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ABSTRACT

Scalable and Cost-effective Barrier Layer Coating to Improve Stability and Performance of
SOFC Cathode

Shanshan Hu

Replacing the electronically conductive (LaSr)MnOs-;5 (LSM) cathode in the LSM/yttrium-
stabilized zirconia (YSZ) system with the mixed ion-electron conductive (MIEC)
(LaSr)(CoFe)03.-s (LSCF) will promote cathode performance in SOFCs significantly. However,
it might be hindered by the reaction between YSZ and LSCF, producing some insulating phases,
which lowers the cell performance. To address this issue, a dense barrier layer of doped ceria is
always adopted between these two components to eliminate the reaction as well as to boost the
cell performance. In this study, a scalable and cost-effective method, electrophoretic deposition
(EPD), is used to realize the deposition of gadolinium doped ceria (GDC) on non-conductive
YSZ substrate. The fundamental characteristics of EPD of GDC on YSZ and the mechanism are
also systematically investigated.

Highly compact GDC green layers are obtained by the EPD process in an ethanol-based
suspension. GDC thin layers in a thickness range of 5-8 um have been successfully densified at
temperatures as low as 1300 °C and the adhesion between GDC and YSZ is excellent. Compared
to a GDC barrier layer made by a conventional spin-coating method, the ohmic resistance of
GDC made by EPD is lower. The deposition rate of GDC on PPy coated YSZ is slower than that
on graphite at the same voltage. However, at constant current, the mass of GDC deposited per
coulomb of charge is larger on the PPy-coated YSZ cathode. An H* ion accumulation zone is
formed near the PPy coated YSZ after applying the voltage. The thickness of this H* ion
accumulation zone increases at the beginning and then decreases. Finally, the ion accumulation
zone is replaced by an ion depletion zone; the main reason contributing to the increasing
resistance is the formation of an ion depletion zone. The absorbed H* ions desorb from particles
after deposition and then move through the porous deposit to the cathode to be reduced. The
reduction of free H* ions and absorbed H* ions corresponds to the unavoidable side reaction and
the deposition of GDC particles, respectively. Deposition efficiency, f, the percentage of electric
charge associated with the reduction of H* ions in the total charge, is introduced to reflect the
competitive relationship between deposition and the side reactions. f decreases with the increase
of current density.

A dense GDC layer is successfully obtained by AC-EPD at 500 Hz after sintering at a relatively
low temperature, e.g., 1250 °C, which is anticipated to eliminate the reaction between LSCF and
YSZ. An optimum frequency of 500 Hz leads to the maximum deposition rate by balancing the
suppression of bubble evolution and the acceleration of the particle migration. The deposit yield
in a given time grows with the increase of voltage ratio and forward width percentage. In AC-
EPD with negligible faradic current, the deposition rate of GDC particles is determined by both
the transport process and the desorption process, wherein the latter process is irreversible. The



deposit yield is monotonically controlled by the deposition time, suggesting the possibility of
fabrication of GDC layer with tunable thickness.

Dense and homogeneous GDC films have also been successfully prepared by AC-EPD in an
aqueous suspension. The parameters influencing the quality of deposition films are thoroughly
investigated and the optimal deposition conditions includes the frequency of 1 kHz, forward
width percentage of 50 % and a voltage ratio of 10/4. This work provides a facile approach to
fabricating smooth GDC barrier layers with tunable thickness in an environmentally benign,
rapid, versatile and low-cost manner, indicating its promise for SOFC and other applications.
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Chapter 1 Introduction

Due to severe environment problem and high fuel need, the exploitation and optimization of
clean and regenerative energy is one of the major challenges for researchers. As a device which
directly converts the electrochemical energy to electric energy, solid oxide fuel cell (SOFC) is a
promising substitute energy source because of its advantages of excellent long-term stability,
high energy conversion efficiency, low operation and maintenance cost, fuel flexibility,

negligible pollution, high reliability and versatility.

It is well-known that MIEC cathode materials [1-5], such as LSCF, show superior electrode
performance compared to a traditional LSM cathode. However, replacing LSM with LSCF is
hindered by the reaction between LSCF and YSZ, which yields some insulating phases such as
LaxZr.07, SrZrOg, etc. in the interface, decreasing the cell performance. To address this issue,
doped ceria has been extensively used as a barrier layer between YSZ and LSCF because of its
good chemical and thermal compatibility with LSCF. Doped ceria has been confirmed for
eliminating interactions between LSCF and YSZ as well as for boosting cell performance [6].
Screen-printing or spin-coating is usually used to deposit this barrier layer on the electrolyte, but
it is difficult to obtain a sufficiently dense layer at a relatively low temperature, e.g. 1300 °C.
Sintering above 1400 °C may densify the barrier layer, but leads to the formation of resistive
phases between YSZ and doped ceria [7]. For example, Zhou et al. [8] used screen printing to
prepare a samaria-doped ceria (SDC) barrier layer containing certain porosity between LSCF and
YSZ and found that Zr migrated into the SDC barrier layer causing a larger intercept resistance
in the SOFC. Because the doped ceria layer is usually deposited on the non-shrinkable pre-

sintered electrolyte substrate, the resulting ceria layer has considerable porosity after sintering [9]



which undermines the barrier layer’s ability in mitigating the LSCF-YSZ reaction. Considerable
effort has been devoted to new coating methods, such as physical vapor deposition (PVD) and
chemical vapor deposition (CVD), in order to deposit a dense barrier layer without over-sintering
[10, 11]. However, PVD and CVD require sophisticated and expensive equipment, making them
either undesirable or impracticable for implementation in SOFC manufacturing. A new process
needs to emerge, one that allows dense, thin film to be deposited efficiently and economically,

harmonizing mass production with optimal cell performance.

Electrophoretic deposition (EPD) is a colloidal process in which particles pack closely and
densely directly from a suspension under the application of an electric field. It has the advantages
of cost-effectiveness, fast deposition rate, simplicity and no requirement of the shape of substrate
making it widely used in the fabrication of SOFC [12]. The process consists of two major steps:
the migration of charged particles in a stable suspension to the oppositely charged electrode; the
deposition of the charged particles onto the substrate under the effect of an electric field [13].

Layer thickness can be easily controlled by deposition time, voltage, and particle concentration.

In the present study, the technique feasibility of electrophoretic deposition of GDC on non-
conductive YSZ substrate is demonstrated. Moreover, the fundamental characteristic of EPD
including the deposition rate, increasing resistance, deposition efficiency and mechanism are

investigated experimentally and analytically.



