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Abstract

A set of dense structure materials based on La, Sr, s Ca FeO; with different amount of calcium (where
x varies from 0 to 0.1) were prepared. It was found that with calcium addition the hexagonal perovskite
La, sSr, sFeO; structure is preserved and Ca’* ions accommodate themselves easily in the lattice. The sin-
tered ceramics have homogeneous microstructure and uniform grain size distribution with the average size
which increases with Ca addition. Electrical properties of the sintered materials determined by the DC method
revealed an increase in sample conductivity with Ca®* doping. An increase in structure stability with the in-
crease of calcium addition was also confirmed by the temperature-programmed studies.
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I. Introduction

Among the orthoferrites, lanthanum iron oxide
(LaFeO,, LFO) is of great significance for its var-
ious technological applications and it has been ex-
plored intensively in recent decades [1]. Such a sys-
tem can be used for a variety of applications, such as
detection of humidity, electrode material, sensor mate-
rial, oxidation catalyst and as an oxygen carrier [2,3].
Modified LaFeO, with strontium, lanthanum strontium
iron oxide (LSF), is also very attractive and it has a
perovskite structure with general chemical formula of
ABO,, where A is a large metal ion, typically rare earth
or an alkaline earth metal, and B is a small cation, typ-
ically a transition metal. Furthermore, LSF can be sta-
ble in a reducing atmosphere and it has good electro-
catalytic properties for the reduction of oxygen. There-
fore doped LFO systems are regularly considered as
candidates for chemical looping applications, such as
CO, splitting, partial oxidation of hydrocarbons or syn-
gas production. At elevated temperature and in reduc-
ing conditions lanthanum orthoferrites LFO have been
shown to maintain their crystal structure while gradu-
ally losing oxygen to form stable LFO, ; material, con-
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taining iron cations with oxygen non-stoichiometry and
mixed valences [4]. For chemical looping applications
the main incentive in solid carrier selection will be its
cost, inseparably linked to material’s stability and abun-
dance. One of the perovskite type compounds that may
fulfil these requirements is lanthanum strontium cal-
cium iron oxide LSCF as it does not contain expensive
elements or toxic metals. Since the introduction of many
novel technologies is strongly dependent on the pow-
der synthesis procedure, considerable effort has been
focused on the preparation of lanthanum ferrites and
optimization of the experimental conditions [5,6]. De-
spite these various characteristics, some commercial ap-
plications are still limited for LaFeO,. For this reason,
many attempts have been made to enhance its perfor-
mances [7].

When LaFeO; is doped with Sr or Ca, it shows sur-
prisingly good conductivity, which can be used as con-
ducting ceramic material [8,9]. In the Ln;, A FeO, (Ln
= lanthanides, A = alkali earth) perovskites, Ca is an-
other effective doping-element at the A-site of ABO,
structure in addition to its low cost [10]. Moreover,
Ca could be a good candidate because of the similar-
ity of its ionic radius to La** which could give rise
to higher stability than that in only strontium substi-
tuted phases [11]. However, the electrical conductivity
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of the calcium-doped lanthanum ferrite (La, Ca FeO;)
is less than 90 S/cm (at 550 °C) which is not enough for
a proper ionic conductor [12].

Among the adopted approaches, substitution of lan-
thanum cation with both strontium and calcium ions
seems to be compelling. Incorporation of strontium and
calcium ions into LFO lattice, i.e. partial substitution of
La®* by Sr** and/or Ca®*, should be compensated by the
generation of oxygen vacancies in the perovskite lattice
and/or oxidation of a fraction of Fe** to Fe** to main-
tain electroneutrality of the obtained material [13,14].

In the present work, La, sSr, 5 Ca FeO, perovskite-
type metal oxides (x = 0.000, 0.025, 0.050, 0.075,
0.100) were prepared by citrate method. The proper-
ties of the oxides such as crystal structures and mi-
crostructure were characterized by XRD and SEM. In
addition, the catalytic reaction activities of the materials
were evaluated by temperature-programmed reduction
(TPR).

