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Abstract: In this study, the formation of thin-film barrier coatings based on a highly conductive
Bij 9Erp403 (EDB) solid electrolyte on supporting CepgSmg 201 9 (SDC) electrolyte substrates was
implemented for the first time using electrophoretic deposition (EPD). The electrokinetic properties
of EDB-based suspensions in a non-aqueous dispersion medium of isopropanol modified with small
additions of polyethyleneimine (PEI, 0.26 g/L) and acetylacetone (0.15 g/L), as well as in a mixed
isopropanol/acetylacetone (70/30 vol.%) medium, were studied. The dependences of the thickness
of the EDB coatings on voltage and deposition time were obtained using deposition on a model Ni
foil electrode. Preliminary synthesis of a conductive polypyrrole (PPy) polymer film was used to
create surface conductivity on non-conductive SDC substrates. The efficiency of using a modified
dispersion medium based on isopropanol to obtain a continuous EDB coating 12 um thick, sintered
at a temperature of 850 °C for 5 h, is shown. The microstructure and morphology of the surface
of the EDB coating were studied. A Pt/SDC/EDB/Pt cell was used to characterize the coating’s
conductivity. The EPD method is shown to be promising for the formation of barrier coatings based
on doped bismuth oxide. The developed method can be used for creating cathode barrier layers in
SOFC technology.

Keywords: electrophoretic deposition; solid oxide fuel cell; thin-film electrolyte coating; MIEC
electrolyte; barrier layer; doped Bi,O3

1. Introduction

The major challenge for the commercialization of solid oxide fuel cells (SOFCs) is to
reduce their operating temperature to an intermediate temperature (IT) range of 600-750 °C
while maintaining the cell performance as comparable with those of high-temperature
devices [1]. An increase in the ohmic resistance of an electrolyte membrane with a decrease
in operating temperatures is the main problem for achieving the set goals of maintaining a
high performance for IT-SOFCs. Alternative electrolytes having higher ionic conductivity
than conventional stabilized zirconia have therefore become increasingly attractive for use
in IT-SOFCs [2,3]. To date, most studies on electrolytes possessing satisfactory oxygen ion
conductivity at decreased temperatures have been focused on oxide materials with cubic
fluorite structures, such as doped CeO; [4,5] and Bi;Oj3 [6,7]. Nevertheless, despite high
ionic conductivity, which is very attractive for designing IT-SOFCs, these electrolytes, along
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with having advantages over traditional electrolytes based on zirconium dioxide, have a
number of disadvantages.

CeO;-based materials are thermodynamically stable over a wide range of tempera-
tures, in the presence of water vapor, hydrocarbons, and hazardous gases, and are chem-
ically compatible with a wide range of oxide electrodes. One of the major problems of
using CeO; electrolytes as SOFCs” membranes is that at low partial pressures of oxygen,
partial reduction of cerium Ce** —Ce3* occurs, which leads to the appearance of electronic
conductivity in the material and can cause an internal short circuit in the SOFC, resulting
in reductions in open-circuit voltage (OCV) and cell power, as well as fuel utilization
efficiency [5]. As a solution to the problem of internal circuiting in CeO, electrolytes, the
formation of blocking layers on the anode side based on yttria-stabilized zirconia or barium
cerate-zirconate is used [8]. However, due to their lower ionic conductivity compared with
electrolytes based on cerium dioxide, the introduction of such blocking layers may cause a
decrease in the overall conductivity of the electrolyte membrane [9]. In this regard, the most
promising technological decision is to use a more conductive electrolyte for the blocking
layer compared with CeO;, such as stabilized Bi, O3 electrolytes [10,11].

The use of bismuth oxide as a solid electrolyte is limited by its thermodynamic in-
stability under reducing conditions—namely, the oxide is reduced to metallic bismuth
at pO, < 10713 atm [12]. Improving the thermodynamic stability of Bi,O; is achieved by
doping it, for example, with Er or Y, which also makes it possible to increase its ionic
conductivity [13]. The formation of blocking layers of doped bismuth oxide on the cathode
side of the doped ceria electrolyte is aimed at reducing the internal leakage current in
the cell; on the other hand, the main ceria electrolyte prevents the reduction of bismuth
oxide by eliminating its contact with the reducing atmosphere. Studies on the effect of
a doped BiOs-based blocking layer on the performance of ceria electrolyte-supported
SOFCs showed the possibility of improving the maximum power density (MPD); however,
the growth in OCV was less significant than expected and achieved at a blocking layer
thickness of no less than 30 um [14,15]. The low effect on the OCV value can be explained
by an insufficient density of Bi-containing blocking layers, which is strongly influenced
by the deposition method [16]. The highest OCV for the cell with a Sm-doped (SDC)
1 mm thick electrolyte in the range of 1.006-0.900 V at 500-800 °C was reached by using a
Bij ¢Erg 403 cathode barrier layer (30 pm) obtained using dip coating [16]. Among other
methods used for the deposition of doped Bi,Os coatings are screen-printing [15,17,18],
magnetron sputtering [19], and pulsed laser deposition (PLD) [20].

