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Abstract: This work explores the synthesis, structural characterization and properties measurements of
La;-Sr,Gai-Mg,05-0 (0.1 <x, y < 0.3) compounds obtained with the aid of the wet chemical synthesis route
(Pechini Method) and which were calcined for 10 hours at 1300 °C. LaosSro1GaosMgo20Os» was successfully
prepared as a single phase compound while Lag.sSr0.2Gag.sMgo.2Os-0, Laog.sSro.1Gag.eMgo.105-0, and
Lag.oSro.1Gag.zMgo.305-0 exhibited high perovskite phase purity as secondary phases (SrLaGasO;, SrLaGaO,)
were found to be less than 10%. However, Lay.;Sro.3Gao.sMgo.2Os-0 was obtained with significantly low
perovskite content (57%) implying that the applied doping content lies outside the single-phase region for the
La;O; - GayOs - SrO - MgO phase diagram. Rietveld refinement in combination with X-ray diffraction (XRD)
analysis established the predominance of cubic structure (Pm3m) of La;—SryGai-Mg,0s-d compounds when
doping with Sr?* and Mg?". An exception was the LaosSro1GaosMgo2Os- that crystallizes in a combination of
monoclinic (I12/A1, 80%) and cubic (Pm3m, 20%) perovskite phases. All compounds obtained crystallites at the
nano scale (<100 nm) and open lattice pathways for ionic conduction. SEM analysis identified polygonal and
spherical grains in Sr and Mg-substituted compounds, respectively while Mg-doped samples exhibited
improved sintering and homogeneity. A 23 % increase in thermal expansion coefficient was observed when
Mg doping increased from 0.1 to 0.2. However, Sr substitution decreased thermal expansion coefficients by 13
%. Increase Sr and Mg doping levels enhances the conductivity of the compounds (e.g. 0.12 S/cm at 800°C for
Layg.sSro.2Gao.sMgo.205-0), yet the presence of secondary phases and crystal lattice distortion affects conductivity.
Nevertheless, the presence of impurities and crystal lattice distortion can negatively affect ion conduction.

Keywords: perovskites; LSGM; oxygen ion electrolytes; solid oxide fuel cells; SOFCs; structural determination;
rietveld analysis; conductivity; thermal expansion

1. Introduction

A commonly recognized technology for converting the chemical energy of fuels directly into
electrical energy is the fuel cell [1-4]. When the electrolyte in such a cell is a ceramic material capable
of allowing oxygen ions to pass through, it is classified as a solid oxide fuel cell (SOFC) [5-9].

SOFCs have frequently been cited to offer notable advantages such as the exclusion of noble
metals from their designs and compatibility with various fuel types [8,10,11]. However, challenges
for these devices arise due to their high operating temperature. This heating up may occasionally
cause chemical reactions between the various components of the cells [6,12,13], leading to their
degradation [14-16]. Indeed, the high Temperature operating requirements for SOFCs along with the
use of conventional yttria-stabilized zirconia (YSZ) electrolytes contribute to issues concerning the
creation of metastable phases, sealing difficulties, and thermal and chemical mismatch with electrode
materials [17,18], and therefore continue to be an impediment to the further development of this
technology.

Reducing the operating temperature is one of the main strategies to minimize the problems
associated with SOFCs, leading to the development of medium- [19,20] and low-temperature variants
[21,22]. This has led to research into novel electrolytes [23-25] and the incorporation of
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nanostructured materials [26]. Nanotechnology enhances energy devices with benefits such as
durability, sustainability, long life, and low cost [27]. Among alternative electrolytes, ABO3-type
perovskites, particularly Sr, Mg-doped LaGaO3 with high oxide ionic conductivity (first identified
by Ishihara et al. in 1994 [28] and applied by Feng and Goodenough in 1996 [29]), show great promise
for low- and intermediate-temperature SOFCs [30-32].

Lanthanum gallate doped with strontium and magnesium, Lal-xSrxGal-yMgyO3-0 (otherwise
known as LSGM) is one of the extensively explored solid electrolytes that could provide feasible
applications in SOFCs due to its high oxygen-ion conductivity in the medium temperature range of
600 to 800°C [33-35]. Recently, new developments have raised the bar for LSGM research, especially
in the design of symmetrical solid oxide fuel cells (5-SOFCs), which use LSGM as a supporting layer
[35-37]. A distinctive feature of S-SOFCs is their symmetrical electrodes, with power outputs
averaging around 0.5 W cm-2 at 800°C [18,35,38]. However, the performance of these systems is
largely constrained by the resistance of the supporting LSGM electrolyte and its compatibility with
the other electrodes. Improving the properties of LSGM such as the oxygen-ion conductivity and
thermal expansion characteristics is therefore critical to improving the efficiency of S-SOFCs.

Enhancing the electrical and thermal properties of LSGM (La;-xSrxGai-Mg,05-0) electrolytes is
achieved through various approaches, including adjustments to synthesis procedures [39-43],
doping with isovalent and heterovalent cations [44,45], introducing cation deficiencies [46,47],
applying sintering aids [48,49], and creating composite materials [50]. The crystal structure, which is
crucial in determining the material's ionic conductivity and overall performance, is directly impacted
by the aforementioned modifications. Therefore, it is essential to comprehend and precisely describe
the crystal structure of LSGM compounds in order to optimize their properties.

At ambient temperature, LaGaO; has an orthorhombic (Pnma space group) structure [51];
however, doping with Sr and Mg drastically changes its symmetry [52]. For example, substituting
La® with Sr?* increases the tolerance factor f, while substituting Ga® with Mg?* decreases f [review].
Notably, La.sSr..Gao.sMgo.205-0, with t factor equal to 1, adopts an ideal cubic structure (Pm-3m
space group), whereas variations in dopant concentrations lead to orthorhombic (Imma space group)
or monoclinic (I2/a space group) phases. Additional changes are revealed by high-temperature
investigations, such as the shifting of LaGaOs; to a rhombohedral (R-3c space group) structure and
the transition of doped compositions to cubic symmetry, which improves ionic transport [53,54].

