecular iodine 175
Kagaku
1 mol.% CeO2—89 mol.% ZrO,— Daiichi Kigenso — n-Propanol Polyvinylbutyral 176
10 mol.% Sc>03 Kogyo Kagaku
CSSBO (Ce.5(Smyg.75Sr9.2Bag.05)0.2- — LEC,d = 15 nm Isopropyl alcohol + acetylacetone BMC-5 54,110
.02_5)
CS020 (Cep.sSm201.9) - LEC,d =9 nm Isopropyl alcohol + acetylacetone BMC-5 130
CGO20 (CepsGdp202-5) - LEC,d =7 nm Isopropyl alcohol + acetylacetone BMC-5 130
CS020 (Cep.sSmp 20 9) — Spray pyrolysis, Ethanol Molecular iodine 150
d =290 nm
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Table 1 (continued).

SOFC material Dispersion medium Additives Ref.
designation (composition) manufacturer other characteristics #
Oxygen-ion conducting solid electrolytes
CGO20 (CepsGdo202-5) - — Ethanol Phosphate ester, poly(vinylbutyral — 157
vinyl alcohol - vinyl acetate)
CS020 (Ce.8Smo201.9) Hosokawa Micron d =49 nm Acetylacetone Molecular iodine 177, 178
CS020 (Cep.sSm201.9) — — Acetone + ethanol Molecular iodine 179
LSGM (Lag.83Sro.17Gag.s3Mgo.1703—s) — d= 10 pm Ethanol + acetone Molecular iodine 152
LSGM (Lag.gSro.2GaosMgo.203 —s) - — Acetone Water, molecular iodine 180
LASO (Lag g3Sis 5Al; 5026) — Sol—gel method Ethanol, methyl ethyl ketone, HCI, HNOs, acetic acid 156
n-butylamine, polyvinylbutyral
LSO (Lag 33 +2x(S104)602 + 3x) — d=0.9 pm Ethanol Polyethyleneimide 162
0<x<0.33
LBAYO (LagoBag.1Aly.9Y0.103) — — Acetone + ethanol Molecular iodine 181
Proton conducting solid electrolytes
BCS20 (BaCep §Smg203_5) — LEC,d = 32 nm Isopropyl alcohol + acetylacetone BMC-5 126
BCGCu — Pyrolysis, Isopropyl alcohol + acetylacetone BMC-5 127
(Baceo_gngo_1CU0_0103,(5) d=1-10 pm
BCY20 (BaCeosY0203-5) - Citrate nitrate synthesis Acetylacetone Molecular iodine 170
SBET = 7.88 m2g*1
BCY10 (BaCep9Y0.103-5) — d = 100 nm Acetylacetone Molecular iodine 182, 183
BCY10 (BaCeo9Y0.103-5) - Pechini method, glycine Methyl ethyl ketone, ethanol, Polyacrylic acid 184
nitrate method acetylacetone, isopropyl alcohol,
isobutyl alcohol
BZCY (BaZro4Ce0.4Y0203-_5) — Glycine nitrate method Ethanol — 185
LCN (Lag.995Cap.00sNbO4) Cerpotech — Acetylacetone and deionized water Molecular iodine 186
Cathode materials
LMO (LaMnOs) — Pechini method, Isopropyl alcohol Poly(vinyl alcohol) 153
d =213 nm
LSM64 (Lag 6Sro.4MnOs3_ ) — Solid phase synthesis, Isopropyl alcohol + acetylacetone — 154

micro-sized powder
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Table 1 (continued).

SOFC material Dispersion medium Additives Ref.
designation (composition) manufacturer other characteristics #
Cathode materials
LNC (LaxNip §Cu0.204+5), - Pechini method Methyl ethyl ketone Molecular iodine 158
LSNF (Laolgsro,zNio,GFGOAO}—5)
LN (LasNiOy4 +5) = Pyrolysis, Sger = 1.2 m?>g—1; Isopropyl alcohol, acetone, acetyl- BMC-5 187
LEC, Sger = 53 m2g~! acetone, isopropyl alcohol + acetylacetone
Lag7SrgsMO3_s — Solid phase synthesis, Acetylacetone Molecular iodine 188
(M = Mn, Fe, Co) d=0.4-0.8 pm
LSMS2 (Lag SroMnOs3_ ) — Glycothermal synthesis, Acetylacetone Molecular iodine 189
SBET = 2.65 ng*‘
NiO-YSZ (NiO—Zr¢.92Y0.0s02—5) Toho Titanium, Tosoh SpeT = 8.74 m?2g~! Acetylacetone Molecular iodine 189
LSM82-8YSZ — Pechini method, Acetylacetone Molecular iodine 190
(Lao.sSro2MnO3_5—Zr0.92Y0.0s02—5) SperT = 15 m2g—!
LSCF (Lag.¢Sro.4Coo.8Fep 203 _5) — Sol—gel method Acetylacetone Molecular iodine 191
LSCF, CSO20-Li>CO3—NaCOs3 Sigma Aldrich, Malaysia — Ethanol, water Polydiallyldimethylammonium 50
chloride
Anode materials
8YSZ (Z10.92Y0.0s02—5) Tosoh Co. d =200 nm Ethanol, acetone, methanol, Molecular iodine 48
isopropyl alcohol, acetylacetone,
n-butanol
NiO Sigma Aldrich d=5pm Ethanol, acetone, methanol, isopropyl Molecular iodine 48
alcohol, acetylacetone, n-butanol
Lag.995Cag.00sNbO4/Ni Ceprotech SBeT = 5.93 m?2g—! Acetylacetone Molecular iodine, water 186
Ni—-8YSZ — — Acetylacetone Molecular iodine 192, 193
NiO (99.9%) Canadian INCO Metals. — Acetone Molecular iodine 194
8YSC Tosoh — Acetone Molecular iodine 194
SroFeMoOg — Citrate — gel method Ethanol, isopropyl alcohol + acetone Phosphate ester,
molecular iodine 195
Composite materials for protective coatings
(Mn,Co)304 Pixar Co. d= 0.9 pm Ethanol — 42
LNF (LaNig ¢Fe403_5) Pechini method Ethanol 44

9611

61TT—6LIT (TT) 88 ‘610T 42y “widy) "ssmy  eAO[eNId NA H “BUIUIEY D'H



Table 1 (continued).

SOFC material Dispersion medium Additives Ref.
designation (composition) manufacturer other characteristics #
Composite materials for protective coatings

MnCo0,04, MnCo; 7Fep304, - Pyrolysis, Isopropyl alcohol + ethanol - 45, 196

MHC01,7CUO,304 d= 0.7, 0.63and 1.2 Hm
Mn; 5Co; 504+ sintering additive American Elements SpeT = 12.0 m?2g~! Ethanol + deionized water — 46, 197

(0, 5 or 10 mass % CuO)
Mn 02Co1.94Fe0.1104 H.C.Starck, Goslar d < 500 nm Acetone HCI 198
CuMn; gO4 — Glycine nitrate synthesis Ethanol + acetone Molecular iodine 47,199,

200
NiFe,O4 — Solid phase synthesis, Acetone Polyethyleneimine 201
d < 10 pm

Note. Here and in other Tables, dash means the absence of appropriate data in the literature sources.

4 Method of synthesis, particle size (¢) and Brunauer — Emmett — Teller specific surface area (Sger).
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The dispersion media and additives used most often to
prepare suspensions based on various SOFC materials are
summarized in Table 1.

3.3. Requirements to substrates for EPD
A specific feature of SOFC electrodes is high porosity
(30% —35%) needed to ensure the supply of a gaseous
oxidant (usually air oxygen) or a reducing agent (usually
hydrogen) to the electrochemical reaction zone. For suc-
cessful electrophoretic deposition of a dense electrolyte
layer on the electrode surface the following conditions
should be met: high conductivity of the substrate and
uniform electrical properties of the substrate surface; the
absence of non-conductive inclusions (pores, non-conduc-
tive organic bonds), minimum surface roughness
(<0.20 um). The desirable pore size on the deposition
surface is not more than 1 um. Furthermore, the thermo-
mechanical properties of the substrate electrode and the
electrolyte layer should be similar, and the stability of the
substrate structure upon electrolyte sintering is required.
Cathodic substrates possessing high conductivity were
the first to be chosen for the EPD in SOFC technology. In
some studies, deposition of 8YSZ was carried out with
substrates based on lanthanum strontium manganites tradi-
tional for high-temperature SOFCs.32,159,202-206 [shihara
et al.?9? carried out the deposition of 8YSZ on the porous
Lag sSrooMnO3; cathode by repeated EPD. After the first
deposition cycle, the film had numerous defects; however,
after six and ten cycles, defect-free films with a thickness of
10 and 15 pum, respectively, were obtained. The films were
sintered at a reduced temperature (1275 °C) to avoid reac-
tions between materials. Peng and Liu2?%* reduced the
temperature of substrate formation for Lag gsSro.1sMnOs3
(LSM) obtained by the sol—gel process to 1250 °C. It was
noted that the substrate shrinkage promotes sintering of the
film deposited on this substrate. Chen and Liu '3 employed
the Pechini method to prepare submicrometre LSM. When
green LSM or LSM—-8YSZ substrates were used for the
EPD, the deposition rate was low and the resulting electro-
lyte films were non-uniform because of the low conductivity
of the substrates. The preliminary annealing of the sub-
strates at 700 °C increased their conductivity, which
resulted in the formation of 10 pm-thick uniform dense
films. As in the study cited above,?%* it was noted that
shrinkage of the substrate intensifies the sintering of the
electrolyte film, gas tightness of which is already achieved at
1250 °C. For increasing the efficiency of deposition of the
8YSZ film, Lee et al.2%5 attached the LSM substrate with
40% porosity to a conductive copper foil. Deposition at
constant voltages of 10, 30 and 50 V over 10 min gave 1.5,
2.8 and 3.8 um-thick films, respectively. Kalinina et al.'>*
studied the EPD of LEC nano-sized 8YSZ powder on an
LSM substrate with different average pore sizes — LSM1
(up to 1 pm) and LSM2 (3—20 um). Analysis of the particle
size distribution of the suspensions prior to the EPD
demonstrated that the fraction of single 8YSZ particles
(14 nm) substantially (on average, ten times) exceeded the
fraction of aggregates (155 nm). It was found that for up to
1 um sized pores, due to the overlap of the particle and
electrode EDLs, the aggregates are deposited in the pores
near the surface to form a dense coating (LSM1 substrate).
When the pore size increases (LSM?2 substrate), the deposi-
tion occurs inside the cathode, and the 8YSZ layer is not
formed on the electrode surface.

