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Abstract: Proton-ceramic fuel cells (PCFCs) are promising devices for electrochemical energy con-
version purposes due to their combination of high energy efficiency, environmental friendliness,
and high durability. In the present work, the polarization characteristics of promising electrodes for
PCFCs based on BaFeyCep7_«Zrp2Y0103-_5 (BCZYFx) are comprehensively studied. Along with the
individual BCZYFx electrodes, we investigated a method for improving their electrochemical activity
by introducing nanoparticles of PrOy electrocatalysts into the porous structure of the electrode mate-
rial. According to the experimental data, electroactivation allowed for the polarization resistances of
the electrodes at 700 °C to be reduced from 1.16, 0.27, 0.62 Q°cm? to 0.09, 0.13, 0.43 Q°cm? for x = 0.5,
0.6, and 0.7, respectively. For a PCFC cell with an air electrode of BCZYF0.6 composition activated

2 at

using PrOy nanoparticles, it was possible to achieve a maximum specific power of 300 mW cm™
750 °C, which is competitive for a single cell with Co-free cathodes. The results obtained provide
insight into the processes occurring in the studied electrodes after electroactivation. It is shown
how the improvement of electrochemical characteristics of the electrode can be realized by a simple

infiltration method in combination with a subsequent thermal treatment.

Keywords: PCFCs; electrode materials; proton conduction; infiltration; electrochemical activity

1. Introduction

The problem of creating environmentally safe and highly efficient energy conversion
devices is increasingly attracting the attention of the scientific community due to increasing
levels of global energy consumption and depletion of mineral resources [1,2]. As a possible
solution to these problems, solid oxide fuel cells (SOFC) based on oxygen or proton-
conducting electrolytes have been proposed. Among the important advantages of SOFCs
are their ability to convert a wide range of fuels varying in their purity, their high energy
efficiency, and the absence of harmful emissions [3-5]. While most of the research has been
focused on oxygen-ion electrolyte-based SOFCs, the high operating temperatures involved,
which are associated with degradation processes, restrict their commercialization [6-9]. The
use of proton-ceramic fuel cells (PCFCs) is considered as an efficient means, which reduce
the operating temperature to 500-800 °C without a significant increase in the total resistance
of electrochemical cells [10-14]. One of the most promising representatives of proton-
conducting electrolytes for PCFCs are phases based on barium cerate-zirconates [15,16].
Among the complex oxide electrolyte materials, these electrolytes demonstrate the highest
values of ionic (including protonic) conductivity, good hydration capability, and low
electron transfer numbers [15,17-19].

A concomitant important step in the design of PCFCs is the need to develop efficient
and stable air electrodes offering high electrochemical activity at moderate temperatures
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for the successful facilitation of oxygen reduction reaction (ORR) [20-22]. Cobalt-based
perovskites are the most investigated cathode materials due to their mixed ion-electron
conductivity characterized by high electrochemical activity toward ORR [23,24]. However,
the thermomechanical incompatibility between these electrodes and proton-conducting
electrolytes raises serious issues concerning their application under real conditions, when
PCFCs are tested in thermo- and redox-cycling modes [25-27].

Co-free complex oxides based on BaFeOs offer a promising alternative to the already
known cathode materials due to their satisfactory electrical conductivity [28,29]. In contrast
to cathodes containing expensive cobalt, these modified ferrites also have acceptable thermal
expansion coefficients; this allows for the avoidance of thermomechanical mismatch with
proton-conducting electrolytes during real PCFC operation conditions [30,31]. Moreover,
recent studies [32-36] confirm prospects of BaFeO3-based electrodes from the transport view-
point. In detail, doped BaFeOj; enables fact conduction of both oxygen- and proton-charge
carries, improving considerably ORR kinetics in PCFCs compared to solely conductive
systems. However, the electrochemical characteristics of existing barium ferrite materials
require additional optimization. One of the suitable methods to solve this problem is to
modify the electrode structure by infiltration with nanoparticles of electrochemically active
oxide particles [14,37-39].

