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Abstract: The structural properties of selected (Baj_,Srx)PbO3 ceramics were examined at 14-1148 K
using X-ray powder diffraction (XRD). These materials are attractive due to their variety of appli-
cations, such as, for example, high-temperature thermoelectric energy conversion. Attention was
paid to this paper as a continuation of the previous examinations of higher Sr>* concentrations.
The type of perovskite distortion and temperatures of the structural phase transitions (SPTs) were
determined from the splitting of certain pseudocubic lines. At this point, for example (Bag 35ry 7)PbO3
showed three temperature-induced SPTs. When the amount of Sr increased in the samples, no phase
transition was observed, which is contrary to the data previously demonstrated in the literature.
The quality of the ceramics was examined by scanning electron microscopy-energy dispersion X-ray
spectroscopy (SEM-EDS), demonstrating their homogeneity and uniform elements dispersion. As a
result of profound crystal investigations, confirmed by thermogravimetric analysis and quadrupole
mass spectroscopy (TGA-QMS), a phase diagram was prepared for the (Baj_Srx)PbO3 system based
on our former and recent study. Also, the investigation of a new application for the (Baj_Srx)PbO3
family is presented in this paper for the first time. The TGA analysis was conducted on Illinois#6
hard coal to evaluate the capability of perovskites to be used in the chemical looping combustion
(CLC) process in a range of temperatures 1073-1173 K. Due to its thermal stability and reactivity,
Bag 9Srg 1PbOj3 is the material with the greatest potential to be applied as an oxygen carrier. The
combination of strontium and barium offers encouraging results compared to the pure barium and
strontium lead oxide perovskites.

Keywords: ceramics; doped perovskites; X-ray diffraction; phase transitions; oxygen carriers;
thermogravimetric analysis

1. Introduction

Today, there is increasing attention towards perovskite-type materials [1-5]. This is
mainly due to their excellent properties and practical applications. Many of these materials
have interesting properties such as ferroelectricity or ferromagnetism (used as sensors
and data storage devices) [6], etc. Furthermore, they are used as supercapacitors for
electrochemical energy storage (batteries and electrochemical capacitors) [7-9]. Some have
successfully been used as perovskite solar cells (PVSCs) [10-13] due to their remarkable
efficiency increase of nearly 24% compared to commercial Si solar cells [1], or ceramic foam
membranes for oxygen [2] or carbon dioxide transport [14]. Others have been used as
superior perovskite electrocatalysts [15], possessing multiferroic properties together with
polarization-induced photoelectrochemical activity, for water splitting applications [16];
and as so-called oxygen carriers in energy-generation processes [17-19] due to the reversible
and fast change of oxygen content for many cycles at high temperatures. When external
conditions such as temperature or pressure are used, changes in their physical or structural
properties are observed [12,20]. The perovskite structure is most commonly found for
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compounds with a general ABX3 formula. An A is commonly a metal with a +1 or +2
oxidation state, B is a metal with a +3, +4, or +5 oxidation state, while an X is an anion,
most often an oxide or fluoride.

Research into changes in the structure and physical properties of perovskites are
relevant for their further industrial application. Doping perovskites with certain metals
could alter their structure; also, the admixture of certain materials can improve their stability
under certain conditions, such as high temperatures, preventing unfavorable changes in
structure, which could be important if the material is applied to work in a wide range of
temperatures. Proper composition allows the material to maintain its properties in such an
environment [21-23].

Among the interesting examples of perovskites, (Baj_,Srx)PbO3; compounds can be
highlighted. The reason for this is their variety of applications, such as high-temperature
thermoelectric energy conversion, as reported in [7,9,24-26]. Furthermore, they may be
applied to prevent the corrosion of long-life batteries, which are usually coated with oxide
layers of SrPbOs [27].

Shannon et al. [28] reported an orthorhombic Pbnm symmetry for SrPbO3 ceramic,
while Keeler et al. [29] analyzed the observed Pnma space group of SrPbO3 monocrystals
witha =5.964 A, b=8.320 A, c = 5.860 A. Furthermore, Fu and Ido proposed re-examining
its structure in response to Ritter’s paper [30]. They applied the powder neutron diffraction
technique and estimated the tilt angles of the octahedra tilting in the [110]. and [001],
directions as 15.1° and 11°, which was noted as a—a~¢*. Then, Shuvaeva et al. [31] for
SrPbOs at 298 K reported a monoclinic distortion of perovskite cells with the following
pseudocubic cell parameters: a, = c. = 4.17 (6) A, b.=4.16 (6) A, B =90°53'. There is a good
agreement on the crystal structure of SrPbO3 (Pnma, or Pbnm) at room temperature, even
when different techniques are applied [29,32-35].

Only partial information is available for StPbO3-doped materials, such as (Bag gSrp2)PbOs3
and (Bag 3Srp 7)PbO3 ceramics. An assumed symmetry of Imma is reported as well as pure
BaPbOs [32,36]. Moreover, a high-temperature behavior study for undoped SrPbO3; showed
very different results. For example, in paper [29], the transition from the orthorhombic to
the cubic phase was observed at about 1123 K. In another paper [35], a tetragonal phase
transition was observed at 723 K. Based on the splitting of the main diffraction line of the
{211} type, the authors also suggested a possible cubic phase transition close to 1023 K.
However, they did not observe it during the examinations. Therefore, Hester et al. [32]
investigated the crystalline structure of the SrPbO3; compound by X-ray diffraction in the
298-1033 K range. He was skeptical of the report of Keester et al. [37]. The obtained results
showed that in the studied high-temperature range, the observed symmetry was Pnma. He
suggested that if a structural transition was present, it would be Pnma-Imma, due to the
change in the type of PbOg octahedral tilting from a*b~b~ to a’b~b~. Moreover, only a few
works have been published on the study of crystalline structure at low temperatures, but
they only concern the BaPbOj3 perovskite [38,39].

The literature on related perovskite series (Baj_,Sry)PbOj is limited. Principally, this
is because the reports discuss the application of pure SrPbO3; and BaPbO3 and their crystal
structure. There is no information on the crystalline structure of the mixed (Baj_,Sry)PbOs
compounds, both at room temperature and at low and high temperatures. Therefore, it is
necessary to precisely describe the crystalline structure of compounds based on SrPbOs3,
where strontium ions are substituted with barium ions.

Understanding where physicochemical values like material composition, temperature
or pressure, and certain phase transitions overlap is helpful for developing more stable
materials that are able to work under a broader range of physical conditions, which is
particularly important in applications like solar energy devices, sensors [22], or high-
temperature solid oxide fuel cells [40,41]. In view of the uncertainties in the published data,
a redetermination of the phases of (Ba;_,Sry)PbO3 was carried out.