Few studies address the EPD on cathode substrates.
This is due to the fact that sintering of electrolyte films
requires high temperatures. Meanwhile, sintering of electro-
lyte films at high temperature is accompanied by degrada-
tion of the cathode structure. One way to solve this problem
is to find cathode materials that would exhibit low sinter-
ability combined with high electrochemical activity. Indeed,
Kalinina et al.>*2%7 carried out the EPD using a porous
multilayer cathode substrate with an LNF current collector
of optimized porosity (35% —40%; collector thickness of
1 mm) and electrical properties (200 S cm~!) and a thin LN
functional layer (30 pm, up to 1 um pores). During sinter-
ing of an electrolyte film (8 pum) at 1400 °C, no structural
changes of the porous substrate were detected.

The problems faced by researchers while conducting
EPD on cathode substrates initiated studies dealing with
deposition on anode substrates. In some works, deposition
was carried out on reduced nickel cermet substrates.!>!-175
A number of processes were developed for EPD on non-
conductive NiO—-8YSZ substrates.?!-208.209 The surface of
dense non-conductive substrates was activated by applying
various conductive sublayers such as platinum,!3¢ poly-
mers210-211 and graphite.?'> The conductive layer was
applied either on the deposition surface or on the back
side of the substrate; alternatively, a conductive material
was introduced directly into the substrate and subsequently
burned out. For activating EPD, a conductive plate was
applied on a porous non-conductive substrate, most often,
on the back side. In some publications (see, e.g. Refs 35, 55,
209 and 213), it was noted that the substrate porosity
becomes the key factor in this case, because the solvent-
saturated continuous pores in the substrates promote the
formation of a ‘conductive path’ between the conductive
plate and the suspension particles. The minimum threshold
porosity of the substrate for the EPD to proceed was more
than 50%.33

Talebi et al.'3> reported a comparison of two methods:
(i) a thin graphite layer was deposited on the NiO—-8YSZ
substrate surface and then a 8YSZ film was deposited onto
the graphite layer; (ii)) a 8YSZ film was formed on the
surface of the NiO—-8YSZ substrate, with a steel electrode
located on the substrate back side. It was noted that the
mass of the coatings formed on the graphite layer was
markedly greater than that in the case of coatings deposited
directly on the non-conductive substrate. The current
strength and layer microhardness and adhesion were also
greater on the substrate with the graphite sublayer.

Das and Basu?!? investigated the effect of thickness
(0.5-2 mm) of a NiO—-8YSZ porous non-conductive sub-
strate, comprising the supporting and functional layers and
pre-annealed at 1100 °C, on the rate of deposition of an
electrolyte film. A steel plate was attached to the back side
of the substrate, and a similar larger plate was used as the
counter-electrode. It was found that uniform dense 8YSZ
films can be formed on substrates with a thickness of up to
1 mm. As the substrate thickness increased fourfold (from
0.5 to 2 mm), the thickness of the deposited electrolyte film
increased insignificantly (from 7 to 12 pum). Probably, the
formation of dense 8YSZ films on the substrates in the early
period of deposition suppressed further film growth. The
highest open-circuit voltages (OCV) (1.18 V) and power
density (1.41 Wem~—2 at 800 °C) were obtained for the
cells with a thinner substrate (0.5 mm) and with the 8YSZ
film (7 pm). While summarizing the experience in conduct-
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ing EPD on non-conductive substrates, the authors noted
that the use of conductive plates to activate the EPD is more
economic, since the plates can be reused.

3.4. Effect of deposition parameters

The EPD regime is determined by the following parameters:
external electric field strength; deposition time; composition
of the suspension; temperature; and the presence and
velocity of stirring. According to published data,3!-32.38
the electrophoretic transfer of particles is successfully
accomplished over a broad range of electric field strengths.
According to the classical electrophoresis equation (7), mass
transfer is proportional to the field strength, concentration
of the suspension, electrophoretic mobility and time. By
varying these values, one can control the amount of depos-
ited material. The real situation is markedly complicated for
concentrated suspensions 8¢ and for depletion of the suspen-
sion with increasing deposited mass.®> The mass growth
rates are considerably different for constant-current and
constant-voltage depositions,’® with considerable roles of
the deposited layer resistance and change in the suspension
resistance.”* 7> The time dependences of the deposited mass
for various EPD conditions are depicted in Fig. 9. Theoret-
ically, these dependences could be used to initially specify
the EPD conditions that would result in a particular
deposited mass on the electrode; however, in practice,
EPD parameters are usually selected empirically for each
suspension and each substrate. The details of deposition
conditions and parameters of the resulting coatings are
reflected in Table 2.

Above, it was noted that the ionic composition of the
dispersion medium,'?” which can change during deposi-
tion,” plays a significant role. In this respect, it is preferable
to choose the deposition time of 1—5 min and adjust
appropriately the field strength. A necessary parameter of
an electrolyte coating is gas tightness, which can be achieved
by successive deposition —sintering cycles (this method was

m[mg cm—2
140
120
100 2
80
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40 |

20 -

4000 6000 tfs
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0 2000

Figure 9. Theoretical time dependences of the deposited mass for
various EPD regimes.%°

Deposition: (/) constant current and constant concentration of the
suspension; (2) constant current and decreasing concentration;
(3) constant voltage and constant concentration; (4) constant
voltage and decreasing concentration.

first used by Ishihara et al.'3°) or by changing the particle
size distribution of the suspension via sedimentation 79 or
centrifugation 37 to remove large aggregates. Conduction of
repeated cycles of EPD was also reported.>* 213

The formation of relatively thick coatings (up to
150—-200 pm) is achieved using highly concentrated suspen-
sions (100 g litre— ') with the addition of a dispersant (e.g.,
phosphate ester) to maintain the stability and electropho-
retic mobility and a polymeric binder to prevent crack
formation in the thick coating.!>’

Other important factors are smoothness and uniformity
of the coating surface, which are often achieved by selecting
an optimal deposition voltage. When the voltage is too low
or too high, either partial substrate coating or non-uniform
film surface may be observed.!?° The kinetics of the increase
in the deposited mass may have either linear or non-linear
time dependence (see Table 2), which can be attributed to
different shielding effects of the deposited layer, a change in
the suspension resistance or different patterns of variation
of the particle concentration.

4. Application of electrophoretic deposition
in the solid oxide fuel cell technology.
Achievements and prospects

4.1. Formation of supporting ceramic parts

Early publications on the application of EPD in the SOFC
technology were devoted to the formation of ceramic parts
from an electrolyte based on yttria-stabilized zirconia. An
advantage of this process consisted in the possibility to
fabricate both flat and tubular parts. The density of the
deposited items reached 58.5%; this made it possible to
decrease the sintering temperature required to attain gas
tightness (99.5%) to 1500 °C in air.2!7 Zirconia tubes (with
a length of 110 mm, outer diameter of 34 mm and wall
thickness of 0.5—-1.5 mm) had characteristic strength
o. = 420 MPa. Negishi et al.?'® proposed a process for the
EPD fabrication of tubular items based on lanthanum
strontium cobaltite ferrite (LSCF).

To our knowledge, no examples of application of EPD
in the formation of 3D parts of SOFCs can be found in the
publications that appeared after 2006; however, there are
examples of using this method for compaction of other
ceramic materials. For example, EPD was employed to
obtain optically transparent ceramic bodies of alumina,
yttria, yttrium aluminium garnet and lutetium aluminium
garnet from aqueous suspensions of nanopowders.?!® For
the conduction of EPD, plastic moulds (35 x 35 x4 mm) cut
from Plexiglas with 6 mm holes were attached to working
electrodes; this allowed fabrication of cylindrical samples in
one EPD cycle at a voltage of up to 180 V and deposition
time from 3 to 15 min. The deposits were dried on the
electrode or in a mould in the case of cylindrical bodies.
Drying was carried out for several days at room temper-
ature to avoid cracks. In order to slow down the drying
process, a small amount of water was added to the desic-
cator (vapour phase drying). The resulting cylinders were
sintered for 4 h at 1700 °C at a heating rate of 5 °C min—".
The EPD process gave high-density green bodies
(61% —62%); therefore, after sintering, uniform optically
transparent ceramic bodies were obtained.

This method was further developed in a patent,??° which
proposed a process for fabrication of high-density optically
transparent ceramics by EPD of slightly aggregated oxide



Table 2. Key parameters of the EPD process and properties of the resulting SOFC coatings.

Substrate type

Stainless steel
or porous
LSM cathode

Porous NiO-YSZ
anode

Porous Ni-YSZ
anode

Porous LNF/LN
cathode

NiO —stainless
steel anode

Porous LSM

cathode and porous

Ni—-8YSZ anode

Al foil,
Ni—CS0O20 anode

Ni foil,
Ni—8YSZ anode

NiO-8YSZ
(green)

Deposited material

8YSZ,d =20-30
and 51-65 nm

8 YSZ (Tosoh)

8YSZ (sol —gel
method),
d ~ 22 nm

CSSBO (LEC),
d=15nm

8YSZ (Tosoh),
d~ 0.3 pm

8YSZ (Tosoh)

CS020
(spray pyrolysis)
d =290 nm

Lag §Sro2Gao 87sMgo.12503 s,
Lag gSro.2Co¢.2Fep.803 s,
8YSZ, CGO20

8YSZ (Tosoh),
d~2pum

Suspension characteristics

EPD regime?

Coating characteristics

Oxygen-ion conducting solid electrolytes

Acetylacetone, ethanol,
their mixture (1: 1),
Cs =4 and 10 g litre

Ethanol, poly(ethylene
glycol) as the binder
(5 mass %), Cs = 20 g litre—!

Isopropyl alcohol,
phosphate ester
(0.1 g litre—1)

Isopropyl alcohol —acetyl-
acetone (50 : 50 vol.%),
Cs = 10 and 20 g litre ™!

Ethanol, methanol,
n-propanol, n-butanol,
ethylene glycol, isopropyl
alcohol, acetone, acetylacetone,
Cs=2.5 g litre !
Acetylacetone, acetone,

Cs =10 g litre !,

I, additive

Ethanol, I, additive
(0.6 g dm—3),
Cs = 10 g litre !

Ethanol; PVB (3 g litre—1),
phosphate ester (3.5 g litre 1),
Cs = 100 glitre—!

