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Abstract: Comparative studies were performed on variations in the ABO; perovskite structure,
chemical stability in a CO;-H; gas atmosphere, and electrical conductivity measurements
in air, hydrogen, and humidity-involving gas atmospheres of monophase orthorhombic
Ba;_«xSrxCe9Y0.103-5 samples, where 0 < x < 0.1. The substitution of strontium with barium
resulting in Baj_,SrxCe(9Y(103_s led to an increase in the specific free volume and global instability
index when compared to BaCe(9Y( 103-5. Reductions in the tolerance factor and cell volume were
found with increases in the value of x in Ba;_4SrxCe9Y(103-5. Based on the thermogravimetric
studies performed for Baj_«SryCep9Y(103-5, where 0 < x < 0.1, it was found that modified samples
of this type exhibited superior chemical resistance in a CO, gas atmosphere when compared to
BaCe(9Y.105_5. The application of broadband impedance spectroscopy enabled the determination of
the bulk and grain boundary conductivity of Baj_«SrcCey9Y103-5 samples within the temperature
range 25-730 °C. It was found that Bag 9gSr( 02Cen9Y0.103-5 exhibited a slightly higher grain interior
and grain boundary conductivity when compared to BaCe9Y( 103-5. The Bag 95519 ,05Cen.9Y0.103-5
sample also exhibited improved electrical conductivity in hydrogen gas atmospheres or atmospheres
involving humidity. The greater chemical resistance of Baj_,SrxCep Y 103-5, where x = 0.02 or 0.05,
in a CO;, gas atmosphere is desirable for application in proton ceramic fuel cells supplied by rich
hydrogen processing gases.

Keywords: high temperature ceramic proton conductors; BaCengY(103; broadband impedance
spectroscopy

1. Introduction

One promising group of ceramic proton conductors is composed of perovskite (ABO3)-based oxides.
The Y,03-doped zirconates BaZr;_,YxOs_5 or cerates BaCe;_YxO3_5, where 0 < x < 0.3,
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are currently considered to be suitable materials for ceramic proton-conducting fuel cells operating at
reduced temperatures. Ceramic proton-conducting fuel cells (PCFCs) and solid oxide fuel cells (SOFCs)
are being intensively studied with the aim of constructing power sources which can be operated within a
temperature range of 400-700 °C [1,2]. Ceramic proton conductors can be applied to the construction of
other electrochemical devices important for hydrogen infrastructures. Classic electrochemical devices
for this technology include solid oxide electrolyzers, hydrogen or hydrocarbon sensors, hydrogen units
for gas purification processes, and reactors for the hydrogenation of compounds [3-5].

Generally, Y,0O3-doped cerates exhibit higher levels of ionic conductivity than BaZr;_,YxO3_s.
The limited chemical stability of BaCep¢Y( 103-5-based materials in HyO and CO; gas atmospheres is
a crucial factor limiting their practical utilisation in fuel cells supplied by rich hydrogen processing
gases. Ba(OH),, BaCO3, and CeO, have been observed as secondary phases appearing as a result
of the decomposition of yttrium-doped BaCeOjs in reaction with CO; [6-10]. Multicomponent solid
solutions in which ceria was partially replaced by zirconia in Ba(Ce;_Zrx)YyO3_s exhibited greater
resistance to corrosion from CO; attacks. These materials were successfully applied in IT-SOFCs
in which power density involving BaCeOs-based proton-conducting membranes varied from 30 to
1400 mW/cm? [11-16].

In the near future, increased use of hydrogen is expected in the fuel-energy sector as well as in
various areas of transport. Hydrogen is most often produced from fossil fuels by means of various
technologies in which feed streams involving hydrogen, prior to their entry into the PSA cleaning unit,
include some impurities, such as CO, CO,, Ny, Ar, and CHy. The level of CO, may range from 1.5 to
10 vol.%. Some efforts have also been made to obtain biohydrogen by means of various biological,
biotechnological, and renewable energy technologies [17-20].

The elaboration of either new chemical compositions of ceramic proton-conducting materials,
obtained by various processing methods, which are highly tolerant to contamination in hydrogen,
or of ways to improve the chemical stability of BaCeO3-based electrolytes in a CO, gas atmosphere,
is required for the continued development of hydrogen technologies. It was found that the addition of
Bas(PO4); or BaWO, to BaCe( 9Y(.103-5 improved resistance to CO, corrosion; however, a deterioration
in electrical properties was observed instead [21-23].

Structural modification via partial substitution of the hosting A ion in ABOj3 by other ions with
the same valence but different ionic radii may also be a way to improve protonic conductivity as well
as to reduce chemical reactivity with impurities such as H,O or CO, in processing gases.

ABOj3 oxides exhibit greater tilts when the A site is characterized by a smaller ion or when the
B site is doped with increasing concentrations of M3* (Y, Sm, Gd) dopant [24-26]. In the previous
paper [27] authors found that Bag 95Cag05Cep9Y0103-5 exhibited improved corrosion resistance in
CO,-H; gas atmosphere compared to BaCe9Y( 103_5. It was also reported that strontium-modified
Bag9Srp.1CepsY0203-5 was characterized by improved chemical stability in H,O gas atmospheres
compared to BaCe(9Y103-5. The variation in the electrical conductivity of these materials has not
been clearly explained [28,29].

The aim of the present study was to determine the effect of the concentration of SrO in
Baj_xSrxCe9Y(.103-5, where 0 < x < 0.1, on its electrical and electrochemical properties as well
as on its chemical resistance to attacks of CO, corrosion. Another particular goal was the acquisition
of a modified ceramic proton conductor characterized by improved chemical stability in a CO, gas
atmosphere and by electrical conductivity values comparable to the level of BaCeO3-based samples.

2. Experimental

2.1. The Preparation of Powder and Sintered Samples of Baj_,SrxCep9Y.103-5, 0 <x < 0.1

Powders from SBCY, ie., Baj_4SrxCepoY0103-5, 0 < x < 0.1, were synthesized via
solid-state reaction. The starting reagents were barium carbonate and strontium carbonate (Avantor
Performance Materials Poland S.A, Gliwice, Poland, 99.99%), yttrium (III) oxide (Sigma-Aldrich,
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St.Louis, MO, USA, 99.99%), and cerium(IV) oxide (Acros Organics, Geel, Belgium 99.9%).
Stoichiometric amounts of reagents corresponding to the chemical composition of series of samples
of BaCe.9Y0.103-5 (BCY), Bag 9gSro.02Ce0.9Y0.103-5 (2SBCY), Bag.95510.05Ce0.9Y0.103-5 (5SBCY) and
Bap9Srp1Cep9Y0.103-5 (10SBCY) were weighed and homogenised. In the SBCY series of samples,
the concentration of strontium varied from 2 to 10 mol.%. The powdered chemical reagents were
homogenized and milled in a planetary ball mill (Retsch PM 100) in dry ethanol (Avantor Performance
Materials Poland S.A, 99.8%). Grinding balls (diameter ~5 mm) made from tetragonal yttria-zirconia
(TZP) solid solutions were used in this operation. The milling process elaborated for the 5SCBCY sample
was applied.

A small portion of mixed reagents prepared for the SBCY-series powders was calcined within a
temperature range of 850—1150 °C for 2 h. The monophase orthorhombic phase for all investigated
compositions of the SBCY series was found at a temperature of 1150 °C. Subsequently, a 200 g portion of
powder was synthesized at 1200 °C for 2 h. The SBCY powders were additionally ground in dry ethanol.
The total milling time for monophase SBCY powder samples was 6 h. The details of the homogenisation
procedure and milling conditions for the monophase samples was described in the previous paper [30].
The BSCY disc samples were formed via the isostatic pressing method, using a National Forge isostatic
cold press, EPSI Engineered Pressure Systems International N.V. (Temse, Belgium). The samples were
pressed in a mould with a diameter of 12 under 0.5 MPa. Once pressed, the samples were placed in
plastic foil, subjected to outgassing, and pressed under 250 MPa. The samples were sintered at 1550 °C
for 2 hin air.