Chapter 2 Literature Review

2.1 Solid Oxide Fuel Cell
2.1.1 Oxygen reduction reaction of SOFC cathode

Solid oxide fuel cells (SOFCs) converting chemical energy directly to electrical power offer
advantages over other techniques in the intrinsically high conversion efficiency and minimal
environmental impact [14]. The state-of-art SOFCs consist of NiO-YSZ anode, YSZ electrolyte
and lanthanum strontium manganite (LSM) cathode. Fig. 2-1 shows the schematic of an anode
supported SOFC. As shown in Fig. 2-1, oxygen, usually air, is fed to the cathode while a fuel,
such as Hz, CHj4 is fed to the anode. When a load, such as a bulb, acted as the external circuit is
put between cathode and anode, electrons flow from anode to cathode through the external
circuit. Additionally, oxygen ions flow from cathode to anode through the internal circuit due to
(1) overall electrical charge balance and (2) oxygen gradient between cathode and anode. By the
combustion of fuel and oxygen, electricity is produced as shown in Fig. 2-1. The only byproduct
of the whole process is water when using hydrogen as the fuel. Reforming nature gas or other
hydrocarbon fuels to extract hydrogen can be finished within the fuel cells, eliminating the need

of an external reformer [15].



Fuel
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Fig 2-1 Schematic of a solid oxide fuel cell

The electrochemical reaction occurs at the cathode is the reduction of oxygen which is written as:
02 +4e =2 0% (2-1)

As illustrated by this simple equation, the following features desirable for cathode materials can

be drawn:

> High electronic conductivity (preferably more than 100 S cm™ under oxidizing

atmosphere).
» Chemical stability under an oxidizing atmosphere during fabrication and operation.

» High catalytic activity for the oxygen reduction reaction (ORR).
Considering the structure of fuel cell, the followings are also required:

» Coefficient of thermal expansion matching with other components

» Chemically compatible with the electrolyte and interconnect materials



Conventional LaxSr1.xMnOs (LSM) cathodes show relatively good stability under oxidizing
atmospheres, high electronic conductivity, and a coefficient of thermal expansion (CTE) that
matches the commonly used YSZ electrolyte. However, the oxygen ion conductivity of LSM and
its oxygen trace diffusion coefficient are extremely low. Due to the low ionic conductivity in the
bulk LSM, the active sites for ORR are largely confined to three-phase boundary (TPB). As a
consequence, the performance of this type of cathode is highly dependent on the electrode
morphology and is very sensitive to secondary phase formation at the electrode/electrolyte

interface.

New mixed ion-electron conducting (MIEC) cathodes, such as doped LaCoOs [16], Ruddlesden-
Popper phase La2NiOa+5[17], or double-perovskite GdBaCo20s+5 (GBCO) [18], have been
extensively studied. Among these new cathodes, LaxSr1xCoyFe1yOs (LSCF) is the most popular
one in industry, which has high ionic and electronic conductivities, 102 and 10> S cm™ at 800°C
[19], respectively, and high catalytic activity for ORR. The electrochemically active region of the
LSCF cathodes can extend over the width of the electrode/ electrolyte interface. In addition to a
high electrical conductivity, cathode performance strongly depends on the oxygen bulk diffusion
coefficient (D) and surface exchange rate (k). The ratio between D and k yields the characteristic
length (I.=D/K) as a qualitative criterion for given material to determine whether the oxygen
transport is controlled by surface oxygen exchange or bulk diffusion. For LSM-based cathodes,
kinetic data for D and k obtained from isotopic exchange measurements indicate that the I of
LSM is in the range of 1~8 nm at 800°C [20]. Therefore, oxygen transport in LSM-based
cathodes is typically controlled by bulk-diffusion since it is very difficult to fabricate samples
thin enough to operate in the mixed regime. In contrast, electrical conductivity relaxation (ECR)

experiments indicate that for LSCF, D is 5 x 10% cm?S™ and k is 1x10™* cm S at 800°C [21],



the value of I is six to seven orders of magnitude larger (Ic=<50 mm) than that of LSM. Therefore,

the oxygen transport for LSCF type cathodes is surface-limited.

2.1.2 Degradation of cathode

For LSM-based cathodes, principal reported concerns are particle growth, and the formation of
insulator phases, such as SrZrOs or La»Zr,07, due to the interaction between LSM cathode and
YSZ electrolyte [22]. The conductivity of these zirconates is two to three orders of magnitude
lower than that of YSZ. In the meantime, the zirconate phases can induce undesirable
polarization through (1) surface diffusion of electro-active oxygen along the LSM surface to the
TPBs; and (2) electrochemical formation of O at the TPB due to limited availability of
electronic charge carriers [23]. Moreover, Mn diffusion from LSM into other components such
as YSZ electrolyte and the chromium-containing metallic interconnect has been observed in the
literature [22]. Mn diffusion leads to an increase in La activity at the interface and promotes
interfacial reaction. Such instability and interaction can be reduced by minimizing the sintering
temperature or avoiding certain operating conditions such as over-potentials and low oxygen
partial pressures on the cathode side. For the SOFC technology to become commercially
competitive, it is necessary to mitigate these limitations and restrictions in order to decrease both

investment and production costs.

In the case of LSCF type cathodes, SIMS measurements reveal that strontium and lanthanum had
been diffusing out of the cathode, leading to strontium depletion in the cathode and significantly
lower performance [24, 25]. Such cation segregation in an LSCF cathode can retard ORR
kinetics by changing the composition stoichiometry and forming inactive surface species that

block reaction sites. One possible mechanism for cation segregation is through cation interaction



of Sr with a surface oxygen vacancy, thus blocking the oxygen which is crucial for catalyzing the

ORR in perovskite [26], as shown by:

25T + 205 + V; 1scr + 25 > 25T0(s) (2-2)

Formation of insulating surface species such as SrO can thus reduce the number of oxygen
adsorption sites and oxygen vacancy availability for surface oxygen reduction [27]. Moreover,
LSCF cathodes show low chemical stability (forming an insulating zirconate phase) and an

unacceptably high CTE compared to the CTE for the YSZ electrolyte.

External factors can further augment the degradation of SOFC cathodes. For instance, most
perovskite oxides containing alkaline-earth elements, such as LSM and LSCF, can react with gas
species such as CO2, SO, or water vapor, at a significant rate at temperatures less than 800 °C

leading to additional insulator phase formation [28], as follows:

SrO + CO,(g) = SrC05(s) (2-3)

In particular, as a component of atmospheric air, the presence of CO; inhibits the oxygen

reduction process over the cathode surface and consequently decreases the cell performance [29].

2.1.3 Barrier Layers Function and Deposition Methods

Doped ceria is of interest as an electrolyte for SOFCs operated at intermediate and low
temperatures because of its high-ionic conductivity compared to the state-of-the-art YSZ
electrolyte. It is generally accepted that doped ceria materials form an acceptable barrier layer

between the YSZ electrolyte and cathode to improve the cathode stability.

Although many researchers consider LSM a ‘stable’ cathode material and therefore do not apply



a protective barrier layer between it and the YSZ electrolyte, recent studies have shown that a
doped ceria interlayer in fact lowered the degradation of an LSM cathode and improved the
electrochemical performance of the cell. For example, increased performance of SOFCs having
protective SDC layers fabricated by screen printing at the LSM cathode/Y SZ electrolyte
interface were observed [8]. Those researchers ascribed this result to the SDC layer effectively
blocking Ni diffusion from the Ni-YSZ anode, resulting in the coarsening and increased

densification of the LSM microstructure.