Methanol

1=0.1,0.25,
0.40 mA cm—2;
U=300V,
L=15mm
U=20-30V,

7= 1.5-2.0 min

U=10-70V,

7= 1-10 min,

L =40 mm
U=80V,

7 = 1 min (in a cycle),
L =10 mm

U = 25,50,100 V,

7 =10-20 min,

L =125 mm
U=5and 10V,

T = 3 min
U=100V,

t = 1-10 min,

L =20 mm
I1=0.05-1 mAcm 2,
T = 8 min,
L=15cm
U=100V,

T = 8 min,

L =10 mm

m <7 mgem—?2,
h < 10 pm

Ts = 1250 °C,
h=2.12and 2.93 ym

Ts = 1200 °C during 2 h
h =3 pm

Ts = 1400 °C during 4 h,
after 6 deposition cycles
m=>56mgem=2/h=5pum

m=7.5mg cm—2at 50 V

m = 14.6 mg cm—?2,
h ~ 5 pm after sintering,
cyclic EPD

Ts = 1600 °C,
m=4.6 mgcm—2,
h =20 pm

m = 50 mg cm 2,

h (without PVB) = 50— 100 pm
(cracks in the coating),

h (with PVB) = 150—-200 um
(no cracks)

T, = 1350 °C,
h=6-8 ym

Notes

Linear increase in the deposited mass
with time; minor increase in the deposit
mass with concentration increase

from 10 to 40 g litre —!; defectiveness
of the coatings after sintering depends
on the particle size

Non-linear increase in the mass with time;
deposition is due to the open porosity
of the anode substrate

Non-linear increase in the deposited mass;
optimal voltage range of 40—50 V;
deposition for 10 min with preliminary
centrifugation

Deposition —sintering cycles;

compaction of the deposit in the centrifuge;

ultrasonic treatment of the suspension

Non-linear increase in the deposited mass
with time; smooth coating surface at low
voltages (25 and 50 V), non-uniform
surface with voltage increase up to 100 V

Linear increase in the deposited mass
with time; application of five deposition—
sintering cycles eliminates through

pores in the coating

Cracks and pores in the coating;
relatively low specific gravity of the
coating with a large thickness

Linear increase in the deposited mass
with time; large thickness of the coating;
highly concentrated suspension was used

Ultrasonic treatment of the suspension;
co-sintering of the electrolyte layer and
the anode

Ref.

33

34

37

54

129

136

150

157

214
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Table 2 (continued).

Substrate type

NiO—-BCY10 anode

NiO-BCY10 anode

Ni plate and porous
Ni—-YSZ and
Ni—BCY10 anodes

Stainless steel and
porous NiO-BZCY
anode (1100 °C, 2 h)

Dense LN cathode

Porous NiO-8YSZ
anode with
a graphite sublayer

Deposited material

BCY20 (citrate
nitrate method),
d=172,766 nm

BCY10

BCY10 (Pechini
and glycine nitrate
methods),
d=03-1.0 pm

BZCY (glycine
nitrate method)

BCS20,d = 0.3 um
and more; BCGCu,
d=1-10 pm

Bilayer electrolyte
8YSZ (d = 0.3 pm)/
CSOd=1pm

Suspension characteristics

Acetylacetone, 1>
(0.33 g litre 1),
Cs = 8 g litre !

Acetylacetone, I»
(0.37 g litre 1),
Cs = 8 g litre ™!

Methyl ethyl ketone,
polyacrylic acid as
the binder

Ethanol, Cs = 10 g litre !

Isopropyl alcohol —
acetylacetone

(70:30 vol.%),

Cs= land 10 g litre—!

Ethanol, phosphate ester
as the dispersant

EPD regime®

Coating characteristics

Proton conducting solid electrolytes

U=30V,
T = 3 min,
L =10 mm
U=30-60V,

7=1-5min

U=500Vem !,
T = up to 10 min

U=30-100 V,
7= 1-5min

U=280YV,
7= 1-3 min
(in a cycle),

L =10 mm
U =600V,
L =10 mm

Ts = 1450 °C for 4 h,
h=92pm

T, = 1550 °C for 2 h,
h=52-9.5pm

m = 3.5 mg cm—2in 5 min,
h (green coating) = 20 pm

h = 13 pm, electrolyte

sintering at a 2 °C min ! rate;
30 min at 1400°C, final sintering
at 1500 °Cfor2 h

m=32mgcm=2,
h =5 pm after six
deposition —sintering cycles

Ts = 1400 °C for 2 h;
bilayer coating thickness:
8YSZ (4 um)/CSO(1 um)

Notes

Defect-free coating is provided by preliminary
sedimentation of the suspension

Co-sintering of the electrolyte layer and
the anode non-uniform coating with pores
at 30—40 V voltage; optimal voltage of 50—60 V

Low deposition rate at high voltage

Linear increase in the deposited mass with time;
cracks in the coating at voltages of > 70 V;

optimal voltages of 30, 50 and 70 V;

higher coating density at 70 V; anode porosity
decreased from 42.47% to 19.31% as the temperature
increased from 1100 to 1500 °C

Ultrasonic treatment and centrifugation

of the suspension; deposition —sintering cycles;
loose structure of green coating: the deposit was
compacted in a centrifuge

Successive deposition of electrolyte layers

on a porous substrate; co-sintering of the layers;
linear time dependence of thickness (from 5 to 20 um
in 60 s)

2 The values are: potential difference between the electrodes (U ), characteristic deposition time (z), distance between the electrodes (L) and current density (/).
> The values are: deposit mass (), sintering temperature (7s) and coating thickness (h).

Ref.

170

182

184

185

215

216
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nanoparticles from a non-aqueous suspension with a par-
ticle concentration from 0.1 mass % to 10 mass %. Large
aggregates were removed by ultrasonic treatment and cen-
trifugation of suspensions. The electric field strength during
deposition was 50 to 300 Vecm~! and the process duration
was 1 to 200 min, depending on the required thickness of
the deposit. No organic dispersants or binders were
required in this case for the formation of ceramic bodies.
Deaggregation of the suspension by ultrasonic treatment
and the subsequent particle separation according to sizes by
centrifugation improved the uniformity of the body and
decreased the defect generation during sintering.

4.2. Electrode-supported solid oxide fuel cells with thin-film
electrolytes

The design of electrode-supported or porous metal sub-
strate-supported SOFCs with thin-film electrolyte is most
promising for the cells with reduced operating temper-
ature.'?13 The first studies on the use of EPD in SOFC
technology were mainly devoted to deposition of a tradi-
tional zirconia-based electrolyte on a lanthanum strontium
manganite substrate.32 159,202-206,221 The [ SM cathode-
supported cell with a 10 um-thick 8YSZ film electrolyte
operating at 1000 °C using oxygen as the oxidant showed
high OCV (1.0 V) and power density (1.5 W cm—2).13¢ The
attention was focused on preservation of the porous struc-
ture of the cathode substrate upon sintering with the
electrolyte. Ivanov et al.*?? studied the dependence of
porosity of the Lag7Sro3MnO3_s-based cathode substrate
on the addition of pore-forming agents (graphite, cellulose,
starch, hard coal), the mass ratio between the micro- and
nano-sized powders, and formation temperature. It was
found that porous substrates containing micro- and nano-
sized LSM in a 50:50 ratio are less affected by high
temperature (1250 °C) during the co-sintering with the
10YSZ electrolyte film than the other studied types of
substrates. The authors were able to decrease the temper-
ature of electrolyte sintering by using nano-sized 10YSZ
synthesized by the LEC method (see Section 3.2.3). The
resulting SOFC with the optimized cathode (50% porosity)
and thin-film electrolyte (5 pm) had high OCV (~1.1 V)
and power density (0.55 W cm—2) at 860 °C. However, the
authors noted that at a current density of >0.7 A cm~2,

clear-cut limiting currents appear in the current—voltage
curves, which may be indicative of diffusion limitations
hampering the oxidant supply through the porous cathode
layer. Fung and Chen '8! proposed a new solid electrolyte,
LBAYO, with the perovskite structure and improved elec-
trical properties; they studied the possibility to form thin
films of this electrolyte on lanthanum strontium manganite
cathode substrates. Despite the reduced OCV value due to
gas leakage in the cell (0.93 V at 800 °C) and rather large
electrolyte thickness (63 pm), the power density of the cell
was 0.306 Wem~—2 (800 °C), which is comparable with
characteristics of SOFCs with the traditional 8YSZ electro-
lyte.

Most of studies addressing the use of EPD for the
formation of SOFCs consider anode-supported cells with
thin-film electrolytes. It was noted above that in the case of
non-conductive substrates (e.g., nickel cermet), high poros-
ity is the key parameter for the EPD (see Section 3.3). High
shrinkage of the substrate can also intensify sintering of the
electrolyte film. Therefore, in the formation of anode-
supported SOFCs, additional procedures were used such
as pre-annealing of the anode substrate at a moderate
temperature (up to 1000 °C)179-209.216 and introduction of
pore-forming agents and conductive materials (e.g., graph-
ite) into the electrodes.!76 182,183

Besra e al.>*® showed that, irrespective of the applied
voltage, the deposited mass of the electrolyte film increases
with increasing porosity of the substrate (which was
adjusted by varying the amount of the pore-forming agent)
(Fig. 10). The authors discussed the mechanism of forma-
tion of conductive paths from the substrate surface, where
the deposition occurs, to the conductive backing attached to
the substrate.

Horri er al.??! increased the power of a single SOFC with
the 8YSZ electrolyte (~10 um) more than twofold by
introducing 2.5 mass % and 5 mass % of carbon micro-
spheres, obtained by hydrothermal treatment of table
sugar, as pore-forming agents into the electrodes (Table 3).
The electrolyte film thickness increased from 9 to 12 um as
the porosity of the anode substrate increased due to the
change in the content of the pore-forming agent. The
increase in the anode porosity also increased the fuel
consumption efficiency during functioning of the cell
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Figure 10. Deposited mass vs. porosity of the NiO—8YSZ substrate (60:40) during the EPD from a suspension of 8YSZ particles in
acetylacetone and (a) electric field distribution on the surface of a non-conductive substrate with open porosity (b).2%°

(a) (M) U=100 V, T =3 min; (2) U= 25V, =3 min.




Table 3. Materials, regimes of formation of functional layers of SOFCs by EPD (unless another method is indicated) and characteristics of single SOFCs.