2.2. Analytical Methods Used to Evaluate the Physicochemical Properties of the Series of SBCY Samples

X-ray diffraction (XRD) measurements were made using a PANalytical Empyrean diffractometer
(Malvern, United Kingdom; CuKa; A = 0.15418 nm) equipped with a high-temperature measurement
oven in order to determine the phase compositions of Baj_4SrxCepg9Y(103-s powders and
sintered samples. XRD patterns were collected in the heating-cooling cycle. The temperatures
! was applied in
the heating-cooling cycle. Variations in the cell volumes of SBCY samples were calculated based on
cell parameters, determined by means of the Rietveld method. In order to find the impact of the
incorporation of strontium resulting in Ba;_SryCe( 9Y103_s on variations in its structure compared to
the BaCe(9Y(103-5 sample, the Goldschmidt tolerance factor (t), specific free volume (SFV), and global
instability index (GII) were calculated using the SPuDS software package (2.18.06.19, Michael Lufaso,
Jacksonville, FL, USA, dedicated to analysis of the structure of ABO3-based oxides [27,31,32].

Raman measurements were also carried out for Baj_,SrxCe( Y 103-5 samples. A Horiba Jobin
Yvon LabRAM HR micro Raman spectrometer (Higashi-kanda, Chiyoda-ku, Tokyo, Japan) equipped
with a CCD detector was used in this investigation. An excitation wavelength of 532 nm was used,
with a beam intensity of approximately 10 mW. Acquisition time was set at 30 s [27].

Observations of cross sections as well as surfaces of all SBCY sintered samples were carried out
by means of scanning electron microscopy. A Nova NanoSEM 200 (FEI, Eindhoven, Netherlands)
coupled with an EDS system was used in these investigations. Comparative observations were made,

of XRD measurement varied within a range of 25-800 °C; a ramp of 10 °C min~

both of initial SBCY powders, sintered pellets and of samples that had undergone an additional
corrosion resistance test in a CO, gas atmosphere [33]. The thermogravimetry (TG) method was used
to determine mass variation for the series Ba;_SrxCe9Y103-5 in pure CO; gas. A thermobalance
(Rubotherm DynTHERM 1100-40 MP-G analyser, TA Instruments, Bochum, Germany) was used
in these investigations. TG curves were recorded within a temperature range of 25-1100 °C, at a
pressure of 0.1 MPa (abs). Prior to these measurements, all SBCY samples were ground to powder;
the powdered SBCY samples were then placed in an alumina crucible. The gas flow was 100 mL min~!,
the temperature ramp 10 °C min~!. The final heating temperature of 1100 °C was maintained for
20 min. Tests of the corrosion resistance of SBCY sintered samples to CO; attack were carried outin a

quartz reactor placed in an electric resistance furnace. The SBCY electrolytes were heated to 550 °C and
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maintained at that temperature for 100 h. A gas mixture containing 2.6 or 5 vol.% of CO; in Ar was
used in this experiment. The chemical resistance of BCY and SBCY samples in HyO-Ar was examined
in analogous conditions. In these experiments, argon was passed first through a scrubber with water,
then into the quartz reactor. The SBCY samples used for these experiments were of the same dimensions
and thickness as those used in the investigations of electrical properties. Following the experiments,
samples were subjected to X-ray investigations and SEM microstructural observations as well as
electrical conductivity measurements, performed in both air and hydrogen gas atmospheres [27].

2.3. Electrical and Electrochemical Investigations of Baj_,SrxCeo Y 103-5 Samples

SBCY cylindrical samples with two Pt electrodes prepared using Pt paste (Gwent Electronic
Materials Ltd., Taipei, Taiwan) were investigated by means of electrochemical impedance spectroscopy
(EIS) in the range 10-1010 Hz with a density of 54 points per decade and an amplitude of 0.1 VRMS in
a two-electrode setup [34,35]. EIS measurements were performed in air from room temperature to
730 °C. Electrical conductivity measurements for SBCY samples were also performed in wet 5 vol.%
Hy/Ar gas atmospheres or in wet air. The AC four-probe method was applied. The experiments were
carried out within a temperature range of 400-700 °C.

The values of electromotive force (EMF) of the elaborated concentration cells (1):

H,(I), PHSBCY|Pt, Ha(II) 1)

were used to determine the ionic transport number. Pure humidified hydrogen and a humidified
mixture of 10% Hj in Ar (flow ~30 mL/min) were used as feeding streams. The experimental procedure
was similar to that described in paper [36].

3. Results

All of the XRD diffraction patterns recorded for all of the SBCY powders and sintered samples
(Figure 1a,b) at RT reflected the BCY monophase orthorhombic Pnma space group. In the case of
SBCY samples with increased SrO content in Ba;_SrxCen9Y(105-5 (Figure 1c), the diffraction peaks
shifted towards greater diffraction angles in the recorded XRD patterns. A similar phenomenon was
also mentioned by Wang et al. [28]. This suggests that decreases in the cell parameters of SBCY series
samples should also be expected. The impact of temperature on possible phase composition changes
was also investigated within a temperature range of 25-800 °C.
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Figure 1. XRD patterns collected for Ba;_,SrxCe9Y103-5 (0 < x < 0.1) (SBCY) powders (a), sintered
samples (b), and diffraction peak (211) shifts of SBCY samples toward greater diffraction angles (c) vs.
chemical composition.
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The variation in the cell volume of Ba;_,SrcCe9Y(103-5 samples vs. chemical composition is
shown in Figure 2a. A gradual decrease was observed in cell volume vs. increase in SrO content in the
Baj_«SrxCe9Y(.103-5 samples. These results are also the consequences of previously observed shifts
in diffraction peaks, in the case of SBCY samples, to angles with greater values in XRD diffraction
patterns. Figure 2b presents the representative XRD patterns recorded for a 55BCY sample during the
heating-cooling cycle. No precipitation of impurities as additional phases or phase transitions of the
orthorhombic phase of SBCY were found within this temperature range.
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Figure 2. Variation in the cell volume of Baj_SrxCep9Y(103_5 vs chemical composition at RT (a);
XRD patterns collected for Bag 95519 05Cep9Y0.103-5 (5SBCY) during the heating-cooling cycle within
the temperature range 25-800 °C (b) variation in BaCe9Y103-5 (BCY) and 5SBCY cell volume vs
temperature (c).

Figure 2c presents the dependence of the cell volumes of the BCY and 5SBCY samples during
heating-cooling cycles; linear increases were noted.

The values of the cell volume of 5SBCY, lower than those recorded for BCY, are in close agreement
with data reflecting comparison of the ionic radius of the Sr>* ion (r = 135 pm) with the greater radius
of the Ba®" ion (r = 149 pm) it replaced.

Hayashi et al. [37] studied the correlation between structural parameters such as tolerance factor t
and specific free volume SFV and variations in values of ionic oxide conductivity for a wide spectrum
of ABOs-based perovskite oxide-ion conductors. The influence of SFV on oxide-ion migration may
have an indirect impact on proton migration as well as on oxide-proton conductivity in ABO3z-based
materials. The authors of the cited paper found that, in order to obtain maximum ionic conductivity
as a result of the balance between SFV and t, the optimum value of t was approximately 0.96. It was
shown that high values of oxide ion conductivity could be expected for perovskite materials with
SFV values higher than 0.4. Neither the structural parameters of Baj_,SrcCe9Y103-5 samples nor t,
SFV, GII, nor their impact on the samples’ physicochemical properties had been analyzed previously.
Figure 3 presents the dependence of calculated values of such parameters as t, SFV, and GII vs chemical
composition for Ba;_4SrxCepgY(103-5 samples.