In the present work, complex oxides of the BaFexCe(7_«xZrg2Y105_5 compositions
are considered as oxygen (air) electrodes of PCFCs. The basic barium ferrite was doped
with cerium and yttrium to improve the transport properties, while zirconium doping was
used to improve the chemical stability of the cathode materials. The aim of the work was to
investigate and modify the electrochemical characteristics of PCFC electrode materials of
BaFe,Ce(7_xZrp2Y(103_5 by introducing PrOy nanoparticles into their porous structure.

2. Results and Discussion
2.1. Quality of the Prepared Materials

According to the X-ray phase analysis results, both the obtained electrodes and the
electrolyte form single-phase perovskite structures without any impurity phases. The
studied BCZYFx cathodes are characterized by a cubic structure with the space group
of Pm3m (Figure 1a) [40]. The increase in the iron concentration leads to a shift of the
XRD pattern reflections toward larger angles, providing evidence of a decrease in the unit
cell volume (Figure 1b). This result is expected due to the lower ionic radii of iron-ions
(0.56 A) as compared to Ce**-ions (0.87 A) [41]. The BCZYYD electrolyte forms a perovskite
tetragonal structure with the space group of R3¢ (Figure 1c) [42].
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Figure 1. XRD patterns of the ceramic cathode samples after sintering at 1350 °C (a), XRD patterns in

a narrow angle range (b), XRD results for the ceramic electrolyte sample following its sintering at
1450 °C (c).
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2.2. Performance of the BaFexCey 7_Zr92Y9103_s-Based Electrodes on Symmetrically
Designed Cells

2.2.1. Microstructural Analysis

Microstructural features of the cross-section for the SDCs are presented in Figure 2.
Due to the measurements being carried out under an unseparated gas environment, the
electrolyte characteristics (thickness, density) were not taken into account. The porosity
of cathode layers measured using the Image] software was 35-40%, while the electrode
thickness was about 10 um [43]. The results of EDX spectroscopy presented in Figure 3
demonstrate good adhesion of the electrode to the electrolyte and the absence of diffusion
traces between the SDC functional layers.

Figure 2. Microphotographs of symmetric configuration cells after electrode sintering of compositions:
BCZYFO0.5 (a), BCZYF0.6 (b), BZYFO0.7 (c).

25 um
Fe Ve g Yb

Figure 3. Distribution maps of main elements in the SDC with the BCZYF0.5 non-activated electrode.

The distribution of electrochemically active PrOx nanoparticles following the annealing
of the sample at 600 °C was assessed using the EDX method. As shown in Figure 4, the
infiltration method preserved good permeability of the electroactivator into the porous
electrode volume without sealing of the electrode after heat treatment. In addition, the
absence of a praseodymium oxide layer on the surface of the BCZYFx material prevents
degradation of polarization characteristics due to reduced gas diffusion.
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BCZYF0.5 | BCZYF0.6 BZYFO0.7

Figure 4. Distribution maps of iron and infiltrated praseodymium in the porous cathodes after
isothermal treatment at 600 °C.

2.2.2. Polarization Characteristics

To estimate the effect of PrO, infiltration on the electrochemical characteristics of the
air electrodes, the EIS of SDC was carried out in air at 600-800 °C. Figure 5a shows the
impedance hodographs in Nyquist coordinates for BCZYF0.6 samples before and after
electroactivation. To compare the polarization resistances of the electrodes, the ohmic
resistance was subtracted from the total impedance. Furthermore, the total polarization
resistance values of the studied cathodes were calculated by the equivalent circuits method
(Figure 5b). Although infiltration has a favorable effect on the polarization resistance level,
leading to its reduction in the entire range of iron concentrations, the best effect is observed
at low iron concentrations in the electrodes. Therefore, the observed decrease in polarization
resistance at 750 °C is approximately 93, 50, and 27% for x = 0.5, 0.6, and 0.7, respectively.