Characteristics of functional layers (composition, thickness and conditions of deposition and sintering in air) OCYV (see?) fuel/oxidant Power/ W cm—2 (see®) Ref.
electrolyte cathode anode
8YSZ,h=5pm, U=5V,7=3min Lag.Sro.4MnO3_s, *NiO —Zr(Ca)O- (40 : 60), pressing, 1.03 (1000 °C); 1.84 (1000 °C) 136
(cyclic deposition, five stages), painting, Ts = 1450 °C (Hz + 3% H»0)/0»
Ts = 1400 °C Ts =900 °C
10SSZ (10 um) (700 °C), U = 5-10 V, Pt—10SSZ, tape casting, *NiO—10SSZ (40 vol.% Ni) + PMMA, 1.0-1.1 V (900 °C); 1.80 (900 °C), 175
T =5-50 min, 75 = 1300 °C Ts = 1000 °C pressing Ts = 900 °C (air) + Ho/air 1.20 (800 °C),
600 °C (H> + Ar) 0.4 (700 °C),
0.1 (600 °C)
SCSZ (Zro_ggSCo_l()CC()_()102,5), (Lao_g5Sr0_15)0_95Mn03,5, *NiO*SCSZ (50 . 50) ar graphite A ~1.1V (800 OC); 0525 (800 OC), 176
h=5-8pum, U=200V, painting, 7s = 1200 °C soluble starch, pressing (Hz + 1.2% H»0O)/air 0.440 (750 °C),
7= 5-15 min, 75 = 12001275 °C 0.270 (700 °C)
CS020,h =18 um, U = 60 V, Smy_5Sr9.5C003_5 (SSC), *NiO - CS020 (50: 50), pressing, 0.92 V; 0.155 (500 °C) 179
7= 1min, Ts = 1350 °C screen printing, 75 = 1100 °C Ts = 750 °C methane/air
LBAYO, =63 ym, U=30V, *LSM82, pressing, BL: Ceo.8Smo201.9 (CSO20), 7 = 10 pum; 0.93 V (800 °C); 0.306 (800 °C) 181
7 =10 min, 75 = 1450 °C Ts = 1400 °C FL: NiO-8YSZ (70:30), h = 40 pm, (Hz + 2% H»0)/air
screen printing, Ts = 1500 °C
BCY10,/4=9.5um, U =60V, Lag.§Sr0.2Co0.8Fe0.203_5— *NiO—-BCY10 (50: 50) + graphite, 1.05 V (700 °C); 0.296 (700 °C), 182, 183
7 = 5 min, 75 = 1000 °C + 1550 °C BaCep9Ybo.103_5 (50:50), pressing H,/air 0.275 (650 °C),
h =80 um 0.242 (600 °C),
0.203 (550 °C)
8YSZ,h =10 pm, U =20V, *Lag gSro-MnO3_s (LSM) + NiO, painting, 1.0 V (1000 °C); 1.5 (1000 °C) 202
7 = | min, (cycling), pore-forming agent, pressing, Ts = 900 °C (air) + 1000 °C (H») (Hz + 3% H»0)/0>
Ts = 1275°C Ts = 1350 °C
8YSZ, h =40 pm, U = 100 V, LSM82-8YSZ (50: 50), *NiO—-8YSZ (60 :40) + starch 0.86 V (850 °C), 0.264 (850 °C), 209
7 = 3 min, Ts = 1400 °C painting, 75 = 1150 °C (up to 40 mass %), pressing, 0.97 V (650 °C); 0.200 (800 °C),
Ts = 1000 °C Hy/air 0.153 (750 °C),
0.140 (700 °C),
0.060 (650 °C)
8YSZ (4 pm)/CSO20 (1 pm), Lag 6Sr9.4Co¢2Fep 3035 (LSCF), *NiO-8YSZ, tape casting, (Hz + 3% H»0)/air 0.71 (700 °C) 216
U =600V, t=3min, Ts = 1400 °C h =30 pm, screen printing, Ts = 900 °C
Ts = 850°C
8YSZ (see®), h =9 pum (¢ = 2.5) and LSM82-8YSZ (55:45), *NiO—8YSZ (60 :40) + carbon micro- 0.96 V (¢ = 0), 850 °C, 0.208 (¢ = 0), 850 °C, 221

12 um (¢ = 5), U= 100 V, t = 3 min,
Ts = 1400 °C

painting, 75 = 1150 °C

spheres (¢ = 2.5 or 5), pressing,
Ts = 1000 °C

1.074 V (¢ = 2.5),
1.078 V(c =5)

0.431 (¢ = 2.5),
0.572(c = 95)
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Table 3 (continued).

Characteristics of functional layers (composition, thickness and conditions of deposition and sintering in air) OCYV (see?) fuel/oxidant Power/ W cm—2 (see®) Ref.
electrolyte cathode anode
Zr09Y0.102_5(10YSZ), h = 5 pm, *Lag.7Sr0.3MnO3_ s (nano- and Pt ~1.1 V(860 °C); 0.55 (860 °C), 222
U=20-200V, Ts, = 1250 °C microparticles, 50 : 50), magnetic (H2 + Ar)/O> 0.48 (815 °C),
pulse pressing, 75 = 900—1200 °C 0.40 (760 °C),
0.25(710°C),
0.15 (660°C)
8YSZ,h=5pum, U= 600V, LSCF, i = 30 pm, *Ni—8YSZ, tape casting, (Hz + 3% H»0)/air 1.02 (800 °C), 223
7 =3 min, Ts = 1400 °C screen printing, Ts =900 °C 0.61 (700 °C),
Ts = 850°C 0.19 (600 °C)
LSGM, h =30 pm, U =80V, LSCEF, *Ni-impregnated composition 1.07—1.10 V (700 °C); 0.780 (700 °C), 224,225
7= 2min, Ts = 1490 °C painting, Ts = 850 °C Lap4Ceo602_s + graphite, Ts = 900 °C H,/air 0.450 (650 °C),

Notes. The supporting electrode in SOFCs with thin-film electrolyte is marked by asterisk.

2 The value in parentheses is the temperature of OCV measurement.

®The value in parentheses is the temperature of power measurements.

¢The value in parentheses is the content of the pore-forming agent for carbon microspheres [¢ /mass %]

0.275 (550 °C),
0.175 (500 °C)

Y0ClI
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NiO-YSZ

Figure 11. Examples of multilayer coatings obtained by EPD.

e e

(a) SEM image of the CGO/LSGM/CGO electrolyte on the NiO—8YSZ substrate;?'' (b)) SEM mages of coatings with alternating 3YSZ

(shown in dark grey) and 8YSZ (shown in light grey) layers.!'#

from 26.5% to 47.0% and 59.6% for the 0 mass %,
2.5 mass % and 5 mass % contents of the pore-forming
agent, respectively.

A known way to decrease the interaction of the 8YSZ
electrolyte with cathode materials based on La- and Sr-
containing perovskites (manganites, cobaltites, efc.) is to
employ barrier layers, most often, composed of doped
CeQO,. The doped CeO; layers can also serve as protective
layers on the anode side (protection from reduction) when
combined with electrolytes based on lanthanum gallate,
silicate or aluminate or based on bismuth oxide. As the
natural development of this area, multilayer electrolyte
structures were formed, in particular, by
EPD.2!1.216,226-228 [y this case, EPD provides the following
benefits: fast deposition, simplified control over the film
thickness by tuning the deposition parameters and
enhanced film adhesion. The combination of the individual
properties of materials in a multilayer coating improves the
performance of SOFCs as a whole.??® For example, for
single-layer 8YSZ (4 pum) and bilayer 8YSZ (4 pm)/CSO20
(1 pm) electrolytes formed by EPD on a supporting anode
from ethanol-based suspensions, the power densities of 0.61
and 0.71 W em 2, respectively, at 700 °C were found. The
EPD process can also be employed to form films comprising
more layers. For instance, Suzuki et al.?'! prepared a
trilayer CGO10/LSGM/CGOI10 electrolyte with equal
layer thickness (~15 pm) on a porous NiO-8YSZ sub-
strate with a polypyrrole conductive film. Fleckenstein et
al.''? fabricated multilayer coatings composed of 5, 31 and
75 alternating tetragonal 3YSZ and cubic 8YSZ layers with
equal layer thickness of 125, 55 and 20 pm (Fig. 11). The
multilayer structures obtained by EPD have high adhesion
between the layers and high strength.!12-114

The possibility of producing thin-film proton-conduct-
ing electrolytes by EPD is of considerable interest. These
materials are promising for the use in intermediate- and
low-temperature SOFCs and other electrochemical devices
owing to their high proton conductivity, which arises in
these materials at temperatures of < 600°C in a humid
atmosphere.!4-229-232 Currently, there are only few publi-

cations dealing with the EPD of proton conductors, How-
ever, Zunic and co-workers 182183 successfully developed a
process for the manufacture of nickel cermet anode-sup-
ported barium cerate films, the conductivity of which was
increased by addition of graphite, and attained high power
characteristics for SOFCs (0.203 W ¢cm—2 at 550 °C) com-
parable with those for SOFCs with the thin-film LSGM
electrolyte 224 (0.275 W cm—2 at 550 °C).

Along with high conductivity and low activation energy,
the advantages of materials based on doped barium cerate
include their compatibility with a wide range of cathode
materials with perovskite and layered structures.?33.234
However, it is known that these materials are unstable in
atmospheres containing H,O, CO, or H,S.235 Currently,
attention is given to the development of the EPD of electro-
lytes based on more stable barium cerate zirconates.!8>
Intensive research of high-temperature proton conductors
(based on calcium zirconate and also lanthanum scandate,
yttrate and niobate) ' possessing good electrical properties
and acceptable stability is pursued in Russia and abroad;
therefore, the development of the EPD technology for the
formation of films of these materials is also in demand.

A new promising line of research is the design of single-
chamber SOFCs. The EPD method was applied to form
such a cell with the CSO20 electrolyte operating on a
mixture of methane and air.!”® The use of thin-film electro-
lytes based on doped CeO, is more beneficial in single-
chamber fuel cells than in SOFC designs with divided gas
chamber, because with electrolyte thickness of <5 pum short
circuit may take place due to high electron conductivity
arising in such electrolytes in a reductive atmosphere.!”®
For a single-chamber cell with a 18 pm-thick CSO20 film,
an acceptable power density was obtained, equal to
0.155 W cm~—2 at 500 °C.

4.3. EPD for the formation of electrode structures

The development of studies dealing with the formation of
electrode structures using the EPD method seems promis-
ing, since this method allows for unique electrode design (to
form layers with controlled thickness and porosity, graded
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Table 4. Characteristics of the EPD of electrode materials of SOFCs.