The method of electrophoretic deposition (EPD) is promising for the formation of
various barrier layers, since this method ensures rapid formation of coatings of complex
chemical compositions on substrates of different shapes (flat or tubular) with a reproducible
coating thickness. The advantage of the EPD method is the simplicity of its technological
implementation and scalability [21-23]. The application of the EPD method is associated
with the preparation of suspensions of powder materials of various morphologies and
dispersions. The movement and deposition of powder particles in suspension on the
substrate occurs under the influence of an external electric field, which is accompanied by
the formation of a coating, which is subsequently subjected to drying and high-temperature
sintering. To the best of our knowledge, there are a few published studies on the EPD of
Biy O3 [24,25] and BiVOy [26,27] coatings for photo-electrochemical cells and photocatalytic
applications. However, the preparation of stable suspensions based on doped Bi,O3; with
following electrophoretic deposition on non-conductive dense electrolyte substrates is not
a covered topic. In the present work, we have for the first time carried out the formation
of a coating based on erbium-doped bismuth oxide, Bi; ¢Erg4O3; (EDB), on an SDC solid
electrolyte using the EPD method. The choice of the EDB electrolyte was based on that
fact that EDB is stable under the cathode conditions of SOFCs, as this material has been
used not only as a cathode interlayer for ceria- or zirconia-based materials [17], but also in
a nanocomposite electrolyte in a mixture with a YSZ electrolyte [28], and as a component
of composite cathodes for IT-SOFCs [29-32]. The stability of the EDB-containing structures
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was demonstrated in durability tests from 200 to 580 h. We studied the electrokinetic
properties of EDB suspensions in a non-aqueous dispersion medium, the features of the
formation and sintering of EDB coatings and their morphology, and the characteristics of a
Pt/SDC/EDB/Pt single cell in order to determine the effect of the EDB blocking layer on
the OCV values.

2. Materials and Methods
2.1. Synthesis and Characterization of the Electrolytes

Powders of Bij g0Erg403; (EDB) were synthesized using solution combustion synthesis
(SCS). Erbium oxide (Er,O3) (99.90% purity, Sigma-Aldrich, St. Louis, M1, USA), bismuth
nitrate [Bi(NO3)3*5H,0] (98.00% purity, Riedel Chemicals, Seelze, Germany), glycine
[CoH5NO;] (AMK Ltd., Russia), and citric acid [C4HgO7] (>98% purity, Weifang Ensign
Industry Co. Ltd., Weifang, China) were used as the starting raw materials. An aqueous
solution of metal nitrates in distilled water was mixed in stoichiometric ratio. Appropriate
amounts of glycine and citric acid (as fuel and complexing agents) were then added to the
mixed nitrate solution. The nitrates acted as oxidizer in the mixed solution. The molar ratio
of fuel to nitrate was set at 1.4:1 (fuel enrichment range) to ensure complete complexation of
Bi and for smooth and controlled combustion of the mixed solution of bismuth and erbium
nitrates. In addition, increasing the amount of fuel above stoichiometric (¢ = 1) leads to an
increase in the amount of gas-phase product, which is an important factor in controlling the
product-specific surface area [33]. The ratio of glycine and citric acid was 1:1. The mixed
solution was heated on a hotplate under stirring to form a gel, which was further heated
until combustion occurred. The foam-like powder obtained after combustion was crushed
and calcined at 600 °C for 5 h to remove residual organics. After that, the powder was
calcined at 700 °C for 5 h for subsequent phase analysis.

The CeygSmg 2019 (SDC) powder for the supporting electrolyte substrates was fab-
ricated with a solid-state reaction method using CeO, (99.9% wt) and Sm;O3 (99.9% wt)
as the starting reagents. The reagents were mixed in a PM 100 planetary mill (Retsch,
St. Petersburg, Russia) in ethyl alcohol medium using plastic drums and stainless-steel
grinding bodies, dried, and then calcined in alumina crucibles at 950 °C (10 h) and 1050 °C
(10 h) with intermediate ball-milling for 1 h. After the final calcination step, the powder
was ball-milled for 1 h, dried, and dry-pressed into disks at 300 MPa. The disks were
then sintered at 1600 °C for 3 h. To perform XRD characterization, the SDC sintered disk
was crushed.

The XRD characterization of the obtained materials was performed using an XRD-7000
diffractometer (Shimadzu, Kyoto, Japan) in CuK«1 radiation in the 25° < 28 < 80° angle
range with a scanning step of A(20) = 0.02° and a fixed time of 5 s at each point. The
parameters of the crystal structure of the obtained materials were refined using FullProf
Suite software [34]. The specific surface area of the EDB powder used for the suspension
preparation was determined using a SORBI N 4.1 instrument (Meta, Novosibirsk, Russia).
The morphology of the EDB powder was investigated using a JSM-6390 LA scanning
electron microscope (JEOL, Tokyo, Japan).