Previously, we published an investigation covering the conductivity of electrodes based
on barium cerate-zirconates doped with iron in a wide range of its concentration [44]. With
the increasing iron content from x = 0.5 to x = 0.7 at 900 °C and at a partial pressure of oxygen
(pO») equal to 10~ !0 atm, the ionic component of conductivity increased from approximately
7 to 55 mS cm~!. However, the increase in electronic conductivity was more significant at
the same temperature (from 150 to 860 mS cm ™! at pO, = 0.21 atm) due to the presence of the
Fe** /Fe3* redox-pair and the increased concentration of iron ions in the perovskite structure.
Namely, BCZYF0.5, BCZYF(.6, and BCZYF0.7 are mixed ionic-electronic conductors, in
which both ionic and electronic conductivities increase with the growing iron concentration.
The revealed effects of infiltration can be explained by connecting the results obtained
for individual ceramic materials with the data of the current study. Therefore, while the
BCZYFO0.5 electrode does not offer the best transport characteristics, infiltration improves the
rate-determining stages and significantly reduces the polarization resistance of the electrode.
Since the BCZYF0.7 electrode material has its own high mixed ionic-electronic conductivity,
infiltration does not significantly reduce the polarization characteristics of this electrode.
Figure Al shows the impedance spectra of samples with x = 0.5-0.7 at 600 °C. Substantial
differences in spectra for the sample with x = 0.5 before and after activation may indicate an
improvement in overall electrode processes. A further increase in the iron concentration
leads to a gradual leveling of the effect of the introduction of PrOx nanoparticles. Based on
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the foregoing, we can conclude that the lower the initial level of ion-electron conductivity
of the material of the electrodes under study, the more pronounced and positive effect the
infiltration has on their polarization characteristics.
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Figure 5. Electrochemical results obtained for the SDCs with the origin (unactivated) and electroactivated
BCZYFx electrodes: (a) impedance spectra for BCZYFO0.6 at various temperatures, (b) temperature
dependences of polarization resistances, and (c) the apparent activation energies.

To evaluate the electrochemical characteristics of BaFexCe(7_yxZrg>Y0103_5, the ob-
tained values of polarization resistances were compared with the data obtained for various
electrodes based on barium ferrites. According to Table 1, the electrodes at 600 °C before
and after electroactivation are characterized by rather high polarization resistances inferior to
values of other electrodes, which complicates their operation. Nevertheless, at 700 °C, the ma-
terial with x = 0.6 has competitive characteristics both in the initial state, and following infiltra-
tion by praseodymium nitrate. This makes the electrode material of BaFep Cep 1Zrp2Y0103-5
composition interesting for further studies as an air electrode for PCFCs.
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Table 1. Polarization resistances of BaFeOs-based electrodes obtained for SDCs with an elec-
trode | electrolyte | electrode configuration.

Electrode Materials Electrolyte Materials Rp (O%em?) Ref.
600 °C 700 °C
BaFep5Ce2Zr02Y0.105-5 6.54 1.16
BaFe(5Ce22r02Y0103-5_Pr 0.50 0.09
BaFey ¢Cen1Zrg2Y0103_5 BaCeg5Zr03Y01Ybo 105 s 1.40 0.27 This work
BaFeg 6Ce(.12r02Y0103-5_Pr 0.75 0.13
BaFe( 7Zr2Y0.103-5 2.20 0.62
BaFe( 7Zrg Y1055 _Pr 2.32 0.43
BigsBag5FeOs_5 BaZry1Cep7Y0205_5 1.01 0.19 [45]
BaCeg g5Fep.9503_5 Smg,CepgO19 0.19 0.05 [46]
BaFe(9Zry103_5 Lag9Srg1GagsMgp205_5 0.14 0.02 [47]
BaFepoNbg 1055 GDC - 0.10 48]
BaCeg,FepgOs_s 0.33 0.09
BaCeqyFe 7Pro105-5 0.25 0.07
BaCe yFeq ¢Pro 2055 BaZro1Ceo7Y020s- 0.23 0.20 4]
BaCeq 2Feg5Prg 3035 0.51 0.14
BaFe( 95Pr0.0503-5 0.42 0.10
BaFe( gPro105_5 0.68 0.14
BaFeq g5Pr0.1505-5 CeosGdoaOz-s 0.82 0.17 0]
BaFe( gPro 2055 1.68 0.32