Substrate type

CGO10 electrolyte

Stainless steel

Stainless steel plate,
molybdenum carbide tube

Porous Lag ¢Sro.4MnO;5_s
cathode

Lanthanum silicate-based
electrolyte with the apatite
structure

CGO10 electrolyte

Dense LasNiOgy+ s
cathode

SrCe.95Y bo.0sO3 electrolyte

Pt and Ni metal grids
(cathode and anode
current collectors)

8YSZ electrolyte

CGOI10 electrolyte

8YSZ electrolyte

Ni—8YSZ (60:40) anode

2 CNT is carbon nanotubes.

Deposited SOFC material

LN, solid-phase synthesis

8YSZ (Tosoh Co.),

h =200 nm;

NiO (Sigma Aldrich),
h=35pum

LaMnOs3, Pechini method,
h =213 nm

Lao,f,sr(),4MIlO3 -5 (LSM64),
solid-phase synthesis

LasNip gCug 204+ 5 (LNC) and
Lag.gSrg.2Nig.6Feo.403 5
(LSNF), Pechini method

Lag ¢Sro.4Coo.sFe0 2035
(LSCF), citrate method

LasNiOy4+ 5 (LN), pyrolysis,
SBET =12 m? gfl, LEC,
53m? g—!

Lag 7Sr03MO3_5 (M = Mn,
Fe, Co), solid-phase synthesis,
h=104-0.8 um

Lao,ssro_zMnO3,5 (LSM82),
glycothermal synthesis,
SBeT = 2.65 ngfl;
NiO-8YSZ (Tosoh),

SBET = 8.74 II‘lzg_l

LSM82, LSM82—-8YSZ,
Pechini method,
SBET =15 ng*‘

LSCF, sol— gel method

Ni impregnation from a nitrate
solution in 8YSZ

(Daiichi Kigenso),

h=0.4pm

NiO (Canadian INCO Metals),
8YSZ (Tosoh)

Regime of EPD
and sintering in air

U = 20,50 V,7 = 30 min,
12 T magnetic field,
pore-forming agent

11 mass % —33 mass %,

Ts = 1100 °C
U=350-300V,
7=130-420s

U =500V, =15 min,
Ts = 1200 °C (plate);
U=700V,t=5min
Ts = 1300 °C (tube)

U=100V, 7 =1 min,

Ts = 1050 °C
U =100-600 V,
T=7-780s,
Ts = 1350 °C

U=20V,t=60-220s,
Ts = 950-1100 °C
U=100V,7 =1 min,
Ts = 1400 °C

U=10-70 V,t = 1 min,
T, =750°C

U=15V,7=1 min

U=15V,t=1h,

Ts = 1000 °C
U=5-30V,
7= 1-6 min,
Ts = 800 °C

U=22V,7r=140s,
T, = 1300 °C (air) +
600 °C (Hs)

U=40V,

t=1,2,5,10, 20 min,

Ts = 400 °C (together with
8YSZ film)

Coating parameters

Reduced polarization loss for a—b

oriented electrode

Trilayer functionally graded coatings

Thickness: 10, 44, 68 pm,
porosity: 29% —14%

The cathode layer porosity (40%),

was retained after deposition and
sintering of the 8YSZ layer
(Ts = 1200 °C)

25 um-thick fine-pored LSM sublayer

2—140 pm-thick porous cathode layers

Cathode layer thickness: 10—20 pm

Mass of the coating: 4.4 mg cm 2

Optimal LSF cathode
(0.8 pm), 13 um thickness

Resistance of electrodes

at 800 °C/Q cm—2,
uncoated 4.14,
coated 2.36

LSM cathodes (6—15 pm),
LSM/LSM - YSZ cathodes
(9-21 pm in a bilayer cathode:
LSM -YSZ layer, 1 -8 pm;
LSM layer 6—13 um)

CNT #/LSCF (1 : 10) composite,
20 um thickness at 25 V,
4 min

S0Ni—8YSZ (30 um) and
70Ni—-8YSZ (30 um),
bilayer: S0Ni—8YSZ
(3-6.9 pm)/70Ni—-8YSZ
(8.7—14 pm)

Functional layer thickness
2.5,4.5,6.8,9.8 and 13.3 pm

Ref.

47

48

153

154

158

161

187

188

189

190

191

192

19

structures and oriented films of layered electrode materials).
However, the number of publications dealing with EPD of
moderate
(Table 4). This is due to the difficulty of deposition of

electrolyte-supported

electrode

materials is

electrode materials onto an electrolyte support, which is a
dense non-conductive substrate hampering the EPD. For
creating a conductive substrate, the electrolyte or non-
conductive substrate is coated by an additional graphite
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sublayer,! a thin silver or gold layer'®! or polypyrrole
layer.4?

The deposition of LNC and LSNF cathode materials on
a dense electrolyte —lanthanum silicate with the apatite
structure coated with a carbon film — was considered by
Szepanski et al.'>® Preliminary experiments on the deposi-
tion of LNC on steel substrates demonstrated that at a
constant voltage of 395 V and deposition time of 7 to 780 s,
the coating thickness varied from 50 to 200 um. The
dependences of the coating thickness and deposited mass
with increase in the voltage up to 595 V were measured.
Under these conditions, a rather thick (~250 pm) LSNF
layer was formed in 180 s at a relatively low concentration
of the suspension (3 mass %). The kinetics of current
variation with time was substantially non-linear: in the
beginning of the deposition, the current sharply decreased
and the subsequent current decrease was minor. The time
dependences of the deposit thickness and mass are also non-
linear.

The optimal deposition conditions including the time
and applied voltage established by conducting EPD for a
model (steel) substrate were used to deposit the LNC and
LSNF cathode materials onto a dense electrolyte, lantha-
num silicate. After sintering at 1350 °C, the 2 to 140 pm
cathode layers had a good adhesion to the electrolyte and
high porosity.

Santillan et al.'®! reported the results of formation of
the porous LSCF cathode layer on the surface of the dense
CGO10 electrolyte substrate. The conductivity of this sub-
strate was increased by spraying gold or silver onto its
surface. The EPD process was elaborated by conducting a
series of experiments on the deposition of LSCF layers on
stainless steel plates. After elaboration and optimization of
the conditions, further deposition was conducted onto a
metallized surface of the CGO10 substrates. The porosity
of the cathode layer was adjusted by adding
0.1 mass % —0.52 mass % of starch or up to 0.2 mass % of
graphite (pore-forming agent), which burned out during the
subsequent oxidative annealing and sintering. The authors
demonstrated that a higher deposition rate was attained at a
voltage of 30 V; however, the quality of the coating was
deteriorated at low (10 V) or high (30 V) voltages. It was
also noted that with increasing deposition time, the coatings
became thicker and their porosity increased; the latter
finding was attributed to hydrogen evolution during EPD.
In the first 100 s of deposition, the growth rate of the
coating thickness reached saturation and, after that, the
growth rate decreased. The increase in the voltage to 30 V
led to higher non-uniformity of the coatings; therefore, the
authors found that the optimal deposition voltage is 20 V
and the optimal deposition time is 120 s.

Asamoto er al.'%® analyzed the influence of the micro-
structure of Lag 7Sro3sMO3_s-based cathodes (M = Mn, Fe,
Co) produced by painting and EPD on the electrochemical
characteristics of SOFCs with the proton-conducting
SrCe.05Ybo.05s03 electrolyte. On the basis of studies of the
cathodic overpotentials, the authors identified the optimal
cathode material in terms of composition
(Lag.7Sro.3FeOs_5), degree of dispersion (average particle
diameter 0.8 pm) and the deposition technique (EPD). The
cathode layers of this material of different thicknesses
(4.5—-31 pm) were tested in SOFC operation. The highest
power density of the cell at 500 °C (0.5 W cm—2) was
obtained for cathode layer thickness of 13 pum.

Krklju§ er al.'33 fabricated porous LMO electrode for
planar and tubular SOFCs on stainless-steel plates and
molybdenum carbide tubes coated by a conductive graphite
layer. Itagaki et al.'®® deposited anode (Ni—YSZ) and
cathode (LSM) materials on metal wire grids, which were
used as current collectors for the manufacture of SOFCs.

Itagaki et al.'”° performed electrophoretic deposition of
single-layer (LSM) and bilayer (LSM/LSM —8YSZ) catho-
des onto a dense 8YSZ clectrolyte substrate. The character-
istics of the electrodes were tested in a three-electrode cell. It
was shown that at 600 °C, an increase in the thickness of
single-layer electrodes from 6 to 15 um resulted in decreas-
ing both ohmic (from 3.96 to 1.47 Q cm—2) and polar-
ization resistances (from 25.5 to 13.3 Q cm—2). A similar
trend was observed for bilayer cathodes. The minimum
polarization resistance (1.13 Q cm—?2) was obtained for the
bilayer cathode with a thickness of 21 pm, with the LSM
layer thickness being 8 pm. The ratio of layer thicknesses
for the bilayer cathode was optimized. As the thickness of
the first layer increased to 10 pm and the thickness of the
second layer decreased to 4 pm, the polarization resistance
of the LSM/LSM —-8YSZ cathode at 600 °C decreased to
0.55 Q cm~—2.

Santillan er al.'®! demonstrated the applicability of EPD
for co-deposition of carbon nanotubes with a length of
200 pm and a diameter of 15 nm and particles of the LSCF
cathode material to obtain a porous cathode layer on the
dense CGO10 electrolyte. According to the results, there
exists a narrow voltage range (20—25 V) in which a con-
tinuous coating is formed. The non-uniformity of the coat-
ing formed at >25V was attributed to high H™"
concentration near the electrode, while that at < 20 V was
attributed to the possible influence of low mobility of the
deposited particles, which are represented by aggregates of
carbon nanotubes bearing adsorbed LSCF particles.

A number of studies address the EPD of cathode
materials with the Ruddlesden—Popper structure.*-187
These materials are known to have a layered structure and
be characterized by anisotropy of properties such as oxygen
diffusion and conductivity.?3® Matsuda et al.*° investigated
the possibility to prepare oriented films of layered lantha-
num nickelate (LN) by EPD in a magnetic field on the
CGO10 substrate coated by a conductive polypyrrole layer.
For improving the adhesion and adjusting the porosity,
11 mass % —33 mass % of starch was added to the electrode
paste. The electrode structure was ordered by applying a
12 T magnetic field. The tests carried out for two single
CGOI10 electrolyte-supported SOFCs with LN cathodes
oriented in different ways (predominantly oriented in the
ab plane and randomly oriented) and a Pt anode showed
that the cell power density is higher in the case of oriented
cathode (9 and 7 mW cm—2 at 500 °C, respectively). In
addition, it was shown by current interruption technique
that the electrode polarization losses are lower for the cell
with the oriented cathode (100 and 300 mV for a current
density of 15 mA cm—2, respectively).