The aim of this work is to determine both the crystalline structure at RT and evaluate
the potential structural phase transitions of (Ba;_,Sry)PbO3 ceramics as a function of tem-
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perature, from as low as 14 K to 1143 K. Furthermore, the description of the mechanism
responsible for the distortions of the observed structures in the examined perovskites is
a key issue. In the present work, the powder X-ray diffraction (XRD) method was ap-
plied to determine the parameters of the crystalline structure parameters. On this basis,
the phase composition, symmetry, distortion, and the potential presence of structural
phase transitions were determined. The purity and homogeneity of the obtained ceramics
were additionally examined with scanning electron microscopy combined with an energy
dispersion X-ray spectrometer (SEM-EDS). To support the observed phenomena, simulta-
neous thermogravimetry—differential scanning calorimetry (STA/TG-DSC) coupled to a
quadrupole mass spectrometer (QMS)—was additionally applied. To test the perovskites’
potential application in chemical looping combustion (CLC) processes, a TGA study was
also carried out using the Illinois#6 hard coal and the synthesized materials.

2. Materials and Methods
2.1. Synthesis of (Baj_,Sry)PbO3 and the Materials Quality Examination

The research presented in this paper is a natural continuation of the research work of
our group on barium-strontium ceramics [20,42]. As a result, the focus here was placed on
a higher concentration of strontium in the samples.

Samples of the (Baj_4Srx)PbO3 series were obtained from BaCOj3, SrCO3; and PbO,
powders (>99.9% POCH; Sigma Aldrich, St. Louis, MO, USA). Stoichiometric amounts of
the starting materials were thoroughly ground and pelletized (15 x 5 x 5 mm at 20 MPa)
and then heated in flowing air at 1073 K for 20 h. The pellets were then reground, remixed,
re-pelleted, and heated again in the air at 1223 K for 15 min. The resulting material was
ground and sieved. The optimal calcination conditions were selected based on pre-testing.
The formation of perovskite compounds was confirmed by X-ray diffraction [20,42].

The microstructure of the material surface was studied using scanning electron mi-
croscopy by means of a JEOL JSM—6610 LV (Tokyo, Japan) instrument with an energy
dispersion X-ray spectrometer for chemical microanalysis purposes. The surface morphol-
ogy was studied by gluing carbon tape onto the samples; carbon tape was not used in the
chemical analysis of the samples. The study was carried out using a low vacuum detector
at an accelerating voltage of 15 kV and different magnifications of the image (50-1500x).
EDS with a Si(Li) X-ray detector (Oxford Instruments, Abingdon, UK) was used to inves-
tigate the homogeneity of the samples. Microphotographs, of a 250x magnification of
(Ba1_4Sry)PbO3 perovskites powders, are shown in Figure 1. The ceramic powders were
fine and dense, with a grain size estimated at 15 microns for those with Sr?* concentrations
from 0.5 to 1. For concentrations of x < 0.5, some bigger grain sizes, ca. 50 microns, were
observed. The composition analysis by EDS showed no presence of impurities in the final
ceramics, for example, as seen in Figure 2. The mapping analysis carried out proved that the
obtained samples were homogeneous with a uniform distribution of atoms. An example of
SrPbO; mapping specifically for Sr, Pb, and O elements is shown in Figure 2b.

The perovskite crystals belong to a group of ionic compounds. The structure of
the ideal perovskite with the general formulae of ABX3 is a regular cell with the atoms
occupying specific positions, which are A*: 000, B*: % % %, and X: % % 0, % 0 %, 0 % % For
the prediction of the formability of the perovskite structure and its stability, a tolerance
factor (T) was calculated according to the procedure shown elsewhere [13]. For calculating
the Goldschmidt factors for (Baj_,Sry)PbOj3 ionic radii, Rgp, = 1.44 A, Rpaps = 1.61 A,
Rppas = 0.775 A, Rop ™ = 1.35 A were applied. If this factor is equal to unity, it means that all
ions touch each other, and this perovskite is called an ideal. In such a perovskite, usually no
structural phase transitions are observed. It is also identified that the crystalline structure
is stable when the factor is in the range of values: 0.8 < T <1.0. The estimated value of
the tolerance factor for SrPbOj; is 0.928, and when some Ba ions are introduced to the
lattice—for example for (Bag »Srpg)PbO3 and (Bag 35rg 7)PbO3—it increases to 0.940 and
0.945, respectively. Therefore, from a geometric point of view, stable performance at high
temperatures is expected.
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Figure 2. SEM image of SrPbO3; powders registered at 800 x magnification (a), example of distribution
maps of Sr, Pb and O ions (b).

2.2. X-ray Diffraction (XRD) Analysis

The phase identification and determination of cell parameters of selected (Baj_,Sry)PbO3
samples were performed using a Siemens D5000 X-ray powder diffractometer (Munich,
Germany), with Bragg-Brentano geometry (6-6), 40 kV, 25 mA, filtered CuK radiation of
A =1.54056 A, a step of 0.02°, 10 s per step, 20 from 10 to 150°, and a temperature from 14 to
1148 K + 1 K. Because of the construction of the X-ray diffractometer, the data were collected
in the high-temperature range from 298 K to 1148 K and below room temperature from 298 K
to 14 K using high-resolution cameras HTK 1200 and He TTK, respectively (Anton Paar,
Graz, Austria). Selected pseudocubic lines were measured with 20 and 25 K steps at low
and high temperatures, respectively. The analyzed lines contained pseudocubic lines {200},
{110}, {220}, {310}; and {222}.. Apart from the main diffraction lines, the superstructure
lines were analyzed. The X-ray Powder Reflection Profiler (XP, Poland) program was used
for splitting the overlapping diffraction lines and determining their intensity and position.
These data were useful for the calculation of the cell parameters for each temperature by
the application of the Checkcell program. For Rietveld analysis, the FullProf program was
used, which enables structure profile refinement for selected temperatures. Chemical phase
analysis was carried out using the International Data for Diffraction Data (JCPDS-ICDD)
database. In addition, the crystallite size was determined using a RIGAKU MiniFlex600
powder X-ray powder diffractometer MiniFlex600 by RIGAKU (Tokyo, Japan). Experiments
were carried out at 40 kV, 15 mA, filtered CuK« radiation of A = 1.54056 A, a step of 0.02°,
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5 s per step, for 20 range from 20 to 90°. The medium crystallite size was determined from
about 20 reflections using a pseudo-Voigt profile. The estimated crystallite size varied for
samples between 552 A and 440 A for undoped SrPbO3 and BaPbOj, respectively. As a
result of ion substitution, an increase in crystallite size was observed—for example, the
(Bag 9Srg 1)PbO; material reached 467 A.