For LSCF cathodes, gadolinium-doped and samarian-doped ceria (GDC, SDC) are chemically
and thermally compatible with YSZ and therefore have been extensively investigated as the
interlayer materials. GDC or SDC interlayers have been confirmed for eliminating interaction
between LSCF and YSZ as well as for boosting whole cell performance [6, 30, 31]. Screen
printing is typically used to deposit the barrier layer on the electrolyte but achieving a fully
densified layer with a reasonable amount of sintering is difficult. Sintering above 1400 °C may
densify the barrier layer, but often leads to the formation of a resistive phase between GDC and
YSZ as well as over-sintering the anode functional layer. For example, Zhou et al. [8] used
screen printing to prepare a SDC interlayer containing a certain porosity between LSCF and YSZ,
and found that Zr migrated into the SDC interlayer causing a larger intercept resistance within
the SOFC. Because the doped ceria layer is usually deposited on the non-shrinkable pre-sintered
electrolyte substrate, the resulting ceria layer has considerable porosity after sintering [9, 32]

which impairs the barrier layer’s ability in mitigating the LSCF-Y SZ reaction.

Considerable effort has been devoted to new coating methods, such as physical vapor deposition
(PVD) and chemical vapor deposition (CVD), in order to deposit a dense barrier layer without

over-sintering [11, 33]. However, PVD and CVD require sophisticated and expensive equipment,
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making them either undesirable or impracticable for implementation in SOFC manufacturing. A
new process needs to emerge, one that allows dense, thin film to be deposited efficiently and

economically, harmonizing mass production with optimal cell performance.

Table 2-1 summarizes the comparison of various coating methods for depositing a ceria barrier
layer on YSZ substrate for SOFC applications. As shown in Table. 2-1, EPD offers significant

advantages over other candidates in terms of cost, scalability and other parameters.



Table 2-1 comparison for possible coating methods to deposit ceria barrier layer

Green-body Composition Thickness Coat on non-
Method Coating time Cost Scalable
porosity control control flat surface
Screen Seconds/
High Low Yes Easy Easy Difficult
printing minutes
Seconds/
Dip coating High Low Yes Easy Easy/moderate Easy
minutes
Seconds/
Spin coating High Low Difficult Easy Easy/moderate Moderate
minutes
Minutes/
Electroplating Low Low Yes Moderate Moderate Easy/moderate
hours
Thermal Spray ~ Medium Seconds Medium Yes Easy Difficult Easy
Seconds/
Tape Casting High Low Yes Easy Easy Easy
minutes
PLD Low hours High No Moderate Moderate Easy/moderate
RF sputtering Low hours High Yes Moderate Moderate Easy/moderate
CVA/ALD Low hours High Yes Moderate Easy/moderate  Easy/moderate
Several
EPD Low Low Yes Easy Easy Easy/moderate
minutes

2.2 Electrophoretic deposition

221

Introduction

Electrophoretic deposition (EPD) is a colloidal process by which particles could pack closely and

compactly directly from a suspension under the effect of an electric field. It has the advantages

of simplicity, fast deposition rate, cost-effectiveness, good uniformity and no requirement of the
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shape of the substrate, making it widely used to realize the deposition of carbon nanotubes [34],
biomaterials [35], composites [36, 37], polymer [38], ceramics [39], super-capacitors [40], metal

nanoparticles [41], silicon carbide [42] and functionally graded materials [43], et. al.

2.2.2 Factors influencing the film formation

Fig. 2-2 shows the sketch of EPD process. It reveals that the charged particles suspended in the
suspension move to the oppositely charged electrode, then deposit onto it with the application of
an electric field [44]. The driving force exerted on the charged particles upon migration is the
interaction between the electric field and the surface charge of particles. The drag force consists
of the viscous drag force from the liquid, the force exerted by the electric field on the counter-
ions in the double layer and the distortion in the double layer caused by a displacement between
the center of the negative and positive charge [45]. Hence, the deposition behavior of charged
particles is influenced by two group of parameters: those related to the suspension, such as zeta
potential, electrolyte conductivity, and those associated with the deposition process including

voltage, deposition time.
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Fig 2-2 Sketch of EPD process

The first kinetic model (Eq. (2-4)) was proposed by Hamaker. et al in which the deposit weight,
m (g), was related to particle concentration, Cs (g cm™), electric field strength, E (V cm™),
particle mobility, pu (cm? s V1), deposition area, S (cm?) and deposition time, t (s), through the

following equation using a planar electrode [46]:
m = C,EuSt (2-4)

By considering all the charge in the suspension is carried by the charged particles, a similar

equation as Eq. (1) was induced by Hirata. et al using the Faradic law [47].
m = %Cseosrfn‘lEt (2-5)

Wherein Cs (g cm) is the particle concentration, g0 (F m™) is the permittivity of vacuum, ¢ is the
relative permittivity of the solvent, & (V) is the zeta potential of the particles,  (Pas) is the
viscosity of the solvent, E (V m™) is the electric field strength and t (s) is the deposition time.
This kinetic model has been widely used by other researchers [48, 49]. Since grand 7 are
identical for the same solvent, the deposit weigh is combinedly controlled by the particle

concentration (Cs), solvent (grand #), electric field strength (E) and deposition time.
2.2.2.1 Factors related to the suspension
(1) Zeta potential

The zeta potential is of significance to indicate the stability of the suspension and the direction of
the movement of particles. The zeta potential can be adjusted by adding various charging agents

such as acids, bases or some surface charge modifier, e.g., iodine [50-53]. Oxide surface, e.g.,
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GDC, consists of some amphoteric hydroxyl groups that undergoes reaction with either H* or

OH-  ions in the suspension [39]:

[M'OH]OSUffaCB +H" — (M'OHZ) +surface pH lower than IEP

[M-OH]%urface + OH™ — (M-O) surface + H20 pH higher than IEP

The sign of zeta potential changes according to the pH value. The deposition rate grows with the
increase of zeta potential (absolute value) since the mobility of charged particles is proportional
to zeta potential when other parameters are fixed [54]. Moreover, the well dispersed suspension

with a higher zeta potential is more likely to result in a denser green deposit [50].

(2) Solvent

From the viewpoint of cost, flammability and toxicity, distilled water is superior to any organic
solvents. Unfortunately, the electrolysis of water which occurs at low voltages is inevitable under
an electric field strength high enough to get an intact and reasonable film. The electrochemical

reactions were shown in the following equations:

Anode: 2H20 - 4e"— Op+4H"* (2-6)

Cathode: 2H,O+2e— Ho+20H 2-7)

During deposition, the bubble evolution associated with hydrogen evolution reaction (HER) (Eq.
(2-7)) or oxygen evolution reaction (OER) (Eqg. (2-6)) impairs the uniformity and quality of the
deposit [55, 56]. To mitigate bubble evolution, organic solvents with good chemical stability
have been used in most conditions. Farrokhi-Rad. et al compared the deposition behavior of

hydroxyapatite (HA) nanoparticles in different alcoholic suspensions (methanol, ethanol,

13



isopropanol and butanol) and found the deposition rate is faster in alcohols with smaller
molecular weights than those with larger molecular weights because of their higher relative
permittivities [57] and smaller viscosities [58], resulting in a larger mobility of HA particles [59,
60]. However, the surfaces had less cracks as the molecular weight of alcohol increased (Fig. 2-3)
[59]. The cracking was induced by mechanical stress exerted by shrinkage during drying.
Alcohols with lower boiling points have higher vapor pressures, thus resulting in a faster drying

rate and more cracks.