Several publications consider the formation of SOFC
anodes. A study of Zarabian et al.*8 is devoted to the EPD
production of functionally graded NiO—-8YSZ anodes. The
suspensions were prepared using a mixture of YSZ
(d =200 nm) and NiO (d = 1.0 pm) powders. The condi-
tions of deposition were selected in the following range:
U=50-300V, 7 =30-420 s. According to experimental
data, the thickness of coatings increased in proportion to
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Figure 12. SEM image of the microstructure of the NiO-8YSZ anode functional layer (AFL) electrophoretically deposited on the
conductive Ni—8YSZ substrate (U = 40 V, T = 20 min) (a) and contents of NiO (/) and 8YSZ (2) in the deposit vs. AFL thickness (b).!%

t!/2. For the fabrication of a functionally graded coating,
the deposition voltage was varied: in the initial period,
U =300V was used and then this value was decreased
down to 150 V over three steps, each lasting for 20 s. In
the authors’ opinion, larger particles (NiO) are deposited in
the first stage (when the voltage is high). Finally, the coating
consisted of three layers with different NiO concentrations:

Layer No. 1 2 3
Cnio (mass %) 46 42 32

Itagaki et al.'°? investigated the EPD process to
form single-layer and bilayer anodes on the graphite-modi-
fied 8YSZ electrolyte substrate. The best anodic over-
potential characteristics were obtained for bilayer
electrodes 50 mass % Ni—50 mass % 8YSZ/70 mass % Ni—
30 mass % 8YSZ with 3:14 ratio of layer thicknesses.
For the SOFCs with single-layer anodes 50 mass % Ni—
50 mass % 8YSZ and 70 mass % Ni—30 mass % 8YSZ and
the Dbilayer anode 50 mass % Ni—50 mass % 8YSZ/
70 mass % Ni—30 mass % 8YSZ, the power densities at
700 °C were 30, 40 and 120 mW cm —2, respectively. Wang
et al.'* reported high power densities for a single SOFC
with a traditional 8YSZ electrolyte (up to 1.2 W cm~—2 at
800 °C) by fabricating a functionally graded anode layer by
electrophoretic deposition from suspensions of NiO and
8YSZ particles on the Ni—8YSZ collector layers. The
obtained coating was characterized by different ratios of
the NiO and YSZ contents, depending on the deposition
time and, hence, on the deposit thickness; this result was
explained by the effect of the particle size of the initial
materials on the electrophoretic mobility (Fig. 12).

4.4. Microtubular SOFC

Lately, researchers’ attention has been drawn to micro-
tubular solid oxide fuel cells, as they show better thermal
cycling stability and durability in comparison with tradi-
tional SOFCs, in particular, the start of p-SOFCs is faster
(heating rate > 200 °C h—!) 237 and their power density is
higher.238 In order to reduce the operating temperature, like
for full-size SOFCs, the attention has recently been focused
on the designs of pu-SOFCs with a thin-film electrolyte
formed on the anode or cathode.??°~244 The EPD process
is widely used to fabricate p-SOFCs, including the complete

formation of the whole cell with co-sintering of the succes-
sively deposited functional layers (Table 5).

Actually, manufacturing of the support is the most
important stage, since this largely determines the perform-
ance of p-SOFC. The most popular widely used methods for
the formation of the supporting substrate include extrusion,
gel moulding, isostatic pressing and phase inversion.?*
Suzuki et al.?’® showed that using only microstructural
modification of the NiO — CGO supporting anode prepared
by extrusion of the anode paste with or without a pore-
forming agent (polymethyl methacrylate), it is possible to
increase the power density of a cell with a thin-film CGO
electrolyte from 0.875 to 1.017 W cm—2 at 550 °C. A power
density of 0.300 W cm—2 at 800 °C was found for u-SOFC
supported by the LSM cathode fabricated by extrusion
followed by formation of CGO10 and SSZ10 electrolyte
layers by dip coating.?3!

Electrophoresis can be used to form separate p-SOFC
layers and the cell as a whole. Droushiotis et al.?*> studied
the possibility to use an EPD of ethyl alcohol-based
suspension to manufacture a 8YSZ electrolyte film on a
hollow-fibre NiO—-8YSZ anode with asymmetric porosity
formed by phase inversion. The power density of u-SOFCs
with the thin-film 8YSZ electrolyte on a novel design anode
at 800 °C was somewhat lower (0.20 W cm—2) than the
power density of the cell formed by EPD alone
(0.364 cm—2).298 The authors attributed this result to leak-
age through the electrolyte film, which could not be sintered
to a gas-tight state even at 1500 °C.

In some studies, the fabrication of ui-SOFC by EPD was
performed using a graphite rod as a conductive substrate,
on which either half-cell or the whole cell was formed layer-
by-layer. Yu and Lee !!7-118.246 reported a series of works
on the fabrication of bilayer anode-supported p-SOFCs
with different thin-film electrolytes [8YSZ,
Lag sSro2GapsMgo203_5 (LSGM) and CGOI10] by con-
stant-current EPD from suspensions in ethyl alcohol. Dur-
ing deposition of different cell layers, the voltage was varied
from 10 to 50 V and the deposition time varied from 5 to
50 s. The authors showed that using EPD, the half-cell
structure (without cathode) can be completely formed in a
few minutes; the porosity of the layers can be controlled by
adding various components and a pore-forming agent to a
suspension; all layers can be sintered together (Fig. 13). The



Table 5. Materials and conditions of formation of functional layers of pi-SOFC by EPD (other methods are inducated) and cell characteristics.

Functional layers (composition, thickness, deposition and sintering conditions) OCV (see?); Power /W ¢cm—?2 Ref.
fuel/oxidant (see )
electrolyte cathode anode
8YSZ,h =10 um, I = 100 mA cm~—2, LSM, & = 80 um, / = 50 mA cm—? *NiO—-8YSZ, h = 240 pm, ~1.0V; 0.516 (800 °C), 39
Ts = 1250 °C LSM-8YSZ 70:30, 50: 50 I=100 mA cm—? (N2 + 20% Hy)/air 0.604 (800 °C),
0.635 (800 °C)
LSGM (Lag gSro.2GagsMgo03_5), BL: SFM (Sr2Fe; sMog 5s06-—5), BL: SFM, i = 5.8 um, ~0.95V; 0.116 (600 °C) 40
h=17.5pum, I=20mA,U=20V, h=58um, U=20V,7=15s U=20V,7=35s (H2 + 3% H>0)/air
t=20s,Ts=1300°C FL: SFM-CGOI10+PMMA, *SFM - CGO10 + PMMA,
h=163um, U=20V, h=127 um, U=40V,7=60s
t=20s
LSGM, h = 17.5 pm, I = 20 mA, SFM -LSGM + PMMA, *SFM - LSGM + PMMA, ~0.58V; 0.080 (600 °C) 40
U=20V,7=20s, T, =1300°C h=475um, U=20V,71=20s h=126 um, U =20V, 7=60s (Hz + 3% H»0)/air
LSGM, h = 15.3 pm, I = 20 mA, Lag.¢Cag3CrosMng 2035 (LCCM), *LCCM —-8YSZ + PMMA, ~1.1V; 0.141 (600 °C) 41
U=20V,7=20s, T, = 1400 °C LCCM-8YSZ, h =22.2 pm, h=132um, U=20V,7=60s (Hz + 3% H»0)/air
U=20V,t=20s
8YSZ,h = 6.7 um, I = 20 mA, BL: Cep.sLag402_5,h = 6 pm, *CC: NiO-8YSZ (60:40) + PMMA, 1.1 V (750 °C), 0.30 (750 °C), 117
U=30V,7t=45s, T; = 1400 °C FL: LSCF-CGO10 (50: 50), h=85um, U=20V,t=50s 1.12'V (700 °C); 0.20 (750 °C)
h = 22 pm, painting, FL: NiO-8YSZ (60 : 40), (Hz + 3% H0)/air
Ts = 1100 °C h=75um, U=50V,7=30s
CGOL10, h =10 pm, I = 20 mA, LSCF-CGOI10 (50:50), & = 37 um, *CC: NiO—CGO10 (60:40) + PMMA, 0.60 V (700 °C), 0.26 (700 °C), 118
U=30V,7t=45s,T, = 1500 °C painting, 75 = 1100 °C h=110 um, U =50V, 7=40s 0.67 V (650 °C), 0.37 (650 °C),
FL: NiO-CGO10 (60 : 40), 0.70 V (600 °C); 0.42 (600 °C)
h=9um, U=40V,7=30s H»> + 3% H,O/air
8YSZ,h =35 um, = 10 mA cm~—2, LSM82, I = 5 mA cm—? *NiO—-8YSZ (70:30), h = 240 pm, ~1.0V; 0.364 (800 °C), 208
Ts = 1250 °C I=2mAcm~? (N2 + 20% Hy)/air 0.275 (700 °C),
0.160 (600 °C)
8YSZ,h =40 ym, U= 110V, FL: LSM -8YSZ (50: 50) *NiO—-8YSZ (60:40), h = 240 pm, ~0.90 V (800 °C); 0.20 (800 °C), 245
T = 2.5 min, Ts = 1500 °C CC: LSM, painting, supporting, hollow fibre, phase inversion (Hz + 3% H0)/air 0.18 (750 °C),
(under hydrogen) Ts = 1200 °C 0.14 (700 °C)
LSGM, # = 18 um, I = 20 A LSCF-CGOI10 (50: 50), *CC: NiO-CGO10 (60:40) + PMMA, 0.92 V (800 °C), 0.51 (800 °C), 246
U=20V,t=60s, h = 36 pum, painting, h=100 pm, U=60V,7=50s 1.05 V (500 °C); 0.27 (500 °C)

Ts = 1450 °C/air

Ts = 1100 °C

FL: NiO-CGO10 (60 : 40),
h=9um, U=20V,71=20s
BL: Ce.6Lag.402—s,
h=5um, U=20V,7=20s

(Ha + 3% H,0)/air
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Table 5 (continued).