2.2. Preparation of the Suspensions Based on the Electrolyte Materials and Their Characterization

Suspensions based on EDB powder with a concentration of 10 g/L were prepared in
a mixed dispersion medium of isopropanol/acetylacetone (70/30 vol.%), as well as in an
isopropanol medium with the addition of polyethyleneimine (PEI, 0.26 g/L) and acetylace-
tone (0.15 g/L). EDB suspensions were sonicated using an ultrasonic bath UZV-13/150-TH
(Reltec, Yekaterinburg, Russia) at a generator power of 210 W and an operating frequency
of 22 kHz for 125 min at room temperature. The electrokinetic zeta potential and pH in the
as-prepared suspensions were measured with the electroacoustic method using a DT-300
analyzer (Dispersion Technology, Bedford Hills, NY, USA).
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2.3. Electrophoretic Deposition of the Barrier Electrolyte Layers on the SDC Substrates
and Their Characterization

Electrophoretic deposition was performed using a specialized computerized experi-
mental setup (Institute of Electrophysics, UB RAS, Yekaterinburg, Russia) with vertically
arranged electrodes. The supporting SDC electrolyte disks were polished using a diamond
disk to 550 pm in thickness and 13 mm in diameter. The substrates were cleaned in the
ultrasonic bath for 10 min and calcined at 900 °C for 1 h to eliminate surface contamination.
A conductive polymer film of polypyrrole (PPy) was synthesized on the surface of the SDC
substrate using chemical polymerization of pyrrole in an aqueous solution with ammonium
persulfate serving as an oxidizing agent (98%, 0.03 M), sodium salt of p-toluenesulfonic acid
serving as a dopant (97.5%, 0.03 M), and pyrrole monomer (98%, 0.03 M) [35]. To perform
the EPD process, the SDC substrate with the deposited PPy conductive polymer film was
placed on the EPD cell cathode electrode at a distance of 10 mm from the stainless-steel
counter electrode, which was 12 mm in diameter. The deposition was performed in the
constant voltage mode, and current strength during the deposition process was controlled
using an Intelligent Digital Multimeter UNI-T UT71E (Uni-Trend Technology, Guangdong,
China). The morphology of the surface of the deposited layers was examined using an
ST-VS-520 optical microscope (Yekaterinburg, Russia). The microstructure and element
composition of the deposited films were studied by means of a JSM-6390 LA scanning
electron microscope (JEOL, Tokyo, Japan) equipped with a system of energy-dispersion
X-ray microanalysis (EDX).

2.4. Single Cell Fabrication and Electrochemical Characterization

To study the effect of the EDB blocking layer on the OCV values, a Pt/SDC/EDB/Pt
single cell was fabricated. Platinum electrodes with an effective area of approximately
0.3 cm? were paint-brushed symmetrically on both sides of the SDC electrolyte disks with
the deposited and sintered EDB barrier coating. The electrodes were sintered at 900 °C
for 2 h. To reduce polarization resistance of the electrodes, they were activated through
impregnation with an ethyl alcohol solution of Pr(NOs3); (99.9% wt) (cathode side) and
water solution of Ce(NO3)3 (99.9% wt) (anode side). Nitrate decomposition was performed
at 600 °C for 2 h, with a rate of heating/cooling of 100 °C/h.

The measuring cell consisted of the YSZ tube with deposited Pt electrodes serving as
electrochemical pump and sensor. The Pt/SDC/EDB/Pt cell was fixed on the top of the
measuring YSZ cell, with the Pt anode activated with Ce inside and the Pr cathode activated
with Pr outside the YSZ tube. The sample was first fixed using Aremco Ceramabond™ 571
(Aremco Products Inc., Valley Cottage, NY, USA) and then adhered tightly to the tube using
a high-temperature sealant through heating up to 930 °C, with a holding time of 10 min,
and a heating/cooling rate of 150 ° /h. The electrochemical study was performed using a
B2901A precision source/measure unit (Keysight, Santa Rosa, CA, USA). The spectra under
the OCV conditions were collected using a Parstat 3000A potentiostat/galvanostat (Ametek
Scientific Instruments, Newark, NJ, USA) at 30 mV in a frequency range of 2 MHz-0.1 Hz,
30 points per decade. Z-View?2 software (version 3.5i, 2021, Scribner Associates, Southern
Pines, NC, USA) was used to fit the obtained spectra.