The highest value of t was found for the BaCe(9Y( 103 sample. The partial replacement of BaO
with SrO in Baj_SrxCe9Y(103-5 led to a gradual decrease in the tolerance factor vs increased SrO
content. This finding is also in close agreement with data reflecting the comparison of the ionic radius
of the Sr?* ion (r = 135 pm) with the greater radius of the Ba* ion (r = 149 pm) which it replaced.
On the other hand, introduction of SrO resulting in Ba;_,SrxCe9Y0103_s led to higher values of SFV.
According to data analyzed in the subject literature, an increase in the SFV coefficient is desirable
for an improvement in ionic migration. The global instability index (GII) value is typically < 0.1
valence units (vu) for unstrained structures of ABO3-based oxides, and as high as 0.2 vu in structures
with induced strains. A GII value of approximately 0.2 vu has been found to be critical for several
structures typically designated as unstable. The substitution of SrO for BaO in the range 0 < x < 0.1 in
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Baj_xSrxCep9Y(103-5 caused a small increase in GII, the values of which were lower than the expected
crucial values.
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Figure 3. Dependence of the t tolerance factor, specific free volume SFV, and global instability index
GII vs strontium content in Ba;_,SrxCe9Y(103_5 samples.

Possible variations in the ABOj structure in sintered SBCY samples were also investigated,
using Raman spectroscopy as complementary to X-ray diffraction analysis. The interpretation of the
Raman spectra recorded for BCY and SBCY samples within a range of 400-50 cm™~! is presented in

Figure 4a—d. It was found that the obtained SBCY samples indicated the same orthorhombic phase,
with the Pnma space group.
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Figure 4. Raman spectra recorded for BCY (a), Bag9gSrp 02Cep9Y0.103-5 (2SBCY) (b), 5SBCY (c),

and Bag9Sr1Cep9Y(.103-5 (10SBCY) (d) samples before and after additional heating (h) in 5 vol.%
H,0-Ar at 550 °C for 100 h.

Due to the similarity of the collected spectra, it can be unequivocally stated that the substitution
of SrO for BaO resulting in Ba;_4SrxCe9Y(103-5 was accomplished within the same crystallographic
structure. No additional chemical bands in the range 300-100 cm~! which would correspond to
variations in ABOj crystal structure, were found in the SBCY series of samples. These findings enabled
us to conclude that the introduced Sr?* ions were placed in the same positions as the original Ba>* ions
in Ba;_4SrCep9Y(103-5, 0 < x < 0.1. The crystallographic structure of SBCY sample series was the
same as that of BaCe( 9Y(103_5. The Raman studies performed for SBCY samples were complementary
to observations, which were made during the XRD investigations.

A similar situation was observed for a series of samples of CaO-modified BaCe9Y103-5
resulting in Bag 95Cag 05Ce9Y0.103-5 (BCBCY), whose electrolytic properties were described in the
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paper [27]. As a result of the analysis of Raman spectra (Figure 4b,c), it can be stated that samples
25BCY-h and 55BCY-h, additionally heated in a HyO-Ar gas atmosphere, were characterized by greater
concentrations of point defects compared to the same samples (25SBCY; 5SBCY) prior to the heating
experiments. This may also be attributable to the adsorption of H,O from the gas atmosphere and
interaction with oxygen vacancies, as evidenced by the significantly lower half-width of the bands on
the spectra of the 25BCY-h and 5SBCY-h samples. This was especially visible in the case of the 2SBCY-h
sample [38-40].

Sintered pellets were prepared from SBCY grounded powders, which were also characterized.
Based on XRD investigations (Figure 1a), crystalline size d 1) was calculated for all powders from the
SBCY series. It was found that the crystalline size d(»11) estimated from XRD patterns varied within a
range of ~97 to ~106 nm. No significant impact of strontium content in Ba;_SrcCe9Y(103-5 on the
regular variation of crystalline sizes was observed. The SEM/EDS method was also used to investigate
ground SBCY powders. The representative SEM recorded for 5SBCY powder is presented in Figure 5a.
Based on SEM observation, the particle size falls within the range ~80 to ~400 nm. The agglomerate
form of particles was observed in the investigated powders. Figure 5b presents results of chemical
analysis performed on the SBCY sample, confirming its established chemical composition.

20pm Electron Image 1

Element Ba Sr Ce Y o

Assumed atomic fraction , % 19.0 1.0 18.0 20 60.0

EDS measured atomic fraction, % 19.7 1.0 18.3 19 59.1

Relative error, % 3.6 0 16 -5.0 -15

Figure 5. The representative SEM image recorded for 55BCY powder (a) and SEM/EDS chemical
analysis (b) performed for this sample.

Figure 6a—d presents the microstructures of the representative surfaces of sintered BCY, 2SBCY,
5SBCY, and 10SBCY samples. All of the sintered SBCY samples were characterised by fairly uniform
microstructures and similar levels of closed porosity.

In the case of sintered BCY samples, the average grain size was ~4 pm. The introduction of SrO
into Baj_Srx(Cep9Y(.1)Os-;5 solid solutions led to a slight gradual decrease in average grain size,
to 2-3 um.

Figure 7a presents relative mass (m/m,) variation vs chemical composition recorded for all SBCY
powdered samples. The TG curves were recorded in pure COs.
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Figure 6. The microstructure of the representative surface of sintered (a) BCY, (b) 25BCY, (c) 5SBCY,

and (d) 10SBCY samples.
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Figure 7. TG curves recorded for Ba;_,SrxCep9Y(105_s samples in a pure CO, gas atmosphere, at
temperatures ranging from 25 to-1100 °C (a); XRD pattern recorded for SBCY samples after heating in
5vol.% CO; in an Ar gas atmosphere at 550 °C for 100 h (b).

The greatest increase in relative mass (m/m,) was determined in the case of the BCY sample.
Sawant et al. [41] investigated the chemical stability of BaCeO5 as well as of BaCe9Y(103-5 in a
CO, gas atmosphere, using the thermogravimetric method within a limited temperature range of
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100-900 °C. In these conditions, weight gains were observed above ~450 °C, continuing up to 900 °C
due to the following reaction:

BaCeOj; + CO, — BaCOs + CeO, @)

It was also pointed out that BaCe9Y(105-5 exhibited a higher level of chemical stability than
BaCOs. In the case of BCY, lesser weight gain was observed in the same conditions. The TG curves we
obtained for BCY (Figure 6a) are close to the results of the cited paper [42].

At temperatures from 450 to 900 °C, a continuous increase in mass was observed. No peak
of decomposition of carbonate compounds was found on the thermogravimetric curve (m/m, vs
temperature) in these conditions. The first mass decrease on the TG curve for BCY was recorded at
970 °C [43]. This may correspond to the thermal decomposition of BaCOj3. The introduction of SrO into
Baj_«SrxCepo9Y(105-5 caused an increase in the maximum temperature decomposition of carbonate
compounds in the TG curve. In the case of SBCY, increase in the temperature of carbonate decomposition
was accompanied by increased SrO content in Ba;_,SrxCe( Y 103-5 within the temperature range
995-1015 °C. The considerable decrease in mass following attainment of the maximum temperature
might be identified as the release of CO, due to the reaction of SrCO3/BaCO3 with solid solutions of
CeO; and Y,0;3, according to reverse reactions (2) and (3).