The sample with an average iron concentration (x = 0.6) combines an acceptable
polarization resistance both before and after electroactivation. Therefore, a more in-depth
analysis of the effect of infiltration on polarization was performed for this oxide system.
Clearly, the infiltration leads not only to a decrease in the polarization resistance of the
electrode, but also to a change in the impedance spectrum profile (Figure 5a), indicating the
influence of infiltrated PrOx nanoparticles on the rate-determined stages of the proceeding
electrode reactions. Figure 6a,b shows an equivalent diagram and an example of fitting for
the BCZYFO0.6 electrode at 650 °C before and after electroactivation, respectively. In the
equivalent schemes, L represents the inductive element connected with current leads; Ro is
the ohmic resistance; the constant phase element (Q,) represents the non-ideal capacitor;
and Ry is the polarization resistance of the corresponding electrode process. Each Rn-Qn
element represents a separate stage of the electrode process (Pp).

As can be seen from Figure 5a, the high-frequency process (P;) in both activated and
non-activated samples remains without significant changes. This may be due to the fact that
P; probably corresponds to interfacial charge transfer or charge transfer over the electrode
volume. The medium-frequency P, process in the non-activated electrode may correspond
to oxygen dissociation and surface diffusion [51,52]. In addition, in the equivalent circuit
used in the fitting of this electrode, there exists a low-frequency process P3, probably
corresponding to gas-phase diffusion and molecular oxygen diffusion. In the activated
electrode, P, corresponds to low-frequency processes that may be characterized by oxygen
adsorption, dissociation, charge transfer, and molecular diffusion [53,54]. Infiltration leads
to the fact that the P3 process is no longer observed on the impedance spectra of the
activated sample. This behavior may be due to the fact that it has exceeded the sensitivity
limits of the equipment due to a significant decrease in the resistance or capacitance of
the process. The values of the polarization resistance of the high-frequency P; process of
the activated and non-activated electrode are very close to each other (Figure 6¢). This is
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natural since this process is unaffected by the PrOx nanoparticles. In turn, the activated P,
has lower values of polarization resistance compared to non-activated.
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Figure 6. Equivalent diagrams and an example of fitting of BCZYF0.6 electrode before (a) and after
(b) electroactivation and polarization conductivities (c), electrode processes of BCZYFO.6 (not shaded),
and BCZYF0.6_Pr samples (shaded markers).

The maximum capacitance values (fmax) (Figure 7a) calculated for each electrode process
indicate that the frequencies in the P; processes have close values before and after electroacti-
vation. The observed decrease in fimax for P, following infiltration characterizes the decrease
in the rate of this process. Therefore, we can conclude that the formation of electrochemically
active PrOy nanoparticles on the surface of the porous cathode favorably affects the surface
exchange of BCZYF-based air electrodes. Figure 7b shows the calculated capacitances of the
electrode processes. Along with the closeness of their values in the presence or absence of
activation, the regular dynamics of the Py, Py, and P53 process capacitance values indicate the
common nature of these individual processes at different temperatures.
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Figure 7. Frequencies (a) and capacitances (b) determined by fitting impedance spectra corresponding
to electrode processes in SDC of the composition BCZYbgnt | BCZYb | BCZYFO0.6porous-

2.3. Characterization of a Protonic Ceramic Electrolysis Cell with BCZYF0.6-Based Cathode
2.3.1. Microstructural Analysis

Prior to the voltammetry studies, each PCFC was examined using scanning electron
microscopy. Figure 8 shows four well-adhesion layers: SFEL—supporting fuel electrode
layer; FFEL—functional fuel electrode layer; EL—electrolyte layer; FOEL—functional
oxygen electrode layer. The thickness of each layer is about 650, 40, 25, and 10 um,
respectively. The porosity of the SFEL (NiO-BCZYYb) was determined using the Image]
software and was about 45%. This porosity is due to the features of sintering of the oxide
composite, as well as the addition of a pore-former (potato starch) in the amount of 20 wt%
to the NiO and BCZYYb mixture. Figure 8b shows the cross-section of the PCFC with the
infiltrated BCZYFO.6 air electrode. As in the case of symmetric cells, PrOy particles do
not cause sealing or degradation of the electrode following annealing at 600 °C. The EDX
results obtained for the samples after isothermal aging at 600 °C are shown in Figure 9.
Praseodymium oxide is uniformly distributed over the volume of the porous air electrode;
there is no concentrated activator layer on the cathode surface.