Fig 2-3 SEM images of coatings deposited at 20V/cm and 60s from (a) methanolic (b) ethanolic (c) isopropanolic

and (d) butanolic suspensions

(3) Particle concentration
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Particle concentration plays an important role in the properties of film, e.g., the composition of
film in the multi-component EPD. The deposition rate of each component is independent in the
multi-component EPD, which grows with the increase of particle concentration [61].
Theoretically, the deposition rate is proportional to the solid loading as shown in the kinetic
models (Eg. (2-4) and (2-5)). However, the linear relationship between the deposition rate and
particle concentration was not reached in some experiments [62]. Moreno. et al found the green
density of Al.Oz film deposited from the aqueous suspension grew with solid content [62] while
Guo. et al observed the solid loading showed no visible effect on the packing density of yttrium
stabilized zirconia (YSZ) deposit obtained from the organic suspension [51] with other
parameters identical. This disagreement might be ascribed to the different properties of the
solvents since the bubble evolution in aqueous suspensions is more violent than that in organic

suspensions.

(4) The conductivity of the suspension

Besides these parameters discussed above, the deposition behavior of charged particles is also
influenced by the conductivity of the suspension. Stappers. et al observed that highly conductive
ethanolic suspensions led to uniform alumina deposits and vice versa [63]. Guo. et al found the
green density of YSZ film obtained from organic suspensions increased with the increasing
conductivity of the suspension initially. Then it appeared to decreases when the electrolyte

conductivity was higher than one threshold value, i.e., 17.5 uS cm™ in their system [51].

2.2.2.2 Factors related to the operation

(1) Applied voltage
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The driving force exerted on the charged particles is the product of electric field strength and the
surface charge of particles. Therefore, the deposit yield in a given time increases with the
increase of applied voltage generally as the driving force grows correspondingly. Collini. et al
reported both the deposit mass and film thickness of TisAIC, on fluorinated tin oxide (FTO)
conductive glass electrodes were proportional to the applied voltage with a range from 5 V to 25
V (Fig. 2-4) [64]. At a higher voltage, particles move much faster. However, the bubble
evolution associated with the electrochemical reaction, e.g., the electrolysis of water,
accompanying the deposition process might impair the deposition process [55, 65]. As shown in
Koura’s work, the deposit mass of BaTiOs on a platinum plate for 30 s decreased when the
voltage increased from 300 V to 600 V using a suspension of acetone (100 ml) + H20 (0.03 wt%)
+ I, (40 mg) [66]. Besu’s work showed that a moderate electric strength (25 — 100 V cm™)
always resulted in more uniform films [67]. In contrast, a higher electric strength (> 100 V cm™)
deteriorated the quality of the film as the deposition process was disturbed by the violent bubble
evolution. Moreover, the charged particles were not prone to deposit onto the optimized position

due to their high moving speed.
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Fig 2-4 EPD as a function of voltage for fixed 30 s depositions from propylene carbonate (PC) based suspensions

showing (a) deposited mass and (b) film thickness after vacuum annealing at 160 °C
(2) Deposition time

Wang. et al found the deposit weight of ZnO coating on copper initially increased proportionally
by time, then attained a plateau after a certain time under constant voltage (20, 60 100 V) (Fig. 2-
5) [68]. A similar result was also found in other systems [66, 69]. In contrast, the deposition rate

remained constant under constant current [70]. The variation of deposition rate by time would be

discussed in detail in the following sections.
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Fig 2-5 Relationship between deposit thickness and time of deposition for ZnO coatings on copper electrode at

different applied potential

2.2.3 EPD on non-conductive substrate

The prerequisite of EPD is that the electrodes should be electrically conductive, for which most
electrodes used in the literature are graphite or metal plates. To facilitate the deposition on the

non-conductive substrate, some work prior to EPD is necessary to meet this requirement.

2.2.3.1 Conductive agent

Coating a thin layer of conductive agent on the surface of the non-conductive substrate is
considered to be a simple method. The thickness of the agent is required to be relatively thin, e.g.,
1 um, so that it can be fully removed without destructing the adhesion between the deposit and
the substrate during the following treatment, e.g., sintering. Hirata. et al [48] and Besra. et al [71]
applied carbon/ graphite as the agent since it can be easily burn out during sintering. Santillan. et
al coated a thin layer of platinum on GDC surface to realize the deposition of LSCF on it [72].

However, the introduction of platinum affected the cell performance as it could not be removed
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[73, 74]. Recently, some conductive polymers, such as PPy [75] and polyaniline (PANI) [76]
were widely accepted as the agent as they can be synthesized and attached readily on the surface
of the substrate with the aid of some oxidants. Moreover, the thickness of this polymer could be
less than 1 um [53] and the conductivity was confirmed to be high enough to carry out EPD

experiments [77].

2.2.3.2 Mixed electrode

The electrically conductive electrodes are used to provide a connected electric path which could
also be achieved by mixing some conductive additives with the non-conductive base powder.
Will. et al reduced NiO-YSZ to Ni-YSZ by sintering NiO-YSZ in a reducing atmosphere and
realized the deposition of YSZ on it [78]. Yamaji. et al mixed NiO-YSZ with some graphite
powder to make a mixed electrode and deposited YSZ on it [79]. During the following sintering
process, the graphite powder was fully burn out by leaving pure NiO-YSZ material. It is
important to note that the percentage of the conductive additives should be large enough to

provide a connected electric path [71].

2.2.3.3 Porous electrode

To provide a connected electric path, a non-conductive and porous substrate or a dialysis
membrane which is only permeable to ions can also be used as the deposition electrode instead
of a dense substrate. Matsuda. et al directly deposited YSZ on a non-conductive and porous NiO-
Y SZ substrate which was coated with a thin layer of carbon on the other side (Fig. 2-6) [80]. As
shown in Fig. 2-6, the carbon layer was acted as the cathode and YSZ deposit was obtained
directly on the side of the NiO-YSZ substrate facing the counter electrode. Similarly, Tabellion.
et al reported the deposition of SiC on a porous substrate which was placed between these two
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electrodes [81]. Moreover, Besra. et al found there was a threshold voltage below which no
deposition occurred on the porous substrate and the threshold value was inversely proportion to

the porosity of the substrate [71, 82].

porous NiO-YSZ | stainless
substrate I~

graphite layer | stirring bar
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Fig 2-6 Schematic illustration of (a) experimental setup and (b) EPD of YSZ powders onto porous NiO-YSZ

composite substrate coated with a thin graphite layer

2.2.4 Methods to improve the film quality

The bubble evolution during deposition impairs the uniformness and green density of the deposit,
especially the electrolysis of water in the aqueous suspensions. The corresponding
electrochemical reactions in the aqueous suspension are shown in Eq (2-6) and (2-7). Therefore,
great research efforts have been devoted to eliminating the bubble evolution to improve the

uniformity and green density of film obtained by EPD.