Ba(l_X)SI'XCe().gYOJO\g(S) + COZ(g) d (1—X) BaC03(S) + X SI'CO?,(S) + Ceo~9Y0.101.95(5) (3)

Two factors were decisive in terms of the probable origin of the faster reaction kinetics of
BaCe9Y(.103_5 (BCY). One was the basicity of the Ba>* ion, which, being greater than that of the Sr?*
ion, led to the greater reactivity of the former, leading in turn to greater chemical reactivity against
CO, with acidic properties at the surface of the particle. The second factor may be connected with
the more rapid diffusion kinetics in the ABO; crystal structure of Ba?* cations in BaCen9Y 1035
compared to Sr?* in Baj_,SrxCe Y0 103_s. Thermogravimetric analysis enabled the observation that
the presence of SrO in the Ba;_,SrxCe(9Y(103-5 samples caused considerably smaller relative mass
changes compared to the BCY sample. In the case of the BCY sample, the increase in relative mass
within the investigated temperature range could be attributed to CO, absorption at the surface of
the particles and (via bulk diffusion) into the particles. These findings suggested the occurrence of a
superficial reaction as well as bulk diffusion, given the bulk diffusion rate of Ba®* for BaCe9Y0105-5,
which is higher than that of Sr?* for Ba;_,SrxCe9Y(103_5. This may also be correlated with the
structural parameter t and SFV. The least variation in mass was observed for the sample with strontium,
where x = 0.02. A larger amount of SrO introduced into Baj_«SrxCe( 9 Y 103_5 caused a lesser reduction
in mass. These results also indicated that the smaller deviation from the original BCY structure may
have been responsible for the more rapid kinetics of Ba?* diffusion [44].

The chemical stability of the Ba;_,SrxCep9Y(103_5 sintered sample was also tested in gas
atmospheres involving 2.6 or 5vol.% CO; in Ar at 550 °C for 100 h. The XRD diffraction patterns recorded
for Baj_4SrxCepoY0103-5 samples following additional heating in a 5% Ar-CO, gas atmosphere
(Figure 7b) indicated that all samples exhibited precipitation of BaCO3; and ceria solid solution.
The results obtained from XRD measurements were correlated with data obtained via TG analysis
in CO,. A quantitative phase analysis performed using the Rietveld method clearly indicated that
the amount of precipitation was greater for BCY than for SBCY. The amount of BaCOj3 for the BCY
sample was estimated at about 61%. In the case of SBCY samples, the amount of BaCO3 was estimated
at 30%—-33%. These data clearly indicated that the incorporation of SrO into Ba;_,SrxCe9Y(103-s
inhibited the corrosion of samples in CO, gas atmospheres.

Wang et al. [28] investigated variation in the electrical conductivity of Ba;_4SrxCeg¥Yp203-5 in
wet hydrogen within the temperature range 450-800 °C by means of AC impedance spectroscopy
conducted within a frequency range of 0.1 Hz-1 MHz. It was found that electrical conductivity slowly
decreased along with increased SrO content in Ba;_SrxCegY(203_5 samples. Greater activation
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energy of the electrical conductivity process was observed in samples with higher concentrations of
SrO in the investigated solid solutions.

Hung et al. [29] also found that the total electrical conductivity of Ba;_,SrxCengY203-5 samples
decreased slightly along with increasing SrO content in air within the temperature range 400-800 °C.
Systematic investigations concerning the impact of either grain boundary conductivity or bulk
conductivity in Baj_4SrcCep9Y(105-5 samples are lacking. Data concerning variation in electrical
conductivity in hydrogen or humidity-involving atmospheres also require detailed clarification
regarding variation in structure and microstructure. The ionic conductivity of BaCeOs-based electrolytes
is usually measured in air, hydrogen, and steam gas atmospheres using the electrochemical impedance
spectroscopy (EIS) method, which is limited to frequencies of 1-10 MHz [45-47].

This frequency limit does not reflect all of the phenomena occurring in bulk transport properties
at temperatures higher than 450 °C, although this temperature range is crucial for LT- and IT-SOFCs.
In an IT-SOFC with a BaCeO3-based electrolyte, several processes take place in the bulk, including
proton transport, oxygen-ion transport, and, possibly, electronic conductivity. These relaxations at
elevated temperatures are shifted well above 10 MHz; therefore, ultrabroadband frequency equipment
is necessary to investigate and resolve them [34,35].

Ultrabroadband frequency electrochemical impedance spectroscopy within the range 1-10 GHz
had previously been applied to the study of the electrical conductivity of BaCep9Y103-5 and
Bag 95Cag 05Cep.9Y0.103-5 samples [27]. In the present study we continued the application of this method
in order to study the electrical properties of SBCY sintered samples. All data were normalised to the
sample geometry. The shape of the impedance in the complex plane plots measured in the two-electrode
setup of both Ba().gger.OzCeO,gYo'l03_5 (ZSBCY) and Ba0.95Sr0,05Ce0.9Y0.103_5 (5SBCY) consisted of
semicircles: one separated high-frequency (HF), up to two overlapped medium-frequency (MF), and
one separated low-frequency (LF).

Figure 8a—c presents examples of the impedance spectra for 25BCY and 5SBCY measured at
different temperatures.

The bulk and grain boundary ionic conductivity of SBCY sintered samples was determined using
equivalent electrical circuits (EECs) consisting of up to four sub-circuits connected in series (Ri, CPE;,
where i = 1-4). In each sub-circuit, a capacitor was replaced by a constant phase element (CPE) whose
impedance is expressed by the following formula:

[24
1 (fo ) @

Zcpg = o FCn 7:Co F

where j is an imaginary unit, f is frequency, f is reference frequency, Cy is capacitance at reference
frequency (1 kHz), and a is a coefficient usually assuming a value between 0.5-1.0, close to 1 for an
ideal capacitor and close to 0.5 for a diffusion process.

The HF semicircle (Ry, CPE;) was ascribed to grain interior (bulk) processes. The fitted constant
phase element (CPE;) obtained from the fitting procedure fell within a range from 2 to 18 x 107'° F m™1.
The first MF semicircle was characterised by capacitances ranging from 3 x 10 to 8 x 10 Fm™,
ascribed to the ionic conductivity of grain boundary regions. The corresponding semicircle was
substantially overlapped by the second MF semicircle; thus, the obtained values of grain boundary
conductivities are characterised by considerable errors. The other MF and LF semicircles were ascribed
to processes occurring in electrodes.
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Figure 8. Complex impedance plane plots measured in air (a) at 287 °C for 25BCY ceramics and
(b) at 507 °C for 55BCY ceramics; (c) an example of fit for 2SBCY ceramics measured at 407 °C;
crosses indicate measured data, circles indicate the fitted model; numbers above red symbols denote

logarithms of frequency.

Figure 8c gives an example comparing the fitted EEC model to measured data. The evolution of
the various relaxation processes mentioned above can be inferred from the frequency dependencies of

an imaginary impedance part (Figure 9).