Functional layers (composition, thickness, deposition and sintering conditions) OCV (see?); Power /W ¢cm—?2 Ref.
fuel/oxidant (see )
electrolyte cathode anode
8YSZ,h = 10.4 um, I = 20 mA, 8YSZ, U=8V,t=28s, Ts = 1400 °C+ 8YSZ, U=20V,7=60s, Ts = 1400 °C+  0.90 V (800 °C), 0.071 (800 °C), 247
U=10V,7=10s, Ts = 1400 °C impregnation of La, Sr, Co nitrates, impregnation of Ni nitrate, 0.93V (700 °C), 0.067 (700 °C),
Ts =950 °C Ts = 800 °C 0.95V (600 °C); 0.059 (600 °C)
H> + 3% H>O/air
8YSZ, h = 6 um, LSM82, h = 15-20 um, *CC: NiO (h = 0.65 pm)—8YSZ (55:45) ~1.05V; 0.190 (800 °C), 2438

(deposition conditions are not reported),
Ts = 1380 °C, 8YSZ

painting, 75 = 1150 °C

FL: LSM—8YSZ (50:50), A = 10 pm,
CC: LSM, h = 15-20 pm, Ts = 1150 °C
Sm0_65r0_4COO3,5, TS = 1150 °C

(h =250 pm)
FL: NiO (& = 0.3 um)—8YSZ (55:45)
(h =10 pm)

He + 30% Hy/air

~1.1V;
Hz +3% HzO/aiI'

Notes. The supporting electrode of n-SOFC with thin-film electrolyte is marked by *; BL is buffer layer, FL is functional layer, CC is current collector.
2The value in parentheses is the temperature of OCV measurements.
> The value in parentheses is the temperature of power measurements.

0.160 (750 °C),
0.136 (700 °C)
0.530 (800 °C),
0.742 (650 °C)
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Figure 13. SEM images of a cross-section of p-SOFC with porous
bilayer anodes, buffer layers and gas-tight electrolyte: YSZ (a),'!”
CGO (b)''8 and LSGM (c¢) ?4¢ fabricated by EPD followed by co-
sintering of the layers.

best power density (0.270 W cm—2 at 600 °C) was obtained
for the cell with the LGSM electrolyte (4 = 18 pum). For the
cell with the 8YSZ electrolyte of a smaller thickness
(h = 6.7 um), the same power density was attained only at
750 °C. According to a study of symmetric p-SOFC with an
LGSM electrolyte,*® 4! by using bilayer electrodes consist-
ing of the thin SFM buffer layer and the SFM—-CGO10
composite layers, one can reach the highest OCV and power
density values of the cell. Although the power densities of
n-SOFCs with the LGSM electrolyte and oxide anodes
(0.080—-0.141 W ecm—2 at 600 °C)4%-4! were lower than
those for SOFCs with traditional nickel cermet
(0.270 Wcem—2 at 500 °C),2*¢ this line of research holds
good prospects, because the use of oxide anodes consider-
ably increases the thermal cycling stability of the cell.?32.253

Lee and Lee ?#7 elucidated the possibility of formation of
symmetric p-SOFCs with electrodes fabricated by impreg-
nation of Ni and LSC into ceramic 8YSZ templates, which
were formed by EPD. The highest power density values
found for this cell were moderate (59, 67 and 71 mW cm 2
at 600, 700 and 800 °C, respectively); however, no signifi-
cant degradation of characteristics took place even after 50
thermal cycles.

In some studies, the effect of cathode composition on
the performance of p-SOFC with the 8YSZ electrolyte were
demonstrated. For example, the replacement of LSM cath-
ode by LSM-based composite cathodes markedly increases
the power density of the cell (from 0.19 to 0.53 W cm—2 at

800 °C);3*-24¢ however, a more pronounced effect is
achieved when electrochemically active cathodes with
mixed conductivity, e.g., based on cobaltites, are used
(0.742 W cm—2 at 650 °C).248

Cherng et al.>3-298 presented a series of works on anode-
supported pn-SOFCs, with the anode being formed by EPD
from aqueous suspensions. The deposition was carried out
on a thin copper wire of 100— 150 pum diameter. The authors
investigated the effect of concentration of the ammonium
polyacrylate additive (PAA —NHy4) in aqueous suspensions
based on LSM, 8YSZ, NiO, NiO-8YSZ and NiO-3YSZ
on a number of parameters such as the (-potential, the
deposition rate and the porosity of the layers sintered at
1250 °C.

While adjusting the content of the additive and the
deposition parameters in preliminary experiments, the
authors carried out co-sintering of all p-SOFC layers and
obtained a dense 8YSZ layer (35 pm) and porous anode
(32% porosity) and cathode (42% porosity); this resulted in
a relatively high power density for the cell: 0.364 W cm 2 at
800 °C.

4.5. Protective coatings for current collectors

The internal electrical connections of SOFCs (interconnects
and current collectors) — so-called BOP (balance-of-plant)
elements — are key components ensuring long-term stable
battery performance. Today the main BOP materials are
ferrite stainless steels (Crofer 22 APU, AISI 441, AISI 430
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and so on) owing to their high thermal stability, compati-
bility with other SOFC components in the coefficient of
linear thermal expansion (CTE), ready availability and low
cost. The problem associated with the use of chromium
steels is evaporation of chromium oxides during SOFC
operation, resulting in the formation of low-conductive
oxides on the surface, which poison perovskite cathodes
and thus reduce the efficiency of SOFC operation.?>* This
problem can be mitigated by creating coatings that would
protect the BOP components in a humid oxidative atmos-
phere in the temperature range of 700—-900 °C: these coat-
ings eliminate or suppress the growth of Cr,Os; on the
surface of steel interconnects, eliminate evaporation of
CrO3; and CrO,(OH); and provide the minimum value for
the area specific resistance (ASR), the commonly accepted
upper limit of which is 0.1 Q c¢cm? throughout the whole time
of operation of SOFCs.?%>

Among the most widely used protective coatings, men-
tion should be made of conducting spinels,?3¢~2¢! materials
with the perovskite structure 2°2-2¢ and composites based
on them,?®” and oxides of chemically reactive elements
(yttrium, lanthanum, cerium, neodymium, hafnium and so
on).268-270 The high sintering temperature of protective
coatings based on these materials complicates the produc-
tion of dense films by usual ceramic technologies such as
screen printing or slurry dip coating. Therefore, these coat-
ings are mainly applied by physical and chemical methods:
vapour phase deposition, magnetron and plasma sputtering,
pulsed laser deposition, the sol—gel method and electro-
deposition.?*3 In this case, the benefits of EPD include the
formation of dense coatings with good adhesion to the base
material, rapid deposition, low cost and the possibility to
form coatings with controlled thickness and microstructure
on surfaces of various shapes.

The greatest number of publications dealing with pro-
tective coatings formed by EPD are devoted to spinels co-
deposited on Crofer 22 APU. Iron-containing spinels have
CTE of ~11x10-% K—! in the temperature range of
25-800 °C, which is close to the CTE for steels they are
coated on (Crofer 22 APU: CTE ~11x10-¢ K~ in the
same temperature range). The CTE values for Cr-contain-
ing spinels are 7.2—7.6 x 10=% K—!. The (Cu,Mn);04 and
(Mn,Co0)304 spinels showed abnormal thermal expansion,
but also the highest conductivity (for MnCo0,04, 60 S cm~—!
at 800 °C; and for Cu; 3Mn; 704, 225 Scm~—! at 750 °C); in
addition, copper can intensify sintering of the coating.?”!
The conditions for the formation of protective coatings by
EPD and the electrical properties and degradation charac-
teristics of the coatings are presented in Table 6.

Zhang et al.*? carried out a systematic study of the
influence of EPD regimes and heat treatment conditions on
the microstructure, electrical properties and long-term
stability of the (Mn,Co0)304 coatings. It was shown that
the chemical composition of the spinel (cobalt to manganese
ratio) depends on the conditions of both the deposition and
the heat treatment of the resulting coating (Fig. 14a) and
considerably influences the polarization characteristics of
the coatings. The lowest polarization resistance (17 mQ cm?
at 800 °C) was found for the coating with 1:1 ratio of
cations deposited at 400 V and then annealed in a humid
hydrogen atmosphere (Fig. 14 b). Generally, coatings sin-
tered in air had high polarization resistance; the rate of their
degradation was > 500% over 500 h (due to the diffusion of
chromium atoms through the coating).

It was shown %7 that after heat treatment under argon,
the electrophoretically deposited Mn; sCo; 504 coatings
were denser than those sintered in air; however, they
contained spinel decomposition products (cobalt and man-
ganese oxides). Polarization resistance and the rate of
degradation for a coating sintered in air at 1000 °C were
20 and 0.56 mQ cm?, respectively, over 1000 h. The testing
that lasted 5000 h demonstrated lower degradation of the
EPD coatings compared with those obtained by thermal
evaporation and sputtering.?’> Note that these coatings had
higher chemical stability against high-temperature SiO»-
based glasses, while the coatings obtained by electrodeposi-
tion and slurry coating degraded within 500 h due to the
interaction with glasses.'®7 A study#® on the co-deposition
of Mn; sCo; 504 and CuO did not reveal a significant effect
of copper on the polarization characteristics of the coatings.
The polarization resistance of all of the tested coatings
sharply decreased upon long-term heat treatment at
800 °C to reach ~10 mQ cm? after 1000 h of testing.

Talic et al.*® reported comparative studies of the
MnCo0,04, MnCo; 7Cup 304 and MnCo, 7Feo 304 coatings
obtained by EPD from suspensions in a mixture of iso-
propyl and ethyl alcohols (50: 50). The deposition time was
40 to 100 s and the applied voltage was 35 V; the sintering
of the coatings was carried out at 900 °C in an N> + 9% H»
atmosphere with subsequent oxidative annealing in air at
800 °C. Ageing of the coatings was studied in air for 2000 h
at 800 °C and then the samples were subjected to 30 thermal
cycles (800—100 °C) and tested for the subsequent 2000 h.
The polarization resistance at 800 °C for the reference
samples — uncoated Crofer 22 APU steel (53 mQ cm?)
and LSM (27 mQ cm?) — considerably exceeded the values
obtained for the test samples (see Table 6). For Crofer 22
APU, the rate of deterioration of polarization character-
istics (3.6 mQ cm? in 1000 h) was also 3—6 times higher
than that for the test samples. In this study, MnCo0,04 was
recognized as the best composition in all characteristics
(ASR: 15.2 mQ cm?; rate of ageing: +0.6 mQ cm? in 1000
h).