The aforementioned highlight the great importance of crystal structure analysis in optimizing
the performance of SOFCs electrolyte materials. XRD Rietveld refinement is such an analysis
technique that enables precise determination of phase composition, symmetry, and unit cell
parameters, providing a comprehensive understanding of how synthesis conditions influence crystal
structures and, consequently, material properties [55-58]. According to the literature [43,59,60],
samples sintered below 1400°C frequently contain impurity phases such LaSrGaO; and/or SrLaGaOs,,
demonstrating that sintering temperature has an impact on phase purity. XRD Rietveld analysis helps
to define the single-phase region of LSGM compounds depending the synthesis conditions and leads
to the development of solid electrolytes with the required structural characteristics for optimal
performance.

In this study, XRD Rietveld Analysis serves as indispensable tool in advancing the development
of La;SryGai-Mg,03-0 (0.1<x,y<0.3) electrolytes by correlating synthesis conditions, structural
characteristics and functional properties (thermal expansion and conductivity). This detailed
structural insight is essential for tailoring materials to meet the demands of high-performance energy
applications, such as solid oxide fuel cells.

2. Materials and Methods

2.1. Synthesis procedure

Within this investigation, five different La1xSrxGa1yMgyOs-» (LSGM) compounds were prepared
through wet chemical synthesis (Pechini Method) [42,60] to examine how the metal cation (Me)
substitution at La-site by Sr (0.1<x<0.3) and at Ga-site by Mg (0.1<y<0.3) influences the properties of
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the compounds formed. As cation sources, La20s (99.99%, CAS No 1312-81-8), SrCOs (99.9+%, CAS
No 1633-05-2), Ga20s (99.99+%, CAS No 12024-21-4) and Mg(NOs): (3M, CAS No 10377-60-3) were
used. More specifically, the source of Ga was obtained by dissolution of Ga20s in HNOs (65%, CAS
No 7697-37-2) and deionized H2O (with a ratio of HNOs:H20 = 1:1) while the source of Mg was
obtained after dissolving the original solution to a 0.3M concentration.

Initially, citric acid monohydrate (CA, CAS No 5949-29-1) was dissolved in a beaker (1 L) with
the required amount of deionized water (H20) at 65 °C. The appropriate quantities of the cation
reagents were then added. The solution was stirred with a magnetic stirrer while maintaining the
temperature at 65 °C for 1 h to form stable Me-CA complexes. Then, the appropriate amount of
ethylene glycol (EG) was added and the temperature of the solution was adjusted at 80 °C for 30 min
to obtain a clear solution. By the addition of EG, the polyesterification reaction of the polyhydroxyl
alcohol with the citrate complexes was initiated. The molar ratios of citric acid to metal cations
(CA/Me) and ethylene glycol to citric acid (EG/CA) were adjusted at 2 and 3, respectively. These
specific values ensure the complete esterification of the citrate ions according to precious studies
[42,56,61].

The aforementioned solution was then placed in a microwave oven (600 W) for about 30 min in
order to evaporate the excess solvent and accelerate the polyesterification reaction. At the end of the
polyesterification reaction, a polymer resin was obtained in the form of a solid material with a
different morphology (Figure 1) depending on the percentage of cation substitution (x and y).

(@) (b) (©

Figure 1. Lai«SrxGaosMgo203-» morphology depending Sr (x) substitution: (a) x = 0.1, (b) x=0.2 and (c) x = 0.3.

The polymer resins of all formulations were placed in a furnace at 150 - 200 °C for at least 24 h
to dry and pick up the precursors. Subsequently, the precursors were milled on a mechanical agate
to obtain powdered materials. The resulting samples were treated at temperatures of 600, 1000, 1200
and 1300°C to obtain the intermediate and final products. Figure 2 depicts the flowchart of the LSGM
synthesis procedure.
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Figure 2. Flowchart of the LSGM synthesis.

The chemical reagents’ quantities used for the preparation of the LSGM compounds are
summarized in Table 1. The proportions of the reactant components employed in the five compounds
were determined by the stoichiometry of the final products. The samples were coded as follows:

LSGM(1-x)x(1-y)y
where L: La, S: Sr, G: Ga, M: Mg, with x and y representing the substitution percentages (x10) at the
La and Ga sites, respectively.

Table 1. Quantities of chemical reagents used for the LSGM compounds preparation.

Chemical reagents LSGM9191 LSGM9182 LSGM9173 LSGMS8282 LSGM?7382
La20s (g) 5.4980 5.4980 5.4980 4.8872 4.2763
SrCOs (g) 0.5536 0.5536 0.5536 1.1072 1.6608
Gaz0s (g) 3.1631 2.8116 2.4602 2.8116 2.8116

CsHsO7H20 (g) 31.521 31.5214 31.5221 31.5312 31.6002
Mg(NOs)2 0.3M (ml) 25 25 25 25 25
C2HeO2 (ml) 25.1 25.1 25.1 25.5 25.5
Deionized H20 (ml) 115 105 95 110 110
HNOs (ml) 115 105 95 110 110

2.2. Characterization Methods

Thermogravimetric Analysis (TGA) was employed to record the behavior of the precursor
materials during their thermal treatment. This technique captures the decomposition reactions of the
polymeric network, as well as any other reactions accompanied by mass changes. The TGA of the
samples was performed using a Mettler Toledo 851 instrument. The analysis involved the thermal
treatment of the samples from 20 to 1200 °C, at a heating rate of 10 °C/min, under an air atmosphere
with a flow rate of 50 1/min.

The X-ray Diffraction (XRD) measurements were performed using a Siemens D5000 instrument
equipped with a CuKal tube (A = 1.5405 A) and a graphite monochromator. The measurement
conditions were as follows: continuous scan over a 20 angular range of 10-100°, with a scan step size
of 0.045°/s and a step time of 1 s. In order to study the role of the Sr (x) and Mg (y) substitution
contents of LSGM compounds in the presence of secondary phases in the final products (calcination
at 1300 °C for 10 h), an estimation of the relative amounts of SrLaGasO7 and SrLaGaOs compounds
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was made, by measuring the ratio As/Ap+As, where As is the sum of the intensities of the main peak
of all secondary phases and Ap is the intensity of the main perovskite peak [42].