The frequency where the maximum of Z” is observed, called the relaxation frequency, is a good
indication for the relaxation dispersion of Z’ (shown in Figure 9a). The relaxation frequency of the charge
carrier in the grain interior changes from about 0.2 MHz at 87 °C to about 2 GHz at 707 °C. Consequently,
the electrical resistance of grain interiors is characterised by lower values along with increases in
temperature. Similarly, the increase in the first MF relaxation frequency, from about 100 Hz to about
40 MHz, was observed over the temperature range shown in Figure 9b. This relaxation frequency was
associated with charge carriers in the grain boundaries of electrolyte ceramics. The separation of two
MF relaxations was possible only by means of data fitting. The Z” maximum of the low-frequency
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relaxation process was observed only at 707 °C. The bulk conductivity dependence vs 1000/T is
presented in Figure 10a.
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Figure 9. Spectra of (a) real Z’ and (b) imaginary Z” parts for a 2SBCY sintered pellet. Arrows indicate
(approximately) the shift of the relaxation frequency of several processes with changes in temperature.
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Figure 10. Variation in grain interior o (a) and grain boundary ogp (b) conductivities of the SBCY
sample series vs temperature.

The introduction of strontium resulting in Ba;_,SrxCep 9Y( 103-5 samples, where 0 < x <0.1, led to
variation in the electrical conductivity and activation energy of grain interiors along with SrO content
in air within the temperature range 250-1000 K. For all SBCY sintered samples, two areas of variation
of bulk conductivity could be distinguished in the plot (og — 1000/T). The first region could be observed
within the low temperature range, 298-600 K, in which higher activation energy E, was observed.
In the temperature range 600-1000 K, lower activation energy of the bulk conductivity of SBCY sinters
was observed. Similar dependences of op vs temperature were also observed for BaCe9Y103-5
and Bag95Cap05Ce9Y0.103-5 sintered samples and for BaCe;_4MxO3_5, where M = Y, La, Gd and
x=0.1-0.2.

Analysis of electrical conductivity studies vs temperature or partial oxygen pressure indicated
that, at temperatures higher than 600 K, oxide-hole conductivity dominates at high oxygen partial
pressure (above pO, = 10~ atm) [48-50]. Based on analysis of Figure 10a, it can be stated that the
2SBCY sintered sample was characterised by bulk ionic conductivity slightly higher than that of the
BCY sample in this condition. Comparative analysis of the chemical resistance vs CO, attack and bulk
conductivity of the 2SBCY sample in a CO; gas atmosphere indicated that the introduction of SrO into
the Baj_4SrxCe9Y(103-5 samples (where x = 0.02) led to both an improvement in chemical resistance
in a CO, gas atmosphere and an increase in bulk conductivity in comparison to the BCY sample.
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A continued increase in the share of strontium, i.e., for x > 0.02 in the Ba;_4SrxCe9Y(.103-5 samples,
led to a gradual decrease in bulk conductivity in air.

Grain boundary conductivity is also an important factor in determining the total electrical conductivity
of ceramic material. The high electrical resistance of intergranular areas in a sintered ceramic sample is
very often a factor preventing the acquisition of high values of ionic conductivity in proton-conducting
electrolytes containing BaZrj9Y(105-5 (BZY) or BaCey9Y(103-5 (BCY) [51,52]. Lindman presented an
analysis of the potential for reducing the value of resistance of grain boundaries for BZY and BCY. The
results of the considerations presented in the cited paper suggest that BaCe Y 103_5 [53] exhibits a
greater tendency towards modification of grain boundaries aimed at reducing their electrical resistance.
The variation in grain boundary ionic conductivity vs 1000/T for sintered Ba;_SryCepo9Y105-s
samples is presented in Figure 10b. Based on the data presented therein, it can be observed that the
gradual substitution of SrO for BaO in Ba;_SrxCep9Y(103-5 samples, where 0 < x < 0.1, led to slight
changes in grain boundary conductivity in relation to the BCY sample. Improved grain boundary
conductivity was observed for the 2SBCY sample. It is also widely known that the introduction of small
amounts of 51O or CaO into a CeO,-Gd,O3-5rO solution enable the acquisition of greater electrical
conductivity as a result of the potential for cleansing the grain boundary area of resistive non-organic
compounds [54,55]. In the case of Ba;_4SrxCey9Y(103-5 samples, where x > 0.02, with higher SrO
concentrations, a deterioration in grain boundary conductivity was observed.

The total electrical conductivity o of the sintered Ba;_,SrxCey9Y(103_5 samples within the
temperature range 400-800 °C was also measured using AC electrochemical impedance spectroscopy
in 5 vol.% Hj in Ar. Figure 11a presents variations in o vs temperature for Ba;_,SrxCep9Y(103-s
sintered samples.
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Figure 11. Independence of total electrical conductivity o for SBCY sample series vs temperature
recorded in HyO-5 vol.% Hj in Ar (a); variation in the t;y, transference number of BCY and 5SBCY
ceramics determined by means of EMF measurements of a hydrogen concentration cell (b).

It can be concluded that the sintered 5SBCY sample was characterised by the highest
value of electrical conductivity and the lowest value of activation energy in an atmosphere of
humidified hydrogen. In the case of Ba;_4SrxCe9Y103-5 samples, the partial replacement of BaO
with SrO led to a small improvement in total conductivity o in an atmosphere of humidified hydrogen
gas. The tj,, transference number was also estimated from EMF measurement of the steam/hydrogen
concentration cell (1) (Figure 11b). In these conditions, the transference number determined for the
BCY sample fell within the range 0.90-0.95. The 5SBCY and 2SBCY sintered samples exhibited values
of the tjo, transference number similar to that of the BCY electrolyte. These results confirmed that the
investigated SBCY samples exhibited the same level of ionic conductivity as the BCY ceramic membrane.

The electrical conductivity of the SBCY samples was also measured following additional heat
treatment at 550 °C for 100 h in a CO2/Ar gas atmosphere involving 2.6 or 5 vol.% COs,.

Figure 12a presents the impedance spectra (Z”-Z’) recorded for the 55BCY sample before and
after additional heating in a 5 vol.% CO, gas atmosphere at 390 °C. As can be seen, increases in the
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electrical resistance of grain interiors and grain boundary regions of the 5SBCY sample were observed
following additional heat treatment in a CO, gas atmosphere. Figure 12b shows the variation in o
vs 1000/T determined for the 5SBCY sample and presents the electrical conductivity values obtained
for samples before and after additional exposure in 5 or 2.6 vol.% CO, in Ar. All measurements were
performed via the EIS method. A slight decrease in electrical conductivity was recorded for 55BCY
following additional tests performed in a gas atmosphere involving 2.6 or 5 vol.% CO,.
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Figure 12. Impedance spectra (Z”-Z’) recorded for the 5SBCY sample before and after additional
heating in a 5 vol.% CO; gas atmosphere at 390 °C (a); variation in o vs temperature recorded for
5SBCY before and after additional exposure in 5 or 2.6 vol.% CO, (b).

The impact of the presence of H,O in an Ar gas atmosphere on the total electrical conductivity of
the 5SBCY sample was also studied. In Figure 13, the electrical conductivity values recorded before
and after an additional test in 5 vol.% HyO in Ar (h) are plotted. The comparative analysis of electrical
conductivity data for the 5SBCY electrolyte before and after test enabled us to state that exposure of the
sample in an H>O gas atmosphere led to a slight improvement in electrical conductivity. This finding
may be directly connected with the incorporation of water in the 5SBCY sample.
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100-:' !‘E\B\B
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Figure 13. Variation o vs 1000/T recorded for the 5SBCY sample before or after additional exposure in
5vol.% HyO in Ar (h).
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4. Conclusions