To start the measurements, the cell was heated up to 600 °C and then the oxidizing
atmosphere in the anode channel (inside the tube) was gradually replaced with argon and
then with humidified hydrogen (3% H;O, 5 L/h flow rate). The air was pumped to the
cathode side at a rate of 5.7 L/h. After the establishment of the necessary atmosphere in
the anode channel, the EMF measurements using the electrochemical sensor placed on the
YSZ-based measuring cell at 600 °C were equal to 1120 mV, which is characteristic for the
YSZ electrolyte [36]. The measurements were carried out at 600-850 °C by sequentially
recording the OCV values on the Pt/SDC/EDB/Pt cell, the cell impedance spectrum under
OCV conditions, and the cell volt-ampere characteristics. The polarization and ohmic
(IR) resistance of the cell were measured using the current interruption method with an
RTM3004 oscillograph (Rohde & Schwarz, Munich, Germany).
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3. Results and Discussion
3.1. Characterization of the Electrolyte Powder Materials

The results of the XRD characterization of the EDB and SDC electrolyte materials
are represented in Figure 1. The materials were single-phase and exhibited a cubic-type
structure (Table 1), with the unit cell parameters being close to those presented in the
literature [5,37,38].
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Figure 1. Observed (points) and calculated (lines) XRD patterns for Bij¢yErg4O3; (a) and

Cen gSm 2019 (b) powders.

Table 1. Structural characteristics of the EDB and SDC electrolyte materials.

o

Electrolyte Material Crystal Lattice Type, Space Group Lattice Parameters, A
EDB cubic, Fm-3m a =5.4960(1)
SDC cubic, Fm-3m a =5.4324(3)

The powder after synthesis was characterized by the formation of large agglomerates
up to 10 um in size, consisting of irregularly shaped submicron particles (Figure 2a). EDX
analysis revealed the uniform distribution of elements in the particles (Figure 2b,c). Along
with the presence of agglomerates, the EDB powder was also characterized by the presence
of individual particles with a size of 0.1 um or greater. The morphological inhomogeneity
of the powder can lead to an uneven distribution of electrolyte powder particles over
the substrate surface and subsequent multidirectional sintering in different parts of the
surface during the formation of the EDB electrolyte layer. The crystallite size of the powder
calcined at 700 °C, as determined by the Scherrer formula, and was about 175 nm. The
powder was additionally ball-milled for 1 h in an ethanol medium. After that, the specific
surface area of the EDB powder reached 3 m?/g with an average particle size of 222 nm,
calculated according to [39].
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(©)

Figure 2. SEM image of the EDB electrolyte powder (T, = 700 °C) (SEM image): (a) agglomerates,
x6000; (b) integral map of elements’ distribution; (c) and individual element’s maps.

3.2. Preparation of Suspensions for EPD and Study of Kinetic Properties

The electrokinetic properties of suspensions of the EDB powder (10 g/L) in an iso-
propanol/acetylacetone (70/30 vol.%) dispersion medium were studied after ultrasonic
treatment (UST) for 5-125 min; the results are presented in Table 2. A slight increase in the
zeta potential of up to +20 mV during ultrasonic treatment for 125 min was noted, while
the pH shifted from 6.8 to 6.2, which characterizes a change in the ionic composition of the
suspension due to improved solvation of the particles by the dispersion medium. In the
course of the experiments, another variant of the composition of the dispersion medium
for the preparation of the EDB suspension was used: isopropanol with the addition of
polyethyleneimine (PEI, 0.26 g/L) and acetylacetone (0.15 g/L). The EDB suspension prepa-
ration was carried out in the following sequence. First, the EDB powder was introduced into
an isopropanol medium with the addition of PEI (0.26 g/L), and UST was performed for
125 min. After that, the measured zeta potential value was +10 mV at pH = 11.0. However,
in a suspension of EDB in an isopropanol medium with the addition of PEI, the deposition
process did not occur. In the second step of the preparation, the resulting suspension was
further modified by the addition of a small amount of acetylacetone (0.15 g/L). The amount
of acetylacetone added as a dispersant was calculated on the specific surface of the EDB
powder, namely in the amount of 5 mg/m?. The principles of introducing acetylacetone as
a dispersant were described in our recent study [40]. After the addition of acetylacetone
(0.15 g/L) to the suspension of EDB in isopropanol with PEI and UST for 125 min, the
zeta potential and pH values were +9 mV and 10.5, respectively. Despite the addition of
acetylacetone having no significant effect on the values of the zeta potential and pH, the
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modification of the EDB suspension with the addition of the acetylacetone dispersant made
it possible to carry out the EPD process.

Table 2. Electrokinetic properties of the EDB suspensions (10 g/L) in various dispersion media:
isopropanol/acetylacetone (70/30 vol.%); isopropanol-PEI; isopropanol-PEI-HAcAc.