2.3. Thermogravimetric Analysis (TGA)

Additional testing was aimed at supporting the XRD data. As a result, in this work,
simultaneous thermogravimetry—differential scanning calorimetry, STA /TG-DSC, specifi-
cally using STA 449 F5 Jupiter apparatus by Netzsch (Selb, Germany)—was applied. In
the experiments, the mass changes of the powdered strontium-barium-based perovskites
were measured dynamically as a function of time and temperature. A circa 5 mg perovskite
sample was placed in an alumina crucible and heated in a synthetic air atmosphere with a
heating rate of 15 K/min, with a 25 mL/min flow rate. The sample was treated this way up
to 1173 K. When a temperature of 1173 K was reached, the sample was slowly cooled down
in oxidizing conditions with a cooling rate of 15 K/min. Mass changes and temperature
changes were continuously registered during the experiment. As the STA analyzer cooled
down, the samples were collected for post-experiment analysis, i.e., for determining crystal
phase changes. In the experiment, working conditions were appropriately tailored by
studying the effect of sample mass (5, 20, and 200 mg) and gas flow rates (10-125 mL/min).
As a result, final sample masses and used gases rates were set.

Moreover, thermogravimetric experiments for fuel combustion were performed in a
thermal analyzer (STA 449 F5 Jupiter (Netzsch, Selb, Germany)), which was paired to a
QMS 403C Aeolos (Netzsch, Selb, Germany). The mass spectrometer can detect the mass
number of gas in the range 1-300 amu in the MID mode. The analysis was carried out
isothermally as a function of a time. The sample was heated from room temperature to
requested temperatures (800, 850, and 900 °C; (1073, 1123, and 1173 K) with a heating rate of
20 K/min. The experiments contained two stages: the first was the fuel combustion process
and the second was the regeneration of the reduced oxygen carrier with the application of
synthetic air, with flow rate of 80 mL/min for 20 min.

For preliminary study, the graphite was chosen as a model fuel. For selected samples
of oxide materials, i.e., an SrPbOs, BaPbOs, and (BaggSrp1)PbOs analysis of graphite
combustion was conducted. The sample weighed in total approximately 100 mg with the
50% surplus of the perovskite and fuel. The samples were placed in an alumina crucible
and heated up to the desired process temperatures. The mass changes were analyzed in
parallel with the gas analysis. When the process was completed, the samples were collected
for the post-analysis. Afterwards, the targeted experiments contained the Illinois#6 hard
coal. The Illinois#6 American hard coal was used as combustion fuel in this investigation.
The characteristics of the Illinois#6 hard coal [43] are revealed in Table 1.

Table 1. Composition of Illinois#6 hard coal.

Composition Weight (%)
Moisture 10.40
Ash 9.00
Volatile matter 39.70
Carbon 71.86
Hydrogen 4.93
Nitrogen 1.67
Sulphur 3.77
Oxygen 8.76

Chlorine 0.02
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3. Results and Discussion

Below, the comprehensive data on the crystal structure of selected perovskites are
included. A detailed study for SrPbO3; and (Bag 25rg g)PbO3 and (Bag 35rp 7)PbO3 is shown
as an example, and for other samples, data were included in summarizing figures.

3.1. SrPbO3 Crystal Structure at Room Temperature (RT)

SrPbO; perovskite has received considerable attention in recent decades due to its
outstanding properties and applications, as mentioned previously. In this paper, StTPbO;
crystalline structure evolution was studied with XRD, which was performed over a wide
temperature range at both low and high temperatures, i.e., from 14 K to 1148 K. In addition,
for the first time, the crystalline structure was studied at low temperatures.

The type of distortion from an ideal cubic perovskite structure was determined using
the diffraction lines splitting method and Glazer’s analysis, described elsewhere [20]. The
pseudocubic distortion was determined, and cell parameters were calculated based on
the splitting of the major selected diffraction lines, such as {200/, {220}., {222}.. Figure 3
shows the temperature evolutions of {220} and {222} reflections for selected 298 K, 723 K,
and 1048 K temperatures. Figure 3 shows raw and fit data with K,; and K, lines. Using
data from the literature published elsewhere [20], the consideration of the number of main
splitting diffraction lines and the analysis of the superstructure lines made it possible to
solve the perovskite structure. Therefore, in this paper, the terminology used by Glazer
for the classification of space groups and symmetries associated with each of the tilting
types is applied. Based on the relationship between the number of major pseudocubic
diffraction lines and the given crystallographic system, and the octahedra tilting type for
given distortions [44], the distortions and perovskites symmetry were determined.
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Figure 3. Splitting of the main reflections {220}, and {222}, in the function of temperature for SrPbOj3.
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An analysis of the major diffraction lines at RT indicated the presence of three reflec-
tions of the {200/, type, three reflections of {220}., and two of {222}.. It can be concluded
that the SrPbO; pseudocubic cell has three different cell parameters, i.e., a. # be # cc.
Furthermore, based on that information, the expected distortion is monoclinic. Both the
intensity and the position of each measured line were fitted using the least-squares method
with the application of the X-ray Reflection Profiler program, which further enabled the
calculation of cell parameters.

The splitting of the main diffraction lines enabled the determination of the type of unit
cell distortion, both at RT and high temperatures. Moreover, additional weak lines with
half-Miller indices in the pseudocubic system were observed, as shown in Figure 4. Those
lines are called superlattice lines, and the powder pattern data on their observation at RT
are collected in Table 1.
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Figure 4. Superstructure lines observed for SrPbOs.

Superlattice lines are obtained as a result of PbOg octahedra rotations, called “in
phase”, or “out of phase”. Their presence in the XRD pattern indicates if the final cell has a
multiplied cell edge, according to Glazer’s theory [44]. The analysis of the superstructure
lines showed the presence of both octahedral tilting in the same (+) and in the opposite (—)
directions (Table 2).
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Table 2. Superstructure line indices and type of PbOg octahedra tilting in SrPbOj3.

Indices in Multiplied Cell (hkl) Cation Displacement/Octahedra Tilting

302, —302, 320, 322, —322, 124, 142, 502 (odd-even-even)

—311, —131, 311 (odd-odd-odd) PbOg octahedra tilting of a~ type
103, 301, 143, 341, —321, 123,
—501, 105 (odd-even-odd)

Sr?* cation displacement from
their ideal positions

PbOg octahedra tilting of b* type

The analysis showed that the monoclinic distortion of the SrPbOj5 structure is caused
by both Sr?* cation displacements and by the twisting of the PbOg, anion octahedra. The
indication for this is that some superstructure lines with odd-even-even parity Miller
indices, such as (302) or (124), were observed in the X-ray powder pattern (Figure 4).
This means that Sr?* cations are shifted from their ideal positions toward the yz direction.
However, the presence of (—311) or (113) superstructure lines with odd-odd-odd parity of
indices (for 1 # k and I # k) is a readable proof for PbOg octahedra tilting of the a- type,
whereas (143), (—321), (501) with odd-even-odd parity of indices (for & # 1) is of the b* type.
In other words, the monoclinic distortion is caused by both the rotation of PbOg octahedra
about the [100] and [010] axes of the primitive cell and by Sr?* cation displacement from
their ideal positions. Therefore, two factors have influenced the cell distortion: the cation
displacement and octahedra rotation. For that reason, for SrPbO3 ceramics, the a~b*a™
notation can be applied. Those two factors and the observed a. ~ ¢, # b, parameter values
lead to assigning them to the Pbnm group. As a result, the monoclinic distortion described
by P2;/m with an orthorhombic symmetry described by the Pbnm space group can be
applied for the SrPbO3 perovskite.

