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Featured Application: The results of the study can be used for the development of the production
technology of cathode-supported SOFCs with a thin-film electrolyte using the electrophoretic
deposition method.

Abstract: This paper presents the study of electrophoretic deposition (EPD) of a proton-conducting
electrolyte of BaCe0.89Gd0.1Cu0.01O3-δ (BCGCuO) on porous cathode substrates of LaNi0.6Fe0.4O3−δ

(LNFO) and La1.7Ba0.3NiO4+δ (LBNO). EPD kinetics was studied in the process of deposition of both
a LBNO sublayer on the porous LNFO substrate and a BCGCuO electrolyte layer. Addition of iodine
was shown to significantly increase the deposited film weight and decrease the number of EPD cycles.
During the deposition on the LNFO cathode, Ba preservation in the electrolyte layer after sintering at
1450 ◦C was achieved only with a film thickness greater than 20 µm. The presence of a thin LBNO
sublayer (10 µm) did not have a pronounced effect on the preservation of Ba in the electrolyte layer.
When using the bulk LBNO cathode substrate as a Ba source, Ba was retained in a nominal amount in
the BCGCuO film with a thickness of 10 µm. The film obtained on the bulk LBNO substrate, being
in composition close to the nominal composition of the BCGCuO electrolyte, possessed the highest
electrical conductivity among the films deposited on the various cathode substrates. The technology
developed is a base step in the adaptation of the EPD method for fabrication of cathode-supported
Solid Oxide Fuel Cells (SOFCs) with dense barium-containing electrolyte films while maintaining
their nominal composition and functional characteristics.

Keywords: solid oxide fuel cell; proton-conducting electrolyte; barium cerate; thin film;
cathode-supported cell; electrophoretic deposition; deposition kinetics; microstructure; conductivity
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1. Introduction

Electrochemical devices converting chemical energy of a fuel directly into electricity without the
necessity for direct combustion as an intermediate stage are known as fuel cells. Solid oxide fuel cells
are among the most promising of these, owing to their high efficiency of energy conversion and their
adaptability to various kinds of hydrocarbon fuels including biofuels [1–3]. Fuel cells, utilizing proton
conductors as electrolyte membranes (PCFS), possess some significant advantages, the most important
of which relates to changes in the reactions taking place at the electrodes. Water is produced on the
cathode side of the cell as a product of the reactions, thus enabling a more efficient fuel use. The open
circuit voltage is maintained at a high level and there is no problem with reduced anode stability [1].

A recent trend in the development of solid oxide fuel cells is the practice of lowering the working
temperature down to 550-700 ◦C in order to increase the long-term stability and broaden the choice
of cheap functional materials applicable for the cells’ production. The cells’ performance is strongly
dictated by the ohmic loss of the electrolyte and resistance due to the electrodes’ polarization. Thus,
effective operation at decreased temperatures requires the application of materials with advanced
electrical properties and the development of cost-effective and versatile methods for the formation of
cells’ structures with reduced electrolyte thickness and improved electrode microstructure [4].

Solid state solutions based on BaCeO3 are promising electrolyte materials for SOFCs due to their
high co-ionic (oxygen-ion and proton) conductivity and low activation energy in the intermediate
temperature range and in a humidified atmosphere [5–7]. Gd-doped BaCeO3 exhibits one of the
highest levels of ionic conductivity at temperatures below 800 ◦C among the electrolytes stable in a fuel
cell environment [8–10]. There are several techniques for depositing thin electrolyte films on porous
and dense substrates, including chemical vapor deposition, electrochemical vapor deposition, ceramic
and colloidal processes, and various sputtering processes using ion beam, magnetron, electron beam,
and others [11,12]. Among them there are several studies on the formation of Gd-doped BaCeO3-based
films; however, deposition was performed mainly on anode substrates using dip-coating [13], spray
pyrolysis [14], and tape calendering [7].

Recently, our group has presented several studies on electrophoretic deposition (EPD) of
BaCeO3-based films on dense cathode substrates [15,16]. The EPD process is carried out on the
electrodes immersed in a suspension of ceramic particles, between which a potential difference is
set. The particles in a liquid medium are solvated, and an electric charge arises on them, thereby,
on the one hand, the particles and their aggregates move under the action of an external electric
field; on the other hand, the particles are deposited on the electrode and a deposit of the solvated
particles is formed. Following the formation of the deposit, drying and sintering stages are carried
out to finally form a coating [17]. EPD offers such advantages in deposition of thin-film electrolytes
for SOFCs’ applications as inexpensive equipment, short deposition time, simplicity of process
management via current/voltage adjustment, and adaptability to the electrolyte composition and
substrate shape [12,18,19]. The main problem, which appears during sintering Ba-containing thin films,
consists of Ba loss at high temperatures due to evaporation and chemical interaction with the electrode
substrate. Ba volatility is a well-known fact for BaCeO3- and BaZrO3-based electrolytes. Ba loss
leads to redistribution of the acceptor dopant, occupying the B-position, on both A- and B-sublattices,
which results in a decrease in a reduced concentration of oxygen vacancies responsible for co-ionic
transport and causes violation of the electrical properties, segregation of secondary phases on the
grain boundaries, degradation of the mechanical properties, and even electrolyte decomposition [20].
Ba evaporation becomes even more pronounced in the case of thin films. The problem of redistribution
and barium depletion in BaCeO3-based films with a thickness of less than 10 microns was considered
in a number of studies where various strategies were proposed to prevent cation disbalance in the
sintered films, for example, sintering a film in a powder of the same composition or BaCeO3 [21]
or application of a protective BaCeO3 layer on the top of the film before its sintering [22]. In [16],
a study was conducted of the methods for forming a thin-film electrolyte BaCe0.89Gd0.1Cu0.01O3-δ

(BCGCuO) on dense model substrates La2NiO4+δ (LNO) and La1.7Ba0.3NiO4+δ (LBNO) by the EPD
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method. In particular, a BCGCuO film was deposited on a LNO substrate and a half-cell was sintered
in the BCGCuO powder; a BCGCuO film was deposited on a LNO substrate and a BaCeO3 protective
film was deposited on the top of the BCGCuO film and co-sintered; the BCGCuO film was deposited
on a LBNO substrate followed by sintering. The Ba loss observed in both BCGCuO films deposited
on the LNO substrate was mainly due to the diffusion of barium into the substrate, thus the use of
protective BaCeO3 film was ineffective. At the same time, the Ba content was nominal in the BCGGuO
film deposited and sintered on the LBNO substrate without additional protective measures. It was
supposed that the LBNO substrate may play a role of a source of Ba, compensating its evaporation
during the sintering.