Suspension UT, min Zeta Potential, mV (pH)
EDB isopropanol/ > +16(6.8)
acetylacetone 70/30 vol.% 25 *19(6.6)
125 +20 (6.2)
EDB isopropanol-PEI 125 +10 (11.0)
EDB isopropanol-PEI-HAcAc 125 +9 (10.5)

3.3. EPD from the EDB Suspensions on a Model Ni Foil Substrate

The selection of EPD modes was carried out on the basis of preliminary experi-
ments on the deposition of the EDB powder from the prepared suspension in the iso-
propanol/acetylacetone 70/30 vol.% medium onto a model electrode (Ni foil). The depen-
dences of the EDB coating thickness on the voltage at a fixed deposition time (1 min), as
well as at a constant voltage of 80 V and various deposition times, are shown in Figure 3. A
steady increase in the thickness of the EDB coating was observed in the voltage range of
50-80 V (Figure 3a). The dependence of the coating thickness on time (Figure 3b) was close
to linear.

6 30
51 25
4 20 A
£ =
=3 2 15
= o -
2 10
1 5
0 T T T T T 0 T T T T T T
0 20 40 60 80 100 0 1 2 3 4 5 6 7
u, v t, min

(a) (b)

Figure 3. Dependences of the thickness of the EDB coating obtained from suspension in the iso-
propanol/acetylacetone 70/30 vol.% medium on the Ni foil model electrode: (a) at a constant deposi-
tion time of 1 min and various voltages; (b) at a fixed voltage of 80 V and various deposition times.

A continuous EDB coating on the model substrate was formed at a voltage of 80-100 V
(Figure 4a), while at lower voltages an inhomogeneous network coating appeared (Figure 4b).
According to the obtained results, for the following deposition on the SDC substrate an
EPD mode of U =80V and t = 1 min was chosen to obtain a continuous EDB coating with a
thickness of 5 pm. The deposition current was ~0.1 mA.

The same scheme was used to study the effect of EPD modes on the coating thickness
on a model electrode (Ni foil) deposited from the EDB suspension in an isopropanol
medium modified with PEI and acetylacetone. The results are shown in Figure 5.

At a voltage of more than 80 V, the growth of the EDB coating thickness was accelerated
(Figure 5a); an increase in the deposition time to more than 4 min led to a slowdown in the
growth of the coating thickness (Figure 5b). It was established that to obtain a continuous
EDB coating, the deposition must be carried out at a voltage of at least 80 V, and to obtain
a thickness of 5 pm, the deposition time must be ~2 min (Figure 6a). Lower voltages
and deposition times (e.g., 30 V and 1 min) resulted in a non-uniform coating structure
(Figure 6b). Based on the results obtained, for the following experiments a deposition mode
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of U =80V and t = 2 min was chosen to obtain a 5 um thick EDB coating from a suspension
in isopropanol with PEI and acetylacetone additives. The deposition current was 0.1 mA.

() (b)

Figure 4. Optical surface images of the dried EDB coatings obtained from a suspension in an
isopropanol/acetylacetone 70/30 vol.% medium on a Ni foil model electrode: (a) at a deposition time
of 1 min and a voltage of 80 V; (b) at a deposition time of 1 min and a voltage of 30 V.

6 12
5 - 10 {
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e £
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0 20 40 60 80 100 120 0 1 2 3 4 5 6 7
u,v t, min
(a) (b)

Figure 5. Dependences of the EDB coating thickness, obtained from a suspension in isopropanol with
the addition of PEI and acetylacetone, on a Ni foil model electrode: (a) at a constant deposition time
of 1 min and various voltages; (b) at a fixed voltage of 80 V and various deposition times.

(b)

Figure 6. The surfaces of dried EDB coatings obtained from a suspension in isopropanol with the
addition of PEI and acetylacetone, on a Ni foil model electrode: (a) U=80 V and t = 2 min; (b) U =30 V
and t = 1 min.
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3.4. Formation of EDB Coatings on the Dense SDC Electrolyte Substrates

The implementation of the EPD method is related to the need to use a conductive
substrate. Using EPD on non-conductive dense (solid-state electrolyte membranes) or low-
porosity (NiO-based cermet anodes) substrates is possible by creating a conductive sublayer
on their surface. Creating surface conductivity can be achieved through the deposition of
conductive graphite layers [41-43], through metallizing the substrate surface with silver or
platinum [44], or through the deposition of a polypyrrole (PPy) coating [45]. The synthesis
of PPy was chosen in this study. It is known that PPy films exhibit conductivity sufficient
for EPD (~500 S/m) and a small thickness, which ensures the integrity of the electrolyte
coating when burning PPy during sintering [35,46,47]. In this work, a conductive PPy
film was synthesized on the surface of the dense SDC substrate through the chemical
polymerization of a pyrrole monomer using the reagents described in Section 2. The
reagents were intensively mixed at 0 °C to obtain a homogeneous reaction mixture, into
which the SDC substrate was immersed immediately after the start of synthesis. Chemical
polymerization of PPy occurs according to the following reaction:

CH;

CHy
3n[/ \S + n (NH,),S,0;
N polymerization
i
pyrrole O:SIZO polypyrrole
ONa
dopant