For the analysis of the crystal structure using the Rietveld method, highly precise diffraction
patterns were required. The conditions for acquiring these diffraction patterns were: step scan mode,
scan step size = 0.020°/s, step time = 10 s. The data were analyzed by the Rietveld method using the
FULLPROF program [55,56]. The bond distances and angles were calculated using the BondSTR
program of the Fullprof Suite. The perovskite structure was visualized with the help of an
appropriate software using Rietveld refined crystallographic parameters.

The precursor, intermediate, and final products were studied using Fourier Transform Infrared
Spectroscopy (FTIR) on a Perkin Elmer 880 instrument. The spectra were obtained in the range of 370
to 4000 cm™ using the KBr pellet technique, where a mixture of KBr and the sample (sample ratio of
approximately 1:200) was pressed into pellets under 13 tons/cm? For certain samples, primarily
intermediate or precursor materials, measurements were conducted using the ATR accessory, where
the samples were analyzed in powder form in the range of 600 to 4000 cm™.

The morphology of selected samples was studied using Scanning Electron Microscopy (SEM) on
a JEOL 6380LV microscope, equipped with an Energy Dispersive X-ray Spectrometer (EDS). Sample
preparation involved coating with graphite.

2.3. Thermal Expansion Coefficient Measurements (TEC)

The measurement of the thermal expansion coefficient was conducted using the horizontal
dilatometer, BAHR DIL801L. Samples were subjected to a controlled heating process from 20°C to
1000°C, with a heating rate of 20°C/min in an air atmosphere. The dilatometer recorded the changes
in the length of the samples as a function of temperature.

From the recorded data, AL/L versus temperature graphs were generated. The average
coefficient of thermal expansion (o) between two temperatures was calculated using the equation 1:

1 AL
— 1
TEC L*At @

where L is the initial length of the sample at the starting temperature, AL is the change in length
between the two measured temperatures, and At is the temperature difference.

2.4. DC four-point Measurements

For the measurement of the total conductivity, the DC four-point method was employed at
temperatures ranging from 25 to 800°C in an air atmosphere. Four platinum electrodes were used on
the sample: two at the ends and two towards the center. The sample was then placed in a horizontal
tube furnace with controlled temperature. The voltage (V) across the two inner electrodes and the
current (I) were recorded while varying the applied voltage across the two outer electrodes. LSGM
compounds are predominantly oxide ion conductors with minimal electronic contribution obtaining
transference numbers very close to 1 [62,63]. Therefore, it was assumed that the results of total
conductivity through DC four-point measurements represent the ion conductivity of the compounds
following equation 2:

Oion = tion * Ototal )

where oion is the ion conductivity (mS/cm), tion is the transference number of the LSGM ion conductor
equal to 1 and ot is total conductivity (mS/cm)

For TEC and conductivity measurements, high-density samples are required. Therefore,
powdered precursor samples were formed into discs with a diameter of 2.9 cm using a Graseby
Specac 25011 press under vacuum at a pressure of 210 MPa. Subsequently, the discs formed
underwent sintering in an air atmosphere at a temperature of 1450°C for 20 hours. The heating rate
was set to 2°C/min. After sintering, the samples were cut into rectangular prisms for the
measurements of electrical conductivity and thermal expansion coefficient.
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3. Results and Discussion

3.1. Thermogravimetric Analysis (TGA)

TGA was used to record the decomposition reactions of the polymer network, as well as any
other reactions accompanied by mass change in the LSGM compounds. In Figure 3, the DTG curves
of the LSGM precursor materials with varying stoichiometry (0.1 < x < 0.3 and 0.1 <y < 0.3) are
presented.

Area 1 Area 2 Area 3 Area 4

W et
\/\/\/\/ LSGM9191

W LSGM9182

LSGM8282

DTG (mg/°C)

LSGM7382

! ! I I I I I I I | | |
LI e e s e e R BL B S e e e e e e o e e e e e e e e e e e e L i e e e e e e e e e e |

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
T(°C)

Figure 3. DTG curves of LSGM compounds with varying x and y values.

The first weight loss is observed up to around 190°C, attributed to the removal of physically
absorbed moisture by the precursor materials after drying. The most significant weight loss occurs
between 200°C and 560°C. This weight loss is attributed to the decomposition of the polymeric
network, the further decomposition of the organic material and the combustion of residual carbon.
Between 560°C and 690°C, a small weight loss is observed, which may be related to the combustion
of organic matter and the decomposition of intermediate products (oxocarbonates) resulting from the
polymer network degradation. This finding is confirmed by the XRD patterns of the LSGM
compounds at intermediate temperatures. The total weight loss and ceramic residue for each sample
are presented in Table 2.

For the materials LSGM9191 and LSGM9173, a shift in the polymer decomposition phenomenon
to lower temperatures was observed. Specifically, the first stage occurs between 180°C and 290°C.
This can be attributed to the lower drying temperature (150°C) used for these materials, indicating
the decomposition of ester groups that were not removed during the drying process which was also
confirmed by the infrared spectra. The total weight loss for materials with varying y value did not
exhibit any major differences (Table 2).

For the series of precursor materials with varying stoichiometry in La site (0.1 < x < 0.3) and
constant stoichiometry at Ga site (y = 0.2), significant differences in weight loss were observed (68.9%,
74.0%, and 77.2% for x = 0.1, 0.2, and 0.3, respectively). This might be a result of the different
concentrations of reagents introduced in the primary solutions such as SrCOs. In fact, high Sr (x)
incorporation levels led to the release of higher carbonate amounts during the calcination of the
precursors. Another factor affecting weight loss concerns the degree of oxygen removal from the
perovskite lattice during a thermal treatment to form the final LSGM products. It seems that the
variation of Sr content caused different oxygen stoichiometry in the crystal lattice of the perovskites
by removing higher oxygen amounts. Accordingly, lower ceramic yields were found for Sr addition
to the LSGM structure with respect to Mg substitution in La site.
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Table 2. Total mass loss and yield in ceramic product of the LSGM compounds.