Figure 8. Cross-sectional view of the fabricated PCFC using BCZYF0.6 electrode before (a) and after
(b) electroactivation.
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Figure 9. Element distribution maps for the PCFC with the BCZYF0.6 electrode following PrOy
electroactivation.

The single PCFC was not deformed following electrochemical measurements. The
dense electrolyte remained impermeable, indicating the absence of cracks or through pores.
A visual evaluation of the sample and microphotographs suggests a good adhesion between
all functional materials and the absence of diffusion between them. In addition, the EDX
results (Figure 10) demonstrate the absence of large agglomerates consisting of nickel (for
the anodic layer) and praseodymium particles (for the cathodic layer), which can reduce

the electrochemical reaction.

Figure 10. PCFC element distribution map with BCZYFO.6 activated electrode after electrochemical

measurements.



Catalysts 2022, 12, 1421

10 of 16

Power density (mW cm 2)

Total resistance (QQ cm2)

200

100

2.3.2. Voltammetric Characteristics

The electrochemical characteristics of a single reversible cell with air electrode BCZYFO0.6
were evaluated using the I-P curves of the NiO-BCZYYb | BCZYYb | BCZYFx single cell, as
shown in Figure 11a. The fuel space was fed with humidified hydrogen and the oxygen
space with humidified air. The maximum achieved specific power (Pmax) at 700 °C was
250 mW cm~2. These values are comparable with other PCFCs with barium ferrite cath-
odes. For example, for BaFey9Nbg 105_5, Ppax is 397 mW cm 2 [48]; (BaggsLag g5)FeO3_s
is 401 mW ecm 2 [55]; and BaZrgFegsY0203_ 5 is 322 mW ecm 2 [56].
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Figure 11. Power density dependencies of the electrochemical cell with BCZYF0.6 cathode (a),
voltammetric characteristics (b), total resistances (c), and comparison of the maximum cell power
densities before and after electroactivation (d).

The current-voltage characteristics of the reversible proton-conducting cell and the
temperature dependencies of the open-circuit voltages (OCV) are shown in Figure 11b. At
550 °C, the OCV is 1.12 V; this decreases with the increasing temperature to 1.02 V at 750 °C.
These values are slightly lower than the theoretical OCV values (inset in Figure 11b). In
addition, as the temperature increases, the difference between the theoretical and experi-
mental values of OCV becomes more noticeable. Since, as confirmed by SEM, the electrolyte
membrane has a dense, impermeable microstructure, the difference in OCV values can be
explained by the realization of electron-hole transport in the electrolyte [57,58].

Figure 11c shows the total PCFC resistances in DC measurements. When the cell
operation mode is switched from fuel to electrolytic, there is a significant increase in the
total resistance of the PCFC. Moreover, this increase is more significant when temperature
decreases. This may be due to the features of the fuel and air electrodes during the change
in the cell operation modes.

Previously, we published the research of PCFC with the air electrode of BaFe ¢Ce 1 Zr 2
Y0.103_5 composition, which was not subjected to electrochemical activation [46]. Figure 11d
shows a histogram comparing the maximum power densities for electrochemical cells
with air electrode BCZYFO.6 before and after electroactivation. Despite the fact that the
temperature range presented in the earlier work was smaller than this range, the tendency
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for improved power characteristics in cells with modified cathodes under operational
conditions is evident.