The thickness of the resulting PPy sublayer was approximately 0.5 um. On the
SDC substrate with a PPy sublayer, the EDB barrier coating was deposited from the
isopropanol/acetylacetone-based suspension in the constant voltage mode of U =80 V and
t = 1 min (Sample EDB-1). The EDB layer was dried at room temperature in a Petri dish.
The thickness of the dried coating was 6 pm. The coating was sintered at a temperature of
850 °C for 5 h in a closed crucible with the EDB powder being poured around the substrate.
The EDB coating was uniform and crack-free in the central zone of the substrate (Figure 7a),
but breaks in the coating were observed along the edges of the SDC substrate. An attempt
was made to close the formed defects in the coating by applying the second EDB layer
with EDB. The deposition was carried out according to a similar scheme: a PPy layer
was synthesized on the surface of the sintered EDB layer and the second EDB layer was
deposited (U =80 V and t = 1 min), followed by being dried and sintered at a temperature
of 850 °C for 5 h. The total thickness of the EDB coating after two deposition-sintering
cycles was 11 pm. However, as a result, a net of breaks was observed on the surface of the
sintered coating (Figure 7b).

The formation of cracks and breaks in the EDB coating of the EDB-1 sample may be
associated with the effect of shrinkage of the EDB electrolyte material. However, indi-
vidual fragments of the EDB electrolyte layer had a sintered structure, which allowed us
to conclude that the selected sintering temperature of 850 °C is sufficient. To reduce the
degree of shrinkage and evaporation of the EDB electrolyte material during sintering, we
carried out additional annealing of the initial EDB powder at a temperature of 650 °C for
1 h. However, it was found that the annealed powder was not suitable for the preparation
of a stable suspension in the isopropanol/acetylacetone 70/30 medium vol.%, and subse-
quent deposition from this suspension did not occur. Based on the results obtained, the
composition of the dispersion medium was changed; namely, the powder was dispersed in
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an isopropanol medium with PEI and acetylacetone additives, as described in Section 3.2.
The following formation of the EDB barrier layer was carried out on an SDC substrate with
a PPy sublayer with two deposition-sintering cycles (EDB-2 sample). In the first deposition
cycle, a 5 um thick EDB barrier layer was obtained in the EPD mode at a constant voltage
of 80 V for 2 min, after which it was dried and sintered at a temperature of 850 °C for
5 h. The surface SEM image of the resulting EDB coating is shown in Figure 8. The EDB
was not continuous; however, no breaks in the material or delamination of the coating
were observed. The non-continuity of the coating was probably caused by shrinkage of the
EDB electrolyte material during sintering. Therefore, to heal the defects, a second cycle of
deposition—sintering was carried out.

@ T )

Figure 7. Optical image of the surface of the sintered coating of the EDB electrolyte (sample EDB-1,
Tsint = 850 °C, 5 h), obtained from a suspension in isopropanol/acetylacetone 70/30 vol.%, on a
dense SDC substrate: (a) after EDB and sintering the first layer 6 pum thick; (b) after the second cycle
of deposition—sintering of the EDB coating with a total thickness of 11 um.

——————————————————————— 100 pm

Cel |=:1I:I.’l|.|m BiM| ————— 100 pm

Figure 8. SEM image of the surface of the EDB coating (first deposition—sintering cycle) on the
SDC substrate (EDB-2 sample, Tsint = 850 °C, 5 h) obtained using EPD from an EDB suspension in
isopropanol with PEI and acetylacetone additives: (a) surface, x500; (b) integral map of elements’
distribution; (c) individual element’s maps.
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The second EDB layer was deposited in the same EPD mode, and a total coating
thickness of 12 um was obtained. The obtained EDB barrier layer on the EDB-2 sample
did not contain breaks or cracks in the coating (Figure 9). This sample was used for the
subsequent fabrication of a single button cell and its electrochemical characterization.

1100 pm

———————— 100 pm Ce L|| —————— 100 ym

Bi M r:ll[lﬂpm ErL| 100 pm

Figure 9. SEM image of the surface of the final EDB coating (two deposition—sintering cycles) on
the SDC substrate (EDB-2 sample, Tsint = 850 °C, 5 h) obtained using EPD from EDB suspension in
isopropanol medium with PEI and acetylacetone additives: (a) surface, x300; (b) integral map of
elements’ distribution; (c) individual element maps.