Sample Total Mass Loss (%) Yield in Ceramic Product (%)
LSGM9191 68.3 31.7
LSGM9182 68.7 31.3
LSGM9173 68.9 31.1
LSGM8282 74.0 26.0
LSGM7382 77.2 228

3.2. XRD Analysis

XRD Analysis was applied to explore the mineralogical content of LSGM precursors,
intermediate and final products. Figure 4 shows the calcination products of LSGM9182 at various
temperatures (150-1300°C). Similar diagrams were obtained for the whole series of LSGM compounds
and are presented in Figures s.4.1, s.4.2, 5.4.3 and s.4.4. Table 3 lists the identified phases for all the
prepared compounds. To study the role of Sr (x) and Mg (y) content on the presence of secondary
phases in the final LSGM products (sintered at 1300 °C for 10h), an estimation of the relative amounts
of SrLaGas;O; and SrLaGaO, phases was made by measuring the ratio A / (A, + A;) (Table 3).
Furthermore, Figure 5 presents the XRD patterns of LSGM final products at 1300°C.

All precursors were amorphous indicating that no crystalline phases were precipitated from the
starting solutions. At 600 °C, all materials were amorphous with a broad peak around 30°, indicating
the formation of La20:COs [42,56,62,64], consistent with FTIR results showing COs> group
absorption. At 1000°C, carbonates disappear, and perovskite phase emerges, however, accompanied
by secondary phases such as SrLaGasO7, SrLaGaOs, LasGa209. At 1200 °C, the perovskite formation
is enhanced since LasGa209 breaks down, but SrLaGaszO7 and SrLaGaO:s still remain even in lower
contents. At this temperature, LSGM9182 shows only traces of SrLaGaOs as a secondary phase. At
1300°C, LSGM9182 became a single-phase material revealing its successful production, while
LSGM9191 (containing 6.7% SrLaGaszO;) and LSGMS8282 (containing 4.6% SrLaGas;O;) exhibited
minimal secondary phase content. In contrast, LSGM9173 (with 9.7% SrLaGaO,) and LSGM7382
(containing 42.9% SrLaGasO; and SrLaGaOs) displayed higher amounts of secondary phases. It is
important to highlight that the secondary phases formed in the materials are undesirable, as they
usually exhibit poor ionic conductivity, thus degrading the overall properties of the final product
[43].

1: LSGM phase 4: La,Ga,0,
2:SrLaGaz0, 5: La,0,C0,
1 3:SrLaGaO,
E 1 1
'c 1
5 1 ! 1 1
o
:ti A L A k J\ A A 1300°C
2
w
c 33 3
[ 3 L
E A AJ A K A )N A 1200°C
4
472 ) )
1000°C
5
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-t ——+——+——+———1 Precursor
20 25 30 35 40 45 50 55 60 65 70 75 80
26(°)

Figure 4. XRD patterns of LSGM9182 compound calcined at various temperatures.
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Table 3. Mineralogical composition of the calcined products at various temperatures (the main phase is

highlighted in bold).
Samples LSGM9191 LSGM9182 LSGM9173 LSGMS8282 LSGM?7382
Precursor Amorphous Amorphous Amorphous Amorphous Amorphous
600 °C Amorphous Amorphous Amorphous Amorphous Amorphous
La202C0s3 La202C0s La202C0s3 La202C0s3 La202C0s
Perovskite Perovskite Perovskite
Perovskite Perovskite
SrLaGasO7 SrLaGasO7 SrLaGasO7
1000 °C SrLaGasO7 SrLaGasO7
SrLaGaOs SrLaGaOxs SrLaGaOxs
SrLaGaOxs SrLaGaOs
LasGa209 LasGa209 LasGa209
Perovskite Perovskite Perovskite Perovskite
Perovskite
1200 °C SrLaGasO7 SrLaGasO7 SrLaGasO7 SrLaGasO7
SrLaGaOas
SrLaGaOxs SrLaGaOs SrLaGaOxs SrLaGaOs
Perovskite
Perovskite (57.1%)
(93.3%) Perovskite (2.3%) Perovskite (95.4%)
1300 °C Perovskite (100%) SrLaGasOz
SrLaGaszO7 SrLaGaOs (9.7%)  SrLaGasOr (4.6%)
SrLaGaOx (42.9%)
(6.7%)
1: LSGM phase
2: SrLaGa;0,
1 3:SrLaGao,
Z| 1 1 ! L
e 1 1 1
.; - JL A I A A A LSGM9182
s
> 2
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Figure 5. XRD patterns of LSGM final products after calcination at 13000C for 10h.

As indicated by the results, substitution at the Ga site leads to materials with lower amounts of
secondary phases, whereas substitution at the La site results in the formation of secondary phases in
higher proportions. Only in the case of the composition with x=0.1 and y=0.2 can a single-phase
material be produced. This suggests that the solubility limits of these metals in the quasi-quaternary
system are quite narrow [59]. Specifically, it is concluded that the composition with x=0.3 and y =
0.2 (LSGM7382) likely lies outside the single-phase region of the equilibrium diagram for the
compounds La;—SryGai-Mg,Os+. As a result, it is inferred that the Sr doping level cannot exceed 20%
for the "quaternary” oxide system La,O; — SrO — Ga,O; — MgO.
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3.3. Crystal Structure Analysis using the Rietveld Method

LSGM compounds, in addition to their cubic structure, can also crystallize in distorted structures
such as monoclinic, orthorhombic, or rhombohedral. The diffraction patterns of these structures do
not differ significantly, making it challenging to determine the precise crystal system. For this reason,
the diffraction patterns were analyzed for all possible structures, and the structure that provided the
best agreement between the experimental and calculated diffraction patterns was selected. In some
cases, a mixture of two crystalline structures yielded better agreement in the XRD Retvield analysis

In the samples where more than one crystalline phase was detected, these phases were included
in the Rietveld analysis to estimate their proportions through quantitative analysis. Indicatively,
Figure 6 presents the Rietveld analysis results for the LSGM9182 sample, showing the experimental,
calculated, and difference diffraction patterns. The difference pattern indicates a satisfactory
agreement between the experimental and calculated data that is reflected in the values of reliability
factors (Table 4). Similar diagrams have been exported for all the other LSGM samples and are
presented in Figures s.6.1, 5.6.2 and s5.6.3. It must be noted that, LSGM8273 sample was not included
in the Rietveld analysis, as it was considered an unsuccessful synthesis due to its significantly high
content of secondary phases.
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Figure 6. Results of the Rietveld analysis for LSGM9182 compound.