The visualization of the described distortion of the ideal cubic perovskite cell for the
SrPbO3 compound is shown in Figure 5. The crystal structure data for the sample at 298 K
are shown in Table 3. From the analysis of Figure 5, rotations of oxygen octahedral are
visible in three directions.

[101] [011] [110]

Figure 5. SrPbOj cell with Pbnm orthorhombic symmetry at 298 K. Projections on [101], [011], and
[110] planes are shown. Red spheres—oxygen, grey spheres—lead, green spheres—strontium.

To exactly describe the crystalline structure of SrPbOs at RT, the ceramic sample was
subjected to XRD testing in the 10-150° 20 range. The structural evolution of SrPbO3; was
analyzed using the Rietveld method. As a result, Figure 6 shows the powder diffractogram
for SrPbO3 obtained at room temperature. This shows the observed intensity (Y,,s—red
circles), which is the experimental data, the calculated intensity (Y.y.—Dblack line), the
difference in observed and calculated intensities (Y yps-Ycaic—blue line), and peak positions
of the phase (green ticks). The calculated parameters of the elementary cell and the
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coordinates of the atoms are shown in Table 3. The data at room temperature can be
successfully fitted using the orthorhombic Pbnm space group with good reliability factors.
Based on the calculation, the symmetry is described as orthorhombic with the following
refinement parameters Rp = 5.89%, Rf =6.29%, and Xz = 0.347. It should be noted that the
results obtained in this article are consistent with the literature shown elsewhere [30,31].

Table 3. Structural parameters of StPbO; at RT and 14 K.

SrPbO3 298 K Pbnm
a=5.858 (1) Ab=5955(5) A c=8.326 (1) A V=2904 (8) A3
Ion X Y V4 B (Temp.) SOF
Sr+2 0.0054 (0) 0.4605 (3) 0.25 0.40 (9) 0.49 (5)
Pb*2 0.0 0.0 0.0 0.11 (6) 0.49 (8)
07 0.1435 (2) 0.0736 (9) 0.25 0.70 (9) 0.48 (4)
02y 0.2136 (4) 0.3055 (2) —0.0311 (2) 0.89 (6) 0.98 (8)

Rp =5.89% Ry = 6.29% x* = 0.347

SrPbO;3; 14 K Pbnm
a=5.836(2) Ab=5.952(3) A c=8.294 (5) A V =288.1 (4) A3

Ion X Y V4 B (temp.) SOF
Srt2 0.0057 (9) 0.4651 (7) 0.25 0.34 (8) 0.50 (5)
Pb* 0.0 0.0 0.0 0.01 (5) 0.47 (9)
0% 0.1582 (9) 0.0515 (0) 0.25 0.61 (5) 0.50
0~ 2y 0.2253 (0) 0.2833 (0) —0.0411 (0) 0.69 (9) 0.84 (2)

Rp =9.69% Ry =13.3% x* = 0.347
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Figure 6. Rietveld analysis results of X-ray powder diffraction pattern for SrPbOj3 collected at RT.

3.2. SrPbO3 Ceramic Structure at High and Low Temperatures

Undoped SrPbOj3 ceramic was exposed to high (from RT up to 1148 K) and low (from
RT up to 14 K) temperatures. The temperature evolution of the selected diffraction lines
is shown in Figure 3; it indicates the effect of temperature on the lattice parameters. The
sample behavior is remarkable while processing at high temperatures. This behavior is
opposite to the behavior of the previously examined oxide perovskite samples containing
the PbOg octahedral, i.e., BaPbOj3 [20]. The temperature relationship of the SrPbO3 pseu-
docubic cell parameters is shown in Figure 7. It is clear that the cell parameters (a, b, c.,
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and ) change smoothly. In other words, they increase systematically with an increase in
temperature up to 1093 K. The average error for cell parameters determination was 4-0.0027
A fora, b, and c; for B, it was £0.05°; and for V, it was equal to £0.07 A3, Widely conducted
temperature crystalline structure studies have shown that no structural phase transitions
occurred between 298 K and 1093 K in the SrPbO3 sample. Instead of that, the continuous
increase in cell parameters is accompanied by an increase in temperature (Figure 7). This
is interesting since Keester et al. [37] reported observing an SPT, a tetragonal phase, that
started at about 450 °C. For that reason, special attention was paid in this paper to the
700-770 K temperature range. An analysis of the line splitting showed the presence of
three lines of {200/, and {220}, and two lines of {222}, at 723 K (Figure 3). This proves the
monoclinic distortion of the perovskite cell. Therefore, this phase cannot be considered
as a tetragonal phase since no evidence of the phase was observed. Furthermore, the
continuation of high-temperature examinations (up to 1048 K) contradicts literature reports.
The proof for this was the constant presence of three 1110 diffraction lines and two hhh lines.
The linear change of the cell parameters (green squares, blue triangles, and red circles stand
for a., b, c., respectively) with increasing temperature was observed, with a clear demon-
stration that a. =~ b, and their values were close to the c. values. The monoclinic angle
(marked with stars). —B—tends to a value close to 90° Therefore, based on the observed
behavior, a structural phase transition above the measured temperature of 1093 K can be
expected. However, due to further heating, on the sample surface, Sr,PbO, together with
PbO was formed. Increasing the temperature inside the HT camera caused the progressive
degradation of the sample, which was especially observed at 1148 K. Nevertheless, our
study supported data provided by Hester [32], who observed a Pnma structure from 298 to
1033 K.
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Figure 7. Pseudocubic cell parameters in the function of temperature for SrPbOs. The inlet shows the
temperature evolution of the cell volume.

As indicated previously, the crystal structure tests were also performed at low tem-
peratures. The reason for that was that the structural transition to lower symmetry phases
was expected to occur. The powder diffraction pattern as low as 14 K, together with Ri-
etveld refinement data from X-ray powder diffraction, are shown in Figure 8 and Table 4,
respectively. The analysis indicated that SrPbO3 has orthorhombic symmetry up to 14 K. It
was also concluded that the crystalline structure of SrPbOj3 at 14 K did not show significant
differences with respect to the crystalline structure data obtained at RT. The structure can
also be described as an orthorhombic Pbnm space group, and cell parameters are a = 5.836
(2) A, b=5952(3) A, c=8294 (5) A, V =288.1(4) A3. As expected, a volume contraction
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was observed, and the temperature factor values decreased. Furthermore, small shifts of
the Sr* cations from their ideal positions in the xy plane were observed, while for O?~
additional shifts in the [001]. direction were observed.
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Figure 8. Rietveld analysis results of X-ray powder diffraction pattern for SrPbOj3 collected at 14 K.

Table 4. Selected interatomic distances and angles and estimated tilting angles of PbOg for BaPbO3,

(Bag 55r0.5)PbO3, and SrPbO3 compounds.