II. Materials and methods

2.1. Sample preparation

For preparing La, ;Sr, s Ca FeO, perovskite (where
x = 0.000, 0.025, 0.050, 0.075, 0.100), La,O,
(Acros, puriss. p.a., 99.9%), Sr(NO;), (Acros, puriss.
p-a., 99+%), CaO (Avantor, puriss. p.a., 99.5%),
Fe(NO;); - 9H,0 (Avantor, puriss. p.a., 99.0%), citric
acid monohydrate (Avantor, puriss. p.a., 99.0%) and ni-
tric acid (Avantor, puriss. p.a., 65.0%) were used as
starting materials. All reagents were analytical grade
chemicals and used without further purification. Dur-
ing synthesis, stoichiometric volumes of metal nitrates
and oxides according to the atomic ratio of La, Sr, Ca
and Fe in La,;Sr, Ca FeO, were dissolved in 2M
solution of nitric acid. After mixing, citric acid mono-
hydrate was added. The final concentration ratio of all
ions (La, Sr, Ca, Fe) to citric acid was 1:2. The re-
sultant solution was then stirred vigorously for 30 min.
Next, the obtained sol was allowed to gel and dry in
air at 60 °C overnight and finally heated up to 200 °C
for 2 h. The prepared samples were calcined in a muf-
fle furnace from ambient temperature to 850 °C at a rate
of 1 °C/min and held for 3 h. The calcination tempera-
ture was determined based on TGA-DTA measurements
as shown further in the manuscript. The obtained pow-
ders were sieved (90 um), formed into cylindrical pel-
lets and isostatically pressed at 250 MPa. Finally, the
samples were sintered at 1200 °C with a heating rate of
10 °C/min.

2.2. Characterization

Laser particle size analyser using dynamic light scat-
tering (DLS) principle was used for measuring parti-
cle sizes in the 0.02 to 2000 um range. For the mea-
surements a blue (488.0um wavelength LED) and
red (633.8um wavelength He-Ne laser) light dual-
wavelength, single-lens detection system was used.
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Thermogravimetric analysis was used to deter-
mine the calcination temperature of the synthesized
La, 51,5 ,Ca FeO, samples. Moreover, this method
was also applied to analyse the undoped and calcium-
doped lanthanum strontium iron oxide samples after the
chemical stability tests. The measurements were car-
ried out with the sample mass of 50 mg using a heating
rate of 10 °C/min in the flow of synthetic air. The used
SDT2960 TA Instruments apparatus is coupled with the
mass spectrometer QMD 300 ThermoStar Balzers in or-
der to analyse gases that arise during TGA analysis.

The structural properties of the synthesized sam-
ples were analysed by X-ray diffraction (XRD). The
phase compositions and lattice parameters were identi-
fied by X-ray diffraction analysis, based on the ICDD
and ICSD databases. XRD measurements were taken
using an Empyrean system (Malvern Panalytical) with
monochromatic CuK,; radiation. The Rietveld refine-
ment method using High Score Plus program was used
for calculating the quantitative phase composition and
lattice parameters.

Macro- and microstructures of the calcium-doped
lanthanum strontium iron oxide were examined us-
ing scanning electron microscope (NOVA NANO SEM
200, FEI) equipped with an EDS analyser (EDAX).

Temperature-programmed reduction (TPR) experi-
ments were performed with a thermal conductivity de-
tector in a Gas Sorption System Autosorb iQ Quan-
tachrome. The feed gas was a mixture of 5% H,/N,.
The temperature was increased from room temperature
to 800 °C where it was held for 30 min.

Electrical conductivity was measured using the four-
probe method and DC current, under steady-state con-
ditions (temperature gradient less than 5 K) in the tem-
perature range from ambient temperature to 1000 °C.