Table 4 presents unit cell parameters, atomic positions and reliability factors after performing
Rietveld analysis. Additionally, Table 5 shows selected bond lengths and angles between atoms,
computed by Bondstr program included in Fullprof software package. The numbers in parentheses
denote standard deviations for each exported value. The average crystallite size estimated using the
Scherrer equation (Dscherrer) is also included in Table 5.

In the LSGM9191 sample, the perovskite phase appeared to crystallize in the cubic system with
a space group (SG) of Pm3m. A secondary phase, SrLaGas;O;, was also detected at 6.8%. In the
LSGM9182 diffraction pattern, no secondary phases were detected. In this case, the best agreement
between the experimental and calculated diffraction patterns was achieved by introducing two
perovskite phases. The results indicated that the sample mainly consists of a monoclinic distorted
phase (SG I12/A1) at 80%, and a cubic phase (SG: Pm3m) at 20%. For the LSGM9173 sample, the
primary phase was the cubic perovskite structure (SG: Pm3m) at 90.2%, while a secondary phase,
SrLaGaO,, was detected at 9.8%. In the LSGM8282 sample, the primary phase was again the cubic
perovskite structure (SG: Pm3m) at 95.7%, with a secondary SrLaGasO; phase at 4.3%.

The percentages of secondary phases calculated through Rietveld analysis for the LSGM9191,
LSGM9182, LSGM9173, and LSGM8282 samples are in good agreement with the results obtained
using the Ag / (Ap + A;) ratio (deviation less than 7%). In conclusion, the A/ (A, + Ag) ratio can be
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reliably used to estimate the amount of interference from secondary phases, providing accurate
results.

Table 4. Unit cell parameters, atomic positions, quantitative analysis, and reliability factors for the
LSGM compounds after XRD Rietveld analysis.

Sample LSGM9191 LSGM9182 LSGM9173 LSGMS8282
Initial Model ICSD 98170  ICSD 96449  ICSD 98170 ICSD 98170 ICSD 98170
Crystal System Cubic Monoclinic Cubic Cubic Cubic
Space Group Pm3m (N°221) I112/A1 (N°15) Pm3m (N°221) Pm3m (N°221) Pm3m (N° 221)
z 1 4 1 1 1
Unit Cell
a(A) 3.90354 (5) 7.8166 (7) 3.91276 (9) 3.90855 (5) 3.91225(2)
b (A) 3.90354 (5) 5.5313 (4) 3.91276 (9 3.90855 (5) 3.91225(2)
c(A) 3.90354 (5) 5.5082 (3) 3.91276 (9 3.90855 (5) 3.91225(2)
B () - 90.101 (7) - - )
V/Z (A% 59.481 (1) 59.54 (3) 59.903 (3) 59.710 (1) 59.880 (1)
Atomic Parameters
La/Sr (1b) (4e) (1b) (1b) (1b)
x (A) 05 0.25 0.5 0.5 0.5
y (A) 0.5 -0.0008 (33) 0.5 05 0.5
z (A) 05 0 0.5 0.5 0.5
Ga/Mg 1(a) (4b) 1(a) 1(a) 1(a)
x (&) 0 0 0 0 0
y (A) 0 0.5 0 0 0
z(A) 0 0 0 0 0
o1 (3d) (4e) (3d) (3d) (3d)
x (A) 0.5 0.25 0.5 0.5 0.5
y (A) 0 0.440 (6) 0 0 0
z(A) 0 0 0 0 0
02 - (8f) - - -
x (A) - 0.466 (2) - - -
y (A) - 0.774 (6) - - -
z (A) - 0.272 (6) - - -
Quantitative analysis (%) 93.2(6) 80.0 (10) 20.0(6) 90.2(6) 95.7(5)
Reliability Factors
Ry (%) 215 13.5 18.3 18.1
Ruwp (%) 26.1 17.9 21.8 20.6
Rexp (%) 11.38 9.92 11.21 12.22
S 2.03 1.87 2.08 1.98

X2 482 327 3.77 2.83
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Table 5. Selected distances and angles, tolerance factors, and critical radii of LSGM compounds.
Sample LSGM9191 LSGM9182 LSGM9173 LSGM8282
3.09(4) x1
Lal/Sr1-O1(A) 2.76022(2) x12 2.44(4) x1 276674 (5) x12  2.76376(2) x12  2.76638(1) x12
2.775(5) X2
2.58(3) X2
. 2.96(3) x2
Lal/Sr1-02(A) - - - -
2.97(3) x2
2.59(3) x2
<La1/Sr1-O> (A) 2.76022(2) 2.744(8) 2.76674(5) 2.76376(2) 2.76638(2)
Gal/Mgl—Ol(A) 1.95177(2) x6 1.982(6) x2 1.95638(5) x6 1.95428(2) x6 1.95612(1) x6
. 2.15(3) X2
Gal/Mgl-02(A) - - -
1.79(3) x2
<Gal/Mgl-O> A) 1.95177(2) 1.974 (11) 1.95638 (5) 1.95428(2) 1.95612(1)
3.9083(3) x2
Lal-Lal (A) 3.90354(5)x12  3.897(18)x2 391276 (9)x12  3.90855(5) 3.91225(2)
3.909(18) x2
1.0433
Critical Radius to Ionic
1.0432 1.0400 1.0446 1.0420 1.0443
Radius Ratio O?* r/ro
1.0435
Tolerance Factors 0.99998 (1) 0.983 (3) 0.99998 (3) 1.00000(1) 1.00000(1)
Gal-01-Gal (°) 180.000(3) 168.04(12) 180.000(6) 180.000(3) 180.000(1)
Gal-02-Gal (°) - 165.3(14) - -
O1 displacement 234119104 220.809-104 234.11910-4 234.120-10-4 234.11910-4
02 displacement - 283.931.10-4
Dscherrer (nm) 48.8 69.6 68.1 45.4 69.8