In this study, in order to further develop EPD technology for the formation of a thin-film
proton-conducting BCGCuO electrolyte, its deposition was performed on porous cathode substrates:
LaNi0.6Fe0.4O3−δ (LNFO) substrates, fabricated from the powders obtained by solid state reaction and
Pechini methods, on LBNO substrates fabricated from the solid state reaction powder, and bi-layered
LNFO/LBNO cathode substrates, where the LBNO cathode sublayer was deposited by the EPD method
form the suspension, prepared from the citrate-nitrate powder, on the top of porous LNFO substrates.
The aim of the study was to maintain the nominal barium content in the BCGCuO electrolyte film
during sintering to ensure the required conductivity characteristics along with preservation of the
porous structure of the substrates. The use of cathode material LNFO with high electronic conductivity
(~700 S/cm at 700 ◦C) as a cathode collector can increase cell performance [23,24]. In addition, LNFO
possesses a moderate value of the thermal expansion coefficient (TEC) of 12.5 × 10−6 K−1 in the
temperature range 50–900 ◦C. While the use of LBNO material as a functional cathode layer directly
in contact with a proton-conducting electrolyte will not only reduce mutual chemical interaction of
the materials, it will also increase electrochemical activity [25]. A basic investigation of the bilayer
porous substrates for the deposition of oxygen ion-conducting electrolytes and conditions to preserve
the supporting cathode structure during electrolyte film sintering was presented in [26,27]. The results
were adopted for use in this study, taking into account the features of the Ba-containing electrolyte.
The technology developed makes it possible to determine further directions in the EPD application for
producing cathode-supported SOFCs with proton-conducting electrolytes.

2. Materials and Methods

2.1. Synthesis and Characterization of the Electrolyte and Electrode Materials

To obtain porous substrates and different functional layers, the electrolyte and electrode materials
were synthesized using various techniques. Synthesis of the BCGCuO electrolyte material used for the
suspension preparation and film formation was carried out using a nitrate combustion method. BaCO3

(98.4% purity, Vekton, Russia), Gd(NO3)3·6H2O (99%, Reaktiv, Russia), Ce(NO3)3·6H2O (99%, Reaktiv,
Russia), and CuO (99%, Reakhim, Russia) were used as raw materials; glycine and citric acid were used
as a fuel and oxidizer, respectively. The details of the synthesis procedure are given elsewhere [16].
Following the final synthesis stage at 1050 ◦C (10 h), the BCGCuO powder was grinded for 2 h in a
Pulverisette 6 planetary mill (Fritsch, Germany) in a Teflon drum with tetragonal ZrO2-Y2O3 milling
bodies in an isopropyl alcohol medium (weight ratio of 1:5:1).

Synthesis of the LNFO electrode material for the cathode substrate was carried out using a modified
Pechini method (designated as LNFOP). La(NO3)3·6H2O (99%, Ural warehouse of chemicals, Russia),
Fe(NO3)3·9H2O (99%, Reaktivtorg, Russia), and Ni(NO3)2·6H2O (99%, Reaktiv, Russia) were dissolved
in distilled water, thoroughly mixed, and then, organic fuels such as citric acid and ethylene glycol
were added. The obtained mixture was heated, evaporated, and decomposed at 450 ◦C. The obtained
black ash was calcinated at 900 ◦C (8 h) and 1180 ◦C (8 h) with intermediate and final milling in the
planetary mill in an agate drum with stainless-steel milling bodies in an isopropyl alcohol medium
(weight ratio of 1:5:1).
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A nitrate combustion method was applied to prepare the LBNO powder (designated as LBNOnc)
for the suspension preparation and EPD formation of the electrode functional sublayer on the top of
porous LNFO substrates. The starting materials of La(NO3)3·6H2O (99%, Ural warehouse of chemicals,
Russia), Ni(NO3)2·6H2O (99%, Reaktiv, Russia), and Ba(NO3)2 (99.9%, Vekton, Russia) were completely
dissolved in distilled water and citric acid was added as a chelating agent (metal cations/citric acid
mole ratio of 1:2). The pH value of the mixture equal to 8 was adjusted by addition of a 10% NH4OH
solution. Then, the solution was heated up to 200 ◦C with consecutive evaporation, gelation, and
combustion. The as-prepared powder was grinded and calcinated at 700 ◦C to remove residual organics.
The obtained powder was ball-milled (1 h) with the following synthesis at 1100 ◦C (5 h). To obtain a
fine powder for the suspension preparation, after the final step of the synthesis, the LBNOnc powder
was milled for 1 h.

The LBNO and LNFO materials for the cathode substrates were obtained via a two-stage solid
state reaction method (designated as LBNOss and LNFOss, respectively). The initial components La2O3

(99.99%, Vekton, Russia), NiO (99%, Vekton, Russia), BaCO3 (99%, Vekton, Russia), and Fe2O3 (99%,
Ormet, Russia) were taken in stoichiometric amounts, mixed and grinded in the planetary mill (1 h),
and calcinated step-by-step at 1150 ◦C (2 h) and 1250 ◦C (5 h) with intermediate ball-milling (1 h).
Following the final synthesis step, the powders were ball-milled for 1 h.

The obtained powders were subjected to X-ray phase analysis via a D/MAX-2200 diffractometer
(Rigaku, Japan) using CuKα radiation in an angle range of 20◦ ≤ 2θ ≤ 80◦. The phase composition and
crystal structure identification and calculation of the cell parameters was accomplished by employing
the JCPDS base using MDI Jade 6 software. The XRD patterns are presented in the Supplementary
Materials Figures S1–S5.