2.2.4.1 Addition of chemical reactants

As gas evolves out in the form of bubbles once its concentration is larger than its solubility in the

solvent, anodic electrophoretic deposition is preferred to cathodic electrophoretic deposition in
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the aqueous suspensions since the solubility of oxygen in water (0.043 g L) is larger than that of

hydrogen (0.0016 g L) at room temperature.

The bubble evolution could be eliminated by avoiding gas production. Sakurada et al.
characterized the morphologies of alumina green bodies on stainless steel with the addition of
different amount of hydroquinone (HQ) in the aqueous suspension [29]. The pH of the
suspension was fixed as 12. At this pH, the negatively charged alumina particles deposited on the
anode. In the absence of added hydroquinone, deposits exhibited many pores and defects due to
water electrolysis. Added hydroquinone was oxidized to the quinone at lower potentials than
water oxidation (Eg. 2-8). Deposits formed in the presence of hydroquinone clearly revealed that
the size and number of the pores on the surface decreased with the increase in HQ concentration.

Homogenous deposits were obtained when the HQ concentration reached 0.15 M (Fig. 2-7).

lcm

0.01 M 0.05 M 0.10 M 0.15 M

Fig 2-7 Surface morphologies of alumina green bodies as a function of HQ concentration
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2.2.4.2 Porous electrode
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Generally, both the deposition of particles and the evolution of bubble occur at the same position,
i.e., deposition electrode, the impairment of bubble evolution on the deposit could be eliminated
by separating the deposition from the electrochemical reaction. Tabellion. et al realized the
deposition of silica on a porous mold and successfully obtained a bubble-free deposit by using a
modified set-up shown in Fig. 2-8 [81]. Wherein, an ion-permeable porous mold was put
between these two electrodes. After applying an electric field, the charge particles deposited on
the porous mold while the bubbles evolve out at cathode or anode. The bubble evolution had no
effect on the density and uniformity of the deposit regardless of the amplitude of the voltage. The
direct deposition of YSZ on porous NiO-YSZ coated with a thin layer of carbon on the other side
in Matsuda’s work [80] is similar to this set-up. YSZ particles deposited on the side of porous
NiO-YSZ facing the other electrode while the bubbles evolved out at the other side of the NiO-
YSZ substrate coated with carbon. Another similar result was found by Sarkar and Nicholson in
which a dense deposit was obtained on a dialysis membrane [39]. The membrane which was put

between these two electrodes is permeable to ions.

1 - porous mould (EPD) or
porous green body (EPI)

- cathode (platinum or graphite)

- anode (platinum or graphite)

- DC power supply

- suspension

- bidistillied water (+ electrolyte)

- pH meter with PC interface

8 - interface for data acquisition
and conditioning

9 - measuring gages for potential

measurement
10 - PC for process control and

S !
k ) | — @ data analyzing
25 mm 10mm 10 mm

NOoO O s ON

Fig 2-8 Experimental set-up for the electrophoretic deposition/ impregnation process from aqueous suspensions

2.2.4.3 Modulated electric field
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The addition of chemical reactant and the utilization of porous electrode could eliminate the
bubble evolution in some EPD baths. However, these two methods can significantly increase the
cost and inhibit the application of EPD. Recently, much attention has been paid on the deposition
under a modulated electric field, i.e., direct current pulse EPD (DCP-EPD) and alternating

current EPD (AC-EPD).

(1) DC pulse electric field

Besra. et al applied constant current pulse and constant voltage pulse EPD to deposit alumina on
stainless steel plates and found the pits on the surface of the deposit reduced with decreasing
pulse time (Fig. 2-9 and 10) [56, 84]. There was a threshold value of pulse time below which
bubble free deposits could be obtained and this value increased with the decrease of the current
density or voltage. The applications of pulse electric field successfully encouraged the uniform
dissipation of gas bubbles and minimized their coalescence to form bigger bubbles. Moreover,
the gas-forming product at the electrode interface can diffuse away during the off time, thus

avoiding bubble nucleation [85].
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Fig 2-9 Surface morphology of deposits obtained by pulsed DC EPD in constant current mode (a) applied current:
0.004 A, (b) applied current: 0.006 A (suspension: 5 vol%, pH 4.5, substrate: stainless steel (316 L), pulse ON time:

3 min, pulse duty cycle: 50%, inter-electrode distance: 20 mm)
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Fig 2-10 Photograph of the top surface of as-deposited alumina obtained by pulse electrophoretic deposition from a
5 vol% suspension at pH 4.5 on (a) stainless steel (316 L) substrate (applied potential=40 V), (b) stainless steel

(316 L) substrate (applied potential=20 V); (c) nickel substrate (applied potential=20 V).
(2) Asymmetric AC electric field

Different from the direct current (DC) electric field, the alternating current (AC) one which
drives the electrochemical reaction also charges the double layer. With the increase of the
frequency, more current flows through the capacitance of the double layer with less gas bubbles
associated with the electrochemical reaction. There is a frequency threshold value above which

almost all the current flows through the double layer with negligible bubble evolution [55, 65].
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Neirinck. et al observed the morphologies of Al.O, deposit on stainless steel from an aqueous
suspension obtained by DC-EPD (Fig. 2-11b) and AC-EPD (Fig. 2-11c¢) using the signal shown
in Fig. 2-11a [65]. It is clearly shown that the deposit obtained by DC-EPD was rough with
many pits due to water electrolysis. By contrast, the surfaces of the deposit obtained by AC-EPD
was homogeneous and bubble-free. It is important to note that no deposit is obtained regardless

of the deposition time in a symmetric AC electric field since the net electrophoretic current is

zero [55, 65].
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Fig 2-11 (A) One period of the applied asymmetric AC signal and a-Al203 deposits formed using. (B) 100 V DC for 1200 s. (C)
A 50 Hz 500 V,-, asymmetric AC field with asymmetry factor of 4.

Besides these methods summarized above, for research interest, Uchikoshi. et al observed the

morphologies of green deposit on various metal substrates for research interest and found a

homogeneous deposit without any defects was achieved on palladium because of its excellent

hydrogen absorbability. Moreover, the green density and the properties of the deposit on a

palladium substrate were the same as the other deposit [86].
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2.2.5 Applications of EPD in solid oxide fuel cells (SOFCs)

Due to severe environment problem and high fuel need, the exploitation and optimization of
clean and regenerative energy is one of the major challenges for the government and researchers.
Solid oxide fuel cells (SOFC) have gained a lot of attention as one promisingly substitute energy
source because of their advantages of excellent long time stability, high energy conversion
efficiency, low operation and maintenance cost, fuel flexibility, negligible pollution, high
reliability and versatility of converting chemical energy directly to electrical power [14].
Unfortunately, the high fabrication cost might hinder its application. To make SOFCs
commercially competitive, the cost-effective technology, EPD, has been widely used in SOFCs
fabrication process to reduce the cost. Moreover, SOFCs with the components formed by EPD

show remarkable performance due to the intrinsic merits of EPD [79, 87, 88].