Interatomic Distances (A)/

Interatomic Angles ©) BanO3 (Bao,5Sr0,5)PbO3 Sl‘PbO3
Pb-O; 2.151 (8) 2.297 (2) 2.287 (2)
Pb.O 2.162 (5) 2.203 (8) 2.223 (2)

1 2.165 (4) 2.105 (4) 2.055 (1)
2.140 (5)
Pb-Om 2.143 (4)
3.013 (4)
2.253 (1) 2.453 (1)
Ba/Sr-Oy 2.645 (6)
3,081 (1) 2.323 (5) 2.160 (5)
3.026 (3)
] 2.799 (9) 2.905 (7)
Ba/Sr-On 3.260 (8) 2.649 (0)
3.020(2) 2.799 (9)
2.958 (3) 2,964 (9)
2.589 (5) :
2.864 (6)
Ba/Sr-Om 3.146 (8)

- 84.9 (9) 85.5 (6)
Or-Pb-On 87.1() 85.0 (0) 94.4 (3)
Ou-Pb-Oy 89.2 (3) 90.7 (4)
O;-Pb-Oyyy 88.1(2)

Ou-Pb-Opyp 90.4 (0)
Tilting angles BaPbO3 (Bag 5Srg5)PbO3 SrPbO3
©) a bl a—a ct a~b*ta~
01 10.74 7.88 11.89
¢ - 7.88 10.91
03 11.02 10.49 11.89
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3.3. Doped Samples
3.3.1. (Bag»Srp g)PbO3 Ceramic Structure Both at RT and HT

Now, it is interesting to evaluate how the substitution of Sr by Ba ions influences the
crystal structure. The selected samples contain both (Bag 2Srp g)PbO3 and (Bag 351 7)PbO3
ceramics. As a result of doping with Ba2* to SrPbO3, (Bag,Sryg)PbOs samples were pro-
duced. The crystalline structure of the (Bag ;Srp s)PbOs compound was studied in a similar
manner, using an undoped sample for the same set of diffraction lines. Therefore, Figure 9
shows the thermal evolution of certain {200}, and {222]. lines at selected temperatures, i.e.,
at 298 and 1093 K. The analysis of the data showed that the structure has a monoclinic
distortion, which is similar to that observed for undoped SrPbOj;. That conclusion is sup-
ported by the presence of three lines of the {200/, type, which exist together with two lines
of the {222}, type.
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Figure 9. Splitting of the main reflections {200}; and {222}, for (Bag »Sr g)PbO3 at RT and 1093 K.

At 298 K, the splitting analysis of the major diffraction lines indicates a monoclinic
distortion of the cell. The reflections resulting from the octahedral tilting in the same
direction (+) and in the opposite direction (—) were observed with the indicators for pure
SrPbOjs. For that reason, the tilting of the PbOg octahedra can be summarized using
Glazer’s notation as a~b*c~. Based on that, and following Woodward'’s classification,
the pseudocubic cell distortion of (BagSrgg)PbO3; can be described as monoclinic with
the P21 /m space group. An analysis showed that in the entire temperature range from
298 K to 1073 K, the (Bag»Sros)PbO3; sample exhibited monoclinic distortion. Above
1073 K, a structural transition to the tetragonal or orthorhombic phase was expected due
to the observable behavior of the cell parameters. However, the further temperature
treatment of the sample resulted in the sample decomposition. At 1093 K, some SrpPbO,
was produced on the surface of (Bag5r)g)PbOs. It was proved by the XRD study that
additional diffraction lines were observed at lower 20 angles, supported by strontium
orthoplumbate. This means that 1053 K would be the maximum temperature for its
practical application without decomposing the Ba?*-doped sample. Figure 10 shows the
temperature evolution of the pseudocubic cell parameters (green squares, blue triangles,
and red circles stand for a,, b, c., respectively while stars for ) together with the change of
the pseudocubic cell volume (brown squares). The monotonic cells increase in size with an
increase in temperature. The average error for the determination of cell parameters was
+0.0039 A for a, b, and c; for B, it was £0.11°; and for V, it was equal to +0.14 A3. The
crystal structure behavior when thermally treated is similar to the behavior observed for
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the undoped SrPbOj3 perovskite. SPTs for ceramics (Bag »Srp g)PbO3 were not observed in
the examined temperature range.
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Figure 10. Pseudocubic cell parameters in the function of temperature for (Bag »Sr g)PbOs.

These results are in opposition to those previously published. This is because [45]
suggested that SrPbO3 does not accept the large Ba ions in the Sr sites and proposed that
the limit of substitution is the (Bag Sro g)PbO3 sample. In this paper, we proved that the
(Bag2Srg g)PbO3 perovskite is a mono-phase well-crystalized sample that shows monoclinic
P2y /m distortion both at RT and in HT, ranging from 298 K to 1093 K.

3.3.2. (Bag 3Srg7)PbO3 Ceramic Structure Both at RT and HT

The other examined sample doped with Ba?* was (Bag3Sry7)PbOs. The crystalline
structure of the (Bag 35rp 7)PbO3 ceramic was determined at a wide range of temperatures,
from 298 K to 1148 K. In Figure 11, the temperature evolution of significant diffraction
lines such as {200}, and {222}, at selected temperatures are shown. The analysis of the
observed lines at 298 K exhibited the presence of three lines of the {200}; and {220}, type
and two lines of the {222}, type. That is to say, monoclinic distortion is observed for the
crystal cell where the pseudocubic parameters are a. # b. # ¢, and B # 90°. During the
high-temperature evaluation of crystal structure behavior, the superstructure lines were
observed. Their presence allowed for assigning the PbOj tilting type to the corresponding
crystal space group. The superstructure lines that were observed in the XRD pattern are
caused by octahedral tilting. Tilts of the neighbouring octahedral were detected both in the
same direction (+) and in the opposite direction (—), which is similar to that observed for
(Bag 3Srg7)PbO;3. The presence of odd-odd-odd lines with k # [, i # I Miller indices such as
(—153) and (—531), or (113) clearly indicates PbO4 octahedra tilting of the a~ and ¢~ type.
The presence of (301), and (—323) superstructure lines with an odd-even-odd parity of
reflections with /1 # | indicates that b*-type tilting was observed. Furthermore, the presence
of superstructure lines such as (124) and (212), (003) indicates that the displacement of
Ba?" and Sr?* cations from their ideal positions is taking place. Therefore, both the cation
displacement and octahedral tilt affect the distortions of the ideal perovskite cell.
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Figure 11. Splitting of the main reflections {220}, and {200}, in different phases for (Bag 3Sr( 7)PbOs.

For this reason, the pseudocubic cell of (Bag 359 7)PbO3 can be described by a~b*c™
notation by assigning the P2;/m crystal group for pseudocubic cell parameters of a. # b, #
ccand B #90°.