2.3.3. Polarization Characteristics of the Air Electrode

The impedance spectra of electrochemical cells at 600 °C with activated and non-
activated air electrodes of BCZYF0.6 composition are shown in Figure 12a. Similar to the
case of SDCs, activation insignificantly affects the course of the P; process. In turn, P,
significantly decreases after the introduction of electrochemically active PrOy nanoparticles.
The ohmic (R,), polarization (Rp), and total (Ryya1) resistances of the electrochemical cell
were calculated based on the obtained spectra. Figure 12b,c compares the polarization and
total resistances of electrochemical cells before and after activation of the air electrode. Here,
it can be seen that the modification of the cathode with PrOx nanoparticles has a favorable
effect on the value of the polarization resistance of the cell, leading to its decrease and, as
a consequence, to a decrease in the total resistance of the PCFC. The partial resistances
of the electrochemical cell with the electrode composition BCZYF0.6 modified by PrOy
are shown in Figure 12d. At 550 °C, the polarization resistance contribution exceeds the
ohmic resistance (3.35 Q°cm? vs. 1.35 0°cm?). A further increase in temperature leads to a
decrease in polarization resistance to 0.15 Q°cm? at 750 °C. In turn, the ohmic resistance
determines the overall cell resistance at temperatures above 600 °C, indicating that the
transport properties of the electrolyte limit the performance of the presented PCFC.
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Figure 12. Impedance spectra of single PCFCs with BCZYF0.6 cathode before and after electroactiva-
tion (a), comparison of polarization (b) and total (c) resistances of single cells, partial resistances of
electrochemical cell with cathode modified with PrOy nanoparticles (d).

3. Materials and Methods
3.1. Preparation of Powders and Production of Ceramic Materials

Complex oxide powders based on BaFexCey7_xZrp2Y103_5 (BCZYFx, x = 0.5, 0.6, 0.7)
and the electrolyte BaCe(5Zrp3Y(1Yb103-5 (BCZYYb) powder were prepared using a
citrate-nitrate combustion (CNC) method [59]. Precursor materials were barium-, iron-,
cerium-, and yttrium nitrates, as well as zirconium oxynitrate (from Alfa Aesar). Citric
acid was used as a complexing agent and fuel according to the CNC method in a molar
ratio of 1:1 between total metal cations and citric acid. The compounds were dissolved in a
minimal amount of distilled water in a heat-resistant beaker. For the complete dissolution of
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the salts, the obtained mixture was heated to 100 °C and maintained at this temperature
for 10 min. After obtaining a homogeneous solution, it was evaporated at 200 °C to form
a gel-like mass. A subsequent increase in temperature up to 370 °C led to a spontaneous
combustion followed by the formation of highly dispersed powders. After homogenization,
using an agate mortar and pestle, the powders were subjected for a two-step synthesis with
intermediate grinding at 1050 (5° h) and 1100 °C (5° h).

3.2. Fabrication of the Electrochemical Cells

To permit the further electrochemical studies of symmetrically designed cells (SDCs)
with a composition of BCZYFx | BCZYYb | BCZYFX, the electrolyte powder was used
to form dense electrolyte plates using a tape-calendaring method. Subsequently, the
same electrolyte was used to obtain a half-cell with a configuration (NiO-BCZYYb)supp

I (NiO-BCZYYDb)fynct | BCZYYb. For this purpose, individual films of the supporting
(NiO:BCZYYb:starch = 60:40:20) and functional (NiO:BCZYYDb = 55:45) anodes and elec-
trolyte were preliminarily obtained. To prepare the films, the corresponding powders
were ground in a mixture acetone and benzene, after which an organic binder (rubber
and dibutyl phthalate) was added. The obtained suspensions were dried and thin films of
0.2 mm in thickness for the electrolyte and functional anode layers and 0.8 mm in thick-
ness for the supporting anode layer were formed from the prepared plastic mass using
a tape-calendaring method. Next, the prepared films were rolled together to produce a
multilayer plate with a thickness of 0.8-0.9 mm. The multistage sintering of the multilayer
plate comprised the following stages: Slow burn-out of the organic binder by heating to
900 °C (heating rate of 1 °C/min); heating to 1450 °C at a rate of 1.5 °C/min; isothermal
holding at 1450 °C for 5 h; slow cooling to room temperature with a rate of 1.7 °C/min.