2.2.5.1 Fabrication of electrode

Zhitomirsky. et al reported the technological feasibility of utilization of EPD to prepare different
ceramic materials for SOFC fabrication [89]. Asamoto. et al electrophoretically deposited Ni/
scandia doped ceria (SDC) anode with a thickness less than 20 um on carbon coated scandia
stabilized zirconia (SSZ) [90]. Moreover, compared with the Ni/ SDC anode formed by the
conventional slurry coating technology, this Ni/ SDC anode obtained by EPD was much denser

and showed superior suppression ability of carbon deposition.

Santillan. et al characterized the effect of solvent, additives and iodine concentration on the
stability of the suspension and the deposition rate of LaogSro2Coo.2Feos03-5 (LSCF) on a
stainless steel plate or a carbon coated gadolinium doped ceria (GDC) substrate [72]. Also, the
effect of applied voltage and deposition time on the morphology, density and thickness of the
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LSCF layer was probed. A uniform layer of LSCF with different thickness could be obtained by
adjusting the parameters related to EPD process. To optimize the microstructure of the EPDed
LSCF cathode, Santillan. et al also deposited LSCF/ carbon nanotube composite film on GDC
substrate by EPD [91]. A highly porous LSCF cathode was successfully obtained after the
carbon nanotube was burn out during the following sintering process. Moreover, lanthanum
strontium manganite (LSM)-yttrium stabilized zirconia (YSZ), a mixed cathode which showd
superior cathode performance than LSM, with different thickness could also be

electrophoretically deposited on YSZ by adjusting deposition time or applied voltage [92].

2.2.5.2 Fabrication of function layer

Generally, a graded function layer was adopted between the electrode and the electrolyte to
maximize the triple phase boundary (TPB) to further improve the electrode performance. Wang.
et al electrophoretically deposited continuously graded anode function layer on Ni-YSZ anode
[93]. A single cell was constructed based on this functional layer with a thickness of 9.8 um and

a maximum power density of 1.10 W cm2 was obtained at 800 °C by using LSM-YSZ and YSZ
as the cathode and electrolyte, respectively. Zarabian. et al systematically evaluated the effect of
different parameters, including particle concentration, NiO: YSZ ratio, type of solvents and the
concentration of additives, on the stability of the suspension and the deposition rate [94]. Itagaki.
et al prepared cathode/ cathode function bi-layer, LSM/LSM-YSZ, on YSZ by EPD [92]. A
structure of 10 um LSM and 4 ym LSM-YSZ led to the minimal polarization resistance at 600 °C,

suggesting the thickness of the active layer was about 4 um in the current cathode.

2.2.5.3 Fabrication of electrolyte
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YSZ is the state-of-art electrolyte because of its pure ion conductivity, excellent stability in
reducing and oxidizing atmosphere, long-time stability and mechanical stability [95]. SOFCs
based on YSZ were usually used around 1000 °C to achieve a high efficiency [96]. However,
operating at such a high temperature decreases the cell lifetime and long-time stability. The main
issue in SOFCs recognized worldwide is to decrease the operating temperature to an inter-
mediate temperature in the range of 500 °C ~ 800 °C. The motivation of reducing the operating
temperature includes lowering fabrication cost, broadening the selection scope of materials and
reducing the maintenance cost. Unfortunately, the cell performance is sensitive to temperature. A
decrease of 10% in temperature results in about 12% drop in cell performance due to the
decrease of oxygen ion conductivity of electrolyte [97]. To address this problem, an electrolyte
with a relatively low thickness, e.g., 10 um, is always adopted to lower the electrolyte resistance.
Table 2-1 summaries the possible coating methods to deposit thin electrolyte layer with a
thickness around 10 um. As shown in Table 2-1, EPD is superior to other coating technologies in
terms of the fabrication cost or green-body density. To our best knowledge, Ishihara. et al is the
first one to obtain the YSZ thin film by EPD [48]. A uniform YSZ layer was successfully
achieved by using acetone or cyclohexanone as the solvent. The thickness of this dense YSZ
layer was about 5 pm after sintering at 1400 °C. An open circuit voltage of 1.05 V and a
maximum power density of 1.84 W cm?were achieved at 1000 °C by using LSM and Pt as the
cathode and anode, respectively. Xu. et al systematically studied the effect of solvent, powder
concentration, current density and deposition time on the quality and weight of YSZ layer [98].
Besra and Liu demonstrated the feasibility of direct deposition of YSZ on non-conductive porous
NiO-YSZ substrate by coating a thin layer of carbon on the other side of NiO-YSZ substrate [71,

82]. The porosity of NiO-Y SZ substrate was required to be higher than a threshold value to
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provide a connected electric path. And the threshold value was reversely proportional to applied
voltage. Moreover, Chen. et al reported the deposition of YSZ on LSM or LSM-Y SZ substrate

[49]. The application of EPD of YSZ could be also found in literature [7, 99, 100].

The other method to minimize the ohmic resistance is or replace YSZ by other electrolyte
material with superior ionic conductivity. It has been reported that LaGaOs-based oxides and
ceria-based oxides exhibit higher ion conductivity than YSZ [101, 102]. Bozza. et al reported a
dense Lao.sSro.2GaosMgo.2028 (LSGM) with a thickness of 20 um on porous CegsLao 4018 (LDC)
was obtained by EPD followed by sintering at 1490 °C [103]. Moreover, a maximum power
density of 0.78 W cm at 700 °C was obtained by using Ni-LDC and Lao sSro2C00.2Feos03-5
(LSCF) as the anode and cathode, respectively [87]. Hu. et al achieved a dense GDC layer with a
thickness about 8 um by EPD after sintering 1300 °C with the aid of 2 at% FeO1 s as sintering aid
[53]. Moreover, the ohmic resistance of the GDC layer obtained by EPD was smaller than that
with the same thickness made by conventional spin coating method because of larger density of

GDC layer and the better adhesion between YSZ and GDC.

2.2.5.4 Fabrication of barrier layer

The conventional SOFC consists of NiO-YSZ anode, YSZ electrolyte and lanthanum strontium
manganite (LSM) cathode. LSM cathode shows relatively good stability under oxidizing
atmospheres, high electronic conductivity and a coefficient of thermal expansion (CTE)
matching well with YSZ. However, its oxygen ion conductivity and oxygen trace diffusion
coefficient are extremely low. Hence, the LSM cathode is always replaced by a mixed ion-
electron conductive material, e.g., LSCF, to enhance the performance of the cathode.