The crystal structure parameters obtained from the Rietveld analysis were used to visualize the
unit cells using Diamond software. The unit cell of the LSGM9182 compound is presented in Figure
7. Similar images were generated for all the other samples and presented in Figures s.7.1, 5.7.2 and

s.7.3.
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Figure 7. Visualization of the unit cells for cubic (a) and monoclinic (b) structures of LSGM9182 compound.

In the cubic structure of the LSGM compounds, all distances between atoms are equal, and the
GaOs octahedra do not exhibit any distortion. In the monoclinic cell, the GaOs octahedra show
rotational distortion around the c-axis [001] and the a-axis [001]. For an oxygen ion to move to a
neighboring vacant site, it must "pass through" a triangle formed by one Ga® ion and two La% ions.
In the monoclinic structure, six different La-Ga-La triangles are formed, while in the cubic structure,
all La-Ga-La triangles are equivalent.

The possible vacant oxygen sites are located at the vertices and/or peripheral positions of the
octahedra. The potential movements of the O% ions are illustrated in Figures 8 and 9 for the cubic
and monoclinic unit cells, respectively.

(@) (b)

Figure 8. Schematic representation of the oxygen vacancy sites at the periphery (a) and vertices (b) of
the GaOs octahedra, along with the potential movements of oxygen ions in the cubic unit cell of
LSGM.
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Figure 9. Schematic representation of the oxygen vacancy sites at the periphery (a) and vertices (b) of
the GaOg octahedra, along with the potential movements of oxygen ions in the monoclinic unit cell of
LSGM.

When the vacancy sites are located at the periphery of the octahedra (Figures 8 and 9 a), there
are two possible movements: either from a neighboring peripheral site or from a vertex to the vacant
site. When the vacancy sites are located at the faces (Figures 8 and 9 b), the only possible movement
is from a peripheral site to the vacant site. In each case, the movement of an O ion to the vacancy
occurs through the corresponding La-Ga-La triang]es.

Considering the atoms as spheres, the triangle and the critical radius of the sphere that can fit
within this triangle are illustrated in Figure 10 [65]. The critical radius r. is calculated using equation
3:

r+ E(alo)2 —V2(a,)(1) + (5)?
it ©)
2(ra) +42(a,) - 2(rg)

where r4 and 75 are the ionic radii of cations A and B, respectively, and ao is the distance between the
two A ions.

Figure 10. Geometric calculation of the critical radius rc [65].
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The ionic radii of the ions La%, Sr*, Ga*, and Mg?* are 1.36 A, 144 A, 062 A, and 0.72 A,
respectively. The average ionic radius ra for site A and rs for site B was calculated taking into account
the stoichiometry, using equations 4 and 5, respectively.

o =(1=X) g +Xx-rg (4)

g =(1-Y) Tea Y g (5)

From equation 3, it is evident that the critical radius depends on the La-La distance (ao). In the
cubic structure, all La-La distances are equal. In the monoclinic structure of LSGM, there are three
different La-La distances, as shown in Table 5, resulting in three different values for r.. The ratio of
this critical radius to the ionic radius of O (re/ro, where ro=1.4 A) was calculated and is provided in
Table 5. The resulting values are greater than one, indicating that the pathway for O?- ions between
the cation triangles is open. According to the literature [35,57,66], the increasing substitution of
trivalent metal cations (La* and Ga®*) by divalent ones (Sr**and Mg?*) in the LaGaOs perovskite lattice
results in enhanced formation of oxygen vacancies, which are beneficial for the ionic conductivity of
the compounds. Furthermore, the structural analysis indicated that the aforementioned substitution
facilitates the oxygen ion mobility as the r¢/ro gradually increases with the substitution of La by Sr
and Ga by Mg.

3.4. FTIR Analysis

The FTIR spectra of the precursor materials for the LSGM compounds are presented in Figure
11. The peaks at 1740, 1180, and 1090 cm™ are attributed to ester groups due to the esterification
reaction of CA with EG. Specifically, the peaks at 1740 cm™ and 1090 cm™ are due to the vibrations of
the -C=0O and -C-O groups, respectively. The absorptions at 1660 and 1450 cm™ arise from the
asymmetric (v») and symmetric (v¢) vibrations of the -COO- groups in the citrate complexes. The
positions and the difference Av > 165 cm™ of the aforementioned absorptions indicate that the metal
cations form unidentate type of complexes with the carboxylate groups [60,67]. Additionally,
absorptions at 1320 cm™ are observed, which are attributed to the presence of C-H bonds indicating
intermediate products of polymer network decomposition [60]. Finally, the absorption at 820 cm!
may be attributed to nitrate ions (NO?). The remaining absorptions below 1000 cm! could be assigned
to Me-O bonds in the complexes.

It is observed that all precursor materials with varied Sr(x) value exhibit weak absorptions for
the ester groups, indicating that the polymer degradation begins with the aforementioned groups.
This conclusion is in good agreement with the thermograms of the precursor materials and the
hypothesis that more intense drying conditions accelerate the degradation of the polymer.
Specifically, for LSGM9182, the absorption at 1740 cm, attributed to the vibrations of the -C=O
groups, appears as a broad and weak absorption around 1750 cm, while the peak at 1180 cm™ is not
observed. In the case of LSGM8282 and LSGM?7382 this phenomenon is less pronounced.