Further sample heating caused changes in the observed line positions and their num-
ber, as it is shown in Figure 11, indicating that structural phase transitions occurred. An
analysis carried out at a temperature of 648 K showed the presence of two {200/, lines
and one {222}, lines. During sample heating, one of two {222} lines previously observed
at RT has disappeared. Therefore, at 648 K, the first SPT occurred. This means that the
monoclinic distortion observed in the crystal cell has transformed into an orthorhombic
distortion. The temperature dependence of the pseudocubic cell parameters as a function
of temperature is shown in Figure 12. The monotonic increase in the cell parameters is
observed when the sample and SPT temperatures are indicated. Moreover, at 648 K, some
superstructure lines were observed in the XRD pattern. The superstructure lines (120) and
(—201) indicated the displacement of Ba®* and Sr?* cations from their ideal positions—(133)
and (—113)—with octahedra tilting of the ¢~ type, while (—251), (251) indicated the a*
type. Using Glazer’s notation, a*b0c is obtained for (Bag 3Sry7)PbOs3, which indicates the
Pmmn space group, with the pseudocubic cell parameters described as b. < ac # c.. The
second SPT (orthorhombic-tetragonal transition) was observed at about 1098 K, as shown
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in Figures 11 and 12. It is interesting that the tetragonal phase exists in a very narrow
temperature range (1098-1123 K), as shown in Figure 12. Moreover, when this SPT is taking
place, both cell volume and the cell dimensions suddenly change. This behavior is different
from that for (Bag»Srpg)PbO3; and SrPbOs. Right behind the tetragonal transformation, the
cubic phase was observed at 1123 K. The average error for cell parameters determination
was +0.0032 A for a, b, and ¢, while for B it was +0.09° and for V it was +0.11 A3,
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Figure 12. Pseudocubic cell parameters in the function of temperature for (Bag 35y 7)PbOs3.

3.4. Discussion on the Crystal Structure of the Oxide Strontium-Barium Perovskites Family

The results on the oxide strontium-barium perovskites family shown in this paper
and those previously published [20,42] revealed that it is an interesting group in terms
of the meaning of the crystal structure. Moreover, this discussion is applicable to the
high-temperature thermoelectric oxide materials of the (Baj_,Sry)PbO3 system, which is
capable of converting high-temperature excess heat to electricity and proved to have high
thermoelectric figures of merit [7,9].

Detailed X-ray diffraction tests were carried out for the first time for the system on
the indicated complexity of the structure. As a result of the examinations, it is concluded
that (Bag35rg7)PbO3 perovskite represents the limit where the substitution of strontium
by barium ions in the SrPbO3; ceramic demonstrates any structural phase transition. This
is because for SrPbO3; and (Bag »Srg g)PbO3 ceramics, no temperature-induced structural
phase transition was observed. It means that adding 20% Ba?* to SrPbO3 did not affect the
crystal structure. However, adding 30% Ba?* made a large change, and three SPTs were
observed. It is clear that this substitution significantly influenced the crystal structure and
evidently the SPTs. In our previous work, a thermal analysis of the structure evolution of
BaPbOj substituted by Srions was carried out, while in the present work strontium-reached
samples were examined. Based on the results of this paper and the previous reports, a
comparison of two counterparts of the (Baj_4Srx)PbO3 system together with the sample
with composition can be conducted. The difference between the crystalline structure of
BaPbOj3 and SrPbOjs is easy to follow. Both structures are monoclinic distortions of the
ideal cubic perovskite. BaPbOj3 exhibits slight monoclinic distortion and symmetry, while
SrPbO3 shows monoclinic distortion and orthorhombic symmetry. These distortions are
mainly related to the tilting of the oxygen octahedral atom and, to a lesser extent, the A
cations from their ideal positions. According to Glazer’s classification for BaPbOj3, these
are octahedra tilts of the a~b%c~ type, while for SrPbO; a~b*a~ this tilting is strongly
associated with the difference in ion size difference. The ionic radius of Sr** is smaller than
that of Ba?*; they are Rxjisp0+ = 1.44 A and Ryjpas = 1.61 A, respectively. If cation A is
smaller than the oxygen ions, the PbOg octahedra may tilt towards one another to reduce
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the size of the cavity, which is occupied by cation A. This leads to an increase in tilt angle.
PbOg tilt angles were estimated for both materials and were equal to 10.74 and 11.02° for
BaPbOj3, while they were 11.89, 10.91, and 11.89° for SrPbOs3 (Table 4). Furthermore, in
both structures, Pb** ions occupy specific positions, remaining centrosymmetric. However,
for the BaPbO3 compound, a small displacement of Ba?* from its ideal position in the xz
plane of Ax = 0.0024 and Az = —0.0168 is observed. In contrast, Sr>* ions in the SrPbO3
ceramic are moved towards the xy plane by about Ax = 0.0054 and Ay = —0.0405. It is
clear that the displacement of Sr** ions is much greater than that of Ba?* ions. It results
in changes in PbOg octahedra, and for BaPbO; ceramics, the PbOg octahedras are only
slightly changed in shape. However, in SrPbOj3, the material distortion of the structure is
much larger due to the larger octahedral tilting angles, as can be seen in Figure 5. As a
result, the Pb-O distance for SrPbOj is 2.287 (2) A, while for BaPbOs it is 2.151 (8) A. The
cell parameters of SrPbOj3 are smaller compared to BaPbOj3. The angles of Oj-Pb-Oyy and
Or-Pb-Oyy for SrPbOj are 85.5 (6)°, 94.4 (3)°, and 90.7 (4)°, respectively, and for BaPbOs3
OI—Pb—OH, OH-Pb—OIH and OI-Pb-OHI they are 87.1 (7)0, 90.4 (O)O, and 88.1 (2)0. It is clear
that for SrPbOj3 the deviation from the 90° angle is much higher (Table 4). When examining
the sample with x = 0.5, where equal amounts of Ba>* and Sr?* ions were incorporated
into the crystal structure, the values of angles of octahedra tilting were, as expected, an
average value for their counterparts. Furthermore, when Sr?* was added to pure BaPbOs,
an additional tilt was observed [42], as can be seen in Table 4.

Furthermore, the comparison shows that barium substitution with strontium in the
BaPbOj3 ceramic results in a decrease in the structure tolerance factor. As the data from
the literature showed, for BaPbO3 T was equal to 0.985 [20], while for (Bag 5Srg 5)PbOs it
was 0.957 [42] and for SrPbOs it was 0.928. This change may be an indication of possible
crystal structure deviations, and greater distortion may be expected. This was supported
experimentally (Table 4). For BaPbOj3, there are two types of octahedral tilting in the
opposite direction (—) that can be described as a~ b0~ . For (Bag5Sry5)PbOs, there appears
to be additional tilting in the same direction (+) a~a~c*, while for the StPbO3 sample, there
is the a~b*a™ tilting type.