3.5. Electrochemical Testing of Single SOFCs with a Supporting SDC Electrolyte Membrane
and EDB Electrolyte Coating Applied Using EPD on the Cathode Side

For electrochemical characterization of the SDC electrolyte with an EDB barrier layer,
a Pt/SDC/EDB/Pt cell was fabricated, as described in Section 2.4. The current-voltage
characteristics were collected in the temperature range of 600-850 °C and the MPD values
were calculated. Additionally, the polarization and ohmic (IR) resistance of the cell were
measured using the current interruption method. The results are shown in Figure 10a,b,
respectively. The main characteristic of the cell is the constant increase in the MPD values
up to 850 °C, which is not typical for cells with supporting MIEC electrolytes. Usually,
the cell performance decreases at temperatures higher than 800 °C due to the reduction of
ceria in the anode conditions, which becomes significant at such high temperatures [5,48].
The MPD values are 12.6, 58.9, 101.2, 187.3, and 293.2 mW cm 2 at temperatures of 600,
700, 750, 800, and 850 °C, respectively. The obtained values are much higher than those
obtained by Wachsman et al. in a cell with a supporting SDC electrolyte with an Er-doped
Bi, O3 barrier layer and Pt/Au electrodes (51 mW cm~2 at 800 °C [14]) due to the reduction
in the total electrolyte thickness from 800 to 562 um. The OCV values obtained in this
study were in the range of 725-750 mV and were close to those obtained for cells with
doped BiyO3 layers of similar thicknesses deposited with dip coating [16]. It should be
noted that the polarization resistance of Pt electrodes was quite high and exceeded the
ohmic resistance contribution even at such a high temperature as 750 °C. Due to the low
sintering temperature established in this study for the EDB layer deposited using EPD,
for future studies it would be preferable to use composite electrodes with Bi,O3 additives
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with reduced sintering temperatures that have been developed in various studies [49,50],
including our own [51], which possess excellent electrochemical activity at decreased
temperatures (polarization resistance as low as 0.6 Q cm? at 600 °C [3]). This is important,
as electrode polarization influences not only the cell performance, but also the OCV value.
Thus, the replacement of the model Pt cathodes used in this study would help further

improve the cell performance.
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Figure 10. Electrochemical characterization of the Pt/SDC/EDB/Pt electrolyte-supported cell:
(a) volt-ampere characteristics and cell power density; (b) ohmic and polarization cell resistances

measured with the current interruption method.

To obtain information about the contributions of the electrolyte and the electrodes,
the impedance of the cell was measured under air in both channels (designated as “Air”)
and under OCV conditions with air and wet hydrogen (3% H,O) in the cathode and anode
channels, respectively (designated as “SOFC mode”). The typical spectra are presented
in Figure 11. Although the single-cell impedance was fairly complicated, the intercept
of the impedance arc at the low-frequency side with the real axis usually embodies the
overall cell resistance (R), while the inflection point on the impedance spectra at the high-
frequency section represents the serial resistance (Rys), which includes the electrolyte ohmic
resistance as the main component, as well as the electrode/electrolyte interface resistance
and the lateral resistance of the electrodes. Therefore, the difference between two intercepts
represents the overall polarization resistance (R;) from both the anode and cathode.

o -0.2 T T T T T T T T
E gemt e v Ar ]
C}'0'1 4 . Lot og” " L = SOFC mode/d
" o R my L LT
- E R ™ R (] R i
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(@
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Figure 11. Typical spectra collected for the Pt/SDC/EDB/Pt electrolyte-supported cell collected in
Aie and SOFC mode: (a) at 800 °C; (b) at 700 °C.
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Table 3 summarizes the cell ohmic resistance and the polarization resistance of the
electrodes, as well as the overall percentage of the ohmic resistance to the total resistance
at different temperatures. The electrolyte ohmic resistance accounted for 44 and 49% of
the total cell resistance at 850 °C, while at 600 °C it was only 3 and 16%. The presence of
electronic conductivity in the electrolyte in the SOFC mode facilitates electrode reactions,
thus decreasing R, Thus, as we mentioned above, at decreased temperatures, electrode
polarization is the main deteriorating factor for the cell considered in this study. This agrees
with data obtained using the current interruption method. Nevertheless, it should be noted
that the R;, values of the cell presented in this study were significantly lower than those
observed by Wachsman et al. [14], which ranged from 2 to 2.9 Q) cm? at 800 °C depending
on the EDB thickness. This result is due to the electrode activation used in the study.

Table 3. Pt/SDC/EDB/Pt cell characteristics calculated from the EIS data.

Air (Anode)/Air (Cathode) Hydrogen (Anode)/Air (Cathode)
Temperature
Rp¢, O cm? Rp, Q cm? Rpe/(Rp¢ + Rp) %100, % Ry, Q cm? Rp, 2 cm? Rp¢/(Rp¢ + Rp) X100, %
850 - - - 0.21 0.15 58
800 0.49 0.67 44 0.30 0.31 49
750 0.70 1.27 36 0.49 0.78 39
700 1.04 3.41 23 0.83 1.96 30
650 1.68 20.95 7 - - -
600 2.72 95.93 3 2.08 12.09 16