It is observed that the precursor materials with varied Mg(y) value (LSGM9191 and LSGM9173),
which were dried under milder conditions (150 °C), show stronger ester group absorptions compared
to precursors dried at 200°C. Furthermore, the characteristic C-H bond absorptions (1320 cm™) are
eliminated in the extreme precursor materials with y = 0.1 and 0.3, shifting the polymer degradation
to lower temperatures, a phenomenon also observed during the thermal analysis of the samples
(Figure 3).
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Figure 11. FTIR spectra of LSGM precursors dried at 150 or 200°C.

Figure 12, indicatively, presents the FTIR spectra of the LSGM9182 precursor after calcination at
temperatures of 150 - 1300 °C. The results showed that all samples exhibit similar behavior and are
presented in Figures s.12.1, s.12.2, s12.3 and s.12.4. At 600 °C, the absorptions of the organic groups
from the polymer network are eliminated, while absorptions at 1690-1270 cm™ and 880 cm are
observed, attributed to the presence of COs> groups in the sample, confirming the formation of
carbonate salts as intermediate products. It follows that the extended absorption at 1450 cm™ is
indicative of the amorphous oxocarbonate products that may be formed, such as La202COs [60,68].
This is further supported by the XRD patterns recorded at 600 °C for the LSGM compounds, which
reflects the presence of La202CO:s. In addition, the thermogravimetric analysis of the compounds, in
the corresponding temperature interval of 600-750 °C, displays a weight loss assigned to the
decomposition of the newly-formed oxycarbonate compounds. The carbonate absorptions disappear
in the spectra of the products calcined at higher temperatures, and the formation of the final product
is indicated by absorptions at 640 cm. This absorption is attributed to the stretching vibrations of the
0O-Ga-O bonds [69].
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Figure 12. FTIR spectra of LSGM9182 compound calcined at various temperatures.

3.5. Microstructural Analysis

The final products of all compositions were studied using Scanning Electron Microscopy (SEM)
in order to examine the morphology, grain size, and the degree of sintering the materials have
undergone. In Figure 13, representative backscattered images are presented at different
magnifications of the LSGM compounds at 1300 °C.

The materials examination showed that increasing the y (Mg) content while keeping x (Sr)
constant (x = 0.1) results in the occurrence of sintering phenomenon where the grains of the materials
are agglomerated. Extensive sintering makes it difficult to evaluate the morphology and size of the
grains. Nevertheless, all materials exhibit structural homogeneity, high compactness with the grain
shape appearing spherical. In contrast, increasing the x (Sr) content while keeping y (Mg) constant (y
= 0.2) leads to materials with limited sintering and polygonal grain shapes. Specifically, LSGM7382
shows structural heterogeneity, as it exhibits various morphologies in different regions examined.
This finding is consistent with the overall characterization of the material, where its unsuccessful
preparation was reported.

The examination of LSGM compounds showed that an increase in the Sr (x) content leads to the
formation of materials with more polygonal grains and less aggregation. In contrast, an increase in
the y content promotes the formation of materials with spherical grains of smaller diameter. At a
temperature of 1300 °C, the phenomenon of sintering becomes more pronounced for the compounds
with x = 0.1, manifesting as connecting chains between neighboring grains of the material.
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Figure 13. SEM micrographs of the LSGM final products calcined at 1300°C.

3.5. Thermal Expansion Coefficient Measurements

Sintered samples of the compounds LSGM9191, LSGM9182, and LSGM8282 were subjected to
thermal treatment in the temperature range of 25 — 1100 °C to study the thermal expansion of these
compounds. Figure 14 presents the thermal expansion curves of LSGM9191, LSGM9182, and
LSGM8282.

1,1

1o —1SGM9191

0.9 —LsGM8282

038 —1SGM9182

300 400 500 600 700 800 900 1000 1100
T(°C)

Figure 14. Thermal expansion curves for the compounds LSGM9191, LSGM9182 and L5SM8282.

All thermal expansion curves are almost linear above 300°C with positive slope values,
indicating a corresponding enhancement in the thermal expansion coefficient values. Indeed, as the
temperature rises, oxygen atoms are expelled, resulting in the creation of oxygen vacancies into the
crystal lattice while La* and Ga®* ions are reduced to compensate for the charge. Since La?* and Ga*
have larger ionic radii (1.32 and 0.76 A) compared to La* and Ga* (1.06 and 0.62 A), the
aforementioned reductions are expected to cause an expansion of the crystal lattice. The thermal
expansion coefficients («) were calculated from the slope values of the lines in the AL/Lo = {(T) plots
in the temperature ranges 300 — 600 °C, 300 — 700 °C, 300 — 800 °C, and 300 — 1000 °C. The results are
given in Table 6.
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Table 6. Thermal expansion coefficients a (x10-6 K1) of the compounds LSGM9191, LSGM9182 and
LSMS8282 in different temperature ranges.

(X300 - 600 (X300 - 700 (X300 - 800 (X300 - 1000
(x10-¢ K1) (x10-¢ K1) (x10¢ K1) (x10-¢ K1)
LSGM9191 7.82+0.006 8.00+0.005 8.22+0.005 8.56+0.005
LSGM9182 10.72+0.006 10.50+0.006 10.48+0.004 10.86+0.005
LSGMS8282 9.02+0.006 9.00+0.006 9.18+0.005 9.82+0.008

Sample

From Figure 14, it is evident that an increase in the substitution level at the Ga-site by Mg (x=0.1
and y = 0.1 or 0.2) leads to an increase in the average values of the thermal expansion coefficients (ct)
of the LSGM compounds. As shown in the Table 6, increasing the substitution level y from 0.1 to 0.2
(with x = 0.1) results in an approximately 23% increase in the thermal expansion coefficient.
Conversely, the substitution level at the A-site of the oxides appears to have the opposite effect. A
change in x from 0.1 to 0.2 in compounds with y = 0.2 leads to a slight reduction in the o values by
approximately 13%. From the aforementioned results, it can be concluded that the Mg substitution
(y) plays a more significant role in the thermal expansion of the LSGM compounds. Similar findings
were reported by Lan Nguyen T. and Dokiya M. [70]

The average thermal expansion coefficients of the LSGM9191, LSGM9182, and LSGM8282
compounds obtained in this study are slightly lower compared to the values reported in the literature,
where average values in the range of 10 — 14 x 10-° K~ at 800°C are mentioned for LSGM compounds
[6,71].