II1. Results and discussion

3.1. Structural characterization

The thermal analyses (TG-DTA) results of the sam-
ple La,.Sr,FeO, are presented in Fig. 1. The ini-
tial mass loss below 200 °C is connected with the re-
lease of adsorbed water. Next, in the temperature range
300-550°C, the decomposition and/or combustion of
the formed gel can be observed. Finally, decomposi-
tion of carbonates leading to perovskite structure forma-
tion starts to occur at around 600 °C and ends at around
830 °C. Based on the above results, 850 °C was chosen
as a suitable calcination temperature.

XRD analysis (Fig, 2) supports the thesis that
850 °Cwas the proper temperature for calcination as in
all La,Sr;s Ca FeO, powders only perovskite type
structure was observed. It can also be seen that all sam-
ples exhibit hexagonal unit cell (R3c¢) despite the in-
creasing amount of calcium being substituted for stron-
tium. Additionally, X-ray peaks are slightly shifted to-
ward higher diffraction angles with increasing calcium
amount. This indicates that calcium is incorporated in
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Figure 1. TG and DTA curves for decomposition of
La, ;Sr, sFeO; precursor (a), M/z = 18, 30 and 44 ion current
lines for decomposition of LaFeO; (b)
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Figure 2. X-ray diffraction pattern of La, ;Sr,; .Ca FeO,
samples after calcination

Table 1. Unit cell parameters of La, ;Sr,; .Ca, FeO, samples

Sample a[A] c¢[A] Volume [A3]
La,.Sr)sFeO, 5510 13458  353.84
Lay Sty 415Cag 0psFeO;  5.505 13452 353.04
Lag 5Sr; 450Cag o50Fe0;  5.502 13.446 352.50
Lay Sty 1psCay rsFeO;  5.500 13.440  352.09
La Sty 400Cag 1oFe0; 5498 13435 351.70
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the lattice since it has smaller ionic radius (rgp+ =
1.34 A) than that of Sr** (rg- = 1.44 A) [15]. The val-
ues of all cell parameters calculated by Rietveld method
and abundance of each unit cell type are listed in Table
1. It can be observed that with the increase of calcium
substitution both a and ¢ parameters of hexagonal cell
decrease.

The microphotographs and particle size distribution
diagrams of the powder samples obtained after calcina-
tion at 850 °C are presented in Fig. 3. It can be noticed
that with an increase in calcium substitution larger ag-
glomerates with denser structure are formed. This can
serve as an indicator of a decrease of porosity inside ag-
glomerates. Such behaviour should result in better for-
mation properties leading to the production of denser
pellets even before sintering.
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Figure 3. The SEM microphotographs of La, sSr, s .Ca, FeO,
powder samples and particle size distribution charts
obtained from DLS
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Table 2. Porosity, absorbability and apparent density of obtained pellets after sintering at 1200 °C

Sample Open porosity [%] Absorbability [%] Apparent density [g/cm?]
La,, sSr,, sFeO, 12.285 2.395 5.107
La, 551, 475Ca; ,sFeO, 2.754 0.507 5.405
Lay, 5Sr, 450Ca; 450Fe05 0.588 0.103 5.570
Lay 551, 4,5Ca 475Fe05 0.275 0.049 5.654
Lag 551 400Cag 100F€05 0.000 0.000 5.693

La, Sr,.FeO,

La,.Sr,,Ca, FeO,

Figure 4. The SEM microphotographs of sintered samples: a) La, ;Sr, ;FeO; and b) La, ;Sr, ,Ca, ;FeO,

The obtained powders were formed into cylindri-
cal pellets and isostatically pressed at 250 MPa. The
pressed pellets were sintered at 1200 °C with a heating
rate of 10°C/min. The temperature was based on our
previous studies [16]. Open porosity, absorbability and
apparent density of the sintered pellets are given in Ta-
ble 2. It can be seen that Ca addition has strong influence
on sintering. Thus, porosity decreases whereas apparent
density increases with the amount of added calcium.