The properties of EPD coatings based on the
(Cu,Mn);04 spinels have been studied.?”-199-200 Degpite
its high conductivity (130 Scm—! at 800 °C), the
Cu;.3Mn; 704 spinel is unstable and decomposes on heat
treatment at 850 °C to give CuO and MnO on the coated
surface, the authors manufactured protective EPD coatings
on Crofer 22 H using the CuMn, gO4 spinel with a reduced
copper content (120 S cm~! at 800 °C).%” Testing of single
SOFCs at a constant current density of 0.5 A cm~2 for 12
days at 800 °C in a contact with Crofer 22 H grids without a
coating and with coatings made of commercial CuMn,O4 or
CuMn; 304 spinel demonstrated the absence of cell poten-
tial degradation in the latter case due to the high absorption
capacity of the deficient spinel (1 mole of CuMn,; gOy4 is able
to getter 1.83 moles of Cr;03).1%?

Liu et al.?7° found that the electrical conductivity of the
Mn, 5Co;.504 spinel sharply decreases upon the reaction
with  CrpO3; giving Mnjs_0.5:C01.5_0.5xCryOs (from
60 Scm~! at x =0 to 0.007 Scm~! at x = 0.2). In order
to increase the conductivity of the protective coating,
bilayer coatings (Mn; sCo;.5)O4/Lag sSro2MnOs (LSM)
were manufactured by EPD.?77 The coatings were sintered
at 1200 °C and then treated in argon. The polarization
resistance of the bilayer coatings showed good stability
when tested in air (62 mQ cm? at 800 °C). In the tests
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Table 6. Materials, conditions of formation and characteristics of protective layers of SOFC current collectors.

Protective layer Conditions of formation @ Characteristics Ref.
(Mn,C0)304 (see ®) U = 200, 300, 400, 500 V, h = 0.56 (200), 0.59 (300), 0.68 (400), 0.81 (500) pum; 42
Ts = 800 °C (air) (1), ASR (1) = 24 (200), 32 (300), 40 (400), 83 (500);
Ts = 800 °C (H2+3% H>0) (2) ASR(2) = 20 (200), 21 (300), 17 (400), 35 (500);
AASR(1) > 500%, 500 h; AASR(2) >300%, 500
LNF U=100V, 7 =5 min, h=7um, ASR =4.2; AASR = +1.2 (in 1000 h) 44
Ts = 1100 °C (air)
MnCo,04 (MC), U=35V,7=40-100 s, h=9-13 pm (0.6 pm interfacial Cr,O3 film); 45
MnCo; 7Cup 304 (MCCu), Ts =900 °C (N2-9% H>) + ASR = 15.2(MC), 16.7 (MCCu), 17.2 (MCFe);
MnCo; 7Feo 304 (MCFe) 800 °C (air) AASR = + 0.6 (MC), + 1.0 MCCu), + 0.9 (MCFe)
(in 1000 h)
Mn; 5Co; 504 U=50V,t=5s-2 min, h ~10—-40 um, ASR (1000 °C, air) = 20; 46
Ts = 800—1150 °C (air, Ar) AASR = +0.51 (in 1000 h)
CuMn; gO4 U=20V, 7= 10 min, h =26 um (1.2 um interfacial Cr,O3 film); 47,199,
Ts = 1000 °C (Ar—2% H») + ASR = 8.9, AASR = +12.9 (in 400 h) 200
850 °C (air)
Mn; 5Co0;.504 + 0, 5 mass % U=50V,t=20s, h=10-13 pm; 197
CuO Ts =900 °C (Ar—4% H») + ASR = 48 (with copper) 50 (Mn; 5Co;.504);
900 °C (air) AASR = —36 (Mn; 5C0,.504), — 38 (with copper)
(Mn; 5Co1.5)04/LSM82 U =1t0300B, 7= 1-5min, h = 5um/5 pm; 272
Ts = 1200 °C (Ar) ASR = 62; AASR = —19(in 110 h)
(Mn,C0)304 U=50V,7=60-240 s 273
Mn304 U=075-2mAcm=21t=5-30s, h = 3-5pum (10-20 s), after heat treatment 274
Ts = 800 °C (air) for 100 h (800 °C), no Cr on the surface
Mn; 5Co1.504 U=50Vs—! t=20s, h = 15 pum Mn—Co layer after heat treatment 275
(American Elements, USA) Ts = 1000 °C air) h = 1.5 pm Cr;0s layer;

ASR = +22 (after 5000 h of testing);
AASR = +1.2 (in 1000 h)

2 The atmosphere in which EPD was conducted is given in parentheses.

®For a given protective layer, the Table presents the ASR values (mQ cm?) at various voltages (numbers in parentheses); the AASR value (the
change in the total polarization resistance throughout the operation of SOFC relative to the initial value) is given in %; the AASR for other
protective layers is given in mQ cm? over the indicated time period.

a b
Co:Mn ASR /mQ cm?
[ after deposition I humid I air 80 ]
12 b hydrogen [ humid hydrogen
CJ air

1.0 60
08
0.6 | 40 -
04 r

20
02 r

200 300 400 500 U/V 200 300 400 500 U/V

Figure 14. Diagrams reflecting the variation of the ratio of cobalt to manganese cations in the coatings based on the (Mn,Co0)304 spinel
depending on the EPD (U = 200500 V) and heat treatment («) conditions and the area specific resistance at 800 °C in air (b).*?
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under argon, the polarization resistance decreased to 42
mQ cm? in the first 110 h of testing and then remained
virtually constant. The coating demonstrated a semiconduc-
tor type of conduction determined by the LSM perovskite
layer.

In general, the use of perovskites with high p type
conductivity for protective coatings is rather popular.
Apart from the lanthanum strontium manganites,
chromites, cobaltites and ferrites are also
used.253,262-266,278 =281 Magnetron sputtering is employed
most often to deposit the perovskite coatings.>>> In our
opinion, EPD could also be fairly promising. Waluyo et
al #* performed the EPD of protective coatings based on the
LNF perovskite; they obtained a lower ASR compared to
those of spinel coatings (4.2 mQ cm? at 800 °C) and an
acceptable degradation rate (+ 1.2 mQ cm? in 1000 h).

One more promising area is surface modification of
steels by deposition of thin films of nano-sized lanthanide
oxides, which actively react with chromium within inter-
connects. This modification enhances the corrosion stability
and improves the electrical properties of surfaces. For
example, the deposition of La,O3; or Y»O3 decreased the
ASR values for Crofer 22 APU to 0.180 or 0.160 Q cm?,
respectively.?®2 This method is implemented, most often, by
vapour phase epitaxy using organometallic compounds. It
was noted 2°>-278 that the coatings are usually very thin
(<0.2 ym) and porous and do not ensure full protection
from the diffusion of chromium from steel to the surface of
lanthanide oxides and, hence, they do not prevent evapo-
ration of volatile chromium oxides from the surface and the
subsequent cathode poisoning. The use of EPD could not
only provide a simpler and cheaper deposition of protective
coatings of this type but also increase the density and
adhesive properties of the coatings. This areca of EPD
application has not yet been developed, but it may become
useful in the near future.

5. Conclusion

This review presents the results of experimental and theo-
retical studies related to application of the EPD method for
the formation of functional parts of SOFCs. The trends of
development of theoretical models are considered on differ-
ent spatial scales, ranging from phenomenological models
describing macroscopic transfer of continuous media to
models describing processes at the microscopic level, explic-
itly taking into account the concerted motion and interac-
tions of particles with one another and with electrodes and
changes in the EDL, ion distribution and the effect of the
liquid flow. The advanced models adequately describe some
aspects of the effects involved. For example, Sarkar’s
phenomenological model allows one to follow the effect of
the change in the suspension concentration on the deposi-
tion kinetics, while numerical models of particle dynamics
elucidate the effect of deposition conditions on the deposit.
Theoretical analysis of published studies revealed the spe-
cific features of EPD within porous structures. Integrated
simulation of the processes involved in the EPD is required.
This will expand the scope of application of theoretical
models under real experimental conditions where significant
contributions are made by non-stationary effects and spa-
tial changes in both macroscopic parameters and processes
at the micro level (changes in the EDL, particle interactions
with one another and with the deposit). The development of

studies along this line would make it possible to integrate
the existing array of experimental data, including the data
on kinetics, transfer processes, mechanism of deposition,
the structure and density of the resulting coatings under
given experimental conditions. Therefore, further develop-
ment of experimental studies and EPD simulation methods
appears relevant.

Considering the experimental studies dealing with the
application of EPD in SOFC technology, the following key
problems faced by researchers may be indicated:

— for ensuring the stability of suspensions and adhesion
of the coatings, the use of organic dispersants, charge agents
and binders is often required, which affects the quality of
coatings;

— the production of crack-free sintered films with
5—10 pm thickness in one cycle is difficult; it is necessary
to use multiple EPD cycles to heal pores and defects;

— development and adaptation of the EPD technique
for the formation of the supporting parts of SOFCs, for
example, electrodes with controlled porosity and formation
of electrode bodies;

— for the EPD onto non-conductive anode substrates, it
is necessary to ensure open porosity of the sintered material
or carry out deposition on a green material with a graphite
filler to generate the conductivity of the substrate; the
deposition onto graphite or another conductive sublayer
does not always ensure the required adhesion of the coat-
ings; therefore, a relevant task is the search for new
technological solutions related to deposition onto non-
conductive anode substrates;

— it is necessary to elaborate the materials science
aspect of the design of SOFCs: development of new cathode
materials with low sinterability in combination with good
electrochemical properties;

— an interesting issue is deposition of conductive mate-
rials, e.g., electrode materials, on the substrate surface and
taking account of nonlinear effects;

— a promising method is the EPD fabrication of the full
structure of microtubular cells over a short period of time
with co-sintering of the deposits;

— development of the EPD method for the design of
protective coatings for SOFC interconnects based on highly
conductive spinels, perovskite materials and films of the
oxides of reactive elements, production of composite and
multilayer protective coatings.

The review was written within the state assignment of
the Institute of Electrophysics, Ural Branch of the Russian
Academy of Sciences, and the Development of SOFC
Technology research subject of the Institute of High Tem-
perature Electrochemistry, Ural Branch of the Russian
Academy of Sciences. The authors are grateful to the
Russian Federation Government for the support of the
study (Contract No.02.A03.21.0006, Act 211).

Figures 1—-4 were drawn by the authors and are based
on publications that are indicated in the Figure captions.
Figure 5b was taken from the publicly available web page
https://www.mtm.kuleuven.be/Onderzoek/Ceramics/old-in-
fo/EPD, reference is given. Figure 7 was taken from the
open access online journal (INTECH Open Science), refer-
ence is given. The data for Fig. 11a, 13(a—c) were taken
from open access journals; references are given. Figures 5a,
6, 10, 11 b, 12 and 14 are courtesy of Elsevier, Figure 8 is
courtesy of Wiley, Figure 9a—d is courtesy of Springer
Nature.
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