3.5. Conductivity Measurements

The conductivity was measured at 800 °C since continuous measurements of conductivity vs.
temperature could not be performed due to the significant polarization observed in the samples. The
temperature of 800 °C was chosen based on the desired operating temperature range of SOFCs. The
measured values were 0.02, 0.08, and 0.14 S/cm for the compounds LSGM9191, LSGM9182, and
LSGM8282, respectively.

The increase in the Sr (x) and Mg(y) substitution levels leads to an elevation in the ionic
conductivity values of the LSGM compounds. This observation aligns with the structural theories of
the aforementioned compounds. Indeed, the substitution of the trivalent cations La®* and Ga%* with
the divalent cations Sr?* and Mg?* in the lattice of LaGaQj results in the creation of oxygen vacancies
to offer charge balance. The movement of the oxygen vacancies facilitates the diffusion of oxygen
throughout the lattice volume, contributing to the ionic conductivity of the compounds. Furthermore,
the aforementioned theory is enhanced by the results of Rietveld analysis where the oxygen ion
pathways were found open (r¢/ro>1) for the examined samples. On the other hand, the presence of
secondary phases in the structure of LSGM compounds can act as insulating barriers inhibiting the
oxygen ion diffusion depending their nature and content. Specifically, the low ionic conductivity
value (0.02 S/cm) of the LSGM9191 compound, in addition to the small Sr (x) and Mg(y) substitution
levels, may also be attributed to the increased proportion (6.8 %) of the SrLaGasO; secondary phase,
which likely acts as a barrier to the movement of oxygen ions within the lattice. In the case of
LSGM9182 compound, the presence of the monoclinic structure in high percentage (80%) may have
a detrimental effect on the ionic conductivity since monoclinic structure is distorted inhibiting the
oxygen ion diffusion [advances in low temperature solid oxide fuel cells [6].

3. Conclusions

The wet chemical synthesis through the polymeric precursor route led to the preparation of
single-phase LaosSro1GaosMgo20s-» compound after calcination at 1300°C for 10h. The final products
of LaosSro2GaosMgo203-s, LaosSro1GaosMgo10s» and LaosSro1GaozMgosOs-» compounds exhibited a low
percentage of secondary phases (SrLaGasOz and SrLaGaOs) below 10%. On the contrary, the synthesis
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of Lao7Sro3GaosMgo20s- yielded a final product with low perovskite phase content (57%), supporting
the hypothesis that compounds of this stoichiometry (x=0.3, y=0.2) lie outside the single-phase region
of the quaternary phase diagram for La20s — Ga:20s — SrO — MgO system.

The processing of XRD data using the Rietveld method revealed that the formed perovskite
structures were either cubic or monoclinic, with a free pathway for oxygen ion migration in all cases.
As calculated from the Scherrer equation, the average crystallite size for all compounds is below 100
nm. LaosSro1GaosMgo20s-s a appears to crystallize into two distinct crystalline phases; the main phase
displays a monoclinic distortion (SG 112/A1) accounting for 80% of the sample, while the second
phase is cubic (SG Pm3m) comprising 20% of the sample. In the monoclinic structure, the GaOs
octahedra exhibit rotational distortion around the a and c axes. All other La;-SryGai-Mg,0s-0 (0.1
<x, y £ 0.3) compounds crystallize into cubic phases (Pm m)

The morphological analysis of the La;~SryGai-,Mg,03-0 (0.1 <x, y < 0.3) compounds showed that
increased substitution by Sr(x) leads to polygonal grains with lower levels of sintering and
heterogeneity issues, while increased substitution by Mg (y) favors smaller spherical grains, with
extended sintering effect and homogenous structures.

TEC measurements highlighted the dominant role of Mg (y) substitution in driving thermal
expansion and suggest that Sr (x) substitution can mitigate this effect slightly. Indeed, as Mg doping
increases the thermal expansion coefficient («) increases by about 23% while a corresponding increase
in Sr doping results in a slight reduction by approximately 13%.

Increasing the substitution levels of Sr and Mg in Lai~SryGai-Mg,0s-0 (0.1 <x, y < 0.3)
compounds enhances ionic conductivity by creating oxygen vacancies that facilitate oxygen ion
diffusion. However, the presence of secondary phases like SrLaGa;O; or monoclinic structures can
act as insulating barriers, reducing conductivity. Thus, factors such as the substitution level, the
structure obtained as well as the presence of secondary phases play key role in determining the ionic
conductivity of these materials.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S.4.1: XRD patterns of LSGM9191 compound calcined at various
temperatures.; Figure S.4.2: XRD patterns of LSGM9173 compound calcined at various temperatures.; Figure
S.4.3: XRD patterns of LSGM8282 compound calcined at various temperatures.; Figure S.4.4: XRD patterns of
LSGM7382 compound calcined at various temperatures.; Figure S.6.1: Results of the Rietveld analysis for
LSGM9191 compound.; Figure S.6.2: Results of the Rietveld analysis for LSGM9173 compound.; Figure S.6.3:
Results of the Rietveld analysis for LSGM8282 compound.; Figure S.7.1: Visualization of the unit cell for cubic
structure of LSGM9191 compound.; Figure S.7.2: Visualization of the unit cell for cubic structure of LSGM9173
compound.; Figure 5.7.3: Visualization of the unit cell for cubic structure of LSGM8282 compound.; Figure S.12.1:
FTIR spectra of LSGM9191 compound calcined at various temperatures.; Figure S.12.2: FTIR spectra of
LSGM9173 compound calcined at various temperatures.; Figure 5.12.3: FTIR spectra of LSGM8282 compound
calcined at various temperatures.; Figure 5.12.4: FTIR spectra of LSGM7382 compound calcined at various
temperatures.
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