The powders’ specific surface area (SBET) was determined after the final ball-milling using a
TriStar 3000 device (Micromeritics, Germany). The characterization results are given in Table 1.

Table 1. Characterization of the powdered electrolyte and electrode materials.

Material Synthesis Method Designation XRD Data
SBET, m2/g
(After Final

Ball-Milling)

Electrolyte
BaCe0.89Gd0.1Cu0.01O3-δ

nitrate combustion
method BCGCuO

orthorhombic structure
(sp. gr. Pmcn)

a = 8.7929(21) Å
b = 6.2333(13) Å
c = 6.2197(9) Å

3.01(7)

Electrode
La1.7Ba0.3NiO4+δ

two-stage solid
state reaction

method
LBNOss

tetragonal structure
(sp. gr. I4/mmm)
a = 3.8466(5) Å,

c = 12.7985(21) Å

1.60(2)

nitrate combustion
method LBNOnc

tetragonal structure
(sp. gr. I4/mmm)
a = 3.8582(4) Å,

c = 12.8378(37) Å

2.21(6)

Electrode
LaNi0.6Fe0.4O3-δ

modified Pechini
method LNFOp

rhombohedral structure (sp.
gr. R-3c)

a = 5.5053(13) Å
b = 5.5053(13) Å,
c = 13.2727(31) Å

6.50(13)
(as-prepared)

1.06(2) (calcinated
at 1180 ◦C)

two-stage solid
state reaction

method
LNFOss

rhombohedral structure
(sp. gr. R-3c)

a = 5.5062(12) Å
b = 5.5062(12) Å
c = 13.2501(31) Å

1.50(3)
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The BCGCuO powder chemical composition was determined by an inductively coupled plasma
optical emission spectroscopy by means of an Optima 4300 DV device (PerkinElmer, Boston, MA, USA)
and was close to the nominal composition, namely: Ba-20.51, Ce-18.32, Gd-1.80, Cu-0.15 at.%.

2.2. Porous Cathode Substrates’ Preparation and Characterization

For the deposition, porous cathode substrates based on LNFOss, LNFOp, and LBNOss electrode
materials with the addition of a graphite pore former were prepared. The materials were mixed with
the pore-former taken in an amount of 20 wt.% in the mill in an isopropyl alcohol medium (0.5 h), dried
and compacted by a uniaxial semidry pressing with the addition of a polyvinyl butyral binder at 6 MPa,
followed by sintering at 1400 ◦C, 2 h (heating/cooling rate of 100 ◦/h). The density of the compact
samples, ρ, was calculated from their weight and geometrical dimensions. Total porosity, P, was
calculated according to the formula P = 100 − ρrel%, where ρrel = ρ/ρcr 100% (ρcr is the crystallographic
density of the sample calculated from the XRD data). The calculated porosity of the sintered substrates
was in the range of 48–50%, 26–27%, and 24–28% for LNFOss, LNFOp, and LBNOss, respectively. Before
being used in the EPD process, the substrates were first polished and cleaned in an ultrasonic bath.
Then, they were annealed at 900 ◦C for 1 h.

2.3. Preparation of Suspensions Based on the Electrode and Electrolyte Powders and Their Characterization

A suspension for the EPD of the functional electrode layer was prepared using the LBNOnc

powder (concentration 10 g/L) in isopropanol (special purity grade, Component-Reaktiv, Russia) with
the addition of a solution of 0.4 g/L molecular iodine in acetylacetone (analytically pure grade, Merck,
CAS 123-54-6). Molecular iodine was added to the suspension as a charge agent. This contributed to
the formation of a positive charge on the particles by increasing the current strength during deposition
and therefore, increasing the deposition efficiency [17,28]. The concentration of iodine was chosen
according to the experimental data presented in [29,30].

Suspensions on the base of BCGCuO powder were prepared in a mixed dispersion medium
isopropanol/acetylacetone (70/30 vol. ratio). Suspensions of 1 and 10 g/L concentrations were prepared
by mixing the components and sonication using an ultrasonic bath UZV-13/150-TH (Reltec, Russia) for
5–125 min. Molecular iodine was also used to improve the BCGCuO suspension’ properties.

2.4. Electrophoretic Deposition of the Films and Their Characterization

Electrophoretic deposition was performed on a specialized computerized installation (IEP UB
RAS, Russia) providing constant current or constant voltage modes. In the EPD cell, the cathode
substrates (LNFOss, LNFOp, or LBNOss) with an effective area of 113 mm2 served as a cathode, while a
stainless-steel disk with the same dimensions served as an anode. There was a separation of 1 cm
between electrodes.

Examination of the deposited film’s microstructure was carried out with the use of a field-emission
electron microscope Mira 3 LMU (Tescan, Czech Republic) supplied with an INCA Energy 350
energy-dispersive X-ray (EDX) microanalysis system and an X-max 80 energy dispersive spectrometer
(Oxford Instruments, UK). SEM images in BSE (back-scattered electrons) and SE (secondary electrons)
modes were obtained at a high voltage of 10 kV and beam intensity of 10 a.u. For the EDX analysis,
the high voltage of 20 kV and a beam intensity of 15 a.u. were used.

2.5. Conductivity Measurements

The conductivity of the BCGCuO electrolyte film deposited on the cathode substrates was
measured by an ac two-probe method. To fabricate electrochemical cells for the measurements,
platinum electrodes with an effective surface area of approximately 0.12 cm2 were deposited by
painting on both sides of the half-cell, comprising the porous cathode substrate and deposited film,
and sintered at 1000 ◦C, 1 h. A potentiostat SI 1260 with an electrochemical interface SI 1287 (Solartron
Analytical, Hampshire, UK) was used to perform electrochemical measurements on the obtained cells
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by an impedance spectroscopy method in a frequency range of 0.01 Hz–1 MHz with an amplitude of
applied voltage of 30 mV. Measurements were performed in the temperature range of 550–750 ◦C in
dry and wet air (pH2O ~ 1 × 10−3 and 5 × 10−2 atm, respectively). The resistance of the electrolyte film
was determined from the analysis of the impedance spectra using Zview v. 2.8 software.