Unfortunately, the reaction between YSZ and LSCF, which yields some insulating phases,
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impairs the cell performance. To address this problem, a dense barrier layer for doped ceria is
adopted between YSZ and LSCF to eliminate the reaction, as well as to boost the cell
performance [104] because of its good chemical and thermal compatibility. Matsuda. et al
reported the fabrication of YSZ/ SDC bi-layer on NiO-YSZ by EPD followed by co-sintering
with NiO-YSZ substrate [12]. By using LSCF as the cathode, a maximum power density larger
than 0.6 W cm was obtained at 700 °C with this bi-layer composing of 4 pm YSZ and 1 um
SDC. Suzuki. et al demonstrated the fabrication of GDC/LSGM/GDC tri-layer on NiO-YSZ
[105]. Moreover, this tri-layer electrolyte could be easily sintered together along with NiO-YSZ

anode without cracking.

2.2.5.5 Fabrication of interconnect coating

As the output voltage of one single SOFC cell is around 1 V, to provide a reasonable voltage,
multiple cells are usually connected together acted as a SOFC stack by interconnects joining the
anode and cathode of adjacent single cell [106]. Metallic alloys are superior to the commonly
used ceramic interconnects because of their high oxidation resistance when the operating
temperature of SOFC stacks is in the range of 600 °C ~ 800 °C [107]. Ferritic stainless steel is a
promising connect candidate [108]. However, it’s susceptible to rapid chromia growth which
impairs the cell performance. This limitation can be addressed by applying protective coatings. A
dense, uniform and well-adherent Mn - Co spinel coating was successfully prepared by EPD
after sintering at 1150 °C and it showed excellent compatibility with Crofer 22 APU metal
interconnect and the glass-ceramic sealant in the long-time stability test of 2500 h [109].
Moreover, Zhang. et al evaluated the effect of voltage on the ratio of Co : Mn and the effect of
sintering atmosphere on morphology, area specific resistance (ASR) and the stability of the

deposited Co — Mn spinel coating, and found the Co — Mn spinel coating sintering in Ha/H20
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resulted in a lower ASR and a much better long-time stability than that sintering in air [110].

Other spinel coating deposited by EPD could also be found in the literature [111-113].

2.2.5.6 Fabrication of semi cell or full cell

It is important to note that a semi cell or a full cell could also be fabricated by subsequent
deposition followed by one-time sintering. Bresa. et al electrophoretically deposition a semi-cell
with the construction of NiO-YSZ/ YSZ [114]. A peak power density of 434 mW cm was
achieved by using LSM as the cathode. A full cell with the construction of NiO-YSZ/YSZ/LSM
was fabricated by subsequent deposition of YSZ and NiO-YSZ on a LSM substrate followed by
one-time co-sintering [115]. This significantly reduces the fabrication cost by minimizing the

sintering time.

Table 2 summaries the application of EPD to in SOFCs’ fabrication. Moreover, EPD can also be

applied for tubular SOFCs fabrication [67, 115] as it allows coating of non-planar surface.
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Table 2-2 The application of EPD in SOFCs

Component Film Substrate Solvent Additives Reference
PAA-
YSZ NiO-YSZ Distilled water NHs(Ammoniu [99]
m polyacrylate)
YSZ NiO-YSZ Ethanol PEI [78]
YSZ NiO-YSZ Ethanol lodine [7]
YSZ LSM Acetone lodine [49, 116]
Electrolyte SSZ NiO-SSZ Acetyl acetone lodine [117]
GDC YSZ Ethanol lodine [53]
YSZ/SDC NiO-YSZ Ethanol PVB [12]
LSGM LDC Acetone lodine [103, 118]
GDC/LSGM/GDC NiO-YSZ Ethanol PEI [105]
BCY10
NiO-BCY10 Acetyl acetone lodine [119]
(BaCeo.9Y0.103-x)
NiO-YSZ Stainless steel Ethanol lodine [94]
NiO-YSZ NiO-YSZ Acetone lodine [93]
Anode Ni-SDC SSZ Acetyl acetone lodine [90]
Acetyl acetone +
Sr,FeMoOsg Stainless steel PEI or lodine [120]
Ethanol
LSM+ YSZ/LSM YSZ Acetyl acetone lodine [92]
Cathode LSCF GDC Ethanol or Acetone lodine [72]
LSCF+ carbon GDC Acetyl acetone lodine [91]
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nanotube

LaosSro2MnO3z +
Crofer22 APU Ethanol iodine [121]
Mn1.5C01504
Functional NiO-YSZ NiO-YSZ Ethanol lodine [94]
layer NiO-YSZ NiO-YSZ Acetone lodine [93]
Cu1.3Mny.704 Crofer 22 APU Ethanol + Acetone lodine [112]
Interconne
(Mn,C0)304 Steel Ethanol lodine [110, 113]
ct coating
Mn15C01504 Stainless steel Ethanol lodine [109]
YSZ/YSZ Carbon Acetyl acetone lodine [114, 122]
Semi-
NiO-
cell/full cell Graphite Acetone lodine [115]
YSZ/YSZ/ILSM
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Chapter 3 Research Objectives

The study plans to electrophoretically deposit GDC on a non-conductive Y SZ substrate, and to

accomplish the following objectives:

> Realize the deposition of GDC on YSZ and obtain a dense GDC layer with controllable
thickness, desirable density and good adhesion with YSZ substrate after sintering at a
relatively low temperature, e.g., 1300°C.
e Prepare a stable suspension
e Make non-conductive YSZ substrate conductive
e Optimize the working parameters

e Compared with the GDC layer formed by classic spin coating

» Characterize the fundamental aspects of EPD including the deposition rate, increasing
resistance, deposition efficiency and the competitive role between electrochemical
reaction and deposition.

e Probe the main reason resulting in the increasing resistance
e Characterize the relationship between the deposition and electrochemical reaction

e Study the EPD mechanism

» Further decrease the densification temperature of GDC to a lower temperature, e.g., 1250
°C, by using AC power supply to eliminate the bubble evolution.
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e Obtained bubble free and homogeneous GDC layer by EPD
e Optimize the working parameters

e AC-EPD mechanism study

» Obtain a bubble free and homogeneous GDC layer from aqueous suspensions.
e Prepare a stable aqueous suspension
e Characterize the effect of parameters associated with AC signal on the green

density of GDC layer
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Chapter 4 Direct Current Electrophoretic Deposition (DC-EPD) of
Gadolinium-doped Ceria as a Barrier Layer on Yttrium-stabilized