Sintering behaviour of the fabricated samples was in-
vestigated by scanning electron microscopy. SEM mi-
crophotographs of the undoped sample and the sample
with the highest Ca addition, sintered at 1200 °C, are
presented in Fig. 4. SEM results reveal uniform grain
size distribution and a homogeneous microstructure for
the obtained ceramics. Neither significant morphologi-
cal changes nor segregation phenomenon was detected
in SEM micrographs of the substituted samples. How-
ever, an increase of the grain size is clearly seen for
the sample La,, Sr,, ,Ca,, ; FeO;. The average grain sizes
were calculated from SEM micrographs and are pre-
sented in Table 3. It is obvious that the average grain size
increases with the increase of Ca content. Accordingly,
Ca®* substitution may be used as a method to control
the grain growth and the microstructure homogeneity
which can affect the lanthanum strontium ferrite proper-
ties. Moreover, it was clearly shown that the host bulk of
La, 5Sr, sFeO; easily accommodates calcium ions and
the hexagonal perovskite structure is preserved.

The grain growth increase could be attributed to the
decrease of nucleation sites resulting from higher stack-
ing fault energy due to the calcium incorporation into
the perovskite lattice [17].
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Table 3. The average grain size of obtained samples after

sintering at 1200 °C
Sample Average grain size

[nm]

La, 4Sr, sFeO, 399

Lay 551 475Ca gp5FeO; 425
Lay 5S1,450Cay 050Fe0; 430
Lay 551 455 Cag ¢75FeO; 478
Lay 5510 400Cap 190FeO05 590

3.2. Electrical properties

Electrical properties of the prepared ceramics were
tested using the DC method in Ar atmosphere as a func-
tion of temperature (RT-1000 °C). Prior to each mea-
surement the sample was equilibrated for 24 h until the
reproducible results were obtained. Figure 5a shows the
dependence of electrical conductivity as a function of
temperature. The electrical conductivity increases with
temperature, which is standard behaviour of this type of
materials. It can also be observed that conductivity in-
creases with Ca content (except for the sample with x
= 0.025). Figure 5b shows the dependence of electrical
conductivity as a function of temperature in Arrhenius
coordinates. The obtained data allowed to determine the
activation energy (E,), according to the formula:

Eq
0'=A'6Xp(—m) (1)

where o is electrical conductivity, T is temperature and
kg is Boltzmann constant. The calculated activation en-
ergy in function of Ca content for the sintered samples
is presented in Fig. 6b.
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Figure 5. The electrical conductivity of calcium-doped LSF as a function of temperature (a), and in Arrhenius coordinates (b)

The observed dependence of electrical conductivity
(Fig. 6d) and activation energy (Fig. 6b) on Ca concen-
tration cannot be explained directly. The possible expla-
nation should take into account the influence of Ca on
structure, microstructure and transport properties (dif-
fusivity of ions and electron conduction mechanism).
Although the apparent correlations can be proposed for
any combination of both structural and electrical param-
eters the presented results are not sufficient to unequiv-
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ocally propose the predominant mechanism. According
to the conduction mechanism model, it is expected that
the decrease of lattice volume should lead to a decrease
of electrical conductivity, especially the ionic part. Sur-
prisingly, the decrease of lattice volume with the in-
crease of Ca concentration led to the increase of elec-
trical conductivity. Thus, the influence of microstruc-
ture modification may be taken into account. Namely,
the increase of average grain size with Ca content may
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Figure 6. Impact of calcium addition on: a) grain size, b) activation energy, ¢) unit cell volume and d) Ino respectively for
samples sintered at 1200 °C
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be responsible for the increase of electrical conductivity
due to the reduction of grain boundaries influence on to-
tal electrical conductivity. Taking into account that bulk
conductivity is mostly higher than that of grain bound-
aries, due to the segregation of impurities [18] such hy-
pothesis seems to be plausible. Also, the changes of ac-
tivation energy with Ca content may be explained in this
way; the determined E, may be treated as apparent acti-
vation energy originating from the superposition of bulk
and grain boundaries electrical conductivities. The con-
firmation of the influence of microstructure changes on
the dependence of electrical properties on Ca dopant
concentration is often possible using the Electrochem-
ical impedance spectroscopy (EIS) measurements. Per-
formed EIS measurements (not presented) have not al-
lowed us the distinction of bulk and grain boundaries
effect in EIS spectra, as only one semicircle in Nyquist
plot was observed, probably due to the relatively high
electrical conductivity of the bulk. The increase of grain
size with Ca content, which suggests the increase of
ionic diffusivity, correlates well with the conclusions
from TPR measurements (TPR results). Thus the evo-
lution of electrical properties with Ca content (as pre-
sented in Figs. 5, 6b and 6d) may be also explained in
terms of the change of the ionic part in total electrical
conductivity.