The electrolyte conductivity was calculated from the EIS data as follows:
el = /Ry

where 1 is the total electrolyte thickness, including the supporting SDC electrolyte and
the EDB coating. Figure 12 shows a comparison of the Arrhenius dependence of the
conductivity with those obtained for SDC electrolytes without and with various barrier
layers formed by EPD [9,15]. In the SOFC mode, the electrolyte conductivity is lower than
that of SDC without electron-blocking layers and with a BaCe gSmg 03 + 1 wt. % CuO
(BCS-CuO) anode barrier layer. However, it is similar to that of SDC with an Y-doped
Bi, O3 coating, thus demonstrating the superior effectiveness of Bi-based cathodes to block
electrons. In air, the SDC-EDB conductivity is higher than that of the SDC electrolyte
due to the higher conductivity of EDB, and lower than that of BCS-CuO-SDC due to
electronic conductivity in the BCS-CuO electrolyte under air conditions. The deposition
of an EDB layer results in increasing the electrolyte conductivity; however, it does not
change the activation energy of its conductivity (values are shown in Figure 12 using the
relevant colors).

3.6. Microstructural Characterization of the SDC/EDB Electrolyte after Testing in the SOFC Mode

Figure 13 shows the SEM image of a Pt/SDC/EDB/Pt cell after testing in the SOFC
mode. As shown in Figure 13a, the EDB layer has a dense sintered structure, and the
layer thickness is in the range of 5-7 pum, which is lower than the calculated one. Good
adhesion between the EDB layer and the SDC substrate should be noted, and this was
maintained after three days of testing. Diffusion of bismuth cations was observed in the
bulk of the SDC substrate. The inhomogeneity of the EDB layer may be related to its partial
evaporation during the sintering process as well as baking of the Pt electrodes. However,
the effect of the EDB layer manifested itself on the conductivity and power characteristics
of the Pt/SDC/EDB/Pt cell (Figures 11 and 12). It should also be noted that the EDB
layer obtained using EPD had a superior density compared with Bi-containing coatings
obtained with screen-printing [15,20,52]. In general, obtaining dense Bi-containing layers is
a challenging task, which can mainly be realized through complicated physical methods
such as PLD and magnetron sputtering [20]. In this sense, a simple and inexpensive method
of electrophoretic deposition offers undoubted advantages.
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Figure 12. Arrhenius dependences (this work and [9,15]) of the electrolyte conductivity calculated

from EIS data for the cells with the supporting SDC electrolyte with/without electron-blocking layers.
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Figure 13. SEM image of a Pt/SDC/EDB/Pt cell after testing in the SOFC mode: (a) cleavage, x5000.
On the left, the Pt layer is shown, which was the electrode (cathode) during measurements in the

SOFC mode; (b) integrated map of elements; (c¢) individual maps of elements.
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4. Conclusions

In the present work, we studied the electrophoretic formation of an EDB electron-
blocking coating on a supporting SDC electrolyte using a sublayer of a conductive polymer,
polypyrrole. A variant of preparing a suspension of EDB powder based on isopropanol
with small additions of polyethyleneimine (PEI, 0.26 g/L) and acetylacetone (0.15 g/L) is
proposed to obtain continuous EPD coatings and eliminate cracking of the coatings after
sintering at a temperature of 850 °C for 5 h. The electrokinetic properties of suspensions
based on the EDB powder were studied. A non-sintered electrophoretically deposited
EDB coating with a thickness of 12 um was obtained; after sintering (850 °C, 5 h), the
thickness of the EDB coating was 5-7 um. The EDB coating was characterized by a dense
sintered structure, the absence of pores, and good adhesion to the SDC substrate, including
after testing in the SOFC mode for three days. Inhomogeneity in the thickness of the EDB
coating after sintering was noted due to the partial evaporation of bismuth oxide. On
the fabricated Pt/SDC/EDB/Pt SOFC cell, a monotonic increase in the maximum specific
power with an increase in temperature up to 850 °C was noted. Therefore, the applied
electron-blocking EDB layer decreased the effect of CeO; reduction from the anode side at
high temperatures on the cell performance. The MPD values were 12.6, 58.9, 101.2, 187.3,
and 293.2 mW cm~2 at temperatures of 600, 700, 750, 800, and 850 °C, respectively. The
OCV values of the cell were not high; namely, they were in the range of 725-750 mV at
temperatures of 600-850 °C. We suppose that such low values are due to high electrode
polarization and can be improved by using electrodes that are highly active at lower
temperatures. Measurements of the Pt/SDC/EDB/Pt cell showed that the conductivity in
the SOFC mode decreased with respect to the Pt/SDC/Pt cell due to the blocking effect of
the EDB layer. However, in air, the conductivity of the Pt/SDC/EDB/Pt cell was higher
due to higher conductivity of the EDB layer. The results obtained within the framework of
this study revealed that the EPD method can be considered as a promising technology for
the formation of barrier layers based on highly conductive doped bismuth oxide, such as
in SOFC technology, as well as in other application fields.
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