An air electrode with an area of 0.5 cm? for both SDCs and a single PCFC was formed
using the spraying method. For this purpose, the BCZYFx powders were milled in a
planetary mill at 550 rpm for 0.5 h. The milled powder was placed in an agate mortar,
then ethyl alcohol and an organic binder (a mixture of o-terpineol and ethylcellulose) were
added in a ratio of 1:1 between the dry powder mass and the binder mass. Sintering of the
sprayed electrode layers was carried out at 1100 °C for 1 h.

The air electrodes of SDCs were electroactivated by iteratively infiltrating them with an
alcoholic solution of praseodymium nitrate. To control the level of their mass growth, all the
samples were weighed beforehand. After applying a 50% alcohol salt solution to the porous
cathodic layer for 2 min, the excess of alcohol solution on the cathode surface was removed
with a dry paper towel, and the sample was air-dried. Following each impregnation, the
mass change in the air-dried sample was measured. The infiltration of the porous electrode
was performed until the sample mass had increased by 10%. Next, the infiltrated samples
were calcined at 600 °C for 1 h to form nanoparticles of electrochemically active additives.

The air electrode of the PCFC with a structure of (NiO-BCZYb)supp | (NiO-BCZYb)gnct

| BCZYb | BCZYF0.6p0r0us Was activated by alcoholic solutions of praseodymium nitrate
in the same manner.

3.3. Characterization of Materials

The phase composition of BCZYFx powder materials was identified using X-ray
diffraction analysis (XRD, Rigaku MiniFlex 600, CuK«1 emission) at room temperature in
the 20 = 20°-80° angle range with a step of 0.02°.

Scanning electron microscopy (SEM, TESCAN VEGA, Tescan s.r.0.) was used both to
analyze the thickness and density/porosity of the corresponding cell layers, as well as to
study the distribution of electrochemically active particles of modifiers over the volume of
the porous electrode.

3.4. Electrochemical Measurements

The polarization resistances of the studied electrodes before and after electroactivation
on SDCs were measured by electrochemical impedance spectroscopy (EIS) using an Amel
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2550 potentiostat/galvanostat (Italy) in combination with a MaterialsM 520 frequency
analyzer (Italy). The measurements were performed in air at 500-800 °C within a frequency
range of 9 x 1073-5 x 10° Hz with an amplitude voltage of 50 mV.

The electrochemical characteristics of the PCFC (before and after activation) were
characterized by the EIS method at temperatures ranging from 550 to 700 °C using wet
(~3% H,0O) hydrogen as a fuel and wet (~3% H,O) air as an oxidizer. Impedance spectra
were obtained in the frequency range of 1 x 1072-1 x 10* Hz with an amplitude voltage of
50 mV. The obtained impedance spectra were analyzed using the method of equivalent
circuits using the Zview software [60].

4. Conclusions

In this article, the investigated polarization characteristics of electrodes of BaFe,Ceg 7_«
Z1r92Y0103_5 composition are presented. In addition, the method of electrode activation by
infiltration with praseodymium nitrate was successfully developed and applied. Studies of
the whole concentration range of electrodes before and after electroactivation were carried
out by EIS on symmetrical cells at 600-800 °C. Electroactivation at 750 °C was shown
to reduce the polarization resistance by about 93, 50, and 27% for x = 0.5, 0.6, and 0.7,
respectively. Considering the values of the initial level of polarization resistance and the
degree of influence of infiltration on it, further studies on a single PCFC were carried out
using a BCZYF0.6 cathode. It was found that the performance of the investigated cell as a
whole is limited by the transport characteristics of the electrolyte material. Nevertheless, an
increase in the power characteristics of a single PCFC with an activated BCZYFO0.6 cathode
as compared with a PCFC with a non-activated air electrode of the same composition, is
noted. This allows for the described method of infiltration to be considered as a simple and
affordable way to improve electrochemical characteristics.
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Figure Al. Nyquist coordinate impedance spectra at 600 °C obtained in SDC with BCZYFO0.5 (a),
BCZYFO0.6 (b), and BZYF0.7 (c) electrodes before and after electroactivation.
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