All of the investigated Ba;_,SrxCep 9Y( 103-5 samples were monophase. The orthorhombic (Pnma
space group) structure was identified exclusively using the XRD diffraction method. In the case
of SBCY samples with increased SrO content in Ba;_SrxCe9Y103_5 the diffraction peaks shifted
towards greater diffraction angles in the recorded XRD patterns; consequently, a decrease was found in
the cell volume of Ba;_,SrxCe9Y(103_5 samples when compared to BaCe9Y(103_5. Raman studies
confirmed that the introduced Sr?* ions were located in the same position in the crystallographic
structure in Bao_ggsro‘ozceOgYo'l03_5, Ba0.955r0'05C60.9Y0_1 03_5, and Bao'gsl‘o_l CeO.gYo'l 03_5 as the
original BaZ* ions in BaCe9Y( 103_s. The increase in the concentration of SrO in Baj_,SrxCep9Y(103-s,
where 0 < x < 0.1, also led to a decrease in tolerance factor as well as increases in specific free volume and
global instability factor. The analyzed structural parameters were responsible for variation in chemical
resistance in CO; and electrical conductivity in air, hydrogen, or wet-gas-involving atmospheres. It was
found that Ba;_SrcCep9Y(105-5, where 0.02 < x < 0.05, exhibited improved electrical conductivity
in air as well as in hydrogen or humidity-involving gas atmospheres. Superior chemical stability
in CO,-involving gas atmospheres was also observed in the case of these samples in comparison to
BaCe(9Y103-5. The values of the tjo, transference number determined in hydrogen concentration
galvanic cells for BagggSrp02Cep9Y0103-5 and Bago55rg05CenoY0103-5 are comparable to data
obtained for BaCE(].gYO.l 03_5 . The composition of Ba0.985r0.02C60_9Y0.1 03_5 or Ba095Sr0_05Ce0.9YO,1 03_5
mentioned above exhibited not only the same level of electrical conductivity as BaCe 9Y(105-5, but also
improved chemical resistance in 2.6-5.0 vol.% CO, gas atmospheres. The variations in electrical
conductivity recorded for the Bag 95519 05Cep9Y0103-5 sample following exposure in gas atmospheres
with close to 5 vol.% of CO, were smaller than those for BaCe( 9Y(103_s and the previously investigated
Bag95Cap5CepoY0103-5. These materials appear to be more suitable ceramic proton-conducting
membranes for the construction of ceramic fuel cells operating in hydrogen gas atmospheres involving
contamination of CO, below 2 vol.%.

Author Contributions: M.D.: Conceptualization of the whole paper, methodology of all experimental parts,
interpretation results, writing original draft, preparing answer for reviewers, writing final version of paper;
B.L.: SBCY samples preparation, SPUDS analysis, electrical and electrochemical investigations of samples in
humidity or Hj involving gas atmosphere, technical editing of original and final version of manuscript; R.L.: XRD
investigations and interpretation all XRD results, answers for review comments concerning the XRD methodology;
S.D.: investigations of SBCY samples by broadband impedance spectroscopy method, visualisation of data, T.S.:
interpretation of results, broadband impedance spectroscopy methodology, consultation of final interpretation
of all electrical investigations and results, some correction of final manuscript; A.K.: investigations of SBCY
samples by broad impedance method, supervision for all measurements, software development, electrochemical
setup, modelling data of EIS results; M.M.: final consultation, modelling analysis of EIS data, EIS methodology,
software, visualisation, writing the EIS part in original and final manuscript; M.S.: Raman Spectroscopy
investigations, interpretation of these results, consulting and writing some part of text in original and final
manuscript according to this method; A.R.-K.: SEM microscopy measurements, investigations, consulting the
results, P.G.: thermogravimetry investigations, methodology, consulting the interpretation of TG results. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by AGH University of Science and Technology, Faculty of Energy and Fuels
grant number 16.16.210.476.

Acknowledgments: Some measurements were performed using scientific equipment belonging to the laboratories
of the AGH-UST Energy Centre, Cracow, Poland.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Dwivedi, S. Solid oxide fuel cell: Materials for anode, cathode and electrolyte. Int. |. Hydrog. Energy 2019.
[CrossRef]

2. Hossain, S.; Abdalla, A.M.; Jamain, S.N.B.; Zaini, ]. H.; Azad, A K. A review on proton conducting electrolytes
for clean energy and intermediate temperature-solid oxide fuel cells. Renew. Sustain. Energy Rev. 2017, 79,
750-764. [CrossRef]


http://dx.doi.org/10.1016/j.ijhydene.2019.11.234
http://dx.doi.org/10.1016/j.rser.2017.05.147

Materials 2020, 13, 1874 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

Tong, Y.; Wang, Y.; Changsong, C.; Wang, S.; Xie, B.; Peng, R.; Chen, C.; Zhan, Z. Preparation and
characterization of symmetrical protonic ceramic fuel cells as electrochemical hydrogen pumps. J. Power
Sources 2020, 457, 228036. [CrossRef]

Wu, G,; Xie, K.; Wu, Y;; Yao, W.; Zhou, Y. Electrochemical conversion of H,O/COj to fuel in a proton-conducting
solid oxide electrolyser. J. Power Sources 2013, 232, 187-192. [CrossRef]

Bausa, N.; Escolastico, S.; Serra, ].M. Direct CO, conversion to syngas in a BaCe2Zr(7Y(103-5-based
proton-conducting electrolysis cell. J. CO2 Util. 2019, 34, 231-238. [CrossRef]

Melnik, J.; Luo, ].J.; Chuang, K.T.; Sanger, A.R. Stability and electric conductivity of barium cerate perovskites
co-doped with praseodymium. Open Fuels Energy Sci. |. 2008, 1, 7-10. [CrossRef]

Marrony, M. Proton-Conducting Ceramics: From Fundamentals to Applied Research, 2nd ed.; Marrony, M., Ed.;
Pan Stanford Publishing Pte. Ltd.: Singapore, 2016.

Bi, L.; Traversa, E. Synthesis strategies for improving the performance of doped-BaZrO3; materials in solid
oxide fuel cell applications. ]. Mater. Res. 2014, 29, 1-15. [CrossRef]

Zakowsky, N.; Williamson, S.; Irvine, ].T.S. Elaboration of CO, tolerance limits of BaCeg 9Y(105_s electrolytes
for fuel cells and other applications. Solid State Ionics 2005, 176, 3019-3026. [CrossRef]

Ma, X.; Dai, J.; Zhang, H.; Reisner, D.E. Protonic conductivity nanostructured ceramic film with improved
resistance to carbon dioxide at elevated temperatures. Surf. Coat. Technol. 2005, 200, 1252-1258. [CrossRef]
Dai, H.; Kou, H.; Wang, H.; Bi, L. Electrochemical performance of protonic ceramic fuel cells with stable
BaZrOjs-based electrolyte: A mini-review. Electrochem. Commun. 2018, 96, 11-15. [CrossRef]

Rashid, N.L.R.M.; Samat, A.A.; Jais, A.A.; Somalu, M.R.; Muchtar, A.; Baharuddin, N.A.; Isahak, W.N.R.W.
Review on zirconate-cerate-based electrolytes for proton-conducting solid oxide fuel cell. Ceram. Int. 2019,
45, 6605-6615. [CrossRef]

An, H.; Lee, HW.; Kim, B.K,; Son, J.W.; Yoon, K.J.; Kim, H.; Shin, D.; Ji, H.I.; Lee, JH. A5x5 cm? protonic
ceramic fuel cell with a power density of 1.3 W cm™2 at 600 °C. Nat. Energy 2018, 3, 870-875. [CrossRef]
Iwahara, H.; Yajima, T.; Hibino, T.; Ushida, H. Performance of Solid Oxide Fuel Cell Using Proton and Oxide
Ton Mixed Conductors Based on BaCe;_,SmyOs3_. J. Electrochem. Soc. 1993, 140, 1687-1691. [CrossRef]
Bonanos, N.; Knight, K.S.; Ellis, B. Perovskite solid electrolytes: Structure, transport properties and fuel cell
applications. Solid State Ionics 1995, 79, 161-170. [CrossRef]