3.3. Temperature-programmed reduction profiles

The temperature-programmed reduction profiles
shown in Fig. 7 demonstrated the reducibility of the
samples as a function of temperature and calcium
substitution. The first and the second temperature re-
gion (separated with dashed line) were evident for
each profile. The low-temperature region is related to
the formation of additional oxygen vacancies in the
La, 5Sr, 5 Ca FeO, structure.

One can conclude that the higher calcium substitu-
tion leads to a high initial concentration of oxygen va-
cancies in the as-synthesized samples. Due to the Sr**
and Ca®* substitution in the La, 5Sr; 5 Ca FeO, system,
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Figure 7. TPR profiles of La, sSr, s . Ca FeO; samples
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iron coexisted as Fe** and Fe**. In the perovskite-type
oxides, there are two kinds of oxygen species, called
« and B, and both of them are participating in the ox-
idation reaction of hydrogen. Typically, @ oxygen is
the non-stoichiometric oxygen, described by oxygen ad-
sorbed on the oxygen deficiency and the excess oxy-
gen, whereas, the 8 oxygen is associated with the lat-
tice oxygen of B-site cations with high oxidative state
or with oxygen species occupying inner vacancies. The
second reduction peak is associated with the reduction
of B site ions to lower valences, in this case, reduction of
the Fe** and Fe®* to Fe?* or metallic iron. The presence
of the second peak and its onset temperature can be as-
sumed as a qualitative description of catalyst reducibil-
ity and oxygen mobility within the oxide. Both of those
parameters are crucial to describe the catalytic activity
and reactivity of the oxides. Note that the amount of an
oxygen increases with x, suggesting that Ca>* substitu-
tion can enhance the amount of adsorbed oxygen in the
La, ;Sr, 5 Ca FeO, perovskite-type oxides. However,
shifts of the two peaks to higher temperatures mean that
the activity of the oxygen is slightly decreased with Ca
amount increasing [19]. The sample without Ca (x = 0)
had the lowest onset reduction temperature, whereas Ca
substituted samples had the onset temperatures higher
up to 250 °C for La,, sSr, ,Ca, ,FeO,. In these samples,
calcium incorporation into the structure increases the
phase stability of the oxide. As Ca** substitution in-
creases, the perovskite-oxides possess an oxygen defi-
cient stable structure at room temperature [20], and the
formation capacity of new oxygen vacancies is higher
than for a La, S, ;FeO, perovskite. Consequently, the
calcium-substituted oxides have more formation capa-
bilities for new oxygen vacancies than only Sr** substi-
tuted samples.

IV. Conclusions

In this work, the synthesis and characterization of
lanthanum iron oxide compounds were performed.
Through the obtained results, it was shown that the
citrate method is a simple and convenient route for
the preparation of single phase LaSr,; Ca FeO,
perovskite (where x varies from 0 to 0.1). From
the structural point of view, the hexagonal symme-
try was preserved for all the studied compositions.
The sintered ceramics have homogeneous microstruc-
ture and uniform grain size distribution with the aver-
age size which increases with calcium amounts. Con-
ductivity experiments revealed that Ca®" substitution
cation may generate the high charge carrier and oxy-
gen vacancy, resulting in the advanced performance
of La 5Sr,, 5 Ca FeO,. Initial temperature-programmed
studies determined that the highest amount of calcium
had the highest structure stability in the reducing envi-
ronment.
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