3. Results and Discussion

3.1. Formation of the LBNOnc Functional Layer on the Porous LNFOss and LNFOP Cathode Substrates by the
EPD Method

The optimal modes of deposition of the LBNOnc film from the suspension of micropowder with
a concentration of 10 g/L in isopropanol with the addition of iodine (0.4 g/L) were determined by
the test deposition on a Ni-foil. For deposition of the green LBNOnc coatings with a thickness of
approximately 10 µm, the deposition voltage varied from 20 to 100 V and the deposition time from 1 to
5 min. Other criteria for choosing the deposition mode were the deposition weight, film uniformity,
and the absence of cracks on the film surface. Current–voltage characteristics (CVC) obtained during
the test deposition and the dependence of the current strength on time at the voltage value of 100 V
are presented in Figure 1. The current strength linearly depends on the voltage in the range of
measurements (12–150 V) i.e., the EPD cell resistance does not depend on the voltage in this range
(Figure 1a). In the study of this suspension, nonlinearity and hysteresis of the I–V characteristics were
not found. The linear character of the I–V characteristics corresponds to the constant electrophoretic
mobility of particles in the suspension.

Figure 1. The current–voltage characteristic in the voltage range from 12 to 150 V (a) and the dependence
of the current strength on time at a constant voltage of 100 V (b) obtained during the test EPD on the
Ni-foil from a suspension of the LBNOnc powder (10 g/L) in isopropanol with J2 additive (0.4 g/L).

When conducting the test deposition at a constant voltage, the current strength in the time interval
from 0 to 15 min is characterized by chaotic fluctuations (approximately within 10% of the average
value) with a general growth trend (Figure 1b). It is likely that the processes of increasing the resistance
of the deposited film and depletion of the suspension do not have a significant effect on the kinetics of
the current change during the EPD process, which may be due to the effect of ionic charge transfer
in the suspension with the participation of free protons under the influence of an external electric
field [31,32].

It is worth noting that deposition from the LBNOnc suspension without iodine did not occur.
The addition of iodine leads to the additional generation of protons in the suspension due to its
reaction with acetylacetone, which changes the charge state of the particles and the conductivity of
the suspension [29]. According to the experimental data obtained on a Ni-foil, to form a layer with a
thickness of 10 µm, it is necessary that the weight of the deposited film is about 8–10 mg/cm2 with
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respect to the geometric surface of the electrode, which is realized in the case of a constant voltage of
100 V and a deposition time of 2 min. EPD of the LBNOnc electrode material on porous substrates
of LNFOp and LNFOss was performed in one step at a constant voltage of 100 V and a deposition
time of 2 min, while the current strength was 6.92 and 6.00 mA, respectively. After deposition, the
LBNOnc coatings were dried in a Petri dish. The weight of green dried LBNOnc coatings at the LNFOp

and LNFOss cathode substrates was 8.1 and 3.5 mg/cm2, respectively. The deposition weight of the
film obtained on the LNFOp substrate is in good agreement with that obtained in the test deposition.
A decrease in the weight of the green dried coatings in the case of LNFOss may be caused by its lower
conductivity due to higher porosity [24]. After drying, the functional LBNOnc layers deposited on the
LNFOp and LNFOss cathode substrates were sintered at 1350 ◦C, 1 h. The rate of heating and cooling
was 1 ◦C/min.

3.2. Determination of the Optimal Deposition Mode of the BCGCuO Electrolyte Film (Test Deposition)

EPD of BCGCuO films with a thickness of approximately 6 µm on a model dense LBNOss

cathode in our earlier study [16] was carried out by multiple deposition/sintering cycles (12 cycles).
The suspension in this case was subjected to ultrasonic treatment (UST), followed by centrifugation
and removal of aggregates larger than 1 µm. A BMMA-5 modifier (a co-polymer of butyl methacrylate
containing 5 mol.% of methacrylic acid) was added to the de-aggregated suspension (fractional
composition of the suspension: aggregates of 323 (10) nm (81%) and individual particles of 60 (2) nm
(19%)) to prevent coating cracking during drying, which is typical for submicron particles’ layers.
One of the objectives of this work was to reduce the number of deposition/sintering cycles. Therefore,
the deposition of the BCGCuO powder in the present study was performed from the BCGCuO
suspension after UST for 125 min (fractional composition in suspension: small aggregates 370 (11) nm
in size—19% and large aggregates 1639 (49) nm—81%) without centrifuging and adding the BMMA-5
modifier to avoid the insulating effect of the polymer adsorbed on the particles. The suspension
without the centrifugation treatment was used for the EPD to maintain the suspension concentration at
the given level and thus, increase the deposition rate and reduce the number of deposition/sintering
cycles. Additionally, molecular iodine was used to increase the deposition efficiency.

The optimal deposition mode was determined according to the results of the test deposition on
the Ni-foil from a suspension with a concentration of 10 g/L of the BCGCuO micropowder in a mixed
dispersion medium of isopropanol/acetylacetone (70/30 vol.%). Figure 2 shows the experimental time
dependencies of the deposition weight during the EPD performed at a constant voltage of 80 V from
the BCGCuO suspensions without (1) and with (2) the addition of molecular iodine in the amount
of 0.4 g/L. It is seen that the addition of iodine significantly increases the deposition weight of the
BCGCuO electrolyte and the dependence of the deposition weight on time when using a modified
suspension has a pronounced nonlinear character.