Qian, J.; Sun, W.; Shi, Z.; Tao, Z.; Liu, W. Chemically stable BaZr yPrg 1Y ,03_5-BaCeygY(203_s bilayer
electrolyte for intermediate temperature solid oxide fuel cells. Electrochim. Acta 2015, 151, 497-501. [CrossRef]
Besancon, B.M.; Hasanov, V.; Imbault-Lastapis, R.; Benesch, R.; Barrio, M.; Melnvik, M.]. Hydrogen quality
from decarbonized fossil fuels to fuel cells. Int. ]. Hydrog. Energy 2009, 34, 2350-2360. [CrossRef]
Kosmambetova, G.; Moroz, E.; Guralsky, A.; Pakharukova, V.; Boronin, A.; Ivashchenko, T.; Gritsenko, V.;
Strizhak, P. Low temperature hydrogen purification from CO for fuel cell application over copper—ceria
catalysts supported on different oxides. Int. |. Hydrog. Energy 2011, 36, 1271-1275. [CrossRef]

Soares, ].E.; Confortin, T.C.; Todero, I.; Mayer, ED.; Mazutti, M.A. Dark fermentative biohydrogen production
from lignocellulosic biomass: Technological challenges and future prospects. Renew. Sustain. Energy Rev.
2020, 117,109484. [CrossRef]

Materazzi, M.; Taylor, R.; Cairns-Terry, M. Production of biohydrogen from gasification of waste fuels: Pilot
plant results and deployment prospects. Waste Manag. 2019, 94, 95-106. [CrossRef]

Lacz, A. Reactivity of solid BaCe(9Y( 103 towards liquid V,Os. Ceram. Int. 2019, 45, 7077-7084.

Lacz, A.; Okas, P.; Lach, R. Reactivity of solid BaCey¢Y( 103_5 towards melted WOj3. J. Alloy. Compd. 2019,
797,131-139. [CrossRef]

Lu,J.; Wang, L.; Fan, L.; Li, Y,; Dai, L.; Guo, H. Chemical stability of doped BaCeO3-BaZrOj3 solid solutions
in different atmospheres. J. Rare Earths 2008, 26, 505-510. [CrossRef]

Radojkovi¢, A.; Zuni¢, M.; Slavica, M.; Peraé, S.S.; Goli¢, G.L.; Brankovi¢, Z.; Brankovi¢, G. Co-doping
as a strategy for tailoring the electrolyte properties of BaCe oY 105_5. Ceram. Int. 2019, 45, 8279-8285.
[CrossRef]

Shin, E.K.,; Anggia, E.; Park, ].S. Effects of Al;O3 doping in BaCeO3 on chemical stability and electrical
conductivity of proton conducting oxides. Solid State Ionics 2019, 39, 115007. [CrossRef]

Mumtaz, S.M.; Ahmad, A ; Raza, R.; Arshad, M.S.; Ahmed, B.; Ashiq, M.A.; Abbas, G. Nano grained Sr and
Zr co-doped BaCeOj electrolytes for intermediate temperature solid oxide fuel cells. Ceram. Int. 2017, 43,
14354-14360. [CrossRef]


http://dx.doi.org/10.1016/j.jpowsour.2020.228036
http://dx.doi.org/10.1016/j.jpowsour.2013.01.039
http://dx.doi.org/10.1016/j.jcou.2019.05.037
http://dx.doi.org/10.2174/1876973X00801010007
http://dx.doi.org/10.1557/jmr.2013.205
http://dx.doi.org/10.1016/j.ssi.2005.09.040
http://dx.doi.org/10.1016/j.surfcoat.2005.07.099
http://dx.doi.org/10.1016/j.elecom.2018.09.001
http://dx.doi.org/10.1016/j.ceramint.2019.01.045
http://dx.doi.org/10.1038/s41560-018-0230-0
http://dx.doi.org/10.1149/1.2221624
http://dx.doi.org/10.1016/0167-2738(95)00056-C
http://dx.doi.org/10.1016/j.electacta.2014.11.071
http://dx.doi.org/10.1016/j.ijhydene.2008.12.071
http://dx.doi.org/10.1016/j.ijhydene.2010.06.126
http://dx.doi.org/10.1016/j.rser.2019.109484
http://dx.doi.org/10.1016/j.wasman.2019.05.038
http://dx.doi.org/10.1016/j.jallcom.2019.05.010
http://dx.doi.org/10.1016/S1002-0721(08)60127-1
http://dx.doi.org/10.1016/j.ceramint.2019.01.134
http://dx.doi.org/10.1016/j.ssi.2019.115007
http://dx.doi.org/10.1016/j.ceramint.2017.07.192

Materials 2020, 13, 1874 17 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Dudek, M,; Lis, B.; Lach, R.; Dauggéla, S.; Salkus, T.; KeZionis, A.; Mosiatek, M.; Socha, R.; Morgiel, J.; Gajek, M.;
et al. Bagg5Cag 05Cep9Y.103 as an electrolyte for proton-conducting ceramic fuel cells. Electrochim. Acta
2019, 304, 70-79. [CrossRef]

Wang, S.; Zhao, F.; Zhang, L.; Brinkman, K.; Chen, F. Stability and electrical property of Baj_,SrxCegY203_5s
high temperature proton conductor. J. Alloy. Compd. 2010, 506, 263-267. [CrossRef]

Hung, IM.; Peng, HW.,, Zheng, S.L; Lin, C.P; Wu, J.S. Phase stability and conductivity of
Ba;_ySryCe1xYxO3-5 solid oxide fuel cell electrolyte. J. Power Sources 2009, 193, 155-159. [CrossRef]
Dudek, M.; Lis, B.; Kocyto, E.; Rapacz-Kmita, A.; Mosiatek, M.; Gajek, M.; Lach, R.; Presto, S.;
Viviani, M.; Carpanese, M.P; et al. Utilisation of methylcellulose as a shaping agent in the fabrication of
Bag 95Cag.05Cep.9Y.103 proton-conducting ceramic membranes via the gelcasting method. J. Therm. Anal.
Calorim. 2019, 138, 2077-2090. [CrossRef]

Lufaso, M.W.; Woodward, PM. Prediction of the crystal structures of perovskites using the software program
1t SPuDS. Acta Crystallogr. Sect. B Struct. Sci. 2001, 57, 725-738. [CrossRef]

Bu¢ko, M.M.; Dudek, M. Structural and electrical properties of (Baj_4Sryx)(ZrgoMp )O3, M=Y, La, solid
solutions. J. Power Sources 2009, 194, 25-30. [CrossRef]

Dudek, M.; Lis, B.; Rapacz-Kmita, A.; Gajek, M.; Razniak, A.; Drozdz, E. Some observations on the synthesis
and electrolytic properties of (Baj_xCayx)(M9Y(.1)O3, M= Ce, Zr-based samples modified with calcium.
Mater. Sci. 2016, 34, 101-114. [CrossRef]

KeZionis, A.; Kazakevidius, E.; Salkus, T.; Orliukas, A.F. Broadband high frequency impedance spectrometer
with working temperatures up to 1200K. Solid State Ionics 2011, 188, 110-113. [CrossRef]

Kezionis, A.; Kazlauskas, S.; Petrulionis, D.; Orliukas, A.F. Broadband Method for the Determination of
Small Sample’s Electrical and Dielectric Properties at High Temperatures. IEEE Trans. Microw. Theory Tech.
2014, 62, 2456-2461. [CrossRef]