The data from the present work and previous papers [20,42] on crystal structure as a
function of temperature enabled us to gain a complete understanding of the (Baj_,Sr,)PbO3
perovskite system. It should be emphasized that in this work detailed data were shown
specifically for (Bag 3Srp 7)PbOs3, (Bag2Srps)PbO3; and SrPbO; samples. The extended study
enabled the evaluation of the temperature behavior of the crystal structure. As a result of
this wide-ranging study, based on the recent and already published co-authored papers,
Figure 13 shows pseudocubic cell parameters as a function of composition for the whole
(Baj_Sry)PbO; family. Since interesting results were obtained for the concentrations of
Sr2* jons (x = 0, 0.2, 0.5, 0.8, and 1.0, etc.), additional samples (of 0.1 and 0.9, etc.) were
additionally produced. Due to the fact that an enormous amount of data was collected
during the extensive research, only some data were shown in the manuscript. Consequently,
this has resulted in the preparation of Figures 13 and 14.

It is clear that the addition of Sr>* ions to BaPbOjs led to a decrease in cell parameters
as the amount of Sr increased in the sample. It can be seen that the difference between
pseudocubic parameters ac, b, and c. also slowly decreased with the substitution degree.
For the sample (Bag 551y 5)PbO3; with x = 0.5, all three pseudocubic parameters are almost
equal. This behavior may result from equal amounts of both Ba?* and Sr?* ions. This
caused a type of competition between these two ions, which were substituting the same
ion place, finally leading to almost the same pseudocubic cell parameter values. For the
(Baj_4Sry)PbOj3 system, which is found to be practically attractive due to its metallic con-
duction and semiconduction properties, the mobility of electrons was seriously influenced
by the randomness of cations at the A-site [35]. In fact, the resistivity increased with x
and the metallic behavior disappeared for the (Bag55rg5)PbO3; sample. This is because
the carrier concentration decreased rapidly when x > 0.5 and the mobility of electrons in
the(Ba;_,Sry)PbO3 system showed a minimum at x = 0.5. Because the substitution of Ba2*
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by Sr?* ions leads to the lattice, it also leads to the change in the local symmetry of the
octahedra. The overlap between the Pb 65 and O 2p orbitals is the origin of the metallic
conductivity of this system. Since the local symmetry of PbOg octahedra is changed, it
results in the narrowing of the Pb 6s-O 2p conduction band, and finally, it affects the density
of states in the Fermi surface.
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Figure 13. The pseudocubic cell parameters in function of composition for (Baj_Srx)PbO3 system.
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Figure 14. Phase diagram for (Baj_4Srx)PbO3 system.

Analogously, the inlet in Figure 13 shows, that the volume of the pseudocubic cell
changed linearly with the degree of substitution. The analysis of the XRD pattern at RT
showed that the distortion for StPbO3; was significantly bigger than that observed for
BaPbOs, with middle values for intermediate compositions.

What is fundamental is that the XRD, together with SEM-EDS data, proved that it
was possible to obtain good-quality monophase samples, which is in opposition to some
previous reports [45]. Furthermore, it is also the first time that such a wide-temperature
study has been carried out. The obtained results from X-ray powder diffraction measure-
ments allowed us to prepare the phase diagram for (Baj_,Sryx)PbO3; samples, which is
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shown in Figure 14. In Figure 14, three regions, namely monoclinic (red area), tetrag-
onal distortion (grey area), and cubic (green area), are marked. The phase diagram is
built based on a careful investigation, covering temperatures in the 14-1148 K range and
substitution levels from 0 to 1.0 in the (Baj_,Sry)PbOj3 system. Taken together, the data
obtained in the presented work and the data obtained in the previous papers enabled
us to build this diagram. Lower-temperature studies proved that the system exists as a
monoclinic distortion of the perovskite cell in the whole substitution range. Moreover,
at room temperature, all studied ceramics showed monoclinic distortion. It is clear that
the monoclinic distortion is dominant when looking closely at the diagram. When the
temperature increases, monoclinic-tetragonal phase transitions occur for substitutions of 0
to 0.7. For example, for parent ceramic BaPbO3, monoclinic distortion existed up to 598 K;
for substituted (Bag gSr2)PbOs, it existed up to 693 K; for (Bag 5519 5)PbO3 it was up to
948 K; and for (Bag 4Srp 4)PbO3 and (Bag 35Srg7)PbO3 ceramics it was, respectively, 548 K
and 1098 K. On this basis, it can be concluded that the temperature of the structural phase
transition increases while increasing the amount of Sr?* in the sample, except for in the
(Bag 45r( 6)PbO3 sample, which is not clear. The detected tetragonal phase (a grey area) is
rather narrow for the system. Furthermore, similar behavior is also observed when the
experimental temperature is increased, where the tetragonal-cubic transition occurs. For
barium-rich samples such as BaPbOs3 or (Bag gSrg2)PbOs3, cubic phases exist as low as 733 K
and 793 K. Cubic structure is observed for (Ba;_,Sr,)PbO3; materials where x = 0-0.7. For
ceramics with x > 0.7, no structural temperature-induced phase transitions are observed
during pendant heating.

The detailed explanation of the relationship between structural distortions of the
(Baj —xSry)PbO3 materials, together with transitions and physical properties, is included
below. The BaPbO3 dense ceramic was proposed as an electrode material for ferroelectric
thin films [35,46,47]. For the temperature-dependence of thermal conductivity, a decrease
in the value was observed at ca. 450 °C (723 K) [46]. This behavior correlates well with our
data, which showed that at 733 K (460 °C) a tetragonal-cubic transition occurs. SrPbOj is
known as a n-type narrow-bandgap semiconductor, exhibiting a semiconducting behavior
that is ascribed to the electropositive character of Sr and the constancy of the valence band
energy of O?~:2p parentage. SrPbOj offers the possibility of constructing solar devices [47].
It reported that the weak hybridization of the PbO bond, due to the tilting of the octahedra,
beneficially reduces the energy of the antibonding conduction band, resulting in a small
optical gap Eg (1.76 eV). For this reason, the following features allow the material to be
used in solar energy conversion: sufficient negative potential Vg,, an optical gap value
close to the optimal value required for terrestrial applications, and good chemical stability,
which is proved in our experiments. During the heating, the SrPbO3 ceramic structure with
monoclinic distortion is stable without decomposing (Figure 14). However, the maximum
working temperature cannot exceed 1093 K, as demonstrated.

In Figure 15, simultaneous thermal analysis data are shown for selected perovskites of
the (Baj_,Sry)PbOj3 system. A 5 mg sample was analyzed in each case within the conditions
described in the experimental section. Figure 15a,b shows the experimental data for the
two non-doped perovskites, i.e., BaPbO3 and SrPbOj3, respectively. The mass changes of the
samples were observed in the given regions where structural phase transitions appeared.
It is clear to see small slopes in masses, shown in the circles, supporting SPT for BaPbOj3.
The existence of the phases, namely by the structural distortion of ideal perovskites, is
shown by diverse fields with different patterns filled. However, it should be noted that
there were no changes in temperature (DSC) observed while SPT occurred, nor when the
initial mass of the sample was changed from 5 to 20 or 200 mg. Furthermore, when the
structural phase transitions were not detected by XRD study, they were also not observed
in STA examinations, as shown, for example, for the StPbO3; material. The thermal analyzer
used in this research was a valuable tool with great accuracy and sensitivity, enabling
supporting observations from powder diffraction. As a consequence, this supplementary
testing supported the XRD data and enabled the preparation of the phase diagram.
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Figure 15. STA analysis for selected examples of BaPbO3; and SrPbOj perovskites.