Time dependencies of the current strength at a constant voltage of 80 V during EPD from the
base BCGCuO suspension and from that modified by the addition of iodine are shown in Figure 3a,b,
respectively. For the base suspension without additive, there was a clear tendency for the current
strength to decrease with time. In addition, the greatest rate of reduction was observed during the first
minute of the deposition. For the modified suspension, there was no tendency to drop or increase
current strength, but random fluctuations occurred around the average value and the current strength
was much higher (approx. 1 order of magnitude) compared to that of the base suspension. The current
dependence for the BCGCuO suspension with the addition of iodine demonstrated significant chaotic
oscillations, the nature of which is probably associated with a change in the charge state of particles
in suspensions. The I–V characteristic obtained for the modified suspension was characterized by
insignificant nonlinearity and hysteresis when increasing and decreasing the cell voltage.
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Figure 2. Time dependencies of the deposition weight of the BCGCuO film in test deposition on the
Ni-foil performed at a constant voltage of 80 V from a suspension of BCGCuO in a mixed dispersion
isopropanol/acetylacetone medium (70/30 vol.%) (1) and from the suspension modified by the addition
of molecular iodine (2).

Figure 3. Deposition kinetics of the BCGCuO film on the Ni-foil: Dependences of the current strength
on time at a constant voltage of 80 V for the deposition from a suspension (10 g/L) in the mixed
dispersion isopropanol/acetylacetone medium (70/30 vol.%) without J2 (a) and with J2 additive (0.4 g/L)
(b); The current–voltage characteristic in the voltage range from 12 to 150 V obtained for the deposition
from the BCGCuO suspension with J2 additive (c).
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Figure 4 shows the surface of the BCGCuO film deposited from the suspension modified by the
addition of J2 on the Ni-foil and annealed at 600 ◦C for 1 h. It can be seen from Figure 4b that the film
surface is loose, porous, without cracks, and corresponds to the morphology of the initial powder
(Figure 4a). The presence of iodine in the film was not registered (Figure 4c,d), which is probably due
to its evaporation at the annealing temperature. The presence of Ni can be explained by the fact that,
at a given temperature, the interaction of the substrate (Ni-foil) with the BCGCuO coating begins and
Ni diffuses into the layer of the deposited electrolyte material.

Figure 4. SEM images of the initial BCGCuO powder (a) and the BCGCuO film deposited on the
Ni-foil and annealed at 600 ◦C, 1 h (b); EDX mapping images—integrated (c) and for the individual
elements (d).

3.3. Formation of the BCGCuO Electrolyte Films on the LNFO Substrates with the Deposited
LBNOnc Sublayer

According to the results of the test deposition, EPD (U = 80 V, deposition time 1 min) for the
deposition on porous LBNOnc/LNFOP and LBNOnc/LNFOss substrates was selected based on estimates
of the required film thickness (up to 10 µm with a deposition weight of 6.3 mg/cm2). The current
strength during deposition on the LBNOnc/LNFOP substrate was 5.84 mA, the deposition weight of the
BCGCuO electrolyte layer reached 4.5 mg/cm2 (film thickness of 7 µm), while during the deposition
on the LBNOnc/LNFOss substrate the current strength was 6.38 mA, and the deposition weight was
significantly lower, reaching 1.3 mg/cm2 (film thickness of 2 µm). After deposition, the obtained
samples BCGCuO/LBNOnc/LNFOP and BCGCuO/LBNOnc/LNFOss were sintered at a temperature of
1350 ◦C for 1 h.

To increase the film thickness on the BCGCuO/LBNOnc/LNFOss substrate, the deposition/sintering
cycle was repeated under the same conditions. The total weight of the obtained BCGCuO layer after
repeated deposition was 4.5 mg/cm2, which corresponded to a coating thickness of 7 µm. It is similar
to the thickness of the electrolyte film obtained on the LBNOnc/LNFOP substrate. The final sintering of
the BCGCuO/LBNOnc/LNFOP and BCGCuO/LBNOnc/LNFOss half-cells was carried out at 1450 ◦C,
2 h. The rate of heating and cooling was 1 ◦C/min.



Appl. Sci. 2020, 10, 6535 10 of 20

The shrinkage of the porous substrates LNFOP and LNFOss under the electrolyte sintering
conditions was 0.84% and 2.29%, respectively, while maintaining their porous structure (Figure 5).
The results are in good agreement with those obtained on the preservation of the supported cathode
porous structure when sintering the EPD deposited CeO2-based electrolyte films obtained from
nano-sized powders [26,27].

Figure 5. SEM images of back sides of the porous electrode substrates after the BCGCuO
electrolyte sintering at 1450 ◦C, 2 h: (a) LNFOP in BCGCuO/LBNOnc/LNFOP and (b) LNFOss in
BCGCuO/LBNOnc/LNFOss.

After sintering at a temperature of 1450 ◦C, no Ba was detected in the composition of the electrolyte
films in both half-cells which may be due to its evaporation during sintering from a thin BCGCuO
electrolyte layer (total thickness of less than 10 µm). To reduce Ba loss, an attempt was made to
increase electrolyte thickness. For this purpose, the EPD from the BCGCuO suspension with iodine
was repeated for both half-cells. Thus, after the sintering at 1450 ◦C, the thickness of the electrolyte
films was 12 and 10 µm, respectively. Figure 6 shows the structure of the BCGCuO/LBNOnc/LNFOss

half-cell after the final sintering. The electrolyte film surface (Figure 6a) is characterized by the absence
of a pronounced grain structure with the presence of bound chains and pores between them. It is
seen on the cross-section image of the half-cell structure (Figure 6b) that the thickness of the BCGCuO
layer is about 10 µm, which agrees well with the evaluated thickness value. According to the EDX
analysis, barium is absent in the film even after the cycling deposition when the thickness of the film
was increased. The sintering character of the electrolyte film (lack of grain structure) was possibly
influenced by the absence of barium due to its evaporation. As can be seen from Figure 6b,c, barium
is distributed in the LNFOss substrate, possibly due to its partial diffusion from the LBNO sublayer.
Additionally, La diffusion from the substrate to the electrolyte film was also registered.