Zirconia Electrolyte

4.1 Introduction

The prerequisite of EPD is that the substrate must be electronically conductive. To meet this
requirement, many attempts have been done by co-workers [7, 78, 123, 124]. To make NiO-YSZ
conductive, Hosomi [7] and Li [123] coated the material with a thin layer of graphite before EPD;
the graphite was burnt out during sintering leaving a dense YSZ layer on the NiO-YSZ pellet.
Liu [124] coated a layer of graphite on one side of the porous NiO-YSZ pellet where the
connected pores worked as a “current path” through the substrate and then deposited YSZ on the
other side without carbon deposit. Will [78] sintered NiO-YSZ substrate in a reducing
atmosphere to reduce NiO to Ni before EPD. And Yamaji [125] mixed base powder with
graphite powder to make a conductive substrate on which to carry out the EPD experiments. In
recent years, conductive polymers, such as PPy, have been used in the EPD process [126, 127].
Suzuki et al. electrophoretically deposited GDC/LSGM/GDC tri-layers on polypyrrole coated
NiO-YSZ pellet [105]. Such polymers can be synthesized and attached readily to the surface of
substrates by chemical polymerization with the aid of some oxidants [126]. In this regard, a thin
layer of conductive polymer, PPy, is adopted as the conductive agent to facilitate the EPD
process on YSZ substrates in our experiment. The maximum conductivity of PPy is 48 S cm™
[128, 129] which is far less than that of commonly used electrodes, e.g., a graphite plate or a
metal plate, about 10® S cm™. It has been shown that the conductivity of the electrode plays an

important role in the deposition rate and the uniformity of the deposit [116, 130]. However, to
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the best of our knowledge, there are few reports focusing on the systematic study of EPD
behaviour on a poor conductor, e.g., PPy. To enhance EPD techniques for the fabrication of
GDC barrier layer in SOFCs and to deepen the understanding of EPD, the feasibility and

behaviour of EPD of GDC on PPy coated YSZ is also systematically investigated in the chapter.

4.2 Experimental details

4.2.1 EPD coating

YSZ pellet was made by pressing 2.5 g YSZ powders (TZ-8Y, Tosho) in a 31 mm mold and
sintered it at 1400 °C for 4 h. Prior to use, a thin layer of conductive polymer, PPy, was
chemically synthesized on both sides of YSZ pellet to make it conductive. 0.002 mol of 2, 6-
naphthalenedisulfonic acid disodium salt (Sigma-Aldrich, 97%) and 0.002 mol of ammonium
persulfate (Sigma-Aldrich, 98%) were dissolved in 300 mL of distilled water and stirred for 20
min. Then YSZ pellet was soaked in the solution and 6 ml of pyrrole (Sigma-Aldrich, 98%) was
added. Synthesis took 6 h to complete. Next, the YSZ pellet was removed from the solution and
dried at room temperature. The conductivity of PPy depends on the polymerization temperature.
with highest conductivity obtained at about 0°C [131]. Therefore, the temperature was kept at 0
°C throughout the process. The synthesized polymer was examined by Fourier transform infrared

spectroscopy (FTIR) using an FTS 7000 FTIR spectrometer.

The stable suspension was prepared by adding 1.0 g iodine (Sigma-Aldrich, 98%) and 2.5 g
GDC powder (Fuel cell material, with a surface area of 12.0 m?/g) in 100 ml ethanol (Carolina,
95%) and dispersed for 45 mins using ultrasonic stirring. According to Panigrah’s study [132],
GDC particles in the suspension were positively charged because of the absorbed hydrogen ions
and deposit on the cathodic electrode under the effect of an electric field. The Zeta-potential of
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the suspension was +18 mV measured by Zetasizer Nano ZS which indicated the suspension was
stable. The polymer coated YSZ pellet acting as the cathode was placed 1 cm away from the
counter electrode (graphite plate). The formed GDC layer along with YSZ was sintered at 1300

°C for 4 h.

4.2.2 Characterization
The obtained GDC layer was checked by scanning electron microscope (SEM, Hitachi S-4700)

and X-ray diffraction (XRD, PANalytical X ’pert PRO, Cu Ko radiation).

As shown in Mishra’s work [133], 30 uL of solvent in the vicinity of the cathode was taken out
by micro-pipette with a sharp tip at different time intervals during the EPD process. Then the
solvent was dropped onto an ion sensitive field effect transistor (IS-FET) pH meter (Model No:

Hach H138). The 30 pL of solvent is enough to obtain accurate pH values.

To characterize the ohmic resistance of the blank EPD cell, EIS tests were carried out using a
Metrohm Autolab test station (AUT85484) with a frequency range from 100 Hz to 100 KHz and
an input sinewave with an amplitude of 10 mV. The voltage and the current were recorded
during the deposition process. The quantity of deposit was determined by weighing the
deposition electrode after drying at 100 °C in air for 24 h. Every reported data is an average of

three measurements.

4.2.3 Cell fabrication

Symmetric cells were prepared with the LSCF cathode. 20 um of LSCF was coated on both sides
of a GDC/YSZ/GDC tri-layer electrolyte by spin coating and then sintered at 1050 °C for 2 h.
The cell area was 0.51 cm?. A thin layer of platinum (Fuel cell material) was coated on LSCF as

the current collector. The microstructure of the synthesized polymer and deposited GDC was
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examined by scanning electron microscope (SEM). EIS tests were carried out in air at
temperatures ranging from 600 °C to 800 °C using a Metrohm Autolab test station (AUT85484).
The frequency scope was 0.1 Hz to 100 KHz, and the amplitude of the input sinewave was 10

mV.

4.3 Results

4.3.1 Stable suspension

GDC particles are positively charged because of the absorbed H* ions produced by the following

reaction:

CHsCH,0H + I, > H* + I" + CHs;CH,0I (4-1)

Hence, the amount of iodine plays an important role on zeta potential and the deposition rate. By
fixing the GDC concentration at 15 g L%, the effect of the amount of iodine on the deposition
rate and zeta potential was characterized. As depicted in Fig. 4-1, with the increase of iodine
concentration, the zeta potential grows while the deposit mass decreases. The suspension with a
zeta potential about 20 mV is stable enough to carry out EPD experiments when the iodine
concentration reaches 10 g L. To achieve a relatively fast deposition rate, the iodine

concentration is fixed as 10 g L™t in the following experiments.
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Fig 4-1 Zeta potential and the deposit mass on PPy coated YSZ for 5 mins as a function of the concentration of

iodine under constant voltage (60 V)

Fig. 4-2 shows the macroscopy and XRD pattern of the deposited GDC layer on the 316L
stainless steel plate. As shown in Fig. 4-2a, the green GDC layer formed on stainless steel is
uniform. Before sintering, XRD was carried out to confirm the successful obtainment of GDC

layer on the stainless plate.

Fig 4-2 Macroscopy and XRD pattern of the deposited GDC layer

4.3.2 Characterization of conductive polypyrrole
As YSZ is not electrically conductive, no deposit is found on YSZ regardless of the deposition

time. To make YSZ, a thin layer of conductive polymer, PPy, was chemically synthesized on
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both sides of YSZ pellet to make it conductive. The synthesis process was shown in Fig. 4-3. As
shown in Fig. 4-3, 0.002 mol of 2, 6-naphthalenedisulfonic acid disodium salt (Sigma-Aldrich,
97%) and 0.002 mol of ammonium persulfate (Sigma-Aldrich, 98%) were dissolved in 300 mL
of distilled water and stirred for 20 min. Then YSZ pellet was soaked in the solution and 3 ml of
pyrrole (Sigma-Aldrich, 98%) was added. After 24 h, the PPy coated YSZ pell