Wang, H.; Zhang, H.; Xiao, G.; Zhang, F.; Yu, T.; Xiao, J.; Ma, G. Ionic conduction in Sn;_,ScyxP,0O7 for
intermediate temperature fuel cells. J. Power Sources 2011, 196, 683-687. [CrossRef]

Hayashi, H.; Inaba, H.; Matsuyama, M.; Lan, N.G.; Dokiya, M.; Tagawa, H. Structural consideration on the
ionic conductivity of perovskite-type oxides. Solid State Ionics 1999, 122, 1-15. [CrossRef]

Gupta, H.C,; Simon, P,; Pagnier, T.; Lucazeau, G. Force constant calculation from Raman and IR spectra in
the three non-cubic phases of BaCeOs. J. Raman Spectrosc. 2001, 32, 331-337. [CrossRef]

Scherban, T.; Villeneuve, R.; Abello, L.; Lucazeau, G. Raman scattering study of BaCeO3 and SrCeOs. Solid
State Commun. 1992, 84, 341-344. [CrossRef]

Loridant, S.; Abello, L.; Lucazeau, G. Polarized Raman Spectra of Single Crystals of BaCeOs. |. Raman
Spectrosc. 1997, 28, 283-288. [CrossRef]

Sawant, P.; Shirsat, A.; Varma, S.; Wani, B.; Bharadwaj, S. Chemical stability and proton conductivity of
BaCe(gY(203-5. BARC Newsl —Founder’s Day Special Issue 2011, 360-363.

Pasierb, P; Gajerski, R.; Rokita, M.; Rekas, M. Studies on the binary system Li,CO3-BaCO3. Physica B 2001,
304, 463-476. [CrossRef]

Fujishiro, F.; Kojima, Y.; Hashimoto, T. Kinetics and Mechanism of Chemical Reaction of CO, and BayFe;O5
under various CO, partial pressures. . Am. Ceram. Soc. 2012, 95, 3634-3637. [CrossRef]

Coors, W.G.; Readey, D.W. Proton conductivity measurements in yttrium barium cerate by impedance
spectroscopy. J. Am. Ceram. Soc. 2002, 85, 2637-2640. [CrossRef]

Xu, J.-H.; Xiang, J.; Ding, H.; Yu, T.-Q,; Li, J.-L.; Li, Z.-G.; Yang, Y.-W.; Shao, X.-L. Synthesis and electrical
properties of BaCeO3-based proton conductors by calcinations of metal-polyvinyl alcohol gel. J. Alloy. Compd.
2013, 551, 333-337. [CrossRef]

Melnik, J.; Sanger, A.R.; Tsyganok, A.; Luo, J.L.; Chuang, K.T. Distinguishing between apparent and authentic
conductivity of protonic ceramic electrolytes using differential resistance analysis applied to conductivity
measurements. J. Power Sources 2008, 185, 1101-1106. [CrossRef]

Lim, D.K,; Park, J.C.; Choi, M.B.; Park, C.N.; Song, J.S. Partial conductivities of mixed conducting
BaCeq¢52102Y0.1503-5. Int. . Hydrog. Energy 2010, 39, 10624-10629. [CrossRef]

Oishi, M.; Akoshima, S.; Yashiro, K.; Sato, K.; Mizusaki, J.; Kawada, T. Defect structure analysis of B-site
doped perovskite-type proton conducting oxide BaCeOjs: Part 2: The electrical conductivity and diffusion
coefficient of BaCe9Y(105_5. Solid State Ionics 2008, 179, 2240-2247. [CrossRef]


http://dx.doi.org/10.1016/j.electacta.2019.02.112
http://dx.doi.org/10.1016/j.jallcom.2010.06.188
http://dx.doi.org/10.1016/j.jpowsour.2009.02.061
http://dx.doi.org/10.1007/s10973-019-08856-8
http://dx.doi.org/10.1107/S0108768101015282
http://dx.doi.org/10.1016/j.jpowsour.2009.01.030
http://dx.doi.org/10.1515/msp-2016-0022
http://dx.doi.org/10.1016/j.ssi.2010.09.034
http://dx.doi.org/10.1109/TMTT.2014.2350963
http://dx.doi.org/10.1016/j.jpowsour.2010.07.067
http://dx.doi.org/10.1016/S0167-2738(99)00066-1
http://dx.doi.org/10.1002/jrs.700
http://dx.doi.org/10.1016/0038-1098(92)90133-T
http://dx.doi.org/10.1002/(SICI)1097-4555(199704)28:4&lt;283::AID-JRS100&gt;3.0.CO;2-3
http://dx.doi.org/10.1016/S0921-4526(01)00502-6
http://dx.doi.org/10.1111/j.1551-2916.2012.05442.x
http://dx.doi.org/10.1111/j.1151-2916.2002.tb00507.x
http://dx.doi.org/10.1016/j.jallcom.2012.10.107
http://dx.doi.org/10.1016/j.jpowsour.2008.07.056
http://dx.doi.org/10.1016/j.ijhydene.2010.07.122
http://dx.doi.org/10.1016/j.ssi.2008.08.005

Materials 2020, 13, 1874 18 of 18

49.

50.

51.

52.

53.

54.

55.

Medvedev, D.A.; Gorbova, E.V,; Demin, A K,; Tsiakaras, P. Conductivity of Gd-doped BaCeO3 protonic
conductor in Hy—-H,O-O; atmospheres. Int. J. Hydrog. Energy 2014, 39, 21547-21552. [CrossRef]

Sun, Z.; Fabbri, E.; Bi, L.; Traversa, E. Lowering grain boundary resistance of BaZr gY(,03_s with LiNOj3
sintering-aid improves proton conductivity for fuel cell operation. Phys. Chem. Chem. Phys. 2011, 13,
7692-7700. [CrossRef]

Tong, J.; Clark, D.; Hoban, M.; O’Hayre, R. Cost-effective solid-state reactive sintering method for high
conductivity proton conducting yttrium-doped barium zirconium ceramics. Solid State Ionics 2010, 181,
496-503. [CrossRef]

Lindman, A.; Helgee, E.E.; Wahnstrém, G. Comparison of Space-Charge Formation at Grain Boundaries in
Proton-Conducting BaZrO3; and BaCeOs3. Chem. Mater. 2017, 29, 7931-7941. [CrossRef]

Ye, F.; Mori, T.; Ou, D.R.; Takahashi, M.; Zou, J.; Drennan, J. Ionic Conductivities and Microstructures of
Ytterbium-Doped Ceria. J. Electrochem. Soc. 2007, 154, B180-B185. [CrossRef]

Preethi, S.; Suresh, K.B. Divalent cations modified grain boundary scavenging in samarium doped ceria
electrolyte for solid oxide fuel cells. J. Alloy. Compd. 2019, 279, 1068-1078. [CrossRef]

Dudek, M. Ceramic Electrolytes in the CeO2-Gd203-5rO System—DPreparation, Properties and Application
for Solid Oxide Fuel Cells. Int. |. Electrochem. Sci. 2012, 7, 2874-2889.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ijhydene.2014.09.019
http://dx.doi.org/10.1039/C0CP01470B
http://dx.doi.org/10.1016/j.ssi.2010.02.008
http://dx.doi.org/10.1021/acs.chemmater.7b02829
http://dx.doi.org/10.1149/1.2403084
http://dx.doi.org/10.1016/j.jallcom.2019.04.062
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	The Preparation of Powder and Sintered Samples of Ba1-xSrxCe0.9Y0.1O3-, 0 < x < 0.1 
	Analytical Methods Used to Evaluate the Physicochemical Properties of the Series of SBCY Samples 
	Electrical and Electrochemical Investigations of Ba1-xSrxCe0.9Y0.1O3- Samples 

	Results 
	Conclusions 
	References