The thickness of the electrolyte film in the BCGCuO/LBNOnc/LNFOP half-cell was further increased
by an additional three cycles of deposition/sintering (intermediate sintering between cycles was carried
out at temperatures of 1200 ◦C, 2 h; 1350 ◦C, 2 h; and final sintering was performed at 1450 ◦C,
2 h). Additionally, to enhance the effect of barium preservation, sintering at all the stages, including
intermediate ones, was carried out in a protective barium carbonate filler. The total thickness of the
BCGCuO film was 21 µm. According to the EDX analysis data, the barium content in the film was
close to the nominal level (~17.1 at.%).
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Figure 6. SEM images of the BCGCuO/LBNOnc/LNFOss half-cell after cycling EPD (3 cycles):
the BCGCuO electrolyte surface (a); EDX mapping images (cross-sectional)—integrated (b) and
for the individual elements (c).

Thus, in the case of the BCGCuO/LBNOnc/LNFOP half-cell, the electrolyte with a dense grain
structure was formed with a small number of closed pores on the surface (Figure 7a), in contrast to
the Ba-deficient film (Figure 6a), which was characterized by a loose structure with a large number
of pores. As a result of increasing the electrolyte thickness to 21 µm, it was possible to retain barium
in the BCGCuO electrolyte layer, which is confirmed by the spatial distribution of elements in the
coating (Figure 7b,c). According to the EDX data, La diffusion into the electrolyte layer (~1.2 at.%)
occurred but its distribution in the electrolyte layer was quite uniform (Figure 7c) compared to the
results of deposition of a BCGCuO film on a dense LBNOss substrate [16], when in the electrolyte
film, the sections of its heterogeneous accumulation were visible. The Gd content in the film was
slightly reduced (~0.7 at.%) in both films—obtained in this study and in [16]—which may be associated
with its diffusion into the substrate. No diffusion of Ni into the film was detected. Figure 7d shows a
SEM image of the BCGCuO/LBNOnc/LNFOP half-cell cross section, taken after the electrochemical
measurements, according to which a dense layer of sintered barium-containing electrolyte with a
thickness of about 20 µm was formed.
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Figure 7. SEM images of the BCGCuO/LBNOnc/LNFOP half-cell with the BCGCuO electrolyte
after 5 cycles of deposition/sintering: the electrolyte surface (a); EDX mapping electrolyte surface
images—integrated (b) and obtained for the individual elements (c); the integrated EDX mapping
image of the BCGCuO/LBNOnc/LNFOP half-cell cross-section taken after the electrochemical study (d).

3.4. Formation of the BCGCuO Electrolyte Film on a LNFOP Substrate

To check if the effect of the LBNOnc sublayer on the preservation of barium in the deposited
BCGCuO electrolyte layer exists, the deposition of BCGCuO was performed on the LNFOP substrate
without the LBNOnc sublayer. The EPD mode used was similar to that previously applied to obtain the
BCGCuO/LBNOnc/LNFOP half-cell (U = 80 V, deposition time 1 min). The thickness of the electrolyte
BCGCuO (10 µm) was obtained after three cycles of deposition/sintering on an LNFOP substrate
(intermediate sintering between cycles were carried out at temperatures of 1200 ◦C, 2 h; 1350 ◦C, 2 h;
and final sintering at 1450 ◦C, 2 h). Sintering at all the stages, including intermediate stages, was carried
out in a protective filler, as it was suggested in [21].

After the final sintering, barium was not detected in the electrolyte layer, thereby repeating the
results obtained by sintering the BCGCuO electrolyte of the same thickness on the LBNOnc sublayer,
i.e., in the structure of BCGCuO/LBNOnc/LNFOP. It can be concluded that the prevailing reason for
the loss of barium may be associated with its diffusion into the substrate. However, due to low film
thickness, evaporation can also have an influence on Ba loss, even during the sintering performed
in the protective filler. In order to increase the thickness of the BCGCuO coating, four additional
deposition/sintering cycles were carried out (intermediate sintering between the cycles was carried
out at temperatures of 1200 ◦C, 2 h; 1200 ◦C, 2 h; 1350 ◦C, 2 h; final sintering—1450 ◦C, 2 h) with
a total thickness of about 28 microns. Sintering at all stages was performed with a bulk of barium
carbonate. According to the EDX data, Ba content in the electrolyte layer was ~19.3 at.%, while La and
Gd content were 1.3 and 1 at.%, respectively, due to interdiffusion which occurred between the LNFOP
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substrate and the BCGCuO electrolyte layer. The content of Ba and Gd turned out to be higher in
comparison with the BCGCuO/LBNOnc/LNFOP sample, which is probably due to the greater thickness
of the coating.

3.5. Formation of the BCGCuO Electrolyte Films on LBNOss Substrates

The EPD of the BCGCuO electrolyte film on the LBNOss substrate (designated as LBNOss_1)
was performed at a deposition voltage of 80 V for 1 min with the initial current being approximately
6 mA. Three cycles of deposition/sintering were carried out (intermediate sintering at temperatures
of 1200 ◦C, 2 h and 1350 ◦C, 2 h, and final sintering—at 1450 ◦C, 2 h). Sintering at all the stages,
including intermediate stages, was carried out in protective barium carbonate filler. The total coating
thickness was 10 µm. The film surface had well-developed grain structures with defects in the shape
of closed pores and convex chambers, perhaps repeating the substrate surface structure (Figure 8a).
The spatial distribution of the elements in the coating (Figure 8b,c) confirmed the presence of barium,
the content of which is closer to the nominal level (~20.7 at.%) compared to that in the BCGCuO film
obtained on the LBNOnc/LNFOP substrate (~17.1 at.%). However, the content of Gd (~0.8 at.%) still
did not reach the nominal value and there was diffusion of La (~1.4 at.%) into the coating. Additional
deposition/sintering cycles were performed to increase the film thickness. However, at the thickness of
about 17 µm, the BCGCuO coating partly peeled off from the substrate during sintering. This was
probably due to internal stresses in the electrolyte layer caused by the difference in the BCGCuO and
LBNO TEC values, as, according to [25], the TEC value of the BCGCuO electrolyte changes from
10.5 × 10−6 K−1 in the temperature range 100–575 ◦C to 8.6 × 10−6 K−1 in the temperature range
575–900 ◦C, and the TEC of LBNO is 15.2 × 10−6 K−1 in the 100–900 ◦C range. The TEC mismatch
influence, evening out in the case of thin films, becomes pronounced when increasing the BCGCuO
film thickness deposited on the LBNOss bulk substrate (~1 mm in this study).