3.5. Potential Application in Different Processes

The literature study showed that no prior experiments determined that feature per-
ovskites (Ba,SrPbO3) where tested as oxygen carriers (OCs). In this experiment, the selected
samples (SrPbO3, BaPbOj3, and Bag ¢Srp 1PbO3) were used as an OC for solid fuel combus-
tion. Preliminary tests have been performed using graphite as an initial fuel. Tests with
graphite proved that combustion with fuel is possible at temperatures as low as 800 °C
(1073 K); however, reaction occurs very slowly, and fuel conversion rates were low. At
900 °C (1173 K), the fuel conversion of graphite reached almost 100%. However, sample
SrPbOj3 melted in this temperature, and XRD analysis showed the decomposition of this
material. Therefore, for the next investigation with this material, the sample was tested at a
lower temperature 850 °C (1123 K). In Figure 14, SrPbO3; shows a maintained monoclinic
structure in our temperature measurement range, while more barium-rich perovskites un-



Processes 2023, 11, 2144

20 of 23

Mass (%)

98

lon current (a.u.)

800°C

derwent phase transition to tetragonal, and finally cubic, structures at higher temperatures.
This might indicate that monoclinic perovskites of this series are less temperature-stable.
In the next step, the analysis was performed with the Illinois#6 hard coal to check the
perovskite performance in the chemical looping combustion (CLC) process with a real fuel.
The TGA analysis revealed that the mass changed throughout the time of the combustion
at 850 and 900 °C (1173 K) (Figure 16). The graphs also provide additional data from mass
spectrometry (QMS) that show the production of HO and CO, during the process. The
emission of those gases corresponds to mass changes observed during TGA experiments,
which supports that the combustion process took place. The combustion occurs in several
stages, which is clear from Figure 16. Using the TGA data, the amount of oxygen release
was calculated for the samples. For SrPbOj3, BaPbOj3, and Bag ¢Sty 1 PbO3, values were 2.6,
2.8, and 3.6 wt.%, respectively. The materials were also regenerated by using a stream of air.
The regeneration showed faster kinetics (green area) compared to the combustion process
(grey area).
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Figure 16. TGA-QMS analysis for selected samples of SrPbOj3, Bag9Srg1PbO3 and BaPbOj3 per-
ovskites.

Due to the low melting temperature for the StPbO3 sample, the combustion of the fuel
was not performed effectively at some temperatures. For example, in Figure 16a, the high
peak of CO; is presented during regeneration, which means not all coal was combusted
completely at 850 °C (1123 K). However, for BaPbO3, which is more thermally stable, total
hard coal combustion was observed even as high 900 °C (1173 K) (Figure 16¢). This is
distinguished by elevated CO, peaks during combustion and the lack of a CO, peak in
the regeneration stage. When barium was added to SrPbO3, an improvement in thermal
stability and reactivity were observed (Figure 16b). The Bag 9Srp 1PbO3; might be indicated
as the promising sample for CLC application. Consequently, the high content of barium
increases the temperature resistivity; moreover, a small addition of strontium provides a
beneficial reactivity rate. Therefore, the Sr-doped material showed the better performance
with the Illinois#6 hard coal.
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4. Conclusions

In conclusion, this paper covers a complementary and detailed study of the structural
properties of (Baj-,Sry)PbO3. XRD was used for the investigations of ceramics implemented
in practice as high-performance oxide ceramics used as high-temperature thermoelectric
energy-conversion materials or for preventing the corrosion of long-life batteries. The
crystalline structure and the temperature-dependent variation of the series were determined
for the first time by obtaining good-quality samples, which were also proved by SEM-EDS
examination. The type of distortion and symmetry of the synthesized perovskites were
determined in a wide range of temperatures, from 14 K to 1148 K. The types of splitting
and the numbers of the main diffraction lines, which are produced by different sequences
of the tilts of the oxygen octahedral, were analyzed. For each symmetry, the parameters of
the crystalline structure were determined. Several samples from the (Ba;_,Sry)PbOj series
were selected, such as (Bag 3Srg7)PbO3, (BagSrgg)PbO3 and SrPbO3. On the basis of that,
the crystal structure distortion of SrPbO3 was monoclinic at RT. XRD measurements carried
out for SrPbO; over a wide temperature range did not confirm any occurrence of structural
phase transitions, as previously suggested in the literature. The limit of substitution was
determined for the substitution of ions in site A, for which structural phase transitions are
still observed at 30% of Ba and 70% of Sr. Thus, for the (BagSrgg)PbO3 perovskite, no
structural changes are observed. This sample was stable over a broad temperature range
and exhibited monoclinic distortion.

Furthermore, in this work, simultaneous thermogravimetry—differential scanning
calorimetry and STA/TG-DSC were applied. The instrument was also coupled to a
quadrupole mass spectrometer (QMS). The thermal analysis examinations for obtained per-
ovskites supported both XRD and EDS findings. This comprehensive study was essential
and supported the observations of SPTs, as well as the great thermal stability of perovskites,
together with ceramics composition.

What is fundamental, is that the XRD, together with SEM-EDS examination data,
proved that it was possible to obtain mono-phase samples of good quality, which is in op-
position to some reports. Furthermore, it is also the first time that such a wide-temperature
study has been carried out. Structural phase transitions were observed for solid solu-
tions of (Baj_xSrx)PbO3; and were described in detail, allowing for the preparation of the
phase diagram.

A detailed explanation of the relationship between structural distortions of the mate-
rials and the physical properties is included in this paper. Practically, our study proved
that the materials are stable even at a temperature as high as ca. 1050 K for strontium-rich
samples, such as (BagSrgg)PbO3; or SrPbOs as well as more resistant. This tempera-
ture was proven to be ca. 1200 K for barium-rich samples such as (Bag 45r(¢)PbO3 and
(Bag 5510 5)PbOs3, without decomposition. Stable performance is possible even for a high
degree of substitution due to the shift of cations from their ideal positions and octahedral
titling. These ceramics are examples of thermoelectric oxide materials that are capable
of converting high-temperature excess heat to electricity. Furthermore, some ceramics,
such as optically active semiconductor oxides such as SrPbOj3 or (Bag »Sr g)PbOs3, offer the
possibility of constructing solar devices; by the conversion of light, electrical energy can
be generated.

In this paper, for the first time, the investigation of a new application was presented for
the (Baj_4Srx)PbOj3 family. The TGA analysis was performed with Illinois#6 hard coal to
check perovskites performance in the chemical looping combustion (CLC) process. Finally,
Bag 9Srg1PbO3 was indicated to have the most potential for application as an oxygen carrier
due to its thermal stability and reactivity.
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