For further experiments, EPD of the BCGCuO electrolyte film on the LBNOss substrate (designation
LBNOss_2) was repeated under the same conditions up to the electrolyte thickness of approximately
10 µm, as it is seen on the cross-sectional image of the cell taken after the electrochemical study
(Figure 8d). As in the case of the BCGCuO/LBNOss_1 half-cell, Ba content in the electrolyte coating
of the BCGCuO/LBNOss_2 half-cell was close to nominal level. The cell parameters calculated for
the BCGCuO film deposited on the LBNOss substrate, equal to a = 8.7921(26) Å, b = 6.2196(25) Å,
and c = 6.2225(21) Å, are close to those for the as-prepared BCGCuO powder (Table 1), which reveals
the EDX data, showing that in this film, Ba content was preserved during the sintering. However,
there is still Gd-La interdiffusion between the substrate and the electrolyte layers which may influence
the functional properties of the film. No diffusion of Ni into the film was detected.

The results for all prepared half-cells are summarized in Table 2. It is seen that the presence of the
bulk LBNOss substrate and simultaneously using the BaCO3 as a protective filler can be an effective
means of preserving Ba content in the BCGCuO electrolyte close to the nominal level during sintering
at high temperatures. The thin LBNOnc film (approximately 10 µm) is less effective in this regard and,
when using LNFOP substrate with or without this film, the only method of preventing Ba loss in the
electrolyte layer is to increase its thickness above 20 µm. Due to a mismatch in the TEC values of LBNO
and BCGCuO, which is less of a factor when using thin films, additional study is necessary to establish
the optimal thickness of a LBNO layer, which would allow the deposition on LNFO substrates of a film
with nominal Ba content and the required thickness.



Appl. Sci. 2020, 10, 6535 14 of 20

Table 2. Features of formation of BCGCuO electrolyte on various cathode substrates: number of the
EPD cycles, sintering conditions, and electrolyte film thickness and content (EDX analysis data).

Half-Cell Stage
Total Number of

Cycles//Number of Cycles on the
Stage, Sintering Conditions

BCGCuO Film,
µm

Electrolyte Film
Content (at.%)

BCGCuO/
LBNOnc/LNFOP

1
2//2

LBNO (1350 ◦C, 1 h)
BCGCuO (1450 ◦C, 2 h)

7 Ba is not detected

2 3//1
BCGCuO (1450 ◦C, 2 h) 12 Ba is not detected

3

6//3
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1350 ◦C, 2 h)
BCGCuO (1450 ◦C, 2 h)
sintering with BaCO3

21

O–66
Ni–0

Ba–17.1
La–1.2
Ce–15
Gd–0.7

BCGCuO/
LBNOnc/LNFOss

1

3//3
LBNO (1350 ◦C, 1 h)

BCGCuO (1350 ◦C, 1 h)
BCGCuO (1450 ◦C, 2 h)

7 Ba is not detected

2 4//1
BCGCuO (1450 ◦C, 2 h) 10

O–64
Ni, Cu, Ba–0

La–12
Ce–22
Gd–2

BCGCuO/
LNFOP

1

3//3
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1350 ◦C, 2 h)
BCGCuO (1450 ◦C, 2 h)
sintering with BaCO3

10

O–63.5
Ba–0

La–14
Ce–21
Gd–1.5

2

7//4
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1350 ◦C, 2 h)
BCGCuO (1450 ◦C, 2 h)
sintering with BaCO3

28

O–61
Ba–19.3
La–1.3

Ce–17.4
Gd–1

BCGCuO/
LBNOss_1

1

3//3
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1350 ◦C, 2 h)
BCGCuO (1450 ◦C, 2 h)
sintering with BaCO3

10

O–60.1
Ba–20.7
La–1.4
Ce–17
Gd–0.8

2

6//3
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1350 ◦C, 2 h)
BCGCuO (1450 ◦C, 2 h)
sintering with BaCO3

17

O–60.4
Ba–20
La–1.5
Ce–17
Gd–1.1

BCGCuO/
LBNOss_2 1

3//3
BCGCuO (1200 ◦C, 2 h)
BCGCuO (1350 ◦C, 2 h)
BCGCuO (1450 ◦C, 2 h)
sintering with BaCO3

10

O–60
Ba–19.8
La–1.4
Ce–18
Gd–0.8
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Figure 8. SEM images of the BCGCuO electrolyte in the BCGCuO/LBNOss_1 half-cell (after 3 cycles of
deposition/sintering): surface (a); EDX images-integrated (b) and for individual elements (c); the an
EDX image of the cross-section of BCGCuO/LBNOss_2 taken after the electrochemical study(d).

3.6. Electrical Properties of the Electrolyte BCGCuO Film Formed on Various Cathode Substrates

For the electrochemical studies of the half-cells of BCGCuO/LBNOnc/LNFOP, BCGCuO/LNFOP

and BCGCuO/LBNOss (Table 2) were used. For that, Pt collectors were symmetrically deposited on both
sides of the half-cells. Figure 9a shows examples of the impedance spectra of the Pt|BCGCuO/LNFOP|Pt
cell obtained at a temperature of 600 ◦C in wet and dry air atmospheres. In the first experiment, the air
(flow rate of 2 L/h) was bubbled through the bubbler heated up to 25 ◦C; in the second experiment, the air
went through the container with zeolites. The processing of the spectra was carried out by a circuit of
series-connected resistance Rel and three parallel-connected RQ chains. The high-frequency response in
the spectrum with a characteristic frequency of 1.5–2 MHz in the wet and dry air, respectively, and with
a characteristic capacitance value of ~10–8 F, as widely accepted, refers to the grain boundaries of the
electrolyte [33,34].
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Figure 9. Electrical properties of BCGCuO electrolyte deposited at various cathode substrates:
Examples of the spectra collected in wet and dry air atmospheres for the Pt|BCGCuO/LNFOP|Pt cell (a);
Arrhenius plots of the electrical conductivity for the thin BCGCuO electrolyte films calculated from the
electrochemical impedance spectroscopy data obtained using various half cells (shown in the legend)
in comparison with the BCGCuO compact conductivity (b).

The electrode response with a characteristic capacitance of ~10−4 F and a characteristic frequency of
~1–8 kHz probably refers to oxygen diffusion in the electrode. With transition from the dry to the wet air
atmosphere, the relaxation frequency decreases, which indicates process slowdown. The low frequency
process with a capacity of ~100 F and a frequency in the maximum of ~1 Hz is typically related to gas
diffusion limitations in the porous electrode structure and on the electrode surface. It also becomes
more pronounced in the wet air. The presence of water vapor partially blocks the active electrode sites
towards the oxygen reduction reaction [35], which leads to an increase in the total electrode polarization
resistance. At the same time, the process of charge transfer through the electrode–electrolyte interface,
enhanced owing to an increased electronic conductivity in the protonic electrolyte, is overlapped by the
slower electrode processes and not observed on the spectra. The electrolyte resistance, Rel, was taken
as an interception of the right end of the depressed semicircle, fitting the grain boundary response with
the Zreal axis (Figure 9a). It is seen that in the dry air, electrolyte resistance increases due to decreasing
the partial protonic conductivity [6,34].

Figure 9b shows Arrhenius dependences of the reciprocal Rel (electrical conductivity) of the
BCGCuO films on various cathode substrates obtained in this study. For the sake of comparison,
the conductivity of the BCGCuO film deposited on the dense model LBNOss cathode and the
conductivity of the BCGCuO ceramic sample, measured by the four-probe method in wet air [16],
are also presented. The film deposited on the LBNOss substrate showed the highest conductivity,
close to that of the compact sample. The reduction in the total conductivity value for the films deposited
on the LBNOnc/LNFOP and LNFOP substrates is probably the result of Ba-deficiency. This generally
has a significant effect on the electrical properties [20]. When La diffuses into the film and there is
partial substitution in both the Ba and Ce positions, then the conductivity can also be reduced in
comparison to the Gd-doped BaCeO3 [8]. The latter factor seems to be more pronounced for the film
deposited on the LNFOP substrate, which has the lowest conductivity value.

The film obtained on the LBNOss substrate, according to the impedance spectroscopy data,
possessed the highest electrical conductivity among the films deposited on the various cathode
substrates, amounting 1.6 mS/cm at 600 ◦C. This value is lower than that for the compact BCGCuO
sample (6.2 mS/cm) [16]; however, it is higher than that derived from the impedance spectroscopy
data for the BCGCuO electrolyte deposited on the anode substrate (1.1 mS/cm) [7]. Electrolyte
conductivity in the cell with the supporting cathode substrate can be increased via activation of the
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thick cathode’s performance, used for the functional sublayer Ba-containing cathode materials with a
higher level of MIEC conductivity [36] and/or by the introduction of electrochemically active additives
in the porous cathode substrate structure [37], as well as by applying the electrochemically active
anodes [38]. According to the XRD data (Figure S6), the orthorhombic structure (sp. gr. Pmcn) of
the BCGCuO compact sample was preserved after the sintering at 1450 ◦C. The values of the cell’s
parameters were a = 8.7901(26) Å, b = 6.2227(25) Å, and c = 6.2238(21) Å, which are close to those
obtained for the base powder before sintering (Table 1). Nevertheless, the conductivity of the BCGCuO
compact sample was lower than those of current state-of-the-art proton-conducting electrolytes such
as BaZr0.1Ce0.7Yo.1Ybo.1O3-δ (~13–15 mS/cm at 550 ◦C in wet air [39,40]) or BaCe0.6Zr0.2Dy0.2O3-δ

(~35 mS/cm at 600 ◦C in wet air [41]). Thus, future studies should be oriented on the development of
the EPD technology for these or similar materials, taking into account the features observed in the
present study.

4. Conclusions

This paper presents the results of the study of the formation by electrophoretic deposition of the
thin-film BCGCuO proton-conducting solid electrolyte on the porous LBNOss, LNFOss, and LNFOp

cathode substrates, including the LNFOp and LNFOss substrates with the LBNOnc sublayer. It focuses
on the preventive measures to preserve barium content in the electrolyte at the nominal level during
deposition and high-temperature sintering. Special attention is also given to the preservation of the
porous structure of the cathode substrates during all deposition/sintering cycles. The EPD modes
for deposition of LBNOnc and BCGCuO films were established in the test depositions on the Ni-foil.
The influence of molecular iodine on the deposition kinetics was studied. It was shown that the
addition of iodine allowed a significant increase in the deposition weight of the BCGCuO coatings. As a
result of a series of experiments on the formation of the BCGCuO electrolyte layer on porous LNFO
cathodes (with and without the thin LBNO sublayer (~10 µm)), it was determined that electrolyte
thickness plays a major role in ensuring its nominal composition. Thus, the preservation of barium in
the electrolyte layer after sintering at a temperature of 1450 ◦C (2 h) was achieved only at a thickness
of ~20 µm and more. When using the bulk LBNOss cathode (~1 mm), barium was retained during
sintering, even at the electrolyte film thickness of 10 µm, which revealed the role of the LBNOss

substrate as a barium source. The film obtained on the LBNOss substrate, according to the impedance
spectroscopy study, possessed the highest electrical conductivity among the films deposited on the
various cathode substrates. Nevertheless, an increase in BCGCuO film thickness on the bulk LBNOss

substrate (over about 17 µm) led to delamination and cracking of the electrolyte due to internal
stresses in the layer caused by the thermal expansion mismatch of the materials. Thus, the use of
bulk LBNO substrates is not the optimal solution to the problem and, for the assured formation of
the electrolyte films in the required thickness range, additional studies are necessary to determine the
optimal thickness of the LBNO sublayer to prevent Ba loss, using it as a Ba source and, at the same
time, preserving the quality of the electrolyte films.
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